
Notice
The information, including technical and engineering

data, figures, tables, designs, drawings, details, procedures
and specifications, presented in this publication has been pre-
pared in accordance with recognized engineering principles,
and are for general information only. While every effort has
been made to insure its accuracy, this information should not
be used or relied upon for any specific application without
independent competent professional examination and verifi-
cation of its accuracy, suitability and applicability, by a
licensed professional engineer acting within his or her area of
competency. This manual is provided without warranty of
any kind. Pile Buck®, Inc. and/or its editors disclaim any and
all express or implied warranties of merchantability, fitness
for any general or particular purpose or freedom from
infringement of any patent, trademark, or copyright in regard
to information or products contained or referred to herein.
Nothing herein contained shall be construed as granting a
license, express or implied, under any patents. Anyone mak-
ing use of this material does so at his or her own risk and
assumes any and all liability resulting from such use. The
entire risk as to quality or usability of the material contained 

within is with the reader. In no event will Pile Buck®, Inc.
and/or its editors be held liable for any damages including
lost profits, lost savings or other incidental or consequential
damages arising from the use or inability to use the informa-
tion contained within. Pile Buck®, Inc. and/or its editors do
not insure anyone utilizing this manual against liability aris-
ing from the use of the same and hereby cannot be held liable
for “consequential damages,” resulting from such use. 

All advertising contained within is the exclusive represen-
tation of those registered herein. Pile Buck®, Inc. and/or its
editors make no representation as to the accuracy, perform-
ance, design, specifications and/or any such “claims” made by
advertisers, contained within. Anyone making use of these
products does so at his or her own risk and assumes any and
all liability resulting from such use. In no event will Pile Buck ®,
Inc. and/or its editors be held liable for any damages includ-
ing lost profits, lost savings or other incidental or consequen-
tial damages arising from the use or inability to use the
products advertised within. Pile Buck®, Inc. and/or its editors
do not insure anyone from liability arising from the use of
these products and hereby, cannot be held liable for “conse-
quential damages,” resulting from such use.
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Introduction
Books, like any other enterprise, have stories behind them,

even supposedly “dry” technical books such as this one. This
one’s story is a little more interesting than most.

When it was first published in 1986, the Pile Buck Steel
Sheet Piling Design Manual quickly became the standard man-
ual for sheet piling design. It came at a time when the manu-
facturers’ published manuals on the subject were rapidly
becoming a thing of the past, in the U.S. at least. The changes
that were taking place at the time—and certainly since
then—have only reinforced the need for a book on this sub-
ject published by an entity other than a manufacturer of sheet
piling.

Harry A. Lindahl, P.E., who was the chief applications
engineer for U.S. Steel for many years, did the vast majority
of the work on the original book. Both Mr. Lindahl and
Christopher Smoot, publisher of Pile Buck, recognized that
even a classic such as the Steel Sheet Piling Design Manual
needed updates and additions. The writing of the new edition
began almost immediately after the publication of the origi-
nal. Mr. Lindahl was in the process of writing the new book
when his work was interrupted by his sudden and untimely
death in 1992, and this book is dedicated to his memory.

In the intervening years, the introduction of sheeting such
as aluminium, vinyl and pultruded fibreglass sheeting only
made a new book even more necessary, and so Chris Smoot
turned to me to finish this work. It has been an interesting
task because sheet piling is unique in many ways. There are
few design elements of geotechnical engineering where the
geotechnical and structural aspects of the design are so close-
ly intertwined. Moreover, from an aesthetic standpoint, one
cannot look at the various types of sheet pile structures, espe-
cially cofferdams, without being impressed as to the visual
impact of the structure. Sheet piling does in fact have a sort
of “structural art” all of its own, especially when properly
installed, something that most geotechnical design elements
sorely lack.

This book contains many additions and revisions from the
previous work; some of these are as follows:
� Inclusion of non-ferrous sheet piles, which led to the

book’s name change to the Sheet Piling Design by Pile Buck
� Addition of extensive information on the seismic design of

sheet pile walls.
� An expanded treatment of lateral earth pressures and  . .

other loads on sheet pile walls.

� Addition of information on “non-classical” methods of
sheet pile wall design, and an overview of LRFD with
sheet piling.

� Information on transverse bending, which is a relative-
ly new phenomenon recognised in sheet piling.

� A section on corrosion and corrosion protection.

There are two other items that need to be noted.
The first concerns the use of public domain publications.

Pile Buck has a long tradition of making available many of the
public domain publications that are put out by the U.S.
Government. In this work we have incorporated many of
these; however, our practice is to integrate these into the text
rather than present them as separate works. We have listed in
the back those publications that we have used; however, we
should make a special note of two that have been especially
used:
� Ebeling, R.M., and Morrison, E.E. The Seismic Design Of

Waterfront Retaining Structures. NCEL Technical Report
R-939. Port Hueneme, California: Naval Civil
Engineering Laboratory, 1993.

� Department of the Army, U.S. Army Corps of
Engineers. Design Of Sheet Pile Cellular Structures
Cofferdams And Retaining Structures. EM 1110-2-2503.
Washington, DC, 1989.

The second concerns the worked examples. The calcula-
tional capacity available to design engineers has grown signif-
icantly since the original work was published. We have added
many new problems and reworked ones from the original
work as well. We have also employed computer software for
the analysis of sheet pile walls. The most important one is
SPW 911 v. 2, the sheet pile analysis software available from
Pile Buck. We have also used other software packages, includ-
ing CFRAME, the structural analysis program form the U.S.
Army Corps of Engineers, and the academic version of two
other programs: Maple V Release 4 for the Macintosh from
Waterloo Maple, Inc., and SEEP-W, which is part of the
GeoSlope Office from Geo-Slope International, Ltd.

So now we commend this work to our readers, hoping that
its use will result in many successful sheet pile designs.

Don C. Warrington, P.E.
http://www.vulcanhammer.net
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1. Overview of Sheet Piling
The term sheet piling refers to any retaining wall type that is

a) installed into the ground by driving or pushing, rather than
pouring or injection, and b) is of relatively thin crosssection
and low weight so that the weight of the wall does not assist
in the wall’s stability.

The modern sheet piling industry is a little more than 100
years old with perhaps the most important changes in type
and selection of products occurring since the early 1970’s.

Sheet piling have been used in a wide variety of applica-
tions, especially marine bulkheads and retaining walls where
space is limited. In addition to these, a special type of retain-
ing wall is the cellular cofferdam, which are used extensively
for both temporary and permanent structures.

1.1. Types of Sheet Piling1

Sheet piling are made in a number of materials. The mate-
rial chosen depends upon a number of factors including both
strength and environmental requirements. The designer must
consider the possibility of material deterioration and its effect
on the structural integrity of the system. Concrete is capable
of providing a long service life under normal circumstances
but has relatively high initial costs when compared to steel
sheet piling. They are more difficult to install than steel pil-
ing. Long-term field observations indicate that steel sheet pil-
ing provides a long service life when properly designed.
Permanent installations should allow for subsequent installa-
tion of cathodic protection before excessive corrosion occurs.

1.1.1. Wood
Thousands of years ago, timber logs were placed or pound-

ed into the earth to act as retaining walls or crude dams. Rows
of logs were sometimes paralleled and the centre filled with
earth to make a stronger wall. Logs were probably lashed
together with rope, and a strong back added to combine the
logs into a wall. Eventually, it was found that sawn, shaped
logs fit together better with less loss of fill through the joints.
This lead to the first manufactured sheet pilings having a pos-
itive interlocking mechanism between each sheet. Timber
sheet piles called “Wakefield” piles were fabricated of three
flat wooden pieces. The centre section was offset from the
outer sections thus forming a groove and a tongue for joining
adjacent piles. A variation of this system was a single timber
section in which the groove and tongue were cut to shape.
Wakefield type sheet piling is still being used today (see Figure
1-1.) Many wood sheet pile walls follow the “Navy Wall”
design concept, where loads are transferred to round timber
master piles and standard dimensional lumber is used for the
sheeting.

The interlocking systems devised for timber or concrete
sheet piling have been based on the tongue and groove con-
cept. This method serves to keep the wall aligned while pro-
viding a longer path against infiltration with more potential
contact points than a simple butt joint. The efficiency of such
joints depends on good installation practice but the long-
term effectiveness is often in jeopardy due to impact from
waves or from settlement. The development of filter cloth
membrane material for the lining the backside of these walls
has reduced the need for more positive interlocks on walls
made of these products. As a consequence, many shallow
timber bulkheads are built with regular dimension lumber.
Timber sheet piling continues to enjoy an important position,
in the industry providing relatively inexpensive bulkheads for
homes, commercial property and marinas. Timber sheeting is
also used extensively in retainment work for shallow trench-
es and land cofferdams where water intrusion is not a factor.

1.1.2. Steel Sheet Piling
Metal sheet piling was a natural advancement in the evolu-

tion of this product as we entered the “Iron Age” in the mid-
1800's. Cast iron was used to make some crude sections, but
these were not successful due to lack of ductility. Toward the
end of the century, Bessemer steel was developed and mills
began hot-rolling I-beams, channels and angles, among other
structural shapes. Freistadt-type piling appeared about 1890,
fabricated from a rolled channel section as shown in Figure 1-
2. Z-bars riveted to the web provided a groove into which the
flange of a channel could slide, thus forming a crude but
innovative interlock. A “Universal” type sheet piling intro-
duced in Great Britain about 1895 utilized hot-rolled I-beams
and special clips to join the flanges of the I-beams together.
The efficiency of this wall was low because the I-beams were
aligned in the weak structural direction.

Chapter One: 
Overview of Sheet Piling

1 For a more detailed description of the various types of sheet piling and their installation, see Pile Driving by Pile Buck, available from Pile Buck.

Figure 1-1: Typical Wood Sheet Pile Sections
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1.1.2.1. Larssen Shapes 
Inventors were striving to develop a sheet piling that would

contain interlocks rolled into the beam during the manufac-
turing process, rather than attached afterwards by riveting.
Gregson (USA) patented a bulb and jaw interlock in 1899,
however this still resulted in production of a flat section with
relatively small section modulus. Trygve Larssen obtained a
German patent in 1904 for a deep, hot rolled section that
greatly increased the strength and efficiency of steel walls and
represented a major advancement. Larssen's piling wall
assumed a “wave shape” when assembled and all subsequent
developments for efficient sheet pile walls are based on this
concept. Larssen's section still contained a partially fabricated
interlock and it was not until 1914, that a rivetless Larssen
interlock appeared in Germany.

In the United States, Lackawanna Steel Co. (later acquired
by Bethlehem Steel Corp.) was a flat sheet piling shape and
several arched types with rolled, integral interlocks as early as
1910. Carnegie Steel Co. (U.S. Steel Corp.) offered three flat
sections with rolled-on interlocks and one fabricated section.
By 1929, Carnegie's catalogue illustrated four deep-arch, two
shallow-arch and two straight sections. Some of these and
other historical sections of sheet piling are shown in Figure 1-3.

1.1.2.2. Z-Type Shapes
Z-shaped piles followed the Larssen concept for a wave-

shaped profile but with the added advantage that the interlocks
are formed on the outer elements of the section. The extra
metal is put to best use, since it is well out from the neutral axis
of the wall. Larssen interlocks are located on the neutral axis.
Surprisingly, Z-shaped piles were produced in Europe as early
as 1911. The Ransome profile looked very much like some of
today’s lightweight Z-shapes. The deeper Lamp Z-pile intro-
duced about 1913, resembles a modern ball and socket Z-type
pile.

In Europe, Z-type shapes fell from favour when the Larssen
U-types were developed. Two Z-shapes were introduced in the
United States in the 1930's and became quite popular. PZ-38
and PZ-32 offered wider and deeper sections than any of the
arch shaped shapes then available. Z-shaped piles obtained
some impetus in the U.S. from the longstanding controversy
regarding the actual moment-resisting properties of U and Arch
shaped sections.

Z-shaped piles interlock on the wall extremities and provide
a solid web connecting the two flanges. When the PZ-27 sec-
tion was introduced in the 1940's, its section modulus of 30.2
in3/ft was almost three times that published for the arch section
with the identical weight per square foot of wall. This section
subsequently became the all-time most popular sheet piling
section in history. Z-type shapes are now produced with section
modulii ranging from 8.6 to about 85 in3/foot of wall.

The Z-type piling is predominantly used in retaining and
floodwall applications where bending strength governs the
design and no deflection (swing) between sheets is required.

Most producers do not guarantee any swing although some
can generally be attained or area can be built by providing
some bent pieces in the run. Turns in the wall alignment can be
made with standard bent or fabricated corners. Typical config-
urations are shown in Figure 1-4.

Z-piles are not used in applications when interlock strength is
required such as filled cells. These sheets would tend to stretch
and flatten in these cases. No minimum interlock strength is
offered for this reason. When interlock tension is the primary
consideration for design, an arched or straight web piling
should be used.

Figure 1-2: Freistadt Sheet Piling

Figure 1-3: Historical Sheet Pile Sections

Figure 1-4: Typical Hot-Rolled Steel Sheet Piling
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1.1.2.3. Straight Web Sections
Flat profile sections were originally produced only because

of mill rolling limitations. Competition and customer demand
prompted the expansion into structurally efficient sheet piling.
It was discovered that these flat profiles had strength in tension
that was advantageous for building circular, filled structures
from sheet piling. About 1908 a large cellular cofferdam was
built on the Black Rock River in Buffalo N.Y. in order to de-
water the site for a new lock. This concept was progressively
expanded to include circular and diaphragm-shaped cells for
piers and breakwaters that might have formerly been built of
timber cribs or masonry.

The use of large diameter, cellular cofferdams was given a
special impetus in the 1930's when the Tennessee Valley
Authority204 began a series of hydro dams and navigation locks
on that river system in the south-eastern United States. Not
only did TVA engineers develop new design methods for
designing these large structures, they developed better ways of
installing and maintaining them.

Flat sheets have little strength to resist bending, but do have
very strong interlocks to resist “hoop” stress. These piles are
used almost exclusively for building large, filled cellular struc-
tures. Flat sheets must provide some ability to “swing” between
sheets so that a circle can be closed. Most manufacturers will
guarantee a minimum swing of 8 to 10 degrees between adja-
cent sheets for standard lengths of piling. For overly long
pieces, these warranties must generally be negotiated.

Available interlock strengths must be known in advance in
order to design a structure that will be safe against bursting.
Most manufacturers will guarantee a “minimum” interlock
strength based on tension tests conducted on a number of rep-
resentative production samples. It has been determined from
experience that interlock dimensional tolerances that fall with-
in certain limitations will provide tension values characteristic
of the entire production run.2

Flat sheet piling is available only as a hot rolled product,
since the cold-finishing process does not provide an interlock
with sufficient strength in tension. Interlock strengths have
been gradually increased due to the demand to build larger
cells for deeper cofferdams.

Most flat sheet piling has been used to construct temporary
cellular cofferdams. After the initial use, the sheets are pulled
and used in other portions of the project or perhaps sold for
another project elsewhere. Other flat sheets are used in perma-
nent structures such as breakwaters, earth containment sites,
piers and other applications. Cellular cofferdams are discussed
in more detail in 1.2.1.4.

1.1.2.4. Cold Finished Piling
Since the early 1970's another method of producing steel

sheet piling has greatly expanded the availability and the selec-
tion of sections. This new method uses hot-rolled sheets in coil
form, fed through a series of cold-rolling stands to form “Z” or
“arch” shapes complete with a simple, hook-type interlock.
This involves a relatively inexpensive capital expenditure com-

pared to the hot-rolled product and has attracted a number of
new producers.

These steel pilings are shallow-depth sections, cold formed
to a constant thickness of less than 0.25 inch and manufac-
tured in accordance with ASTM A 857. Yield strength is
dependent on the gauge thickness and varies between 25 and
36 kips per square inch (ksi). These sections have low-section
moduli and very low moments of inertia in comparison to
heavy-gauge Z-sections. Specialized coatings such as hot dip
galvanized, zinc plated, and aluminized steel are available for
improved corrosion resistance. Light-gauge piling should be
considered for temporary or minor structures. Light-gauge pil-
ing can be considered for permanent construction when
accompanied by a detailed corrosion investigation. Field tests
should minimally include pH and resistivity measurements.
See Figure 1-5 for typical light-gauge sections.

1.1.2.5. High Modulus Sections
There is a limited but regular demand for sheet piling with

strength properties that exceed those available from standard
products. These may be required for deep excavations, poor
soil conditions, deeper dredge lines and other special condi-
tions. These are discussed in detail in Chapter 14.

1.1.2.6. Interlocks for Steel Piling
There are no established industry standards for interlocks

found on steel sheet piling. All manufacturers have the same
objectives for the interlocks:

(1) Provide permanent connection of individual sheets in order
to form a continuous, relatively water or earth tight wall

(2) Permit reasonably free sliding to grade during installation

(3) Meet the strength requirements for the application.
Various types of interlocks are shown in Figure 1-6.

1.1.2.6.1. History
The original interlocks devised for steel pilings were rather

crude, riveted additions to a basic structural shape. When the
Larssen U-shaped sheet piling section was introduced in 1903,
the interlocks were still attached in this manner. Within a few
years however, Larssen shapes with hot-formed, integral inter-
locks were developed which revolutionized the industry both
as to the quality of the product and the cost. The Larssen devel-
opment was and still is a rather simple shaped “hook” formed
on the leading edge of each channel section. In the United

2 It would of course be impractical to take test samples from each pile.

Figure 1-5: Typical Cold-Rolled Sheet Piling Sections

a. Heavy Cold-Rolled Section b. Light Cold-Rolled Section
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States the 1910 Lackawanna Steel sections utilized a “thumb
and finger” design. These types were utilized in the cellular cof-
ferdam built on the Black Rock Canal and were developed as
much for their strength in tension as their general application
to other uses. We are not aware that any U.S. manufacturer ever
produced or considered producing Larssen type sheets and
interlocks.

As late as 1923, Carnegie Steel Co. utilized a “ball and sock-
et” interlock. By 1929 this company had abandoned this design
and switched to a modern line of arch type sheets with smooth-
ly contoured thumb and finger interlocks.

The thumb and finger design was promoted as having desir-
able threading characteristics while providing a circuitous path
for potential leakage. This interlock very seldom gave any
problems from an installation or withdrawal standpoint and
the sections with these interlocks were popular with contrac-
tors long after the introduction of the Z-type shapes despite the
shortfall on strength. These designs are no long produced.

The thumb and finger design provides three points of con-
tact between the elements of the interlock when stressed. This
not only accounts for the high strength of these connections,
but also provides a double seal against water intrusion or soil
leakage. The strength developed is controlled at the mill by
close attention to predetermined dimensional tolerances of the
thumb and the slot opening between the finger and the thumb.
The dimensions of the finger are also important since this ele-
ment must not yield or it would allow the thumb to rotate and
slip out of lock. The formulation of the steel is a major factor
and higher interlock strengths are obtained by utilizing steels
of higher minimum yield strength. Tension tests conducted in
the mill laboratory are based on a straight, direct pull. When
these sections are stressed in the field, they are angled to one
another. However, experience has shown that production inter-
locks when proven by sample testing, have been completely
satisfactory. There are very few instances of cell failure from
interlock deficiencies where dimensional tolerances were met.

The thumb and finger type interlock is also designed to
allow a degree of angularity or swing between interlocks.

Traditionally, designers could count on at least 10 degrees
swing per joint. From this, the minimum diameter circle or arc
that could be built using that particular sheet piling section
could be determined.

Some producers offer a smaller swing and/or restrict the
lengths for which swing guarantees are made. It is important
that manufacturers' catalogues be consulted for this informa-
tion, particularly where smaller radii are to be utilized for con-
necting arcs of cofferdams.

Another interlock design utilized for flat sheets is based on a
single contact point between elements. This type is sometimes
referred to as a “power hook” interlock. At the present time,
there is only one producer of utilizing this style interlock.
While popular in Europe, it has not been extensively used in
the United States.

1.1.2.6.2. Ball and Socket Interlocks
Ball and Socket interlocks are found on U.S. and some

imported Z-type sheet piles. The basic design goes back to the
Lampe or Ransome design earlier in the century. The modern
ball and socket interlock was designed to “present a smooth,
clean wall face, to locate metal where it would do the most
good strengthwise, to present an efficient seal against leakage,
to permit easy threading and to take punishment during driv-
ing.” Of course this is the objective of all manufacturers. If the
the ball of this interlock is driven leading, then it clears a path
for the socket to follow.

1.1.2.6.3. Jaw Type Interlocks
The Single Jaw interlock found on some European Z-shapes

is similar to the ball and socket but with angular contours
rather than oval. By exercising rigid control over dimensions
and product straightness, these closer fitting interlocks seem to
offer few problems in installation while providing a tight fit
against water intrusion.

The Double Jaw design found on certain European and
Japanese Z-type sheet piling is a unique design, with perhaps
some additional advantages all wall corners. When ball and
socket Z-pile walls intersect, a special fabricated corner section
must generally be provided. Producers of the double jaw type
are able to offer a simple, hot-rolled structural bar connector
that is basically an elbow with two thumbs.

Hook and Grip Interlocks is the type utilized on all cold-fin-
ished sheet piles, both Z and arch types. This interlock is
formed by bending the edges of the section during one of the
last passes through the cold-forming rolls. Some have ques-
tioned the long-term suitability of this interlock for repetitive
temporary applications.

Except for cellular cofferdams, most sheet piling is used for
straight wall construction. Accordingly, there is generally no
need for swing guarantees between sheets. From a practical
standpoint, some swing can be obtained. This is because the
interlocks must have sufficient clearance for sliding. Some
large, internally braced circular cofferdams have been built
with Z-type sheet piles.

Since manufacturers only warrant the performance of their

Figure 1-6: Types of Interlocks Used in Sheet Piling
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own products, it is wise not to interlock the sheet piling of dif-
ferent manufacture together. This would apply particularly to
cellular cofferdams. Where interlocks must be mixed, it should
be done with a fabricated section at one location.

1.1.2.7. Sheet Piling Nomenclature and Identification
U.S. producers of sheet piling standardized the identification

of sheet piling sections so they could be specified without re
erence to a particular manufacturers product. The identifica-
tion included a “P” (piling”) “Z” (type or shape) and “27” the
weight, or PZ-27. Arch and flat shapes were similarly
described. Non-U.S. and cold-finishing producers have their
own “in house” identification systems. There is now no univer-
sal nomenclature system. It is common practice recently to
specify the bending moment to be satisfied which then allows
the contractor considerable flexibility in his selection of a sec-
tion and a supplier. This bending moment specification should
not be used blindly, however, as many sheet pile designs (espe-
cially those using vinyl or pultruded fibreglass sheeting) are
principally governed by deflection.

1.1.2.8. Ordering Sheet Piling
Like other steel products, steel sheet piling may be ordered

by reference to a standard specification. In the United States
this standard is published by the American Society of Testing
Materials (ASTM) 1916 Race Street, Philadelphia, PA 19103-
1187. The basic ASTM Specification A-328 and others listed
may be obtained by writing to the Society or visiting their web-
site http://www.astm.org.

This specification covers the steel making process, the chem-
istry requirements, the minimum yield and ultimate strength.
Delivery is referenced in ASTM Specification A-6. The ASTM
Specification does not cover interlock tolerances, straightness,
interlock strength, nor does it cover rental or second hand
material. These are between buyer and seller.

Other Specifications include:
• Canadian Specification CSA 44 W, CAST 44W/70
• British Specification BS4360 – Various Grades
• European Specification: ST SP 37; ST SP 45; ST SP 5.

1.1.2.9. Steel Sheet Piling Today
While the annual consumption of sheet piling in this coun-

try rarely exceeds 250,000 U.S. tons, the number of producers
and the availability of sections has increased dramatically in the
last ten years. In 1960 there were two U.S. producers, each
offering nine sheet piling sections. Today there are at least 14
U.S. and non-U.S. producers offering over 200 sections in this
country. Competitive factors have generated development of
new, wider, more-efficient sections. Large Z-shapes are now
available for deep construction with section modulus of almost
twice that previously available. A wall system has been devel-
oped using large H-sections combined with light Z-shapes that
greatly increases the section modulus. Light weight “gauge”
material is produced on the cold forming mills for economical
shallow bulkheading and trench work.

Higher strength steels up to 60 ksi yield point have also been
effectively used in sheet piling design. These grades offer the
opportunity to save weight or to extend bending or interlock
strengths beyond those of conventional grades. For those
applications that require it, corrosion resistant steel can also be
specified as well.

1.1.3. Concrete
These piles are precast sheets 6 to 12 inches deep, 30 to 48

inches wide, and provided with tongue-and-groove or grouted
joints. The grouted-type joint is cleaned and grouted after driv-
ing to provide a reasonably watertight wall. A bevel across the
pile bottom, in the direction of pile progress, forces one pile
against the other during installation. Concrete sheet piles are
usually prestressed to facilitate handling and driving. Special
corner and angle sections are typically made from reinforced
concrete due to the limited number required. Concrete sheet
piling can be advantageous for marine environments,
streambeds with high abrasion, and where the sheet pile must
support significant axial load. Past experience indicates this
pile can induce settlement (due to its own weight) in soft foun-
dation materials. In this case the watertightness of the wall will
probably be lost. Typical concrete sections are shown in Figure 1-
7. This type of piling may not be readily available in all localities.

1.1.4. Light-gauge aluminium
Aluminium sheet piling is available as interlocking corrugat-

ed sheets made from aluminium alloy 5052 or 6061. These
sections have a relatively low-section modulus and moment of
inertia necessitating tiebacks for most situations. A Z-type sec-
tion is also available in a depth of 6 inches and a thickness of
up to 0.25 inch. See Figure 1-8 for typical sections.3

Figure 1-7: Typical Concrete Sheet Piling

Figure 1-8: Typical Aluminium Sheet Pile Sections

3 Aluminum sheet piling configurations (and their resistance to corrosion) are discussed more fully in Pile Driving by Pile Buck.
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1.1.5. Vinyl Sheet Piling
Vinyl sheet piling is a relatively new type of sheeting which

can be applied in a wide variety of ways for seawalls and other
applications of sheet piling. It is generally manufactured by
continuous extrusion. The raw material, plastic resin com-
pound, is melted and pushed through a die. This die shapes the
plastic into the computer aided design cross section. The sheet
is then cooled and cut to length. The sheets can be extruded to
the length required for different retaining wall applications.

Vinyl sheeting comes in a number of configurations. The
most common configuration is a Z-sheet type of configuration
similar to those shown in Figure 1-4. Others are similar to alu-
minium sheeting shown in Figure 1-8. The individual sheets
have interlocking male and female edges. The interlocking
edges are extruded as part of the sheet to insure consistent
strength throughout the retaining wall. As is the case with other
sheeting, vinyl sheeting requires transition pieces such as cor-
ners and intersections. These are designed to interface proper-
ly with the other sheeting the manufacturer makes.

Vinyl sheeting is made of a modified polyvinyl chloride
(PVC), which makes it suitable for most marine environments
and not subject to leaching, corrosion or similar deterioration
mechanisms. The technology that has brought us vinyl siding
for homes, plastic automotive parts such as bumpers and dash-
boards, and durable home appliances, is now being utilized to
produce a sheet piling for marine retaining walls, sea walls or
bulkheads. The vinyl also includes a UV stabilizer to reduce
deterioration due to sunlight.

Because vinyl sheet piling generally has a low modulus of
elasticity and strength relative to metal sheet piling, deflection
frequently becomes the governing factor in the design of the
wall, and should be determined in the design process.

1.1.6. Pultruded Fibreglass Sheet Piling
Pultruded sheet piling is a section of piling that is manufac-

tured by the continuous processing of raw materials by pulling
resin-rich reinforcements through a heated steel die to form
profiles of constant cross section of continuous length. The first
reinforcement utilized in the profile are long continuous glass
fibres referred to as “roving”. Glass roving runs the length of the
pultruded profile and gives the shape its “longitudinal
strength”. To add multidirectional reinforcement, continuous
glass “matting” is added. The roving and matting is now pulled
through a resin bath where the glass fibres are saturated with a
liquid thermosetting resin. This process is typically referred to
as the “wet-out” process.

The coated fibres are now assembled to the proper shape by
a forming guide and finally drawn through a heated (curing)
die. Once exiting the die, the pultruded shape is cooled and the
resulting high strength, reinforced composite sheet piling is cut
to length.

Pultruded sheet piling is suitable for a wide variety of appli-
cations for light bulkheads. As is the case with vinyl sheeting,
deflection is frequently the controlling factor in design,
although the strength of the material is several times higher
than vinyl.

1.2. Applications
Sheet piling has a potential application anywhere a retaining

or membrane type wall is needed. The application may be
either temporary or permanent. This chapter will review tradi-
tional ways in which this product has been applied and
describe a number of innovative additional uses.

1.2.1. Temporary Applications
If sheet piling had never been developed as a method for

building permanent walls, it would have been invented as a
tool for contractors. While no statistics are kept, it is estimated
that at least half of the annual production of sheet piling is uti-
lized for temporary applications. Steel sheet piling, particular-
ly, has the inherent strength to allow it to be driven, pulled, and
reused a number of times before its value as a tool is lost.

There is a large rental business in sheet piling and many con-
tractors prefer to rent this material rather than maintain their
own stock. When sheet piling used for temporary applications
has been trimmed to the point where lengths no longer have a
ready application, the material can be used for a final, perma-
nent project.

1.2.1.1. Temporary Box Cofferdams
Single-wall box cofferdams are the means by which bridge

piers and other heavy foundations with relatively small area are
constructed under dry conditions. Sheet piling sections form a
structural wall that is generally braced internally against the
soil or water pressure outside. The sheet pile membrane
excludes earth and water from the site while the permanent
work is being constructed. Since these piling sections are sub-
ject to bending stresses, “Z”, arch or “U” type sheet piling sec-
tions are utilized.

When a series of piers requiring cofferdams are to be built,
contractors generally purchase or rent enough sheet piling to
build several cofferdams, then pull and re-use the piling a
number of times at the other pier locations. The owner may
specify that the cofferdam be left in place where tremie seals are
required, or to protect against streambed scour.

1.2.1.2. Land Cofferdams
Steel sheet piling may be considered for retainment walls of

any temporary excavation. While other methods for retaining
soil such as soldier beams and lagging, slurry walls, soil nailing
etc. have evolved, sheet piling is advantageous where high
ground water or flowing soil loss threatens not only the new
excavation but also adjacent existing foundations. Sheet piling
can be driven below the proposed excavation level in order to
cut off flow into the bottom of the hole. Cross-lot or raker beam
bracing were traditional means of supporting large sheeted
excavations. This is now accomplished mainly with external
tiebacks into soil or rock.

A variation of the rectangular or square box cofferdam is the
circular type. This design employs circular compression ring
walers rather than cross bracing and frees the inside to allow
more efficient digging and placement. If the diameter is suffi-
ciently large, the circle may be closed by the natural swing
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between sheet piling sections, otherwise, a number of pre-bent
sheets must be provided for in the design.

Sheet piling used in temporary excavations is often left in
place since the cost of removal may offset the salvage value.
Some building codes or specifications require this action, par-
ticularly where the piling has been installed to protect sensitive
underground utilities.

1.2.1.3. Trench Excavations
It has become almost mandatory that major trench excava-

tions be sheeted and shored.
This is done for the following reasons:

• To meet OSHA rules;
• To protect the workmen;
• To protect adjacent structures; and
• To keep the hole free of earth and water.
The engineer often specifies sheet piling. Because most

trenches are relatively shallow excavations, lighter-weight
sheets may be satisfactory and there are a large number of
shapes and sections from which to choose for this purpose.

Trench excavations require bracing consisting of one or sev-
eral rows of horizontal walers with cross bracing, spaced to
permit machine-excavation and installation of the permanent
construction. Some bracing may be pre-fabricated and also
serves as a guide template for aligning the piling.

Other temporary applications for straight walls include:
• Temporary support of embankments or existing founda-

tions on highway or subway construction projects.
• Construction of temporary bin walls for separating 

materials in bulk storage yards at job-sites.
• Temporary marine facilities such as a receiving dock to 

allow off-loading of heavy equipment.

1.2.1.4. Cellular Cofferdams
When large areas in relatively deep water are to be de-

watered and excavated, a singlewall braced cofferdam may be
impractical. Builders have used earth dikes, timber cribbing or
double-wall sheet piling structures for such cofferdams.
However the most successful development, and one that has
utilized hundreds of thousands of tons of flat type sheet piling
is the cellular cofferdam. This structure consists of a series of
interconnected, cellular units filled with select soil.

A cellular cofferdam is a gravity retaining structure formed
from a series of interconnected cells filled with select soil.
Because the fill imparts hoop tension to the walls, flat or shal-
low arched sheet piling sections with specially designed inter-
locks are utilized for building the cells. Cellular cofferdams can
be used for temporarily excluding water from deep, large exca-
vations such as for locks, dams, and hydraulic structures, and
also for permanent docks or walls where single wall bulkheads
cannot be used. A typical cellular cofferdam arrangement is
shown in Figure 1-9.

A great deal of practical experience has been obtained in the
design, construction, and operation of cellular cofferdams
beginning in the 1930’s with the TVA construction of large

hydro-dam projects on the Tennessee River and extending to
the 1980’s with lock and dam construction sponsored by the
U.S. Army Corps of Engineers.

1.2.1.4.1. Circular Type Cells
This type consists of individual large diameter circles con-

nected together by arcs of small diameter, as shown in Figure 1-
10. These arcs generally intercept the circles at a point making
an angle of 30 to 45 degrees with the longitudinal axis of the
cofferdam. The prime feature of the circular type cofferdam is
that each cell is self-supporting and independent of the next. 

The circular type requires fewer piles per linear foot of cof-
ferdam as compared with a diaphragm type of equal design,

Straight-type (flat) sheet piling sections are assembled
around a circular template at the site and driven into place.
Granular fill is added to make the cell self-supporting. Similar
units are built adjacent and extending around the perimeter of
the proposed excavation. All cells are interconnected and the
space between filled, producing a freestanding wall.

The stability of this wall is dependent upon shear resistance
developed in the fill and friction in the interlocks of the sheet
piling. It has been found that there is roughly a 1.25 to 1 ratio
between the required diameter of the cells and the water depth,
so that a 50 ft. head of water would require about a 62.5 ft.
diameter cell. The sheet piling in the cell walls is subjected to
hoop tension and must develop very high strength in the inter-
locks between sheets.

Cells require less space than a dike. They offer less restriction
to stream flow and less vulnerable to scouring during flood.
Cells are often combined with earth dikes, the cells being used
parallel to the stream flow and dikes used on the downstream
arms.

Circular cells are limited to dimensions which can be safely
satisfied using interlock strengths available from manufactur-
ers, since interlock stresses from fill and water pressure are a
function of diameter.

Figure 1-9: Typical Cellular Cofferdam Arrangement

Figure 1-10: Circular Cells



1.2.1.4.2. Diaphragm Type Cells
A variation of the circular cell is the diaphragm cell. This

type of cell consists of two series of circular arcs connected
together by diaphragms perpendicular to the axis of the coffer-
dam. It is common practice to make the radii of the arcs equal
to the distances between the diaphragms. At the intersection
point the two arcs and the diaphragm make angles of 120
degrees with each other. A diaphragm cell is shown in Figure 1-11.

This design utilizes curved front and rear walls, but straight
interior walls. The radius of the curved walls is based on the
spacing of the interior walls and thus hoop tension can be man-
aged. This cofferdam type can be designed to utilize the light-
est flat-type sheets (i.e. PSA-23) that have lower interlock
strengths. The design has also been utilized for high head cof-
ferdams prior to the development of higher-strength interlocks.
Increasing the length of the diaphragms can easily widen the
diaphragm type cofferdam. This increase will not raise the
interlock stress, which is a function of the radius of the arc por-
tion of the cell. At any given level, there is a uniform interlock
stress throughout the section. The stress is smaller than that at
the point of a circular cell of an equal design.

The diaphragm cell will distort excessively unless the various
units are filled essentially simultaneously with not over 5 feet
of differential soil height in adjacent cells.

Diaphragm cells are not independently stable and failure of
one cell could lead to failure of the entire cofferdam.

The diaphragm type has some disadvantages:

(1) It must be constructed and filled in stages and requires
more templates; and,

(2) It may be more vulnerable to failure since the rupture of
one cell will cause distress in adjacent cells.  (The circular type
is a series of independent units.)

1.2.1.4.3. Cloverleaf Cells
The cloverleaf design is a variation of the circular unit. This

type of cell consists of four arc walls, within each of the four
quadrants, formed by two straight diaphragm walls normal to
each other, and intersecting at the center of the cell. Adjacent
cells are connected by short arc walls and are proportioned so
that the intersection of arcs and diaphragms forms three angles
of 120 degrees. A typical layout is shown in Figure 1-12. The
cloverleaf is used when a large cell width is required for stabil-

ity against a high head of water. This type has the advantage of
stability over the individual cells, but has the disadvantage of
being difficult to form by means of templates. An additional
drawback is the requirement that the separate compartments
be filled so that differential soil height does not exceed 5 feet.

It is used where a very large unit is required and where the
hoop tension in a circle would be excessive. The cloverleaf uti-
lizes cross walls curved sections. Radii are kept small enough
to produce manageable interlock tension. The cloverleaf cell
uses more steel than circular or diaphragm type cells, and is
adaptable to greater heights, however this style construction is
rarely used and will not be discussed further.

1.2.1.4.4. Modified Types
It may be possible to eliminate or change certain arcs in the

circular or diaphragm arrangements, as shown in Figure 1-13.
However, the remaining portions of the cells must be adequate-
ly anchored before this is practical. This style has been adapt-
ed to permanent cellular type piers and wharves rather than
temporary water – excluding cofferdams.

1.2.1.4.5. Components of Cellular Cofferdams
The major components of cellular cofferdams are the steel

sheet piling for the cells, the cell fill, and the earth berms that
are often used to increase stability.

As mentioned earlier, most straight sheet pile sections permit
a maximum deflection angle of 10 degrees per pair. When larg-
er deflection angles are required for small diameter cells, bent
piles must be provided as shown in Figure 1-14. Junction points
in cellular cofferdams required special prefabricated pieces,
commonly 90 degree T’s or 30 and 120 degree Y’s. Some of
these connections are shown in Figure 1-14.

Sheet pile manufacturers should be contacted in advance
regarding their available interlock strengths, practical saving
between sheets and fabricated specialties.

More detail on the design and construction of cellular coffer-
dams will be found in Chapter 14.

Figure 1-11: Diaphragm Cell

Figure 1-12: Cloverleaf Cells

Modified circular type Modified diaphragm type

Figure 1-13: Modified Cellular Cofferdams
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1.2.2. Permanent Applications
The advantage of sheet piling is as a pre-manufactured prod-

uct with known properties, which can be shipped to a project
site and assembled, under diversified conditions, into a perma-
nent wall. In North America, it has been used mostly for bulk-
heads at marine terminal facilities, marinas, and commercial
and residential waterfront properties. It has also been exten-
sively used for navigation structures, water control, floodwalls
and land walls.

1.2.2.1. Marine Bulkheads
Sheet piling can be used a number of ways in the design and

construction of a port operating facility. An anchored sheet pile
bulkhead provides a vertical wall, behind which useable land
area may be created and in front of which shipping may tie up
for loading and unloading.

Anchored bulkheads obtain their stability from the support
provided by penetration into the soil below the dredged bot-
tom combined with an anchorage support system installed
near the top of the wall. The sheet piling is then designed as a
beam on two supports under load from soil pressure and sur-
charges. The bending moment in the beam must be countered
by the shape and tensile strength of the sheet pile “beam”. For
most deep applications, anchored bulkheads will utilize Z, U,
or HZ type sheet piling. Anchored bulkheads may be located
parallel to shore (marginal wall) or perpendicular to shore (fin-
ger pier).

Anchored bulkheads may be built for planned dredged
depths of up to about 50 feet of water by utilizing the strongest
sections currently available, combined with high strength
grades of steel.

Sheet pile walls are also utilized in the construction of deck-
type marginal wharves, as a screen wall between the rear of the
deck and the land area.

Special high modulus sheet pile wall systems have become a
factor in deep-water marine facilities construction. This
method utilizes large “master piles” as the main strength units
of the wall. Wall strengths several times that available with con-
ventional sheet piling are possible.

1.2.2.2. Cellular Bulkheads
Bulkheads for special situations can be created from sheet

pile cellular structures. These applications include sites where
high rock prohibits the required penetration for support of a
single wall, where deep water and heavy loads make a single

wall unfeasible, where tidal fluctuations are extreme, where site
development is to take place over an extended period of time
or combinations of these situations.

Cellular structures are extremely useful for land creation and
development projects. The cells are self-supporting and can be
built in advance of landfill materials. They provide a curtain to
prevent water pollution and, as vertical structures, take up
much less space than a dike. A notable use of a cellular coffer-
dam to replace an existing dam took place in 2000-1, when the
Main Street and Hennepin Island dams were replaced with cir-
cular cellular cofferdams in Minneapolis, MN. Cellular coffer-
dams were chosen both for economic reasons and because they
met the aesthetic, historical and environmental requirements of
the project.4

Cellular bulkheads may be of either circular or diaphragm
construction. Circular cells are more popular for stability rea-
sons, although the diaphragm type can utilize a lighterweight
pile and provides a somewhat flatter face for breasting vessels.

1.2.2.3. Barge Docks
Self-supporting cells are utilized for other port operations

such as mooring and turning dolphins. Single, circular cells in
series have been used along the inland rivers for mooring fleets
of barges. The cells diameter varies between about 15 and 30
feet. These are built sufficiently high to accommodate fluctua-
tions in water levels. Some facilities have as many as 50 or 60
cells spread over a mile of shoreline to accommodate barge
fleets.

1.2.2.4. Coastal Construction
There is always a need for permanent wall construction

around rivers, lakes and seashore. This requirement ranges
from bulkheads to protect private property to jetties, breakwa-
ters and seawalls built by governmental agencies for the gener-
al public welfare.

1.2.2.4.1. Bulkheading
Relatively shallow anchored or cantilevered bulkheads are

used to create or protect private property along the waterfront.
The “Navy-type” timber wall is a basic means of building rela-
tively inexpensive bulkheads for private homes or commercial
operations such as marinas, particularly along the salt-water
coastal areas. This design consists of round, timber piles
installed about five feet apart, supporting a curtain wall of sawn
timbers. A filter cloth membrane is sometimes added.

4 Zawaki, W., Rudolph, R., Winberg, T., and Quist, J. (2001) “A Dam for a Dam” Civil Engineering, February, pp. 56-61.

For deflection angles up to 10o, use straight pile sections. For deflection angles beyond 10o, bend web of pile to an angle equal to required
deflection angle.

Figure 1-14: Steel Sheet Piling for Cellular Cofferdams
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Lightweight steel sheet piling is also extensively utilized for
shallow applications. The strength and corrosion resisting
qualities of aluminium sheet piling have also attracted owners
and contractors to this material.

1.2.2.4.2. Protective Structures
Breakwaters are built by private or governmental agencies to

protect the facilities and marine traffic in their harbours. Large
cellular cofferdam structures have been built to create artificial
harbours, particularly on the Great Lakes. These cells are gen-
erally filled with crushed stone and topped with armour stone
or concrete. Stone berms may be added on both sides for fur-
ther stability. Some designs have employed a sloped face in
order to intercept breaking waves at a more favourable angle
and reduce the reflection.

Single-wall wave deflectors have been used in some less
exposed applications. These have generally been braced in
some fashion, with structural piling or short stiffener walls of
sheet piling.

Jetties are structures projecting from harbour entrance chan-
nels to assist in the maintenance of channel depths. While
stone is the most common method of building jetties, sheet pil-
ing has also been employed for these devices.

Groins are shallow walls constructed more or less perpendi-
cular to the shoreline and extending into the water. Their pur-
pose is to trap sand being moved parallel to the beach by wind
or water currents, thereby building a beach. Groins have
become quite controversial because of their questionable value
to the overall beach environment. Historically, large groins have
been built of sheet pile cells, and small groins of cantilevered or
braced walls. They have had a relatively short life on the sea-
coast because of abrasion and salt-water corrosion. However,
those built along the Great Lakes have been in use for many
years.

Seawalls are structures built parallel to the shore for the pur-
pose of protecting onshore properties from storm activated
wave action. Since these structures are designed to trap and
break waves, the vertical faces offered by sheet pile walls by
themselves does not provide a completely satisfactory service.
Most sheet pilings used in these applications are employed as
cut-off walls in and under stone or concrete walls to prevent
underscour. However in non-ocean applications, such as inlets
or lakes, sheet pile seawalls have provided protection for many
private structures.

1.2.2.5. Other Permanent Applications
1.2.2.5.1. Water Control Structures; Weirs and Dams

The U.S. Army Corps of Engineers and a number of region-
al water authorities in the Southern United States utilize Z-type
or arch sheet piling in standard designs for box-type check
dams. Many of these have been built in relatively remote loca-
tions. Sheet piling can be taken into the sites by truckload and
assembled into the designed configuration on the spot.

1.2.2.5.2. Flood Control Structures
Sheet piling has been frequently utilized in construction of

permanent structures for water storage and flood control. Sheet

piling also is employed in the core of dikes, levees and dams to
prevent undermining by burrowing animals as well as to con-
trol seepage. Concrete floodwalls generally utilize a sheet pile
core or toe wall.

Some very large dams have utilized sheet piling in the core
to assist in reducing seepage through and under the structure.
The Oahe Dam on the Missouri River is a large earth fill dam
that utilized this method. Most flood control pumping plants
will utilize large quantities of sheet piling in controlling ground
water around and under the facility.

1.2.2.5.3. Navigation Structures
The U.S. Army Corps of Engineers has built many large nav-

igation structures on the inland waterways of the United States.
The large water control dams and navigation locks are concrete
structures generally built with the help of temporary cellular
cofferdams. Guide walls extend upstream and downstream
from the locks and it was found feasible to build these large
non-critical structures on circular sheet pile cells which sup-
port the weight of the walls and also serve to control the water
movement in these channels.

An entire navigation lock was built on the Ohio River using
large diameter sheet pile cells for the walls rather than mason-
ry. This election was made to save time and until a permanent
structure could be funded.

Sheet piling bulkhead walls are common along navigation
canals around the world. One of the first applications for ASTM
A-690 grade corrosion-resisting sheet piling was for a replace-
ment wall along the Old Erie Canal in New York State. While
corrosion was not a factor here, the owners were attracted to
the rich, brown appearance of the steel, having used a similar
type in bare steel applications previously for bridges.

1.2.2.5.4. Graving Docks and Dry-docks
A number of these large structures have been built for both

commercial and military purposes utilizing large-diameter steel
sheet piling cells to form the walls. In some cases, the
diaphragm type of construction was selected. A dry-dock is
essentially a permanent cofferdam that must be dewatered in
order to carry out repairs on vessels in the dry.

1.2.2.5.5. Artificial Islands
Large-diameter artificial islands can be created from filled

sheet pile cells for locating transmission towers in bodies of
deep water, for oil drilling platforms, etc. The retained soil
takes up less space than sloped fill, is protected from scour and
the steel cells offer some protection from ship collision.

1.2.2.6. Highway Applications
1.2.2.6.1. Retaining Walls and Abutments

In Europe, sheet piling is regularly employed for fill reten-
tion on highway ramps and underpasses and along cuts and
embankments. In the United States, sheet piling has not been
widely accepted for highway structures because of appearance.
Under the right circumstances, steel will develop a tight rust-
ing effect that blends into natural surroundings better than
concrete. In urban areas steel sheet piling walls have been cov-



ered with facia panels for appearance sake.
Sheet piling abutments and wing walls have been utilized to

some extent for Forest Service and rural county bridge con-
struction. This system takes advantage of the ability of steel
shapes to carry vertical loads as well as horizontal loads. With
this system, cofferdams and formwork at these relatively
remote sites is eliminated.

1.2.2.6.2. Bridge Protection Cells
The practice of locating large sheet pile cells around critical

main piers of major bridges to protect them from ship collision
is a growing one. The cells are sacrificial and are designed to
stop or divert the ship so that any impact will not affect the sta-
bility of the main structure. An example of a structure to be fit-
ted with these devices is the Sunshine Skyway Bridge across the
Tampa Bay ship channel near St. Petersburg, Florida. Its pred-
ecessor had suffered a fatal collision from a ship.

1.2.2.7. Marinas and Boat Launching Facilities
1.2.2.7.1. Bulkheading

Lighter weight steel and aluminium sheet piling find many
applications around small boat harbours. Marinas generally
require bulkheading of the shoreline to create land for parking
and services. Launching ramps cut into the shoreline require
sheet piling for cofferdams as well as embankment retention.
While boat slips are generally created from floating or pile sup-
ported finger piers, there are occasions where filled piers
formed from parallel lines of sheet piling may be practical.

1.2.2.7.2. Breakwaters
Permanent breakwaters at marinas or small boat harbours

have used sheet piling in the form of filled cells, single-wall,
braced construction, or as a cantilever wall supported by a rub-
ble-mound dike.

1.2.2.7.3. Other Applications
Sheet piling should be considered for any application where

a vertically faced wall is required. Some of the innovative uses
that have been made are:

• Curtain wall surrounding shallow water oil well drilling
and production sites, to retain spillage and protect the
environment.

• A similar application around large, circular petroleum
storage tanks at a refinery.

• Bulkheading of tees and greens of water holes at golf
courses5.

• A large permanent cellular cofferdam at the Aswan Dam in
Egypt protects some of the important ancient sites from the
impounded waters of the dam.

• Scrap pits built in metal working mills utilizing a box-type
structure built of sheet piling. Concrete deteriorates
quickly from abrasion and impact of the heavy scrap.

• Separator walls for bulk material storage.

What other applications? There may be many which have
not come to the attention of the authors. Certainly any idea the

reader might have for a possible use is worthy of discussion
with the producers of sheet piling.

1.3. Backfill Materials for Sheet Pile Walls
The term “backfill” is a general term applying to all soil that

is near enough to a newly constructed retaining structure to
affect its design and performance. It includes material that
remains in place as well as material brought to the site for
placement during construction. It includes material in front of
the wall that will provide resistance as well as material behind
the wall that supports surcharge loads and itself generates
active loads against the wall.

1.3.1. Overview of Backfill Types
The ideal wall would contain an idealized soil: lightweight,

free draining, well graded, homogeneous with optimum engi-
neering properties. This combination is rarely found insitu and
often prohibitively expensive to create. The advantages of cer-
tain soil types for backfill are well established and these mate-
rials should be utilized if at all possible.

Terzaghi listed five general classes of backfill that might be
encountered in retaining wall work:

1. Coarse-grained soils without an admixture of fines – very
permeable, typically clean sand and gravel. This is the most
desirable backfill, either as an in-situ material or as an import
into the site. The engineering properties of this soil are well
established or can be readily determined. They drain freely and
remain stable over the long term. The amount of laboratory
testing required for design is a minimum for these soils.

2. Same as 1, but of low permeability due to presence of silt.
This is more typical of fill which might be obtained from dredg-
ing operations or which might exist in many marine locations.
While not having the desirable free-draining characteristics,
this fill is often all that is available at reasonable cost. It is best
used in conjunction with select material placed against the wall
for better drainage.

3. Residual soil with stones, fine silty sand, and granular mix-
tures with conspicuous clay content. This type of soil is typical-
ly found inland -- a non-homogeneous mixture of ordinary fill
materials that is used primarily because of ready availability
and cost. This fill is more likely to be found in-situ at land-sited
walls. Its properties are more difficult to determine.

4. Very soft or soft clay, organic silts or silty clays. This type of
backfill is the type that should be excavated and disposed of as
quickly as possible since it has none of the characteristics for
permanent retaining structures. Quite often however, this
material is encountered in building temporary cofferdams in
which case it is acting as a load rather than part of an engi-
neered structure. In other cases it might be found at the site of
a permanent bulkhead and may be impractical to remove. In
this case, special methods for improving the quality of this fill
may have to be planned as part of the design.

5 An example of this is the Medinah Country Club near Chicago, site of the 1990 United States Open.
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5. Medium or stiff clay. These are generally undesirable. Their
long-term strength is difficult to access and then generally pro-
duces active earth pressure much higher than granular materi-
als. They have poor drainage characteristics.

Terzaghi recommended that “if a wall is designed before the
backfill is selected, design for the worst condition, otherwise
specify the characteristics of the backfill and design accordingly.”

1.3.2. Lightweight Backfill
Where they can be obtained, certain materials might be used

for backfills to reduce active pressure. These include oyster
shells, “pop-corn” slag, wood fibre products etc. Oyster shells
for example weigh only about half what moist sand does and
exhibit an equivalent friction angle. Soil pressures would be
about half those created by sand backfill. Lightweight blast fur-
nace slag has been used for some Great Lakes area bulkheads.

1.3.3. Sand Dikes
Tchebotarioff proposed the use of sand dikes adjacent to

bulkhead walls that would provide the desirable characteristics
of granular materials while permitting the use of poorer quali-
ty dredged material up-land from the wall. This method is
commonly used.

1.3.4. Dredged Bulkheads
Marine bulkheads are often constructed by driving sheet pil-

ing into existing soil at or above the low water line. The area in
front of the wall is then excavated to the desired depth to cre-
ate the facility. In other cases, the line of sheet piling is driven
into relatively deep water and then backfilled with soil to cre-
ate land. The method used may affect the stresses which the
parts of the wall may be subjected to during construction as
well as having an effect on the progression of wall pressure
from at-rest conditions to the lower active state.

1.3.5. Compaction of Fill
Compaction of dumped backfill may be desirable to reduce

the materials compressibility, increase its strength, control
expansion and reduce the possible effect from frost. However,
compaction will reduce the permeability and overcompaction
can greatly increase lateral pressure near the top of the wall and
unfavourably for the anchorage. Increasing the density of soil
in the passive area is desirable if it can be accomplished.

However, compaction on the active side should be carefully
specified both in the degree of densification and the method of
attainment. Heavy compaction equipment should be kept well
back from newly constructed bulkheads.

If specified, densification can be accounted for in assigning
engineering values to the soil for design. Hydraulic fill cannot
be compacted during placement. Hydraulic fill should be
accounted for in design as a temporary, increased load against
a possibly unstabilised wall6.

1.3.6. Placing Backfill
Backfilling of sheet pile walls may be initiated as soon as a

significant length of wall has been constructed. Generally
speaking, all backfill should be clean and free draining unless
approved by the design engineer.

All backfill should be placed in horizontal lifts. For clean
sands and gravels, the uncompacted lift thickness can be up to
12”; for silts, clays, and silty clay mixtures, the maximum
thickness should be 9”.

If the backfill is compacted, it should be mechanically com-
pacted to 92 to 93 percent of the maximum dry density
obtained by the Standard Proctor Test, ASTM D 698 (AASHTO
T 99). For moisture sensitive soils, the water content should be
controlled in the range of + 2 percent of optimum as deter-
mined by ASTM D 698 (AASHTO T 99).

Compaction within 5 feet of the back of the wall shall be
accomplished with lightweight hand operated compaction
equipment.

1.4. Failure Modes and Loads of Sheet Pile Walls
Up to now we have discussed the various types and applica-

tions of sheet piling. The rest of this manual will be spent in the
actual design procedures necessary for successful sheet pile
walls and cofferdams.

1.4.1. General Considerations
The design of sheet pile retaining walls requires several suc-

cessive operations:
(a) Evaluation of the forces and lateral pressures that act on

the wall;
(b) Determination of the required depth of piling penetra-

tion;
(c) Computation of the maximum bending moments in the

piling;
(d)Computation of the stresses in the wall and selection of

the appropriate piling section; and
(e) The design of the waling and anchoring system.
Before these operations can be initiated, however, certain pre-

liminary information must be obtained. In particular, the con-
trolling dimensions must be set. These include the elevation of
the top of the wall, the elevation of the ground surface in front
of the wall (commonly called the dredge line), the maximum
water level, the mean tide level or normal pool elevation and the
low water level. A topographical survey of the area is also help-
ful.

Earth pressure theories have developed to the point where it
is possible to obtain reliable estimates of the forces on sheet pile
walls exerted by homogeneous layers of soil with known phys-
ical constants. The uncertainties involved in the design of sheet
pile structures no longer result from an inadequate knowledge
of the fundamentals involved. They are caused by the fact that
the structure of natural soil deposits is usually quite complex,
whereas the theories of bulkhead design inevitably presuppose
homogeneous materials. Because of these conditions, it is essen-
tial that a subsurface investigation be performed with explorato-
ry borings and laboratory tests of representative samples. On
this basis, a soil profile can be drawn and the engineering prop-

6 In general however, hydraulic fills should not be placed directly against a new wall.
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erties of the different soil strata can be accurately determined.
These properties should reflect the field conditions under which
the wall is expected to operate. Only after these preliminary
steps are taken should the final design be undertaken.

1.4.2. Failure Modes for Sheet Piling
The object of sheet pile wall design is to prevent failure of

the wall in service. The loads exerted on wall/soil system
tend to produce a variety of potential failure modes. The fol-
lowing is an overview of these failure modes.

1.4.2.1. Deep-seated failure
A potential rotational failure of an entire soil mass con-

taining an anchored or cantilever wall is illustrated in Figure
1-15. This potential failure is independent of the structural
characteristics of the wall and/or anchor. The adequacy of
the system (i.e. factor of safety) against this mode of failure
should be assessed by the geotechnical engineer through
conventional analyses for slope stability.

This type of failure neither can be remedied by increasing
the depth of penetration nor by repositioning the anchor.
The only recourse when this type of failure is anticipated is
to change the geometry of retained material or improve the
soil strengths.

1.4.2.2. Rotational failure due to inadequate pile 
penetration

Lateral soil and/or water pressures exerted on the wall
tend to cause rigid body rotation of a cantilever or anchored
wall as illustrated in Figure 1-16. This type of failure is pre-
vented by adequate penetration of the piling in a cantilever
wall or by a proper combination of penetration and anchor
position for an anchored wall.

1.4.2.3. Flexural Failure of Sheet Piling
For basic design analysis, sheet pile walls are treated like

a beam in pure bending for structural purposes. Flexural
failure involves exceeding the maximum allowable bending
moment at a point in the sheeting. Such a failure is shown
in Figure 1-17.

1.4.2.4. Anchorage Failure
Failure of the system may be initiated by overstressing the

anchor components as illustrated and Figure 1-18. This is
discussed in detail in Chapter 11.

1.4.2.5. Special Failures due to Earthquake Motion
Anchored sheet pile walls show the most varied modes of

failure of most waterfront retaining structures. These modes
are summarised in Figure 1-19. Most of these are similar to
static failure but their possibility is of course increased with
seismic activity.

1.5. Application of Engineering Principles to
Sheet Piling Design

The design of most geotechnical elements, such as spread
footings, driven piles and the like, is primarily driven by the
strength of the surrounding soil first and the structural
integrity of the element second. Sheet piling, however,
should be considered a structure that happens to be in the
ground; therefore, we will consider the structural design
aspects first. Following that we will look at the loads
applied to the piling, first the applied loads and second the
earth pressure loads and failure modes. The order these are
in are as follows:

• Chapter 2 discusses the structural design of sheet pile 

a. Cantilever wall b. Anchored wall

Figure 1-15: Deep-Seated Failure

a. Cantilever wall b. Anchored wall

Figure 1-16: Rotational Failure Due to Inadequate Penetration

a. Cantilever wall b. Anchored wall

Figure 1-17: Flexural Failure of Sheet Piling



walls, including the strengths in various failure modes.
• Chapter 3 is an overview of the basic principles of soil 

mechanics as they apply to sheet pile walls, including
laboratory and field soil testing.

• Chapter 4 gives an overview of basic lateral earth
pressure concepts that apply to sheet piles.

• Chapter 5 is a detailed look at static earth pressure loads
on sheet pile walls.

• Chapter 6 is a detailed look at dynamic earth pressure

loads, which start out as an applied load but end up
becoming an earth pressure load.

• Chapter 7 reviews the effect of water on sheet piling,
including hydrostatic effects, groundwater flow and soil
boiling.

• Chapter 8 summarises other loads that sheet piles
experience, such as surface loads.

We can then proceed to show design methods for the vari-
ous configurations of sheet pile walls.

a. Anchor passive failure
b. Tie rod failure

c. Whale system failure

Figure 1-18 Anchorage Failure

Figure 1-19: Potential Failure Modes for Anchored Sheet Pile Walls due to Earthquake Activity

18 Sheet Pile Design by Pile Buck



2.1. Materials Used in Sheet Piling
2.1.1. Grades Of Sheet Piling Steel
2.1.1.1. Basic Grade: ASTM A-328

The basic specification for steel sheet piling in the United
States has been ASTM A-328 published by the American
Society of Testing Materials. This grade has been satisfactory
for most applications in that it provided a relatively high yield
point for design and a high ultimate strength for driveability.
The formulation is not well respected for weldability,
although procedures for welding this grade have been pub-
lished or are available from the manufacturers. The steel is
not particularly tough and fractures originating at notches
have been noted, particularly in cold environments. This steel
has a minimum yield point of 39 ksi and a minimum tensile
strength of 70 ksi.

2.1.1.2. Higher Strength Grade: ASTM A-572
Higher strength steels for structural applications are avail-

able for sheet piling such as the ASTM A-572 series. All
strengths may not be available from every manufacturer,
however Grade 50 is almost always offered. High strength
grades find application (1) to substitute a lighter section of
higher strength for a heavier section of regular strength, (2) to
maintain safety factors against yield where it cannot be
accomplished with section modulus. High strength grades
can maintain some safety factor against yield where corrosion
might reduce section properties. High strength steels, are
generally more weldable than higher carbon grades.

ASTM A-572 Grade 50 has a minimum yield point of 50
ksi and a minimum tensile strength of 70 ksi. Safety factors
for the high strength steels are similar to lower strength
grades. It is now available as silicon killed, fine-grain formu-
lation with greatly improved Charpy V-Notch impact proper-
ties. This steel might be considered for fracture critical appli-
cations, (for example, construction in arctic regions) and
structures subject to impact. This is a premium priced formu-
lation.

2.1.1.3. Corrosion Resisting Grade: ASTM A-690 
ASTM-A-690 Grade was developed to recognize specially

formulated steel for sheet and H-piles for use in salt-water
applications. This grade has shown advantages over regular
carbon steels for resisting corrosion in the salt-water splash
zone that is an area of concern. The steel also provides a min-
imum yield point of 50 ksi and therefore can be designed
along the lines of A-572 steels. In some cases weight can be
reduced, thus providing a saving which will pay some of the
additional cost of the grade. More discussion of this material
is provided in 17.4.4.1.

2.1.1.4. Structural Factors of Safety for Steel 
Sheet Piling

Most steel sheet piling is still designed using allowable
stress design methods; thus, a factor of safety is usually spec-
ified that reduces the allowable stress in the pile from the
yield stress. The allowable stress is thus

Equation 2-1: σallow = Freduction σy

where
• σallow = Allowable Stress of the Material

• Freduction = Reduction factor of safety

• σy = Yield Stress of the Material, psi or kPa

With steel piling in pure bending (see below), there are two
reduction factors used:

For static loads, for permanent works the reduction factor
is generally 0.65, or the allowable stress is 65% of the yield
stress. For the grades listed above:

ASTM A328: σallow = (0.65)(39) ≈ 25 ksi

ASTM A572, ASTM A690: σallow = (0.65)(50) ≈ 32.5 ksi

For earthquake loads, the reduction factor is generally
(1.33)(0.65) ≈ 0.87, or the allowable stress is 87% of the
yield stress. Using this increased value for earthquake loads
presupposes a static analysis to insure that the static case is
not in fact the governing case for a particular situation (see
Example 19). For the grades listed above:

ASTM A328:  σallow = (0.87)(39) ≈ 34 ksi

ASTM A572, ASTM A690:  σallow = (0.87)(50) ≈ 43.5 ksi

2.1.2. Other materials
Aluminium used in sheet piling is generally the same as

other extruded aluminium shapes. Material properties can be
obtained from the manufacturers and is also discussed exten-
sively in Pile Driving by Pile Buck. Also discussed more exten-
sively in the same book is wood; greenheart wood, for exam-
ple, has excellent material properties.

Vinyl and pultruded fibreglass piles are made of materials
whose properties vary widely from manufacturer to manufac-
turer. Thus, it is critical in the specification of these sections to
verify both the mechanical properties and the method in
which these mechanical properties were obtained. It is also
important to note that, with both of these materials, applica-
tion of these material properties are subject many factors, such
as creep (in the case of vinyl sections) and transverse bending
and localised buckling (with both of these materials.)

2.2. Bending of Sheet Piling
2.2.1. Theory of Pure Bending of Sheeting

For the structural analysis of sheet piling, the primary

Chapter Two: 
Structural Design of Sheet Pile Walls
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object is to analyse failure due to excess bending moment and
stresses. Most of the analysis of cantilever and anchored walls
involve the computation of pure bending. For the case of
pure bending, the maximum allowable bending moment is
given by the equation

Equation 2-2: Mallow = Smin σ allow

where
• Mallow = Allowable bending moment

• Smin = Minimum Section Modulus

Both the allowable bending moment and the section mod-
ulus are specified as per lineal foot or meter of wall. The
strength of sheet piling to resist bending is a combination of
the shape of the section and the material out of which it is
made. The allowable stress of the material is a function of the
material itself.

2.2.2. Application of Bending to Specific 
Sheet Pile Sections

The century long development of sheet piling has led to a
proliferation of sections of all kinds. These are constantly
changing; a table of these is beyond the scope of this book,
although they are available in both printed and online form
from Pile Buck. For the purposes of the example problems in
this book, however, we will use several commonly used sec-
tions that have been manufactured in steel for many years.
These are shown in Table 2-1.

2.2.3. Combined Axial and Flexural Stresses
Additionally, sheet piling can experience axial loading as

well from sources such as concrete pile caps at the top, axial
forces due to the vertical component of an inclined anchor,
and the friction of the soil. Especially with the pile caps, these
can induce buckling in the sheet piling. This can be comput-
ed by modifying Equation 2-2 and solving for the maximum
(or allowable) stress:

Equation 2-3:

σmax =
Paxial  +

Mmax + Paxial (δmax + ep) 
< σallowAaxial Swall

Where
• Mmax = maximum moment of the sheeting

• Paxial = axial load on sheeting

• Aaxial = area of the sheeting subject to axial loads

• δmax = maximum deflection of the sheeting

• ep = eccentricity of the load from the centreline of the sheeting

This type of loading on sheet piles is especially important
for HZ walls, and is demsonstrated in Example 24.

It is recommended that unless it can be shown that buck-
ling of the piling is unlikely,

Equation 2-4: Mmax > Paxial ( δmax + ep )
10

2.2.4. Section Modulus of U- Shaped Sheeting
As noted above, the section modulus is strictly a function

of the physical shape of the material; however, with steel
sheeting, Larssen and Z-shapes have been involved in a long
running difference between European and American practice.

Larssen and other U-shaped piles remain popular in

Table 2-1 Section Properties and Allowable Bending Stresses for Selected Steel Sheet Sections

PZ22 84.4 18.1 38 49 51.3 66
PZ27 184.2 30.2 64 82 85.6 109
PZ35 361.2 48.5 102 131 137.4 176
PZ40 490.8 60.7 128 164 172.0 220

Mallowable

ft-kips per
linear ft of wall

ASTM A572
Grade Steel
Sheet Piling
Earthquake 

Loading
( σ allow =

0.87 σy )

Moment of
Inertia I

in 4 per foot of
wali

Section
Designation

Section
Modulus S
in3 per ft of

wall

Mallowable

ft-kips per 
linear ft of wall

ASTM A328
Grade Steel
Sheet Piling

Static 
Loading

( σ allow = 

0.65 σy )

Mallowable
ft-kips per

linear ft of wall
ASTM A572
Grade Steel
Sheet Piling

Static 
Loading

( σ allow = 
0.65 σy )

Mallowable

ft-kips per 
linear ft of wall

ASTM A328 
Grade Steel 
Sheet Piling
Earthquake 

Loading
( σ allow = 

0.87 σy )

These values were developed using Equation 2-1 and the reduction factors listed previously.
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Europe and the Far East but were displaced in the United
States by the Z-type profile. Why? At the heart of the problem
is a difference in engineering philosophy.

As we said before, sheet pile walls are considered to act as
a beam. For most shapes, the neutral axis will fall midway7

between the two outer faces of the sheeting, in a manner sim-
ilar to H-beams. With a Larssen wall, the line of the interlocks
falls on the neutral axis, whereas for a Z-wall it does not.
Since the inception of the Larssen type pile, which interlocks
along the neutral axis of the wall, there has been concern
about the ability of the interlocks to transfer horizontal shear,
without which the full section strength cannot be developed.

The European philosophy has been quite liberal toward this
and one will find that the section modulus published for
Larssen shapes is always based on full transfer or the “combined
basis” with a reduction from this state left to the engineer.

Most American engineers have taken a more conservative
approach and assumed that since this transfer cannot be
counted upon without welding the joints, the section modu-
lus of a wall with interlocks on the neutral axis should be
based on the properties of the single pile rather than the com-
bined pile system. This philosophy of course fostered the
development of the Z-type shapes that interlock on the faces
of the wall where horizontal shear is zero.

Realistically, there is general agreement that there is always
some fixity attained in the interlocks, ranging from 100 per-
cent downward. The American approach often resulted in a

large safety factor many times and an uneconomical use of
material. The European method may have produced some
marginal safety factors at times but apparently few actual fail-
ures have been documented.

A series of shallow-depth arch sheet piles have been devel-
oped by the cold finishing industry. These sections, for the
most part, interlock with their neighbours on one wall face,
away from the neutral axis. The questions raised in the pre-
ceding paragraph do not apply to these shapes and the pub-
lished section modulus may be used in a manner similar to
the Z-shapes.

2.2.5. Transverse Bending Failure8

Transverse bending is a relatively newly recognized mode
of failure in sheet piling. Although it interacts with classical
bending, it is a separate failure mode of its own.

As we have seen, sheet-piling loads are primarily developed
by lateral earth pressures, which in turn develop shears,
moments, rotations and deflections in the beam. In addition
to the flexural loading that is developed along the axis of the
sheet pile, these pressures also act directly on the sheeting,
producing transverse loading as shown in Figure 2-1. In
essence, the lateral pressure is flattening the sheet; the plate
bending at the corners is the resistance of the sheeting to this
flattening. This bending is independent of classical flexure,
but the combined stresses can exceed the limit of the materi-
al even when classical flexure predicts otherwise.

7 Technically speaking, if one were to take an exact shape of a single Z-section and determine the neutral axis in the usual direction of bending, one would find that the exact
lack of symmetry with the interlocks would result in the neutral axis being shifted slightly towards the female interlock. However, the neighbouring sheet would be orient-
ed in a reverse fashion, and thus would offset this effect. Thus, for a Z wall, the neutral axis is in fact centred between the outer faces.
8 All of the material in this book on the subject of transverse bending is based on Hartman, R.J., and Neal, J.A. (1997) “Report of Investigation of the Effect of Transverse
Loads on the Behavior of Z-Shape Steel Sheet Piling,” prepared for the L.B. Foster Company and Bethlehem Steel Corporation. This includes the figures on this subject as
well; the author is grateful for their furnishing this material.

Figure 2-1: Distribution of Transverse Bending in a PZ-27 Section (after Hartman)
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To quantify this type of failure, both finite element and lab-
oratory studies have been performed to determine the magni-
tude of these stresses. These stresses have two critical points
along the sheet pile wall: a) at the support(s), and b) at the
point of maximum moment. Once the transverse bending
stresses are determined for various values of transverse pres-
sure and force, these are combined with classical flexural
stresses to determine the maximum allowable moment in a
sheet piling section. The equation for maximum allowable
moment is in the form

Where
•Mallow-t = allowable moment on the sheeting, in-lb/ft of

wall or kN-m/m of wall
• I = moment of inertia of the sections, in4 /ft of wall or m4

per m of wall
•ct = distance from neutral axis to the point of maximum

transverse stress in sheeting, in or m
•λt = ratio of transverse bending stresses to the lateral 

pressure on the sheeting, dimensionless
• p = lateral pressure on the sheeting, psi or kPa

The use of this relationship will be illustrated in Example
23. Although this phenomenon has been studied only in steel
sheet piling, there is evidence that it takes place in other
materials, especially vinyl and composite sheeting, where
large deflections and lower transverse mechanical properties
amplify the effects seen in steel.

2.2.6. Shear Failure
Although generally not considered with structures, shear

failure is a possibility with sheet piling. The minimum shear
area per foot or metre of wall length can be computed using
the equation

Where
• Avmin = minimum shear area

• Vmax = maximum shear on sheeting

• τallow = maximum allowable shear stress

For Z-shaped sections, the shear area can be estimated by the
formula

Where
• tw = thickness of the sheet web and flange

• h = height of the sheeting, i.e., the distance from the
outer most flats

• w = width of the section
For wood piling, the shear area can be taken to be two-

thirds of the rectangular area per foot or metre of wall.

2.3. Interlock Strength for Flat Sheeting
Minimum guaranteed interlock strengths required with flat

type sheets used for circular cellular construction are not cov-
ered by ASTM specification. These strengths are a function of
the manufacturers design, rolling tolerances and steel
strength. One lightweight flat (actually a shallow-arch) profile
has a minimum strength of 12,000 pounds per inch of inter-
lock. Because of the shallow arch, the manufacturer recom-
mends a maximum design pull of 3,000 pounds per inch.
The flat profiles offered by several producers generally pro-
vide a low value of minimums beginning at 16,000 pounds
per inch and extending to 28,000 pounds per inch. It has
been common practice to allow a safety factor of 2 for this
type design, either permanent or temporary. The guaranteed
strengths are ultimate values rather than yield. 

Equation 2-5: Mallow-t =  I ( 0.65 σ y- λt p)ct

Equation 2-6: Avmin =  Vmax
τallow

Equation 2-7: Av =
twh
w
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3.1. Introduction
This section presents an overview of basic soil mechanics,

especially as they relate to retaining walls in general and sheet
pile walls in particular. For engineering purposes, we shall
consider the earth to be made up of rock and soil.

• Soil will be defined as naturally occurring mineral parti-
cles which are readily separated into relatively small
pieces, and in which the mass may contain air, water, or
organic materials (derived from decay of vegetation).

• Rock is that naturally occurring material composed of
mineral particles so firmly bonded together that relatively
great effort is required to separate the particles (i.e., blast-
ing or heavy crushing forces).

The mineral particles of the soil mass are formed from
decomposition of the rock by weathering (by air, ice, wind,
and water) and chemical processes. Because they generally do
not enter into sheet piling design, we will not discuss rocks
further.

3.2. Soils
3.2.1. Overview of Soil Types

See Figure 3-1 for principal soil deposits grouped in terms
of origin (e.g., residual, colluvial, etc.) and mode of occur-
rence (e.g., fluvial, lacustrine, etc.).

Beyond these general geologic classifications, geotechnical
engineers further classify soils to enable quantification of

their engineering properties. Two systems are discussed in
this book: the Unified Soil Classification System (USCS) and
the Modified Unified System (MUD). The laboratory and field
tests used with both of these systems, such as tests for grain
size, Atterberg limits, etc., are discussed elsewhere in this
book.

3.2.2. Unified Soil Classification System (USCS)
This system is used primarily for engineering purposes and

is particularly useful to the geotechnical engineer. Therefore,
they should be used for all structural-related projects; such as
bridges, retaining walls, buildings, etc. Precise classification
requires that a grain size analysis and Atterberg Limits tests be
performed on the sample. The method is discussed in detail
in ASTM D 2487. The systemis summarised in Table 3-1 for
granular soils and in Table 3-2 for fine grained soils. The
tables show the division between the two, which in turn
determines the table to be used.

One of the main uses of soil classification systems is the
determination of various soil properties based on the classifi-
cation of the soil. Soils can be classified by the Unified System
using visual inspection, Atterberg Limits and sieve analysis,
tests which a) are relatively easy to perform and b) make
greater allowance for sample disturbance than, say, consolida-
tion or triaxial tests. Many correlations exist that enable soil
properties to be estimated using the soil classification and in
some cases other relatively simple tests. These correlations

Chapter Three: 
Overview of Soil Mechanics

SEDIMENTARY SOILS

Residual Material     
formed by disintegra-
tion  of underlying par-
ent rock or partially
indurated material.

Residual sands and fragments of gravel size formed by solution and
leaching of cementing material, leaving the more resistant particles;
commonly quartz.

Generally favorable foundation conditions.

Residual clays formed by decomposition of silicate rocks, disinte-
gration of shales, and solution of carbonates in limestone. With few
exceptions becomes more compact, rockier, and less weathered with
increasing depth. At intermediate stage may reflect composition,
structure, and stratification of parent rock.

Variable properties requiring detailed investiga-
tion. Deposits present favourable foundation
conditions except in humid and tropical cli-
mates, where depth and rate of weathering are
very great.

Organic Accumulation
of highly organic mate-
rial formed in place by
the growth and subse-
quent decay of plant
life.

Peat. A somewhat fibrous aggregate of decayed and decaying vege-
tation matter having a dark colour and odour of decay.

Muck. Peat deposits which have advanced in stage of decomposition
to such extent that the botanical character is no longer evident.

Very compressible. Entirely unsuitable for sup-
porting building foundations.

TRANSPORTED SOILS

Alluvial Material trans-
ported and deposited by
running water.

Floodplain deposits. Deposits laid down by a stream within that
portion of its valley subject to inundation by floodwaters.

Major Division Principal Soil Deposits Pertinent Engineering 
Characteristics

Figure 3-1: Principal Soil Deposits
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Point bar. Alternating deposits of arcuate ridges and swales (lows
formed on the inside or convex bank of mitigating river bends.)
Ridge deposits consist primarily of silt and sand, swales are clay-
filled.

Generally favorable foundation conditions; how-
ever, detailed investigations are necessary to
locate discontinuities. Flow slides may be a prob-
lem along riverbanks. Soils are quite pervious.

Channel fill. Deposits laid down in abandoned meander loops iso-
lated when rivers shorten their courses. Composed primarily of clay;
however, silty and sandy soils are found at the upstream and down-
stream ends.

Fine-grained soils are usually compressible.
Portions may be very heterogeneous. Silty soils
generally present favourable foundation condi-
tions.

Backswamp. The prolonged accumulation of floodwater sediments
in flood basins bordering a river. Materials are generally clays but
tend become siltier near riverbank.

Relatively uniform in a horizontal direction.
Clays are usually subjected to seasonal volume
changes.

Alluvial Terrace deposits. Relatively narrow, flat-surfaced, river-
flanking remnants of floodplain deposits formed by entrenchment of
rivers and associated processes.

Usually drained, oxidized. Generally favourable
foundation conditions.

Estuarine deposits. Mixed deposits of marine and alluvial origin laid
down in widened channels at mouths of rivers and influenced by
tide of body of water into which they are deposited.

Generally fine-grained and compressible.
Many local variations in soil conditions.

Alluvial-Lacustrine deposits. Material deposited within lakes (other
than those associated with glaciation by waves, currents, and
organo-chemical processes. Deposits consist of unstratified organic
clay or clay in central portions of the lake and typically grade to
stratified silts and sands in peripheral zones.

Usually very uniform in horizontal direction.
Fine-grained soils generally compressible.

Deltaic deposits. Deposits formed at the mouths of rivers that result
in extension of the shoreline.

Generally fine-grained and compressible.
Many local variations in soil condition.

Piedmont deposits. Alluvial deposits at foot of hills or mountains.
Extensive plains or alluvial fans.

Generally favorable foundation conditions.

Loess. A calcareous, unstratified deposit of silts or sandy or clayey
silt traversed by a network of tubes formed by root fibres now
decayed.

Relatively uniform deposits characterized by
ability to stand in vertical cuts. Collapsible
structure. Deep weathering or saturation can
modify characteristics.

Dune sands. Mounds, ridges, and hills of uniform fine sand charac-
teristically exhibiting rounded grains.

Aeolian
Material transported
and deposited by wind.

Very uniform grain size; may exist in relatively
loose condition.

Glacial
Material transported
and deposited by gla-
ciers, or by meltwater
from the glacier.

Glacial till. An accumulation of debris, deposited beneath, at the side
(lateral moraines, or at the lower limit of a glacier (terminal moraine.
Material lowered to ground surface in an irregular sheet by a melt-
ing glacier is known as a ground moraine.

Consists of material of all sizes in various pro-
portions from boulder and gravel to clay.
Deposits are unstratified. Generally present
favourable foundation conditions; however,
rapid changes in conditions are common.

Glacio-Fluvial deposits. Coarse and fine-grained materials deposited
by streams of melt water from glaciers. Material deposited on ground
surface beyond terminal of glacier is known as an outwash plain.
Gravel ridges known as kames and eskers.

Many local variations. Generally, these present
favourable foundation conditions.

Glacio-Lacustrine deposits. Materials deposited within lakes by melt
water from glaciers. Consisting of clay in central portions of lake and
alternate layers of silty clay or silt and clay (varved clay in peripher-
al zones.

Very uniform in a horizontal direction.

Shore deposits. Deposits of sands and/or gravels formed by the trans-
porting, destructive, and sorting action of waves on the shoreline.

Marine
Material transported
and deposited by
ocean waves and cur-
rents in shore and off-
shore areas.

Relatively uniform and of moderate to high
density.

Major Division Principal Soil Deposits Pertinent Engineering 
Characteristics

TRANSPORTED SOILS

26 Sheet Pile Design by Pile Buck



Marine clays. Organic and inorganic deposits of fine-grained 
material.

Generally very uniform in composition.
Compressible and usually very sensitive to
remoulding.

and currents in shore
and offshore areas.

Colluvial
Material transported
and deposited by
gravity.

Talus. Deposits created by gradual accumulation of unsorted rock
fragments and debris at base of cliffs.

Previous movement indicates possible future
difficulties. Generally unstable foundation con-
ditions.

Hillwash. Fine colluvium consisting of clayey sand, sand silt, or clay.

Typically shardlike particles of silt size with
larger volcanic debris. Weathering and redepo-
sition produce highly plastic, compressible clay.
Unusual and difficult foundation conditions.

Landslide deposits. Considerable masses of soil or rock that have
slipped down, more or less as units, from their former position on
steep slopes.

Ejecta. Loose deposits of volcanic ash, lapilli, bombs, etc.Pyroclastic
Material ejected from
volcanoes and trans-
ported by gravity,
wind and air.

Pumice. Frequently associated with lava flows and mudflows, or may
be mixed with nonvolcanic sediments.

enable the geotechnical engineer to make estimates –
in some cases the only estimates possible – of soil
properties for preliminary design purposes.

Many of the “typical properties” of soils are based
on SPT results; these are discussed with the SPT.
Those discussed in this section are derived from
other tests. It should be noted that these “typical”
properties and correlations are of varying quality,
expressed by standard deviation, which is the range
above and below the average trend, within which
about two-thirds of all values occur. These relation-
ships are useful in preliminary analyses but must not
supplant careful tests of structural properties. The
relationships should never be applied in final analy-
ses without verification by tests of the particular
material concerned.

3.2.2.1. Coarse-Grained (Cohesionless or 
Granular) Soils

Coarse-grained soils are those soils where more
than half of particles finer than 3” size can be distin-
guished by the naked eye. The smallest particle that
is large enough to be visible corresponds approxi-
mately to the size of the opening of No. 200 sieve
used for laboratory identification. Sands are divided
from gravels on the No. 4 sieve size, and gravels from
cobbles on the 3” size. The division between fine and medi-
um sands is at the No. 40 sieve, and between medium and
coarse sand at the No. 10 sieve. Generally, the engineering
properties of cohesionless or granular soils are as follows:

• Excellent foundation material for supporting structures 
and roads.

• The best embankment material.
• The best backfill material for retaining walls.
• Might settle under vibratory loads or blasts.
• Dewatering can be difficult due to high permeability.
• If free draining not frost susceptible.
Correlations between friction angle, relative density and

Unified classifications are shown in Figure 3-2 and Figure 3-3.

3.2.2.2. Fine-Grained (Cohesive or Organic) Soils
Soils are identified as fine-grained when more than half of

the particles are finer than No. 200 sieve (as a field guide,
such particles cannot be seen by the naked eye). Fine-grained
soils are classified according to plasticity characteristics deter-
mined in Atterberg limit tests. A plasticity chart for use with
both coarse- and fine-grained soils is givenin Figure 3-4.

In general, the engineering properties of cohesive soils are
as follows:

• Very often, possess low shear strength.
• Plastic and compressible.
• Loses part of shear strength upon wetting.
• Loses part of shear strength upon disturbance.

Figure 3-2: Correlations of Strength Characteristics for Granular Soils
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Table 3-1: Unified Soil Classification System for Coarse-Grained Soils 9

Primary Division for Field and
Laboratory Identification

Coarse-grained
soils. (More
than half of
material finer
than 3” sieve is
larger than No.
200 Sieve

Gravel.
(More than
half of the
coarse fraction
is larger than
No. 4 Sieve,
about 1/4”)

Clean gravels.
(Less than 5%
of material
smaller than
No. 200 Sieve
size.)

GW Well-graded grav-
els, gravel-sand
mixtures, little or
no fines.

Group
Symbol

Typical Names10 Laboratory Classification
Criteria

Supplementary Criteria
For Visual Identification

Wide range in grain size and
substantial amounts of all
intermediate particle size.

GP Poorly graded 
gravels, gravel-
sand mixtures, 
little or no fines.

Not meeting both criteria for GW Predominantly one size 
(uniformly graded) or a range
of sizes with some sizes missing
(gap graded.)

Gravels with
fines. (More
than 12% of
material
smaller than
No. 200 Sieve
Size.)

GM Silty gravels and
gravel-sand-silt
mixtures.

Atterberg limits
below “A” line,
or PI < 4.

GC Clayey gravels and
gravel-sand- clay
mixtures.

Atterberg limits
above “A” line
with 4 < PI < 7
is borderline
case GM-GC.

Atterberg limits
above “A” line,
and PI > 7.

Nonplastic fines or fines or low
plasticity.

Plastic fines.

Sands.
More than half
of the coarse
fraction is
smaller than
No. 4 sieve.

Clean Sands.
(Less than 5%
of material
smaller than
No. 200
sieve.)

SW Well-graded sands,
gravelly sands,
little or no fines.

Wide range in grain sizes and
substantial amounts of all inter-
mediate particle sizes.

SP Poorly graded
sands and gravelly
sands, little or no
fines.

Not meeting both criteria for SW. Predominately one size
(uniformly graded) or a range
of sizes with some intermediate
sizes missing (gap graded.)

Sands with
fines. (More
than 12%
of material
smaller than
No. 200
sieve size.)

SM Silty sands, sand-
silt mixtures.

Atterberg limits
below “A” line,
or PI < 4.

Atterberg limits
above “A” line
with 4 <PI < 7
is borderline

Nonplastic fines or fines of low
plasticity.

9 Cohesionless materials with 5-12% smaller than No. 200 sieve are borderline cases, designated GW-GM, SW-SC, etc.
10 Materials with 5 to 12 percent smaller than No. 200 sieve are borderline cases, designated: GW-GM, SW-SC, etc.

SC Clayey sands, sand-
clay mixtures.

Atterberg limits
above “A” line
with PI > 7.

case SM-SC.
Plastic fines.

• Shrinks upon drying and expands upon wetting.
• Very poor material for backfill.
• Poor material for embankments.
• Practically impervious.
• Clay slopes are prone to landslides.

Differing from clays are silts; some characteristics of silts are
as follows:
Relatively low shear strength 

• High Capillarity and frost susceptibility
• Relatively low permeability
• Difficult to compact

Compared to clay, silts exhibit the following characteristics:
• Better load sustaining qualities
• Less compressible
• More permeable 
• Exhibit less volume change
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Figure 3-3: Friction Angle of Granular Backfills

Primary Division for Field and
Laboratory Identification

Group
Symbol

Typical Names10 Laboratory Classification
Criteria

Supplementary Criteria
For Visual Identification

Table 3-2: Unified Soil Classification for Fine-Grained Soils

Fine-grained soils. (More
than half of material is
smaller than No. 200 sieve
size.) (Visual: more than
half of particles are so fine
that they cannot be seen by
naked eye.)

Silts and
clays. (Liquid
limit < 50.)

ML Inorganic silts,
very fine sands,
rock flour, silty or
clayey fine sands.

Atterberg limits
below “A” line,
or PI < 4.

Atterberg limits
above “A”
line with PI
between 4 and
7 is borderline
case ML-CL.

None to
slight.

Dry
Strength

Reaction
to

Shaking

Toughness
near

Plastic
Limit

Quick to
slow.

None

CL Inorganic clays of
low to medium
plasticity; gravelly
clays, silty clays,
sandy clays, lean
clays.

Atterberg limits
above “A” line,
with PI > 7.

Medium
to high.

None to
very slow.

Medium.

OL Organic silts and
organic silt-clays
of low plasticity.

Atterberg limits below “A” line. Slight to
medium.

Slow. Slight.

MH Inorganic silts,
micaceous or
diatomaceous fine
sands or silts, elastic
silts.

Atterberg limits below “A” line. Slight to
medium.

Slow to
none.

Slight to
medium.

CH Inorganic silts of high
plasticity, fat clays.

Atterberg limits above “A” line. High to
very high.

None. High.

OH Organic clays of
medium to high
plasticity.

Atterberg limits below “A” line. Medium
to high.

None to
very slow.

Slight to
medium.

Highly organic
soils.

Pt Peat, muck and
other highly organic
soils.

High ignition loss, LL and
PI decrease after drying.

Organic color and odor, spongy
feel, frequently fibrous texture.
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Figure 3-4: Plasticity Chart for Unified Classification System

3.2.2.3. Examples of Sample Descriptions
• Granular soils:

o Medium dense, grey coarse to fine SAND, trace silt, trace
fine gravel (SW).

o Dry, dense, light brown coarse to fine SAND, some silt
(SM).

• Fine grained soils:
o Very stiff brown silty CLAY (CL), wet
o Stiff brown clayey SILT (ML), moist
o Soft dark brown organic CLAY (OH), wet.

3.2.3. Modified Unified System (MUD)
For many years, soils engineers have successfully used the

Unified Soil Classification System to categorize soil samples.
The major advantage of this system is the easily understood
word picture used to describe the soil samples after classifica-
tion. The major disadvantage is the number of time-consum-
ing classification tests that must be done to develop the word
picture.

At present, numerous private firms and State agencies are
using the nomenclature of the Unified System but without the
classification testing. This process of visually identifying soil
samples as known as the Modified Unified Description (MUD).

The procedure involves visually and manually examining
soil samples with respect to texture, plasticity and colour. A
method is presented for preparing a “word picture” of a sam-
ple for entering on a subsurface exploration log or other
appropriate data sheet. The procedure applies to soil descrip-
tions made in the field or laboratory. 

It should be understood that the soil descriptions are based
upon the judgment of the individual making the description.
Classification tests are not intended to be used to verify the
description, but to provide further information for analysis of
soil design problems or for possible use of the soil as a con-
struction material.

It is the intent of this system to describe only the con-
stituent soil sizes that have a significant influence on the visu-
al appearance and behaviour of the soil. This description
system is intended to provide the best word description of the
sample to those involved in the planning, design, construc-
tion, and maintenance processes.

3.2.3.1. Definition of Terms
• Boulder - A rock fragment, usually rounded by weathering

or abrasion, with an average dimension of 12 inches or
more.

• Cobble - A rock fragment, usually rounded or subrounded,
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with an average dimension between 3 and 12 inches.
• Gravel11 - Rounded, subrounded, or angular particles of

rock that will pass a 3 inch square opening sieve (76.2 mm)
and be retained on a Number 10 U.S. standard sieve (2.0
mm).

• Sand - Particles that will pass the Number 10 U.S. standard
sieve and be retained on the Number 200 U.S. standard
sieve (0.074 mm).

• Silt - Material passing the Number 200 U.S. standard sieve
that is nonplastic and exhibits little or no strength when
dried.12

• Clay - Material passing the Number 200 U.S. standard
sieve that can be made to exhibit plasticity (putty like prop-
erty) within a wide range of water contents and exhibits
considerable dry strength.13

• Fines - The portion of a soil passing a Number 200 U.S.
standard sieve.

• Marl - Unconsolidated white or dark grey calcium carbon-
ate deposit.

• Muck - Finely divided organic material containing various
amounts of mineral soil.

• Peat - Organic material in various stages of decomposition.
• Organic Clay - Clay containing microscopic size organic

matter. May contain shells and/or fibres.
• Organic Silt - Silt containing microscopic size organic

matter. May contain shells and/or fibres.
• Coarse-Grained Soil - Soil having a predominance of

gravel and/or sand.
• Fine-Grained Soil - Soil having a predominance of silt

and/or clay.
• Mixed-Grained Soil - Soil having significant proportions of

both fine-grained and coarse-grained sizes.

3.2.3.2. Visual - Manual Identification
Constituents are identified considering grain size distribu-

tion and the results of the manual tests. In addition to the
principal constituent, other constituents that may affect the
engineering properties of the soil should be identified.
Secondary constituents are generally indicated as modifiers to
the principal constituent (i.e., sandy clay or silty gravel).
Other constituents can be included in the description
through the use of terms such as with, some and trace. Details
of visual identification of samples can be found in Table 3-3.

Other terms that might be used include the following:
• Marl - A white or grey calcium carbonate paste. May con-

tain granular spheres, shells, organic material or inorganic
soils. Reacts with weak hydrochloric acid.

• Muck - Black or dark brown finely divided organic materi-
al mixed with various proportions of sand, silt, and clay. 
May contain minor amounts of fibrous material such as
roots, leaves, and sedges.

• Peat - Black of dark brown plant remains. The visible plan
remains range from coarse fibres to finely divided organic
material.

• Organic Clay - Dark grey clay with microscopic size organ-
ic material dispersed throughout. May contain shells and
/or fibres. Has weak structure that exhibits little resistance
to kneading.

• Organic Silt - Dark grey silt with microscopic size organic
material dispersed throughout. May contain shells and/or
fibres. Has weak structure that exhibits little resistance to
kneading.

• Fill - Man-made deposits of natural soils and/or waste
materials. Document the components carefully since pres-
ence and depth of fill are important engineering consider-
ations.

3.2.3.3. Soil Sample Identification Procedure
• First Decision -

o Is sample coarse-grained, fine-grained, mixed-grained
or organic?

o If mixed-grained, decide whether coarse-grained or fine-
grained predominates.

• 2nd Decision -
o What is principal component?
o Use as noun in soil description. Example: Silty Sand

• 3rd Decision -
o What is secondary component?
o Use as adjective in soil description. Example: Silty Sand

• 4th Decision -
o Are there additional components?
o Use as additional adjective. Example: Silty Sand, Gravelly

• Examples Of Descriptions Of The Soil Components
o Sand - Describes a sample that consists of both fine and

coarse sand particles.
o Gravel - Describes a sample that consists of both fine and

coarse gravel particles.
o Silty fine Sand - Major component fine sand, with non

plastic fines.
o Sandy Gravel - Major component gravel size, with fine

and coarse sand. May contain small amount of fines.
o Gravelly Sand - Major component sand, with gravel. May

contain small amount of fines.
o Gravelly Sand, Silty - Major component sand, with

gravel and nonplastic fines.
o Gravelly Sand, Clayey - Major component sand, with

gravel and plastic fines.
o Sandy Gravel, Silty - Major component gravel size, with

sand and nonplastic fines.
o Gravelly Sand, Clayey - Major component gravel size,

with sand and plastic fines.
o Silty Gravel - Major component gravel size, with nonplas-

tic fines. May contain sand.
o Clayey Gravel - Major component gravel size, with plastic

fines. May contain sand and silt.
o Clayey Silt - Major component silt size, with sufficient

clay to impart plasticity and considerable strength when
dry.

11 The term “gravel” in this system denotes a particle size range and should not be confused with “gravel” used to describe a type of geological deposit or a construction material.
12 New York State Soil Mechanics Bureau STP-2 - Issuance No. 7.41-5/75 “Soil Description Procedure”.
13 When applied to gradation test results, silt size is defined as that portion of the soil finer than the No. 200 U.S. standard sieve and coarser than 0.002 mm. Clay size is that por-
tion of soil finer than 0.002 mm. For the visual-manual procedure, the identification will be based on plasticity characteristics.



Table 3-3: Visual Identification of Samples

Definitions of Soil Components and Fractions

14 Descriptions of fine-grained soils should not include a grading.

1. Grain Size
Material Fraction Sieve Size
Boulders 12”+
Cobbles 3” - 12”

Gravel: The particles may have an angular, Coarse 3/4” - 3”
rounded, or subrounded shape. Gravel size Fine No. 4 to 3/4”
particles usually occur in varying combinations 
with other particle sizes.

Sand: Gritty grains that can easily be seen and Coarse No. 10 to No. 4
felt. No plasticity or cohesion. Medium No. 40 to No. 10

Fine No. 200 to No. 40

Fines (Silt & Clay): Passing No. 200

Silt - Identified by behaviour. Fines that have no 
plasticity. May be rolled into a thread but will 
easily crumble. Has no cohesion. When dry, can 
be easily broken by hand into powdery form.

Clay - Identified by behaviour. Fines are plastic 
and cohesive when in a moist or wet state. 
Can be rolled into a thin thread that will not 
crumble. When dry, forms hard lumps that 
cannot be readily broken by hand.

Clay is often encountered in combination with 
other soil sizes. If a sample exhibits plasticity or 
cohesion, it contains clay. The amount of clay can
be related to the degree of plasticity or 
cohesiveness; the higher the clay content the 
greater the plasticity.

Grading of Coarse Soils 14

Well-Graded Soil contains a good representation of all
particle sizes from largest to smallest.

Poorly-Graded Soil contains particles about the same
size. A soil of this type is sometimes
described as being uniform.

Gap-Graded Soil does not contain one or more
intermediate particles sizes. A soil
consisting of gravel and fine sand would
be gap graded because of the absence of
medium and coarse sand sizes.

Coarse- and Fine-Grained Soils Descriptive Adjective Percentage Requirement
Trace 1 - 10%
Little 10 - 20%
Some 20 - 35%
And 35 - 50%

Fine-Grained Soils. Identify in accordance with plasticity characteristics, dry strength, and toughness.

Descriptive Term Thickness
Alternating
Thick

Stratified Soils Thin With
Parting 0 to 1/16” thickness
Seam 1/16 to 1/2” thickness
Layer 1/2 to 12” thickness
Stratum Greater than 12” thickness
Varved Clay Alternating seams or layers of sand, silt

and clay
Pocket Small, erratic deposit, usually less than 1

foot
Lens Lenticular deposit
Occasional One or less per foot of thickness
Frequent More than one per foot of thickness
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o Silty Clay - Major component clay, with silt size. Higher
degree of plasticity and higher dry strength than clayey
silt.

The above system may be expanded where necessary to
provide meaningful descriptions of the sample. Examples:
Shale fragments - Cobble and gravel size, silty. Decomposed
rock - Gravel size

3.2.3.4. Other Information for Describing Soils
• Colour Of The Sample - Brown, Grey Red, Black, etc. The

colour description is restricted to two colours. If more than
two colours exist, the soil should be described as multi-
coloured or mottled and the two predominant colours
given.

• Moisture condition. Judge by appearance of sample before
manipulating. The in-situ moisture content of a soil should
be described as dry, moist, or wet.

• Plasticity - Plastic, Low Plastic, Nonplastic. Note: Sample
must be in moist or wet condition for plasticity determina-
tion. For dry samples requiring wetting make note in
description. Example - “plastic (low or nonplastic) when
wet.” Plasticity not required for marl, muck and peat.

• Structure - Fissured, Blocky, Varved, Layered. (Indicate
approximate thickness of layers). The description of 
layering for coarse-grained soils must be made from field
observations before sample is removed from sampler.

• Particle shape. Coarse-grained soils are described as \
angular, sub-angular, sub-rounded, or rounded. Gravel,
cobbles, and boulders can be described as flat, elongated,
or flat and elongated. Descriptions of fine-grained soils will
not include a particle angularity or shape.
Any additional descriptive terms considered helpful in

identifying the soil should be included. Examples of such
terms include calcareous, cemented, and gritty. Material 
origins or local names should be included in parentheses (i.e.,
fill, iron rock)

3.2.3.5. Preparing the Word Picture
The word-picture is the description of the soil sample as

determined by the visual-manual procedure. Where applica-
ble, the following are to be included in the word-picture (a
sample of this appears also):
• Colour of the sample: Brown
• Description of Soil Components: Silty Gravel
• Moisture Condition: moist
• Plasticity: nonplastic
• Structure
• Particle shape: angular
• Other: cemented

The written description for the given example is: Brown
Silty angular Gravel, moist, nonplastic, cemented.

3.2.3.6. Examples Of Complete Soil Descriptions
• Light Grey Silty Clay, moist, plastic, with 1/2 inch layers of

wet, grey Silt, nonplastic
• Red brown Clayey Silt with 1/4 inch layers of Silty Clay, 

moist, plastic

• Brown Silty fine Sand, wet, nonplastic
• Grey Sandy rounded Gravel, dry, nonplastic
• Grey Sandy angular Gravel, Clayey, moist, low plastic
• Dark Brown Silty Sand, wet, nonplastic
• Red Brown Sand, dry, nonplastic, with roots
• Fill - Brown Sandy subrounded Gravel, with pieces of brick

and cinders, wet, nonplastic
• Fill containing cinders, paper, garbage, and glass, wet
• Dark Grey Organic Clay, with shells and roots, moist,

plastic If SPT data is not available, consistency can be
estimated based on visual-manual examination of the
material. Refer to ASTM D 2488 for consistency criteria.

3.3. Logging
The boring log shown in Figure 3-5 is typical for borings

and test pits. The majority of information to be included on
this form is self-explanatory.

3.4 Special Materials and Difficult Soils
Many types of soils create special problems in design and

construction, especially those that experience large changes
in volume. Types of special materials are shown in Table 3-4.

3.4.1. Permafrost and Frost Penetration
3.4.1.1. Characteristics

In non-frost susceptible soil, volume increase is typically
4% (porosity 40%, water volume increase in turning to ice =
10%, total heave = 40% x 10% = 4%). In susceptible soil
heave is much greater as water flows to colder zones (forming
ice lenses). The associated loss of support upon thaw can be
more detrimental to structure than the heave itself.

3.4.1.2. Classification
Silts are the most susceptible to frost heave. Soils of types

SM, ML, GM, SC, GC, and CL are classified as having frost
heave potential.

3.4.2. Limestone and Related Materials
Limestone, dolomite, gypsum and anhydrite are character-

ized by their solubility and thus the potential for cavity pres-
ence and cavity development. Limestones are defined as those
rocks composed of more than 50% carbonate minerals of
which 50% or more consist of calcite and/or aragonite. Some
near shore carbonate sediments (also called limestone, marl,
chalk) could fit this description. Such sediments are noted for
erratic degrees of induration, and thus variability in load sup-
porting capacity and uncertainty in their long-term perform-
ance under sustained loads. The most significant limestone
feature is its solubility. An extremely soluble one can be rid-
dled with solution caves, channels, or other open, water, or
clay filled features.

Geological reconnaissance, drilling, and other forms of
bedrock verification may check presence of solution features.
Geophyical techniques, including shallow seismic refraction,
resistivity and gravimetry are often found to be valuable sup-
plements.
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Figure 3-5: Typical Boring Log

3.4.2.1. Karst Topography
In places such as Kentucky, Virginia, Pennsylvania,

Tennessee, Indiana, California, Texas, and New Mexico, lime-
stone is prone to being cavernous. Such leads to the follow-
ing: 
• Uneven underground erosion leads to erratic depth and

quality of “bedrock”.
• Erosion also leads to underground caverns and water flows.
• Expansion of underground voids can lead to sinkholes.

3.4.2.2. Calcareous Soils
Calcareous soils are some of the most challenging types of

soils for the design and installation of piling. Because they fre-
quently appear in areas where offshore oil is found (i.e.,
southeast Asia, the Persian Gulf, Australia, etc.), a great deal
of research has been done on these soils. Because of the com-
plex nature of these soils and the variable way in which they
are formulated, their properties are complex and not as well
quantified as other types of soils.
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Table 3-4: Problem Soils and Conditions15

Problem Soils

Soil

Organic

Description

Colloids or fibrous materials such as peats, organic silts, and clays of many estuarine, lacustrine, or fluvial
environments are generally weak and will deform excessively under load. These soils are usually not satis-
factory for supporting even very light structures because of excessive settlements.

Additional loads imposed on soil consolidated only under the weight of the existing environment will
cause significant long-term settlements, particularly in soft and organic clays. These clays can be penetrat-
ed several centimetres by the thumb. The magnitude and approximate rate of settlement should be deter-
mined, in order to determine acceptability of settlements for the function and characteristics of the struc-
ture. Bottoms of excavations may heave and adjoining areas settle unless precautions are taken to prevent
such movement.

The ratio of undisturbed to remoulded strength is the sensitivity of clay. Clays having remoulded strengths
25% or less of the undisturbed strength are considered sensitive and subject to excessive settlement and
possible catastrophic failure. Such clays preconsolidated by partial desiccation or erosion of overlying soil
may support shear stresses caused by foundation loads if these loads are well within the shear strength of
the clay.

Clays, especially those containing montmorillonite or smectite, expand or contract from changes in water
content and are widely distributed throughout the United States and the world. Clay shales may swell sig-
nificantly following stress relief as in a cut or excavation and following exposure to air. Foundations in
these soils may have excessive movements unless the foundation soil is treated or provisions are made in
the design to account for these movements or swell pressures developed in the soil on contact with mois-
ture.

The open, porous structure of loosely deposited soil such as silty clays and sands with particles bonded
with soluble salts may collapse following saturation. These soils are often strong and stable when dry.
Undisturbed samples should be taken to accurately determine the in situ density.

All granular soils are subject to some densification from vibration, which may cause significant settlement
and liquefaction of soil below the water table; however, minor vibration, pile driving, blasting, and
earthquake motion in loose to very loose sands may induce significant settlement. Limits to potential set-
tlement and applicable densification techniques should be determined.

Till is usually a good foundation soil except boulders and soft layers may cause problems if undetected
during the field investigation.

Unspecified fills placed randomly with poor compaction control can settle significantly and provide
unsuitable foundation soil. Fills should usually be engineered granular, cohesive materials of low plasticity
index < 12 and liquid limit < 35. Suitable materials of the Unified Soil Classification System include GW,
GM, GC, GP, SW, SP, SM, SC, and CL soils. Compaction beneath structures to " 92% of optimum density
for cohesive fill or 95% for cohesionless fill using ASTM Standard Test Methods D 1557 has provided
highly successful constructability and in-service performance.

Normally consolidated clays

Sensitive clays

Swelling and shrinking clays
and shales

Collapsible soils

Loose granular soils

Glacial tills

Fills

Problem Conditions

Condition Description

Soils that fill abandoned waterways are usually weak and cut-offs highly compressible. The depth of these
soils should be determined and estimates made of potential settlement early in design to allow time for
development of suitable measures for treating the soil or accommodating settlement.

Potential landslides are not easily detected, but evidence of displacement such as bowed trees and tilted or
warped strata should be noted. Sensitive clays and cutting action of eroding rivers significantly increase
the risk of landslides. Slopes and excavations should be minimized, seasonal variations in the local water
table considered in the design, and suitable arrangements for drainage

Landslides

Meander loops

15Based on information from the Canadian Foundation Engineering Manual, 2nd edition.
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Problem Conditions Continued

provided at the top and toe of slopes. 
The retreating continental ice sheet left large blocks of ice that melted and left depressions, which eventu-
ally filled with peat or with soft organic soils. Lateral dimensions can vary from a few to several hundred
feet. Depths of kettle holes usually do not exceed 40% of lateral dimensions and can sometimes be identi-
fied as shallow surface depressions.

Voids beneath the surface soil may lead to severe ground movements and differential settlement from sub-
sidence or caving. Sinkholes are deep depressions formed by the collapse of the roofs of underground
caverns such as in limestone. Maps of previous mined areas are helpful when available. Published geolog-
ical data, nondestructive in situ tests and past experience help indicate the existence of subsurface cavi-
ties. Investigations should be thorough to accurately determine the existence and location of any subsur-
face voids.

Lateral distortions are usually not significant, but can occur in highly plastic soils near the edge of surface
loads. These distortions can adversely affect the performance of foundations of structures and embank-
ments. Driven piles can cause large lateral displacements and excessive pressures on retaining walls.

Compression of fills or consolidation of soft soil adjacent to wall footings or piles cause downdrag on the
footing or pile. This leads to substantial loads at the base of the foundation that can exceed the bearing
capacity of the underlying soil supporting the footing or pile. Failure of the foundation can occur with
gross distortion. 

Cohesionless soil, especially loose sands and gravels, can densify and settle when subject to machine
vibration, blasts, and earthquakes. Distortion with negligible volume change can occur in loose, saturated
sands due to liquefaction. Low-level sustained vibration can densify saturated sands.

Kettle holes

Mined areas and sinkholes

Lateral soil distortions

Downdrag

Vibrations

Living coral and coralline debris is generally found in trop-
ical regions where the water temperature exceeds 20º C.
Coral is a term commonly used for the group of animals
which secrete an outer skeleton composed of calcium carbon-
ate, and which generally grow in colonies. The term “coral
reef” is often applied to large concentrations of such colonies
that form extensive submerged tracts around tropical coasts
and islands. In general, coralline soils deposited after the
breakdown of the reef, typically by wave action, are thin (a
few meters thick) and form a veneer upon cemented materi-
als (limestones, sandstones, etc.). Calcareous soils are those
that are composed of primarily sand size particles of calcium
carbonate, which may be indurated to varying degrees. They
can originate from biological processes such as sedimentation
of skeletal debris and coral reef formation. They can also
occur because of chemical precipitation of particles such as
oolites. Because of their association with coral reefs, these
soils appear mostly between the latitudes of 30ºN and 30ºS.

Because the granular coralline and algal materials are
derived from organisms which vary in size from microscopic
shells to large coralheads several meters in diameter, the frag-
ments are broadly graded and range in size from boulders to
fine-grained muds. Similarly, the shape of these materials
varies from sharp, irregular fragments to well-rounded parti-
cles. Geologists generally refer to corralline deposits as “bio-
genic materials”. When cemented, they may be termed
“reefrock,” or “beachrock,” or other names that imply an ori-
gin through cementation of particles into a hard, coherent
material.

Coralline deposits are generally poor foundation materials
in their natural state because of their variability and suscepti-

bility to solution by percolating waters, and their generally
brittle nature. Coralline materials are often used for compact-
ed fill for roads and light structures. Under loads, compaction
occurs as the brittle carbonate grains fracture and consoli-
date. They can provide a firm support for mats or spread foot-
ings bearing light loads, but it is necessary to thoroughly
compact the material before using it as a supporting surface.
Heavy structures in coral areas are generally supported on
pile foundations because of the erratic induration. Predrilling
frequently is required. The brittle, crushable nature of cal-
careous sands complicates the site investigation. This makes
both the site investigation itself and a meaningful correlation
of test data to actual soil properties difficult. However, there
are some important soil properties to watch for.

By definition, these soils have higher than average carbonate
content. The calcareous soils most prone to difficulties have a
carbonate content by weight above 50 percent. Problems are
especially pronounced above 80 percent, where many pile
driven into these soils have abnormally low capacities.

The grain structure of these soils is highly variable due to
the diverse nature of the soils. This variability is one of the
most important factors in the unpredictability of these soils.
This variability can manifest itself in the angularity, size, or
void structure of the grains or other factors. Light cementa-
tion can lead to both low shaft friction and toe capacity.

Bulk Density. Void ratios for calcareous sands can vary from
0.8 to 1.4 as opposed to 0.4 to 0.9 for noncarbonated sands.
The tendency to voids of all sizes is one of the most difficult
problems encountered with calcareous sands.

Specific Gravity normally varies from 2.75 to 2.85 with
these soils. Friction Angle is generally greater than 35 degrees

Sheet Pile Design by Pile Buck 39



40 Sheet Pile Design by Pile Buck



and can be greater than 50 degrees. This may decline with
increased confining pressure, and the surface friction angle
may decrease with surface roughness.

Because of extreme variability in engineering properties of
natural coral formation, it is not prudent to make preliminary
engineering decisions based on “typical properties.”
Unconfined compression strengths of intact specimens may
range from 100nst to 600nst, and porosity may range from
less than 40% to over 50%.16

Other characteristics include:
• Solution cavities.
• Extreme variations in porosity.
• Void ratios in coral up to two.
• Chimney-like sinkholes and collapse structures.
• Slump failures, ravelling.
• Rock settlement and consolidation.
• Piles or bridging often required.

Calcareous soils are highly compressible under pressure
loading and are subject to softening under cyclic loading.

3.4.3. Quick Clays
Quick clays are characterized by their great sensitivity or

strength reduction upon disturbance. All quick clays are of
marine origin. Because of their brittle nature, collapse occurs
at relatively small strains. Slopes in quick clays can fail with-
out large movements 17 . Other characteristics include:
• Severe loss of strength when disturbed by construction

activities of seismicground shaking.
• Replacement of formation water containing dissolved salt

with fresh water resultsin strength loss.
• Produces landslide prone areas (such as Anchorage, Alaska).

Quick clays are generally confined to far north areas such
as Eastern Canada, Alaska and Scandinavia. They are readily
recognized by measured sensitivities greater than about 15
and by the distinctive, strain-softening shape of their stress-
strain curves from strength or compressibility tests.

3.4.4. Other Materials and Considerations
3.4.4.1. Man-Made and Hydraulic Fills

Composition and density are the main concerns. Unless
these can be shown to be non-detrimental to the performance
of the foundation, bypassing with deep foundations, or
removal and replacement are in order. Other characteristics
include:
• Found in coastal facilities, levees, dikes and tailings dams.
• High void ratio.
• Uniform gradation but variable grain size within same fill.
• High liquefaction potential
• Lateral spreading.
• Easily eroded.

3.4.4.2. Chemically Reactive Soils
For foundation construction, the main concerns usually are

corrosion and gas generation. Corrosion potential is deter-
mined in terms of pH, resistivity, stray current activity,
groundwater position, chemical analysis, etc; and a compati-
ble foundation treatment, e.g., sulphate resistant concrete,
lacquers, creosote, cathodic protection, etc., is prescribed.
For gas concentration, organic matter content and field-test-
ing for gas are usually performed. If gas generation is expect-
ed, some form of venting system is designed. The potential
presence of noxious or explosive gases should be considered
during the construction excavations and tunnelling.

3.4.4.3. Lateritic Soils
Lateritic soils are found in tropical climates throughout the

world. Typical characteristics are as follows:18

• Found where tropical rain forest and savannas are located.
• Deep residual soil profile.
• Shield and sedimentary cover outside shield in Central and

South America, Central and West Africa, southeast Asia,
and other parts of the world.

• Loss of soil strength with time.
• High void ratio and permeability.
• Aggregate deterioration.
• Variable moisture content.
• Shrinkage cracks.
• Easily compacts.
• Shear Characteristics somewhere between sand and silt.
• Landslide prone.
• Depth of wetting affects slope stability.
• Varied foundation conditions.

3.5. Laboratory Testing
As with other phases of a subsurface investigation program,

the laboratory testing must be intelligently planned in
advance but flexible enough to be modified based on test
results. The ideal laboratory program will provide the engi-
neer with sufficient data to complete an economical design,
yet not tie up laboratory personnel and equipment with
superfluous testing. The cost for laboratory testing is insignif-
icant compared to the cost of an over-conservative design.
This article is limited to a brief description of the tests, their
purpose and the uses of the resulting data. 

Not every test outlined below is applicable to every project.
Engineering judgment must be exercised in setting up a test-
ing program that will produce the information required on
each specific project.

3.5.1. Grain-Size Analysis
This test is performed in two stages: sieve analysis for

coarse-grained soils (sands, gravels) and hydrometer analysis

16 For more information see Sowers, F.G., Failure in Limestone in Humid Subtropics, Journal of the geotechnical engineering Division, ASCE, Vol. 101, No. GR8, 1975, and Way,
S.D., Terrain Analysis - A Guide to Site Selection Using Aerial Photographic Interpretation, Dowden, Hutchinson & Ross, Inc., Stroudsburg, PA., 1973.
17 For further information see Anne, Q.A., Quick Clays and California: No Quick Solutions, Focus on Environmental Geology, Ronald Rark, ed., pp 140-145, 1973.
18 For further information see Gidigasu, M.D., Laterite Soil Engineering, Elsevier Scientific Publishing Co., 1976; Persons, S.B., Laterite Genesis, Location, Use, Plenum Press, 1970;
U.S. Agency for International Development, Engineering Study of Laterite and Lateritic Soils in Connection With Construction of Roads, Highways and Airfields, Southeast Asia,
1969; U.S. Agency for International Development, Laterite, Lateritic Soils and Other Problem Soils of Africa, 1971; U.S. Agency for International Development, Laterite and Lateritic
Soils and Other Problem Soils of the Tropics, 1975.
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for fine-grained soils (clays, silts). Soils containing both types
are tested in sequence, with the material passing the No. 200
sieve (0.075 mm or smaller) analysed by hydrometer.

3.5.1.1. Sieve Analysis
This test provides a direct measurement of the particle size

distribution of a soil by causing the sample to pass through a
series of wire screens with progressively smaller openings of
known size. The amount of material retained on each sieve is
weighed. See ASTM C 136.

3.5.1.2. Hydrometer
This test is based on Stokes Law. The diameter of a soil par-

ticle is defined as the diameter of a sphere which has the same
unit mass and which falls at the same velocity as the particle.
Thus, a particle size distribution is obtained by using a
hydrometer to measure the change in specific gravity of a soil-
water suspension as soil particles settle out over time.

Results are reported on a combined grain size distribution
plot as the percentage of sample smaller than, by weight, ver-
sus the log of the particle diameter. These data are necessary
for a complete classification of the soil. The curve also pro-
vides other parameters, such as effective diameter (D10) and
coefficient of uniformity (Cu). Tests shall be performed in
accordance with ASTM D 422 (AASHTO T 88).

3.5.2. Moisture Content
The moisture content, is defined as the

ratio of the weight of water in a sample to the
weight of solids. The wet sample is weighed,
and then oven-dried to a constant weight at
a temperature of about 230° F (110° C). The
weight after drying is the weight of solids.
The change in weight, which has occurred
during drying, is equivalent to the weight of
water. For organic soils, a reduced drying
temperature of approximately 140° F (60°
C) is sometimes recommended. Tests shall
be performed in accordance with ASTM D
2216 (AASHTO T 265).

The moisture content is valuable in deter-
mining the properties of soils and can be
correlated with other parameters. A good
technique is to plot the moisture content
from SPT samples as a function of depth.

3.5.3. Atterberg Limits
The liquid limit, plastic limit and shrinkage limit are all

Atterberg Limits. However, for classification purposes, the
term Atterberg Limits generally refers to the liquid and plas-
tic limits only. The tests for these two are described here; the
shrinkage limit test is described below.

The liquid limit (LL) is the moisture content of a soil at the
boundary between the liquid and plastic states. The plastic
limit (PL) is the moisture content at the boundary between
the plastic and semi-solid states. The plasticity index (PI) is

the difference between the LL and PL. The results are gener-
ally reported as LL vs. PI values and can be plotted on the
same graph as the moisture content above. These values are
useful in soil classification and have been correlated with
other parameters. For example, the drained shear strength of
normally consolidated clays is similar to that of loose sands
(c’ = 0), except that φ is generally lower. An empirical corre-
lation of the effective angle of internal friction, φ’, with plas-
ticity index for normally consolidated clays is shown in Figure
3-6. The drained shear strength of over-consolidated clays is
similar to that of dense sands (again with lower φ’), where
there is a peak strength (c’ =0) and a "residual" shear
strength (c’ = 0).

3.5.3.1. Liquid Limit
The liquid limit is determined by ascertaining the moisture

content at which two halves of a soil cake will flow together
for a distance of 0.5 inch (13 mm) along the bottom of the
groove separating the halves, when the bowl they are in is
dropped 25 times for a distance of 0.4 inches (10 mm) at the
rate of 2 drops/second. Tests shall be performed in accor-
dance with ASTM D 4318 (AASHTO T 89).

3.5.3.2. Plastic Limit
The plastic limit is determined by ascertaining the lowest

moisture content at which the material can be rolled into

threads 0.125 inches (3.2 mm) in diameter without crum-
bling. Tests shall be performed in accordance with ASTM D
4318 (AASHTO T 90).

3.5.4. Specific Gravity of Soils
The specific gravity of soil, Gs , is defined as the ratio of the

mass in air of a given volume of soil particles to the mass in
air of an equal volume of gas free distilled water at a stated
temperature (typically 68° F (20° C). The specific gravity is
determined by means of a calibrated pycnometer, by which
the mass and temperature of a deaired soil/distilled water

Figure 3-6: Empirical Correlation Between Friction Angle and Plasticity Index
from Triaxial Tests on Normally Consolidated Clays
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sample is measured. Tests shall be performed in
accordance with ASTM D 854 (AASHTO T 100).
This method is used for soil samples composed of
particles less than the No. 4 sieve (4.75 mm). For
particles larger than this sieve, use the procedures for
Specific Gravity and Absorption of Coarse Aggregate
(ASTM C 127 or AASHTO T 85).

The specific gravity of soils is needed to relate a
weight of soil to its volume, and it is used in the
computations of other laboratory tests.

3.5.5. Strength Tests
The shear strength of a soil is the maximum shear-

ing stress the soil structure can resist before failure.
Soils generally derive their strength from friction
between particles (expressed as the angle of internal
friction, φ), or cohesion between particles (expressed
as the cohesion, c in units of force/unit area), or
both. These parameters are expressed in the form of
total stress (c, φ) or effective stress (c, φ) The total
stress on any subsurface element is produced by the
overburden pressure plus any applied loads. The
effective stress equals the total stress minus the pore
water pressure.

The common methods of ascertaining these
parameters in the laboratory are discussed below. All
of these tests should be performed only on undis-
turbed samples.

3.5.5.1. Unconfined Compression Tests
While under no confining pressure, a cylindrical

sample is subjected to an axial load until failure. This test is
only performed on cohesive soils. Total stress parameters are
obtained. The cohesion is taken as one-half the unconfined
compressive strength, qu. This test is a fast and economical
means of approximating the shear strength at shallow depths,
but the reliability is poor with increasing depth. Tests shall be
performed in accordance with ASTM D 2166 (AASHTO T
208).

One common relationship that is used in connection with
unconfined compressive strength is the “su/p” relationship, or
the ratio of the unconfined compressive strengthto the verti-
cal effective stress at a given point (would be qu/σ3 in our
notation.) A correlation with the overconsolidation ratio is
shown in Figure 3-7.

3.5.5.2. Triaxial Compression Tests
In this test a cylindrical sample is subjected to an axial load

until failure while also being subjected to confining pressure
approximating the in-situ stress conditions. Various types of
tests are possible with the triaxial apparatus as summarized
below.

3.5.5.2.1. Unconsolidated-Undrained (UU), or Q Test
In this test the specimen is not permitted to change its ini-

tial water content before or during shear. The results are total

stress parameters. This test is used primarily in the calcula-
tion of immediate embankment stability during quick-load-
ing conditions. Refer to ASTM D 2850 (AASHTO T 296).

3.5.5.2.2. Consolidated-Undrained (CU), or R Test
In this test the specimen is allowed to consolidate under

the confining pressure prior to shear, but no drainage is per-
mitted during shear. A minimum of three tests at different
confining pressures is required to derive the total stress
parameters. If pore pressure measurements are taken during
testing, the effective stress parameters can also be derived.
Refer to ASTM D 4767 (AASHTO T 297).

3.5.5.2.3. Consolidated-Drained (CD), or S Test
This test is similar to the CU test (above) except that

drainage is permitted during shear and the rate of shear is
very slow. Thus, the build-up of excess pore pressure is
prevented. As with the CU test, a minimum of three tests is
required. Effective stress parameters are obtained. This test is
used to determine parameters for calculating long-term sta-
bility of embankments.

3.5.5.3. Direct Shear
In this test a thin soil sample is placed in a shear box con-

sisting of two parallel blocks and a normal force is applied.
One block remains fixed while the other block is moved par-

Figure 3-7: Undrained Strength Ratio versus Overconsolidation Ratio
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allel to it in a horizontal direction. The soil fails by shearing
along a plane that is forced to be horizontal. A series of at
least three tests with varying normal forces is required to
define the shear strength parameters for a particular soil. This
test is typically run as a consolidated-drained test on cohe-
sionless materials. Tests shall be performed in accordance
with ASTM D 3080 (AASHTO T 236).

3.5.5.4. Miniature Vane Shear (Torvane) and Pocket
Penetrometer

These tests are used only as an index of the undrained
shear strength (Su) of clay samples and should not be used in
place of a laboratory test program. Both tests consist of hand-
held devices that are pushed into the sample and either a
torque resistance (torvane) or a tip resistance (pocket pen-
etrometer) is measured. They can be performed in the lab or
in the field, typically on the ends of undisturbed thin-walled
tube samples, as well as along the sides of test pits. Miniature
vane shear tests shall be performed in accordance with ASTM
D 4648.

3.5.6. Consolidation Test
When large loads such as embankments are applied to the

surface, cohesive subsoils will consolidate, i.e., settle over
time, through a combination of the rearrangement of the indi-
vidual particles and the squeezing out of water. The amount
and rate of settlement is of great importance in construction.
For example, an embankment may settle until a gap exists
between an approach and a bridge abutment. The calculation
of settlement involves many factors, including the magnitude
of the load, the effect of the load at the depth at which com-
pressible soils exist, the water table, and characteristics of the
soil itself. Consolidation testing is performed to ascertain the
nature of these characteristics.

3.5.6.1. One-Dimensional Test
The most often used method of consolidation testing is the

one-dimensional test. In this test, a specimen is placed in a
consolidometer (oedometer) between two porous stones,
which permit drainage. Specimen size can vary depending on
the equipment used. Various loading procedures can be used
during a one-dimensional test with incremental loading being
the most common. With this procedure the specimen is sub-
jected to increasing loads, usually beginning at approximate-
ly 1/8 ksf (5 kPa) and doubling each increment up to 32 ksf
(1600 kPa). After each load application the change in sample
height is monitored incrementally for, generally, 24 hours. To
evaluate the recompression parameters of the sample, an
unload/reload cycle can be performed during the loading
schedule. To better evaluate the recompression parameters for
over consolidated clays, the unload/reload cycle may be per-
formed after the preconsolidation pressure has been defined.
After the maximum loading has been reached, the loading is
removed in decrements. Tests shall be performed in accor-
dance with ASTM D 2435 (AASHTO T 216). The data from a

consolidation test is usually presented on an e-log p curve,
which plots void ratio (e) as a function of the log of pressure
(p), or an e-log p curve where e equals % strain. The param-
eters necessary for settlement calculation can be derived from
these curves: compression index (Cc), recompression index
(Cr), preconsolidation pressure (po or Pc) and initial void
ratio (eo). A separate plot is prepared of change in sample
height versus log time for each load increment; from this, the
coefficient of consolidation (cv) and coefficient of secondary
compression (Cα ) can be derived. These parameters are used
to predict the rate of primary settlement and amount of sec-
ondary compression.

3.5.6.2. Constant Rate of Strain Test
Other loading methods include the Constant Rate of Strain

Test (ASTM D 4186) in which the sample is subjected to a
constantly changing load while maintaining a constant rate of
strain; and the single-increment test, sometimes used for
organic soils, in which the sample is subjected only to the
load expected in the field. A direct analogy is drawn between
laboratory consolidation and field settlement amounts and
rates.

3.5.7. Organic Content
Organic soils demonstrate very poor engineering character-

istics, most notably low strength and high compressibility. In
the field these soils can usually be identified by their dark
colour, musty odour and low unit weight. The most used lab-
oratory test for design purposes is the Ignition Loss test,
which measures how much of a sample’s mass burns off when
placed in a muffle furnace. The results are presented as a per-
centage of the total sample mass. Tests shall be performed in
accordance with ASTM D 2974 (AASHTO T 267).

3.5.8. Shrinkage and Swell
3.5.8.1. Shrinkage

These tests are performed to determine the limits of a soil’s
tendency to lose volume during decreases in moisture con-
tent. The shrinkage limit (SL) is defined as the maximum
water content at which a reduction in water content will not
cause a decrease in volume of the soil mass. Tests shall be per-
formed in accordance with ASTM D 427 (AASHTO T 92).

3.5.8.2. Swell
Some soils, particularly those containing montmorillonite

clay, tend to increase their volume when their moisture con-
tent increases. These soils are unsuitable for roadway con-
struction. The swell potential can be estimated from the test
methods shown in ASTM D 4546 (AASHTO T 258).

3.5.9. Permeability
The laboratory determination of soil permeability can be

performed by one of the following test methods. Permeability
can also be determined either directly or indirectly from a
consolidation test.
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3.5.9.1. Constant-Head Test
This test uses a permeameter into which the sample is

placed and compacted to the desired relative density. Water
(preferably de-aired) is introduced via an inlet valve until the
sample is saturated. Water is then allowed to flow through the
sample while a constant head is maintained. The permeabili-
ty is measured by the quantity of flow of discharge over a
specified time. This method is generally used only with
coarse-grained soils. Tests shall be performed in accordance
with ASTM D 2434 (AASHTO T 215).

3.5.9.2. Falling-Head Test
This test uses an apparatus and procedure similar to the

constant-head test (above), but the head is not kept constant.
The permeability is measured by the decrease in head over a
specified time. This method is generally used for fine-grained
soils. Tests shall be performed in accordance with FM 5-513.

3.5.9.3. Flexible Wall Permeability
For fine-grained soils, tests performed using a triaxial cell

are generally preferred. In-situ conditions can be modelled by
application of an appropriate confining pressure. The sample
can be saturated using back pressuring techniques. Water is
then allowed to flow through the sample and measurements
are taken until steady-state conditions occur. Tests shall be
performed in accordance with ASTM D 5084.

3.5.10. Environmental Corrosion Tests
These tests are performed to determine the corrosion clas-

sification of soil and water. A series of tests includes pH, resis-
tivity, chloride content, and sulphate content testing. The
testing can be done either in the laboratory or in the field.

3.5.11. Compaction Tests
These tests are used to determine the optimum water con-

tent and maximum dry density, which can be achieved for a
particular soil using a designated compactive effort. Results
are used to determine appropriate methods of field com-
paction and to provide a standard by which to judge the
acceptability of field compaction. Compacting a sample in a
test mould of known volume using a specified compactive
effort performs the test. The water content and the weight of
the sample required to fill the mould are determined. Results
are plotted as density versus water content. By varying the
water content of the sample, several points on the moisture-
density curve shall be obtained in accordance with the stan-
dard procedures specified.

The compactive effort used is dependent upon the pro-
posed purpose of the site and the loading to which it will be
subjected. The most commonly used laboratory test com-
pactive efforts are described below.

3.5.11.1. Standard Proctor
This test method uses a 5.5-pound (2.5 kg) rammer

dropped from a height of 12 inches (305 mm). The sample is
compacted in three layers. Tests shall be performed in accor-
dance with ASTM D 698 (AASHTO T 99).

3.5.11.2. Modified Proctor
This test method uses a 10-pound (4.54 kg) rammer

dropped from a height of 18 inches (457 mm). The sample is
compacted in five layers. Tests shall be performed in accor-
dance with ASTM D 1557 (AASHTO T 180).

3.5.12. Relative Density Tests
Proctor tests often do not produce a well-defined moisture-

density curve for cohesionless, free-draining soils.
Additionally, maximum densities from Proctor tests may be
less than those obtained in the field or by vibratory methods.
For these soils, it may be preferable to perform tests, which
determine standard maximum and minimum densities of the
soil. The density of the in-situ soil can then be compared with
these maximum and minimum densities and its relative den-
sity and/or percent compaction can be calculated.

3.5.12.1. Maximum Index Density
This test requires that either oven-dried or wet soil be

placed in a mould of known volume, and that a 2-psi (14
kPa) surcharge load is applied. The mould is then vertically
vibrated at a specified frequency for a specified time. The
weight and volume of the sample after vibrating are used to
calculate the maximum index density. Tests shall be per-
formed in accordance with ASTM D 4253.

3.5.12.2. Minimum Index Density
This test is performed to establish the loosest condition,

which can be attained by standard laboratory procedures.
Several methods can be used, but the preferred method is to
carefully pour a steady stream of oven-dried soil into a mould
of known volume through a funnel. Funnel height should be
adjusted continuously to maintain a free fall of the soil of
approximately 0.5 inches (13 mm). Tests shall be performed
in accordance with ASTM D 4254.

3.5.13. Resilient Modulus Test (Dynamic)
This test is used to determine the dynamic elastic modulus

of a base or subgrade soil under conditions that represent a
reasonable simulation of the physical conditions and stress
states of such materials under flexible pavements subjected to
wheel loads. A prepared cylindrical sample is placed in a tri-
axial chamber and conditioned under static or dynamic
stresses. A repeated axial stress is then applied at a fixed mag-
nitude, duration, and frequency. The resilient modulus, Mr, is
calculated by dividing the deviator stress by the resilient axial
strain. This value is used in the design and evaluation of pave-
ment systems. Tests shall be performed in accordance with
AASHTO T 294.

3.6. Field Exploration, Testing, and 
Instrumentation

Subsurface investigations are essential for the successful
geotechnical construction project. Because of the varying
complexity of projects and soil conditions, it is impossible to
establish a rigid format to be followed in conducting subsur-

46 Sheet Pile Design by Pile Buck



face investigations; however, there are basic steps that should
be considered for any project. By outlining and describing
these steps, it will be possible to standardize procedures and
considerably reduce time and expense often required to go
back and obtain information not supplied by the initial inves-
tigation.

3.6.1. Review of Project Requirements
The first step in performing a subsurface investigation is a

thorough review of the project requirements. It is necessary
that the information available to the geotechnical engineer
include the project location, alignment, structure locations,
structure loads, approximate bridge span lengths and pier
locations, and cut and fill area locations. The geotechnical
engineer should have access to typical section, plan and pro-
file sheets, and cross sections with a template for the pro-
posed roadway showing cuts and fills. This information aids
the geotechnical engineer in planning the investigation and
minimizes expensive and time-consuming backtracking.

3.6.2. Office Review of Available Data
Following review of the existing data, the geotechnical

engineer should visit the project site. After gaining a thorough
understanding of the project requirements, the geotechnical
engineer should collect all relevant available information on
the project site. Review of this information can aid the engi-
neer in understanding the geology, geography and topogra-
phy of the area and assist him in laying out the field explo-
rations and locating potential problems. Existing data may be
available from the following sources:

3.6.2.1. Topographic Maps
These maps are prepared by the U.S. Geological Survey

(USGS) and the U.S. Coast and Geodetic Survey (USCGS)
and are readily available. They are sometimes also prepared
on a larger scale by the Department during early planning
phases of a project. These maps portray physical features,
configuration and elevation of the ground surface, and sur-
face water features. This data is valuable in determining
accessibility for field equipment and possible problem areas.

3.6.2.2. Aerial Photographs
They are valuable in that they can provide the basis for

reconnaissance and, depending on the age of the photo-
graphs, show manmade structures, excavations, or fills that
affect accessibility and the planned depth of exploration.
Historical photographs can also help determine the reasons
and/or potential of general scour and sinkhole activity.

3.6.2.3. Geological Maps and Reports
Considerable information on the geological conditions of

an area can often be obtained from geological maps and
reports. These reports and maps often show the location and
relative position of the different geological strata and present
information on the characteristics of the different strata. This

data can be used directly to evaluate the rock conditions to be
expected and indirectly to estimate possible soil conditions
since the parent material is one of the factors controlling soil
types. Geological maps and reports can be obtained from the
USGS, state geological surveys, university libraries, and other
sources.

3.6.2.4. Soils Conservation Service Surveys
These surveys are compiled by the U.S. Department of

Agriculture usually in the form of county soils maps. These
surveys can provide valuable data on surface soils including
mineralogical composition, grain size distribution, and the
depth to rock, water table information, drainage characteris-
tics, geologic origin, and the presence of organic deposits.

3.6.2.5. Potentiometric Surface Map 
The potentiometric surface elevation shown on the map

can supplement and be correlated with what was found in the
field by the drillers.

3.6.2.6. Adjacent Projects
Data may be available on nearby projects. This data is

extremely useful in setting preliminary boring locations and
depths and in predicting problem areas. Maintenance records
for existing nearby roadways and structures may provide
additional insight into the subsurface conditions. For exam-
ple, indications of differential settlement or slope stability
problems may provide the engineer with valuable informa-
tion on the long-term characteristics of the site.

3.6.3. Field Reconnaissance
Site visitation is vital to enable the engineer to gain first-

hand knowledge of field conditions and correlate this infor-
mation with previous data. In particular, the following should
be noted during the field reconnaissance:
• Nearby structures should be inspected to ascertain their

foundation performance and potential to damage from
vibration or settlement from foundation installation.
Also, the structure’s usages must be looked at to check the

impact the foundation installation may have (i.e. a surgical
unit, printing company, etc.).
• On water crossings, banks should be inspected for scour

and the streambed inspected for evidence of soil deposits
not previously indicated.

• Note any feature that may affect the boring program, such
as accessibility, structures, overhead utilities, signs of
buried utilities, or property restrictions.

• Note any feature that may assist in the engineering analy-
sis, such as the angle of any existing slopes and the stabili-
ty of any open excavations or trenches.

• Any drainage features, including signs of seasonal water
tables.

• Any features that may need additional borings or probing
such as muck pockets.
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3.6.4. Soil Borings and Test Pits
3.6.4.1. Soil Borings

Soil borings are probably the most common method of
subsurface exploration in the field.

3.6.4.1.1. Auger Borings
Rotating an auger while simultaneously advancing it into

the ground either hydraulically or mechanically advances
auger borings. The auger is advanced to the desired depth
and then withdrawn. Samples of cuttings can be removed
from the auger; however, the depth of the sample can only be
approximated. These samples are disturbed and should be
used only for material identification. This method is used to
establish soil strata and water table elevations, or to advance
to the desired stratum before Standard Penetration Testing
(SPT) or undisturbed sampling is performed. However, it
cannot be used effectively in soft or loose soils below the
water table without casing or drilling mud to hold the hole
open. See ASTM D 1452 (AASHTO T 203).

3.6.4.1.2. Hollow-Stem Auger Borings
A hollow-stem auger consists of a continuous flight auger

surrounding a hollow drill stem. The hollow-stem auger is
advanced similar to other augers; however, removal of the
hollow stem auger is not necessary for sampling. SPT and
undisturbed samples are obtained through the hollow drill
stem, which acts like a casing to hold the hole open. This
increases usage of hollow-stem augers in soft and loose soils.
See ASTM D 6151 (AASHTO T 251).

3.6.4.1.3. Wash Borings
In this method, the boring is advanced by a combination of

the chopping action of a light bit and the jetting action of
water flowing through the bit. This method of advancing the
borehole is used only when precise soil information is not
required between sample intervals.

3.6.4.1.4. Percussion Drilling
In this method, the drill bit advances by power chopping

with a limited amount of water in the borehole. Slurry must
be periodically removed. The method is not recommended
for general exploration because of the difficulty in determin-
ing stratum changes and in obtaining undisturbed samples.
However, it is useful in penetrating materials not easily pene-
trated by other methods, such as those containing boulders.

3.6.4.1.5. Rotary Drilling
A downward pressure applied during rapid rotation

advances hollow drill rods with a cutting bit attached to the
bottom. The drill bit cuts the material and drilling fluid wash-
es the cuttings from the borehole. This is, in most cases, the
fastest method of advancing the borehole and can be used in
any type of soil except those containing considerable
amounts of large gravel or boulders. Drilling mud or casing
can be used to keep the borehole open in soft or loose soils,
although the former makes identifying strata change by
examining the cuttings difficult.

3.6.4.2. Test Pits
These are the simplest methods of inspecting subsurface

soils. Test pits are used to examine and sample soils in situ, to
determine the depth to groundwater, and to determine the
thickness of topsoil. They consist of excavations performed
by hand, backhoe, or dozer, and range from shallow manual
or machine excavations to deep, sheeted, and braced pits.
Hand excavations are often performed with posthole diggers
or hand augers. They offer the advantages of speed and ready
access for sampling. They are severely hampered by limita-
tions of depth and by the fact they cannot be used in soft or
loose soils or below the water table. Hand-cut samples are fre-
quently necessary for highly sensitive, cohesive soils, brittle
and weathered rock, and soil formation with honeycomb
structure.

3.6.4.3. Test Trenches
Test trenches are particularly useful for exploration in very

heterogeneous deposits such as rubble fills, where borings are
either meaningless or not feasible. They are also useful for
detection of fault traces in seismicity investigations.

3.6.5. Sampling
3.6.5.1. Disturbed and Undisturbed Sampling

Disturbed samples are primarily used for classification tests
and must contain all of the constituents of the soil even
though the structure is disturbed.

Undisturbed samples are taken primarily for laboratory
strength and compressibility tests and in those cases where
the in-place properties of the soil must be studied.

3.6.5.2. Types of Soil Sampling
Common methods of sampling during field explorations

include those listed below. All samples should be properly
preserved and carefully transported to the laboratory such
that sample integrity is maintained. See ASTM D 4220.

3.6.5.2.1. Bag Bulk Samples
These are disturbed samples obtained from auger cuttings

or test pits. The quantity of the sample depends on the type
of testing to be performed, but can range up to 50 lb (25 kg)
or more. Testing performed on these samples includes classi-
fication, moisture-density, Limerock Bearing Ratio (LBR), and
corrosivity tests. A portion of each sample should be placed
in a sealed container for moisture content determination.

3.6.5.2.2. Split-Barrel
Also known as a split-spoon sample, this method is used in

conjunction with the Standard Penetration Test. The sampler
is a 2” (50.8 mm) (O.D.) split barrel that is driven into the
soil with a 140-pound (63.5 kg) hammer dropped 30 inches
(760 mm). After it has been driven 18 inches (450 mm), it is
withdrawn and the sample removed. The sample should  be
immediately examined, logged and placed in sample jar for
storage. These are disturbed samples and are not suitable for
strength or consolidation testing. They are adequate for mois-
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ture content, gradation, and Atterberg Limits tests, and valu-
able for visual identification. See ASTM D 1586.

3.6.5.2.3. Shelby Tube
This is thin-walled steel tube, usually 3 inches (76.2 mm)

(O.D.) by 30 inches (910 mm) in length. It is pushed into the
soil with a relatively rapid, smooth stroke and then retracted.
This produces a relatively undisturbed sample provided the
Shelby tube ends are sealed immediately upon withdrawal.
Refer to ASTM D 1587 (AASHTO T 207). This sample is suit-
able for strength and consolidation tests. This sampling
method is unsuitable for hard materials. Good samples must
have sufficient cohesion to remain in the tube during with-
drawal. Refer to ASTM D 1587 (AASHTO T 207).

3.6.5.2.4. Piston Samplers
3.6.5.2.4.1. Stationary

This sampler has the same standard dimensions as the
Shelby Tube, above. A piston is positioned at the bottom of
the thin-wall tube while the sampler is lowered to the bottom
of the hole, thus preventing disturbed materials from entering
the tube. The piston is locked in place on top of the soil to be
sampled. A sample is obtained by pressing the tube into the
soil with a continuous, steady thrust. The stationary piston is
held fixed on top of the soil while the sampling tube is
advanced. This creates suction while the sampling tube is
retrieved thus aiding in retention of the sample. This sampler
is suitable for soft to firm clays and silts. Samples are gener-
ally less disturbed and have a better recovery ratio than those
from the Shelby Tube method.

3.6.5.2.4.2. Floating
This sampler is similar to the stationary method above,

except that the piston is not fixed in position but is free to
ride on the top of the sample. The soils being sampled must
have adequate strength to cause the piston to remain at a
fixed depth as the sampling tube is pushed downward. If the
soil is too weak, the piston will tend to move downward with
the tube and a sample will not be obtained. This method
should therefore be limited to stiff or hard cohesive materials.

3.6.5.2.4.3. Retractable
This sampler is similar to the stationary sampler, however,

after lowering the sampler into position the piston is retract-
ed and locked in place at the top of the sampling tube. A sam-
ple is then obtained by pushing the entire assembly down-
ward. This sampler is used for loose or soft soils.

3.6.5.2.4.4. Hydraulic (Osterberg)
In this sampler, a movable piston is attached to the top of

a thin-wall tube. Sampling is accomplished as hydraulic pres-
sure pushes the movable piston downward until it contacts a
stationary piston positioned at the top of the soil sample. The
distance over which the sampler is pushed is fixed; it cannot
be over-pushed. This sampler is used for very soft to firm
cohesive soils.

3.6.6. Penetration Resistance Tests
The most common test is the Standard Penetration Test

(SPT), which measures resistance to the penetration of a stan-
dard sampler in borings. The method is rapid, and when tests
are properly conducted in the field, they yield useful data,
although there are many factors that can affect the results. A
more controlled test is the cone penetrometer test in which a
cone shaped tip is jacked from the surface of the ground to
provide a continuous resistance record.

3.6.6.1. Standard Penetration Test (SPT)
This test is probably the most widely used field test in the

United States. It has the advantages of simplicity, the avail-
ability of a wide variety of correlations for its data, and the
fact that a sample is obtainable with each test.

3.6.6.1.1. Procedure
• The test is covered under ASTM Standard D1586, which

requires the use of a standard 2” (O.D.) split barrel sam-
pler, driven by a 140-pound (63.6 kg) hammer dropping
30” (760 mm) in free fall. The procedure is generalized as
follows:

• Clean the boring of all loose material, and material dis-
turbed by drilling.

• Insert sampler, verifying the sampler reaches the same
depth as was drilled.

• Obtain a consistent 30” free-fall drop of the hammer with
two wraps of a rope around the cathead on the drill rig.
(Cables attached to the hoisting drum should not be used
because it is difficult to obtain free fall.)

• The sampler is advanced a total of 18 inches (450 mm).
• The number of blows required to advance the sampler for

each of three 6” (150 mm) increments is recorded. The
sum of the number of blows for the second and third
increments is called the Standard Penetration Value, or
more commonly, N-value (blows per foot {300 mm}).
The SPT values should not be used indiscriminately. They

are sensitive to the fluctuations in individual drilling practices
and equipment. Studies have also indicated that the results
are more reliable in sands than clays. Although extensive use
of this test in subsurface exploration is recommended, it
should always be augmented by other field and laboratory
tests, particularly when dealing with clays. The type of ham-
mer (safety or automatic) shall be noted on the boring logs,
since this will affect the actual input driving energy.

A method to measure the energy during the SPT has been
developed (ASTM D 4633). Since there is a wide variability of
performance in SPT hammers, this method is useful toevalu-
ate an individual hammer’s performance. The SPT installation
procedure is similar to pile driving because it is governed by
stress wave propagation. As a result, if force and velocity
measurements are obtained during a test, the energy trans-
mitted can be determined.

3.6.6.2. Corrections
SPT values should be corrected for at least two factors: the



overburden pressure and the efficiency of the hammer.
Figure 3-8 shows the correction factor CN, which is func-

tion of the effective overburden stress. Using this correction
results in a value of N that would have been measured if the
effective overburden stress had been 2 ksf.

Turning to hammer efficiency, prior to 1980, this was not
well recognized as influencing the blow count and was usu-
ally not considered in analysis. Historically, SPT tests in the
U.S. have been performed with machines with a mechanical
efficiency of around 60%. Other types of testing equipment

(especially the newer automatic hammers) have different effi-
ciencies. Table 3-5 shows hammer efficiencies for various
types of hammers.

The corrected SPT blow count can be computed by the
equation

Equation 3-1:

Where
• N60 = corrected N value for overburden and efficiency, 

blows/foot

Table 3-5 Hammer Efficiences for Various Types and Origins of SPT Hammers

Figure 3-8: Correlation Between CN and Effective Overburden Pressure

Country Type of Type of Ram Lifting and Release Efficiency ehammer,
Ram Mechanism Percent

Japan Donut Free-fall 78
Donut Rope & Pulley with special release 67

U.S.A. Safety Rope & Pulley 60
Donut Rope & Pulley 45
Automatic Automatic hoisting mechanism 90

Argentina Donut Rope & Pulley 45
China Donut Free-fall 60

Donut Rope and Pulley 50

• CN = correction factor for overburden pressure

• ehammer = efficiency of the SPT hammer used, percent

• N = SPT blow count obtained in the field

3.6.6.3. Correlations
Because the Standard Penetration Test is relatively simple

to run, it has given rise to many correlations with many dif-
ferent soil properties. These are especially useful in situations
where undisturbed samples are unavailable, which is fre-
quently the case with deep foundations. Some of these corre-
lations are discussed below.

3.6.6.3.1. Compactness and Consistency
Table 3-6 shows the basic relationship of SPT results results

with compactness for granular soils and consistency for cohe-
sive soils. Although this type of table is usual for rough esti-
mates of soil properties, when possible more accurate corre-
lations should be used; some of these are shown in the fol-
lowing sections.

3.6.6.3.2. Relative Density of Granular (but fine grained)
Deposits

If the test is a true standard test, the “N” value is influenced

C
N
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by the effective vertical stress at the level where “N” is meas-
ured, density of the soil, stress history, gradation and other
factors.19 The Gibbs & Holtz correlation of Figure 3-9 is com-
monly used to estimate the relative density from SPT.

3.6.6.3.3. Undrained Shear Strength 
A crude estimate for the undrained shear strength can be

made using Figure 3-10. Correlations are not meaningful for
medium to soft clays where effects of disturbance are exces-
sive.

3.6.6.3.4. Drained Friction Angle φ’
The drained friction angle φ’ can be estimated from N’

using Figure 3-11. This is used mostly with retaining walls
where the drained friction angle is significant for long-term
behaviour of the wall.

3.6.6.4. Cone Penetrometer Test (CPT)
3.6.6.4.1. Test Description

The Cone Penetrometer Test is a quasi-static penetration
test in which a cylindrical rod with a conical point is
advanced through the soil at a constant rate and the resistance
to penetration is measured. A series of tests performed at
varying depths at one location is commonly called a sound-
ing.

Several types of penetrometers are in use, including

Nomenclature Relative Density, Internal Friction Angle φ, Moist Unit    Safety Hammer
Percent degrees Weight, pcf SPT N60 Value Hammer SPT

(Blow/Foot N-Value
{300 mm}) (Blow/Foot

Cohesionless Soils
Very Loose 0-15% < 28 <100 Less than 4 Less than 3
Loose 15-35% 28-30 95-125 4 – 10 3 – 7
Medium Dense 35-65% 30-36 110-130 10 – 30 7 – 21
Dense 65-85% 36-41 110-140 30 – 50 21 – 35
Very Dense 85-100% > 41 > 130 > 50 > 35

Table 3-6: Relative Density or Consistency of Soils as a Function of SPT N Values

Nomenclature Hand Manipulation Estimated Unconfined Moist Unit Safety Hammer Automatic
Characteristics Compression Strength Weight, pcf SPT N60 Value Hammer SPT

qu, ksf (Blow/Foot N-Value

{300 mm}) (Blow/Foot 
{300 mm})

Cohesionless Soils
Very Soft Extruded between < 0.50 100-120 < 2 < 1

fingers when
squeezed

Soft Moulded by light 0.5 - 1 100-120 2 – 4 1 – 3
finger pressure

Firm or Medium Moulded by strong 1 - 2 110-130 4 – 8 3 – 6
finger pressure

Stiff Readily indented by 2 - 4 120-140 8 – 15 6 – 11
thumb but
penetrated with
great effort

Very Stiff Readily indented by 4 - 8 120-140 15 – 30 11 – 21
thumbnail

Hard Indented with > 8 > 130 > 30 > 21
difficulty by
thumbnail 

19 Marcuson, W.F. III, and Bieganouski, W.A., SPT and Relative Density in Coarse Sands, Journal of geotechnical engineering Division, ASCE, Vol. 103, No. GT 11, 1977.
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Figure 3-9: Correlations between Relative Density
and Standard Penetration Resistance in Accordance
with Gibbs and Holtz 20

20 Lacroix, Y. and Horn, H.M., Direct Determination and Indirect Evaluation of Relative Density and Earthwork Construction Projects, ASTM STP 523, 1973.

Figure 3-10: Correlations of Standard
Penetration Resistance with Unconfined

Strength of Clay

Figure 3-11 φ’ vs. N’ for Granular Materials
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mechanical (mantle) cone, mechanical friction-cone, electric
cone, electric friction-cone, and piezocone penetrometers.
Cone penetrometers measure the resistance to penetration at
the tip of the penetrometer, or the end-bearing component of
resistance. Friction-cone penetrometers are equipped with a
friction sleeve, which provides the added capability of meas-
uring the side friction component of resistance. Mechanical
penetrometers have telescoping tips allowing measurements
to be taken incrementally, generally at intervals of 8 inches
(200 mm) or less. Electric (or electronic) penetrometers use
electric force transducers to obtain continuous measurements
with depth. Piezocone penetrometers are electric penetrome-
ters, which are also capable of measuring pore water pres-
sures during penetration.

For all types of penetrometers, cone dimensions of a 60-
degree tip angle and a 1.55 in2 (10 cm2 ) projected end area
are standard. Friction sleeve outside diameter is the same as
the base of the cone. Penetration rates should be between 0.4
to 0.8 in/sec (10 to 20 mm/sec). Tests shall be performed in

accordance with ASTM D 3441 (which includes mechanical
cones) and ASTM D 5778 (which includes piezocones).

The penetrometer data is plotted showing the end-bearing
resistance, the friction resistance and the friction ratio (fric-
tion resistance divided by end bearing resistance) as functions
of depth. Pore pressures, if measured, can also be plotted
with depth. The results should also be presented in tabular
form indicating the interpreted results of the raw data. A sam-
ple log is shown in Figure 3-12.21

The friction ratio plot can be analysed to determine soil
type. Many correlations of the cone test results to other soil
parameters have been made, and design methods are avail-
able for spread footings and piles. The penetrometer can be
used in sands or clays, but not in rock or other extremely
dense soils. Generally, soil samples are not obtained with
soundings, so penetrometer exploration should always be
augmented by SPT borings or other borings with soil samples
taken.

The piezocone penetrometer can also be used to measure

21 The log for a standard cone penetration test would only include the first three plots: tip resistance, local friction, and friction ratio.

Figure 3-12: Typical Log from Mechanical Friction-Cone

the dissipation rate of the excessive pore water pressure. This
type of test is useful for subsoils, such as fibrous peat or muck
that are very sensitive to sampling techniques. The cone
should be equipped with a pressure transducer that is capa-
ble of measuring the induced water pressure. To perform this
test, the cone will be advanced into the subsoil at a standard
rate of 0.8 inch/sec (20 mm/sec). Pore water pressures will be
measured immediately and at several time intervals thereafter.

Use the recorded data to plot a pore pressure versus log-time
graph. Using this graph one can directly calculates the pore
water pressure dissipation rate or rate of settlement of the
soil.

3.6.6.4.2. Correlations
The ratio (qc/N) is typically in the range of 2 to 6 and is

related to median grain size (see Figure 3-13). If static cone
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penetration resistance qc and N values are meas-
ured during the field exploration, an actual qc-N
correlation could be made.

The undrained strength of fine-grained soils may
be estimated by using a modification of bearing
capacity theory:

Equation 3-2:

Where
• qc = unit point resistance of cone penetrometer
• po = the in situ total overburden pressure
• Nk = empirical cone factor typically in the

range of 10 to 20 The Nk value should be based
on local experience and correlation to laborato-
ry tests.

Cone penetration tests also may be used to infer
soil classification to supplement physical sampling.
Figure 3-14 indicates probable soil type as a func-
tion of cone resistance and friction ratio. Cone pen-
etration tests may produce erratic results in gravel-
ly soils.

3.6.6.5. Dynamic Cone Penetrometer Test
This test is similar to the cone penetrometer test except,

instead of being pushed at a constant rate, the cone is driven
into the soil. The number of blows required to advance the
cone in 6” (150 mm) increments is recorded. A single test
generally consists of two increments. Tests can be performed
continuously to the depth desired with an expendable cone,
which is left in the ground upon drill rod withdrawal, or they
can be performed at specified intervals by using a retractable
cone and advancing the hole by auger or other means
between tests. Samples are not obtained.

Blow counts can generally be used to identify material type
and relative density. In granular soils, blow counts from the
second 6” (150 mm) increment tend to be larger than for the
first increment. In cohesive soils, the blow counts from the
two increments tend to be about the same. While correlations
between blow counts and engineering properties of the soil
exist, they are not as widely accepted as those for the SPT.

3.6.6.6. Dilatometer Test (DMT)
The dilatometer is a 3.75” (95 mm) wide and 0.55” (14

mm) thick stainless steel blade with a thin 2.4” (60 mm)
diameter expandable metal membrane on one side. While the
membrane is flush with the blade surface, the blade is either
pushed or driven into the soil using a penetrometer or
drilling rig. Rods carry pneumatic and electrical lines from
the membrane to the surface. At depth intervals of 8 inch
(200 mm), the pressurized gas expands the membrane and
both the pressure required to begin membrane movement
and that required to expand the membrane into the soil 0.04
inches (1.1 mm) are measured.

Additionally, upon venting the pressure corresponding to
the return of the membrane to its original position may be
recorded (see Figure 3-15, Figure 3-16 and Figure 3-17).

Through developed correlations, information can be
deduced concerning material type, pore water pressure, in-
situ horizontal and vertical stresses, void ratio or relative den-
sity, modulus, shear strength parameters, and consolidation
parameters. Compared to the pressuremeter, the flat

Figure 3-13: qc/N versus D50
22

22 Robertson, P. K., and Campanella, R. G. 1983. “Interpretation of Cone Penetration Tests; Parts I and II,” Canadian Geotechnical Journal, Vol 20, No. 4, pp 718-745.

Figure 3-14: Soil classification from cone penetrometer
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dilatometer has the advantage of reduced soil disturbance
during penetration.

3.6.6.7. Pressuremeter Test (PMT)
This test is performed with a cylindrical probe placed at the

desired depth in a borehole. The Menard type pressuremeter
requires pre-drilling of the borehole; the self-boring type
pressuremeter advances the hole itself, thus reducing soil dis-
turbance. The Menard probe contains three flexible rubber
membranes (see Figure 3-18). The middle membrane pro-
vides measurements, while the outer two are guard cells to
reduce the influence of end effects on the measurements.
When in place, the guard cell membranes are inflated by
pressurized gas while the middle membrane is inflated with

water by means of pressurized gas. The pressure in all the
cells is incremented and decremented by the same amount. 
The measured volume change of the middle membrane is
plotted against applied pressure. Tests shall be performed in
accordance with ASTM D 4719. Studies have shown that the
guard cells can be eliminated without sacrificing the accura-
cy of the test data provided the probe is sufficiently long.

Furthermore, pumped air can be substituted for the pres-
surized gas used to inflate the membrane with water. The
TAXAM pressuremeter is an example of this type.

Test results are normally used to directly calculate bearing
capacity and settlements, but the test can be used to estimate
strength parameters. The undrained strength of fine-grained
materials is given by: 

Figure 3-15: Schematic of the
Marchetti Flat Dilatometer23

23 Baldi, G., Bellotti R., Ghionna, V., Jamiolkowski, M., Marchetti, S. and Pasqualini, E. Flat Dilatometer Tests in Calibration Chambers, Use of Insitu Tests in geotechnical engi-
neering, ASCE Specialty Conference, Geotechnical Special Publication No. 6, 1986.
24 Marchetti, Silvano, In-Situ Tests by Flat Dilatometer, Journal of the geotechnical engineering Division, ASCE, Vol. 106, No. GT3, March 1980.

Figure 3-16: Dilatometer 24
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Equation 3-3:

Where
• p1 = limit pressure
• p’ ho = effective at-rest horizontal pressure
• Kb = a coefficient typically in the range of 2.5 to 3.5 for

most clays.

Correlation with laboratory tests and local experience is
recommended. The pressuremeter test is very sensitive to
borehole disturbance and the data may be difficult to inter-
pret for some soils.

3.6.7. Field Vane Test
This test consists of advancing a four-bladed vane into

cohesive soil to the desired depth and applying a measured
torque at a constant rate until the soil fails in shear along a
cylindrical surface. (See Figure 3-19) The torque measured at
failure provides the undrained shear strength of the soil. A
second test run immediately after remoulding at the same
depth provides the remoulded strength of the soil and thus
information on soil sensitivity. Tests shall be performed in
accordance with ASTM D 2573.

This method is commonly used for measuring shear
strength in soft clays and organic deposits. It should not be
used in stiff and hard clays. Results can be affected by the
presence of gravel, shells, roots, or sand layers. Shear strength

may be overestimated in highly plastic clays and a correction
factor should be applied.

3.6.8. Pocket Penetrometer
Used for obtaining the shear strength of cohesive, non-

gravely soils on field exploration or construction sites.
Commercial penetrometers are available which read uncon-
fined compressive strength directly. The tool is used as an aid
to obtaining uniform classification of soils. It does not replace
other field tests or laboratory tests.

3.6.9. Torvane Shear Device
Used for obtaining rapid approximations of shear strength

of cohesive, non-gravelly soils on field exploration. Can be
used on ends of Shelby tubes, penetration samples, block
samples from test pits or sides of test pits. The device is used
in uniform soils and does not replace laboratory tests.

3.6.10. Infiltration Test
The infiltration rate of a soil is the maximum rate at which

water can enter the soil from the surface under specified con-
ditions. The most common test uses a double-ring infiltrom-
eter. Two open cylinders, approximately 20 inch (500 mm)
high and 12 to 24 inch (300 to 600 mm) in diameter, are
driven concentrically into the ground. The outer ring is driv-
en to a depth of about 6 inch (150 mm), the inner ring to a
depth of 2 to 4 inch (50 and 100 mm). Both are partially
filled with water. As the water filtrates into the soil, measured

Figure 3-17: Dilatometer (Continued)
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Figure 3-18: Menard Pressuremeter Equipment

volumes are added to keep the water levels constant. The vol-
umes of water added to the inner ring and to the annular
space during a specific time interval, equivalent to the
amounts, which have infiltrated the soil. These are converted
into infiltration rates, expressed in units of length per unit
time, usually inches (millimetres) per hour. The infiltration
rate is taken as the maximum infiltration velocity occurring
over a period of several hours. In the case of differing veloci-
ties for the inner ring and the annular space, the maximum
velocity from the inner ring should be used. The time
required to run the test is dependent upon soil type. Tests
shall be performed in accordance with ASTM D 3385.
Drainage engineers in evaluating runoff, ditch or swale infil-
tration use information from this test.

3.6.11. Permeability Tests
Permeability, also known as hydraulic conductivity, is the

measure of the rate of flow of water through soils, usually

measured when the soil is saturated. Field permeability tests
measure the coefficient of permeability (hydraulic conductiv-
ity) of in-place materials. The area and length factors are often
combined in a “shape factor” or “conductivity coefficient.”
Measurement of permeability is highly sensitive to both nat-
ural and test conditions. The difficulties inherent in field per-
meability testing require that great care be taken to minimize
sources of error and to correctly interpret, and compensate
for, deviations from ideal test conditions.

Permeability differs from infiltration or percolation rates in
that permeability values are corrected for the hydraulic
boundary conditions, including the hydraulic gradient, and
thus is representative of a specific soil property.

Many types of field permeability tests can be performed. In
geotechnical exploration, equilibrium tests are the most com-
mon. These include constant and variable head gravity tests
and pressure (Packer) tests conducted in single borings. In a
few geotechnical investigations, and commonly in water
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resource or environmental studies, non-equilibrium “aquifer”
or “pump” tests are conducted (a well is pumped at a constant
rate for an extended period of time).

3.6.12. Seepage Test
These tests can be constant head, falling head, or rising

head tests. The constant head test is the most generally appli-
cable and, in areas of unknown permeability, should be per-
formed first. The falling head and rising head methods are
used in areas where the permeability is low enough to permit
accurate measurement of the change in water level. Results
are used in the design of exfiltration systems. The more com-
monly performed tests include:

3.6.12.1. Constant Head Test
This is the most generally applicable permeability test. It

may be difficult to perform in materials of either very high or
very low permeability since the flow of water may be difficult
to maintain or to measure.

3.6.12.2. Rising Head Test
In a saturated zone with sufficiently permeable materials,

this test is more accurate than a constant or a falling head test.
Plugging of the pores by fines or by air bubbles is less apt to
occur in a rising head test. In an unsaturated zone, the rising
head test is inapplicable.

3.6.12.3. Falling Head Test
In zones where the flow rates are very high or very low, this

test may be more accurate than a constant head test. In an
area of unknown permeability, the constant head test should
be attempted before a falling head test.

3.6.12.4. Open-End Borehole Test
This test can be conducted as either a constant head or a

variable head test. An open-end pipe or casing is installed to
the desired depth within a uniform soil. The pipe/casing is
then cleaned out flush with the bottom of the pipe/casing
while the hole is kept filled with water. Clear water is added
through a metering system to maintain gravity flow at a con-
stant head until measurements indicate a steady-state flow is
achieved. The permeability is calculated from the rate of
steady-state flow, height of head and radius of pipe (see Figure
3-20).

3.6.12.5. Exfiltration Test
This test is performed as a constant head test. A 7” (175

mm) diameter (or larger) hole is augered to a standard depth
of 10 feet (3 meters). Approximately 0.125 ft3 (0.0035 m3 ) of
0.5” (13 mm) diameter gravel is poured to the bottom of the
hole to prevent scour. A 6” (150 mm) diameter (or larger), 9-
feet (2.75 meter) long casing which is perforated with 0.5-
inch (12.7 mm) holes on 2” (51 mm) centres over the bottom
6.0 feet (1.8 m) is then lowered into the hole. Water is added
and the amount required to maintain a constant water level
over specified time intervals is recorded.

3.6.12.6. Pumping Test
Pumping tests are used in large-scale investigations to more

accurately measure the permeability of an area. The results
are used in the design of dewatering systems and other situa-
tions where the effects of a change in the water table are to be
analysed. Pumping tests require a test hole and at least one
observation well, although several observation wells at vary-
ing distances from the test hole are preferable. As water is
pumped from the test hole, water level changes within each
observation well and corresponding times is recorded.
Pumping is continued at a constant rate until the water level
within each observation well remains constant. Permeability
calculations are made based on the rate of pumping, the
measured draw down, and the configuration of the test hole
and observation wells. Refer to ASTM D 4050.

Figure 3-19: Vane Shear Test Equipment

25 US Department of Interior, Bureau of Reclamation, Earth Manual, US Government Printing Office, Washington, D.C, 1994.
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3.6.12.7. Gravity and Pressure  Tests
In a boring, gravity and pressure tests are appropriate. The

segment of the boring tested is usually 5 to 10 feet, but may
be larger. A large number of tests must be conducted to
achieve an overall view of the seepage characteristics of the
materials. The zone of influence of each test is small, usually
a few feet or perhaps a few inches. These methods can detect
changes in permeability over relatively short distances in a
boring, which conventional pump or aquifer tests cannot.
Exploration boring (as opposed to “well”) methods are there-
fore useful in geotechnical investigations where inhomogene-
ity and anisotropy may be of critical importance. Results from
pressure tests using packers in fractured rock may provide an
indication of static heads, inflow capacities, and fracture
deformation characteristics, but conventional interpretation
methods do not give a true permeability in the sense that it is
measured in porous media.

3.6.13. Environmental Corrosion Tests
These tests are carried out on soil and water at structure

locations, on structural backfill materials and on subsurface
materials along drainage alignments to determine the corro-
sion classification to be considered during design. For struc-
tures, materials are classified as slightly, moderately, or
extremely aggressive, depending on their pH, resistivity, chlo-

ride content, and sulphate content. For roadway drainage
systems, test results for each stratum are presented for use in
determining alternate culvert materials. Testing shall be per-
formed in the field and/or the laboratory according to the
standard procedures.

3.6.14. Grout Plug Pull-out Test
This test is performed when the design of drilled shafts in

rock is anticipated. However, the values obtained from this
test should be used carefully. Research has indicated that the
results are overly conservative. 

A 4” (100 mm) diameter (minimum) by 30” (760 mm)
long core hole is made to the desired depth in rock. A high
strength steel bar with a bottom plate and a reinforcing cage
over the length to be grouted is lowered to the bottom of the
hole. Sufficient grout is poured into the hole to form a grout
plug approximately 2 feet (600 mm) long. After curing, a cen-
tre hole jack is used to incrementally apply a tension load to
the plug with the intent of inducing a shear failure at the
grout - limestone interface. The plug is extracted, the failure
surface examined, and the actual plug dimensions measured.

The ultimate shear strength of the grout-limestone interface
is determined by dividing the failure load by the plug perime-
ter area. This value can be used to estimate the skin friction
of the rock-socketed portion of the drilled shaft.

Figure 3-20: Open-end Borehole Test25
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3.6.15. Groundwater Measurements and Piezometers
The groundwater level should be measured at the depth at

which water is first encountered as well as at the level at
which it stabilizes after drilling. If necessary, the boring
should be kept open with perforated casing until stabilization
occurs. On many projects, seasonal groundwater fluctuation
is of importance and converting the borings to standpipe
piezometers can make long-term measurements.

The pore water pressure should be checked often during
embankment construction. After the fill is in place, it can be
monitored at a decreasing frequency. The data should be plot-
ted (as pressure or feet (meters) of head) as a function of time.
A good practice is to plot pore water pressure, settlement, and
embankment elevation on the same time-scale plot for com-
parison.

3.7. Measurement of Soil Properties in situ
A great number of tools and methods have been devised for

measuring in situ engineering properties of soil and rock. The
most common tools, the split spoon sampler and the cone
penetrometer, have been previously discussed. This section
describes other methods commonly used in exploration pro-
grams or during construction control.

3.7.1. In-Place Density
In-place soil density can be measured on the surface by dis-

placement methods to obtain volume and weight, and by
nuclear density meters. Density at depth can be measured
only in certain soils by the drive cylinder (sampling tube)
method.
• Displacement Methods. Direct methods of measuring

include sand displacement and water balloon methods.26

The sand displacement and water balloon methods are the
most widely used methods because of their applicability to
a wide range of material types and good performance. The
sand displacement method (ASTM Standard D1556,
Density of Soil in Place by the Sand Cone Method) is the
most frequently used surface test and is the reference test
for all other methods. A procedure for the water or rubber
balloon method is given in ASTM Standard D2167, Density
of Soil in Place by the Rubber Balloon Method.

• Drive-Cylinder Method. The drive cylinder (ASTM
Standard D2937, Density of Soil in Place by the Drive-

Cylinder Method) is useful for obtaining subsurface sam
ples from which the density can be ascertained, but it
is limited to moist, cohesive soils containing little or no
gravel and moist, fine sands that exhibit apparent cohesion.

• Nuclear Moisture-Density Method. Use ASTM Standard
D2922, Density of Soil and Soil-Aggregate in Place by
Nuclear Methods (Shallow Depth). Before nuclear density
methods are used on the job, results must be compared
with density and water contents determined by displace-
ment methods. Based on this comparison, correlations may
be required to the factory calibration curves or a new
calibration curve may have to be developed.27

3.7.2. Detection of Combustible Gases
Methane and other combustible gases may be present in

areas near sanitary landfills, or at sites near or over peat bogs,
marshes and swamp deposits. Commercially available indica-
tors are used to detect combustible gases or vapours and sam-
ple air in borings above the water table. The detector indi-
cates the concentration of gases as a percentage of the lower
explosive limit from 0 to 100 on the gage. The lower explo-
sive limit represents the leanest mixture that will explode
when ignited. The gage scale between 60% and 100% is
coloured red to indicate very dangerous concentrations. If
concentrations are judged serious, all possibilities of spark
generation (e.g., pile driving, especially mandrel driven
shells) should be precluded, and a venting system or vented
crawl space should be considered. The system could be con-
structed as follows:
• Place a 6” layer of crushed stone (3/4” size) below the floor

slab; a polyethylene vapour barrier should overlie the
crushed stone.

• Install 4” diameter perforated pipe in the stone layer below
the slab; the top of the pipe should be immediately below
the bottom of the slab.

• The pipes should be located such that gas rising vertically
to the underside of the floor slab does not have to travel
more than 25 feet laterally through the stone to reach a 
pipe.

• The pipes can be connected to a single, non-perforated
pipe of 6” diameter, and vented to the atmosphere at roof 
level 28.

26 ASTM STP 523, Evaluation of Relative Density and Its Role in Geotechnical Projects Involving Cohesionless Soils, 1972

27 Safety regulations pertaining to the use of nuclear gages are contained in U.S. Corps of Engineers, Radiological Safety, ER385-1-80.

28 Further details on gas detection and venting can be found in Noble, G., Sanitary Landfill Design Handbook, Technamic Publishing Co., Westport, CT., 1976, and United States

Environmental Protection Agency (EPA), Process Design Manual, Municipal Sludge Landfills, EPA-625 11-78-010, SW 705, 1978.
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The loads governing the design of a sheet pile wall arise
primarily from the soil and water surrounding the wall and
from other influences such as surface surcharges and external
loads applied directly to the piling. Competent application of
these theories requires a complete understanding of basic soil
mechanics, the makeup and engineering properties of soils,
and testing methods, both field and laboratory.

The loading of sheet pile walls by the soil specifically
requires understanding of lateral earth pressure theory. Since
this is frequently not covered completely in soils textbooks,
this chapter will discuss this in detail. Current methodologi -
es for evaluating these loads are discussed in the following
paragraphs.29

4.1. Lateral Earth Pressure Coefficient
Earth pressures reflect the state of stress in the soil mass.

The concept of an earth pressure coefficient, K, is often used
to describe this state of stress. The lateral earth pressure coef-
ficient is defined as the ratio of horizontal stresses to the ver-
tical stresses at any depth below the soil surface:

Where
• K = lateral earth pressure coefficient
• σh = horizontal earth pressure

• σv = vertical earth pressure

The magnitude of the earth pressure exerted on the wall
depends, among other effects, on the physical and strength
properties of the soil, the interaction at the soil-structure
interface, the ground-water conditions, and the deformations
of the soil-structure system.

4.2. Total and Effective Stresses
These limit states are determined by the shear strength of

the soil. This is determined by one of two methods: a) total
stress method, or b) effective stress method. Earth pressure is
also influenced by the time-dependent nature of soil strength,
which varies due to creep effects and chemical changes in the
soil.

4.2.1. Total Stress
Soil consists of a skeletal framework of solid particles inter-

spersed with void spaces. Above the ground water table, the
voids may contain both moisture and air. When the soil is
submerged, the void spaces are completely filled with water.
In either case, the total vertical stress of the soil is given by
the equation 

Where
• σ = Total stress of the soil
• γ t = effective unit weight of the soil

• z = Distance of the soil from the surface
Equation 4-2 assumes the soil has a uniform unit weight. If
the unit weight varies, Equation 4-2 can be applied layer by
layer and summed.

4.2.2. Effective Stress
Inspection of Equation 4-2 will show that the total stress is

similar for soils as the hydrostatic pressure for water, which is
given by Equation 7-5. Below the phreatic surface, water in
the soil voids acts very much as it does as a body of water;
however, it does not add anything to the shear resistance of a
cohesionless soil. Thus, hydrostatic stresses are referred to as
neutral stresses. Only the actual soil grains are effective in
developing shear resistance and the pressure due to the soil
particles alone is referred to as effective stress. The effective
stress, σ', is equal to the difference between the total stress, σ,
and the pore water pressure, u.

Where
• σ’ = Effective stress of the soil
Obviously, the most common source of pore water pressure

is static groundwater; however, seepage, capillary action, and
consolidation of poor draining soils are also possible sources.

The practical meaning of this for the sheet pile designer is
that effective stresses should generally be used in all calcula-
tions. Water pressure should then be treated as a separate
force. This is accomplished by using the moist or dry unit
weight of the soil above the water table and the buoyant
weight below as effective unit weights to calculate the effect
pressure.

4.3. Mohr-Coulomb Shear Strength
In an effective stress analysis the Mohr-Coulomb shear

strength relationship defines the ultimate shearing resistance
of the backfill as

Where
• τ f = ultimate shearing resistance of the backfill
• c = effective cohesion
• σ'n = effective normal stress on the failure plane,
• φ = effective angle of internal friction.

Chapter Four: 
Basic Earth Pressure Concepts

29 Some of the material may show views that do not reflect sheet pile walls, but the basic earth pressure concepts for sheet pile walls and other types of retaining walls is the
same.
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These quantities are illustrated in Figure 4-1.

The two principal stresses can be related by.

If we use the trigonometric relationship

Equation 4-5 reduces to

If we then define

Equation 4-7 reduces further to

If we take Equation 4-5 and solve for σ’3, we have

Noting the trigonometric identity

Equation 4-10 reduces to

4.4. Earth Pressure and Wall Movement
The results of the previous section can be observed in tri-

axial compression tests, where soil stress and movement are
induced by the testing apparatus. In actual conditions, soil
stress and movement are induced by the retaining wall itself;
how the soil is actually stressed depends on that movement.
The various types of earth pressures described are shown in
Figure 4-2 on the circle where σh, σa, σp = σ’3 on the Mohr

diagram.

4.4.1. At-rest pressures
At-rest pressure refers to a state of stress where there is no

lateral movement or strain in the soil mass. In this case, the
lateral earth pressures are the pressures that existed in the
ground prior to installation of a wall. For the special case of a
horizontal backfill surface and a normally consolidated back-
fill (no compaction or other prestress effects) the at-rest pres-
sure coefficient Ko can be estimated from Jaky’s Equation 30

and the lateral earth pressure computed by

where
• γ’ = effective unit weight (moist or saturated above water

table, submerged or buoyant below water table)
• z = depth below surface of backfill along a vertical plane

Figure 4-1: Shear strength parameters

Figure 4-2: Definition and development of at rest, 
active and passive earth pressures

30 Jaky, J. 1944. “The Coefficient of Earth Pressure At-Rest,” Journal, Society of Hungarian Architects and Engineers, Budapest, Hungary, pp 355-358.
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For preconsolidated soils, Jaky’s equation can be expanded to31

Where
• OCR = overconsolidation ratio
Most engineering materials quantify their lateral stress

characteristics in terms of Poisson’s Ratio. Poisson’s ratio can
be roughly approximated to the lateral earth pressure coeffi-
cient by the equation32

Using Equation 4-13, Poisson’s ratio for soils can be relat-
ed to the internal friction angle by the relationships

and

It is interesting to note that, for purely cohesive soils (φ =
0), ν = 1/2, which is a very “typical” value given. For overcon-
solidated soils, these relationships are much more complicat-
ed.

4.4.2. Wall movements
Implicit in “at-rest” earth pressures is one of two states: a)

the state where there is no wall, only a “semi-infinite” mass of

earth with increasing effective stress with depth, and b) the
state where the wall does not move at all. Condition (a) is of
no interest in retaining wall design of any kind and b) is
exceptional with flexible sheet pile walls. Walls can move
either towards or away from the soil, depending upon how
they are loaded and how they interface with the soil. Walls
that move towards the soil will obviously generate higher lat-
eral earth pressures than those that move away from the soil.

The extent of the wall movement required to effect a
change in the lateral earth pressure coefficient varies for dif-
fering kinds of soils. For stiff soils like dense sands or heavi-
ly overconsolidated clays, the required movement is relative-
ly small. An example is shown in Figure 4-3. In this example,
a movement of a wall away from the fill by 0.3% of the wall
height is sufficient to develop minimum pressure, while a
movement of 2% of the wall height toward the fill is sufficient
to develop the maximum pressure. A summary of approxi-
mate wall movements necessary to mobilise active or passive
earth pressures for different types of soils is given in Table 4-1.

Earth pressure against excavation sheeting, which is
restrained by tiers of non-yielding struts or pre-tensioned
anchors, may never attain the full active state. These walls
should be destined for pressures somewhere between active
and at-rest or fully at-rest.

4.4.3. Active pressures
When the walls move or rotate away from the soil, allow-

ing the soil the opportunity to expand laterally, full shear
resistance is mobilised and the active state of stress is entered,
as shown in Figure 4-2 when σ3 = σa. This state represents the

lower limit of K in Equation 4-1. Modifying this equation
using this figure, the active earth pressure coeffi-
cient is

If we consider purely cohesionless soils (c = 0),
Equation 4-12 can be easily substituted into
Equation 4-19 and the active earth pressure
coefficient becomes

This expression of active earth pressure
coefficient is applied directly in Rankine theory
(see 5.1) where other considerations (wall-soil
friction, log-spiral failure surfaces, etc.) are not
considered. Keep in mind that this expression is
only valid for level backfill.

31 Coduto, Donald P., Foundation Design: Principles and Practices. Upper Saddle River, NJ: Prentice Hall, 2001, p. 751.
32 Tschebotarioff, G.P., Soil Mechanics, Foundations and Earth Structures. New York: McGraw-Hill Book Company, 1951, p. 248. A derivation of this equation is given in Verruijt,
A., Soil Mechanics. Delft, the Netherlands: Delft University of Technology, 2001. Text available at http://www.vulcanhammer.net.
33 Clough, G. W., and Duncan, J. M. 1971. “Finite Element Analyses of Retaining Wall Behavior,” Journal of the Soil Mechanics and Foundations Division, American Society of Civil
Engineers, Vol 97, No. SM12, Proceedings Paper No. 8583, pp 1657-1673.

Figure 4-3: Variations of earth pressure force with wall 
movement calculated by finite element analyses33
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4.4.4. Passive pressures
The passive state of stress is activated when a retaining wall

moves toward the soil rather than away from it. The passive
state represents the upper limit of K in Equation 4-1. In a
similar manner with active pressures (see Figure 4-2,) the pas-
sive pressure is given by the equation

Again if we consider purely cohesionless soils, Equation 4-
7 can be substituted into Equation 4-21 to obtain the result
(for level backfill)

As with active pressures, the effects of wall-soil friction are
not considered. 

Another way of looking at passive vs. active and at rest
pressures is to consider the mechanism by which lateral earth
pressure takes place. With at rest and active earth pressures,
the Poisson effect of the vertical stress results in a horizontal
stress. With passive pressures, the Poisson effect of the hori-
zontal stress results in vertical one up to the value of effective
stress.

4.4.5. Wall friction and adhesion
The equations for active and passive earth pressure coeffi-

cients do not take into account friction between soil and wall,
which reduces active pressure and increases passive pressure.
These considerations are the basis for Coulomb and Log-
Spiral theory, and will be discussed further below.

4.4.6. Cohesive Soils
The forgoing discussion of active and passive states has

assumed purely cohesionless soil. While these are the most
desirable for backfill, it is not always possible to work with
these for every wall. If we assume a purely cohesive soil (φ =
0), both Equation 4-7 and Equation 4-12 reduce to

For the active pressure, assuming that the soil is uniform, i.e.,
σ 1 = γz, and that there is no surcharge, i.e., σ 3 = 0, this equa-

tion reduces to

This can be solved for the depth as

Where Hc = critical height. This concept is illustrated in
Figure 5-2 (b). For areas above the critical height, active pres-
sures are negative and thus do not develop at all.

In slope stability work, this concept has been generalised
through the stability number. For a given slope height, cohe-
sion and unit weight, this is defined as

Where No = stability number. Comparison with Equation
4-25 reveals that, at the critical height, No = 2. One way of
applying a factor of safety is to raise the stability number
above this number by the required amount.

Equation 4-23 can be rearranged to illustrate the passive
pressures to yield

This is illustrated in Figure 5-2 (e).
The long-term ability of fine-grained, cohesive silts to

maintain the conditions described in these equations is
doubtful. For long-term analyses, the results of consolidated-
drained (S or C-D) tests should be used. These will include
both internal friction and cohesion of the soil in the assumed
properties.

Type of Backfill ∆/H, Active Condition, ∆/H, Passive Condition,
Percent Percent

Dense Sand 0.1% 1%
Medium-Dense Sand 0.2% 2%
Loose Sand 0.4% 4%

Table 4-1 Approximate Magnitudes of Movements Required to 
Reach Minimum Active and Maximum Passive Earth Pressure Conditions 34

34 Clough, G. W. and Duncan, J. M. 1991. Chapter 6: Earth Pressures, in Foundation Engineering Handbook , Second Edition, edited by H. Y. Fang, Van Nostrand Reinhold,

NY, pp. 223-235.
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Failure within a semi-infinite mass of soil occurs along
inclined planes when gravitational forces exceed the shearing
resistance of the soil. A retaining wall is inserted into this
process to prevent a failure and its consequences or to pro-
vide a vertical working face for private or commercial purpos-
es.

Earth pressure study and the theories developed from it
were originally directed toward advancement of the design of
rigid retaining structures. Physicists such as Coulomb35 and
Rankine36 have had the most influence on practical design
through their application of earth pressure theory to reliable
standard procedures. Additionally, the log-spiral failure sur-
face theory has advanced the design of sheet pile walls. These
are the three theories we plan to discuss for “classical” meth-
ods of sheet piling wall design. The three failure mechanisms
are illustrated in Figure 5-1.

Rankine's theory, Coulomb's wedge theory, and the loga-
rithmic spiral procedure result in similar values for active and
passive thrust when the interface friction between the wall
and the backfill is equal to zero. For interface friction angles
greater than zero, the wedge method and the logarithmic spi-
ral procedure result in nearly the same values for active
thrust. The logarithmic spiral procedure results in accurate
values for passive thrust for all values of interface friction
between the wall and the backfill. The accuracy of the passive

thrust values computed using the wedge method diminishes
with increasing values of interface friction because the
boundary of the failure block becomes increasingly curved.

5.1. Rankine Theory
In 1857, William Rankine of Scotland offered a simplifica-

tion of Coulomb’s general theory that was widely accepted
and is still utilized because of its simplicity and conservatism.
Rankine's methods are based on the following assumptions:

(1) The soil is homogeneous and isotropic, possesses internal
friction, and is in a state of plastic equilibrium.

(2) The failure surface is a plane surface. The surface is level
or uniformly sloped. 

(3) The shear strength is mobilized uniformly on all potential
failure planes throughout the backfill.

(4) The presence of the wall does not influence the state of
stress in the backfill (there are no vertical stresses between the
wall and the adjacent fill and no friction is developed.)

(5) The failure is a two-dimensional problem.

Chapter Five: 
Static Earth Pressures

35Coulomb, C. A. 1776. Essai sur une application des règles des maximis et mininis à quelques problèmes de statique relatifs à l'architecture, Mèm. acad. roy. près divers savants,
Vol. 7, Paris. It is interesting to note that the Rankine theory, although the simpler, was not the first to be published. As is the case with many soil mechanics theories of the eigh-
teenth and nineteenth centuries, it took many years for the theory to be actually put into practice.
36Rankine, W. (1857). “On the Stability of Loose Earth”, Phil. Trans. Roy. Soc. London , Vol. 147.

Figure 5-1: Three Earth Pressure Theories for Active and Passive Earth Pressures
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When a state of failure has been reached, active and passive
failure zones will develop as shown in Figure 5-2. With a level
backfill, the failure planes rise at an angle of 45º + φ/2 with
the horizontal for the active case and 45º - φ/2 for the passive
case.

Rankine's work applied to cohesionless, granular soil
exhibiting internal friction. Rankine developed coefficients Ka
and Kp as functions of the angle of internal friction of the soil
and the slope of the backfill. In 1910, Rankine's equations
were expanded by Resal to include the cohesion value for
soils that exhibit dual properties. These equations are illus-
trated in Figure 5-2. It is thus possible to analyse three types
of soil, according to the strength parameters assigned for the
soil:

1. Frictional (c = 0, φ >> 0);
2. Cohesive (c = Su, φ = 0); or
3. A combination of the two (c >> 0, φ >> 0).

The Rankine method is generally a conservative approach 37

since it tends to underestimate passive pressure and overesti-
mate active pressure. Rankine procedures are often utilized
where soil properties have been estimated. Cohesion is gen-
erally an insignificant value in Rankine equations and is often
ignored. The effects of surcharge and groundwater pressures

may be incorporated into theory. Rankine lateral earth pres-
sure coefficients are tabulated in 18.1.

5.1.1. Active Earth Pressures
Let us begin by considering Equation 4-12. We can use this
equation because Assumption 4 for Rankine theory states that
the wall does not influence the state of stress in the backfill.
From Equation 4-20, which also is based on the same
assumption, the Rankine active earth pressure coefficient can
be computed as

This equation can also be written as

We can then substitute the value of Ka from Equation 5-1 into
Equation 4-12 to obtain

If we define the quantity

37 This is not always the case; see Figure 5-7 for comparisons with Coulomb and log-spiral theory for the active case and Figure 5-8 for the passive case.

Figure 5-2: Computation of Rankine active and passive earth pressures for level backfills
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Equation 5-3 reduces to

Considering first the case of a purely cohesionless and fric-
tional soil, the second term of Equation 5-3 drops out to yield

The variation in the active earth pressure is linear with z, as
shown in Figure 5-2(a). A planar slip surface extends upwards
from the heel of the wall through the backfill, inclined at an
angle αA from horizontal. For frictional backfills, αA is equal to

PA is the resultant force of the σa distribution and is equal to

acting normal to the back of the wall at one-third H above the
heel of wall. In these expressions, γ is the dry unit weight.

Equation 5-6 assumes a dry, homogeneous soil. For soils that
are layered and have the effects of the water table, a more gen-
eral way of stating the active earth pressure is

It is important in any calculation for sheet piling to include
all variations of soil unit weight and the effect of buoyancy at
various depths. Equation 5-1 assumes a level backfill. For a dry
frictional backfill inclined at an angle β from horizontal, the
Rankine active earth pressure coefficient is determined by com-
puting the resultant forces acting on vertical planes within an
infinite slope verging on instability38 . KA is equal to

with the limitation that β is less than or equal to φ. Equation 5-
9 still applies but is inclined at the backfill slope angle β, as
shown in Figure 5-3. The distribution of s a is linear with depth
along the back of the wall. Thus, there are shear stresses on ver-
tical (and hence horizontal) planes. PA is computed using
Equation 5-8. It is inclined at an angle β from the normal to the
back of the wall, and acts at one-third H above the heel of the
wall.

For purely cohesive soils, Equation 5-3 reduces to

This equation shows that tensile stresses develop to a depth
Zo at the top of the backfill to wall interface in a backfill whose
shear strength is either fully or partially attributed to the cohe-
sion or undrained strength. A gap may form within this region

over time. During rainstorms, these gaps will fill with water,
resulting in hydrostatic water pressures along the back of the
wall to depth Zo. Tensile stresses are set equal to zero over the
depth Zo when applying this theory to long term wall designs
because c' goes to zero with time for clayey soils due to changes
in water content. For clayey backfills, retaining walls are
designed using equivalent fluid pressure values39 rather than
active earth pressures because earth pressure theories do not
account for the effects of creep in clayey backfills40.

The PA and αA relationships for backfills whose strengths are
defined using Su or an effective cohesion and effective angle of
internal friction are given in Figure 5-2. We will discuss the
application of these concepts in more detail when dealing with
wall design.

For a wall of height H = 20 ft retaining a dry level cohesion-
less backfill with φ' = 30 degrees and δ = 0 degrees, compute
KA, αA, and PA.

5.1.2. Passive Earth Pressures
The derivation of the Rankine theory of passive earth pres-

sures follows the same steps as were used in the derivation of
the active earth pressure relationships. The forces and stress-
es corresponding to this limiting state are shown in Figure 5-
2 (d), (e), and (f) for a vertical wall retaining the three types
of soil backfill. The effects of surcharge and groundwater
pressures are not included in this figure. To develop passive
earth pressures, the wall moves towards the backfill, with the
resulting displacements sufficient to fully mobilize the shear
resistance within the soil mass. The passive earth pressure, σp,
normal to the back of the wall at depth z is equal to

38This is described by Terzaghi, K. 1943, Theoretical Soil Mechanics, John Wiley & Sons, New York, and Taylor, D. 1948. Fundamentals of Soil Mechanics, John Wiley & Sons, Inc.,
New York, pp. 488-491.
39Terzaghi, K., and Peck, R. 1967. Soil Mechanics in Engineering Practice, Second Edition, John Wiley & Sons, Inc., New York. 
40Clough, G. W. and Duncan, J. M. 1991. Chapter 6: Earth Pressures, in Foundation Engineering Handbook, Second Edition, edited by H. Y. Fang, Van Nostrand Reinhold, NY, pp.
223-235.

Example 1 Rankine Active Coefficients and Wall Pressures
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Figure 5-3: Rankine active and passive earth pressures for inclined backfills

and the Rankine passive earth pressure coefficient, Kp, for
level backfill is equal to

The passive earth pressure coefficient can also be written as

As with the active case, if we define the quantity

Equation 5-15 reduces to

A planar slip surface extends upwards from the heel of the
wall through the backfill and is inclined at an angle αp from
horizontal, where αp is equal to

Pp is the resultant force of the σp distribution and is equal to

for dry frictional backfills and is normal to the back of the
wall at one-third H above the heel of the wall. The Pp and αp
relationships for backfills whose strengths are defined using
Su or an effective cohesion and effective angle of internal fric-
tion are given in Figure 5-2. Kp for a frictional backfill
inclined at an angle β from horizontal is equal to

with the limitation that b is less than or equal to f. Pp is com-
puted using Equation 5-21. It is inclined at an angle β from
the normal to the back of the vertical wall, and acts at one-
third H above the back of the wall. With c = 0, σp from
Equation 5-15 becomes

The distribution of σp is linear with depth along the back
of the wall and is inclined at the backfill slope angle β, as
shown in Figure 5-3.

Passive pressures with cohesive soils will be dealt with in
conjunction with the design of cantilever and anchored

Example 2: Rankine Passive Coefficients and Wall Pressures
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walls.For a wall of height H = 20 ft retaining a dry level cohe-
sionless backfill with φ' = 30 degrees and δ = 0 degrees, com-
pute KP, αP, and PP.

Equation 5-24:

Equation 5-25:

Equation 5-26:

5.2. Coulomb Theory
Coulomb's work preceded Rankine's by over 50 years and

was the basis for Rankine's and other subsequent research
into soil pressures. Coulomb analyzed the equilibrium of
wedge-shaped soil masses. The mass is assumed to be a rigid
body sliding along a plane surface due to its own weight and
uniform surcharge. The shear strength is mobilized uniform-
ly along the failure plane, and includes cohesion and friction
if both are present.

As the wall yields, the failure wedge tends to move down-
ward for the active case. For the passive case, where the wall
is forced against the soil, the wedge slides upward along the
failure plane. These differential movements involve vertical
displacements between the wall and backfill and create tan-
gential stresses on the back of the wall due to soil friction and
adhesion. The resulting force on the wall is, therefore,
inclined at an angle normal to the wall. This angle is known
as the angle of wall friction, δ. For the active case, when the
active wedge slides downward relative to the wall, δ is taken
as positive (+). For the passive case, when the passive wedge
slides upward relative to the wall, δ is taken as negative.

The Coulomb equations have the advantage of providing a
direct solution where the following conditions hold:
• There is only one soil material (material properties are con-

stant). There can be more than one soil layer if all the soil
layers are horizontal.

• The backfill surface is planar (it may be inclined).
The backfill is completely above or completely below the
water table, unless the top surface is horizontal, in which
case the water table may be anywhere within the backfill.

• Any surcharge is uniform and covers the entire surface of 
the driving wedge.

• The backfill is cohesionless, unless the top surface is hori-
zontal, in which case the backfill may be either cohesion-
less or cohesive.
The Coulomb theory of active and passive earth pressures

looks at the equilibrium of the forces acting on a soil
wedge, assuming that the wall movements are sufficient
to fully mobilize the shear resistance along a planar sur-
face that extends from the heel of the wall into the
backfill as shown in Figure 5-4. Coulomb's wedge the-
ory allows for shear stresses along the wall to backfill
interface. The forces corresponding to the active and
passive states of stress are shown in Figure 5-4 for a wall
with a face inclined at angle +θ from vertical, retaining
a frictional backfill inclined at angle +β. The effects of
surcharge and groundwater pressures are not included
in this figure. For virtually any sheet pile wall, θ = 0.

Although Coulomb's equation solves only for forces,
it is commonly expressed as the product of a constant
horizontal pressure coefficient K and the area under a
vertical effective stress diagram. Horizontal earth pres-
sures can be calculated as the product of K times the
effective vertical stress. Lateral earth pressure coeffi-
cients for Coulomb theory are tabulated in 18.2.

5.2.1. Active Earth Pressures
In the active case the wall movements away from the

backfill are sufficient to fully mobilize the shear resist-
ance within a soil wedge. Coulomb's theory assumes
that the presence of the wall introduces shearing stress
along the interface, due to the downward movement of

Figure 5-4: Coulomb active and passive earth pressures 
for inclined backfills and inclined walls

P



the backfill along the back of the wall as the wall moves away
from the backfill. The active earth pressure force PA is com-
puted using Equation 5-8 and is oriented at an angle δ to the
normal along the back of the wall at a height equal to H/3
above the heel, as shown in Figure 5-4. The shear component
of PA acts upward on the soil wedge due to the downward
movement of the soil wedge along the face of the wall. KA is
equal to 

for frictional backfills. For a level backfill and no wall inclina-
tion (β = θ = 0), this equation reduces to

The active earth pressure, σa, along the back of the wall at
depth z can be then computed and oriented at an angle d to
the normal along the back of the wall. The variation in σa is
assumed linear with depth for a dry backfill, as shown in
Figure 5-4.

The planar slip surface extends upwards from the heel of
the wall through the backfill and is inclined at an angle αA
from horizontal. αA is equal to

One widely quoted reference for effective angles of friction
along interfaces between various types of materials, δ, is Table
5-141 .

For a wall of height H = 20' retaining a dry cohesionless
backfill with φ' = 30 degrees, δ = 3 degrees, β = 6 degrees, and
θ = 0 degrees, compute KA, αA, and PA.

5.2.2. Passive Earth Pressures
The forces and stresses corresponding to the passive states

of stress are shown in Figure 5-4 for a wall with a face inclined
at angle +θ from vertical, and retaining a frictional backfill
inclined at angle +β. The effects of surcharge and groundwa-
ter pressures are not included in this figure. To develop pas-
sive earth pressures, the wall moves towards the backfill, with
the resulting displacements sufficient to mobilize fully the
shear resistance along the linear slip plane. Coulomb's theory
allows for a shear force along the back of the walls that is due
to the upward movement of the backfill as the wall moves
towards the backfill. The passive earth pressure force PP is
computed using Equation 5-21 and oriented at an angle δ to
the normal along the back of the wall at a height equal to H/3
above the heel of the wall, as shown in Figure 5-4. The shear
component of PP acts downward on the soil wedge due to the
upward movement of the soil wedge along the face of the
wall. This is the reverse of the situation for the shear compo-
nent of PA. Kp is equal to

for frictional backfills. For level backfill and no wall inclina-
tion (β = θ = 0), this reduces to

41Potyondy, J. C. 1961 (Dec). “Skin Friction Between Various Soils and Construction Materials,” Geotechnique, Vol II, No. 4, pp 339-353, and Peterson, M. S., Kulhawy, F. H.,
Nucci, L. R., and Wasil, B. A. 1976, “Stress-Deformation Behavior of Soil-Concrete Interfaces,” Contract Report B-49, Department of Civil Engineering, Syracuse University,
Syracuse, NY, also provide recommendations for d values from static direct shear test results.

Example 3: Coulomb Active Coefficients and Wall Pressures

Equation 5-27:

Equation 5-28:

Equation 5-29:

Equation 5-30:

(Equation 5-27)

Equation 5-34:
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The passive earth pressure, σp, along the back of the wall at depth z is
computed using Equation 5-23 and oriented at an angle δ to the normal
along the back of the wall. The variation in σp is assumed linear with depth
for a dry backfill, as shown in Figure 5-4.

The planar slip surface extends upwards from the heel of the wall through
the backfill and is inclined at an angle αp from horizontal. αp equal to 

Coulomb passive earth pressure coefficiencts must be used with great care;
see the following section on the log-spiral theory for details.

For wall of height H = 20 ft retaining a dry cohesionless backfill with φ' = 30
degrees, δ = 3 degrees, β = 6 degrees, and θ = 0 degrees, compute KP, αP,
and PP.

where

Example 4: Coulomb Passive Coefficients and Wall Pressures

5.3. Log-Spiral Theory
Equation 5-33 and Equation 5-35 provide

reasonable estimates for Kp and the orienta-
tion of the slip plane, αp, so long as δ is
restricted to values that are less than φ/2.
Coulomb's relationship overestimates the
value for Kp when δ is greater than φ/2. The
large shear component of Pp introduces sig-
nificant curvature in the failure surface. The
Coulomb procedure, however, restricts the
theoretical slip surface to a plane. Figure 5-5
and Figure 5-6 show the variation in the val-
ues for Kp with friction angle, computed
using Coulomb's equation for Kp based on a
plane failure surface versus a curved log spi-
ral failure surface analysis.When δ is greater
than φ/2, the value for Kp must be computed
using a method of analysis which uses a
curved failure surface to obtained valid val-
ues.

Values for the active and passive earth
pressure coefficients are presented in Figure
18-16, which provides values for KA and Kp
for walls with vertical faces (as is typicalwith
sheet piling) retaining horizontal or inclined
backfills42 . The sign convention for the
angles is shown in the insert figures in Figure
18-16. Note that the sign convention for δ is
determined by the orientation of the shear
stress acting on the wedge of the soil. δ is
positive when the shear is acting upward on
the soil wedge, the usual case for active pres-
sures, and negative if the shear acts down-
ward on the soil mass, the usual case for pas-
sive pressures. The values for KA and Kp from
these figures and this table are accurate for all
values of d less than or equal to φ. A compar-
ison between the active log-spiral coefficients
and those from Rankine and Coulomb theo-
ries is shown in Figure 5-7; the passive coeffi-
cients are compared in Figure 5-8.

5.4. Earth Pressures Computed
Using the Trial Wedge Procedure

The trial wedge procedure of analysis is
used to calculate the earth pressure forces
acting on walls when the backfill supports
point loads or loads of finite width or when
there is seepage within the backfill. The pro-
cedure involves the solution of the equations
of equilibrium for a series of trial wedges
within the backfill for the resulting earth

42 In Figure 18-16, if the backfill slopes upward from the wall, the ratio of δ/φ is considered to be negative, and this ratio becomes positive if the backfill slopes downward from
the wall.

P
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Table 5-1: Ultimate Friction Factors for Dissimilar Materials

Figure 5-5: Coulomb and log-spiral passive earth pressure
coefficients with δ=φ/2 -vertical wall and level backfill

Figure 5-6: Coulomb and log-spiral passive earth pres-
sure  coefficients with δ=φ -vertical wall and level backfill
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Figure 5-7: Comparison of Active Earth Pressure Coefficients43

43Driscoll, D. D. 1979 (Dec). Retaining Wall Design Guide, Foundation Services, Inc., Portland, OR, Prepared for USDA Forest Service. Available from: USDA Forest Service Region
6, 319 S.W. Pine St., Portland, OR 97208.or a more detailed description of the various types of sheet piling and their installation, see Pile Driving by Pile Buck, available from Pile
Buck.
44This problem was originally solved by Terzaghi, K. 1943, Theoretical Soil Mechanics, John Wiley & Sons, New York.) and described by Lambe, T. and Whitman, R. 1969, Soil
Mechanics, John Wiley & Sons, Inc., New York, Chapters 13 and 23.

Figure 5-8: Comparison of Passive Earth Pressure Coefficients43

pressure force on the back of the wall. When applying this
procedure to active earth pressure problems, the shear
strength along the trial slip plane is assumed to be fully mobi-
lized.  The active earth pressure force is equal to the largest
value for the earth pressure force acting on the wall obtained
from the series of trial wedge solutions. The steps involved in
the trial wedge procedure are described using the retaining
wall problem shown in Figure 5-944.

A 20 feet high wall retains a saturated sand backfill with f
equal to 30 degrees and δ equal to 30 degrees. The backfill is
drained by a vertical gravel drain along the back of the wall,
with weep holes along its base. In this problem, a heavy rain-
fall is presumed to have resulted in steady state seepage with-
in the backfill. The solution for the active earth pressure force
on the back of the wall using the trial wedge procedure is out-
lined in the following eight steps.

1) Determine the variation in pore water pressures within the
backfill. In this example the flow net for steady state seepage
is constructed graphically and is shown in Figure 5-9.

2) Assume an inclination for the trial slip surface, α, defining
the soil wedge to be analysed.

3) Assume sufficient displacement so the shear strength of the
sand is fully mobilized along the plane of slip, resulting in
active earth pressures. For this condition, the shear force, T,
required for equilibrium along the base of the soil wedge is
equal to the ultimate shear strength force along the slip sur-
face.

Equation 5-39: T = N tanφ

4) Calculate the total weight of the soil within the trial wedge, W.

5) Calculate the variation in pore water pressure along the
trial slip surface. Using the flow net, the pore water pressure
is computed at a point by first solving for hp, using Equation
7-10, and then computing u using Equation 7-11. An exam-
ple of the distribution in u along the trial slip surface for α =
45 degrees is shown in Figure 5-9.

6) Calculate the pore water pressure force. Ustatic-α, acting
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normal to the trial slip surface, inclined at angle α to the hor-
izontal. Ustatic-α is the resultant of the pore water pressures
calculated in step (5).

7) Analyse the trial wedge for the corresponding effective
earth pressure force, P, acting at an angle δ = 30 degrees to the
normal to the back of the wall. Using the equations of equi-
librium (∑Fx = 0 and ∑Fy = 0), the resulting equation for the
unknown force P is equal to

Equation 5-40:

Note that because of the presence of the free flowing drain
along the back of the wall in which the total head equals the
elevation head, the pore water pressures are equal to zero
along the back of the wall. 

8) Repeat steps 2 through 7 for other trial slip surfaces until
the largest value for P is computed, as shown in Figure 5-9.
The slip surface that maximizes the value for P corresponds
to the critical slip surface, αA = α and PA = P. In this case, αA
= 45 degrees, and PA = 10,300 pounds per foot of wall and
acts at δ = 30 degrees from the normal to the back of the wall.

Figure 5-9 Example of trial wedge procedure
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5.4.1. Hydrostatic Water Pressures45

Consider the possibility is that the drain shown in Figure
5-9 does not function as intended and hydrostatic pore water
pressures develop along the back of the wall as shown in
Figure 5-10.

For each slip surface analysed using the trial wedge method
the effective force P, acting at angle δ to the normal for the
wall, is given as 

Equation 5-41:

The hydrostatic water pressure forces acting normal to the
slip surface and normal to the back of the wall are Ustatic-a

and Ustatic, respectively, and are computed as follows: The
pore water pressure at the ground water table (Figure 5-11) is

For a hydrostatic water table the pore water pressure distri-
bution is linear with depth, and at the bottom of the wedge is
computed as

The static pore pressure distribution immediately behind
the wall is triangular and the resultant force may be calculat-
ed as

Figure 5-10: Example of trial wedge procedure, hydrostatic water table

Equation 5-42:

Equation 5-43:

45 More information on hydrostatic pressures can be found in 7.1. Not all hydrostatic pressure problems require solution using the trial wedge method.
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The static pore pressure force acting along the planar slip
surface is also triangular and the resultant force may be com-
puted as  

Other than this consideration, the solution of the trial
wedge analysis to compute the active earth pressure force fol-
lows the same eight steps described previously.

Using the trial wedge procedure for the problem shown in
Figure 5-10, the wedge that maximizes the value for P corre-
sponds to the critical slip surface, αA = 54.34 degrees, and PA
= 4,113 pounds per foot of wall which acts at d = 30 degrees
from the normal to the back of the wall. Although PA for the
ineffective drain case (Figure 5-10) is 6,087 pounds per foot
less than for the effective drain case (Figure 5-9), the total hor-
izontal design load for the ineffective drain is larger by 7,208
pounds per foot of wall compared to the effective drain case
due to the contribution of the water pressure force (Ustatic =
12,480 pounds per foot of wall).

A closed form solution exists for this example, as PA may
be calculated using Equation 5-8, with KA computed using
the Coulomb Equation 5-27. The corresponding critical slip
surface αA is given in Equation 5-29.

Figure 5-11: Equilibrium of horizontal hydrostatic water 
pressure forces acting on backfill wedge

Equation 5-45:

Equation 5-44:
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6.1. Overview of Earthquake Loads
6.1.1. Limit States

A broad look at the problem of seismic safety of waterfront
structures involves the three general limit states shown which
should be considered in design.

1. Gross site instability: This limit state involves lateral
earth movements exceeding several feet. Such instability
would be the result of liquefaction of a site, together with fail-
ure of an edge retaining structure to hold the liquefied soil
mass in place. Liquefaction of backfill is a problem associated
with the site, mostly independent of the type of retaining
structure. Failure of the retaining structure might result from
overturning, sliding, or a failure surface passing beneath the
structure. Any of these modes might be triggered by liquefac-
tion of soil beneath or behind the retaining structure. There
might also be a structural failure, such as failure of an anchor-
age that is a common problem if there is liquefaction of the
backfill.

2. Unacceptable movement of retaining structure: Even
if a retaining structure along the waterfront edge of a site
remains essentially in place, too much permanent movement
of the structure may be the cause of damage to facilities
immediately adjacent to the quay. Facilities of potential con-
cern include cranes and crane rails, piping systems, ware-
houses, or other buildings. Tilting and/or sliding of massive
walls or excessive deformations of anchored bulkheads may
cause permanent outward movement of retaining structures.
Partial liquefaction of backfill will make such movements
more likely, but this limit state is of concern even if there are
no problems with liquefaction.

3. Local instabilities and settlements: If a site experiences
liquefaction and yet is contained against major lateral flow,
buildings and other structures founded at the site may still
experience unacceptable damage. Possible modes of failure
include bearing capacity failure, excessive settlements, and
tearing apart via local lateral spreading. Just the occurrence of
sand boils in buildings can seriously interrupt operations and
lead to costly clean-up operations.

6.1.2. Key Role of Liquefaction Hazard Assessment
The foregoing discussion of general limit states has empha-

sized problems due to soil liquefaction. Backfills behind
waterfront retaining structures often are cohesionless soils,
and by their location have relatively high water tables.
Cohesionless soils may also exist beneath the base or on the

waterside of such structures. Waterfront sites are often devel-
oped by hydraulic filling using cohesionless soils, resulting in
low-density fills that are susceptible to liquefaction. Thus, liq-
uefaction may be a problem for buildings or other structures
located well away from the actual waterfront. Hence, evalua-
tion of potential liquefaction should be the first step in analy-
sis of any existing or new site, and the first step in establish-
ing criteria for control of newly placed fill. The word “lique-
faction” has been applied to different but related phenomena.
To some, it implies a flow failure of an earthen mass in the
form of slope failure or lateral spreading, bearing capacity
failure, etc. Others use the word to connote a number of phe-
nomena related to the build-up of pore pressures within soil,
including the appearance of sand boils and excessive move-
ments of buildings, structures, or slopes. Situations in which
there is a loss of shearing resistance, resulting in flow slides or
bearing capacity failures clearly are unacceptable. However,
some shaking-induced increase in pore pressure may be
acceptable, provided it does not lead to excessive movements
or settlements.

Application of the procedures set forth in this book may
require evaluation of: (a) residual strength for use in analyz-
ing for flow or bearing capacity failure; or (b) build-up of
excess pore pressure during shaking. As a general design
principle, the predicted build-up of excess pore pressure
should not exceed 30 to 40 percent of the initial vertical effec-
tive stress, except in cases where massive walls have been
designed to resist larger pore pressures and where there are
no nearby buildings or other structures that would be dam-
aged by excessive settlements or bearing capacity failures.
With very loose and contractive cohesionless soils, flow fail-
ures occur when the residual excess pore pressure ratio reach-
es about 40 percent46 . Even with soils less susceptible to flow
failures, the actual level of pore pressure build-up becomes
uncertain and difficult to predict with confidence when the
excess pore pressure ratio reaches this level.

6.1.3. Choice of Design Ground Motions
A key requirement for any analysis for purposes of seismic

design is a quantitative specification of the design ground
motion. In this connection, it is important to distinguish
between the level of ground shaking that a structure or facil-
ity is to resist safely and a parameter, generally called a seis-
mic coefficient that is used as input to a simplified, pseudo-
static analysis.

6.1.3.1. Design Seismic Event
Most often a design seismic event is specified by peak

acceleration. However, more information concerning the

Chapter Six: 
Dynamic Earth Pressures

46The word “contractive” reflects the tendency of a soil specimen to decrease in volume during a drained shear test. During undrained shearing of a contractive soil specimen, the
pore water pressure increases, in excess of the pre-sheared pore water pressure value. “Dilative” soil specimens exhibit the opposite behavior; an increase in volume during
drained shear testing and negative excess pore water pressures during undrained shear testing. Loose sands and dense sands are commonly used as examples of soils exhibiting
contractive and dilative behavior, respectively, during shear.
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ground motion often is necessary. Duration of shaking is an
important parameter for analysis of liquefaction. Magnitude is
used as an indirect measure of duration. For estimating per-
manent displacements, specification of either peak ground
velocity or predominant period of the ground motion is
essential. Both duration and predominant periods are influ-
enced strongly by the magnitude of the causative earthquake,
and hence magnitude sometimes is used as a parameter in
analyses.

Unless the design event is prescribed for the site in ques-
tion, peak accelerations and peak velocities may be selected
using one of the following approaches:

1. By using available maps for the contiguous 48 states. Such
maps are available for several different levels of risk,
expressed as probability of non-exceedance in a stated time
interval or mean recurrence interval. A probability of non-
exceedance of 90 percent in 50 years (mean recurrence inter-
val of 475 years) is considered normal for ordinary buildings.

2. By using attenuation relations giving ground motion as a
function of magnitude and distance. This approach requires a
specific choice of a magnitude of the causative earthquake,
requiring expertise in engineering seismology. Once this
choice is made, the procedure is essentially deterministic.
Generally it is necessary to consider various combinations of
magnitude and distance.

3. By a site-specific probabilistic seismic hazard assessment.
Seismic source zones must be identified and characterized,
and attenuation relations must be chosen. Satisfactory accom-
plishment of such an analysis requires considerable expertise
and experience with input from both experienced engineers
and seismologists. This approach requires selection of a level
of risk.

It is of greatest importance to recognize that, for a given
site, the ground motion description suitable for design of a
building may not be appropriate for analysis of liquefaction.

6.1.3.2. Local soil conditions
The soil conditions at a site should be considered when

selecting the design ground motion. Attenuation relations are
available for several different types of ground conditions, and
hence the analyses in items (2) and (3) might be made for any
of these particular site conditions. However, attenuation rela-
tions applicable to the soft ground conditions often found at
waterfront sites are the least reliable. The maps referred to
under item (1) apply for a specific type of ground condition:
soft rock. More recent maps will apply for deep, firm alluvi-
um, after revision of the document referenced in item (1).
Hence, it generally is necessary to make a special analysis to
establish the effects of local soil conditions.

A site-specific site response study is made using one-
dimensional analyses that model the vertical propagation of
shear waves through a column of soil. For any site-specific
response study, it first will be necessary to define the ground

motion at the base of the soil column. This will require an
establishment of peak acceleration for firm ground using one
of the three methods enumerated above, and the selection of
several representative time histories of motion scaled to the
selected peak acceleration. These time histories must be
selected with considerable care, taking into account the mag-
nitude of the causative earthquake and the distance from the
epicentre.

If a site response analysis is made, the peak ground
motions will in general vary vertically along the soil column.
Depending upon the type of analysis being made, it may be
desirable to average the motions over depth to provide a sin-
gle input value. At each depth, the largest motion computed
in any of the several analyses using different time histories
should be used.

If finite element analyses are made, it will again be neces-
sary to select several time histories to use as input at the base
of the grid, or a time history corresponding to a target spec-
trum.

6.1.3.3. Seismic Coefficients
A seismic coefficient (typical symbols are kh and kv) is a

dimensionless number that, when multiplied times the
weight of some body, gives a pseudo-static inertia force for
use in analysis and design. The coefficients kh and kv are, in
effect, decimal fractions of the acceleration of gravity (g). For
some analyses, it is appropriate to use values of khg or kvg
smaller than the peak accelerations anticipated during the
design earthquake event.

For analysis of liquefaction, it is conventional to use 0.65
times the peak acceleration. The reason is that liquefaction is
controlled by the amplitude of a succession of cycles of
motion, rather than just by the single largest peak.

In design of buildings, it is common practice to base design
upon a seismic coefficient corresponding to a ground motion
smaller than the design ground motion. It is recognized that
a building designed on this basis may likely yield and even
experience some non-life- threatening damage if the design
ground motion actually occurs. The permitted reduction
depends upon the ductility of the structural system; that is,
the ability of the structure to undergo yielding and yet remain
intact so as to continue to support safely the normal dead and
live loads. This approach represents a compromise between
desirable performance and cost of earthquake resistance.

The same principle applies to earth structures, once it has
been established that site instability caused by liquefaction is
not a problem. If a retaining wall system yields, some perma-
nent outward displacement will occur, which often is an
acceptable alternative to significantly increased cost of con-
struction. However, there is no generally accepted set of rules
for selecting an appropriate seismic coefficient. The displace-
ment-controlled approach to design is in effect a systematic
and rational method for evaluating a seismic coefficient based
upon allowable permanent displacement. The AASHTO seis-
mic design for highway bridges47 is an example of design
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guidance using the seismic coefficient method for earth
retaining structures. AASHTO recommends that a value of kh
= 0.5A be used for most cases if the wall is designed to move
up to 10A (in.) where A is peak ground acceleration coeffi-
cient for a site (acceleration = Ag). However, use of kh = 0.5A
is not necessarily conservative for areas of high seismicity.
Various relationships have been proposed for estimating per-
manent displacements, as a function of the ratio kh/A and
parameters describing the ground motion. These are well
documented in the literature. Based upon simplified assump-
tions and using the Whitman and Liao48 relationship for
earthquakes to magnitude 7, kh values can be computed as
follows:

These numbers are based upon V/Ag = 50 in/sec/g49 , which
applies to deep stiff soil sites (geologic condition); smaller kh
would be appropriate for hard (e.g. rock) sites. The Whitman
and Liao study did not directly address the special case of
sites located within epicentral regions.

The value assigned to kh is to be established by the seismic
design team for the project considering the seismotectonic
structures within the region, or as specified by the design
agency.

6.1.3.4. Vertical Ground Accelerations
The effect of vertical ground accelerations upon response of

waterfront structures is quite complex. Peak vertical acceler-
ations can equal or exceed peak horizontal accelerations,
especially in epicentral regions. However, the predominant
frequencies generally differ in the vertical and horizontal
components, and phasing relationships are very complicated.
Where retaining structures support dry backfills, Whitman
and Liao have shown that vertical motions have little overall
influences. However, they did not directly address the special
case of sites located within epicentral regions. For cases
where water is present within soils or against walls, the pos-
sible influence of vertical motions have received little study. It
is very difficult to represent adequately the effect of vertical
motions in pseudo-static analyses, such as those set forth in
this book.

The value assigned to kv is to be established by the seismic
design team for the project considering the seismotectonic
structures within the region, or as specified by the design
agency. However, pending the results of further studies and in
the absence of specific guidance for the choice of kv for water-
front structures the following guidance has been expressed in
literature: A vertical seismic coefficient be used in situations
where the horizontal seismic coefficient is 0.05 or greater for
anchored sheet pile walls. This rough guidance excludes the
special case of structures located within epicentral regions for
the reasons discussed previously. It is recommended that
three solutions should be made: one assuming the accelera-
tion upward, one assuming it downward, and the other
assuming zero vertical acceleration. If the vertical seismic
coefficient is found to have a major effect and the use of the
most conservative assumption has a major cost implication,
more sophisticated dynamic analyses should probably be
considered.

6.2. Introduction to Dynamic Earth Pressures
When considering earthquake loads, traditionally

anchored sheet pile walls are designed using a “pseudostatic”
method, i.e., a method that treats the dynamic loads caused
by seismic events as additional static loads. This is illustrated
in Figure 6-1.

In the 1920’s, Okabe, Mononobe and Matsuo50 extended
Coulomb's theory of static active and passive earth pressures
to include the effects of dynamic earth pressures on retaining
walls. The Mononobe-Okabe theory incorporates the effect of
earthquakes through the use of a constant horizontal acceler-
ation in units of g, ah = kh •g, and a constant vertical acceler-
ation in units of g, av = kv •g, acting on the soil mass com-
prising Coulomb's active wedge (or passive wedge) within the
backfill, as shown in Figure 6-2 and Figure 6-3. The term kh is
the fraction of horizontal acceleration, kv is the fraction of
vertical acceleration, and g is the acceleration of gravity51 . In
Figure 6-2 and Figure 6-3, positive av values act downward,
and positive ah values act to the left. The acceleration of the
mass in the directions of positive horizontal and positive ver-
tical accelerations results in the inertial forces kh •W and kv
•W, as shown in Figure 6-2 and Figure 6-3, where W is the
weight of the soil wedge. These inertial forces act opposite to
the direction in which the mass is accelerating. This type of
analysis is described as a pseudostatic method of analysis,
where the effect of the earthquake is modelled by an addition-
al set of static forces, kh •W and kv •W.

The Mononobe-Okabe theory assumes that the wall move-
ments are sufficient to fully mobilize the shear resistance
along the backfill wedge, as is the case for Coulomb's active

47 American Association of State Highway and Transportation Officials. (1983). “Guide Specifications for Seismic Design of Highway Bridges,” AASHTO, Washington, DC. The map
in AASHTO (1983) is not accepted widely as being representative of the ground shaking hazard. 
48 Whitman, R. , and Liao, S. (1985). “Seismic Design of Retaining Walls,” Miscellaneous Paper CL-85-1, US Army Engineer Waterways Experiment Station, Vicksburg, MS.
49 Sadigh, K. (1983). “Considerations in the development of site-specific spectra,” in proceedings of Conference XXII, site-specific effects of soil and rock on ground motion and
the implications for earthquake resistant design: U.S. Geological Survey Open File Report 83-845.
50 Okabe, S. 1926. “General Theory of Earth Pressures,” Journal Japan Society of Civil Engineering, Vol. 12, No. 1, and Mononobe, N., and Matsuo, H. 1929. “On the Determination
of Earth Pressures During Earthquakes,” Proceedings , World Engineering Congress, 9.
51 1.0 g = 32.174 ft/sec2 = 980.665 cm/sec2 .

Table 6-1: Values of kh based on 

Whitman and Liao Relationships

A = 0.2           A = 0.4

Displacement < 1 in. kh = 0.13        kh = 0.30

Displacement < 4 in. kh = 0.10        kh = 0.25
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Figure 6-1: 
Static and Dynamic Horizontal
Pressure Components and Anchor
Force Settings on a Sheet Pile
Wall.

Figure 6-2:
Driving and resisting Mononobe-Okabe

active seismic wedge, no saturation

Figure 6-3: 
Driving and resisting
Mononobe-Okabe passive 
seismic wedge, no saturation
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and passive earth pressure theories. To develop the dynamic
active earth pressure force, PAE, the wall movements are away
from the backfill, and for the passive dynamic earth pressure
force, PPE, the wall movements are towards the backfill.
Dynamic tests on model retaining walls indicate that the
required movements to develop the dynamic active earth
pressure force are on the order of those movements required
to develop the static active earth pressure force.

The Mononobe-Okabe theory gives the net static and
dynamic force. For positive kh > 0, PAE is larger than the stat-
ic PA, and PPE is less than the static PP.

6.3. Dynamic Active Earth Pressure Force
The Mononobe-Okabe relationship for PAE for dry backfills 52

is equal to

and acts at an angle δ from the normal to the back of the wall
of height H. The dynamic active earth pressure coefficient,
KAE, is equal to

and the seismic inertia angle, Ψ, is equal to

The seismic inertia angle represents the angle through which
the resultant of the gravity force and the inertial forces is
rotated from vertical. In the case of a vertical wall (θ = 0)
retaining a horizontal backfill (β = 0), Equation 6-2 simplifies
to

Figure 6-4 and Figure 6-5 give charts from which values of KAE
may be read for certain combinations of parameters.

The planar slip surface extends upwards from the heel of
the wall through the backfill and is inclined at an angle
αAEfrom horizontal. αAE is equal to53

52 Whitman, J. and Christian, J. (1990) “Seismic Response of Retaining Structures,” Symposium on Seismic Design for World Port 2020, Port of Los Angeles, Los Angeles, CA.
53 Zarrabi, K. 1973. “Sliding of Gravity Retaining Wall During Earthquakes Considering Vertical Acceleration and Changing Inclination of Failure Surface, SM Thesis, Department
of Civil Engineering, MIT, Cambridge, MA, pp. 140.

Equation 6-1:

Equation 6-2:

Equation 6-3:

Equation 6-4:

Figure 6-4: Variation in KAE and KAE • cos δ with kh
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where

and

Figure 6-7 and Figure 6-8 give αAE as a function of Ψ for sev-
eral values of φ for vertical walls retaining level backfills.

Figure 6-6: Equivalent static formulation of the
Mononobe-Okabe active dynamic earth pressure problem

Equation 6-5:

Equation 6-6:

Equation 6-7:

Figure 6-5:  Variation in KAE •  cos δ with kh, φ, and β

94 Sheet Pile Design by Pile Buck



A limited number of dynamic model retaining wall tests54

on dry sands show δ to range from φ/2 to 2φ/3, depending
upon the magnitude of acceleration.

The validity of the Mononobe-Okabe theory has been
demonstrated by the shaking table tests. These tests were
conducted at frequencies much less than the fundamental fre-
quency of the backfill, so that accelerations were essentially
constant throughout the backfill. Figure 6-9 gives a compari-
son between predicted and measured values of the seismic
active pressure coefficient KAE.

An alternative method for determining the value of KAE
using tabulated earth pressures was developed by Dr. I.
Arango55, who recognized that by rotating a soil wedge with a
planar slip surface through the seismic inertia angle, the
resultant vector, representing vectorial sums of W, kh •W and
kv •W, becomes vertical, and the dynamic problem becomes
equivalent to the static problem, as shown in Figure 6-6.

The seismic active pressure force is given by

where
• H = actual height of the wall
• β*= β + Ψ
• θ*= θ + Ψ

and

Ψ is computed using Equation 6-3. Values of FAE are also
given as a function of Ψ and θ in Figure 6-10. KA (β*,θ*) is
determined from the Coulomb static KA values by Equation
16. An alternative procedure is to approximate KA (β*,θ*) by
using the static KA values. The product of KA (β*,θ*) times
FAE is equal to KAE.

6.3.1. Vertical Position of PAE along Back of Wall
The Mononobe-Okabe analysis procedure does not provide

a means for calculating the point of action of the resulting
force. Analytical studies56 and tests on model walls retaining
dry sands57 have shown that the position of PAE along the
back of the retaining wall depends upon the amount of wall
movement and the mode in which the movements occur.
These limited test result indicate that the vertical position of
PAE ranges from 0.4 to 0.55 times the height of the wall, as
measured from the base of the wall. PAE acts at a higher posi-
tion along the back of the wall than the static active earth
pressure force due to the concentration of soil mass compris-
ing the sliding wedge above mid-wall height (Figure 6-2 and
Figure 6-3). With the static force component of PAE acting

Figure 6-7: Variation in αPE with Ψ for δ equal to 

φ vertical wall and level backfill.

54Sherif, M., and Fang, Y. 1983 (Nov). “ Dynamic Earth Pressures Against Rotating and Non-Yielding Retaining Walls ,” Soil Engineering Research Report No. 23, Department of
Civil Engineering, University of Washington, Seattle, WA, pp. 45-47, and Ichihara, M., and Matsuzawa, H. 1973 (Dec). “Earth Pressure During Earthquake,” Soils and Foundations,
Vol. 13, No. 4, pp. 75-86.
55Personal communication, as described by Seed, H., and Whitman, R. 1970. “Design of Earth Retaining Structures for Dynamic Loads,” ASCE Specialty Conference on Lateral
Stresses in the Ground and Design of Earth Retaining Structures, pp. 103-147.
56Prakash, S., and Basavanna, B. 1969. “Earth Pressure Distribution Behind Retaining Wall During Earthquake,” Proceeding , 4th World Conference on Earthquake Engineering,
Santiago, Chile.

Figure 6-8: Variation in αPE with Ψ for δ equal to zero degrees,

vertical wall and level backfill.

Equation 6-8:
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below mid-wall height and the inertia force component of
PAE acting above mid-wall height, the vertical position of the
resultant force, PAE, will depend upon the magnitude of the
accelerations applied to the mass comprising soil wedge.

This was shown to be the case56 in the evaluation of the
moment equilibrium of a Mononobe-Okabe wedge. The
results of their analyses are summarized in Figure 6-11.

6.3.2. Simplified Procedure for Dynamic Active
Earth Pressures

Seed and Whitman58 presented a simplified procedure for
computing the dynamic active earth pressure on a vertical
wall retaining dry backfill. They considered the group of
structures consisting of a vertical wall (θ = 0) retaining a gran-
ular horizontal backfill (β = 0) with φ equal to 35 degrees, δ
= φ/2 and kv equal to zero. PAE is defined as the sum of the
initial static active earth pressure force (Equation 5-8) and the
dynamic active earth pressure force increment,

Where

The dynamic active earth pressure coefficient is equal to

And

Using this simplified procedure, KA is computed using
Equation 5-27, and ∆KAE is computed using Equation 6-13.
All forces act at an angle δ from the normal to the back of a
wall, as shown in Figure 10. PA acts at a height equal to H/3
above the heel of the wall, and ∆PAE acts at a height equal to
0.6•H. PAE acts at a height, Y, which ranges from H/3 to
0.6•H, depending upon the value of kh.

57 Sherif, M. , Ishibashi, I., and Lee, C. 1982. “Earth Pressure Against Rigid Retaining Walls,” ASCE, Journal of the Geotechnical Engineering Division, Vol. 108, No. GT5, pp.
679-695; Sherif, M., and Fang, Y. 1984a. “Dynamic Earth Pressures on Rigid Walls Rotating About the Base,” Proceedings, Eighth World Conference on Earthquake Engineering,
Vol. 6, San Francisco, CA, pp. 993-100; Sherif, M., and Fang, Y. 1984b. “Dynamic Earth Pressures on Walls Rotating About the Top,” Soils and Foundations, Vol. 24, No. 4, pp.
109-117; Ishibashi, I., and Fang, Y. 1987 (Dec). “Dynamic Earth Pressures with Different Wall Modes,” Soils and Foundations, Vol. 27, No. 4, pp. 11-22.
58 Seed, H., and Whitman, R. 1970. “Design of Earth Retaining Structures for Dynamic Loads,” ASCE Specialty Conference on Lateral Stresses in the Ground and Design of Earth
Retaining Structures, pp. 103-147.

Figure 6-9: Variation in dynamic active horizontal earth 
pressure coefficient with peak horizontal acceleration.

Figure 6-10: Values of factor FAE for determination of KAE
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The results of instrumented shake table tests conducted on
model walls retaining dense sands show ∆PAE acts at a height
of between 0.43H and 0.58H, depending upon the mode of
wall movement that occurs during shaking. The heights of
the model walls used in the shake table tests59 were 2.5 and 4
feet.

Seed and Whitman approximate the value for αAE as equal
to φ, where φ equals 35 degrees. Thus, for a wall retaining a
dry granular backfill of height H, the theoretical active failure
wedge would intersect the top of the backfill at a distance
equal to 1.5 times H, as measured from the top of the wall
(tan 35 o ≈ 1/1.5).

6.3.3. Limiting Value for Horizontal Acceleration 
Richards and Elms60 show that Equation 6-2 and Equation

6-4 are limited to cases where (φ - β) is greater than or equal
to Y. Substituting (φ - β) equal to Y into Equation 6-5 results
in a AE equal to the slope of the backfill (β), which is the sta-
bility problem for an infinite slope. Zarrabi61 shows that this
limiting value for Y corresponds to a limiting value for kh,
which is equal to

When kh is equal to kh*, the shear strength along the fail-
ure surface is fully mobilized, and the backfill wedge verges
on instability. Values of kh* are also shown in Figure 6-12
Static active earth pressure force and incremental dynamic
active earth pressure force for dry backfill.

For a wall of height H = 20 ft retaining a dry cohesionless
backfill with φ' = 30 degrees, δ = 3 degrees, β = 6 degrees, θ
= 0 degrees, kh = 0.1 (acceleration kh •g away from the wall
and inertia force kh•W towards the wall) and kv = 0.067
(acceleration kv •g acting downward and inertia force kv •W
acting upward), compute KAE, PAE, and αAE.

59Matsuzawa, H., Ishibashi, I., and Kawamura, M. 1985 (Oct). “Dynamic Soil and Water Pressures of Submerged Soils,” ASCE, Journal of Geotechnical Engineering, Vol. 111, No.
10, pp. 1161-1176.
60Richards, R., and Elms, D. 1979 (April). “Seismic Behavior of Gravity Retaining Walls,” ASCE, Journal of the Geotechnical Engineering Division, Vol. 105, No. CT4, pp. 449-464.
61Zarrabi, K. 1973. “Sliding of Gravity Retaining Wall During Earthquakes Considering Vertical Acceleration and Changing Inclination of Failure Surface, SM Thesis, Department
of Civil Engineering, MIT, Cambridge, MA, pp. 140.

Figure 6-11: Point of action of PAE.

Figure 6-12: Static active earth pressure force and incremental
dynamic active earth pressure force for dry backfill.
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Figure 6-13: Limiting values for horizontal acceleration equals kh* • g

Example 5: Computation of Active Dynamic Earth Pressures 62

62 Due to space limitations, only the most basic examples for earthquake loads are included. More examples that are detailed can be found on the Marine Construction CD-ROM,
Volume 2, available from Pile Buck. These are also available with SPW 911.

Sheet Pile Design by Pile Buck 99



100 Sheet Pile Design by Pile Buck



6.4. Effect of Submergence of the Backfill on the
Mononobe-Okabe Method of Analysis

The Mononobe-Okabe relationships for PAE, KAE, and Ψ
will differ from those expressed in Equation 6-1, Equation 6-
2 and Equation 6-3, respectively, when water is present in the
backfill. Spatial variations in pore water pressure with con-
stant elevation in the backfill will alter the location of the crit-
ical slip surface and thus the value of PAE. In addition, the
pore water pressures may increase above their steady state
values in response to the shear strains induced within the sat-
urated portion of the backfill during earthquake shaking, as
discussed in Tokimatsu and Yoshimi63, Tokimatsu and Seed64,
Seed and Harder65, and Marcuson, Hynes, and Franklin 66. In
some situations, such as the case of a hydrostatic water table
within the backfill or the case of excess pore water pressures
equal to a constant fraction of the pre-earthquake effective
overburden pressures throughout the backfill (ru = constant),
modified Mononobe-Okabe relationships may be used to
compute PAE.

6.4.1. Submerged Backfill with No Excess Pore 
Pressures

In this section it is assumed that shaking causes no associ-
ated build-up of excess pore pressure. The most complete
study of this case appears in Matsuzawa, Ishibashi, and

Kawamura67, Ishibashi, Matsuzawa, and Kawamura68, and
Ishibashi and Madi69. They suggest two limiting conditions
for design: (a) soils of low permeability - say k < 1 x 10-3

cm/sec where pore water moves with the mineral skeleton;
and (b) soils of high permeability - say k > 1 cm/sec, where
pore water can move independently of the mineral skeleton.
Matsuzawa, Ishibashi, and Kawamura also suggest a param-
eter that can be used to interpolate between these limiting
cases. However, understanding of case (b) and the interpo-
lation parameter is still very incomplete.

6.4.1.1. Restrained water case
Here Matsuzawa Ishibaski, and Kawamura make the

assumption that pore pressures do not change as a result of
horizontal accelerations. Considering a Coulomb wedge and
subtracting the static pore pressures, there is a horizontal
inertia force proportional to γt •kh and a vertical force pro-
portional to γb. Thus, in the absence of vertical accelera-
tions, the equivalent seismic angle is:

and the equivalent horizontal seismic coefficient is:

Using khe1 in the Mononobe-Okabe theory together with a
unit weight g b will give PAE, to which the static water pres-
sures must be added.

If vertical accelerations are present, Matsuzawa, Ishibashi,
and Kawamura recommend using:

This is equivalent to assuming that vertical accelerations do
affect pore pressures, and then it is not strictly correct to use
the Mononobe-Okabe theory. However, the error in evaluat-
ing total thrust is small.

Equation 6-16:
Equation 6-17:

Equation 6-18:

Equation 6-19:

63Tokimatsu, K., and Yoshimi, Y. 1983. “Empirical Correlation of Soil Liquefaction Based on SPT N-Value and Fines Content,” Soils and Foundations, Vol. 23, No. 4, pp 56-74.
64Tokimatsu, A. M., and Seed, H. B. 1987 (Aug). “Evaluation of Settlements In Sands Due to Earthquake Shaking,” ASCE, Journal of the Geotechnical Division , Vol. 113, No. 8, 
pp. 861-878.
65Seed, R. B. and Harder, L. F. (1990). “SPT-Based Analysis of Cyclic Pore Pressure Generation and Undrained Strength,” Proceedings of the H. B. Seed Memorial Symposium, Bi 
Tech Publishing, Vol. II, pp. 351-376.
66Marcuson, W., Hynes, M., and Franklin, A. 1990 (Aug). “Evaluation and Use of Residual Strength in Seismic Safety Analysis of Embankments,” Earthquake Spectra, pp. 529-
572.
67Matsuzawa, H., Ishibashi, I., and Kawamura, M. 1985 (Oct). “Dynamic Soil and Water Pressures of Submerged Soils,” ASCE, Journal of Geotechnical Engineering, Vol. 111, No.
10, pp. 1161-1176.
68Ishibashi, I., Matsuzawa, H., and Kawamura, M. 1985. “Generalized Apparent Seismic Coefficient for Dynamic Lateral Earth Pressure Determination,” Proceeding of 2nd
International Conference on Soil Dynamics and Earthquake Engineering, edited by C. Brebbia, A. Cakmak, and A. Chaffer, QE2, pp. 6-33 to 6-42.
69Ishibashi, I., and Madi, L. 1990 (May). “Case Studies On Quaywall’s Stability With Liquefied Backfills,” Proceeding of 4th U.S. Conference on Earthquake Engineering, EERI, Vol.
3, Palm Springs, CA, pp. 725-734.

Equation 6-20:

Equation 6-21:

Equation 6-22:
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6.4.1.2. Free water case 
It is difficult to come up with a completely logical set of

assumptions for this case. Matsuzawa, Ishibaski, and
Kawamura suggest that the total active thrust is made up of:
1) A thrust from the mineral skeleton, computed using:

and

where Gs is the specific gravity of the solids. A unit weight of
γb is used in the equation for PAE.

2) The hydrodynamic water pressure force for the free
water within the backfill, Pwd, is given by the Westergaard70

relationship

and acts at 0.4 H above the base of the wall.
The total force behind the wall would also include the

hydrostatic water pressure. This procedure is not very consis-
tent, since the effect of the increased pore pressures is ignored
in the computation of the thrust from the mineral skeleton, as
is the effect of vertical acceleration upon pore pressure.

6.4.2. Submerged Backfill with Excess Pore Pressure
Excess pore pressures generated by cyclic shaking can be

represented by ru = ∆u/σv', where ∆u is the excess pore pres-
sure and s v' is the initial vertical stress. While there is no rig-
orous approach for adapting the Mononobe-Okabe solution,
the following approaches are suggested.

6.4.2.1. Restrained water case
Ignoring vertical accelerations, the effective unit weight of

soil becomes:

while the effective unit weight of water is

The thrust from the soil skeleton, PAE is computed using

and

together with a unit weight from Equation 6-26. The effective
unit weight of water, Equation 6-27, is used to compute the
“static” pore pressure. The effect of vertical acceleration may
be accounted for by inserting (1-kv) in the denominator of
Equation 6-29.

As ru approaches unity, γe3 → 0 and γw3 = γt, so that the
fully liquefied soil is a heavy fluid. It would now be logical to
add a dynamic pore pressure computed using Equation 6-25
and Equation 6-27.

6.4.2.2. Alternate Procedure
An alternative approach is to use a reduced effective stress

friction angle in which the effects of the excess pore water
pressures are approximated within the analysis using a sim-
plified shear strength relationship. In an effective stress analy-
sis, the shear resistance on a potential failure surface is
reduced by reducing the effective normal stress on this plane
by the amount of excess residual pore water pressure, assum-
ing the effective friction angle is unaffected by the cyclic load-
ing. This is equivalent to using the initial, static effective nor-
mal stress and a modified effective friction angle, φeq, where

as shown in Figure 6-14. In the case of ru equal to a constant
within the fully submerged backfill, the use of φeq in
Equation 6-2 and Equation 6-8 for KAE and KA(β*, θ*)
approximates the effects of these excess pore water pressures
within the analysis. Using khe1, Ψhe1 (Equation 6-21 and
Equation 6-20) and φeq in the Mononobe-Okabe theory
together with a unit weight γb will give PAE.

Calculations showed that reducing the effective stress fric-
tion angle of the soil to account for the excess pore water
pressures when computing a value for PAE is not exact.
Comparisons between the exact values of PAE, computed
using γe3, khe3, Ψhe3 in the Mononobe-Okabe theory, and the
values computed using the φeq procedure shows this approx-
imation to overpredict the value of PAE. The magnitude error
in the computed value of PAE increases with increasing values
of ru and increases with decreasing values of kh. The error is
largest for the kh equal to 0 case.

Equation 6-23:

Equation 6-24:

Equation 6-25:

70Westergaard, H. 1931. “Water Pressure on Dams During Earthquakes,” Transactions of ASCE, Paper No. 1835, pp. 418-433.

Equation 6-26:

Equation 6-27:

Equation 6-28:

Equation 6-29:

Equation 6-30:
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6.4.2.3. Free water case
The thrust from the mineral skeleton may be estimated

using:

Where

To this thrust are added the dynamic Westergaard water
pressure (computed using γw) and a “static” water pressure
computed using γw3 from Equation 6-27.

6.4.3. Partial Submergence
Situations with partial submergence may be handled by

weighing unit weights based on the volume of soil in the fail-
ure wedge above and below the phreatic surface, as shown in
Figure 6-15.

6.5. Dynamic Passive Earth Pressures
The trial wedge procedure of analysis may be used to find

the orientation of the critical slip surface that minimizes the
value of the earth pressure force acting on the wall for the
passive earth pressure problem shown in Figure 6-3. This
minimum earth pressure force corresponds to the dynamic
passive earth pressure force, PPE. The orientation of the iner-
tial forces kh •W and kv •W that minimize the value of PPE is

Figure 6-14: Modified effective friction angle

Equation 6-31:
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directed away from the wall and upwards. This corresponds
to the case where the soil wedge is accelerating towards the
wall (positive ah values) and downwards (positive av values).

The Mononobe-Okabe relationship for PPE for dry backfill,
given by Whitman and Christian71, is equal to

and acts at an angle δ from the normal to the back of the wall
of height H. The dynamic passive earth pressure coefficient,
KPE, is equal to

In the case of a vertical wall (θ = 0) retaining a horizontal
backfill (β = 0), Equation 6-33 simplifies to

The planar slip surface extends upwards from the heel of
the wall through the backfill and is inclined at an angle αPE
from the horizontal. αPE is equal to

Figure 6-16 and Figure 6-17 give αPE as a function of Ψ for
several values of φ.

The Mononobe-Okabe equation assumes a planar failure
surface, which only approximates the actual curved slip sur-
face. Mononobe-Okabe's relationship overpredicts the values
for KPE and the error increases with increasing values for δ
and Ψ.

Rotating the passive soil wedge with a planar slip surface

Figure 6-15: Effective unit weight for 
partially submerged backfills

71 Whitman, J., and Christian, J. 1990. “Seismic Response of Retaining Structures,” Symposium Seismic Design for World Port 2020, Port of Los Angeles, Los Angeles, CA.

Equation 6-32:

Equation 6-33:

Equation 6-34:

Equation 6-35:

Equation 6-36:

Equation 6-37:

where

and

Figure 6-16: Variation αPE with Ψ for δ equal to φ/2,

vertical wall and level backfill
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through the seismic inertia angle, the resultant vector, repre-
senting vectorial sums of W, kh •W, and kv •W, becomes ver-
tical, and the dynamic passive earth pressure force problem
becomes equivalent to the static problem, as shown in Figure
6-18.

The seismic passive resistance is given by

where

and

Ψ is computed using Equation 6-3. Values of FPE are also
given as a function of Ψ and θ in Figure 6-19. KP(β*,θ*) is
determined from the Coulomb static KP values by Equation
5-33. The Coulomb formulation assumes a planar failure sur-
face that approximates the actual curved failure surface. The
planar failure surface assumption introduces errors in deter-
mination of KP and the error increases with increasing values
of δ. The error in slip surface results in an overprediction of
KP. Thus the equivalent static formulation will be in error
since the product of KP(β*,θ*) times FPE is equal to KPE. An
alternate procedure is to approximate KP(β*,θ*) by using the
static KP values shown in Figure 5-5 and Figure 5-6.
Calculations show KPE values by the alternate procedure are
smaller than KPE values by Mononobe-Okabe.This procedure

Figure 6-17: Variation in αPE with Ψ for δ equal to zero

degrees, vertical wall and level backfill

Figure 6-18: Equivalent static formulation of the Mononobe-
Okabe passive dynamic earth pressure problem

Dynamic Problem

Equivalent Static Problem

Equation 6-38:

Equation 6-39:

Figure 6-19: Values of factor FPE
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is illustrated in the procedures outlined earlier. The proce-
dures are used to account for the effect of submergence of the
backfill in computing the value of PPE. For example, in the
restrained water case of a fully submerged backfill, an effec-
tive unit equal to γb is assigned to the backfill for the case of
ru = 0 or Equation 6-26 with ru > 0.

KPE or KP(β*, θ*) and FPE are computed using an equiva-
lent seismic inertia angle using Equation 6-22 for the case of
ru = 0 or Equation 6-29 with ru > 0.

Example 6 Computation of Passive Dynamic Earth
Pressures

For a wall (Figure 6-20) of height H = 20 ft retaining a dry
cohesionless backfill with φ' = 30 degrees, δ = 3 degrees, β =
6 degrees, θ = 0 degrees, kh = 0.1 (acceleration kh·g towards
the wall and inertia force kh·W away from the wall), and kv =
0.067 (acceleration kv·g acting downward and inertia force
kv·W acting upward), compute KPE, PPE, and αPE.

Figure 6-20: Example of Passive Dynamic Earth Pressure Computation
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6.5.1. Simplified Procedure for Dynamic Passive Earth
Pressures

Towhata and Islam72 recommended a simplified approach
for computing the dynamic passive earth pressure force that
is similar to the Seed and Whitman procedure for the dynam-
ic active earth pressure force. They also considered the group
of structures consisting of a vertical wall (θ = 0) retaining a
granular horizontal backfill (β= 0) with φ equal to 35 degrees,
δ equal to zero, and kv equal to zero. Equation 6-47 is pre-
sented as developed by Towhata and Islam, while Equation 6-
46, Equation 6-48 and Equation 6-49 have been modified by
the authors of this report. PPE is defined as

where the reduction in the static passive earth pressure value
PP due to earthquake shaking is given by

for a dry granular backfill. The dynamic passive earth pres-
sure coefficient is equal to

And

Using this simplified procedure, KP is computed using
Equation 5-16 (Rankine), and ∆KPE is computed using
Equation 6-49. The incremental dynamic force ∆PPE acts
counter to the direction of PP, reducing the contribution of
the static passive pressure force to PPE. The resulting forces PP
(Equation 5-21) and ∆PPE (Equation 6-47) act normal to the
back of a wall.

The simplified procedure was developed for vertical walls
retaining horizontal backfills with δ = 0. This simplified pro-
cedure should not be applied to dynamic passive earth pres-
sure problems involving values of δ > 0, due to the magnitude
of the error involved.

6.5.2. Example
Example 7 Computation of KPE, PPE, and αPE

For a wall (Figure 6-21) of height H = 20 ft retaining a dry
cohesionless backfill with φ' = 30 degrees, δ = 3 degrees, β =
6 degrees, θ = 0 degrees, kh = 0.1 (acceleration kh•g towards
the wall and inertia force kh•W away from the wall), and kv
= 0.067 (acceleration kv•g acting downward and inertia force
kv•W acting upward), compute KPE, PPE, and αPE.

6.6. Effect of Vertical Accelerations on the 
Values for the Dynamic Active and Passive
Earth Pressures

In a pseudo-static analysis the horizontal and vertical accel-
erations of the soil mass during an earthquake are accounted
for by applying equivalent inertial forces kh •W and kv •W to
the soil wedge, which act counter to the direction of the
accelerating soil wedges, as shown in Figure 6-2 and Figure 6-
3. A positive horizontal acceleration value increases the value
of PAE and decreases the value of PPE. The vertical component
of acceleration impacts the computed values of both PAE and
PPE and KAE and KPE.

Upward accelerations (-kv •g) result in smaller values of
KAE and larger values of PAE as compared to the KAE and PAE
values when kv is set equal to zero. Upward accelerations (-
kv •g) increase the value of PAE due to the contribution of the
term (1 - kv) in Figure 6-1. This trend is reversed when the
vertical acceleration acts downward (+kv •g). Seed and
Whitman and Chang and Chen73 showed that the change in
the KAE value varied with both the value of kv and kh.

Calculations with kv ranging from 1/2 to 2/3 of the kh value
show that the difference between the computed values of KAE
with a nonzero kv value and kv equal to zero is less than 10
percent. Seed and Whitman58 concluded that for typical grav-
ity retaining wall design problems, vertical accelerations can
be ignored when computing KAE. The kv value has a greater
impact on the computed value of PPE than on the value of
PAE.

Chang and Chen73 show that the change in the KPE value
varies with both the value of kv and kh. The difference
between the values of KPE with a nonzero kv value and kv set

Equation 6-46:

72Towhata, I., and Islam, S. 1987 (Dec.). “Prediction of Lateral Movement of Anchored Bulkheads Induced by Seismic Liquefaction,” Soils and Foundations, Vol. 27, No. 4, pp.
137-147.
73Chang, M., and Chen, W. 1982. “Lateral Earth Pressures on Rigid Retaining Walls Subjected to Earthquake Forces,” Solid Mechanics Archives, Vol. 7, No. 4, pp. 315-362.

Equation 6-47:

Equation 6-48:

Equation 6-49:

Figure 6-21: Example of Simplified Computation of Dynamic
Passive Earth Pressures

Equation 6-50:

Equation 6-51:
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Equation 6-52:

equal to zero increases with increasing
magnitudes of both kv and kh. This differ-
ence can easily be greater than 10 percent.
In general, vertical accelerations acting
downward (+kv •g) will decrease the KPE
and PPE values from the corresponding
KPE and PPE values for which kv is set
equal to zero. The trend is reversed when
the vertical acceleration acts upward (-kv
•g). When PPE acts as a stabilizing force
for a structure, vertical accelerations
should be considered in the computations
of the value for PPE. An example is the soil
region below the dredge level and in front
of an anchored sheet pile wall.

6.7. Cases with Surface Loadings
There are two approaches used to

approximate the additional lateral earth
pressures on walls due to surface load-
ings; (1) the wedge method of analysis
and (2) finite element analyses.

In the case of uniform surcharge qs, the
value of the dynamic active earth pressure
force is computed using the modified
Mononobe-Okabe relationships listed in
Figure 6-22 and Equation 6-2 (or Equation
6-4 for a vertical wall retaining a horizon-
tal backfill) for KAE. The point of applica-
tion of PAE along the back of the wall is
computed using the procedure outlined in
Figure 6-22 through Figure 6-25. In this
approximate procedure, the surcharge qs is

Equation 6-53:

Figure 6-22: Mononobe-Okabe active wedge relationships including surcharge
loading the pseudo-static analysis
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Figure 6-23: Static active earth pressure force including surcharge (Continued)

replaced by the addition of a layer of soil of height hs equal
to qs/γt. The resulting problem is analysed by adapting the
Seed and Whitman's simplified procedure to the problem of
a uniform surcharge loading as outlined in Figure 6-25.

Pseudo-static trial wedge analyses may be performed to
account approximately for both uniformly and non-uniform-
ly distributed surface loadings. These analyses may be per-
formed on walls whose movements satisfy the criteria listed
in Table 4-1. Such analyses will give the total thrust against a
wall. The effects of surface loading is included within the
wedge analysis by including that portion of the surface load-
ing between the back of the wall and the intersection of the
slip surface and the backfill surface in the force equilibrium

calculation for each wedge analysed, as described in Section
3.6 for the static problem. The effect of the earthquake is
modelled in the pseudo-static trial wedge analysis by an addi-
tional set of static forces, kh •W, kv •W, kh •Ws, and kv •Ws,
where W is equal to the weight of the soil contained within
the trial wedge and Ws is equal to the weight of surcharge
contained within the region located above the trial wedge as
shown in Figure 8-3 for the active earth pressure problem.
The difficult part of is to determine the point of action of this
force along the back of the wall.

Two-dimensional finite element analyses may be used to
estimate the dynamic forces against walls because of surface
loadings.
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Figure 6-24: Static active earth pressure force including surcharge (Concluded)

Figure 6-25: Static active earth
pressure force and incremental
dynamic active earth pressure
force including surcharge
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Sheet pile structures almost inevitably involve water, either
because they are in a marine application or because of
groundwater conditions. Excluding corrosion, which is cov-
ered elsewhere, the effects of water on sheet pile walls are
twofold: the effects of the hydrostatic action of water, and the
effects of groundwater flow on the surrounding soil.

7.1. Hydrostatic Water and Surcharge
Sheet pile structures built today in connection with water-

front facilities are subjected to maximum earth pressure when
the tide or river level is at its lowest stage. A receding tide,
receding high water, or heavy rainstorm may cause a higher
water level behind a sheet pile wall than in front of it,
depending upon the type of backfill used. If the backfill is
fine or silty sand, the height of the water behind the sheet pile
wall may be several feet. If the soil behind the wall is silt or
clay, full hydrostatic pressure behind the wall should be
assumed up to the highest position of the previous water
level.

The difference in water level on either side of the wall
introduces 

1. Additional pressure on the back of the wall due to hydro-
static load, and 

2. Reduction in the unit weight of the soil in front of the pil-
ing (thus, a reduction of passive resistance.)

The distribution of Coulomb active earth pressures for a
partially submerged wall retaining a frictional backfill and
supporting a uniform surcharge, q, is shown in Figure 7-1.
With a hydrostatic water table at height Hw above the base of
the wall, the resulting pressures acting along the back of the
wall are equal to the sum of:

(1) The thrust of the soil skeleton as a result of its unit weight,

(2) The thrust of the soil skeleton as a result of the surcharge,
q, and

(3) The thrust of the pore water.

The effective weight of the backfill, σ'wt, above the water
table is equal to

Equation 7-1: σ'wt = γt • z

and below the water table, σ'wt is equal to

Equation 7-2: σ'wt = γt • (H - Hw) + γ' • [z - (H- Hw)]

Where
• σ'wt = effective weight of the backfill
• γt = total unit weight
• γt = effective unit weight at depth z
• H = height of the wall
• Hw = distance from water table to bottom of wall

The buoyant unit weight, γb, is equal to

Equation 7-3: γb = γt - γw

Where
• γb = buoywant unit weight of the soil

• γw = unit weight of the water

For hydrostatic pore water pressures, γ' is equal to the
buoyant unit weight, γb. σa is equal to the sum of the thrust

of the soil skeleton because of its unit weight and the thrust
of the soil skeleton because of the surcharge,

Equation 7-4: σa = (σ'wt + q) • KA

and is inclined at an angle δ from the normal to the back of
the wall. In this case, KA is computed for a level backfill (β =

0) and a vertical wall face (θ = 0). The hydrostatic water pres-
sures are equal to

Equation 7-5: u = γw • [z - (H - Hw)]

Where
• q = uniform surcharge load on the wall

and is normal to the back of the wall. The total thrust on the
wall, P, is equal to the sum of the equivalent forces for the
three pressure distributions. Due to the shape of the three
pressure distributions, its point of action is higher up the
back of the wall than one-third H above the heel.

The orientation of the failure surface is not affected by the
hydrostatic water pressures and is calculated using Equation
5-29.

The equation for σ a of a soil whose shear strength is
defined in terms of the effective strength parameters c and φ
would be equal to

Equation 7-6:

and inclined at an angle δ from the normal to the back of the
wall.

7.2. Steady State Seepage
If the level of the water on the excavation side of the wall

is always the same as the phreatic surface on the soil side,
there will be no water flow and hydrostatic conditions (with-
out unbalanced hydrostatic forces on the wall) will take place.

Chapter Seven: 
Water and Water Flow in Soil
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However, there are many conditions that make this impossi-
ble, including tidal variations and pumping braced excava-
tions dry below the prevailing water table. In cases such as
these, water movements in the soil will take place and these
will have a variety of effects on soil and wall alike.

7.2.1. Theory of Groundwater Flow
The flow of water through a soil medium is assumed to fol-

low Darcy’s law:

Equation 7-7: q = k ∆h
A

L 
Where

• q = discharge (volume/time)
• A = cross-sectional area

• ∆h = height of water drop, length
• L= length of water flow
• ∆h/L = the hydraulic gradient (dimensionless; use of this
as the hydraulic gradient is based on Bernoulli’s equation)
• k = coefficient of permeability, expressed in length per 
unit time

The hyraulic seepage gradient, i, at any point in the backfill is
equal to

Equation 7-8: i = ∆h/∆l

Where
• ∆h = the change in total head

• ∆l = the length of the flow path over which the 

incremental head drop occurs.

Figure 7-1 Coulomb active earth pressures for a partially submerged backfill and a uniform surcharge
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This is equivalent to the length of water flow.
With this, Equation 7-7 reduces to

Equation 7-9: q = kiA

The coefficient of permeability, k, is defined as the rate of
discharge of water at a temperature of 20º C under conditions
of laminar flow through a unit cross-sectional area of a soil
medium under a unit hydraulic gradient. The coefficient of
permeability has the dimensions of velocity and is usually

expressed in centimetres/second. The permeability of a soil
depends primarily on the size and shape of the soil grains, the
void ratio of the soil, the shape and arrangement of the voids,
and the degree of saturation. Permeability computed based on
Darcy’s law is limited to the conditions of laminar flow and com-
plete saturation of the voids.

Permeability is the most variable of all the material proper-
ties commonly used in geotechnical analysis. A permeability
spread of ten or more orders of magnitude has been reported
for a number of different types of tests and materials.

74For typical values of permeability for a variety of soil types, see McCarthy, David, Essentials of Soil Mechanics and Foundations, 6 th Edition. Upper Saddle River, NJ: Prentice-

Hall, 2001.

Figure 7-2: Permeability of Sand and Sand-Gravel Mixtures
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Coefficient of permeability is a property highly sensitive to
sample disturbance, and shows a wide range of variation due
to differences in structural characteristics.74 Permeability of
clean, coarse-grained samples is related to D10 size as shown

in Figure 7-2.

7.3. Analysis of Groundwater Flow

7.3.1. Effect of Groundwater on Effective Unit Weight
Figure 7-3 shows a wall with a vertical face retaining a level

backfill, supporting a uniform surcharge load, q, and subject-
ed to a constant water infiltration. The wall has a drainage
system consisting of a gravel drain below the sand backfill,
with weep holes through the wall. Steady state flow may
develop during a rainstorm of sufficient intensity and dura-
tion. The resulting flow net is shown in Figure 7-3, consisting
of vertical flow lines and horizontal equipotential lines,
assuming the drain has sufficient permeability and thickness
to be free draining (i.e. with zero pressure head within the
drain). Adjacent to the back of the wall, the flow net has five

Figure 7-3: Coulomb active earth pressures for a backfill subjected to steady state flow
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head drops. With the datum at the base of the wall, the total
head at the top of the backfill is equal to the height of the
wall, H, and a total head is equal to zero at the weep holes.
The drop in total head between each of the five equipotential
lines is equal to H/5.

The resulting pressures acting along the back of the wall
are equal to the sum of (1) the thrust of the soil skeleton
because of its unit weight and (2) the thrust of the soil skele-
ton because of the surcharge. The pore water pressure acting
on the wall is equal to zero, with horizontal equipotential
lines and the total head equal to the elevation head within the
drained backfill. In this case, the effective weight is equal to
the total weight. s a is computed using Equation 7-4, inclined
at an angle δ from the normal to the back of the wall and
equal to the sum of the pressures shown in Figure 7-3. KA is
computed using Equation 5-27, and αA is computed using
Equation 5-29. Downward vertical steady state seepage in a
backfill results in nearly the same earth pressures as are com-
puted in the case of a dry backfill.

In backfills where there is a lateral component to the seep-
age force or the gradients vary throughout the backfill, the
trial wedge procedure, in conjunction with a flow net, must
be used to compute PA and αA. Spacial variations in u with
constant elevation will alter the location of the critical slip
surface from the value given in Equation 5-29. The trial
wedge procedure is also required to find the values for PA and
αA when point loads or loads of finite width are placed on top
of the backfill. An example using the trial wedge procedure
for a retaining wall similar to that shown in Figure 7-3 but
with a vertical drain along the back of the wall is described in
5.4.

Neglecting the velocity head, the total head, h, is equal to

Equation 7-10: h = he + hp

where he is the elevation head, and hp is the pressure head
equal to

Equation 7-11: hp = u/gw

With the total head equal to the elevation head for each of
the equipotential lines, hp and the pore water pressure, u, are
equal to zero. With horizontal equipotential lines, the flow is
vertical and directed downward (iy = +i). For steady state
seepage condition, the effective unit weight is equal to

Equation 7-12: γ' = γb ± γw • iy

The seepage force is added to the buoyant unit weight
when flow is downward and subtracted with upward flow.
Subsituting this equation into Equation 7-2 yields

Equation 7-13:
γ'wt = γt • (H - Hw) + (γb ± γw • iy )• [z - (H- Hw)]

For the example shown in Figure 7-3 with i = +1 and direct-
ed downward, γ' = γb + (γw)(1) = γt. Equation 7-13 thus
reduces in this case to

Equation 7-14: 
γ'wt = γ' • z = (γb + γw ) • z = γt • z

An alternative procedure for calculating γ'wt is using the
total overburden pressure, σwt, and pore water pressures, u.
We see that with the pore water pressure equal to zero, this
procedure also results in the Equation 7-14 relationship (γ' =
γt).

7.3.2. Simplified Method of Analysis
For those anchored walls in which the water table within

the backfill differs from the elevation of the pool, the differ-
ences in the water pressures must be incorporated in the
analysis. Terzaghi75 describes a simplified procedure used to
analyze the case of unbalanced water pressures and steady
state seepage in a homogeneous granular soil. The distribu-
tions for the unbalanced water pressures along the sheet pile
for the case of no seepage and for the case of steady state
seepage are shown in Figure 7-4. The effective stresses com-
puted are used to compute the active and passive earth pres-
sures along the sheet pile wall.

The seepage force acts downward behind the sheet pile,
increasing the effective unit weight and the active earth pres-
sures, and acts upward in front of the sheet pile, decreasing
the effective unit weight with steady state seepage, and the
passive earth pressures. For the case of no flow, the buoyant
unit weights are assigned to the frictional soils below the
water table to compute the active and passive earth pressures.

For soil conditions described in Figure 7-4b, a “rule of
thumb” can be applied and the gradient can be computed as

Equation 7-15: iy = Hu
3D

Where Hu, D are defined in Figure 7-4.

7.3.3. Flow Net Technique
In the case of more complex situations than described

above, a flow net may be necessary.
Figure 7-5 shows an example of flow net construction. Use

this procedure to estimate seepage quantity and distribution
of pore water pressures in two-dimensional flow. Flow nets
are applicable for the study of cut-off walls and wellpoints, or
shallow drainage installations placed in a rectangular layout
whose length in plan is several times its width. Flow nets can
also be used to evaluate concentration of flow lines.
Rules for flow net construction

1. When materials are isotropic with respect to permeability,
the pattern of flow lines and equipotentials intersect at right

75 Terzaghi, K. (1954). “Anchored Bulkheads,” Transactions of the American Society of Civil Engineers, Vol. 119, pp. 1243-1324.
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Figure 7-4: Two distributions for unbalanced water pressures

angles. Draw a pattern in which square figures are formed
between flow lines and equipotentials.

2. Usually it is expedient to start with an integer number of
equipotential drops, dividing total head by a whole number,
and drawing flow lines to conform to these equipotentials. In
the general case, the outer flow path will form rectangular
rather then square figures. The shape of these rectangles
(ratio b/l) must be constant.

3. The upper boundary of a flow net that is at atmospheric

pressure is a “free water surface”. Integer equipotentials inter-
sect the free water surface at points spaced at equal vertical
intervals.

4. A discharge face through which seepage passes is an
equipotential line if the discharge is submerged, or a free
water surface if the discharge is not submerged. If it is a free
water surface, the flow net figures adjoining the discharge
face will not be squares.

5. In a stratified soil profile where ratio of permeability of lay-
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ers exceeds 10, the flow in the more permeable layer controls.
That is, the flow net may be drawn for more permeable layer
assuming the less permeable layer to be impervious. The head
on the interface thus obtained is imposed on the less pervious
layer for construction of the flow net within it.

6. In a stratified soil profile where ratio of permeability of lay-
ers is less than 10, flow is deflected at the interface in accor-
dance with the diagram shown above.

7. When materials are anisotropic with respect to permeabil-
ity, the cross section may be transformed by changing scale as
shown above and flow net drawn as for isotropic materials. In
computing quantity of seepage, the differential head is not
altered for the transformation.

8. Where only the quantity of seepage is to be determined, an
approximate flow net suffices. If pore pressures are to be
determined, the flow net must be accurate.

The actual computations associated with flow netting are
shown in Example 22.

7.3.4. Finite Element Analysis
For special cases, the flow regime can be analysed by the

finite element method. Mathematical expressions for the flow
are written for each of the elements, considering boundary
conditions. A computer solves the resulting system of equa-
tions to obtain the flow pattern.

7.4. Seepage Forces
We have seen from the previous discussion that groundwa-

ter flow is able to alter the effective unit weight of a soil. We
now turn to examining the actual affects of this phenomenon.

If we consider Equation 7-12, we can see that, if both the
flow and the gradient act in an upward direction, we will
reach the point where the actual buoyant weight of the soil
will be zero. The gradient at which this takes place is referred
to as the critical gradient, and can be found from Equation 7-

Figure 7-5: Flow Net Construction and Seepage Analysis
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12 by the relationship

Equation 7-16: icritical = 
γb
γw

Obviously, the uncertainties inherent in geotechnical analy-
sis dictate the application of a factor of safety, which is com-
puted (and given a lower bound) using the equation

Equation 7-17: FSpiping =
icritical  >1.5
imax

The result of exceeding the critical gradient is piping or
“sand boiling.” When piping takes place, the
upward seepage pressure reduces the effective
weight of the soil, thereby reducing the ability of the
soil to offer lateral support to the sheeting. In
extreme cases, the sand “boils” in the bottom of the
excavation. That is, a “quick” condition is pro-
duced.

The critical gradient is a function of the unit
weight properties of the soil itself. The maximum
gradient can be determined by any of the methods
shown above, and compared
with the critical gradient and the factor of safety
computed using Equation 7-17.

An alternate method of analysing piping is
through a chart solution. Figure 7-6 shows the fac-
tor of safety against heaving in either loose or dense
sand depending upon the geometry of the excava-
tion, the penetration of the sheeting and the eleva-
tion of the impervious layer.

This chart assumes that γ' = 75pcf; if the sub-
merged unit weight is not equal to that, the factor of
safety that is actually present is modified by the
equation

Equation 7-18: FSactual = γ'
FSchart75pcf

Also, research by Marsland76 incorporating a safe-
ty factor of 1.5 is published in chart form.

Piping is controlled by dewatering (lowering the
water table) outside the cofferdam or by driving the
sheet piling deeper. The purpose of both corrective
measures is to reduce the upward hydraulic gradi-
ent in the soil below the bottom of the piling. The
design of sheeting penetration to control piping for
various subsurface conditions is presented in Figure
7-7.

7.4.1. Seepage Through Interlocks
Some seepage will occur through the interlocks of sheet

piling. As an approximation, the seepage should be assumed
to be at least 1.5 gal/hr/sq. ft. of wall/ft. of net head across the
wall for installations in moderately to highly permeable soils.

7.5. Wave action
The lateral forces produced by wave action are dependent

on many factors, such as length, height, breaking point, fre-
quency and depth at structure.77

Figure 7-6: Depth of Sheet Piling to Prevent Piping in a Braced Cofferdam

76Marsland, A. (1953) “Model Experiments to Study the Influence of Seepage on the Stability of a Sheeted Excavation in Sand.” , Vol. 3.
77Information on wave forces can be found in the “Shore Protection Manual,” available on the Marine Construction Volume 1 CD-ROM, available from Pile Buck.
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Figure 7-7: Depth of Sheet Piling in Stratified Sand to Prevent Piping in a Braced Cofferdam

The analysis of hydraulic flow around sheeting is demonstrated in Example 22.
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This chapter describes loads on sheet pile walls other than
those directly induced by the soil (lateral earth pressure
loads) or water (hydrostatic loads, perhaps modified by
groundwater movement.)

8.1. Effect of Surface Loadings
Unlike shallow foundations and gravity walls, sheet pile

walls do not induce a significant vertical compressive load on
the soil. Sheet pile walls are, however, affected by these kinds
of loads due to stockpiled material, machinery, roadways, and
other influences resting on the soil surface near the wall.
These loads increase the lateral pressures on the wall. There
are three approaches used to approximate the additional lat-
eral earth pressures on walls due to surface loadings; (1) elas-
tic solutions, (2) the wedge method of analysis, and (3) finite
element analyses.

8.1.1. Elastic Solutions
Elastic solutions of the type shown in Figure 8-1 can be

used to calculate the increase in the horizontal earth pressure
σx, using either a solution for a point load, a line load or a
strip load acting on the surface of an elastic mass, i.e. the soil
backfill.

8.1.1.1. Uniform surcharge
A uniform surcharge is assumed to be applied at all points

on the soil surface. The effect of the uniform surcharge is to
increase the effective vertical soil pressure in Equation 5-3
and Equation 5-15 by an amount equal to the magnitude of
the surcharge.

8.1.1.2. Line loads
A continuous load parallel to the wall but of narrow dimen-

sion perpendicular to the wall may be treated as a line load as
shown in Figure 8-1 (a). The lateral pressure on the wall is
given by the equation in Figure 8-1 (a).

8.1.1.3. Strip loads
A strip load is continuous parallel to the longitudinal axis

of the wall but is of finite extent perpendicular to the wall as
illustrated in Figure 8-1 (b). The additional pressure on the
wall is given by the equations in Figure 8-1 (b). Any negative
pressures calculated for strips loads are to be ignored.

8.1.1.4. Ramp load
A ramp load, Figure 8-1 (c), increases linearly from zero to

a maximum that subsequently remains uniform away from
the wall. The ramp load is assumed to be continuous parallel

to the wall. The equation for lateral pressure is given by the
equation in Figure 8-1 (c).

8.1.1.5. Triangular Load
A triangular load, Figure 8-1 (d), first increases linearly from

zero to a maximum then decreases in the same manner back
to zero. The triangular load is considered continuous parallel
to the wall. The equation for later pressure is given by the
equation in Figure 8-1 (d).

8.1.1.6. Area loads
A surcharge distributed over a limited area, both parallel

and perpendicular to the wall, should be treated as an area
load. The lateral pressures induced by area loads may be cal-
culated using Newmark’s Influence Charts78 (Newmark
1942). The lateral pressures due to area loads vary with depth
below the ground surface and with horizontal distance paral-
lel to the wall. Because the design procedures discussed in
this book are based on a typical unit slice of the wall/soil sys-
tem, it may be necessary to consider several slices in the
vicinity of the area load.

8.1.1.7. Point loads
A surcharge load distributed over a small area may be treat-

ed as a point load. The equations for evaluating lateral pres-
sures are given in Figure 8-2. Because the pressures vary hor-
izontally parallel to the wall; it may be necessary to consider
several unit slices of the wall/soil system for design.

8.1.2. Trial Wedge Analysis
Trial wedge analyses, as described in 5.4, may be per-

formed to account for uniform and irregular surface load dis-
tributions for those walls whose movements satisfy the crite-
ria listed in Table 4-1. The wedge analysis described in 5.4 is
modified by including that portion of the surface loading
between the back of the wall and the intersection of the trial
slip surface and the backfill surface in the force equilibrium
calculation for each wedge analysed. The resulting relation-
ship for a vertical wall retaining a partially submerged back-
fill (for a hydrostatic water table) is given as

Equation 8-1:

with a restricted to values of α > φ, since P > 0.
PA = P and αA = α for the static critical wedge as well. For a

Chapter Eight: 
Other Loads on Sheet Pile Walls

78Newmark, N. M. 1942. “Influence Charts for Computation of Stresses in Elastic Foundations,” University of Illinois Engineering Experiment Station Bulletin, Series No. 338,
Vol 61, No. 92, Urbana, IL, reprinted 1964, pp 28.

)
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surcharge loading,  Equation 8-1 simplifies to 

Equation 8-2:

where Ws is computed using

Equation 8-3: Ws = qs le

Where le= l = (H/tanα) - x) for lq > 1 (refer to Figure 8-3), oth-
erwise le = lq.

The difficult part of the problem is to determine the point
of action of this force along the back of the wall. The point of

action of the resulting earth pressure force for an infinitely
long line load parallel to the wall may be computed using the
simplified procedure79 .

8.1.3. Finite Element Methods
The finite element method of analysis has been applied to

a variety of earth retaining structures and used to calculate
stresses and movements for problems involving a wide vari-
ety of boundary and loading conditions81 .

8.2. Additional Applied Loads
Sheet pile walls are widely used in many applications and

can be subjected to a number of additional loads, other than
lateral pressure exerted by soil and water.

Figure 8-1: Theory of elasticity equations for pressures on wall due to surcharge loads

79Terzaghi, K., and Peck, R. 1967. Soil Mechanics in Engineering Practice, Second Edition, John Wiley & Sons, Inc., New York, Article 31.
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8.2.1. Boat impact
Although it becomes impractical to design a sheet pile wall

for impact by large vessels, waterfront structures can be
struck by loose barges or smaller vessels propelled by winds
or currents. Construction of a submerged berm that would
ground a vessel will greatly reduce this possibility of impact.
When the sheet pile structure is subject to docking impact, a
fender system should be provided to absorb and spread the
reaction. The designer should weigh the risk of impact and
resulting damage as it applies to his situation. If conditions

require the inclusion of either of these boat impact forces in
the design, they should be evaluated based on the energy to
be absorbed by the wall. The magnitude and location of the
force transmitted to the wall will depend on the vessel’s mass,
approach velocity, and approach angle82 .

8.2.2. Mooring pulls
Lateral loads applied by a moored ship are dependent on

the shape and orientation of the vessel, the wind pressure,
and currents applied. Due to the use of strong synthetic lines,

80Terzaghi, K. 1954. “Anchored Bulkheads,” Transactions, American Society of Civil Engineers, Vol 119.
81Some key aspects of the application of the finite element method in the analysis of U-frame locks, gravity walls, and basement walls are summarized in Ebeling, R. 1990 (Dec).
“Review Of Finite Element Procedures for Earth Retaining Structures,” Miscellaneous Paper ITL-90-5, Information Technology Laboratory, US Army Engineer Waterways
Experiment Station, Vicksburg, MS.
82Information on such loads can be found in “Piers and Wharves,” found on the Marine Construction Volume 2 CD-ROM, available from Pile Buck.

Figure 8-2: Point load80
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large forces can be developed. Therefore, it is recommended
that mooring devices be designed independent of the sheet
pile wall.

8.2.3. Ice forces
Ice can affect marine-type structures in many ways.

Typically, lateral pressures are caused by impact of large float-
ing ice masses or by expansion upon freezing. Expansive lat-
eral pressures induced by water freezing in the backfill can be
avoided by backfilling with a clean free-draining sand or
gravel or installation of a drainage collector system83.

8.2.4. Wind forces
When sheet pile walls are constructed in exposed areas,

wind forces should be considered during construction and
throughout the life of the structure. For sheet pile walls with
up to 20 feet of exposure and subjected to hurricanes or
cyclones with basic winds speeds of up to 100 mph, a 50-psf
design load is adequate. Under normal circumstances, for the
same height of wall exposure, a 30-psf design load should be
sufficient84.

Figure 8-3: Coulomb active earth pressures for a backfill
subjected to steady state flow

83Information on such loads can be found in “Ice Engineering,” found on the Marine Construction Volume 2 CD-ROM, available from Pile Buck.
84For more severe conditions, wind load should be computed in accordance with American National Standards Institute (ANSI) A58.1 (ANSI 1982).
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9.1 Definition of Classical Methods
Up to this point, we have been discussing basic soil

mechanics and lateral earth pressure theory. Now we turn to
the application of these theories to the practical design of
sheet pile walls. Broadly speaking, there are three methods
that can be used for the design of sheet pile walls:

1) Classical methods;

2) Methods that enhance classical methods by include soil-
pile interaction; and

3) Discrete methods such as finite element analysis.

This chapter will deal with classical methods. “Classical”
methods have the following characteristics:

• Sheet pile wall assumed to be a vertical beam. The bal-
ancing of forces determines the values at the reaction
locations from which the depth of penetration and the
anchor force are derived. Shears and moments are then
computed providing the data for selection of the sheet  
piling “beam” section. After this, the anchor or bracing
system is designed using input data from these previous
determinations. Cantilevered walls generally never con-
sider the flexibility of the sheeting; anchored walls use 
Rowe’s moment reduction methods to consider wall
flexibility.

• Soil forces are assumed to follow Rankine, Coulomb or
log-spiral distribution and failure. A sheet pile wall sup-
ports vertical earth fill, which attempts to fail along
inclined planes, influenced by gravity. The soil resists
this attempted failure by its inherent shearing strength,
which is motivated by friction or by cohesion between
the soil particles. In the case of driving forces, the later-
al pressure is reduced from vertical pressure by a coef-
ficient Ko or Ka, and increased in the case of resisting
forces by a coefficient Kp. Earth pressures can be
estimated by utilizing equations (Rankine or Coulomb)
or by graphical means. Additional influential factors
include surcharge loads, ground water, seepage,
external horizontal loads and earthquake.

• End fixity of the sheet pile wall assumed to be complete-
ly free or fixed, depending upon the theory being used.

Although other methods have been developed to analyse
sheet-piling walls, classical methods have been successfully

used to design many successful sheet pile walls.
One of the appeals of classical methods for sheet pile

design is that the calculations can be done by hand. For
many years, this was the only option. However, even classi-
cal methods can present computational complexities that
invite the use of computer assistance.

One computer software package that can be used for this
purpose is SPW 911 v. 2, which is available from Pile Buck.
This analyzes both cantilevered and anchored sheet pile
walls using classical methods described in this book. In the
example problems included below, we will include solutions
for these problems using SPW 911.

9.2. Data Required for Analysis
This book has discussed the traditional application of soil

properties toward estimating driving and resisting forces
against flexible retaining walls.
Having determined these forces, the structural analysis of
the retaining system can be accomplished.

9.2.1. Minimum Information Required for Design
• The ground surface profile extending to a minimum

distance of 10 times the exposed height of the wall on
either side.

• The soil profile on each side of the wall including:
o Location and slope of subsurface layer boundaries
o Strength parameters for each layer to a depth below the

dredge line not less than five times the exposed height
of the wall on each side. Parameters include:

• Soil weights γ - Dry, moist, saturated, submerged.
• Angle of Internal Friction for all layers - φ
• Cohesion c = 1/2 qu (unconfined compressive 

strength)
• Angle of Friction between soil and wall - δ
• Coefficients Ko (at rest), Ka (active), Kp (passive)
• Magnitudes and locations of surface surcharge loads.
• Slopes of fill above and below surface 
• Magnitudes and locations of external loads—ice, wind,

impact, mooring, earthquake, waves.
• Safety factors.
• Groundwater elevation on each side of the wall and

seepage characteristics; Tidal elevations.
• Wall Height, Dredge Depth
• Proposed Construction Sequence

Chapter Nine: 
Design of Cantilevered and 

Anchored Walls Using Classical Methods
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9.2.1.1. Soil Weight
Estimate weight from field density determinations or from

laboratory measurements. Use saturated weight for active
pressures above the water level and submerged weight
below. Use moist or dry weight for passive side above any
water level and submerged weight below.

9.2.1.2. Angle of Internal Friction φ
For all layers of soil in-situ or proposed as fill, estimate

from field density (SPT) tests, indexing and classification
tests, or determine from laboratory shear tests and Mohr cir-
cle diagrams. φ angle selected for design should approxi-
mate that expected long term, in the structure.

9.2.1.3. Angle of Friction between Soil and Wall δ
For conservative designs, ignore the affect of friction

between soil and wall for both active and passive cases. This
generally means that Rankine theory should be applied.
For non-conservative designs, assume d as a fraction of f, or
use the values given in Table 5-1. When δ/φ > -1/2 for the
passive case, Coulomb coefficients may be unrealistically
high unless a log spiral analysis is used.

9.2.1.4. Adhesion
Adhesion between wall and soil is a phenomenon equiv-

alent to friction between the two. Adhesion cannot be
counted on for the longer term and is generally ignored.

9.2.1.5. Cohesion
• Estimate from field tests such as either the SPT, Dutch

cone, vane shear or from observations.
• Measure from unconfined compression test (c = 1/2 qu)
• Obtain from triaxial test data and Mohr Circle.

9.2.1.6. Ground Slopes β
For dredged bulkheads, (soil left in place) the profile of

the in-situ layers should be examined since sloping layers
may affect the analytical approach to be used.

Sloping ground behind or in front or in front of the wall
will have an effect on the slope of the failure surface and
ultimately the pressure coefficients Ka and Kp. Working
bulkheads supporting parking facilities, marinas, marine
terminal and similar operations are planned for a level back-
fill and the angle β = 0.

Land sited walls in conjunction with highways, railroads,
private and commercial properties may exhibit sloped con-
ditions on both active and passive sides. These slopes and
most often positive slopes but could occasionally be nega-
tive. If slopes are plane, Coulomb or Rankine equations can
be used. If irregular, wedge analysis will produce more
accurate pressure determinations.

9.2.1.7. Surcharges
It is common practice to include as a minimum, a uni-

form live load of 200-300 psf to account for materials stor-
age and construction machinery near to the wall. SPW 911
has as a default a uniform live load of 200 psf.

Generally, heavy surcharge loads from raw material piles
should be kept well back from either the wall or the anchor
system so as not to influence wall pressures. If this is not
possible, the load should be supported on a deck and bear-
ing piles.

Heavy track-mounted cranes should be supported on
piles so that possible settlement will not affect their opera-
tion. Marine handling equipment and trucking operating on
rigid paving within the failure wedge can be accounted for
as a uniform live load, however in the case of unpaved or
light flexible pavement, heavy wheel loads may have to be
separately treated as point loads.

Loads from long footers, rectangular spread footings,
roadways and railroads that would influence total pressure
on the wall should be examined as line or strip loads using
methods outlined in the section on surcharge loads. In gen-
eral, surcharges should be discounted when calculating pas-
sive resistance. Horizontal loads from irregular surcharges
are best analyzed by the wedge method. Formulas for esti-
mating lateral pressures from surcharges are found in 8.1.1.

9.2.1.8. External Loads
Ice is usually not a factor with solid bulkheads, however

the pressure exerted by freezing water and floating ice
should be considered in designing free standing walls such
as cofferdams and shear walls. Frost in clay fill materials can
produce significant temporary pressure increases. Clay fill
should be avoided if possible. Waves and wave impact
should be considered when designing cofferdams and other
freestanding sheet pile structures. Mooring forces from ves-
sel impact should be absorbed and distributed through
fender piles or fendering material rather than taken into the
backfill through the wall.

Wind forces can be potentially damaging during installa-
tion, but can be accounted for with temporary bracing.
Earthquakes have the potential to increase active pressure
and decrease passive resistance resulting in damage or
destruction of retaining structures.

Steel structures exhibit inherent ductility that allows
those structures to deform without necessarily failing.
However, a destructive earthquake changes the shearing
properties of the soil. The need to consider these forces will
depend on location and importance of the structure.

9.2.1.9. Water
Bulkheads should be designed for low water conditions

since this will produce maximum active pressures. Any tidal
effects should be included as an unbalanced head of water.
Heavy rainfall, melting snow and flooding can also add sig-
nificant loads on the active side of a wall. Sheet pile inter-
locks eventually fill with soil and corrosion products and

133 Sheet Pile Design by Pile Buck



water does not drain freely. Design anchorage and penetra-
tion for these conditions.

As with all structures, safety factors are applied in design
to account for loading and construction uncertainties and to
provide a protective cushion against failure. When safety
factors are set too high, costs go up. When set too low, the
safety of the public or the service life of the structure may
be in jeopardy.

Bulkheads and land walls ordinarily are not critical struc-
tures that will endanger life if they fail. There have been few
cases reported where sheet piling failed due to overstress-
ing. Most bulkhead failures can be traced to failure of the
anchor, displacement of the base of the wall, rotational fail-
ure of a large block of soil, or failure due to corrosion dete-
rioration. Most of these problems can be traced to events
such as overdredging, overloading, undetected weak under-
lying strata, poor connection details, or poor installation
practice.

With this in mind, generous safety factors should be
applied to passive pressures or to penetration depths and to
anchorage design.

Failures of land and water cofferdams have usually been
due to internal bracing failures or failure of cantilevered sec-
tions of the sheet piling often soil failure at the base. These
are areas where larger safety factors should be applied.

9.2.1.10. Project Data
The elevations of significant parts of the wall must be

determined for purposes of design.

These include:
1) Elevation of the top of fill behind the wall.

2) Elevation of high and low water levels.

3) Elevation of the planned dredge depth in front of the
wall.

9.2.2. Load cases
The loads applied to a wall fluctuate during its service

life. Consequently, several loading conditions must be
defined within the context of the primary function of the
wall. As a minimum, a cooperative effort among structural,
geotechnical, and hydraulic engineers should identify the
load cases outlined to be considered in the design.

(1) Usual conditions. The loads associated with this condi-
tion are those most frequently experienced by the system in
performing its primary function throughout its service life.
The loads may be of a long-term sustained nature or of an
intermittent, but repetitive, nature. The fundamental design
of the system should be optimized for these loads.
Conservative factors of safety should be employed for this
condition.

(2) Unusual conditions. Construction and/or maintenance
operations may produce loads of infrequent occurrence and
are short duration, which exceed those of the usual condi-
tion. Wherever possible, the sequence of operations should
be specified to limit the magnitudes and duration of load-
ing, and the performance of the wall should be carefully
monitored to prevent permanent damage. Lower factors of
safety or higher material stresses may be used for these con-
ditions with the intent that the system should experience no
more than cosmetic damage.

(3) Extreme conditions. A worst-case scenario representing
the widest deviation from the usual loading condition
should be used to assess the loads for this case. The design
should allow the system to sustain these loads without
experiencing catastrophic collapse but with the acceptance
of possible major damage that requires rehabilitation or
replacement. To contrast usual and extreme conditions, the
effects of a hurricane on a hurricane protection wall would
be the “usual” condition governing the design, while the
loads of the same hurricane on an embankment retaining
wall would be “extreme.”

9.3. Cantilever Walls
9.3.1. Overview

A cantilevered sheet pile wall performs somewhat like a
cantilevered beam. The sheet piling is driven to a sufficient
depth into the ground to become fixed as a vertical can-
tilever resisting a load from active earth pressure. Walls
designed as cantilevers usually undergo large lateral deflec-
tions and are readily affected by scour and erosion in front
of the wall. Since the lateral support for a cantilevered wall
comes from passive pressure exerted on the embedded por-
tion, penetration depths can be quite large, resulting in large
moments and deflections. This is especially pronounced in
non-ferrous sheeting such as aluminum, vinyl and fiber-
glass; cantilevered walls are generally not recommended for
these types of sheeting. Cantilevered walls are usually limit-
ed to a maximum freestanding height of about 15 feet.

Cantilever walls are usually used as floodwall or as earth
retaining walls with low wall heights (10 to 15 feet or less).
Because cantilever walls derive their support solely from the
foundation soils, they may be installed in relatively close
proximity (but not less than 1.5 times the overall length of
the piling) to existing structures. Typical cantilever wall
configurations are shown in Figure 9-1.

The effect of the application of an external load against a
cantilever is illustrated in Figure 1-16a. When the active
pressure of the soil towards the top of the wall is applied
above the dredge line, the cantilever rotates above a transi-
tion point below the dredge line. This rotation is resisted by
the combination of active and passive pressures below the
dredge line. Since passive pressures are greater than active
pressure, even with the effective stress advantage on the
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active side, stability is possible with sufficient penetration of
the sheet piling into the soil. The pressure distribution is
illustrated in Figure 9-2. 

Equilibrium of the wall requires that the sum of horizon-
tal forces and the sum of moments about any point must
both be equal to zero. The two equilibrium equations may
be solved for the location of the transition point (i.e. the dis-
tance z in Figure 9-2) and the required depth of penetration
(distance d in Figure 9-2). Because the simultaneous equa-
tions are usually cubic in z and d, either a trial and error or
a cubic equation solution is required.

With cantilever walls, the depth of penetration of the pil-
ing governs rotational stability by a combination of penetra-
tion and anchor position for an anchored wall. Because of
the complexity of behavior of the wall/soil system, a num-
ber of simplifying assumptions are employed in the classical
design techniques. Foremost of these assumptions is that
the deformations of the system are sufficient to produce lim-
iting active and passive earth pressures at any point on the
wall/soil interface. Other assumptions are discussed in the
following paragraphs.

The distribution of earth pressure is different for sheet
piling in granular soils and sheet piling in cohesive soils. In
addition, the pressure distribution in clays is likely to
change with time. Therefore, the design procedures for steel
sheet piling in both types of soils are discussed separately.

9.3.2. Cantilever Sheet Piling in Granular Soils
In designing cantilever sheet piling walls in purely gran-

ular soils, there are two methods that are generally used: the
conventional method and the simplified method. We will
also look at a chart method for preliminary analysis. Finally,
we will show Example 8, which will show how these meth-
ods are done in more detail.

9.3.2.1. Conventional Method
The conventional method is the complete application of

the principles and assumptions shown in Figure 9-2. For
clarity, we will set forth this method for the case where the
soil is homogenous and without water on either side of the
sheeting. For cases of layered soil and water, the method is
the same, although the pressure distributions would be
somewhat different due to the variable soil properties. For
cases of two or more layers of soil, the earth pressure distri-
butions would be somewhat different due to the variable
soil properties.

The conventional design procedure for granular soils is as
follows:

1. Determine the active and passive lateral pressures using
appropriate coefficients of lateral earth pressure. Rankine
coefficients are the most conservative; they can be used with
any type of sheeting, especially non-ferrous materials. If
Coulomb coefficients are used, it should be used conserva-
tively for the passive case, i.e., lateral pressures should be
calculated using the curved failure surface (log spiral)
method as shown in Figure 18-16. The resulting earth pres-
sure diagram for a homogeneous granular soil is shown in
Figure 9-3. All calculations must be based on a unit length
of wall, one foot or metre.

2. Determine both the factor of safety and the method
(reduced passive coefficient or sheet extension method.)
Reducing the passive earth pressure coefficient is a more
consistent way to apply the factor of safety. These methods
are discussed in 9.3.2.4.

3. Satisfy the requirements of static equilibrium: the sum of
the forces in the horizontal direction must be zero and the
sum of the moments about any point must be zero. The sum
of the horizontal forces may be written in terms of pressure

a. Earth retaining or flood wall b. l-wall

Figure 9-1: Typical Cantilever Walls

Figure 9-2: Design Pressure Distribution for a Cantilever Wall
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areas:
Equation 9-1:

Solve the above equation for the distance, Z. For a uniform
granular soil,

Equation 9-2:

4. Take moments about the point F and solve the equation
for D. This can be done either by solving the high (fourth or
fifth) order equation directly or through an iterative process.

5. Apply a factor of safety to extend the pile toe, if the
reduced earth pressure coefficient is not being used.

6. Compute the maximum bending moment, which occurs
at the point of zero shear. This is done first by determining
the point y, from which the forces generated from the most-
ly active pressures above this point can be determined. The
point where these forces equal the forces below the point
O1 is the point of zero shear and maximum moment. Once
this is determined, the moment at this point can be deter-
mined using the forces already computed.

7. Compute the required section modulus, which occurs at
the point of zero shear, by solving Equation 2-2 for the sec-
tion modulus: 

Equation 9-3:

Although one can make rough estimates of displacements
with formulae, the best way to estimate wall displacement is
by using a computer program such as SPW 911.

9.3.2.2. Simplified Method
In view of the uncertainties involved with the soil, mod-

elling theoretical pressure distribution may not produce
results any better than some simplified approaches. Several
shortcuts have been developed for cantilever wall designs
that yield satisfactory results. Probably the most widely used
of these methods is the one presented below85. This method
is the method used by SPW 911. 

The simplified method is based on the assumptions
shown in Figure 9-4.

The simplified method varies from the conventional
method in several important respects:
• Eliminates the “bottom triangle” where the earth pressures

reverse themselves again; F3 replaces the forces at the toe.
• Uses the force triangles for resultant forces “F1” and “F2”;
• Computes the distance x’ that satisfies the conditions of

equilibrium, i.e., moments about point C=0; and,
• Increases the penetration by 0.2x’ to compensate for 

simplification86.

9.3.2.3. Chart Solutions
Figure 9-5 gives a useful method to design cantilever sheet

piling in homogeneous granular soil, analysed by the con-
ventional method. This chart allows the designer to obtain
directly the depth ratio, D/H, and the maximum moment
ratio, Mmax /γKaH

3 as a function of the ratio of passive to
active pressure coefficients, Kρ/Ka, for various positions of
water level. It is, therefore, independent of the method of
obtaining Kρ or Ka. The chart was developed for a wet unit
weight, γ, equal to twice the submerged unit weight, γ’. To
use Figure 9-5, one may determine φ and γ from soil data, δ
from Table 5-1 and Kρ or Ka and Ka from Equation 5-27 and
Equation 5-33. A design example is given at the end of
Example 8.

9.3.2.4. Factors of Safety and Rules of Thumb
All of the methods above require a factor of safety to be

applied for successful sheet pile wall design. There are two
main methods of applying a factor of safety:

1. Add 20-40% of the calculated depth of penetration, AF
for the conventional method and AC1 for the simplified
one. This will yield an approximate factor of safety of 1.5
(20%) to 2.0 (40%).

Figure 9-3: Resultant Earth-Pressure Diagram

85This method is shown in the British Steel Corporation Piling Handbook (1984) Fourth Edition. Scunthorpe, South Humberside, England: British Steel Corporation.
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2. Reduce the passive earth pressure coefficient by dividing
it by 1.5—2.031 . This is probably the better of the two
methods, because it can be done at the beginning of the
problem, and is more consistent to apply amongst the three

design methods.
It is important to note that neither of these is a “direct”

application of a factor of safety, such as we see in most struc-
tural and geotechnical analysis. This is one of the most dif-
ficult concepts we have in sheet piling design.

As a practical matter, cantilever sheet pile walls should be
designed for a free height H of no more than 12’ for steel
sheet piling. The penetration D should be at least half of the
free height H. Cantilever walls should never be used with
non-metallic sections (vinyl, pultruded fibreglass) and spar-
ingly with aluminium.

Example 8: Design of Cantilevered Sheet Pile Wall
(Granular Soil)
❖ Given:
�Medium Sand

• γ = 115 pcf
• γ’ = 115 – 62.4 = 52.6 pcf; groundwater table at

dredge line on both sides of the wall
• φ = 35º
• Level backfill, β = 0
� Steel Sheet Piling

Figure 9-4: Simplified Method

86This is not a factor of safety, but a factor necessitated by the elimination of the pressures below the point C. Once this is done, factors of safety are then applied.
87We used Maple V Release 4 to assist in the hand calculations. This enabled us to carry significant figures which would otherwise be inappropriate in strictly “hand” calculations.
This leads in some cases to minor variations in the results.

Figure 9-5:  Chart for Determining Wall Depth for Uniform Cohesive Soil
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• δ = 22º (from Table 5-1)
• δ/φ = -0.63
• θ = 0
• H = 14’
� Divide passive earth pressure coefficient by 1.5 for fac-

tor of safety.
❖ Find
� Depth of penetration D of sheeting
� Sheeting section for maximum moment

❖ Solution87

� Earth Pressure Coefficients
• Rankine

Active: 0.27 (Equation 5-1)
Passive: 3.68 (Equation 5-16)

• Coulomb
Active: 0.24 (Equation 5-27)
Passive: 9.25 (Equation 5-33)

• Log-Spiral
Active: 0.27 (Figure 18-16, nearly identical to 
Rankine case)
Passive: 7.92. From Figure 18-16, for level backfill 
(β/φ = 0) without reduction for wall friction, Kp = 
10.2. Since δ/φ = -0.63 and φ = 35º, per table in 
upper left hand corner Kp = (10.2)(.776) = 7.92.

• Selection of Earth Pressure Coefficients
• Use Log-Spiral coefficients, applying the reduction fac-

tor to the passive coefficient as a factor of safety
♦ Ka = 0.27
♦ Kp = 7.92/1.5 = 5.28
� Conventional Method: Determination of Depth of Sheet

Penetration
• Compute earth pressures along the wall 

(refer to Figure 9-3)
• pA1 = γ H Ka = 436.3 psf
• pA2 = pA1 + γ’ D Ka = 436.3 + 14.3 D psf
• pE = γ’ D (Kp – Ka) – pA1 = 263.3 D – 436.3 psf
• pJ = pE + pA1 + γ H Kp = 263.3 D + 8495.6 psf

• Compute value of Z using summation of forces
Static equilibrium along the wall requires that the
sum of the forces along the wall equal zero. This can
be used to compute the value of Z. This summation
of forces is given by Equation 9-1; however, the
solution given in Equation 9-2 cannot be directly
applied here because of the water table.
Equation 9-1 can be expressed in terms of the earth
pressures as

Equation 9-4: 

Substituting the values for the pressure and solving for Z
yields

Equation 9-5: 

• Compute value of D using summation of moments

The second requirement of static equilibrium is that the
moments at any point equal zero.
Equation 9-5 is an equation in two unknowns. To solve for
Z and D, we need another equation. The summation of
moments equation will give us the equation we need. We 
will sum moments about point F as follows:

Equation 9-6:

Again substituting both the earth pressures computed and
the value for Z given in Equation 9-5, we have

Equation 9-7:

The only real, positive root for this fifth order equation
is D = 13.1’, which is the penetration of the sheeting
below the dredge line. Substituting this into Equation
9-5 yields Z = 1.69’.

� Simplified Method: Determination of Depth of Sheet
Penetration (see Figure 9-4)

• Compute distance y from A to O1. The equation
for this distance is

Equation 9-8:

Substituting the variables, for this case y = 1.66’.
• Compute the forces acting on the sheet pile wall. 

These can be divided up into three areas:
Area AA1B: p1 = pA1 H / 2 = 3054.1 lbs.
Area AA1O1: p2 = pA1 y / 2 = 361.5 lbs.
Area O1CC1: p’3 = γ’ (Kp – Ka) x’2 / 2 = 131.7 x’2 lbs.

• Sum the moments about point C1. The summation is
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Equation 9-9:

Substituting the forces and value for y into this equation
yields

Equation 9-10:

The one real root of this equation is x’ = 10.9.
• Add the simplified method factor to x’ and solve for

the total penetration D. The penetration is given
by the equation

Equation 9-11: D = y +1.2x’

Substituting the variables into this equation yields D =
14.7’, which includes the factor of safety.

� Determination of value of maximum moment.
• The maximum moment for the sheeting is the same

in both cases. It takes place at the point of zero
shear, i.e., 

Equation 9-12: p1+ p2=p3

Where p3 = γ’ (Kp – Ka) x
2 / 2 = 131.7 x2 lbs. The

computation of the point of maximum moment is
thus very similar to the computation of the penetra-
tion of the sheeting in the simplified method; it is
yet another simplification of the calculations. 
Substituting values of p1, p2 and p3 in to Equation
9-12 and solving for x yields x = 5.1’.

• Compute the maximum moment at point x. This
computation is similar to Equation 9-9 and is given
by the equation

Equation 9-13: 

Direct substitution of the variables into this equa-
tion will yield Mmax = 31,310 ft-lbs/ft of wall length.

• Select sheet piling section. Most sheet piling specifi-
cations will give a maximum allowable moment for
a given section. In the cases of those that do not, the
maximum allowable section modulus can be com-
puted using Equation 9-3. For example, for a 25 ksi
allowable stress steel, the section modulus would be
(31.310 ft-kips/ft)(12 in/ft)/(25 ksi) = 15.0 in3 /ft

of wall. Thus any of the sections shown in Table 2-1 can
be used in this case.

� Simplified Method using SPW 911
• SPW 911 uses the simplified method for cantilever

walls. Detailed input instructions for the program
are given in the program help, but the input is
divided up into six sections:

• Job data, which contains general information about
the client and the job.

• Excavation data, which includes information about
the depth of the dredge line, the location of the
water table (it can be different on the two sides of
the wall), and the slope of the ground on either side
of the wall.

• Soils data, which include soil unit weights, active
and passive earth pressure coefficients, pressure
models (Rankine, Coulomb, etc.), and other data.
Soils can be layered in the program, as they usually
appear this way in the field. Although the program
does compute earth pressure coefficients for the var-
ious earth pressure theories, it is recommended that
the user compute these independently as a check.
Also, the user can reduce the passive earth pressure
coefficients by a factor of safety, which means that
the program results will be the final results for the
wall. (The program already includes the factor for
the simplified method.)

• Wall data, which includes data for the structural
analysis of the sheeting such as modulus of elastici-
ty, section modulus, etc. The program has a user-
editable database for various sections of sheet piling.

• Data on the supports, which are used with anchored
walls.

• Setup data, which include data on the designer and
the ability to change units.

The results of the SPW 911 run for this example are shown
in Figure 9-6.

On the left are the maximum values (top to bottom) of
active wall pressure, moment, wall shear, and deflection.
These are shown graphically superimposed onto the
sheeting. The program also shows the results in tabular
form. The deflection assumes the use of PZ 27 sheeting. The
results are the same as the simplified method. The program
itself allows the user to input the passive earth pressure
reduction factor directly.
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� Chart Solution
• To use Figure 9-5, we need to know first the ratio of

passive to active earth pressure coefficients, Kρ/Ka
and the distance of the water table to the surface to
the distance from the surface to the dredge line α.
These ratios are 5.28/0.27 = 19.5 and 1 respective-
ly. The earth pressure ratio used allows us to include
the factor of safety without adding the depth
beyond the chart solution.

• Applying these values to the chart, the depth ratio is
0.9, which translates into a depth of 12.6’. The max-
imum moment ratio is 0.7, which translates into a
maximum moment of 29.93 ft-kips/ft of wall length.

• Although this chart was computed using the con-
ventional method, the results vary from that method
because the chart assumes the submerged unit
weight to be half the unit weight, which was not
done in the calculations.

• The chart solution is a good check to the other 
methods of sheet piling wall design, but caution
should be used in using the chart data for design.

9.3.3. Cantilever Sheet Piling in Cohesive Soils
Clay soils provide special problems to the designer of

retaining walls primarily because:

1) Their shear strength changes with water content;

2) Their ability to maintain cohesion over an extended peri-
od is doubtful;

3) Their lack of permeability allows the possibility of
increased active pressure from pore water or frost that was
not foreseen.

Generally, it is desirable to replace clay backfill with gran-
ular, even if the base material into which the sheets are driv-
en for support consists of plastic materials. Two cases are
presented here:

(1) a wall entirely in clay that might reflect a short-term
operation and

(2) a wall driven into clay but with a granular backfill.

Different lateral earth pressures develop for each case;
however, the earth pressure theory for each is essentially the
same.

9.3.3.1. Wall Entirely in Cohesive Soil
Design of sheet piling in cohesive soils is complicated by

the fact that the strength of clay changes with time and,
accordingly, the lateral earth pressures also change with
time. The depth of penetration and the size of piling must

Figure 9-6: SPW 911 Example for Cantilevered Sheet Piling Wall in Cohesionless Soils
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satisfy the pressure conditions that exist immediately after
installation and the long-term conditions after the strength
of the clay has changed. Immediately after the sheet piling
is installed, earth pressure may be calculated on the
assumption that undrained strength of the clay prevails.
That is, it is assumed that the clay derives all its strength
from cohesion and no strength from internal friction. The
analysis is usually carried out in terms of total stress using a
cohesion value, c, equal to one-half the unconfined com-
pressive strength, qu. The method is usually referred to as a
“φ = 0” analysis.

As is the case with cohesionless soils, the conventional
method can be used for cohesive soils as well. Figure 9-7
illustrates the initial pressure conditions for sheet piling
embedded in cohesive soil for its entire depth for the con-
ventional method.

When φ = 0, Ka = Kp = 1 and Kac = Kpc = 2. For the passive
earth pressure on the left side of the piling, Equation 5-19
reduces again to

Equation 9-14: pp = γt (z - H ) + 2c

and the active pressure on the right side of the piling is
given by:

Equation 9-15: pa = γtz - 2c

The negative earth pressure or tension zone, as shown by
the line above Ho, is ignored because the soil may develop
tension cracks in the upper portion. Since the slopes of the
active and passive pressure lines are equal (Ka = Kp), the net

resistance on the left side of the wall is constant below the
dredge line and is given by:

Equation 9-16: pp - pa = 4c - γtH

Note that, theoretically, there will be no net pressure and
the wall will fail if

Equation 9-17: γtH > 4c

From this we define the critical wall height as

Equation 9-18: Hcw = 4c = 2Hc
γt

This should not be confused with the critical height Hc,
which is the point at which the active pressure becomes
greater than zero.

For the lower portion, where the piling moves to the
right, the net resistance is given by:

Equation 9-19: pp - pa = 4c + γtH

The method of solution is the same as that presented for
the design of cantilevered sheet pile walls in granular soils.
The point d and the depth of penetration D are chosen so as
to satisfy the conditions of static equilibrium; i.e., the sum
of the horizontal forces equal to zero and the sum of the
moments about any point equal to zero.

Similar to the simplified method for granular soils, the
design may be made using the pressure diagram, i.e., by
assuming the passive pressure on the right of the piling is

Figure 9-7: Initial Earth Pressure for Design of Cantilever
Sheet Piling Entirely in Cohesive Soil, Conventional Method

Figure 9-8: Initial Earth Pressure for Design of Cantilever
Sheet Piling Entirely in Cohesive Soil, Simplified Method
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replaced by the concentrated reaction, C. The depth Do
should be increased by 20 to 40 percent to obtain the total
design depth of penetration using this method. The pressure
diagram for the simplified method is shown in Figure 9-8.

The most straightforward way to apply a factor of safety is
to reduce the soil cohesion in a manner similar to reducing
the passive earth pressure coefficient for granular soils, i.e.,
divide it by 1.5-2.

Example 9: Design of Cantilever Sheet Pile Wall
(Purely Cohesive Soils)

❖ Given:
� Medium Soft Clay

• γ = 120 pcf
• γ’ = 120 – 62.4 = 57.6 pcf; groundwater table at

dredge line on both sides of the wall
• φ = 0 (for the long term case, φ = 27º)
• Level backfill, β = 0
• qu= 1500 psf
• To apply factor of safety, qu = 1500/1.5 = 1000 psf
• c= 500 psf
� Sheet Piling

• θ = 0
• H = 14’

❖ Find
� Depth of penetration D of sheeting
� Sheeting section for maximum moment
� It should be emphasised that the analysis below is valid

for the short-term case.
❖ Solution
� Conventional Method: Determination of Depth of Sheet

Penetration (see Figure 9-7):
• Check the critical wall height. This is done using

Equation 9-18. For this wall, Hcw = (4)(500)/(120) =
16.7’ > H = 14’.

• Compute the point of zero pressure (critical height)
using Equation 4-25. In this case, Hc = Ho = 16.7/2
= 8.3’

• We need to note the pressures at the various points 
are as follows:

Equation 9-20: pA’=γH - 2c
Equation 9-21: pE=4c - γH
Equation 9-22: pj=4c+γH

Substituting and solving:
• pA’ = 680 psf
• pE = 320 psf
• pJ = 3680 psf

• Compute Z by summing the forces for static equi-
librium. For this case,

Equation 9-23:

Making the appropriate substitutions,

Equation 9-24: 

• Compute D by summing moments about point F. 
The summation is expressed by the equation

Equation 9-25:

Making the appropriate substitutions, the expression in D is

Equation 9-26: 134.4D2 - 1618.4D - 4567.3 = 0

The positive root for this is D = 14.4’; thus, Z = 1.34’.
� Simplified Method: Determination of Depth of Sheet

Penetration (see Figure 9-8)
• Compute the forces acting on the sheet pile wall.

These can be divided up into three areas:
Area AO’A’: p1 = pA’ (H-Ho) / 2 = 1926.7 lbs.
Area BACC1: p2 = pC D’ = pED’ = 320 D’ lbs.

Where D’ = distance from dredge line to sheeting toe
without correction for simplified method.

• Sum the moments about point C1. The summation is
Equation 9-27: 

Substituting the variables into this equation yields

Equation 9-28: 160D’2 - 1936.7D’ - 3639.3=0

The one real root of this equation is D’ = 13.7’.
•  Add the simplified method factor to x’ and solve for

the total penetration D.
The penetration is given by the equation

Equation 9-29: D = 1.2D’

Substituting the variables into this equation yields D
= 16.4’, which includes the factor of safety.

� Determination of value of maximum moment.
• The maximum moment for the sheeting is the same

in both cases. It takes place at the point of zero shear,
i.e.,
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Equation 9-30: p1 = p2 (x)

Where x is the distance from the dredge line to the point
of zero shear, and substitutes directly in p2 for D’. The com-
putation of the point of maximum moment is thus very sim-
ilar to the computation of the penetration of the sheeting in
the simplified method; it is yet another simplification of the
calculations. Substituting values of p1 and p2 and p3 in to
Equation 9-30 and solving for x yields x = 6’.

• Compute the maximum moment at point x. This
computation is similar to Equation 9-9 and is given
by the equation

Equation 9-31:

Direct substitution of the variables into this equation
will yield Mmax = 9,439 ft-lbs/ft of wall length. Again
any of the sheet piling shown in Table 2-1 will be
acceptable for bending moment.

• Select sheet piling section. Same method as given in
Example 8.

� Simplified Method using SPW 911
• The results of SPW 911 are shown in Figure 9-9. The

input is essentially the same as in Example 8, except
that it is necessary to input both the regular earth
pressure coefficients Ka and Kp and the ones related
to cohesive soil Kac and Kpc. It should also be noted
that, since this wall is a temporary structure, the
minimum fluid pressure for this case is set to zero.

9.3.3.2. Wall in Cohesive Soil with Granular Backfill
Above Dredge line

The above methods may also be extended to the case
where sheet piling is driven in clay and backfilled with gran-
ular soil. The only difference is the active pressure coefficient
above the dredge line is equal to Ka for a granular backfill.
The methods of design are exactly the same as discussed pre-
viously.

The long-term condition for sheet piling in clays must also
be considered, as mentioned previously, due to time depend-
ent changes in φ and c. The analysis should be carried out
using effective stress parameters c' and φ' obtained from con-
solidated-drained tests, or from consolidated-undrained
tests in which pore pressure measurements are made.
Limited experimental data indicates that the long-term value
of c is quite small, and that for design purposes c may be
conservatively taken as zero. The final value of φ is usually
between 20 and 30 degrees. The lateral pressures in the clay
over a long period of time approach those for a granular soil.
Therefore, the long-term condition is analyzed as described
in the preceding section for granular soils.

Figure 9-10 provides design curves for cantilever sheet pil-
ing in cohesive soil with granular soil backfill based upon the
simplified method of analysis. This chart allows the designer
to obtain directly the depth ratio, D/H, and the maximum
moment ratio, Mmax/γ'KaH

3, as a function of the net passive
resistance, 2qu-pν, divided by the expression γ'KaH. The
chart is, therefore, independent of the method of obtaining
Ka and was developed for a wet unit weight, γ, equal to twice
the submerged unit weight, γ'.

Figure 9-9: SPW 911 Example for Cantilevered Sheet Piling Wall in Cohesive Soils
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Example 10: Design of Cantilevered Sheet Pile Walls
(Cohesive soils with Cohesionless Backfill)

❖ Given
� Sheet pile wall, 14’ elevation to dredge line
� Soil Profile

• Above dredge line, same soil as Example 8. Use same
earth pressure coefficients.

• Below dredge line, same soil as Example 9. Use same
soil properties, including reduced cohesion.

• Water table at 7’ below the surface on both sides of
the wall.

❖ Find
� Penetration of toe
� Maximum moment for selection of sheeting profile.

❖ Solution
� Chart Solution (see Figure 9-10)

• Compute vertical pressure at the dredge line, which
is the effective stress, or pv = (7)(115)+(7)(52.6) = 
1173.2 psf

• Compute (2qu–pv)/(γ’KaH)=((2)(1000) 1173.2)/ 
((52.6)(0.27)(14)) = 4.2.

• Since the depth ratio a = 7/14 = 0.5, D/H = 0.75
and Mmax/γ'KaH

3 = 0.4. From this, D = (0.75)(14)
= 10.5’ and Mmax = 15,588 ft-lbs/ft of wall
length.

• Chart was actually developed using γ’ = γ/2. If
this is assumed, then γ’ = 115/2 = 57.5 pcf, pv =
1207.5, (2qu – pv)/(γ’KaH) = 3.6, D/H = 0.85,
Mmax/γ'KaH

3 = 0.42, D = 11.9’ and Mmax = 
17,892 ft-lbs/ft of wall. Looking at Table 2-1, any
of the sections would be acceptable.

� Simplified Method with SPW 911
• The results for this are shown in Figure 9-11. The

results fall between the two different figures given
above, due in large measure to the differences result-
ing from using the original γ’ in the SPW 911 solution.

9.4. Anchored Walls
9.4.1. General

Anchored sheet pile walls derive their support by two
means: passive pressure on the front of the embedded portion
against wall and an anchorage system located near the top of

Figure 9-10: Cantilever Steel Sheet Pile Wall in Cohesive Soil with Granular Backfill
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the piling. Design of the anchorage system will be discussed in
chapter 11; this section will focus on the design of the wall
itself. The overall stability of anchored sheet pile walls and the
stresses in the members depends on the interaction of a num-
ber of factors, including the relative stiffness of the piling, the
depth of piling penetration, the relative compressibility and
strength of the soil, the amount of anchor yield, etc. As a gen-
eral rule, the greater the depth of penetration, the lower the
resultant flexural stresses. However, Rowe's experiments,
described in this section, make a strong case that in most cases
active earth pressures are reduced  after wall flexure.

Figure 9-12 shows the historically accepted relationship
between depth of penetration, lateral pressure distribution and
elastic line or deflection shape.

Case (a) is commonly called the free earth support method.
The passive pressures in front of the wall are insufficient to pre-
vent lateral deflection and rotations at point C. Cases (b), (c)

and (d) show the effect of increasing the depth of penetration.
In cases (b) and (c) the passive pressure has increased enough
to prevent lateral deflection at C; however, rotation still occurs.
In case (d) passive pressures have sufficiently developed on
both sides of the wall to prevent both lateral deflection and
rotation at C. This case is commonly called the fixed earth sup-
port method because point C is essentially fixed. Cases (a) and
(d) represent the two extremes in design.

The principal methods in current usage for the design of
anchored sheet pile walls are grouped and discussed in the fol-
lowing order:

• Free Earth Support Method
• Free Earth Support with Rowe's Moment Reduction 

Method
• Fixed Earth Support Method
• Equivalent Beam
• Equal Moments

Figure 9-11: SPW 911 Results for Example 10

Figure 9-12: Effect of Depth of Penetration on Pressure Distribution and Deflected Shape
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• Terzaghi
• Tschebotarioff
• Danish Rules

The Free Earth Support (FES) method generally produces
much higher bending moments than other methods. If the fac-
tor of safety is applied, the actual pressure distribution and
shape of the elastic curve probably approaches the fixed condi-
tion. In this case, the section modulus required by free earth
support is larger than needed, and the wall is uneconomical.
However by not increasing the penetration sufficiently, the wall
becomes vulnerable to overdredging or changing soil proper-
ties.

The free earth support method was the principal system
used by designers in the United States for many years. It is a
simple approach and produces a very conservative if not eco-
nomical design. In Europe, Fixed Earth Support and a number
of semi-empirical procedures have been employed for at least
50 years. These procedures produce smaller bending moments
while still providing adequate safety factors against toe or
anchorage failure.

There has always been some controversy concerning the
actual character of earth pressure on both sides of the wall and
the influence of wall flexibility on these elements of design.
Sheet piling, produced from steel, aluminium and timber, is
quite flexible causing earth pressures to redistribute or differ
from assumed classical distribution. In particular, it has been
observed that the bending moments in sheet piling generally
decreases with increasing flexibility of the wall material. This is

due to the interdependence between the type
of deflection or yield of the buried portion of
the sheet piling and the corresponding distri-
bution of passive earth pressure. With increas-
ing flexibility the yield of the buried part
assumes the character of a rotation about the
lower edge of the bulkhead causing the centre
of the passive pressure to move closer to the
dredge line. This in turn decreases the bending
moment. It would appear then that there is an
opportunity to reduce bending moments pro-
duced by Free Earth Support methods and
attain more economical designs. Peter Rowe, a
British investigator, published a series of
reports beginning in 1951 concerning these
relationships that have changed the historical
approach to free earth support design.

9.4.2. Free Earth Support Method
In this classical method, the piling is

designed to penetrate just deep enough to sat-
isfy minimum stability requirements, assuming

that the maximum possible passive resistance is
fully mobilized. The sheet piling is assumed to be

inflexible below the dredge line and that no pivot point exists
below this point, (no passive resistance develops on the back-
side of the piling). Earth pressures may be computed by the
methods discussed earlier. With these assumptions, the design
becomes a problem in simple statics. Procedures for the design
of anchored sheet  discussed separately below.

9.4.2.1. Design in Granular Soil
Figure 9-13 shows the general pressure distributions for an

anchored sheet pile wall in granular soil. It assumes that the
soil is homogeneous. The same soil parameters used with can-
tilever walls are required with anchored ones as well. The pos-
sible reduction of Kp for a factor of safety is discussed below.

The procedure is as follows:
1. Compute the unit active pressure pC1at the elevation CC1.

2. Compute the unit active pressure pA1at the elevation AA1.

3. Compute the slope of the line A1E, which equal to Kp – Ka.

4. Locate the point of zero pressure O1
88 , which is y below the

dredge line. The distance y is computed by the equation

Equation 9-32: 

5. Find the resultant active pressure Pa, which is the sum of the

Figure 9-13: Anchored Sheet Pile Walls, Free Earth Support Method, 
Granular Soil

88Equation 9-32 assumes that the soil properties do not change at the dredge line. If this is the case, the lateral earth pressure will have a discontinuity, and the numerator will then

be the lateral earth pressure for the soil below the dredge line.

150 Sheet Pile Design by Pile Buck



active pressure areas BCC1, CC1A1A and AA1O1. Find the loca-
tion of Pa by summing moments of the individual resultants
about the anchor.

6. Find the resultant passive pressure Pp, which is the com-
bined active and passive pressure O1FE, given by the equation

Equation 9-33: 

7. Solve for depth D by summing moments about the anchor.
How this is done depends upon the factor of safety method
used. For the free earth support method, there are three meth-
ods used:

a. Increase the moment about the anchor caused by the
active pressure Pa by a factor of safety. This forces an increase
in D. This is the method used by SPW 911. Typically, a factor
of safety of 2 is applied. The moment equation to be solved
would be in this case

Equation 9-34: 

b . Divide the passive earth pressure coefficient by 1.5 – 2.
As with cantilever walls, doing this applies the factor of safety
up front. This method can be used with SPW 911 with the
“Defined FOS” option. The equation is then

Equation 9-35: 

c. Do not decrease the passive earth pressure coefficient and
increase the depth below the dredge line y+D computed by
Equation 9-35 by 20 – 40%.

8. Obtain the anchor force by summing horizontal forces,

Figure 9-14: Anchored Steel Sheet Pile Wall in Homogeneous Granular Soil
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Equation 9-36: T = Pp-Pa.

9. Locate the point of zero shear. Don’t forget to include the
anchor force.

10. Compute the maximum moment at this point by summing
moments. As with the shear, include the anchor force.

Design charts have also been developed for anchored walls
in homogeneous granular soil for the free earth support
method as shown in Figure 9-14.

These curves give the depth ratio, D/H, the maximum
moment ratio, Mmax/γ'KaH

3 , and the tie rod ratio, T/γ'KaH
2, as

a function of the ratio of the passive to active earth pressure
coefficient, Kp/Ka. The curves are independent of the method
of obtaining Kp or Ka. The curves in Figure 9-14 were devel-
oped for a wet unit soil weight, γ, equal to twice the submerged
unit weight, γ', and a depth of anchor equal to 0.25H as shown.
Resulting moments and tie rod tension are force per unit length
of wall.

Example 11: Anchored Sheet Pile Wall in Cohesionless
Soil, Free Earth Support Method

❖ Given
� Sheet pile wall, 10’ elevation to dredge line

• Anchor located 2’ below the surface
� Soil Profile

• Granular Soil
• γ = 100 pcf
• γ’ = 60 pcf
• φ = 30º
• c = 0
• Water table 4’ below the surface on both sides of the

wall (no unbalanced hydrostatic forces)
• Uniform surcharge loading of 200 psf at the surface

❖ Find
� Depth of penetration of sheeting
� Maximum moment of sheeting; select suitable sheeting

profile
� Determine anchor load per linear foot of wall

❖ Solution
� Determine lateral earth pressure coefficients

• In this case, we will use Rankine coefficients for
simplicity.

• Ka = 0.33 (Equation 5-1)
• Kp = 3 (full), or Kp = 3/2 = 1.5 (reduced, divided by

a factor of safety of 2) (Equation 5-16). In the case of
the full passive earth pressure method, a factor of
safety of 2 is applied.

� Compute the unit active pressure pC1at the elevation
CC1. Although theoretically the surcharge pressure
should be included here, from a conceptual and a
computational standpoint it is easier to consider the

effects of the surcharge separately. pC1 = (4)(100)(0.33)
= 133 psf
� Compute the unit active pressure pA1at the elevation

AA1. PA1 = 133 + (6)(60)(0.33) = 253 psf
� Compute the lateral pressure from the surcharge pC. pC

= psurcharge Ka = (200)(0.33) = 67 psf.
� Compute the slope of the line A1E, which equal to Kp –

Ka. For full Kp, Kp – Ka = 3 – 0.33 = 2.67. For reduced
Kp, Kp – Ka = 1.5 – 0.33 = 1.167.
� Locate the point of zero pressure O1

89, which is y below
the dredge line. The distance y is computed by Equation
9-32. For the full passive pressure, y = (253)/ ((60)
(2.67)) = 1.58’. For reduced passive pressure, y = (253)/
((60)(1.167)) = 3.62’.
� Find the magnitude and location of the resultant active 

pressure Pa, which is the sum of the active pressure areas
BCC1, CC1A1A and AA1O1.
• Surcharge loadings. The active force due to surcharge

loading is generally split into forces above the dredge
line and those below.

• Above the dredge line: PC+ = (67)(10) = 666.67 lb/ft

Below the dredge line:
♦ Full passive earth pressure coefficient: PC- = 66.67

D + (67)(1.58’) = 66.67 D + 105.56 lb/ft.
♦ Reduced passive earth pressure coefficient: PC- = 

66.67 D + (67)(3.62’) = 66.67 D + 241.27 lb/ft.
• BCC1

Force: (133)(4)/2 = 267 lb/ft
Location from anchor: (2)(4)/(3) – 2 = 0.667’ = 8”

• CC1A1A
Force: (133 + 253)(6)/2 = 1,160 lb/ft.
Location from anchor: For a “trapezoidal” load such 
as this, the location of the resultant from “point 1” is
given by the equation

Equation 9-37:

Where z = distance from point 1 of resultant, p1 and
p2 are the lateral pressures at points 1 and 2 respec-
tively, and L is the distance from point 1 to point 2. 
In this case, z = (133 + (2)(253))/(3(133+253))(6) =
3.31’ from “point 1,” or 3.31 + 4 – 2 = 5.31’ from the
anchor. 

• AA1O1
Full passive earth pressure coefficient
♦ Force: (253)(1.58)/2 = 201 lb/ft
♦ Location from anchor = (1.58)/(3) + 6 + 4 –2 = 8.52’
Reduced passive earth pressure coefficient
♦ Force: (253)(3.62)/2 = 458.4 lb/ft
♦ Location from anchor: = (3.62)/(3) + 6 + 4 –2 = 9.21’

• Compute resultant active pressure Pa
Full passive earth pressure coefficient: Pa = 267 +

89Equation 9-32 assumes that the soil properties do not change at the dredge line. If this is the case, the lateral earth pressure will have a discontinuity, and the numerator will
then be the lateral earth pressure for the soil below the dredge line.
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1160 + 201 + 667 + 66.67 D + 106 = 2399 + 66.67
D lb/ft

• Reduce passive earth pressure coefficient: Pa = 267 +
1160 + 458 + 667 + 66.67D + 242 = 2793 + 66.67 D
lb/ft

• Determine location of resultant from anchor
Full passive earth pressure coefficient: h = (10048 +
66.66(D + 1.58)(0.5D + 8.79))/(66.67D + 2399)
Reduced passive earth pressure coefficient: h =(12558
+ 66.67(D+3.61)(0.5D + 9.81))/(66.67D + 2793)

� Find the resultant passive pressure Pp, which is the com-
bined active and passive pressure O1FE, given by
Equation 9-33.
• Full passive earth pressure coefficient: Pp = 80 D2.
• Reduced passive earth pressure coefficient: Pp = 35 D2.
� Solve for depth D by summing moments about the

anchor.
• Full passive earth pressure coefficient: Substituting the 

variables into Equation 9-34, 53.3 D3 +700 D2 – 1278
D - 21952 = 0. The only positive solution of this
equation is D = 5.4’. The total penetration of the toe
is 5.4’ + 1.58’ = 6.99’.

• Reduced passive earth pressure coefficient. 
Substituting the variables into Equation 9- 35, 23.3 
D3 +373 D2 – 774.6 D – 14924 = 0. The only positive
solution to this equation is D = 6.17’. The total pen-
etration of the toe is 6.17’ + 3,62’ = 9.8’.

� Obtain the anchor force by summing horizontal forces.
• Full passive earth pressure coefficient: Pa = 2760

lb/ft. For the passive pressure, substituting D = 5.4’ 
into Pp = 80 D2 yields Pp = 2336 lb/ft. Substituting
this into Equation 9- 36 with this value of Pp will
yield an anchor force that is too low, as the wall was
extended – and thus the passive pressure increased –
to provide a factor of safety against over- turning. 
To properly compute the anchor load, we must
compute a distance D’ from O1 to the point where
the moment generated by the active pressure and that
of the passive pressure are the same. In other words,
using a full passive earth pressure coefficient,

Equation 9-38:

Substituting the variables into this equation yields
53.3 D3 +733 D2 – 639 - 10976 = 0. The only posi-
tive root of this equation is D’ = 3.78’. This yields a
Pp’ = 1146 lb/ft, and substituting this into Equation
9-36 yields T = 1146 – 2760 = -1506 lb/ft90. Because
no factors of safety are applied to this load, this load
should be increased by about 30%, or T = (1506)
(1.3) = 1958 lb/ft for designing the anchor system

(see Equation 11-2.)
• Reduced passive earth pressure coefficient: Pa =

3204, Pp = 1333 lb/ft. These values can be directly
substituted into Equation 9-36, so T = 1333 – 3204
= - 1871 lb/ft. The load used for anchor design is thus
(1871)(1.3) = 2433 lb/ft.

• The design of the anchor system is discussed in
Chapter 11.

� Determine the maximum moment and sheeting profile.
The point of zero shear (maximum moment) is usually
near the dredge line, and not below O1 as is the case
with cantilever walls.
• Full passive earth pressure coefficient: Let us assume

that the point of zero shear is between the water table
and the dredge line. There are two constant forces
completely above the water table: the anchor force, T
= -1506 lb/ft, and the soil above the water table, P1 =
267 lb/ft. There are two forces that are left; both of 
these are dependent upon the location of the point of
zero shear. These are the surcharge force, PC’ = 67 (4
+ xremain), and the force between the water table and
the point of zero shear, P2’ = xremain(133 + pxr)/2. For
these equations, xremain = distance from water table to
the point of zero shear, and pxr = lateral earth pres-
sure at the point of zero shear without the surcharge.
At the point of zero shear, P1 + T + P2’ + PC’ = 0. 
Substituting, this yields 10 xremain

2 + 200 xremain-973
= 0. The positive solution to this equation is xremain =
4.04’, which means that the point of zero shear is
8.04’ below the top of the sheeting. The lateral earth
pressure at this point is pzs = 214 psf.

Once the point of zero shear is determined, the maximum
moment is determined by summing the moments of the
forces about the point of zero shear. The forces and moment
arms are shown in Table 9-1. The resultant moment, and the
maximum moment on the sheeting, is 4200 ft-lb/ft of wall
length.

• Reduced passive earth pressure coefficient: Let us
again assume that the point of zero shear is between
the water table and the dredge line. There are two
constant forces completely above the water table: the
anchor force, T = -1871 lb/ft, and the soil above the
water table, P1 = 267 lb/ft. There are two forces that
are left; both of these are dependent upon the loca-
tion of the point of zero shear. These are the sur-
charge force, PC’ = 67 (4 + xremain), and the force
between the water table and the point of zero shear,
P2’ = xremain(133 + pxr)/2. At the point of zero shear,
P1 + T + P2’ + PC’ = 0. Substituting, this yields 10 
xremain 2 + 200 xremain-1338 = 0. The positive solu-
tion to this equation is xremain = 5.29’, which means
that the point of zero shear is 9.29’ below the top of
the sheeting. The lateral earth pressure at this point is

90The negative sign indicates that the load is away from the excavation side of the wall, which is what we would expect.
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pzs = 239 psf.
Once the point of zero shear is determined, the maximum

moment is determined by summing the moments of the
forces about the point of zero shear. The forces and moment
arms are shown in Table 9-1. The resultant moment, and the
maximum moment on the sheeting, is 6640 ft-lb/ft of wall ß

• Referring to Table 2-1, any of the sheeting profiles are
suitable for use in this case.

� Solution using SPW 911
• The solution for both the full and reduced passive

earth pressure coefficient methods are shown in
Figure 9-15 and Figure 9-16, respectively. The solu-

tions are close to those computed above. The results
in Figure 9-15 are the “default” options for the pro-
gram. The results in Figure 9-16 are obtained by
defining the “factor of safety” as unity, then using a
reduction factor for the passive earth pressure coeffi-
cient. Since this coefficient has been reduced, the fac-
tor of safety has been in reality already applied.

9.4.2.2. Design in Cohesive Soils
Use of permanent sheet pile walls with cohesive soils for

both backfill and soils below the dredge line is unadvisable.
However, if a cohesionless backfill is used, anchored sheet
pile walls can be used. Figure 9-17 shows the resulting pres-
sure distribution and application of the free earth support
method for an anchored sheet pile wall in cohesive soil with
sand backfill.

The following design procedure may be used:
1. Determine the immediate and long-term strength of the
soil by undrained tests (φ = 0) and drained tests (c > 0, φ >
0), respectively.

2. Determine method of factor of safety inclusion.

3. Calculate the total active pressure due to the sand backfill
above the dredge line using methods similar to those in
Example 11.

Table 9-1: Forces and Moment Arms for Maximum 
Moment in Example 11

Force Magnitude, Distance from Magnitude, Distance from

Full Passive Point of Zero Reduced Point of Zero

Earth Pressure Shear, Full Passive Earth Shear,

Coefficient, Passive Earth Pressure Reduced

lb/ft Pressure Coefficient, Passive Earth

Coefficient, ft. lb/ft Pressure

Coefficient, ft.

P1 267 5.38 267 6.62

T -1506 6.04 -1871 7.29

PC’ 536 4.02 619 4.65

P2’ 703 1.87 985 2.39

(Equation 9-37) (Equation 9-37)

Figure 9-15: SPW 911 Solution for Example 11, Full Passive Earth Pressure Coefficient Method
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Figure 9-16: SPW 911 Solution for Example 11, Reduced Passive Earth Pressure Coefficient Method

Figure 9-17 Free Earth Support Method of Anchored Bulkhead Design in Clay with Granular Backfill
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4. Satisfy equilibrium by summing moments about the
anchor level. Solve for depth D as in the previous case.

5. Compute the tie rod loads.

6. Determine the point of zero shear and calculate the maxi-
mum bending moment.

As is the case with cohesionless soils, a chart is available to
determine the penetration and maximum bending moment
for cohesive soils with cohesionless backfill. Figure 9-18 pres-
ents design curves for anchored steel sheet pile walls in cohe-
sive soil with granular backfill. These curves give the depth
ratio D/H, the maximum moment ratio, Mmax/γ'KaH

3 , and the
anchor pull ratio, γ'KaH

2 , as a function of the “Net Passive
Pressure Coefficient” (2qu-pv)/γ'KaH. The term (2qu-pv) is the
net passive pressure on the left side of the wall below the
dredge line where pv is the vertical pressure at the dredge
line = γH. The term γ'KaH will normally vary from about 300
to 500; therefore, practical values of the net passive pressure
coefficient can be quite small for low strength soils. For this
reason the curves have been extended to include this lower
range. The curves in Figure 9-18 were developed for a wet

unit soil weight, γ, equal to twice the submerged unit weight,
γ', and for a depth of anchor rod below the top of the wall
equal to 0.25H.

Example 12: Anchored Wall in Cohesive Soil 
with Cohesionless Backfill

❖ Given (see Figure 9-17 for this problem)
� Sheet pile wall, 4 m elevation to dredge line

• Use pultruded fibreglass sheet piling
• Anchor located 1 m below the top of the sheet piling

wall
� Soil Profile

• Dense Find Sand above dredge line
• γ = 18.6 kN/m3

• γ’ = 18.6 – 9.8 = 8.8 kN/m3

• φ = 35º
• c = 0
Water table 2 m below the surface on both sides of 
the wall (no unbalanced hydrostatic forces)

• Uniform surcharge load of 10 kPa at the surface
• Ka = 0.27

• Medium Clay below the dredge line
• γ’ = 7.4 kN/m3

Figure 9-18: Anchored Steel Sheet Pile Wall in Cohesive Soil with Granular Backfill
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• φ = 0
• c = 30 kPa

❖ Find
� Depth of penetration of sheeting
� Maximum moment of sheeting; select suitable sheeting

profile
� Determine anchor load per linear foot of wall

❖ Solution
� Factors of Safety

• We will consider two methods of applying the factor
of safety:

• Full passive cohesion. Increase the moment of active
pressures by a factor of safety. The factor we will use
is 2. This is the default option for SPW 911. It should
be noted, however, that, to properly solve for the
anchor load, the problem must be solved again with
FS = 1.

• Reduced passive cohesion. We will divide the passive
earth pressure coefficient by 1.5. This can range from
1.5 – 2, depending upon the application and the
nature of the soil data. For this problem, the reduced
cohesion is 30/1.5 = 20 kPa.

� Determine total active pressure of the sand backfill above
the dredge line. This is the same for both factors of safe-
ty. Keep in mind that Figure 9-17 assumes no surcharge
loading; this needs to be added.
• Effective stress at point B’ = 10 kPa. Active earth pres-

sure at this point = (0.27)(10) = 2.7 kPa.
• Effective stress at point O = 10 + (2)(18.6) = 47.2

kPa. Active earth pressure at this point = (0.27)(47.2)
= 12.7 kPa.

• Effective stress at point A’ = pv = 47.2 + (2)(8.8) =
64.8 kPa. Active earth pressure at this point = (0.27)
(64.8) = 17.5 kPa.

• Force OB’ = 2((2.7 + 12.7) /2) = 15.4 kN/m of wall
length. The resultant of this force is 1.22 m below the
surface, or 0.22 m below the anchor.91

• Force OA’ = 2((12.7 + 17.5) /2) = 30.2 kN/m of wall
length. The resultant of this force is 3.05 m below the
surface, or 2.05 m below the anchor.

• Total active force = 15.4 + 30.2 = 45.6 kN/m of wall
length.

� Determine the passive pressure and sum moments about
the anchor load to determine the depth of the sheeting.
• The net passive pressure can be determined by

generalising Equation 9-16 to 

Equation 9-39: pB=pp-pa=2qu-pv=4c-pv

For the full passive cohesion, pB = (4)(30) – 64.8 =
55.2 kPa. The passive force BC = 55.2D. The distance
of the resultant force is 3 + D/2 from the anchor or 4
+ D/2 from the top of the wall.

For the reduced passive cohesion, pB = (4)(20) – 64.8
= 15.2 kPa. The passive force BC = 15.2D. The
distance of the resultant force is 3 + D/2 from the
anchor or 4 + D/2 from the top of the wall.

• Moments can now be summed about the anchor.
For full passive cohesion, with a factor of safety of 2,
(2)((15.4)(0.22) + (30.2)(2.05)) – (55.2D)(3 + D/2) =
0. The positive solution of this equation is D = 0.71
m, and the net passive force is (55.2)(0.71) = 39
kN/m of wall length.

For reduced passive cohesion, (15.4)(0.22) + (30.2)
(2.05) – (15.2D)(3 + D/2) = 0. The positive solu-
tion of this equation is D = 1.19 m, and the net pas-
sive force is (15.2)(1.19) = 18.2 kN/m of wall
length.

� Compute the tie rod loads.
• For full passive cohesion, the net passive force cannot

be used to compute the tie rod load as it has a factor
of safety applied to it. It is necessary to compute the
toe length D with full cohesion and a factor of safety
of unity. In this case, ((15.4)(0.22) + (30.2)(2.05)) –
(55.2D)(3 + D/2) = 0, and D = 0.37 m (of course this
is not to be used for toe design!) The net passive force
is thus (55.2)(0.37) = 20.5 kN/m. The tie rod force is
thus T = 20.5 – 15.4 – 30.2 = -25.2 kN/m of wall
length.

• For the reduced passive cohesion, the net passive
force of 18.2 kN/m can be used. The tie rod force is
thus T = 18.2 – 15.4 – 30.2 = -27.5 kN/m of wall 
length.

� Determine the point of zero shear and compute the max-
imum moment on the sheeting.
• We will begin by assuming the point of zero shear

falls somewhere between the water table and the
dredge line. This means that the force OB’ will apply
in its entirety and the force OA’ only partially. Using a
similar approach to that in Example 11, let us refer to
the distance from the water table to the point of zero
shear as x’. The active force from the water table to
the point of zero shear is thus F’ = (x’)(pΟ + x’ Ka
γ’)/2, and thus summing forces, T + FOB’ + F’ = 0 = T
+ FOB’ (x’)(pΟ + x’ Ka γ’)/2. The value of T is different
depending upon the factor of safety method used and
thus the value of x’ and F’ will be different.

Full passive cohesion: T = -25.2 kN/m, so substitut-
ing this and the values for pΟ, Ka and γ’, the summa-
tion of forces becomes –9.7 + (x’)(25.5 + 2.4 x’)/2 =
0, and the positive root of this is x’ = 0.71 m. This

91See methods given in Example 11 for determining this distance with “trapezoidal” loads.
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means that the point of zero shear is 1.71 m below
the anchor and 2.71 below the top of the wall.

Reduced passive cohesion: T = -27.5 kN/m, so sub-
stituting this and the values for pΟ, Ka and γ’, the
summation of forces becomes –12.1 + (x’)(25.5 + 2.4
x’)/2 = 0, and the positive root of this is x’ = 0.87 m.
This means that the point of zero shear is 1.87 m
below the anchor and 2.87 below the top of the wall.

• Determine the maximum moment at the point of zero
shear. This involves both computing the magnitude
of F’ and the location of the resultant of this force.
Both of these are in turn dependent upon the lateral
earth pressure at the point x’, which we will refer to 
as p’ = pΟ + x’ γ’ Ka.

Full passive cohesion: We first compute p’ = 12.7 +
(0.71)(8.8)(0.27) = 14.4 kPa. The resultant force F’ =
(0.71)(12.7 + 14.4)/2 = 9.7 kN/m of wall length. 
Using Equation 9-37, the resultant is located 0.36 m
below the water table or 2.36 m from the top of the
wall. Summing moments about the top of the wall,
the maximum moment Mmax = (15.4)(1.22) + (-25.2)
( 1) + (9.7)(2.36) = 16.6 kN-m/m of wall length.

Reduced passive cohesion: We first compute p’ =
12.7 + (0.87)(8.8)(0.27) = 14.8 kPa. The resultant
force F’ = (0.87)(12.7 + 14.8)/2 = 12.1 kN/m of wall

length. Using Equation 9-37, the resultant is located
0.44 m below the water table or 2.44 m from the top
of the wall. Summing moments about the top of the
wall, the maximum moment Mmax = (15.4)(1.22) + 
(-25.2)( 1) + (12.1)(2.44) = 20.8 kN-m/m of wall
length.

Since the maximum bending moment for the small-
est sheet pile shown in Table 2-1 (PZ22) is 167.6 kN-
m/m of wall length, any of these sections is suitable.

� Analyse the wall using SPW 911. The results for the full
passive cohesion method are shown in Figure 9-19 and
the reduced passive cohesion method in Figure 9-20. The
results shown are similar to those computed above.

� Chart solution. Figure 9-18 is the applicable chart. Since
the anchor distance from the top of the wall is 25% of
the distance from the top to the dredge line, this chart is
applicable. We will use the reduced passive cohesion fac-
tor of safety method, so c = 20 kPa and qu = 40 kPa. The
water table ratio a = 0.5. The value for the x-axis (2qu –
pv)/(γ’ Ka H) = ((2)(40) – 64.8)/((8.8)(0.27)(4)) = 1.6. 
From this, the following ratios can be determined and
the respective values computed: 
• Depth ratio = 0.25. The depth is thus 0.25H = (0.25)

(4) = 1 m.
• Moment ratio = 0.1 = Mmax/(γ’ Ka H3 ). From this, 

Mmax = 15.2 kN-m/m.

Figure 9-19: SPW 911 Solution for Example 12, Full Passive Earth Pressure Coefficient Method
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• Anchor pull ratio = 0.48 = Tmax/(γ’ Ka H2 ). From
this, Tmax = 18.24 kN/m. The differences are largely
due to the differences in the way in which the satu-
rated weight of the soil are handled. The low value of
D also makes for large variations in the result for
changes in the value of D. In reality, for all of the
methods described, D is too small to be practical; it
should be increased to take into considerations
construction variations and uncertainties in the soil
properties.

9.4.2.3. Rowe's Moment Reduction Theory
Steel sheet piling is quite flexible, causing earth pressures

to redistribute or differ from the classical hydrostatic distribu-
tion. In particular, it has been observed that the bending
moment in sheet piling generally decreases with increasing
flexibility of the piling. This is due to the interdependence
between the type of deflection or yield of the buried portion
of the sheet piling and the corresponding distribution of pas-
sive earth pressure. With increasing flexibility, the yield of the
buried part assumes the character of a rotation about the
lower edge of the bulkhead causing the centre of the passive
pressure to move closer to the dredge line. This in turn

decreases the maximum bending moment. Consequently, if a
reduction in the maximum bending moment calculated by
the free earth support method is neglected, an uneconomical
and wasteful design will result. However, if the moment
reduction is considered, a lower section modulus will be
required introducing the possibility of using a lighter piling
section. 

Realising this, European engineers developed a semi-
empirical method for analysis of flexible walls. These became
known as the “Danish Rules.” These rules assume that arch-
ing of the sheeting redistributes active pressure, thereby
reducing bending moments.

Beginning in 1952, Peter Rowe92 published a series of
reports describing model tests. These linked pile flexibility
with reduced bending moments when the model bulkheads
met the criteria for free earth support. Rowe found that, with
increasing flexibility, the buried portion tends to rotate about
the lower edge of the bulkhead, causing the centre of passive
pressure to move upward and closer to the dredge line. This
reduces the free span and the moment. Rowe’s early work was
conducted with loose sand, but his later work with denser
materials indicated an even more pronounced effect.

Rowe's method can generally be safely utilized where base

Figure 9-20: SPW 911 Solution for Example 12, Reduced Passive Earth Pressure Coefficient Method

92Rowe, P. W., Anchored Sheet Pile Walls, Proceedings Institution of Civil Engineers, Part I, Vol. 1, London, England, 1952; Rowe, P. W., A Theoretical and Experimental Analysis of
Sheet Pile Walls, Proceedings, Institution of Civil Engineers, Part I, Vol. 1, London, England, 1955; Rowe, P. W., Sheet Pile Walls Encastre at Anchorage, Proceedings, Institution of
Civil engineers, Part I, Vol. 1, London England, 1955; Rowe, P. W., Sheet Pile Walls in Clay, Proceedings, Institution of Civil Engineers, Part I, Vol. 1, London, England, 1957.
93It is interesting to note that Karl Terzaghi recommended that moment reduction be limited to 50% of the design moment, and to use moment reduction only in clean sands. See
Terzaghi, K. (1954) “Anchored Bulkheads.” Transations of the American Society of Civil Engineers, Vol. 119, Paper 2720.
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materials consist of medium compact to very compact coarse-
grained materials or stiff clay. The moment reduction aspects
for loose granular or undrained fine-grained materials should
be examined cautiously although Kulhawy reports that Rowe
moment reduction methods are also reliable for designing
walls in loose granular soils. Since the reduction factors
depend upon penetration, the method should not be used to
reduce moments from free earth support analysis of walls that
obtain their toe support from short penetration into shale or
rock 93. Flexibility numbers for sections that have interlocks
located on the neutral axis of the wall should be based on the
assumption of lubricated interlocks unless welded. Also, in
the absence of supporting information, the method is not rec-
ommended for walls containing mixed sections, i.e. master
pile type walls.

9.4.2.3.1. Cohesionless Soils
To use Rowe’s moment reduction method with cohesion-

less soils, the following procedure should be used:

1. Compute the maximum moment in the sheeting using the
Free Earth Support method as described in 9.4.2.1.
Appropriate safety factors should be applied irrespective of
how this is done.

2. Compute Rowe’s moment reduction coefficient using the
equation

Equation 9-40:

Where
• ρ = Rowe’s moment reduction coefficient. It is important to
use the U.S. units described below for proper results with
Rowe’s moment reduction curves.
• H = total wall height, ft. (see Figure 9-21a.) Note that the
nomenclature in this figure is somewhat different from that
used with both cantilever wall design and the free earth sup-
port method for anchored walls.
• E = modulus of elasticity of sheet piling material, psi
• I = section modulus of sheet piling, in4 /ft of wall

3. Determine the geometrical coefficients a and b which are
shown in Figure 9-21a.

4. Take the common logarithm of ρ. If the value of β is less
than or equal to 0.3, the value of Rowe’s moment reduction
factor rd can be determined. This is defined as 

Equation 9-41:

Where
• rd = moment reduction ratio
• Mdesign = reduced moment due to flexibility of sheet pile
wall.
• MFES = maximum moment in the sheeting from free earth
support method.

Figure 9-21 Rowe’s Moment Reduction Curves for Cohesionless and Cohesive Soils
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5. Determine the reduced moment due to wall flexibility by
solving Equation 9-41 for Mdesign, or 

Equation 9-42: Mdesign = rd MFES

6. The tie rod load is unaffected by Rowe’s moment reduction
method.

Example 13: Rowe’s Moment Reduction Method,
Cohesionless Soils

❖ Given
� Anchored Sheet Pile Wall

• Excavation Depth = 36’
• Water level on both sides of the wall = 10’
• Uniform surcharge of 600 psf
• Soil Layer 1: Sand Backfill

γ = 110 pcf
γ ’ = 60 pcf
φ = 34º
δ = 0º
Ka = 0.28
Soil layer extends to excavation depth.

• Soil Layer 2: Medium Sand
g’ = 65 pcf
f = 34.5º
d/f = -0.4
Ka = 0.26
Kp = 6.63

❖ Find
� Required sheeting section for maximum flexural stress 

using Rowe’s Moment Reduction Curves
❖ Solution
� Since our object is to demonstrate the use of Rowe’s

Moment Reduction Curves, we will dispense with the hand
calculations and simply present the SPW911 results in Figure
9-22. This also serves as the figure that illustrates our prob-
lem. The SPW911 analysis in this case used the free earth
pressure method with the full passive earth pressure coeffi-
cient.
� The maximum moment from this analysis is 111.8 ft-

kips/ft of wall. Using Table 2-1, only the PZ40 sheeting is
capable of this flexural load using ASTM A328; PZ35 could
be used with ASTM A572 or ASTM A690.
� The properties for Rowe’s method common to all of the

sheet piling sections are as follows:
• Modulus of elasticity E = 30,000,000 psi
• Wall height = 48’ (rounded up very slightly from

SPW 911.)
• α = 36/48 = 0.75
• β = 10/48 = 0.208

� The results of applying Rowe’s Moment Reduction method
are shown in Table 9-2. As we would expect, the reduction in
moment increased with the reduction in moment of inertia 94.
Using this, PZ35 becomes a possibility in ASTM A328, as
does PZ27 for ASTM A572 or ASTM A690.

Figure 9-22: SPW911 Results for Example 13

94Bulkheads constructed by front dredging from an established surface might be considered for a greater reduction of moment.
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9.4.2.3.2. Cohesive Soils
Rowe95 also extended the moment reduction theory to

cohesive soils by introducing the stability number concept.
The stability number is the ratio of the cohesion below the
dredge line to pn at the dredge line and is a measure of the
net passive resistance, i.e., to account for adhesion. This sta-
bility number is given by the equation

Equation 9-43:

The relationship between the stability numbers and the
moment reduction for cohesive soils is shown in Figure 9-21b.

Curves for three wall flexibility numbers are given. The
designer, knowing the stability number, Sn, and the depth to
height ratio, a, can determine the moment reduction and,
therefore, size the piling for a particular flexibility ρ. Values of
ρ between those given can be interpolated.

9.4.3. Fixed Earth Support Method (Equivalent 
Beam Method)

9.4.3.1. Overview of Blum’s Method
An alternative to the free earth support method – and

one that is more popular in Europe than in the U.S. – is
the fixed earth support method. The method was original-
ly developed by Dr. Hermann Blum96. To illustrate the
concept, we present a “simple” example.
Consider an anchored sheet pile wall with a single sup-

port, uniform granular soil and no water as shown in
Figure 9-23.

Let us assume that the toe of the sheet is a fixed end for
structural purposes; this is Blum’s first condition, and this sets
Blum’s method apart from the free earch support method. If
we neglect the anchor, the system will be a simple cantilever
with two distributed forces, the active pressure

Equation 9-44: pa = -Ka γx

and the passive pressure

Equation 9-45: pp = Kp γ (x - H )

where x is the distance from the top of the sheet pile wall. The
moment at any point due to the active pressure is

Equation 9-46:

and the passive pressure

Equation 9-47:

Now let us add a simple support at the point of the sup-
port. The moment due to this force at any point in the beam
is given by the equation

Equation 9-48:

With the addition of the support, the system is statically
indeterminate. The moment equations, however, can be
solved if we treat each of the three forces acting on the beam
(active pressure, passive pressure and support) separately and
then sum the resulting deflections they produce at the sup-
port. We will use the dummy unit load method to determine
these deflections.97 This method states that the deflection at a
point can be determined by applying a unit load at the
desired point and the deflection determined by the equation

Table 9-2: Results of Rowe’s Moment Reduction Method for Example
11 for Different Sections

Moment of Inertia, in4/ft 84.4 184.2 361.2 490.8

ρ (Equation 9-40 ) 0.002097 0.000961 0.00049 0.000361

log ρ -2.68 -3.01 -3.31 -3.44
rd 0.5 0.7 0.9 1.0

Mdesign, ft-kip/ft 55.9 78.3 100.6 111.8

(Equation 9-42)

Section PZ22 PZ27 PZ35 PZ40

95Rowe, P. (1957) “Sheet Pile Walls in Clay.” Proceedings, Institution of Civil Engineers, Part I, Vol. 1. London, England.
96A summary in English of Dr. Blum’s work is found in the article “Bending Moment Acting on Anchored Steel Sheet Piling Walls,” founding in U.S. Steel publication Design Extracts
from Former Publications. 1963. Pittsburgh, PA: United States Steel Corporation. Blum’s method is also summarised in Verruijt, A. (2001) Soil Mechanics, available at http://www.vul-
canhammer.net. Most of what follows is based on his summary.
97For information on this I am indebted to Dr. Edwin P. Foster of the University of Tennessee at Chattanooga, and his graduate class notes. This method is also dealt with in detail
in Harker, R.J. (1986) Elastic Energy Methods of Design Analysis. New York: Elsevier.

Figure 9-23: 
Anchored Sheet Pile Wall to Illustrate Blum’s Method
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Equation 9-49:

where
m = moment due to the dummy unit load
M = moment due an actual moment
E = modulus of elasticity of the material
I = moment of inertia of the sheeting

For the active pressure and the anchor force, one must
integrate from the support (x = ρH) to the end of the beam (x
= H + D). For the passive force, one must integrate from the
excavation line (x = H) to the end of the beam. If we integrate
the deflection at the anchor caused by each of these forces,
sum the three resulting deflections, set them equal to zero,
and solve for the anchor force, we have

We now note that we still have two unknowns: the anchor
force T and the depth of penetration D. It is at this point that
we introduce Blum’s other condition: the moments about the
toe equal zero, even though the toe is fixed. There is a reac-
tion at the toe, which represents the residual of the net force
on the wall. It is generally accounted for in design by increas-
ing the penetration D of the wall beyond the excavation line
by 20%.

The moments at the end can be obtained by substituting x
= H + D in to Equation 9-46, Equation 9-47 and Equation 9-
48. If we then sum these moments, set the summation equal
to zero, and as before solve them for the anchor force, we
obtain 

Equation 9-51:

Obviously we can solve this equation and the previous one
together and determine the result for T and D; however, from
a practical standpoint only a numerical solution is possible. If
we add the water table, as we did for the charts, the complex-
ity increases.

Blum’s assumption of a fixed end has been widely criticised
(especially in the U.S.), but it should be kept in mind that
Blum’s assumption is more of a design objective than an
assumption of actual conditions. If the sheet were to be

lengthened, the maximum moment—which can also be
obtained from the above equations—would be lowered with
the increased penetration of the sheet. A longer sheet would
also be more resistant to overturing failure.

This concept, although applied first to steel sheeting, has
potential with non-metallic sections, where maximum allow-
able moments tend to be lower.

9.4.3.2. Implementation of Fixed Earth Support
An examination of the previous section indicates that the

method is deceptively simple; actual implementation
becomes computationally complex very quickly. As a result,
this method has had several simplifications, including that of
Gregory Tschebotarioff98 . The hand solution method we will
use here is as presented in the British Steel Corporation Piling
Handbook99. SPW 911 also uses this method.

For this simplification, the lateral earth pressures are com-
puted in the usual manner. Formally speaking, towards the
toe of the sheet-piling wall, the lateral earth pressures reverse
themselves; however, we can simplify these in the same way
we did for the cantilever walls, i.e., by applying a force F3 at
point F that replaces these forces. In doing so, we must add a
toe length of 20% of the distance Ο1F (distance D) to account
for this simplification.

The procedure for fixed earth support on anchored walls is
as follows:

1. Compute the lateral earth pressures and forces in the same
way as was done for the free earth support method. This
includes the forces Pa and Pp and the location of the point Ο1
(distance y).

2. Ignoring the beam below the point Ο1, compute the
moments of the beam about the point Ο1. This will include
the moment due to Pa and the anchor force T. Since Pa and
the locations of the resultants are known, the force T can be
computed.

3. Sum moments about point F. Include moments from forces
Pa, Pp and T. Since Pp is a function of D, D can be computed
from this summation.

4. Compute the magnitude of the maximum moment by
locating the point of zero shear and summing moments.

Equation 9-50:

98Tschebotarioff, G.P. (1973) Soil Mechanics, Foundations and Earth Structures. Second Edition. New York: McGraw-Hill Book Company.
99British Steel Corporation Piling Handbook. (1984) Fourth Edition. Scunthorpe, England: British Steel Corporation.
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5. There are two factors of safeties to consider: the ratio of the
restoring (primarily passive) moments to the disturbing (pri-
marily active) moments about point T, and the factor of safe-
ty against rotational failure about point F. The former is a
result of the computations and can be checked at the end of
the calculations. The latter can be dealt with (if desired) by
reducing the passive earth pressure coefficient as we have
done before.

In addition to the simplifications, this method can be
implemented using most any direct stiffness (finite element)
structural analysis program. We will illustrate this in the fol-
lowing example.

Example 14: Fixed Earth Support Method
❖ Given
� Problem as outlined in Example 11.

❖ Find 
� Depth of penetration of sheeting.
� Maximum moment of sheeting; select suitable sheeting 

profile.
� Determine anchor load per linear foot of wall.
� Use fixed earth support method.
� Use actual active and passive earth pressure coefficients.

The method is the same if reduced coefficients are used.
❖ Solution
� Determine lateral earth pressure coefficients

• Ka = 0.33 (Equation 5-1)
• Kp = 3 (Equation 5-16)
� Compute the unit active pressure pC1at the elevation

CC1. Although theoretically the surcharge pressure should be
included here, as before we will consider the effects of the
surcharge separately. pC1 = (4)(100)(0.33) = 133 psf 
� Compute the unit active pressure pA1 at the elevation

AA1. PA1 = 133 + (6)(60)(0.33) = 253 psf
� Compute the lateral pressure from the surcharge pC. pC

= psurcharge Ka = (200)(0.33) = 67 psf.
� Compute the slope of the line A1E, which equals to Kp

– Ka = 3 – 0.33 = 2.67.
� Locate the point of zero pressure Ο1

100, which is y below
the dredge line. The distance y is computed by Equation 9-
32, thus y = (253)/((60)(2.67)) = 1.58’.
� Find the magnitude and location of the resultant active

pressure Pa, which is the sum of the active pressure areas
BCC1, CC1A1A and AA1Ο1. This should include the sur-
charge loading above point y.

• Surcharge loadings.
Above the dredge line
♦ Force: PC+ = (67)(10’) = 666.67 lb/ft
♦ Location from point Ο1 = 5 + 1.58 = 6.58’
Between the dredge line and point Ο1
♦ Force: PC- = (67)(1.58) = 105.6 lb/ft

♦ Location from point Ο1 = 1.58/2 = 0.79’
• BCC1

Force: (133)(4)/2 = 267 lb/ft
Location from point Ο1: 10 - (2)(4)/(3) + 1.58 = 8.92’

• CC1A1A
Force: (133 + 253)(6)/2 = 1,160 lb/ft.
Location from point Ο1: In this case, z = (133 + 
(2)(253))/(3(133+253))(6) = 3.31’ from point C or 
10 – 4 - 3.31 + 1.58 = 4.27’.

• AA1Ο1
Force: (253)(1.58)/2 = 201 lb/ft
Location from point Ο1 = (2)(1.58)/(3) = 1.06’

• Compute resultant active pressure Pa
Pa = 666.67 + 105.6 + 267 + 1160 + 201 = 2399 lb/ft

• Determine location of resultant from anchor
Full passive earth pressure coefficient: h = ((666.67)
(6.58) + (105.6)(0.79) + (267)(8.92) + (1160)(4.27)
+ (201)(1.06))/2399 = 5.0’

� Compute the anchor force by summing moments about
point Ο1.
• The anchor is 8’ + 1.58’ = 9.58’ from point Ο1. The

summation of moments is (2399)(5) = 9.58T, and so
T = 1254 lb/ft of wall length.

� Find the resultant passive pressure Pp, which is the com-
bined active and passive pressure Ο1FE, given by Equation 9-33.

• Pp = 80 D2 . This moment arm about the point F is
D/3.

• The surcharge load acts in an opposite manner and so
Psur = - 66.7 D. The moment arm for this point about
the point F is D/2.

• The moment arm for the active force Pa (including
the surcharge load) is 5 + D.

• The moment arm for the anchor is 9.58 + D.
� Solve for depth D by summing moments about point F.

• Including all of the forces and moment arms, the
summation of moments results in the equation 26.7 
D 3 – 33.3 D 2 – 1145.3 D = 0. The largest positive 
solution for this is D = 7.2’. The distance from the
dredge line to the toe is thus 1.58 + (1.2)(7.2) = 10.2’

� Determine the maximum moment and sheeting profile.
The point of zero shear (maximum moment) is usually 
near the dredge line, and not below Ο1 as is the case 
with cantilever walls.
• Let us assume that the point of zero shear is between

the water table and the dredge line. There are two
constant forces completely above the water table: the
anchor force, T = -1254 lb/ft, and the soil above the
water table, P1 = 267 lb/ft. There are two forces that 
are left; both of these are dependent upon the loca-
tion of the point of zero shear. These are the sur
charge force, PC’ = 67 (4 + xremain), and the force
between the water table and the point of zero shear,

100Equation 9-32 assumes that the soil properties do not change at the dredge line. If this is the case, the lateral earth pressure will have a discontinuity, and the numerator will
then be the lateral earth pressure for the soil below the dredge line.
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P2’ = xremain(133 + pxr)/2. For these equations, xre-

main = distance from water table to the point of zero 
shear, and pxr = lateral earth pressure at the point of
zero shear without the surcharge. At the point of zero
shear, P1 + T + P2’ + PC’ = 0. Substituting, this yields
10 xremain

2 + 200 xremain- 721 = 0. The positive solu-
tion to this equation is xremain = 3.11’, which means
that the point of zero shear is 7.11’ below the top of
the sheeting. The lateral earth pressure at this point is
pzs = 196 psf.

Once the point of zero shear is determined, the maximum
moment is determined by summing the moments of the
forces about the point of zero shear. The forces and moment
arms are shown in Table 9-3. The resultant moment, and the
maximum moment on the sheeting, is 2793 ft-lb/ft of wall
length. As before, this is well below the moments of any of

the sheets listed in Table 2-1.

� Solution using SPW 911
• The solution is shown in Figure 9-24.
• There are several important observations from the 

SPW 911 result that need to be noted.

The results shown here are similar to those obtained
in hand calculations but not identical. The reason for
this concerns the way in which the surcharge loading
was handled. SPW 911 integrates the surcharge load-
ing into the earth pressure profile while it was han-
dled separately in the hand calculations. Integrating
the surcharge increases the distance y and decreases
the distance D. This in turn decreases the total toe,
since more of the toe distance is in y and thus the cor

Table 9-3: Forces and Moment Arms for Maximum Moment in Example 14

Figure 9-24: SPW 911 Solution for Example 14
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rection factor for the simplified method will increase
the total toe distance less than when the surcharge is
considered separately. This is an example of how a
legitimate decision of problem solving can lead to dif-
ferent results.

The SPW result in Figure 9-24 shows the “point of
contraflexure,” i.e., the point where the curvature of
the beam changes from convex towards the excava-
tion (left side) to convex towards the active pressure
(right) side. Identifying this point is important in
many variations of the fixed earth support method,
although not critical here. For uniform cohesionless
soils, the distance D can be computed directly by the
equation

Equation 9-52:

Where R is the horizontal reaction at the point of

contraflexure (frequently assumed the same as Ο1,
and very close to this in the SPW911 analysis) if the
beam were simply supported there.

� Solution using Structural Analysis Program
• As noted, we can solve problems such as this using a

structural analysis program. The program we will use
here is CFRAME101, although any structural analysis
program that can handle “ramped” loads (and that
includes most of them) can be used.

We started by dividing the beam into four ele-
ments and five nodes. The nodes are located at the
top of the beam, the anchor, the water table, the
dredge line and the toe of the wall. The anchor is
simply supported and the toe of the beam is rigid-
ly supported. This is illustrated in Figure 9-25.

We apply the earth pressures to each element. 
There are two ways of doing this in CFRAME:

101This program was produced by the U.S. Army Corps of Engineers. The documentation for it is found in Hartman, J.P., and Jobst, J.J. (1983) User’s Guide: Computer Program with
Interactive Graphics for Analysis of Plane Frame Structures (CFRAME). Instruction Report K-83-1. St. Louis, MO: U.S. Army Engineer District, 1983.

FIXED EARTH SUPPORT METHOD

11-MAR-2003   11.50.13

Figure 9-25: 
Finite Element Model for Fixed Earth Support Method

FIXED EARTH SUPPORT METHOD

11-MAR-2003   11.50.13

Figure 9-26:
Loads for CFRAME Model for Fixed Earth Support Example

LOAD CASE 1
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Table 9-4: Results of CFRAME Program for Example 14
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Table 9-4 continued

174 Sheet Pile Design by Pile Buck



DEFLECTION

Figure 9-27: CFRAME Deflection Diagram for Example 14

FIXED EARTH SUPPORT METHOD

11-MAR-2003   11.50.13
LOAD CASE          1

= .0304  IN

MOMENT

Figure 9-28: CFRAME Moment Diagram for Example 14

FIXED EARTH SUPPORT METHOD

11-MAR-2003   11.50.13
LOAD CASE          1

= .3898E=5   IN-LB

SHEAR

Figure 9-29: CFRAME Shear Diagram for Example 14

11-MAR-2003   11.50.13
LOAD CASE          1

= 1959  LB

♦ Consolidating the various earth pressures into one
profile and entering it into CFRAME element by ele-

ment. This is similar to the method used in SPW911.
Since we must vary the location of node 5 by trial and
error to determine the point at which the moments at
node 5 are zero, we need to construct a table of earth
pressures for various possible locations of node 5.

Consolidating the pressures makes this job simpler; 
however, for illustrative purposes we will opt to—

♦ Enter each type of earth pressure separately, as shown
in Figure 9-26.
We assume a sheeting section, in this case PZ22.

• The tabular results are shown in Table 9-4. Graphical 
output for deflection, moment and shear along the
entire sheeting wall are shown in Figure 9-27, Figure 

9-28 and Figure 9-29, respectively. Shear and moment
diagrams for the individual elements are also available.

The results just presented are for a total pile length of 18.16’. To
arrive at this toe length, CFRAME was run for several values
between 17’ and 19’. The earth pressures – both active and pas-
sive – at the toe were varied with the length. The object was to
determine the point at which the toe moment was zero. The
variation in toe moment with pile length is shown in Figure 9-
30. Linear interpolation gives a pile length for zero toe moment
of 18.16’. The results from this length show an actual toe
moment of 553 in-lb/ ft = 46 ft-lb/ft, which is very small indeed.

FIXED EARTH SUPPORT METHOD
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102The maximum shear for the entire wall (1959 lb/ft of wall length) is shown to take place at the toe of the wall; this is in reality the F3 force. Element output shows that the max-
imum shear (which takes place just below the dredge line) is 1073 lb/ft.

Figure 9-30: Variation in Toe Moment for Fixed Earth Support Method

Table 9-5: Tabulated Results for Fixed Earth Support Example

With a direct implementation of Blum’s method such as this,
we can add the factor for the fixed end reaction to the entire
length D. Thus the actual length of the sheeting below the
dredge line should be (1.2)(8.16) = 9.79’. The other results are
shown in Table 9-5.

The variation the results amongst these methods shown 
needs some explanation.
♦ The difference between the hand calculations and

SPW911 has already been noted. Since the toe length

computation is different, the rest of the results will be
different also.

♦ The difference between the CFRAME results and the
other methods are due to variations in the fixed earth
support method. In its basic form, the fixed earth sup-
port method involves the analysis of a statically indeter-
minate structure with ramped, distributed loads. Use of
Terzaghi’s simplification (assume the toe to be simply sup-
ported and require the rotation to be zero there 103 )
does produce a statically determinate structure (for a
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103This method is identical in results to Blum’s orignal method and the one we used with CFRAME, which fixed the end (thus guaranteeing no rotation) but required a zero moment. 
104An excellent treatment of graphical methods for sheet piling design can be found in the book Practical Design of Sheet Pile Bulkheads, Second Edition (1986), published by
TradeArbed, New York, NY.

Figure 9-31: 
Danish Method of Sheet Pile Wall Design
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single support) but still requires the use of methods
such as slope deflection or the dummy unit load method
for proper analysis. This has led to simplifications such
as the one shown in the hand calculations and SPW911,
but it is too much to expect perfect matches in the
results.

♦ The use of a direct stiffness program such as CFRAME
allows us to eliminate the simplifications, although the
iterative process can be a little tedious.
• The use of a structural program such as CFRAME to

analyse anchored sheet piling walls also provides us
with an independent check without having to resort
to hand calculations. It is also a good transition to
finite element methods of analysis for sheet pile walls.

9.4.4. Graphical Methods
Traditionally, graphical methods have been used to analyse

the shear, moment and deflection characteristics of sheet pile
walls with complex or irregular loading. Although modern
CAD systems can make graphical solutions precise to a higher
degree than previously possible, the use of other computerised
methods, such as SPW 911 or the application of programs such
as Maple and Matlab to hand calculations have rendered graph-
ical methods obsolete in practice.104

9.4.5. Danish Rules
The Danish Rules, published by the Danish Society of Civil

Engineers, are based on studies of a number of existing sheet
pile structures and are purely empirical. They apply to single
anchored sheet pile walls in cohesionless material and repre-
sent the least conservative approach to design. Although the
Danish Rules have been subject to considerable criticism, espe-
cially with respect to the assumed pressure distribution, they
have formed the design basis for many very economical sheet
pile structures in use today.

Figure 9-31 shows the assumed pressure distribution on a
sheet pile wall. The wall is assumed to be simply supported at
points A and B, where B is located at the centre of the passive
resistance. The active earth pressure distribution is obtained by
Coulomb’s theory (with no wall friction) and modified by a
parabola to decrease the lateral pressure in the middle region of
AB by an amount q, and increase the pressure by 1.5q at A. The
quantity q may be considered a reduction factor due to the
arching effect of the soil, thereby causing concentration near
the top and bottom of the wall.

The magnitude of q, the parabolic stress relief ordinate, is
expressed by

Equation 9-53: 

Where
• L’ = height of soil above point A, including the equivalent 

height of surcharge converted in terms of γ of the backfill



• L = length AB
• pm = the equivalent uniformly distributed pressure on the

wall between the simple supports A and B that will give the
same bending moment, MI, as the trapezoidal Coulomb
active pressure distribution AVZB, i.e., pm = 8ML/L

2

and k is defined by the equation

Equation 9-54: 

Where
• φ = average angle of internal friction between points A and B
• n = ratio of the negative bending moment at the anchor level

to the maximum positive bending moment of the span, L,
below the tie rod

• E = modulus of elasticity of steel = 29 x 106 psi
• a = distance between extreme fibres of sheet piling
• Fb = allowable steel bending stress in sheet piling, psi

The value of k varies from about 0.80 to 0.90 for steel and
may be assumed equal to 0.9 for design purposes.
The bending moments and anchor pull can be determined

from the pressure distribution established between A and B.
The following approximate relationships may be used.
The tension, T, in the tie rod at point A is

Equation 9-55:

Where
• AL = reaction at A corresponding to the earth pressure

diagram AVZB
• Aο = resultant of the pressure above the tie rod
• Mο = cantilever moment at A due to the pressure above the 

tie rod
The soil reaction at B is

Equation 9-56:

Where BL = reaction at B corresponding to the earth pressure
diagram AVZB

The maximum positive bending moment to be used for
design of the sheet piling is

Equation 9-57:

Where ML = the maximum bending moment corresponding
to the earth pressure diagram AVZB. 

The required depth, D, is determined by the condition that
the total passive earth pressure, calculated according to
Coulomb’s theory (with δ = 1/2φ), should equal the reaction
B. This necessitates a trial and error approach. The driving
depth should be increased to ✓2D to provide a margin of
safety of approximately 2.

9.4.6. High Sheet Pile Walls (Two Anchor System)
When the height between the dredge line and the anchor is

greater than about 35 feet, it may prove economical to utilize
a second tie rod at a lower level. This will reduce both the
moment in the wall and the required depth of penetration.
Figure 9-32 shows two arrangements for a sheet pile wall hav-
ing two tie rods. Method (a) is preferred because the different
tie rod lengths and separate anchors used in method (b) tend
to cause different horizontal deflections at the two wales.

The analysis of walls with multiple supports is discussed in
Chapter 12.

9.5. Load and Resistance Factor Design (LRFD)
Load and Resistance Factor Design (LRFD) methods

involve the use of statistical methods to determine the actual
combined effect of various types of loads on a structure. The
various loads (dead, live, earthquake, etc.) are combined
using factors, then compared with a load capacity which itself
is factored. Fortunately all of the factors have been deter-
mined for a given code or structure type in advance so the
designer does not have to deal with the statistical calculations
directly.

To begin, the factored load is given by the equation

Equation 9-58:

Where
Pu = factored normal load or moment
γ m = load factor for a particular type of load m
Pm = load or moment for a particular type of load or
moment

The factored load is then compared with the load capacity by
the equation

Equation 9-59: Pu ≤ ΦPn
Where

Φ = resistance factor
Pn = nominal normal load capac-

ity, either from force or moment

It should be emphasized that these
loads can either be force or moment
loads.

Figure 9-32: Typical Anchorage for Two Tie Rods

Sheet Pile Design by Pile Buck 179



180 Sheet Pile Design by Pile Buck



Both the load factors γ and the resistance factors Φ are gen-
erally specified by the applicable code, be it ASCE, ACI or
AASHTO. Normally the codes give several sets of factors for
Equation 9-58 and the designer applies the equation for all of
the load factor combinations to see which combination yields
the highest factored load. The resistance factors for Equation
9-59 are usually a function of the application.

At this point the use of LRFD in sheet piling design is in a
state of transition. Sheet pile walls are generally analysed for
either failure by overturning or failure by overstressing the
structure in bending. As is the case with conventional, allow-
able stress design (ASD) techniques, both of these need to be
considered separately.

With overturning and wall length calculations, most codes
and specifications currently continue to use factor of safety
methods as are described in this book. As with other types of
retaining walls and geotechnical structures, LRFD has been
first applied to structural analysis, and so the use of LRFD for
purely geotechnical design has lagged behind.

With the analysis of moment failure, for a sheet-piling wall
with only static earth pressure loading, one possible proce-
dure to analyse the wall is as follows:

1. Compute the normal moment P for the sheet-piling wall
using the yield or other maximum strength of the material
without the appliation of a factor of safety.

2. Compute the maximum moment using design techniques
shown earlier and apply the applicable load factor to arrive at
the factored load Pu using Equation 9-58.

3. Compare this with the normal moment multiplied by the
resistance factor using Equation 9-59.

In the case of multiple loads (earth pressure, surcharge,
seismic), the load factors for each of these are usually differ-
ent; therefore, their influence on the structure will be differ-
ently accounted for than is the case with classical methods.
One possible method of dealing with this problem is with
superposition; however, keep in mind that different load dis-
tributions will result in differing locations for the maximum
moment, and also combinations of moments may result in a
maximum factored moment whose location is not the same as
any of the maximum moments for each of the load types.
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Introduction
The classical design procedures discussed in Chapter 7 rely

on several simplifying and often contradictory assumptions
regarding the behaviour of the wall/soil system. Some of the
anomalies contained in the classical procedures are:

• Incompatible pressures and displacements. In both can-
tilever and anchored wall design, the soil pressures are
assumed to be either the limiting active or passive pressure at
every point without regard to the magnitude or direction of
wall/soil displacements. In the case of an anchored wall, the
tendency of wall motion to produce a passive condition above
the anchor is ignored. The effects of wall and anchor flexibil-
ities on soil pressures are ignored, and the displacements are
calculated based on hypothetical, and perhaps, unrealistic
supports.

• Variations due to handling of surcharge. We have seen that
changes in the way surcharges are handled can affect the
results in a substantial way (Example 14). Superposition is a
well-established engineering practice but the “rules of thumb”
used with classical methods can sometimes defeat the appli-
cation of this principle.

• Multiple anchors. Approximate methods of design have
been proposed for walls with multiple anchors, however
these methods introduce further simplifying assumptions
regarding system behaviour and suffer from the same limita-
tions as those for single anchored walls. We will look at this
in detail in Example 20.

10.2. Soil-Structure Interaction Method
The soil-structure interaction (SSI) method of analysis

described in this chapter enforces compatibility of deflec-
tions, soil pressures, and anchor forces while accounting for
wall and anchor flexibilities. The SSI method is based on a
one-dimensional (1-D) finite element model of the wall/soil
system consisting of linearly elastic beam-column elements
for the wall, distributed nonlinear Winkler springs to repre-
sent the soil and nonlinear concentrated springs to represent
any anchors.

10.3. Preliminary Information
Required preliminary information for application of the SSI

method includes the system characteristics needed with clas-
sical methods as well as the penetration of the sheet piling,
sheet piling material and cross-sectional properties (area,

moment of inertia, and modulus of elasticity), and anchor
properties (tie rod area, modulus of elasticity, and flexible
length). These data will be available for analysis of an existing
wall/soil system. For use of the SSI method as a supplemen-
tal tool in design of a new system, an initial design using one
of the classical methods may be performed and the SSI analy-
sis used to refine the design.

10.4. SSI Model
The one-dimensional model of a typical 1-foot slice of the

wall/soil system is shown in Figure 10-1. Nodes in the model
are defined at the top and bottom of the wall, at soil layer
boundaries on each side, at the groundwater elevation on
each side, at the anchor elevations and at other intermediate
locations to assure that the length of each beam element is no
more than 6 inches.

Lateral support is provided by the distributed soil springs and
concentrated anchor springs. At present, there is no accept-
able procedure to account for the effects of wall friction or
adhesion in resisting vertical motions of the wall. The effects
of these factors are included in the assessment of the lateral
resistance of the soil. When an inclined anchor produces axial
force in the piling, the bottom of the wall is assumed to be
fixed against vertical translation. Conventional matrix struc-
tural analysis is used to relate the deformations of the system
(defined by the horizontal and vertical translations and the

Chapter Ten: 
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Figure 10-1: System for SSI Analysis
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rotations of the nodes) to the applied external forces. This
results in a system of 3N (for a model with N nodes) nonlin-
ear simultaneous equations that must be solved by iteration.

10.5. Nonlinear Soil Springs
The forces exerted by the distributed soil springs vary with

lateral wall displacement between the active and passive lim-
its as shown in Figure 10-2. Active and passive soil pressures
are calculated for a factor of safety of 1 by the procedures
described in 1.5, including wall/soil friction and adhesion.
The at-rest pressure po, corresponding to zero wall displace-
ment, is obtained by solving Equation 4-1 for the horizontal
stress for at-rest earth pressures, or

Equation 10-1: po = Κoσ′

The at-rest coefficient should be ascertained by the geot-
echnical engineer during soil exploration. In the absence of
test data, Ko may be estimated by Equation 4-13. Although
the variation of soil pressure between limits follows a curved
path, the simplified bilinear representation shown in Figure
10-2 is used. The displacements at which limiting active or
passive pressure are reached depend on the type of soil and
the flexibility of the wall.

These influences are characterised by soil stiffness values
and an estimate of the distance from the wall to which the soil

is significantly stressed (the interaction distance)105 . With
known values of soil stiffness, the transition displacements,
pa and pp in Figure 10-2, for any node in the model are
obtained for sand as

and for clay as

Where
• pa, po, and pp = active, at-rest, and passive pressures
• sa and sp = active and passive soil stiffnesses, respectively
• pv = effective vertical soil pressure
• g = effective soil unit weight
• d = interaction distance, all at the node of interest

10.6. Nonlinear Anchor Springs
Anchors are represented as concentrated nonlinear springs

in which the force varies with wall displacement as shown in
Figure 10-3. The limiting tension force is given by 

Equation 10-6: Ft = Ar fy

Where
• Ar = the effective area of the tie rod
• fy = yield stress of the material

The limiting force in compression Fc depends on the man-
ner in which the tie rod is connected to the wales and the
compressive axial load capacity of the tie rod (rod buckling)
and may vary from zero to the yield value given in Equation
10-6. The displacements at which the linear variation of force
ceases are given by

105Rules of thumb for estimating the interaction distance are provided by Dawkins, William P. (1992), “User’s Guide: Computer Program for Winkler Soil-Structure Interaction
Analysis of Sheet Pile Walls (CWALSSI),” U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS. Representative soil stiffnesses are given by Terzaghi, K. 1955.
“Evaluation of Coefficients of Subgrade Reaction,” Geotechnique, Vol 5, pp 297-326.

Figure 10-2: Distributed Soil Springs
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Where
• Ltie = length of tie rods attached to discrete anchors or the
unbonded length of grouted anchors
• Etie = modulus of elasticity of the rod
• Atie = cross-sectional area of the rod

The force-deformation characteristic for cable tendons
should be obtained from manufacturer’s specifications.

10.7. Application of SSI Analysis
The SSI procedure provides solutions in which forces

(bending moments, shears, anchor force, and soil pressures)
are compatible with wall displacements at all points. In addi-
tion, solutions may be obtained by this method for stages
intermediate to the final configuration as well as allowing for
multiple anchors. However, it must be emphasized that the
procedure is a “gravity turn-on” and does not take into
account the cumulative effects of the construction sequence.
The greatest uncertainty in the method is in selecting the soil
stiffness parameters; consequently, the method should be
used to evaluate the sensitivity of the solution to variations in
soil stiffness. Terzaghi has indicated that the forces in the sys-
tem are relatively insensitive to large variations in soil stiff-
ness, although calculated displacements are significantly
affected. Although the forces and displacements are compati-
ble in the solution, it must be recognized that the calculated
deflections are only representative of the deformation of the
wall and do not include displacements of the entire wall/soil
mass.

10.8. Comparison of SSI Analysis to Classical
Results

The use of SSI analysis for sheet pile walls is a recent event,
and comparison of classical methods with SSI analysis is only
now beginning to be made. This section is a brief summary of
one such study106. The intent of the portion of the study sum-

marised here was to investigate the influence of the angle of
wall friction on the results of classical design and 1-D SSI
analyses of anchored retaining walls.

Data for the system to be considered for this study is shown
in Figure 10-4 and Table 10-1. The effects of several permuta-
tions of wall friction angle and factors of safety were analyzed
using the classical sheet pile analysis program CWALSHT 107.
Coulomb coefficients were used for most of the analyses
except for some of the passive coefficients, in which case log-
spiral ones were used. Steel sheet piling, with an elastic mod-
ulus of 29,000 ksi and an allowable stress of 25 ksi was used.

SSI analyses using the computer program CWALSSI108

(Dawkins 1994) were performed for the wall/soil system with
depths of penetration from the classical design. Unfactored
soil (i.e., active and passive factors of safety equal to 1) and
wall friction values from the Coulomb and log-spiral theories
were used. Both rigid and flexible anchors were considered.
The flexible anchor stiffnesses were based on a steel rod with
cross section area producing an anchor stress of approximate-
ly 25 ksi, based on the computed anchor forces and an effec-
tive length of 50 ft.

The maximum bending moments predicted by the classical
Free Earth Method and the two SSI variations are nearly the
same. The slight differences in shapes of the moment dia-

Figure 10-3: Anchor Spring

106The study summarised here is Dawkins, W.P. (2001) Investigation of Wall Friction, Surcharge Loads and Moment Reduction Curves for Anchored Sheet-Pile Walls. Report
ERDC/ITL TR-01-4. Vicksburg, MS: U.S. Army Corps of Engineers, Waterways Experiment Station, Engineer Research and Develoment Centre, Information Technology Laboratory.
107Dawkins, W.P. (1991) “User’s Guide: Computer Program for Design and Analysis of Sheet-Pile Walls by Classical Methods (CWALSHT) including Rowe’s Moment Reduction.”
Instruction Report ITL-91-1, Vicksburg, MS: U.S. Army Engineer Waterways Experiment Station.

Figure 10-4: Wall/soil system

Elevations, ft

System Wall Top Anchor Water Anchor Stiffness, lb/In.

40-ft Wall 40 31.50 29.00 24x103

30-ft Wall 30 23.50 21.75 18x103

20-ft Wall 20 15.75 14.50 10x103

Table 10-1: System Parameters
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grams are a result of: the higher (passive) pressures above the
anchor in the SSI analyses; the location of the resultant of the
passive pressure distribution on the left side of the wall below
the dredge line; and, the differences in penetration for the
classical and SSI systems. Soil pressures below the anchor are
full active values in all cases. 
The following conclusions were based on the results of this
limited study:
a . The relationships between depth of penetration, maximum
bending moment, and anchor force with increasing wall fric-
tion angle are nearly linear.
b. An initial item of interest was whether the angle of wall fric-
tion could be adjusted to produce SSI moments that would
more closely approximate the moments resulting from appli-
cation of Rowe’s moment reduction to the classical Free Earth
moments. The results suggested the desired effect cannot be
achieved for very flexible walls. For stiffer walls, there is little

or no reduction permitted, and both Classical and SSI analy-
ses yield essentially the same maximum moments.
c. The anchor force predicted by the classical Free Earth
Method is significantly lower than that indicated by the SSI
analysis. Rowe gave reduction factors for anchor forces simi-
lar to his moment reduction curves. The effect of application
of anchor force reduction factors has not been investigated.
However, the results of this study suggest that reduction of
the Free Earth anchor force would be unconservative. In all
cases, the Free Earth Method significantly underestimates the
anchor force as compared to the SSI method.
d. The SSI analysis cannot represent the behaviour of the sys-
tem observed by Rowe. The Winkler model of the nonlinear
soil cannot reproduce the conditions (which have been sug-
gested to be the result of soil arching between the anchor and
the passive zone below the dredge line) observed in Rowe’s
experiments.

108Dawkins, W.P. (1994) “User’s Guide: Computer Program for 1-D SSI Analysis of Sheet Pile Walls (CWALSSI).” Instruction Report ITL-94-6. Vicksburg, MS: U.S. Army Engineer
Waterways Experiment Station.
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11.1. General Considerations
Anchors provide permanent support to bulkheads and

land walls, and are extensively used to support temporary
walls at land excavation sites. The proper design of anchorage
systems is vital to the safety of these structures. Virtually
every failure of a retaining structure can be traced directly to
failure of the support medium rather than failure of the wall
itself. This section will describe both traditional methods of
providing single anchorages utilizing tie rods and the relative-
ly new soil or rock anchors.

11.2. Traditional Anchor Systems
In bulkhead design, three important results must be

obtained:

1. The depth of penetration required for support of the wall
at the base

2. The maximum bending moment in the wall which must be
satisfied by an adequate section

3. The reaction at the upper support or anchor that must be
transferred to the rear of the wall.

The purpose of anchorage systems is to take care of the
reaction load (3). To accomplish this, anchorage systems gen-
erally have three components:

(1) The anchor itself, which distributes the load from the
sheet piling system to the soil;

(2) The wale, which transfers the distributed load from the
sheet pile wall to the “point loads” of the anchors and tie rods;
and

(3) The tie rod, which connects the wale and anchor and
transfers the load from one to another.

Figure 11-1 shows some various configurations of anchor-
age systems. In the case of H-pile anchorages, the H-pile acts
as both anchor and tie rod in a manner similar to uplift piles.

11.2.1. Tie Rods
The design methods we have considered report the load on

each support as a “continuous” load along the wall, in units
of force per unit length. In theory, we can use this load direct-
ly for the design of the tie rods:

Equation 11-1: TFES = T
Where

• TFES = tie rod load without factor of safety applied, lb/ft
or kN/m 

• T = load at a support computed using the methods
described previously, lb/ft or kN/m

In reality, however, the tie rod load is increased by a number
of factors:

• The real distribution may be somewhat different and the
corresponding anchor tension may be greater than that
computed.

• The anchor pull may also increase because of repeated
application and removal of heavy surcharges or an
unequal yield of adjacent anchorages that causes over
loading.

• The inclination of the tie rod-anchor system from the
horizontal, which is common in anchorage systems (see
Figure 11-2.)

Because of these possibilities, Equation 11-1 should be mod-
ified to be 

Equation 11-2:

Chapter Eleven: 
Anchor Systems and Tiebacks

b. Tie rods and anchor wall

a. Tie rods and dead man

c. Tiebacks with grout anchor

Figure 11-1: Typical Anchored Walls
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Where
• Tdesign = design load on the tie rod, lb/ft or kN/m
• Ftr = factor to account for variations in the loading

o = 1.3 for both static and earthquake loading conditions
o = 1.5 – 2 at splices and connections where stress  

concentration can develop
• αtie = Inclination of tie rod with the horizontal, degrees

From this, the cross-sectional area of the tie rod is computed
by the equation

Equation 11-3:

Where
• Atie = cross-sectional area of the tie rod, in2 or m2

• σallow = allowable stress of the tie rod material, psi or kPa
= 60% of the yield strength of the material. This is
recommended for both static and earthquake loading
(the latter by the Japanese code). For ASTM A-36, this is
(0.6)(36) = 21.6 ksi. In some cases, the allowable stress
is only 40% of the yield.

• L = distance between tie rods, ft or m. This should gen-
erally be no greater than 12’ (3.6 m).

Any soft soil below the tie rods, even at great depth, may
consolidate under the weight of recent backfill, causing the
ground to settle. A small settlement will cause the tie rods to
sag under the weight of the soil above them. This sagging
will result in an increase in tensile stress in the tie rod as it
tends to pull the sheeting. In order to eliminate this condi-
tion, one of the following methods may be used:

1. Support the tie rods with light vertical piles at 20 to 30
foot intervals

2. Encase the anchor rods in large conduits 

Tie rods are usually round structural steel bars with upset
threaded ends to avoid a reduction in the net area due to the
threads. In order to take up slack, turnbuckles are usually
provided in every tie rod.

11.2.2. Wales
The horizontal reaction from an anchored sheet pile wall is

transferred to the tie rods by a flexural member known as a
wale. It normally consists of two spaced structural steel chan-
nels placed with their webs back to back in the horizontal
position. Figure 11-3 shows common arrangements of wales
and tie rods located on both the inside and outside of a sheet
pile wall. The channels are spaced with a sufficient distance
between their webs to clear the upset end of the tie rods. Pipe
segments or other types of separators are used to maintain the
required spacing when the channels are connected together.
If wales are constructed on the inside face of the sheet piling,
every section of sheet piling is bolted to the wale to transfer
the reaction of the piling. While the best location for the
wales is on the outside face of the wall, where the piling will
bear against the wales, they are generally placed inside the
wall to provide a clear outside face.

For sizing purposes, the response of a wale may be
assumed to be somewhere between that of a continuous beam

Figure 11-1: Typical Anchored Walls (continued)

d. Tie rods and A-frame

e. Steel H-pile tension anchors

f. Steel H-pile anchors

Figure 11-2: Anchor Force Components for Inclined Anchors
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on several supports (the tie rods) and a single span on simple
supports. Therefore, the maximum bending moment for
design will be somewhere between

Equation 11-4:

The above expressions are only approximations. An exact
analysis would have to take into account the elasticity of the
tie rods, the rigidity of the wale and the residual stresses
induced during bolting operations. 

The required section modulus of the wale is

Equation 11-5:
Where

• S = the section modulus of the wale for both channels
• σ allow = allowable steel bending stress
If we combine Equation 11-4 and Equation 11-5, the sec-

tion modulus is given by 

Equation 11-6:

Wales are connected to the sheet piling by means of fixing
plates and bolts. Each bolt transmits a pull proportional to
the width, l′, of a single sheet pile, and equal to

Equation 11-7:

Where
• Rb = pull in pounds per bolt
• l′ = The driving distance of a single sheet pile (if each sec-

tion is bolted)
• F.S. = a desired safety factor to cover stresses induced

during bolting (between 1.2 and 1.5)
The fixing plate may be designed as a beam simply sup-

ported at two points (the longitudinal webs of the wale) and
bearing a single load, Rb, in the centre.

The wales are field bolted at joints known as fishplates or
splices. It is preferable to splice both channels at the same
point and place the joint at a recess in the double piling ele-
ment. Splices should be designed for the transmission of the
bending moment.

11.2.3. Anchors
There are several types of anchors in use; however, there

are two design parameters that are common to both:
• The location of the anchor relative to the failure surface

of the sheet pile wall. In order for an anchorage system
to be effective, it must be located outside of the potential
active failure zone developed behind a sheet pile wall. 
Figure 1-15(b) and Figure 1-18(a) show examples of
installations that will not provide the full anchorage
capacity required because of failure to recognize the
above considerations. Its capacity is also impaired if it is
located in unstable ground or if the active failure zone
prevents the development of full passive resistance of the
system. This is discussed more fully for the various types

Figure 11-3 Typical Wale Details
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of anchors. There are two criteria for determining the proper
location of an anchor:

o Anchor blocks, where each tie rod is attached to an indi-
vidual block not connected to another. These should be
set back from the wall as shown in Figure 11-4(a). The
full resistance of the anchor block is developed if the
anchorage is outside of the broken line. If the anchorage
is within this area, only partial resistance is developed
due to the intersection of the active and passive failure
wedges. However, the theoretical reduction in anchor
capacity may be analytically determined109.

o Continuous walls, either concrete or steel sheeting,
where the tie rods are connected to a wall that is parallel
to the sheet pile wall. These should be set back from the
wall as shown in Figure 11-4(b); if this is done, the full 
passive pressure of the anchor wall is developed. If the
wall is closer than this, the continuous wall capacity is
reduced. As is the case with anchor blocks, partial resist-
ance can be developed if the failure zone of the anchor
is within the failure zone of the wall.110

o A more conservative approach for either type of anchor
is to combine the two criteria. We will illustrate this in
Example 15.

The design of the active and passive pressures that give the
anchor the resistance it requires. There are three methods
used to do this:

o The “classical” method, based on active and passive pres-
sures. In essence the anchor is assumed to be a very short
retaining wall; the net capacity is thus the difference  

between the passive pressure on the side with the tie rod 
and the active pressure on the opposite side. For contin-
uous walls, this is expressed as

Equation 11-8:

If the wall is set back as shown in Figure 11-4, for a homo-
geneous cohesionless soil, the active and passive soil
forces are

Equation 11-9:

and

Equation 11-10:

The value of Kp is computed either using Rankine condi-
tions or Figure 18-16 and δ/φ = -0.5. If the anchorage wall
penetrates below the water table and/or a soil layer, the 
equations should be modified accordingly.

This force acts at a distance of 2(HT1 + HT2)/3 from the 
surface, and this is the optimum point to locate the tie
rod. In the case where the soils are not homogeneous
around the anchor or the water table intervenes, the tie
rod connection to the anchorage should be ideally locat-
ed at the point of the resultant earth pressures acting on
the anchorage. For design in cohesive soils, both the
immediate and the long-term pressure conditions should
be checked to determine the critical case. If the soil has
both internal friction and cohesion, a trial wedge method
should be employed.

o The method of Ovesen, based on model tests. This is
discussed in 11.2.4. The underlying principle is the same
as the first method but empirical data is included to
improve the results.

o The method specific to short deadmen anchors near the
ground surface, discussed in 11.2.3.3.

The active and passive pressure distributions for granular and
cohesive soils are also shown in Figure 11-6. A safety factor of
2 – 2.5 against failure is recommended; i.e.,

Equation 11-11: Tult-a > 2TFES or Tult-a > 2.5TFES

For seismic loadings (see Example 19 for design details)

Equation 11-12: Tult-a = TFES

11.2.3.1. Anchor Blocks (Deadmen Anchors)
Care must be exercised to see that the anchor block or

deadman does not settle after construction. This is generally
not a problem in undisturbed soils, however, where the

Figure 11-4:
Analysis of Anchor Blocks and Continuous Anchor Wall

109 Terzaghi, K., Theoretical Soil Mechanics, p. 232.
110 NAVFAC DM 7.02, Foundations and Earth Structures
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anchorage must be located in unconsolidated fill, piles may
be needed to support the blocks. In addition, the soil within
the passive wedge of the anchorage should be compacted to
at least 90 percent of the maximum density unless the dead-
man is forced against firm natural soil. Figure 11-5 shows
other important criteria for the design of both continuous and
individual deadmen.

11.2.3.2. Continuous Deadmen near Ground Surface
Short steel sheet piles driven in the form of a continuous

wall may be used to anchor tie rods. The tie rods are connect-
ed with a waling system similar to that for the “parent” wall,
and resistance is derived from passive pressure developed as
the tie rod pulls against the anchor wall. To provide some sta-

bility during installation of the piling and the wales, pairs of
the piling should be driven to a greater depth at frequent
intervals. A continuous deadman is shown in Figure 11-6.

For the case of
Equation 11-13: ha > 0.6 · da

one can assume the deadman extends to ground surface and
compute the ultimate capacity of the deadman according to
Equation 11-8.

11.2.3.3. Short Deadmen near Ground Surface
Figure 11-7 shows a deadman of length, L, located near the

ground surface, subjected to an anchor pull, T. Experiments
have indicated that at the time of failure, due to edge effects,

Figure 11-5: Effects of Depth and Spacing of Anchor Blocks

Figure 11-6: Continuous Deadman Anchor near Ground Surface
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the heave of the ground surfaces takes place in an area as
shown. The surface of sliding at both ends is curved.

Integration of the resistance along these curved sliding sur-
faces results in the following expression for the ultimate
capacity of short deadmen in granular soils

Equation 11-14:
where

• Ault = ultimate capacity of the deadman, pounds
• l = length of the deadman, feet
• Pp, Pa = total passive and active pressure, pounds per lin-

eal foot
• Kο = coefficient of earth pressure at rest = 0.4 for design

of deadman
• γ = unit weight of soil, pounds per cubic foot
• Kp, Ka = coefficients of passive and active earth pressure
• Hd = height of deadman, feet
• φ = angle of internal friction

For cohesive soils, the cohesive resistance should replace
the second term in the above expression, thus

Equation 11-15:

Where c = the cohesion of the soil, pounds per square foot

11.2.4. Anchor Slab Design Based on Model Tests
11.2.4.1. General Case in Granular Soils

N. K. Ovesen111 conducted 32 different model tests in gran-
ular soil and developed a procedure for designing anchor
slabs located in a zone where the anchor resistance can be
fully mobilized. The proposed method considers that the
earth pressure in front of the slab is calculated based on a
rupture surface corresponding to a translation of the slab.

This method can be used to solve the general case in Figure
11-8 for rectangular anchors of limited height and length
located at any depth as shown in Figure 11-9. Surface loads
behind the anchor slab are not included in this publication
since their influence is small on the anchor resistance for
granular soils with an angle of internal friction equal to or
greater than 30 degrees.

Nomenclature:
• A = resultant anchor force per slab, lbs.
• GWT=ground water table
• Gw = weight per foot of wall of the anchor plus the soil 

on top of the slab, lbs. per foot
• H =distance from base of slab to ground surface, ft. 
• L = distance between centres of two consecutive slabs, ft.

Figure 11-7: Short Deadman near Ground Surface

Figure 11-8: Geometrical Parameters for an Anchor Slab

Figure 11-9 Geometrical Parameters for Anchor Slabs with
Limited Height and Length

111 Ovesen, N., and Krebs (1964) Anchor Slabs Calculations and Model Tests. The Danish Geotechnical Institute, Bulletin No. 16.
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•T = resultant anchor force, lbs. per foot
• W = thickness of anchor slab, ft.
• Z = distance from base of slab to resultant anchor force, ft.
• hu = distance from base of slab to ground water table, ft.
• h = actual height to anchor slab, ft.
• l = actual length of anchor slab, ft.
• qm = vertical effective stress in earth at midpoint of actu-

al height of anchor slab, lbs. per square foot
• γ = Unit weight of soil, lbs. per cubic foot
• γ’ = Submerged unit weight of soil, lbs. per cubic foot

Ovesen suggests that a two-step procedure be used to find
the ultimate resistance of the anchor per slab:
1. The dimensionless anchor resistance factor, Rο, is deter-
mined for the “basic case”. The basic case is a continuous
strip, l = L, extending the full height, h = H, of the anchor.

2. The dimensionless anchor resistance factor, R, which is
dependent upon Rο is calculated for the actual anchor dimen-
sions under consideration. Knowing R, the ultimate resist-
ance of the anchor slab Ault can be calculated.

A similar two-step procedure is used to find Z, the location
of the line of the action of the anchor tie-rod force. The appli-
cation of Ovesen’s method is described below.

A. Determine the dimensionless anchor resistance factor,
Rο, for the “basic case”. For a given angle of internal
friction, φ, and angle of wall friction, δ calculate tan δ,
and use Figure 11-10 to obtain the earth pressure coef-
ficient, Kg. Calculate the Rankine active earth pressure
coefficient Ka using Equation 5-1 and then solve for Rο,

Equation 11-16: Rο = Kγ - Ka

For those cases where the tangent of the angle of wall fric-
tion, tan δ is not known, first calculate the normal and tan-
gential active earth pressure per foot of wall on the back of
the slab, 

Equation 11-17: PA = PH Ka

Equation 11-18: FA = - PA tan φ

Calculate Gw, which is the weight per foot of wall of the
anchor plus the soil on

Equation 11-19:

Use Figure 11-10 to obtain Kγ.
B. Calculate the hydrostatic earth pressure per foot of wall,

Equation 11-20:

In the case where the anchor slab does not penetrate the
water table, hu = 0 and the second term is ignored.

C. Calculate, Tο, the ultimate anchor resistance per foot of
wall for the “basic case”,

Equation 11-21: Tο = PH Rο

D. Calculate the dimensionless resistance factor, R, for the
actual anchor slab dimensions is then calculated by the for-
mula39 below or by the use of Figure 11-11 through Figure 11-
14, which is Equation 11-22 plotted for various values of l /L,
l /h, and h/H.

Equation 11-22:

Where

Equation 11-23:
And

Equation 11-24:

E. The ultimate anchor resistance per slab, Ault is comput-
ed using

Equation 11-25: Ault = qmh l R
Where

Equation 11-26:

The ultimate anchor resistance per foot of wall Tult is equal
to,

Equation 11-27:

F. The location of Z shown in Figure 11-8, which is the line
of action of the anchor tie-rod force, can be obtained directly
from Figure 11-15 when the ground water table is at or below
the anchor slab base (hu = 0). The main purpose of this loca-
tion is to place the location of the tieback in the same place
as the resultant force.

Use the following method to find Z when the ground water
table is above the anchor slab base (hu 0). Calculate MH, the
hydrostatic earth pressure moment, about the base of the
anchor Figure 11-8.

Equation 11-28:
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Figure 11-10: Earth Pressure Coefficients for the Normal Earth Pressure in Front of an Anchor Slab
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Figure 11-11: Dimensionless Resistance Factor Ratio for Continuous Anchor Slab, l /L = 1
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Figure 11-12: Dimensionless Resistance Factor Ratio for Anchor Slab Spacing l /L = 0.75

Figure 11-13: Dimensionless Resistance Factor Ratio for Anchor Slab Spacing l /L = 0.50
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If we assume the submerged unit weight to be one half of
the wet unit weight, Equation 11-28 reduces to

Equation 11-29:

Calculate PH, Tο, FA, Gw, Ka, Kγ as defined in the anchor
resistance calculations previously outlined. For Kγ tan δ, use
Figure 11-16 to obtain the dimensionless relative distance
factor ς. Then for the basic case, Zο, the distance from the
base of the anchor slab to the line of action of the anchor
force is

Equation 11-30: 

Figure 11-14: Dimensionless Resistance Factor Ratio for Anchor Slab Spacing l /L = 0.25

Figure 11-15: Location of Line of Action of Anchor Force

Figure 11-16: Relative Distance from Base of Slab to Resultant
of Earth Pressure in Front of Anchor Slab
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For the actual anchor slab dimensions, the distance, Z,
from the base of the anchor to the anchor tie force is calculat-
ed using the following formula:

Equation 11-31:

G. An estimate of the horizontal movement, D, of the anchor
slab may be obtained by solving the equation:

Equation 11-32:

Where

And either H = L in combination with:

We present an example of anchored wall design below.

Example 15: Design of Wales and Anchors for Sheet
Pile Wall in Cohesionless Soils

❖ Given
� Anchored Sheet Piling Wall

• Excavation depth = 26’
• Depth of the water table on both sides = 6’
• Depth of anchor = 5’
• Soil Layers

Sand Backfill to excavation depth
♦ φ = 34º
♦ Ka = 0.28 (Rankine)
♦ Kp = 3.54 (Rankine)
♦ γ = 110 pcf
♦ γ’ = 60 pcf
♦ δ = 0 (for Rankine condition)
Medium sand below excavation depth
♦ φ = 36º
♦ δ = 14.4º
♦ Ka = 0.26 (Log-Spiral)

♦ Kp = 6.63 (Log-Spiral)
♦ γ’ = 65 pcf

❖ Find
� Beam necessary for wale.
� Tie rod size and spacing.
�Design of anchor wall.
�Design of anchor slab, using Ovesen’s method

❖ Solution
�We will simply solve this problem using SPW 911. 

The solution is shown in Figure 11-17. This also serves
as the diagram to illustrate the example. The problem 
is solved using the fixed earth support solution.
�Le t  us  a s sume  tha t  we  w i l l  be  us ing  PZ22

sheeting throughout.
• Let us also assume that we will have a tie rod every

six piles, for a distance between the tie rods of 11’.
• The SPW 911 shows that the anchor load is 5,575 lbs.

�For the wale design, we use Equation 11-6. Since we
are using ASTM A36 material in the wale, the allowable
stress fs = 22 ksi. Substituting, S = (5575 lb/ft)(12 in/ft)
(11 ft)2 /((10)(22,000 psi)) = 36.8 in3. This condition can
be satisfied by two 2-C12 X 20.7 channels. For the two
channels, the total section modulus is 43 in3.
�To design the tie rod, we use Equation 11-2. Since the

tie rod will be level, the cosine term is ignored and
Tdesign = (1.3)(5575) = 7248 lb/ft. The minimum area is
then computed by Equation 11-3, thus Atie = (7248)
(11’)/(22,000 psi) = 3.62 in 2 , and thus the diameter is
2.15 in. Thus, we can use a 2 1/4” diameter rod, upset-
ting the ends to preserve the diameter inside the threads.
For a Unified National Coarse thread, a 2 3/4”-4 thread,
with a minor diameter of 2.4433”, would be more than
suitable.112

�The basic layout of the anchor wall is shown in Figure
11-18, with all dimensions in feet.
The objective of the location of the anchor wall is
twofold: 1) to keep the anchor wall out of both the active
failure zone and the internal friction zone of the wall, 2)
keep the failure zones of the two walls separate. Figure
11-18 shows this being done. In this case, it is necessary
for the anchor wall to be 40.55’ (actually we should use
41’) behind the main sheet-piling wall. Although this dis-
tance can be determined analytically, in this case we used
CAD software and laid the wall out to scale. In addition
to giving us the distances we need, it also helps us to
visualise the design.
The drawing also shows that, to meet both of the above
conditions, the wall can be up to 13.828’ in length.
Obviously, it is advantageous for us to make it shorter, as
we will see.
�For an anchored sheet pile wall, the design procedure is

similar to a sheet-piling wall below the dredge line. The
net soil forces are the sum of the active and passive resist

in combination with:

112Information on both U.S. unit thread series (UNC, UNF and other) and SI series can be found in Oberg, E., and Jones, F.D. (1974) Machinery’s Handbook, Nineteenth Edition.
New York: Industrial Press. Most fastener manufacturers also publish information on thread configuration and material strength for both UN and SI threads.
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Figure 11-17: SPW911 Solution for Example 15

Figure 11-18: Layout of Location of Anchor Wall for Example 15
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ances; the total load on the wall is that of the anchor. The
length affects the equations for these forces, specifically if
the wall extends to below the water line. Let us assume
to start with that the wall will extend below the water
table, as shown in Figure 11-19.

The net force is divided into two parts; the part above the
water line (1) and the part below the water line (2). We 
will assume Rankine conditions in this case, because the
full angle of interface friction, d, used in computing Kp
can only be mobilized if the anchor has sufficient dead
weight or, in general, is restrained against upward move-
ment. The summation of forces on the wall (including
the anchor pull plus a factor of safety of 2.5) is

Equation 11-33:

Locating the resultants of each force and summing
moments about the top of the wall (again including the
anchor pull factor of safety) yields

Equation 11-34:

Substitution of the variables yields two equations: for the
force, 97.63 (L + 12.42) (L - 2.42) = 13937.5, and for the
moment, 11715.9 (L + 16) (L - 2.94) (L2 + 10.44L +
30.65) / (2880 + 180L) = 69687.5. The solution of these
two equations yields two values for H, 9.06’ and 8.51’
respectively. We should pick the larger of the two, and in
practical terms, the height of the wall should be 9.5’.

�With Ovesen’s method, the first thing that needs to be
considered is the maximum possible depth of the slab in
view of Figure 11-15. Given the proximity of the tie rod
to the water table, it is reasonable to assume that the
anchor slab will in fact extend into the water table.
• Since we are using Rankine assumptions, from Figure 

11-10 Kγ = 5. From this Rο = 5 – 0.28 = 4.72.
• From Equation 11-20, PH = 3037.5 lb/ft. The ultimate

anchor resistance per foot of wall for the basic case
(from Equation 11-21) is To = (3037.5)(4.72) = 14329
lb/ft of wall.

• Let us assume a slab configuration such as is shown in
Figure 11-20 with H = 7.5’ and h = 5.5’. We will use for
a slab thickness W = 2’. In specifying a slab thickness,
a separate structural analysis should be considered. 
Keep in mind that, if reinforcement is used, most
spread footings require that the minimum rein-
forcement for the cover is 3” in all directions.

• Using Equation 11-22 and substituting the parameters
determined, the results for various spacings of anchors
are as follows:

l /L = 0.25, R = 10.87, R/Rο = 2.31, Ault = 85,966 lb,
Tult = 7815 lb/ft, FS = 1.4.

l /L = 0.5, R = 7.7, R/Rο = 1.63, Ault = 121,583 lb,
Tult = 11,053 lb/ft, FS = 1.98.

l /L = 0.75, R = 5.96, R/Rο = 1.26, Ault = 141,340 lb,
Tult = 12,849 lb/ft, FS = 2.3.

l /L = 1, R = 4.78, R/Rο = 1.01, Ault = 151,240 lb,
Tult= 13,749 lb/ft.

• We generally prefer to have a factor of safety greater
than 2; therefore, the case of l /L = 0.5 is just below
being acceptable. Using linear interpolation with the
factors of safety, we should specify an l /L = 0.55.
Dewatering may be necessary, especially for an anchor

Figure 11-19: Pressure Diagram on Sheet Pile Anchor

Figure 11-20: Slab Layout for Ovesen’s Method Example
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that requires excavation. This is also true for anchors
that are placed below the wales with the tie rods 
extending up at an angle (see Figure 11-2).

• We need to check the actual location of the tie rod force
(as opposed to where the tie rod is actually at.) We first
compute Zο using Equation 11-30. ς = 0.365 from
Figure 11-16, and the values of the various parameters 
are as follows:

MH = 7706.25 ft-lbs
To = 14,329 lbs
Gw = 3,095 lb/ft
FA = -579 lb/ft

• From the above Zο = 3.09’. Using Equation 11-31, Z =
2.63’. This is the distance of the actual centre of the
anchor resistance from the bottom of the slab. Since the
actual location of the tie rod is 2.5’ from the bottom of
the slab, this checks out well.

• An estimate of the movement of the slab is given by
Equation 11-32. Tact = 5575 lb/ft. For each of the
anchor slab spacings, the estimated displacement is as
follows:

l /L = 0.25, ∆ = 1.04”.
l /L = 0.5, ∆ = 0.31”.
l /L = 0.75, ∆ = 0.21”.
l /L = 1, ∆ = 0.18”.

11.2.4.2. Anchor Slab in Cohesive Soils
Mackenzie113 performed model tests in plastic clay based

upon the full resistance of the wedge in front of the anchor
block being mobilized. The geometric parameters shown in
Figure 11-21 used in conjunction with the experimental curve
shown in Figure 11-22 give a dimensionless factor R that is
dependent upon the ratio H/h. Knowing R, the ultimate
capacity of the anchor slab, Tult, per unit of slab width can be
determined as follows:

Equation 11-35: Tult = Rch
Where

• R < 8.5
• c = cohesion of the soil
This experimental curve can be used for design purposed

providing consideration is given to a proper factor of safety
for a specific application.

11.2.5. Reaction Piles
Brace piles forming A-frames can sometimes be used effec-

tively to anchor sheet pile walls, as shown in Figure 11-1 (d).
If only two piles form each frame, it is necessary to connect
the frames with a continuous reinforced concrete cap. The
anchor rods can then be attached to the concrete cap.
However, if three piles are used, each frame can support a tie
rod through the centre pile and act independently. The pile

angled toward the wall will be in compression while the pile
or piles angled away from the wall will be in tension. The
resulting forces are easily determined from a force polygon.
This method of support can be used effectively only if the
brace piles can be adequately seated in underlying stratum of
soil or, preferably, rock.

11.2.6. Tension Piles
Battered steel pile tension ties (generally H-piles) connect-

ed directly to a sheet pile wall through wales may also be used
as anchors. An illustration of this type of anchor system is
shown in Figure 11-1 (e) and (f). The reaction is developed
through friction and/or adhesion between the pile and the
soil behind the wall.

Only the length of pile outside the active failure zone
should be considered effective in mobilizing resistance. The
actual capacity of the piles should be checked by pull out
tests in the field. Particular attention should be given to the
connection details at the wale since this may be subject to
rotational stresses from backfill loading on the tension pile or
vertical force components.

11.3. Tiebacks
Flexible sheet pile walls usually require one or more points

of support in addition to toe support in order to be stable and

113MacKenzie, T.R. (1955) Strength of Deadman Anchors in Clay. Master’s Thesis, Princeton University.

Figure 11-21: Geometrical Parameters for Anchor Slab in Clay

Figure 11-22: Resistance of Anchor Slabs in Plastic Clay
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economical. Drilled-in ties that utilize the shear strength of
the soil or rock behind the wall and at some depth below the
surface comprise as system that was developed in Europe in
the 1930's.

Interest in this method developed in the United States in
the 1950's as a means of clearing large excavations of the
mass of cross-lot structural bracing required for support. The
ties were relatively expensive but saved enough construction
time to more than make up the cost differential. Since then,
experience and reliability have improved and costs have been
reduced. Tieback support systems have virtually replaced
structural bracing for most large, temporary excavations. In
addition, the method is being used extensively to support
permanent walls114.

The material in this manual on tiebacks is a general
overview. Many aspects of tiebacks are specific to the method
by which they are installed and the structural configuration of
the tieback itself; many of these methods are proprietary. Any
application of tiebacks should be done with a complete
understanding of the method and configuration actually
being used or specified.

11.3.1. Principles of Tieback Systems
A tieback consists of 3 major components:

1. An anchor zone which acts as a reaction to resist the earth
and water pressures;

2. A support member which transfers load from the wall reac-
tion to the anchor zone; and

3. A point of support or reaction at the wall.
These are illustrated in Figure 11-23.

The anchors are installed using specially designed drilling
equipment operating from the face of the wall. Anchors are
inclined from 15º to 45º from the horizontal that produces
both vertical and horizontal force components.

The anchors must bypass potential failure zones behind the
wall and penetrate into adequate soil beyond. The ties, or ten-
dons as they are called, are usually high strength steel bars or
strands. Cement grout is generally the transfer medium
between tendon and soil or rock.

After installation of each tie, it is post-tensioned to some
percentage of the design load as a pre-test. The design of
tiebacks is based on principles of soil mechanics along with
empirical rules.
❖ Advantages of Tiebacks

- For excavations:
• Provide a clear work area inside temporary excavation

walls.
• Reduce the settlement behind walls by controlling the

deformation of the wall.

• Avoid problems associated with moving structural
bracing as construction proceeds.

- For permanent land walls and marine bulkheads:
• Allows anchor system to be installed without disturb-

ing existing facilities behind the wall.
• Anchors will be located away from proposed near-sur-

face facilities and from potential damage from surface
loads.

• High capacity can reduce size and number of anchors.
• Flexible walls instead of formed concrete walls save

space and expense.
❖ Disadvantages of Tiebacks

- Provision must be made for the vertical force component.
- Since connections are made on the face of the wall, this

represents a possible encumbrance that is not a problem
with conventional wale and tie rod systems.

- Conventional systems can be excavated and inspected,
which is impossible with tiebacks.

- In the case of land walls, permission must be obtained
from the surface owner of the land in which the anchors
are founded.

11.3.2. Temporary and Permanent Tiebacks
There are only a few differences in approach between

tiebacks for permanent use and those for temporary support.
❖ Permanent ties must be protected against long term corro-

sion attack while most temporary tiebacks are for short-
term use and can be installed bare.

❖ Permanent tiebacks supporting bulkheads generally con-
sist of a single row of ties installed through the top of the
wall above water. These may be very high capacity anchors.
However, most temporary installations consist of multiple
rows of lower capacity ties and therefore, shorter lengths115.

❖ Post-tensioning procedures may differ, since temporary ties
are often prestressed to control ground movement.

11.3.3. Definitions
❖ A tieback system is a structural system that uses an anchor

in the ground to secure a tendon that applies a force to a
structure. Tiebacks are also referred to as ground anchors.

❖ Vertical or near vertical tiebacks are called tiedowns.
❖ The tendon is made up of prestressing steel with sheathing,

and anchorage. The anchor transmits the tensile force in
the prestressing steel to the ground. Cement grout, or poly-
ester resin, or mechanical anchors are used to anchor the
steel in the ground. The anchorage is made up of an anchor
head or nut, and a bearing plate.

❖ The anchor head or nut is attached to the prestressing steel,
and transfers the tieback force to a bearing plate that even-
ly distributes the force to the structure.
Anchor heads can be restressable or non-restressable.

A restressable anchor head is one where the tieback force

114Probably the best-known application of tiebacks—albeit not a sheet piling wall—was during the construction of the original World Trade Centre towers in New York City; the
tied back walls were exposed again and reinforced after the towers were destroyed on 11 September 2001.
115Permanent land walls can also utilize the multiple tier approach.
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can be measured or increased any time during the life of
the structure.
The load cannot be adjusted when a non-restressable
anchor head is used.

❖ A coupling can be used to transmit the anchor force from
one length of prestressing steel to another.

❖ The anchor length is the designed length of the tieback
where the tieback force is transmitted to the ground.

❖ The tendon bond length is the length of the tendon, which
is bonded to the anchor grout. Normally the tendon bond
length is equal to the anchor length.

❖ The unbonded length of the tendon is the length, which is

free to elongate elastically.
❖ The jacking length is that portion which is required for test-

ing and stressing of the tieback.
❖ The unbonded testing length is the sum of the unbonded

length and the jacking length.
❖ A sheath or bond breaker is installed over the unbonded

length to prevent the prestressing steel from bonding to
surrounding grout.

❖ The anchor diameter is the design diameter of the anchor.
❖ Anchor grout is used to transmit the tieback force to the

ground.
The anchor grout is also called the primary grout.

Figure 11-23: Components of Tieback Systems
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Secondary grout is injected into the drill hole after
stressing to provide corrosion protect ion for
unsheathed tendons.

❖ Tiebacks carry various loads during their lifetimes.
• The design load is the maximum anticipated load that 

will be applied to the tieback.
• The test load is the maximum load applied during testing.
• The lock-off load or transfer load is the load transferred

to the tieback upon completion of stressing.
• The alignment load is the load transferred to the

tieback upon completion of stressing.
• The alignment load is a nominal load maintained on a 

tieback during testing to keep the testing equipment in
position.

• The lift-off load is the load required to lift the anchor
head or nut from the bearing plate.

• The residual load is the load carried by the tieback at
any time.

• The load transfer rate is the tieback capacity per unit
length of anchor.

11.3.4. Types of Tiebacks
The basic types of tiebacks are: pressure-injected; low-pres-

sure-grouted, straight-shafted; single-underreamed; multiun-
derreamed; and postgrouted. These tiebacks are shown in
Figure 11-24.

Pressure-injected tiebacks are used in sandy or gravelly
soils. Grout pressures in excess of 150 psi (1034 kPa) are
used to achieve high load transfer rates.
Low-pressure-grouted, straight-shafted tiebacks are
installed in rock, cohesive soils, and sandy or gravelly soils.
They can be made using a variety of drilling and grouting
techniques. The grout pressure is less than 150 psi (1034
kPa).
Single-underreamed tiebacks are installed primarily in the
United States using large uncased drill holes in cohesive soils.
Sand-cement grout or concrete is used in grouting the tieback
and the grout or concrete is not placed under pressure.

Multiunderreamed tiebacks are used in stiff cohesive soils
and weak rocks. The spacing of the underreams is selected in
order to induce a shear failure along the cylinder determined
by the tips of the underreams.
Postgrouted tiebacks are primarily used in cohesive soils.
In granular soils and rock, postgrouting is used to increase
the rate of load transfer.
Mechanical type tiebacks are helical auger systems that use
methods developed for the electrical industry. These have
been used since Roman times. The Manta Ray anchors fall
into this category.

11.3.5. Nomenclature for Tieback Systems
The embedded portion of the piling below level of excava-

d. Postgrouted.

c. Multiunderreamed.

b. Single-underreamed

a. Pressure-Injected and low-pressure-
grouted, straight-shafted.

Figure 11-24: Tieback Types

Figure 11-25: Single Tier Tieback System
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tion. The embedment depth and the horizontal component of
the tieback design force required are determined by analyzing
the active, passive, and surcharge pressures acting on the pil-
ing. A factor of safety is achieved by increasing the calculated
embedment depth an additional 20% to 40%. The higher
percentage should be used when soil properties are derived
from log of test borings or other soil information and not
determined from laboratory or in-situ tests used specifically
to determine soil strength.

11.3.6. Capacity of Tieback anchors
11.3.6.1. Overview

There are several different types of tieback anchors. Their
capacity depends on a number of interrelated factors:

Location - amount of overburden above the tieback
Drilling method and drilled hole configuration
Strength and type of the soil
Relative density of the soil
Grouting method
Tendon type, size, and shape
The presence of water either introduced during drilling or

existing ground water can cause significant reduction in
anchor capacity when using a rotary drilling method in some
cohesive soils (generally the softer clays).

High pressure grouting of 150 psi or greater in granular
soils can result in significantly greater tieback capacity then
by tremie or low pressure grouting methods. High pressure
grouting is seldom used for temporary tieback systems.

Regrouting of tieback anchors has been used successfully
to increase the capacity of an anchor. This method involves
the placing of high-pressure grout in a previously formed
anchor. Regrouting breaks up the previously placed anchor
grout and disperses new grout into the anchor zone; com-
pressing the soil and forming an enlarged bulb of grout there-
by increasing the anchor capacity. Regrouting is done through
a separate grout tube installed with the anchor tendon. The

separate grout tube will generally have sealed ports uniform-
ly spaced along its length that open under pressure allowing
the grout to exit into the previously formed anchor.

Due to the many factors involved, the determination of
anchor capacity can vary quite widely. Proof tests or perform-
ance tests of the tiebacks are needed to confirm the anchor
capacity.

Bond capacity is the resistance to pull out of the tieback
that is developed by the interaction of the anchor grout (or
concrete) surface with the soil along the bonded length.
Determining or estimating the bond (resisting) capacity is a
prime element in the design of a tieback anchor.

Included with some shoring designs there may be a soils
laboratory report that will contain recommended value for
the bond capacity to be used for tieback anchor design. The
appropriateness of the value of the bond capacity will only be
proven during tieback testing.

11.3.6.2. Cohesionless Soils—Low Pressure Grouting
(FHWA Formula)

For most of the temporary shoring work normally encoun-
tered, the tieback anchors will be straight shafted with low-
pressure grout placement. For these conditions the following
equation can generally be used for estimating the tieback
anchor capacity:

Level of
excavation

Sheet piling or
soldier piles.

Pressure Diagram

Passive
pressure

Active
pressure

Figure 11-26: Multi-Tier Tieback System

Equation 11-36:
Pult = πdLb γhm tan φ
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Where
d = diameter of drill hole
Lb = bonded length of the tieback
γ = unit weight of the soil
φ = angle of internal friction of the soil
CG = centre of Lb = Lb/2
hm = vertical distance from the ground line to the centre of Lb
ψ = angle between assumed failure plane and vertical.

11.3.6.3. Cohesionless Soils—Small Diameter Anchors
Small diameter anchors are generally installed in granular
soils with grouting taking place under high pressure (usually
greater than 150 psi (1035 kPa).) The anchor capacity will
depend upon the soil type, grouting pressure, anchor length,
and anchor diameter. The way in which these factors com-

bine to determine anchor loads is not clear; therefore, the
load predicting techniques are often quite crude. The theoret-
ical relationships in combination with the empirical data can
be used to estimate ultimate anchor load.

11.3.6.3.1. No grout penetration in anchor zones

Table 11-1: Nomenclature for Figure 11-25 and Figure 11-26

Variable            Explanation

H Depth of excavation

D Embedment depth of Piling

h Height of tieback above level of excavation, generally about 3H/4

TH Horizontal component of the tieback design force

TV Vertical component of the tieback design force

s Horizontal spacing of the tieback

d Diameter of the drill hole for the tieback

ψ Angle between assumed failure plane and vertical, generally 45º - f/2 for a
level surface. Values of ψ commonly vary between 20º and 35º depending
upon the type of soil. For design of temporary shoring systems, it is normally
acceptable to consider the failure plane to start at the elevation of the bottom
of the excavation and extend upward at an angle y from the vertical. For slop-
ing or irregular surfaces, a wedge failure or similar type analysis may be nec-
essary to predict the location of the failure plane.

α Angle of inclination from horizontal of tieback. Normally, 10º to 15º is used
for the angle a to facilitate the placement of grout or concrete. Angles up to
45º may be used to reduce the tieback length, reach stronger soil layers, or to
avoid obstacles, but larger angles induce larger vertical forces so care must be
taken with these as well.

Lb Bonded length of tieback, which is also referred to as the anchor length of the
tieback. The required bonded length depends on the soil or rock properties,
the anchor type, and the required anchor capacity.

Lu Unbonded length of tieback. Unbonded length is normally specified to start at
some minimum distance past the failure plane to ensure that no portion of the
bonded length falls within the failure wedge. Accurate determination of this
length depends on how well known the soil properties are and how accurate-
ly the location of the failure plane can be predicted. To ensure that the bond-
ed length falls beyond the failure-plane it is common practice to extend the
unbonded length about 5 feet beyond the assumed failure plane. The mini-
mum recommended unbonded length is 15 feet.
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Equation 11-31: Pu = pi πdsLs tan φe
Where

ds = diameter of anchor shaft
Ls = length of anchor shaft
φe = effective friction angle between soil and grout
pi = grout pressure

or
Equation 11-38: Pu = Lsn1 tan φe

Where n1 = 8.7 - 11.1 k/ft (127 - 162 kN/m).

11.3.6.3.2. Grout penetration in anchor zone 
(very pervious soils)

Equation 11-39:

Where 
ds, D, Ls , and φe are as before
σv = average vertical effective stress at anchor entire anchor
length 
σv @end = vertical effective stress at anchor end closest to
wall

A = (Contact pressure at anchor soil interface)/(effective ver-
tical stress, σv.)
Littlejohn reports typical values of A ranging between 1 and 2

B = bearing A value capacity factor similar to Nq but smaller
in magnitude. of B = Nq /(l.3 - 1.4) is recommended provid-
ed > 25D; where h is the depth to anchor.

Since the values of D, A and B are difficult to predict,
Littlejohn also suggests:

Equation 11-40:
Where
• n2 = 26 - 40 kips/ft or (380 - 580 kN/m)
• Ls = 3 - 12 ft or (0.9 - 3.7 m)
• D = 15 - 24 inches or (400 - 610 m)
• depth to anchor = 40 - 50 ft or (12.2 - 15.1 m)

11.3.6.3.3. Empirical Relationships 
Figure 11-27 presents an empirical plot of the load capaci-

ty of anchors founded in cohesionless soils. This figure was
developed by Ostermayer and represents the range of anchor
capacities that may develop in soils of varying densities and
gradations. The chart was developed for anchor diameters of
4" - 6" and a depth of overburden of 13'.

11.3.6.4. Cohesive Soils—Large Diameter Anchors
Large diameter anchors can be either straight shafted, sin-

gle-belled, or multi-belled.
These anchors are most commonly used in stiff to hard

cohesive soils that are capable of remaining open when
unsupported: however, hollow flight augers can be used to
install straight-shafted anchors in less competent soils.

The methods used to estimate the ultimate pullout capaci-
ty of large diameter anchors are largely based on the observed
performance of anchors and are, therefore, empirical in
nature. The following equations can be used to estimate
anchor load capacity; field-testing of anchors is required to
determine true anchor capacity.

11.3.6.4.1. Straight-shafted Anchor

Equation 11-41: Pu = αsu πdsLs
Where
• ds = diameter of anchor shaft
• Ls = length of anchor shaft
• su = undrained shear strength of soil
• α = Reduction factor in due to disturbance, etc. = 0.3 - 0.5.

11.3.6.4.2. Belled Anchor
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Equation 11-42:

Where
D = diameter of anchor bell
Nc = bearing capacity factor = 9

11.3.6.4.3. Multi-belled Anchor

Equation 11-43:

Where
Lu = length of underreamed portion of anchor
β = reduction factor in Su for soil between underream tips

= 0.75 - 1.0
In order for failure to occur between the underream tips,

the tips must be spaced at 1.5 -2.0 times the belled diameter
with the bell diameter equal to 2.0 to 3.0 times the shaft
diameter.

11.3.6.5. Reduction Factors for Clay
Reduction factors for anchors in clay are shown in Figure

11-28.

11.3.6.6. Gravel Packed Anchors
A gravel packed anchor is used on cohesive soils primarily

to increase the value of the undrained shear strength coeffi-
cient, a. The original anchor hole is filled with angular grav-
el. A small closed-end casing is then driven into the hole dis-
placing the gravel into the surrounding clay. Grout is then
injected as the casing is withdrawn.

The grout penetrates the gravel and increases the effective
anchor diameter. The irregular surface also improves the
strength along the grout-soil interface.

Figure 11-27: Anchor Capacities in Cohesionless Soils
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Littlejohn proposed that the following equation be used for
determining the ultimate load of a gravel packed anchor.
There are terms for both frictional resistance and end bearing.
A substantial increase in the value of the undrained shear
strength coefficient is recommended, and the anchor diame-
ter is larger.

Equation 11-44:

Where
Nc = 9
α = 0.6 - 0.75 = undrained shear strength coefficient

11.3.7. Forces On The Vertical Members
Tiebacks are generally inclined, therefore the vertical com-

ponent of the tieback force must be resisted by the vertical
member through skin friction on the embedded length of the
piling in contact with the soil and by end bearing. Problems
with tied back walls have occurred because of excessive down-
ward wall movement. The pile capacity should always be
checked to ensure that it can resist the vertical component of
the tieback force. The sheet pile sample problem demonstrates
one method to account for the vertical load on the piling.

Ultimate values (without safety factors) for friction and end
bearing of piling follow:

Driven Piling
Skin Friction

= N/25 ksf for concrete piles
= N/50 ksf for WF sections (based on a rectangular

perimeter equal to two times the width of the flange added
to two times the depth of the section).

End Bearing:
Cohesionless Soil: = 8N ksf
Cohesive Soil:. = 9su or = 4.5qu (based on a rectangular

perimeter equal to two times the width of the flange added to
two times 'the depth of the section).

Special Note: For sheet piling use N/50 for skin friction
for depth D on both faces, but do not use end bearing.

Drilled Piling
Skin Friction = N/50 ksf
End Bearing

Cohesionless Soil: = 4N ksf
Cohesive Soil: = 9su or = 4.5qu (based on the gross area).
N = SPT (Standard Penetration Test) value

11.3.8. Overall (Global) System Stability
To ensure overall stability of an anchored system slope sta-

bility analysis may be required in addition. to the general
(local) system analysis except when the horizontal compo-
nent of the anchor is greater than total height of the vertical
member. Figure 11-29 depicts the foregoing.

Equation 11-45: a/(H + D) > 1.0

Where:
a = The horizontal component of the tieback anchor length
H + D = the vertical member's total length.

11.3.9. Testing Tieback Anchors
11.3.9.1. Overview

The contractor is responsible for providing a reasonable
test method for verifying the capacity of the tieback anchors
after installation. Anchors are tested to assure that they can
sustain the design load over time without excessive move-
ment. The need to test anchors is more important when the

Figure 11-28: Reduction Factors for Clay

Potential failure plane

Figure 11-29: Potential Failure Plane
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system will support, or be adjacent to existing structures, and
when the system will be in place for an extended period of
time.

The number of tiebacks tested; the duration of the test, and
the allowable movement, or load loss, specified in the con-
tractor's test methods should take into account the degree of
risk to the adjacent surroundings. High-risk situations would
be cases where settlement or other damage would be experi-
enced by adjacent facilities. See Table 11-2 for a list of mini-
mum recommended criteria for testing temporary tieback
anchors.

Generally the shoring plans should include tieback load
testing criteria which should minimally consist of proof load
test values; frequency of testing (number of anchors to be
tested), test load duration, and allowable movement or loss of
load permissible during the testing time frame and the antic-
ipated life of the shoring system. The shoring plans should
also include the measures that are to be taken when, or if, test
anchors fail to meet the specified criteria.

Pressure gages or load cells used for determining test loads
should have been recently calibrated by a certified lab, they
should be clean and not abused, and they should be in good
working order. The calibration dates should be determined
and recorded.

Tiebacks that do not satisfy the testing criteria may still
have some value. Often an auxiliary tieback may make up for
the reduced value of adjacent tiebacks; or additional reduced
value tiebacks may be installed to supplement the initial low
value tiebacks.

11.3.9.2. Proof Testing
Proof testing of tiebacks anchors is normally accomplished

by applying a sustained proof load to a tieback anchor and
measuring anchor movement over a specified period of time.
Proof testing may begin after the grout has achieved the
desired strength. A specified number of the tieback anchors
will be proof tested by the method specified on the
Contractor's approved plans (see Table 11-2).

Generally, the unbonded length of a tieback is left ungrout-
ed prior to and during testing. This ensures that only the
bonded length is carrying the proof load during testing. It is
not desirable to have loads transferred to the soil through
grout (or concrete) in the unbonded region since this length
is considered to be within the zone of the failure wedge.

As an alternative, for small diameter drilled holes (6 inch-
es or less) a plastic sheathing may be used over the unbond-
ed length of the tendon to separate the tendon from the grout
(see Figure 9-3). The sheathing permits the tendon to be
grouted full length before proof testing. A void must be left
between the top of the grout and the soldier pile to allow for
movement of the grout column during testing.

Research has shown that small diameter tiebacks develop
most of their capacity in the bonded length despite the addi-
tional grout in the unbonded length zone. This phenomenon
is not true for larger diameter tieback anchors.

Generally the contractor will specify an alignment load of 5
to 10% of the design load that is initially applied to the ten-
don to secure the jack against the anchor head and stabilize
the setup. The load is then increased until the proof load is
achieved. Generally a maximum amount of time is specified

Table 11-2: Tieback Proof Test Criteria
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to reach proof load. Once the proof load is attained, the load
hold period begins. Movement of the tieback anchor is nor-
mally measured by using a dial indicator gage mounted on a
tripod independent of the tieback and shoring and positioned
in a manner similar to that shown in Figure 11-30.

The tip of the dial indicator gage is positioned against a flat
surface perpendicular to the centreline of the tendon (This
can be a plate secured to the tendon). The piston of the jack
may be used in lieu of a plate if the jack is not going to have
to be cycled during the test. As long as the dial indicator gage
is mounted independently of the shoring system, only move-
ment of the anchor due to the proof load will be measured.
Continuous jacking to maintain the specified proof load dur-
ing the load hold period is essential to offset losses resulting
from anchor creep or movement of the shoring into the sup-
porting soil.

Measurements from the dial indicator gage are taken peri-
odically during the load hold period. The total movement
measured during the load hold period of time is compared to
the allowable value indicated on the approved shoring plans
to determine the acceptability of the anchor.

It is important that the proof load be reached quickly.
When excessive time is taken to reach the proof load, or the
proof load is held for an excessive amount of time before
beginning. The measurement of creep movement, the creep
rate indicated will not be representative. For the proof test to
be accurate, the starting time must begin when the proof load
is first reached.

As an alternative to measuring movement with a dial indi-
cator gage, the contractor may propose a "lift-off test". A "lift-
off test" compares the force on the tieback at seating to the
force required to lift the anchor head off of the bearing plate.
The comparison should be made over a specified period of
time. The lost force can be converted into creep movement to
provide an estimate of the amount of creep over-the life of the
shoring system.

Use of the "lift-off test" may not accurately predict overall
anchor movement. During the time period between lock-off

and lift-off, the tieback may creep and the wall may move into
the soil. These two components cannot be separated. If the
test is done accurately, results are likely to be a conservative
measure of anchor movement. Use of dial indicator gage to
monitor creep rather than lift-off tests.

11.3.9.3. Evaluation of Creep Movement
Long-term tieback creep can be estimated from measure-

ments taken during initial short term proof testing: In effect,
measurements made at the time of proof testing can be
extrapolated to determine anticipated total creep over the
period the shoring system is in use if it is assumed that the
anchor creep is roughly modelled by a curve described by the
"log" of time.

The general formula listed below for the determination of
the anticipated long-term creep is only an estimate of the
potential anchor creep and should be used in conjunction
with periodic monitoring of the wall movement. This formu-
la will not accurately predict anchor creep for soft cohesive
soils.

Based on the assumed creep behaviour, the following gen-
eral formula can be utilized to evaluate the long-term effects
of creep:

Equation 11-46:

Where
D = creep movement specified on the plans for times T1, T2

or T3 (or measured in the field)
T1 = time of first movement measurement during load hold

period (usually one minute after proof load is applied)
T2 = time of last movement measurement during load hold

period
T3 = time the shoring system will be in use

And

Equation 11-47:

If using a ‘lift-off test” to estimate the creep movement, the
following approximation needs to be made for substitution
into Equation 11-47:

Equation 11-48:

Where
P1 = force at seating
P2 = force at lift-off
L = Lu + 0 to 5 feet of the bonded length necessary to devel-

op the tendon
A = area of the strand or bar in the anchor
E = modulus of elasticity of the strand or bar in the anchor

Figure 11-30: Dial Indicator Setup for Proof Testing
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11.3.9.4. Performance Testing
Performance testing is similar to, but more extensive, than

proof testing. Performance testing is used to establish the
movement behaviour for a tieback anchor at a particular site.

Performance testing is not normally specified for tempo-
rary shoring, but it can be utilized to identify the causes of
anchor movement. Performance testing consists of incremen-
tal loading and unloading of a tieback anchor in conjunction
with measuring movement.

11.3.9.5. Lock-Off Force
The lock-off force is the percentage of the required design

force that the anchor wedges or anchor nut is seated at after
seating losses. A value of 0.8TDESIGN is typically recommend-
ed as the lock-off force but lower or higher values are used to
achieve specific design needs.

One method for obtaining the proper lock-off force for
strand systems is to insert a shim plate under the anchor head
equal to the elastic elongation of the tendon produced by a
force equal to the proof load minus the lock-off load. A cor-
rection for seating of the wedges in the anchor head is often
subtracted from the shim plate thickness. To determine the
thickness of the shim plate use the following equation:

11.3.10. Wall Movement and Settlement
As a rule of thumb, the settlement of the soil behind a tied

back wall, where the tiebacks are locked-off at a high percent-
age of the design force, can be approximated as equal to the
movement at the top of the wall caused by anchor creep and
deflection of the piling.

If a shoring system is to be in close proximity to an exist-
ing structure where settlement might be-detrimental, signifi-
cant deflection and creep of the shoring system would not be
acceptable: If a shoring system will not affect permanent
structures; or when the shoring might support something like
a haul road, reasonable lateral movement and settlement can
be tolerated.

Seating loss can vary between 3/8" to 5/8" for strand sys-
tems. The seating loss should be determined by the designer
of the system and verified during installation. Often times,
wedges are mechanically seated minimizing seating loss
resulting in the use of a lesser value for the seating loss. For
thread bar systems, seating loss is much less than that for
strand systems and can vary between 0" to l/16".

After seating the wedges in the anchor head at the proof
load, the tendon is loaded, the shim is removed and the
whole anchor head assembly is seated against the bearing
plate.

11.3.11. Steps For Checking Tieback Shoring Submittal
1. Review plan submittal for completeness.
2. Determine Ka and Kp.
3. Develop pressure diagrams.
4. Determine forces.
5 . Determine the moments around the top of the pile (or

some other convenient location).
6. Solve for depth (D), for both lateral and vertical loads,

and tieback force (TH).
7. Check pile section.
8. Check anchor capacity.
9. Check miscellaneous details.
10. Check adequacy of tieback test procedure.
11. Review corrosion proposal.
12. Consider effects of wall deflection, and subsequent soil

settlement on any surface feature behind the shoring wall.

11.3.12. Tieback Design and Testing Examples
Example 16: Tieback Testing

Measurement and time method:
Given:

The shoring plans indicate that a proof had shall be
applied in 2 minutes or less then the load shall be held
for ten minutes. The test begins immediately upon reach-
ing the proof load value. Measurements of movement are
to be taken at 1, 4, 6, 8 and 10 minutes. The proof load
is to be 133% of the design load. The maximum permis-
sible movement between 1 and 10 minutes of time will
not exceed 0.1 inches. All tiebacks are to be tested. The
system is anticipated to be in place for 1 year.

Find:
Determine the long-term effects of creep.

Solution:
A = 0.1 inches
T1 = 1 minute
T2 = 10 minutes
T3 = (1 Y) (365 D/Y) (24 H/D) (60 M/H) = 525,600 minutes

Long Term 

The proof load, and duration of test are reasonable and
exceed the minimums shown in Table 11-2. Applying the
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proof load in. a short period of time and beginning the
test immediately upon reaching that load ensure the test
results will be meaningful and can be compared to the
calculated long-term creep movement for the anchor.

If the shoring system were in close proximity to an
existing structure that could not tolerate a l/2 inch of set-
tlement the design would not be acceptable. If the
shoring would not affect permanent structures or when 
the shoring might support something like a haul road,
the anticipated movement would be tolerable.

Lift off load method:
Given:

Lift off test will be performed 24 hours after wedges are
seated (1 minute). The force at seating the wedges will
be 83,000 pounds and the lift off force will be no less
than 67,000 pounds.

Solution
L = 20’, which is the unbonded length of 15’ + 5’
A = 0.647 in2

E = 28,000,000 psi
T2 = 1 minute, this is the time the wedges are seated

Example 17: Single Tier Tieback Shoring Wall
This example problem illustrates the analysis for a single

tier tieback sheet pile wall next to a haul road and demon-
strates the 'following principles:

The use of the "Free Earth Support Method" of sheet pile
analysis with Rowe's "Moment Reduction Theory" to

determine the required depth of embedment (D), the
required sheet pile section modulus (SREQUIRED), and the
design tieback force(T).
Low pressure grouted anchor tieback analysis.
Review of proof loading and lock-off loading.

The Contractor’s shoring submittal outlined below is to be
reviewed for adequacy.

Anchor Details: 5/8" Dywidag bars at 10' 0" centre spaci-
ng centred in 6" diameter (d) drilled holes that are to be
grouted with low-pressure grout. T DESIGN = 25 Kips.
Tproof = (1.3)TDESIGN .

Proof Testing of Tiebacks: (Notes on the shoring plans)
Alternate anchors will be proof tested to TPROOF after the
anchor grout has obtained adequate strength.
The exposed end of the anchor rod shall not show move-
ment of more that 2 inches while jacking up to the proof
load value.
The proof load (TPROOF) shall be attained and held for
15 minutes. Anchor movement shall not exceed 0.1
inches between 1 and 15 minute, Readings shall be taken
at 1, 5, 10 and 15 minutes. The system will be in place
approximately 6 months.
Anchors failing the -test criteria shall be replaced.

Analysis:
Top failure wedge width = 15’ tan(45º - φ/2) = 7.0’ < 10’
+ 2’ 
Since light haul road traffic is to be beyond the active fail-
ure wedge limits, the use of minimal friction on the sheet
piling for the active condition may be permitted.
For simplified analysis, use the alternate loading of 100
psf for traffic surcharge.

Solution:
SPW 911 was used to determine the actual tieback and
wall loads. The result is shown in Figure 11-32. SPW 911
reports a factor of safety of 3.3.

Compute Tieback Forces:
Tieback force per lineal

foot of wall = 2268.1 lb/ft
Tieback force per tieback

= (2268.1)(10) = 22,681
lb
Actual tension in tieback

= 22,681/cos 15º =
23,481 lb < 25K per plans

Figure 11-31 Wall Configuration for

Example 17
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Design horizontal force per lineal foot of wall = 
(25,000)(cos 15º)/10 = 2,419 lb/ft
Design vertical force per lineal foot of wall = (25,000)(sin
15º)/10 = 647 lb/ft

Check downward force due to prestressing:
Resistance to downward force is furnished by the skin
friction on both sides of the embedded sheet piling.
For a soil with φ = 35º, assume an SPT value of N = 27
Frictional resistance = N/50 ksf = 27/50 = 0.54 ksf

Total frictional resistance below excavation line = (0.54) 
(6.5)(2 sides) = 7.02 kips/ft
Using safety factor of two, design frictional resistance =
7.02/2 = 3.51 kips/ft = 3,510 lb/ft
Resistance = 3,510 lb/ft > 647 lb/ft OK

Check Anchor Tendon Capacity:
Plan calls for 5/8” Dywidag bars spaced at 10’ 0” centres.
Fult = 157 ksi
Abar = 0.28 in2

Tdesign < 0.6 FultAbar = (0.6)(157)(0.28) = 26.4 kips > 25
kips OK
Tproof < 0.8 FultAbar = (0.8)(157)(0.28) = 35.4 kips > 
(1.3)(25) = 32.5 kips OK

Figure 11-32: SPW 911 Solution for Example 17
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Determine Lb using FHWA formula:
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Check Proof Loading

A long-term movement of the wall can be approximated
but if neither wall movement nor settlement behind the wall
will be detrimental then 0.36 inch would be acceptable.

Example 18: Multiple Tier Tiebacks

Given
Wall as shown above
Soils: Cohesionless, γ = 115 pcf, φ = 35º, c = 0, Ka = 0.27,
Kp = 2.6
Tiebacks spaced at 7’ 6” along the walls, drilled with 8”
drill

Find
Tieback loads
Design of tiebacks

Solution
We use SPW 911 to solve the problem. The solution is
shown in Figure 11-34. A detailed discussion of earth
pressure distribution for multiply supported excavations
is given elsewhere. In this case we used the area distribu-
tion method.
All of the support loads are shown in the SPW 911 solu-
tion. There are several results that can be computed from 

the support loads. Using the topmost load as an example, 
these are as follows:

Distributed support load = 10,856 lb/ft (from SPW 911)
Distributed axial load on tiebacks = 10,856 lb/ft/cos
20º = 11,553 lb/ft
Distributed vertical load of tiebacks on wall = (10,856)
(tan 20º) = 3,951 lb/ft
Frictional resistance generated by support = (10,856)
(0.4) = 4,342 lb/ft
Axial load per support = (11,553)(7.5) = 86,645 lb
Test load per support = (86,645)/(0.8) = 108,307 lb

These are tabulated for all of the supports in Table 11-3.

The frictional resistance is greater than the vertical load,
13,424 lb/ft > 12,215 lb/ft, so the wall should be capable of
resisting the vertical load. It is interesting to note that the
maximum possible tieback inclination for this particular coef-
ficient of friction is arctan (0.4) = 21.8º.

We now design the topmost tieback itself.

Figure 11-33: Wall Configuration for Example 18

Lock-Off Force
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Compute distance hm from ground surface to centre of
length Lb, thus hm = 8 + (T1Q + Lb/2) sin α = 8 + (18.4
+ Lb/2)(0.342) = 14.29 + 0.171Lb

To solve for Lb, use Equation 11-36:
108,307 = π (8/12)(115)(14.29 + 0.171Lb)(tan 35º)Lb
108,307 = 2.411.6Lb + 28.85Lb

2

Lb
2 + 83.58Lb – 3,754.1

Lb = 32.4’, or use 32’ 6”
Other tiebacks can be designed in the same way.

Multiple tieback systems approximate a multiple strutted

system. The soil pressure diagram for either system should
more appropriately approximate a trapezoid rather than a tri-
angle. This would be especially true for soft to medium clays.

A long bond length is required at the elevation of the upper
tier primarily because of the low hm value. The tiebacks of the
upper tier would have been better designed by reducing the
centre-to-centre tie spacing to achieve a shorter required
bond length. Another way to reduce the bonded length
would be to locate the upper ties tiff-centre with respect to
the second tier ties and to increase the tie slope angle in order
to increase the hm value. The most practical way to decrease
the length requirement of the upper tier tie would be to

Figure 11-34: SPW 911 Solution for Example 18

Frictional Axial Load Load
Support Axial  Load, Vertical resistance, per Support, Test

Tieback Load, lb/ft lb/ft Load, lb/ft lb/ft lb. Load per
Support, lb. 

1 10,856 11553 3,951 4,342 86,645 108,307
2 7,783 8,282 2,833 3,113 62,118 77,647
3 7,783 8,282 2,833 3,113 62,118 77,647
4 7,138 7,596 2,598 2,855 56,970 71,212
Total 33,560 35,713 12,215 13,424 267,851 334,814

Table 11-3: Support Results for Example 18
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increase the diameter of the drilled hole to 16” or to 18". This
would substantially increase 'the effective bond per linear foot
of tie.

Three tiers of tiebacks properly spaced should have been
adequate for the soil conditions and design parameters used
in this case.

11.3.13. Rock Anchors
Anchor design must consider the following failure modes:

11.3.13.1. Failure of Steel Tendon
Design stress within the steel is usually limited to 50 to

60% of the ultimate stress (50% for permanent installations).

11.3.13.2. Failure of Grout Steel Bond
The bond capacity depends on the number and length of

tendons, or steel bars (plain or deformed) and other factors 116.

11.3.13.3. Failure of Grout-rock Bond
The bonding capacity between the rock and the grout may

be determined from the following formula:

Equation 11-49: Pu = πds Lο δskin

Where:
Pu = load capacity of anchor
ds = diameter of drilled shaft
Lο = length of grout-anchor bond
δskin = grout-rock bond strength

Typical grout-rock stresses for various rock types are present-
ed in Table 11-4.

11.3.13.4. Failure of Rock Mass
The criterion for failure in rock mass is based on the weight

of rock contained within a cone emanating from the bonded
zone. Figure 11-35 shows design criteria. Actual failure of
anchor in this mode would be controlled by discontinuity
patterns and weathering of the rock.

11.3.13.5. Factor of Safety and Testing
Anchors in soil should be designed using a minimum fac-

tor of safety of 2.0; a higher factor of safety is used for perma-
nent or critical structures. All production anchors should be
proof loaded to 115% to 150% of the design load. Additional
testing to higher capacities and to determine creep character-
istics may be justified for permanent installations or where
the design conditions warrant. Guidelines for testing are

116Littlejohn, G.S., and Bruce, D.A., Rock Anchors, State of the Art, Foundation Publications, Ltd., 1977. (Originally published in Ground Engineering magazine between May 1975

and May 1976).

Table 11-4: Typical Values of Bond Stress for Selected Rock Types
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Figure 11-35: Pullout Capacity of Shallow Anchors in Rock
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This section describes the procedures for evaluating the
stability and safety of anchored sheet pile walls during earth-
quakes. Although these can be evaluated using the classical
methods described earlier, the implementation of these has
many unique features, and so is treated separately.

12.1. Introduction
For earthquake analysis, the free earth support method is

used to determine the required depth of sheet pile penetra-
tion below the dredge level and the force the anchor must
resist so that excessive sheet pile wall movements do not
occur during earthquake shaking. The forces acting on both
the sheet pile wall and anchor during the earthquake include
the static and dynamic earth pressure forces, the static and
hydrodynamic pool water pressure forces and the steady state
and residual excess pore water pressure forces within the sub-
merged backfill and foundation soils. Because anchored walls
are flexible and because it is difficult to prevent some perma-
nent displacement during a major seismic event, it is appro-
priate to use active and passive earth pressure theories to
evaluate dynamic as well as static earth pressures. The
Mononobe-Okabe theory is used to evaluate the dynamic
earth pressures.

There have been very few documented cases of waterfront
anchored walls that have survived earthquakes or of walls
that have failed for reasons other than liquefaction.

Hence uncertainty remains concerning the procedures out-
lined in this chapter and the difficulty of ensuring adequacy
of anchored sheet pile walls during strong earthquake shak-
ing (e.g. one rough index is seismic coefficients above 0.2). 

One of the few seismic design procedures for anchored
sheet pile walls is the Japanese Code. Using the observations
regarding the performance of anchored sheet pile walls dur-
ing earthquake shaking, the following improvements over
past practice are recommended:

(1) Anchors must be placed further away from the wall.

(2) Larger seismic coefficients are required. They are to be
assigned with consideration of the seismotectonic structures
as well as the characteristics of soil and structural features
comprising the wall, the anchorage and its foundation.

(3) There is a limitation upon the build-up of excess pore
pressures in backfill.

The procedures outlined in this chapter are to be viewed as
interim guidance, an improvement over past practice. An

anchored sheet pile wall is a complex structure and its per-
formance (e.g. displacements) during earthquake shaking
depends upon the interactions between the many compo-
nents of the structural system (e.g. sheet pile wall, backfill,
soil below dredge level, foundation, and anchorage), which
impact overall wall performance. The seismic design of
anchored sheet pile walls using the procedures described in
this chapter requires considerable judgement during the
course of design by an earthquake engineer experienced in
the problems associated with the seismic design of anchored
sheet pile walls.

As a general design principle, anchored sheet pile walls
sited in seismic environments should be founded in dense
and dilative cohesionless soils with no silt or clay size parti-
cles. The proposed design procedure presumes this to be the
case. Strength parameters are to be assigned in accordance
with the criteria described earlier.

Additionally, the design procedure is limited to the case
where excess pore water pressures are less than 30 percent of
the initial vertical effective stress.

12.2. Background
Agbabian Associates117 summarize the performance of

anchored sheet pile walls at 26 harbours during earthquakes
in Japan, the United States, and South America. Their survey
indicates that the catastrophic failures of sheet pile walls are
due to the large-scale liquefaction of the backfill and/or the
foundation, including the foundation soil located in front of
the sheet pile wall and below the dredge level. For those
structures that underwent excessive movements but did not
suffer a catastrophic failure, there was little or no evidence of
damage due to the vibrations of structures themselves. For
those walls whose backfill and foundation soils did not lique-
fy but did exhibit excessive wall moments during the earth-
quake, the survey identified the source of these excessive
sheet pile wall movements as:

(1) the soil in front of the sheet pile wall and below the
dredge level moved outward (toe failure),

(2) the anchor block moved towards the pool (anchor fail-
ure), or 

(3) the entire soil mass comprising the sheet pile structure
and the anchor block moved as one towards the pool (block
movement).

The report identified a number of factors that may con-

Chapter Twelve: 
Analysis and Design of Anchored Walls and Anchor

Systems for Earthquake Loads
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tribute to the excessive wall movements, including:

(1) a reduction in soil strength due to the generation of excess
pore water pressures within the submerged soils during the
earthquake shaking,

(2) the action of the inertial forces due to the acceleration of
the soil masses in front and behind the sheet pile wall and the
anchor block, and

(3) the hydrodynamic water pressures along the front of the
wall during the earthquake.

The Japanese Ports and Harbours commissioned a study by
Kitajima and Uwabe118 to summarize the performance of 110
quay walls during various earthquakes that occurred in Japan
during the past several decades. This survey included a tally
of both damaged and undamaged waterfront structures and
the dates on which the earthquakes occurred. Most of these
waterfront structures were anchored bulkheads, according to
Gazetas, Dakoulas, and Dennehy119. In their survey, Kitajima
and Uwabe were able to identify the design procedure that
was used for 45 of the bulkheads. This is identified as the
Japanese code. Their survey showed that (1) the percentage
of damaged bulkheads was greater than 50 percent, including
those designed using the Japanese design procedure and (2)
the percentage of bulkhead failures did not diminish with
time. These two observations indicate that even the more
recently enacted Japanese code is not adequate. To under-
stand the poor performance of anchored sheet pile walls dur-
ing earthquakes, it is useful to review the Japanese code that
was used in the design of the most recent sheet pile walls that
were included in the Kitajima and Uwabe survey.

12.2.1. Summary of the Japanese Code for Design of
Anchored Sheet Pile Walls

Most of the case histories regarding the performance of
anchored sheet pile walls during earthquakes that were
included in the Agbabian Associates and the Kitajima and
Uwabe surveys are for Japanese waterfront structures. To
understand the performance of these Japanese waterfront
structures, it is useful to review the Japanese design proce-
dures that were used for the most recently constructed water-
front structures included in the surveys. The Japanese code
for the design of anchored sheet pile walls as described by
Gazetas, Dakoulas, and Dennehy consists of the following
five steps:

(1) Estimate the required sheet pile embedment depth using
the free earth support method, with the factor of safety that is

applied to the shear strength of the soil reduced from 1.5 for
static loadings to 1.2 for dynamic loadings. The effect of the
earthquake is incorporated in the analysis through the inertial
forces acting on the active and passive soil wedges by using
the Mononobe-Okabe method to compute PAE and PPE.

(2) The horizontal seismic coefficient, kh, used in the
Mononobe-Okabe relationships for PAE and PPE is a product
of three factors: a regional seismicity factor (0.10 ± 0.05), a
factor reflecting the subsoil conditions (1 ± 0.2), and a factor
reflecting the importance of the structure (1 ± 0.5).

(3) Design the tie rod using a tension force value computed
on the assumption that the sheet pile is a simple beam sup-
ported at the dredge line and by the tie rod connection.
Allowable stress in the tie rod steel is increased from 40 per-
cent of the yield stress in a design for static loadings to 60
percent of the yield stress in the design for dynamic loadings.

(4) Design the sheet pile section. Compute the maximum
bending moment, referred to as the free earth support
moment, in the sheet pile using the simple beam of Step 3. In
granular soils Rowe's procedure is used to account for flexure
of the sheet pile below the dredge level. A reduction of 40 to
50 percent in the free earth support moment value is not
unusual. Allowable stress in the sheet pile steel is increased
from 60 percent of the yield stress in a design for static load-
ings to 90 percent of the yield stress in the design for dynam-
ic loadings.

(5) Design the anchor using the tie rod force of step 2
increased by a factor equal to 2.5 in the design for both stat-
ic and dynamic loadings and assume the slip plane for the
active wedge starts at the dredge line.

From the modes of failure observed in the Kitajima and
Uwabe study of anchored sheet pile walls that were designed
using the Japanese code, Gazetas, Dakoulas and Dennehy
identified the following as the primary deficiencies in the
Japanese code procedure:

(1) The values for the seismic coefficients, kv and kh, used in
the Mononobe-Okabe relationships for PAE and PPE are not
determined from a site response analysis but are specified
within the Japanese code (kv = 0, and kh is within a narrow
range of values for most of the waterfront structures involved
in the study).

(2) The resistance provided by the anchor is over estimated
because the code allows the anchor to be placed too close to
the sheet pile wall such that the passive wedge that develops

117Agbabian Associates. (1980). “Seismic Response of Port and Harbor Facilities,” Report P80-109-499, El Segundo, CA.
118Kitajima, S., and Uwabe, T. (1979) (Mar). “Analysis on Seismic Damage in Anchored Sheet-Piling Bulkheads,” Report of the Japanese Port and Harbor Research Institute, Vol.
18, No. 1, pp. 67-130. (in Japanese).
119Gazetas, C., Dakoulas, P., and Dennehy, K. (1990). “Empirical Seismic Design Method for Waterfront Anchored Sheetpile Walls,” Proceedings of ASCE Specialty Conference on
Design and Performance of Earth Retaining Structures, Geotechnical Special Publication No. 25. , pp. 232-250.
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in front of the anchor interferes with the active wedge devel-
oping within the backfill behind the sheet pile wall.

(3) The code does not account for the earthquake induced
excess pore water pressures within the submerged soils and
the corresponding reduction in the shear strength for the sub-
merged soil regions, nor the excess water pressure forces and
hydrodynamic forces acting on the sheet pile structure. 

Gazetas, Dakoulas, and Dennehy listed only one of the fail-
ures of the sheet pile walls designed using the Japanese Code
as a general flexural failure. In this case, the structural failure
was attributed to corrosion of the steel at the dredge level.

Each of these deficiencies is addressed in the steps used in
the design of anchored sheet pile walls using the free earth
support method of analysis.

12.2.2. Displacements of Anchored Sheet Piles during
Earthquakes

In the Kitajima and Uwabe survey of damage to anchored
sheet pile walls during earthquakes, the level of damage to
the waterfront structure was shown to be a function of the
movement of the top of the sheet pile during the earthquake.
The damage can be categorized as one of five levels as given
in Table 12-1. Their survey shows that for sheet pile wall dis-
placements of 10 cm (4 inches) or less, there was little or no
damage to the Japanese waterfront structures as a result of the
earthquake shaking. Conversely, the level of damage to the
waterfront structure increased in proportion to the magnitude
of the displacements above 10 cm (4 inches). Using the infor-
mation on the anchored sheet pile walls survey reported in
Kitajima and Uwabe and using simplified theories and the
free earth support method of analysis, Gazetas, Dakoulas, and
Dennehy showed that the post-earthquake displacements at
the top of the sheet pile wall correlated to (1) the depth of
sheet pile embedment below the dredge level and (2) the dis-
tance between the anchor and the sheet pile.

Two anchored bulkheads were in place in the harbour of
San Antonio, Chile, during the very large earthquake of 1985.
A peak horizontal acceleration of about 0.6g was recorded
within 2 km of the site. One experienced a permanent dis-
placement of nearly a meter, and use of the quay was severe-
ly restricted. There was evidence of liquefaction or at least
poor compaction of the backfill, and tie rods may not have
been preloaded. The second bulkhead developed a perma-
nent displacement of 15 cm, but the quay remained function-
al after the earthquake. This bulkhead had been designed
using the Japanese procedure with a seismic coefficient of
0.15, but details concerning compaction of the backfill are
unknown.

12.3. Design of Anchored Sheet Pile Walls for 
Earthquake Loadings

12.3.1. Considerations from Static Analysis
In the design of anchored sheet pile walls for static earth

pressure and water pressure loads, the free earth support
method or any other suitable method may be used to deter-
mine the required depth of sheet pile embedment below the
dredge level and the magnitude of the design anchor force
required to restrict the wall movements to acceptable levels.
The interrelationship between the changes in earth pressures,
the corresponding changes in the sheet pile displacements,
and the changes in the distribution of bending moments
along the sheet pile make the free earth support method of
analysis an attractive design tool. Rowe's120 free earth support
method of analysis assumes that the sheet pile wall moves
away from the backfill and displaces the foundation soils that
are below the dredge level and in front of the wall, as shown
in Figure 12-1. These assumed displacements are sufficient to
fully mobilize the shear resistance within the backfill and
foundation, resulting in active earth pressures along the back
of the sheet pile wall and passive earth pressures within the
foundation in front of the sheet pile wall, as shown in Figure
12-1.

The free earth support method is described in 9.4.2. Rowe’s
moment reduction curves can also be used as well.

Various important load and material factors in common
practice are as follows: The allowable stress in the sheet pile
is usually restricted to between 50 percent and 65 percent of

106The study summarised here is Dawkins, W.P. (2001) Investigation of Wall Friction, Surcharge Loads and Moment Reduction Curves for Anchored Sheet-Pile Walls. Report
ERDC/ITL TR-01-4. Vicksburg, MS: U.S. Army Corps of Engineers, Waterways Experiment Station, Engineer Research and Develoment Centre, Information Technology Laboratory.
120Rowe, P. W. 1952. “Anchored Sheet Pile Walls,” Proceedings of Institution of Civil Engineers,Vol 1, Part 1, pp 27-70.

Table 12-1: Qualitative and Quantitative Description of the
Reported Degrees of Damage

Degree of
Damage

Description of
Damage

Permanent Displacement
at the Top of Sheet Pile

(Inches) (Cm)
0 No damage <1 <2

1 Negligible damage to 4 10
the wall itself;
noticeable damage to 
related structures
(concrete apron)

2 Noticeable damage 12 30
to walls 

3 General shape of 24 60
anchored sheet pile
preserved, but 
significantly damaged

4 Complete destruction, 48 120 
no recognizable
shapes of wall
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the yield stress of the steel (60 percent in the Japanese Code).
The allowable stress (gross area) in the tie rod steel is usually
between 40 and 60 percent of the yield stress, and the tie rod
force is designed using the equilibrium anchor force
increased by a factor equal to 1.3. The anchor is designed
using the equilibrium anchor force increased by a factor equal
to between 2.0 and 2.5.

This design procedure for static loadings is extended to
dynamic problems in the following sections.

12.3.2. Inclusion of Earthquake Loads
The first step is to check for the possibility of excess pore

pressures or liquefaction (see Seed and Harder121 or
Marcuson, Hynes, and Franklin122 . The presence or absence
of these phenomena will have a major influence on design.
The potential for excessive deformations is to be considered 123.

The proposed design procedure quantifies the effect of
earthquake shaking in the free earth support analysis of
anchored sheet pile walls through the use of inertial forces
within the backfill, the soil below the dredge level in front of
the sheet pile wall and the hydrodynamic water pressure
force in the pool in front of the wall. These inertial forces are
superimposed on the static forces along the sheet pile wall.
Certain adjustments are made to the load and material fac-
tors, as is detailed in the following sections, when earthquake

loads are included in the analysis.
An important design consideration is the placement of the

anchor. It should be located far enough from the wall such
that the active wedge from the wall (starting at the bottom of
the wall) and the passive wedge from the anchor do not inter-
sect. The inertial forces due to the acceleration of the soil
mass have the effect of decreasing the slope of the active and
passive soil wedge failure surfaces, as shown in Figure 12-1.
The slope angles αAE and αPE for the slip planes decrease (the
slip planes become flatter) as the acceleration levels increase
in value.

When the horizontal accelerations are directed towards the
backfill (+kh·g), the incremental increases in the earth pres-
sure forces above the static earth pressure forces, denoted as
∆PAE and ∆PPE in Figure 12-1, are directed away from the
backfill. This has the effect of increasing the driving force
behind the sheet pile wall and decreasing the stabilizing force
in front of the sheet pile wall. The effect of increased acceler-
ations on the distribution of moments are twofold, (1)
increased values for the maximum moment within the sheet
pile and (2) a lowering of the elevation of the point of con-
traflexure along the sheet pile. The anchored sheet pile wall
model tests in dry sands by Kurata, Arai, and Yokoi,
Steedman and Zeng and Kitajima and Uwabe124 have con-
firmed this interrelationship, as shown in Figure 12-2. This

121Seed, R. B. and Harder, L. F. (1990). “SPT-Based Analysis of Cyclic Pore Pressure Generation and Undrained Strength,” Proceedings of the H. B. Seed Memorial Symposium, Bi
Tech Publishing, Vol. II, pp. 351-376.
123National Research Council (1985). Liquefaction of Soils During Earthquakes: National Academy Press, Washington, DC, 240 p. 
124Kurata, S., Arai, H. and Yokoi, T. (1965). “On the Earthquake Resistance of Anchored Sheet Pile Bulkheads,” Proceedings , 3rd World Conference On Earthquake Engineering, New
Zealand; Steedman, R., and Zeng, X. 1988. “Flexible Anchored Walls Subject to Base Shaking,” Report CUED/D-soils TR
217, Engineering Department Cambridge University, UK.

Figure 12-1: Decrease in failure surface slope of the active and passive sliding 
wedges with increasing lateral accelerations
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type of sheet pile response shows that as the value for accel-
eration increases, the point of contraflexure moves down the
pile, and the response of the sheet pile (described in terms of
sheet pile displacements, earth pressures along the sheet pile
and distribution of moments within the sheet pile) will
approach those of the free earth support. This increase in the
value of the maximum moment and the movement of the
point of contraflexure towards the bottom of the sheet pile
with increasing acceleration reflects the development of a
fully active stress state within the soil that is located below the
dredge level and behind the sheet pile wall. Thus, the value
for Rowe's moment reduction factor that is applied to the
moment distribution corresponding to the free earth support
method will increase in value, approaching the value of one,
with increasing values for accelerations. This effect is not
taken into account directly in the design. However, it is indi-
rectly considered if the moment equilibrium requirement of
the free earth method requires a greater depth of embedment
when earthquake loadings are included.

Another factor affecting the orientation of the failure planes
and thus the corresponding values for the dynamic earth
pressure forces is the distribution of total pore water pres-
sures within the backfill and foundation. The total pore water
pressure is a combination of the steady state seepage and any
excess pore water pressures resulting from earthquake
induced shear strains within the submerged soils.

The proposed procedures for the seismic stability analysis
of anchored sheet pile walls that undergo movements during
earthquakes are categorized as one of three types of analyses,
depending upon the magnitude of excess pore water pres-
sures generated during the earthquake (Figure 12-3). They
range from the case of no excess pore water pressures (Case
1) to the extreme case corresponding to the complete lique-
faction of the backfill (Case 3) and the intermediate case of
residual excess pore water pressures within the backfill
and/or the soil in front of the sheet pile (Case 2).

In Figure 12-3, Ustatic-b corresponds to the steady state pore
water pressure force along the back of the sheet pile wall,
Ustatic-t the steady state pore water pressure force along the
front toe of the wall and Upool the hydrostatic water pressure
force exerted by the pool along the front of the wall. In the
case of balanced water pressures, the sum of Ustatic-b is equal
to Upool and Ustatic-t. Uinertia corresponds to the hydrodynam-
ic water pressure force along the front of the wall due to
earthquake shaking of the pool. Ushear-b and Ushear-t corre-
spond to the excess pore water pressure force acting along the
back of the wall and along the front of the wall (Case 2). In
the case of a liquefied backfill, HFstatic and HFinertia-b are
equal to the equivalent heavy fluid hydrostatic pressure of the
liquefied backfill and the inertia force due to the acceleration
of a liquefied backfill.

An anchored sheet pile wall cannot be designed to retain a

liquefied backfill and foundation, and hence Case 3 is only of
academic interest. Site improvement techniques or the use of
alternative structures should be investigated in this situation.

A procedure for determining the potential for liquefaction

Figure 12-2 Measured distributions of bending moment in three
model tests on anchored bulkhead
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within the submerged backfill or the potential for the devel-
opment of excess pore water pressures is discussed in numer-
ous articles, including the National Research Council, Seed,
Tokimatsu, Harder, and Chung, Seed and Harder or
Marcuson, Hynes, and Franklin125 . The design procedure is
limited to the case where excess pore water pressures are less
than 30 percent of the initial vertical effective stress.

12.3.3. Flexure of the Sheet Pile Wall Below 
the Dredge Level

Justification of the use of Rowe's moment reduction factor
values, obtained from static tests on dynamic problems, is
empirical. The damage surveys of anchored sheet pile walls
that failed due to earthquake shaking listed one sheet pile

wall that exhibited a general flexural failure. The structural
failure of this wall, designed using the Japanese Code, was
attributed to corrosion at the dredge level. The Japanese Code
uses the Rowe's reduction factor values to reduce the maxi-
mum free earth support moment in the design of the sheet
pile section, thus relying on flexure of the sheet pile wall
below the dredge level during earthquake shaking.

Flexure of the sheet pile below the dredge level is caused
by several factors, including the depth of penetration and
flexural stiffness of the sheet pile wall and the strength and
compressibility of the soil. In Rowe's procedure, the depend-
ence of the value of rd on the soil type incorporates the
dependence of the level of moment reduction on the com-
pressibility and strength of the soil as well as the magnitude

125Seed, H. B., Tokimatsu, K. Harder, L. F., and Chung, R. M. (1985) (Dec). “Influence of SPT Procedures in Soil Liquefaction Resistance Evaluations,” ASCE, Journal of the
Geotechnical Engineering Division, Vol. 111, No. 12, pp. 1425-1445.
126Seed, H. B. 1987 (Aug). “Design Problems in Soil Liquefaction,” ASCE, Journal of the Geotechnical Engineering Division, Vol. 113, No. 8, pp. 827-845.

Figure 12-3: Anchored sheet pile walls retaining backfills which undergo 
movements during earthquakes
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and distribution of sheet pile displacements below the dredge
level.

The ability of the system to develop flexure below the
dredge level during earthquake shaking must be carefully
evaluated prior to application of Rowe's moment reduction
factor or any portion of the reduction factor. This is especial-
ly true when analyzing the seismic stability of an existing
sheet pile wall founded in a contractive soil. A sheet pile wall
founded in dense granular soils is far more likely to develop
flexure below the dredge level during earthquake shaking
than one founded in loose soils. Dense soils that dilate dur-
ing shearing are far less susceptible to large displacements
during earthquake shaking than are loose soils126. Loose soils
contract during shearing and are susceptible to large displace-
ments and even flow failures caused by earthquake shaking.
As a general design principle, anchored sheet pile walls sited
in seismic environments should be founded in dense and
dilative cohesionless soils with no silt or clay site particles.

12.3.4. Design of Anchored Sheet Pile Walls - 
No Excess Pore Water Pressures

The presence of water within the backfill and in front of the
sheet pile wall results in additional static and dynamic forces
acting on the wall and alters the distribution of forces within
the active and passive soil wedges developing behind and in
front of the sheet pile wall. This section describes the first of
two proposed design procedures using the free earth support
method to design anchored sheet pile walls retaining sub-
merged or partially submerged backfills and including a pool
of water in front of the sheet pile wall, as shown in Figure 12-
4. This analysis, described as Case 1 in Figure 12-3, assumes
that no excess pore water pressures are generated within the
submerged portion of the backfill or within the foundation
during earthquake shaking.

The evaluation of the potential for the generation of excess
pore water pressures during the shaking of the submerged
soil regions is determined using the procedure described in

the National Research Council, Seed, Tokimatsu, Harder, and
Chung, Seed and Harder or Marcuson, Hynes, and Franklin.
Stability of the structure against block movements should
also be checked during the course of the analysis. The ten
stages of the analyses in the design of anchored walls for seis-
mic loadings using the free earth support method of analysis
are labelled A through J in Table 12-2.

The 13 steps in the design of the anchored sheet pile wall
retaining submerged backfill as shown in Figure 12-4 are as
follows:

(1) Perform a static loading design of the anchored sheet
pile wall using the free earth support method of analysis or
any other suitable method of analysis.

(2) Select the kh value to be used in the analysis127.

(3) Consider kv.

(4) Compute PAE and with the shear strength of the back-
fill fully mobilized. PAE acts at an angle d to the normal to the
back of the wall. The pore pressure force Ustatic-b is deter-
mined from the steady state flow net for the problem. By def-
inition, only steady state pore water pressures exist within the
submerged backfill and foundation of a Case 1 anchored
sheet pile wall (ru = 0). In the restrained water case of a fully
submerged soil wedge with a hydrostatic water table, PAE is
computed using an effective unit weight equal to the buoyant
unit weight. KAE or KA(b*, q*) is computed using an equiva-
lent horizontal acceleration, khe1, and an equivalent seismic
inertia angle, Ψ e1. In the case of a partially submerged back-
fill, this simplified procedure will provide approximate
results by increasing the value assigned to the effective unit
weight, ge, based upon the proportion of the soil wedge that
is above and below the water table. PAE is computed with gt
replaced by ge. KAE (Equation 34) or KA(b*, q*) is computed
using an equivalent horizontal acceleration, khe1, and an

Figure 12-4 Anchored sheet pile wall with no excess 
pore water pressure due to earthquake shaking (Case 1).

127The values for seismic coefficients are to be established by the seismic design team for the project considering the seismotectonic structures within the region, or as specified by

the design agency. The earthquake-induced displacements for the anchored sheet pile wall are dependent upon numerous factors, including how conservatively the strengths, seis-
mic coefficients (or accelerations), and factors of safety have been assigned, as well as the compressibility and density of the soils, and the displacement at the anchorage.
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equivalent seismic inertia angle, Ψhe1, with gb replaced by ge.
A more refined analysis may be conducted using the trial
wedge procedure for the forces shown in Figure 12-4. To com-
pute the point of action of PAE in the case of a partially sub-
merged backfill, redefine PAE in terms of the static force, PA,
and the dynamic active earth pressure increment, ∆PAE. This
procedure is demonstrated in Figure 12-5. First compute KA
and the static effective earth pressure distribution along the
back of sheet pile wall. PA is equal to the resultant force for
this static effective stress distribution along the back of the
wall, which also provides for the point of action for PA. Solve
for the force ∆PAE as equal to the difference between PAE and
PA. Assume that ∆PAE acts at a height equal to 0.6H above the
base of the sheet pile. Compute the point of action of force
PAE and correcting this relationship for the new locations
along the back of the sheet pile for the forces PA and ∆PAE.

(5) Compute PPE acting in front of the sheet pile and using
a factor of safety, FSP, applied to both the shear strength of the
soil and the effective angle of friction along the interface. δ
equal to φ'/2 is a reasonable value for dense frictional soils.
In a static free earth support method of analysis, FSP is set

equal to 1.5, and in a dynamic earth pressure analysis, the
minimum value assigned to FSP is 1.2. Ustatic-t is determined
from the steady state flow net for the problem. By definition,
only steady state pore water pressures exist within the sub-
merged backfill and foundation of a Case 1 anchored sheet
pile wall (ru = 0). In the restrained water case of a fully sub-
merged soil wedge with a hydrostatic water table, PPE is com-
puted using an effective unit weight equal to the buoyant unit
weight. For low to moderate levels of earthquake shaking,
assume that PPE acts at a height equal to approximately 1/3 of
the height of the soil in front of the sheet pile wall and at an
angle d t to the normal to the face of the wall.128 KPE or
KP(b*,q*) is computed using an equivalent horizontal accel-
eration, khe1, and an equivalent seismic inertia angle, Ψe1. In
the case of steady state seepage, this simplified procedure will
provide approximate results by decreasing the value assigned
to the effective unit weight according to the magnitude of the
upward seepage gradient129.

(6) To determine the minimum required depth of sheet pile
penetration, the clockwise and counterclockwise moments of
the resultant earth pressure forces and resultant water pres-

Table 12-2: Ten Stages of the Analyses in the Design of Anchored Walls for Seismic Loadings
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sure forces about Figure 12-4 anchor are computed as follows:

128In a static design by the free earth support method of analysis, a triangular earth pressure is assumed along the front of the wall, with the resulting force PP assigned to the lower
third point. Experience has shown that reasonable static designs resulted when the appropriate strength parameters and adequate factors of safety were used in conjunction with
this simplified assumption. A similar approach is used in the dynamic design. The point of application of PPE may move downward from its static point of application for anchored
sheet pile walls as the value for kh increases. However, no satisfactory procedure was found for computing the point of application of PPE for this structure. In the interim, the
assumption of PPE acting at approximately 1/3 of the height of the soil in front of the wall is restricted to low to moderate levels of earthquake shaking (e.g. one rough index is kh
< 0.1) and with conservative assumptions regarding all parameters used in the analysis. For higher levels of shaking and less conservative assumptions for parameters, a larger value
for FSP than 1.2 and/or a lower point of application would be assigned. 
129Equation 6-33 for KPE is restricted to cases where the value of f is greater than Ψe1. This limiting case may occur in cases of high accelerations and/or low shear strengths. One
contributing factor is the submergence of the soil in front of the anchored wall, which approximately doubles the value of the equivalent seismic inertia angle over the correspon-
ding dry soil case.

Figure 12-5: Static and inertial horizontal force components of the Mononobe-Okabe earth pressure forces

:
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Where
• δb = effective angle of friction along the backfill to sheet 

pile wall interface 
• δt = effective angle of friction along the toe foundation to 

sheet pile wall interface
• Ustatic-b = resultant steady state pore water pressure force 

along the back of the wall
• Ustatic-t = resultant steady state pore water pressure force 

below the dredge level along the front of the wall
• Upool = resultant hydrostatic water pressure force for the 

pool
• Uinertia = hydrodynamic water pressure force for the pool,

directed away from the wall
• Ya = distance from the base of sheet pile to the anchor
• YAE = distance from the base of sheet pile to PAE
• Yub = distance from the base of sheet pile to Ustatic-b (from

a flow net)
• Yi = distance from the base of sheet pile to Uinertia
• Yup = distance from the base of sheet pile to Upool
• YPE = distance from the base of sheet pile to PPE
• Yut = distance from the base of sheet pile to Ustatic-t (from 

a flow net).
The effective friction angles are computed by the equations

and

The value for the Clockwise Moment about Figure 12-4
anchor is compared to the value for the Counterclockwise
Moment, resulting in the following three possibilities:
• If the value of the Clockwise Moment is equal to the value

of the Counterclockwise Moment, the sheet pile wall is in 
moment equilibrium, and the depth of penetration below 
the dredge level is correct for the applied forces.

• If the value of the Clockwise Moment is greater than the 
value of the Counterclockwise Moment, the trial sheet pile
embedment depth below the dredge level is too deep and 
should be reduced.

• If the value of the Clockwise Moment is less than the value
of the Counterclockwise Moment, the trial sheet pile 
embedment depth below the dredge level is shallow and 
should be increased.

Note that the sheet pile wall is in moment equilibrium for
only one depth of sheet pile penetration within the founda-
tion. For those trial sheet pile penetration depths in which
moment equilibrium is not achieved, a new trial depth of
sheet pile penetration is assumed, and steps 4 through step 6
are repeated.

(7) Once the required depth of sheet pile penetration is
determined in step 6, the equilibrium anchor force per foot
width of wall, TFES, is computed using the equations for hor-
izontal force equilibrium.

In some situations the value for TFES computed in a seis-
mic analysis can be several times the value computed in the
static analysis due to the effect of the inertial forces acting on
both the active and passive soil wedges and the pool of water.
Large anchor forces per foot width of wall will impact both
the selection of the type of anchorage, anchor geometry and
the number of rows and spacing of tie rods along the wall (see
steps 10 through 12).

(8) The distribution of the moments within the sheet pile
is computed from the external earth pressures along the front
and back of the sheet pile and from the anchor force. To
accomplish this, the earth pressure forces shown in Figure 12-
4 must be converted to equivalent earth pressures distribu-
tions. One approach for doing this is to separate PAE into its
static and incremental dynamic components and correspon-
ding points of action, as discussed in step 4 and shown in
Figure 12-6 and Figure 12-7. Figure 12-8 is used to define the
variation in horizontal stress with depth for the dynamic
earth pressure force increment ∆PAE. At a given elevation, an
imaginary section is made through the sheet pile, as shown in
Figure 12-8, and the internal shear force V and internal bend-
ing moment M are represented. The internal shear force V is
equal to the sum of earth pressures and water pressures and
TFES acting on the free body diagram of the sheet pile above
Section A-A' . The internal bending moment M is equal to
moment of the earth pressures, water pressures about Section
A-A'. The maximum bending moment within the sheet pile is
denoted as MFES. The value for MFES is determined by calcu-
lating the internal bending moment at the elevation at which
the shear is equal to zero.

(9) The design moment for the sheet pile, Mdesign, is given by
Equation 9-42. Using the currently available moment reduc-
tion curves, the value of correction factor will change from
the static case only if the depth of penetration or the flexural
stiffness, EI, of the wall changes in order to meet moment
equilibrium requirements for seismic loadings. The ability of
the system to develop flexure below the dredge level during
earthquake shaking must be carefully evaluated prior to
application of Rowe's moment reduction factor or any por-
tion thereof.

In a static design, the allowable stress in the sheet pile is
usually restricted to between 50 and 65 percent of the yield
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Figure 12-6: Static and inertial horizontal force components of the 
Mononobe-Okabe earth pressure forces

Figure 12-7: Distributions of horizontal
stress corresponding to ∆PAE

Figure 12-8: Horizontal pressure components and anchor force acting on sheet pile wall
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strength. Higher allowable stresses may be considered for use
in the design for dynamic earth pressures, given the short
duration of loading during earthquakes. The allowable stress-
es for earthquake loading may be increased 33 percent above
the value specified for static loading. This corresponds to an
allowable stress in the sheet pile restricted to between 67 and
87 percent of the yield strength. The effects of corrosion
should be considered during the course of wall design for
static and seismic loadings.

(10) The design of tie rods is discussed in detail in 11.2.1.
The effects of corrosion should be considered during the
course of wall design for both static and seismic loadings.

(11) The design of the anchorage for seismic loadings follows
the approach that is proposed for the design of the flexible
wall and differs from the approach used when designing for
static loadings. In the case of static loads, the ultimate force
(per foot width of wall) which the anchor is to be designed,
Tult-a, is given by Equation 11-11 and the static earth pres-
sure forces PA and PP on the front and back of the anchor
block are computed using the ultimate shear strength with δ
= 0º for slender anchorage130. The proposed design procedure
for seismic loadings is described in steps 12 and 13. Seismic
loads usually control the anchorage design.

(12) For those waterfront structures in which the anchor con-
sists of a plate or a concrete block, a major contribution to the
forces resisting the pulling force Tult-a is provided by the for-

mation of a passive soil wedge in front of the block, as shown
in Figure 12-9a. In a seismic analysis, Tult-a is set equal to
TFES. The Mononobe-Okabe equations are used to compute
the dynamic active earth pressure force, PAE, and the dynam-
ic passive earth pressure force, PPE, acting on the anchor
block during earthquake shaking (Figure 12-9b). PAE is com-
puted with the shear strength of the backfill fully mobilized
and δ = 0º for slender anchorage and δ ≤ φ/2 for mass con-
crete anchorage. PPE is computed using a factor of safety FSP
applied to the shear strength of the soil and the effective angle
of friction along the interface. At a minimum FSP is set equal
to a value between 1.2 and 1.5, depending on the allowable
displacement and on how conservatively the strengths and
seismic coefficients have been assigned. In general and with
all parameters constant, the larger the factor of safety, the
smaller the anchorage displacement due to earthquake shak-
ing.

Water pressure forces are not included along the sides of
the block because most anchor blocks are constructed on or
just above the water table, as idealized in this figure. If the
water table extends above the base of the block, these forces
are to be included in the analysis.

The size of the block is proportioned such that

Equation 12-6: 
Tult-a = PPE·cosδt - PAE·cosδb - W·kh + N'·tanδ A

Where
Equation 12-7: 

N' = W(1 - kv) - UA. - PPE·sinδt + PAE sinδb

Figure 12-9: Dynamic forces acting on an anchor block (for δ = 0º)

130Dismuke, T. (1991). Chapter 12: Retaining Structures And Excavations, Foundation Engineering Handbook , Second Edition, edited by H. Y. Fang, Van Nostrand Reinhold, NY,

pp. 447-510.
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When the magnitude of computed anchor block forces
prohibits the use of shallow anchor blocks, alternative
anchorage systems are to be investigated. These include the
use of multiple tie rods and anchorage, A-frame anchors,
sheet pile anchorage, soil or rock anchors and tension H-
piles.

By definition, no excess pore water pressures are generated
within the backfill (∆UA = 0) for the
Case 1 anchored sheet pile walls. UA is
equal to the resultant steady state pore
water pressure force along the base of
the anchor. The orientation of a linear
failure plane in front of the anchor
block, a PE, in Figure 12-9a is approxi-
mated using Equation 6-35.

(13) The anchor block is to be locat-
ed a sufficient distance behind the sheet
pile wall so that the active failure sur-
face behind the sheet pile wall does not intersect the passive
failure surface developing in front of the anchor during earth-
quake shaking. The required minimum distance between the
back of the sheet pile and the anchor block increases with
increasing values of acceleration, as shown in Figure 12-1. The
orientation of the active slip surface behind the sheet pile
wall, α AE, is calculated in step 4, and the orientation of the
passive slip surface in front of the anchor block, α PE is cal-
culated in step 12.

12.3.5. Design of Anchored Sheet Pile Walls - 
Excess Pore Water Pressures

This section describes the proposed procedure, using the
free earth support method, to design anchored sheet pile
walls retaining submerged or partially submerged backfills
and including a pool of water in front of the sheet pile wall,
as shown in Figure 12-10. This analysis, described as Case 2
in Figure 12-3, assumes that excess pore water pressures are
generated within the submerged portion of the backfill or
within the foundation during earthquake shaking. The mag-
nitude and distribution of these excess pore water pressures
depend upon several factors, including the magnitude of the
earthquake, the distance from the site to the fault generating
the earthquake and the properties of the submerged soils. The
evaluation of the magnitude of these excess pore water pres-
sures is estimated using the procedure described in Seed and
Harder or Marcuson, Hynes, and Franklin131 . This design
procedure is limited to the case where excess pore water pres-
sures are less than 30 percent of the initial vertical effective
stress. Stability of the structure against block movements
should also be checked during the course of the analysis.

Many of the details regarding the procedures used are com-
mon to the Case 1 analysis.

The 14 steps in the design of the anchored sheet pile wall
retaining submerged backfill as shown in Figure 12-10 are as
follows:

(1) Perform a static loading design of the anchored sheet
pile wall using the free earth support method of analysis or
any other suitable method of analysis.

(2) Select the kh value to be used in the analysis132.

(3) Consider kv.

(4) Compute PAE and with the shear strength of the back-
fill fully mobilized. PAE acts at an angle δ to the normal to the
back of the wall. The pore pressure force Ustatic-b is deter-
mined from the steady state flow net for the problem. The
post-earthquake residual excess pore water pressures are
identified as Ushear in Figure 12-10 and are determined using
the procedures described in Seed and Harder or Marcuson,
Hynes, and Franklin. In the restrained water case of a fully
submerged soil wedge with a hydrostatic water table, PAE is
computed using an effective unit weight equal to the buoyant
unit weight. KAE or KA(b*,q*) is computed using an equiva-
lent horizontal acceleration, khe3, and an equivalent seismic
inertia angle, Ψe3. An alternative approach is to use a modi-
fied effective friction angle, φeq, with ru equal to the average
value within the backfill. In the case of a partially submerged
backfill, this simplified procedure will provide approximate
results by increasing the value assigned to the effective unit
weight, γe, based upon the proportion of the soil wedge that
is above and below the water table. PAE is computed with γt
replaced by γe. The unit weight assigned to the soil below the
water table is given by

Equation 12-8: γe = γb (1 – ru)

when computing the value of γe. KAE or KA(b*,q*) is com-
puted using an equivalent horizontal acceleration,

131Seed, R. B. and Harder, L. F. (1990). “SPT-Based Analysis of Cyclic Pore Pressure Generation and Undrained Strength,” Proceedings of the H. B. Seed Memorial Symposium, Bi Tech
Publishing, Vol. II, pp. 351-376; Marcuson, W., Hynes, M., and Franklin, A. 1990 (Aug). “Evaluation and Use of Residual Strength in Seismic Safety Analysis of Embankments,”
Earthquake Spectra, pp. 529-572.
132The values for seismic coefficients are to be established by the seismic design team for the project considering the seismotectonic structures within the region, or as specified by
the design agency. The earthquake-induced displacements for the anchored sheet pile wall are dependent upon numerous factors, including how conservatively the strengths, seis-
mic coefficients (or accelerations), and factors of safety have been assigned, as well as the compressibility and density of the soils, and the displacement at the anchorage.

Figure 12-10: Anchored sheet pile wall with excess pore water pressures generated
during earthquake shaking (Case 2)
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and an equivalent seismic inertia angle,

For this case, the excess residual pore water pressures are
superimposed upon the hydrostatic pore water pressures. To
compute the point of action of PAE in the case of a partially
submerged backfill, redefine PAE in terms of the static force,
PA, and the dynamic active earth pressure increment, ∆PAE.

(5) Compute PPE acting in front of the sheet pile and apply
a factor of safety FSP equal to 1.2 to both the shear strength
of the soil and the effective angle of friction along the inter-
face. Refer to step 5 above. The pore pressure force Ustatic-t is
determined from the steady state flow net for the problem. In
the restrained water case of a fully submerged soil wedge with
a hydrostatic water table, PPE is computed with γt replaced by
the effective unit weight of soil below the water table, Ψe. An
average ru value is used within the soil in front of the wall.
KPE or KP(b*,q*) is computed using an equivalent horizontal
acceleration, khe, and an equivalent seismic inertia angle, Ψe,
computed the same way as in the previous step. In the case of
steady state seepage, this simplified procedure will provide
approximate results by decreasing the value assigned to the
effective unit weight according to the magnitude of the
upward seepage gradient. For low to moderate levels of earth-
quake shaking, assume that PPE acts at a height equal to
approximately 1/3 of the height of the soil in front of the sheet
pile wall and at an angle δt to the normal to the face of the
wall.133

(6) To determine the required depth of sheet pile penetra-
tion, the clockwise and counterclockwise moments of the
resultant earth pressure forces and resultant water pressure
forces about Figure 12-10 anchor are computed as follows:

Equation 12-11: 
Counterclockwise Moment = PAEcosδb · (Ya - YAE) + 

Ustatic-b · (Ya - Yub)
+ Ushear-b · (Ya - Yutaub) + Uinertia · (Ya - Yi)

And
Equation 12-12: 

Clockwise Moment = - Upool · (Ya - Yup) - PPE · cosδt · 
(Ya - YPE) - Ustatic-t

· (Ya - Yut) - Ushear-t · (Ya - Yutaut)
Where

• Ushear-b = resultant excess pore water pressure force 
along the back of the wall

• Ushear-t = resultant excess pore water pressure force 
below the dredge level along the front of the wall

• Yutaub = distance from the base of sheet pile to Ushear-b
• Yutaut = distance from the base of sheet pile to Ushear-t

Values for Yutaub, Ushear-b, Yutaut and Ushear-t are computed
using the procedure described in Seed and Harder or
Marcuson, Hynes, and Franklin. The value for the Clockwise
Moment is compared to the value for the Counterclockwise
Moment, resulting in one of three possibilities listed in steps
6a through step 6c in the previous section. The sheet pile wall
is in moment equilibrium for only one depth of sheet pile
penetration within the foundation. For those trial sheet pile
penetration depths in which moment equilibrium is not
achieved, a new trial depth of sheet pile penetration is
assumed, and step 4 through step 6 is repeated.

(7) Once the required depth of sheet pile penetration is
determined in step 6, the equilibrium anchor force per foot
width of wall, TFES, is computed using the equations for hor-
izontal force equilibrium.

Equation 12-13: 
TFES = PPEcosdt + Ustatic-t + Ushear-t + Upool - Uinertia - PAE

cosdb - Ustatic-b -Ushear-b

Additional commentary is provided in step 7 of Section 7.4.1.

(8) The distribution of the moments within the sheet pile,
MFES, is computed using the procedure described in step 8 of
the previous section.

(9) The computation of the design moment for the sheet
pile, Mdesign, is described in step 9 of the previous section.

(10) The design tie rod force, Tdesign, is computed using
the procedure described in step 10 of the previous section.

(11) The design of the anchor block for seismic loadings
differs from the approach used when designing for static
loadings. The reader is referred to the discussion in step 11 of
the previous section.

(12) For those waterfront structures in which the anchor
consists of slender anchorage or mass concrete anchorage, a
major contribution to the forces resisting the pulling force

133In a static design by the free earth support method of analysis, a triangular earth pressure is assumed along the front of the wall, with the resulting force PP assigned to the lower
third point. Experience has shown that reasonable static designs resulted when the appropriate strength parameters and adequate factors of safety were used in conjunction with
this simplified assumption. A similar approach is used in the dynamic design. The point of application of PPE may move downward from its static point of application for anchored
sheet pile walls as the value for kh increases. However, no satisfactory procedure was found for computing the point of application of PPE for this structure. In the interim, the
assumption of PPE acting at approximately 1/3 of the height of the soil in front of the wall is restricted to low to moderate levels of earthquake shaking (e.g. one rough index is kh
< 0.1) and with conservative assumptions regarding all parameters used in the analysis. For higher levels of shaking and less conservative assumptions for parameters, a larger value
for FSP than 1.2 and/or a lower point of application would be assigned.

Sheet Pile Design by Pile Buck 249



Tult-a is provided by the formation of a passive soil wedge in
front of the block. The procedure described in step 12 of the
previous section is used to compute PAE, PPE, and αPE. The
size of the block is proportioned using Equation 12-6 rela-
tionship, where N' is equal to 

Equation 12-14:
N' = W(1 - kv) - UA - DUA. - PPE · sinδt + PAE · sinδb

The excess pore water pressure force along the base of the
block is equal to DUA (see Seed and Harder or Marcuson,
Hynes, and Franklin). An alternative procedure for incorpo-
rating residual excess pore water pressures in the analysis is
by using ru and an equivalent angle of interface friction along
the base of block, dA.

Equation 12-15: tanδA eq = (1- ru)tanδA

In this case, the value for N' in Equation 12-6 is given by

Equation 12-16: 
N' = W(1 - kv) - UA. - PPE · sinδt + PAE · sinδb

Reducing the effective stress friction angle along the soil to
concrete interface so as to account for the excess pore water
pressures is not an exact procedure.

(13) The required minimum distance between the back of
the sheet pile and the anchor block is computed following the
procedure described in step 13 of the previous section.

(14) The residual excess pore water pressures within the
submerged backfill and foundation will be redistributed after
earthquake shaking has ended. The post earthquake static
stability (kh and kv equal to zero) of any earth retaining
structure should be evaluated during the redistribution of the
excess pore water pressures within the soil regions.

12.4. Use of Finite Element Analyses
Finite element analyses should be considered only if: (a)

the cost implications of the simplified design procedures indi-
cate that more detailed study is warranted, (b) it is necessary
to evaluate permanent displacements that might result from
the design seismic event, or (c) there is concern about the
influence of surface loadings. It is particularly difficult to
model well the various features of an anchored wall, especial-
ly when there is concern about excess pore pressures. Iai and
Kameoka give one example of a detailed analysis of an actual
failure 134 .

12.5 Example Problem
Example 19: Design Example For Earthquake Loading

of an Anchored Sheet Pile Wall

Given
o Anchored sheet pile wall shown in Figure 12-11.
o Assume kh = 0.2, kv = 0.1 and no excess pore water 

pressures are generated during earthquake shaking (ru = 0).

Find
o Depth of penetration of wall D for both static and earth

quake loading.
o Required section modulus of sheeting for both static and 

earthquake loading.
o The results of the computations shown are rounded for 

ease of checking calculations and not to the appropriate 
number of significant figures.

Solution
o Definition of Parameters
• Friction angle δ = φ/2 = 17.5º degrees
• Active earth pressure coefficient KA= 0.246, say KA = 0.25

KA·cos δ = 0.24
• “Factored” Passive earth pressure coefficient KP

Factor of Safety on shear strength = 1.5135

tanφ’L = tan 35º/1.5 = 25º
tanφ’L = tan 17.5º/2 = 11.9º or 12º
δt/φt = 0.5
Using the Log-spiral solution for Kp with δ/φ = -0.5, 
Rd = 0.808

o Kp (δ/φ = -1.0, f = 25 degrees) = 4.4
o Kp (δ/φ = -0.5) = 0.808 · 4.4 = 3.56
o Kp cosδ = 3.56 · cos12º = 3.48

o Depth of Penetration

134 Iai, S., and Kameoka, T. 1991. “Effective Stress Analysis of a Sheet Pile Quaywall,” Proceeding of Second International Conference on Recent Advances in Geotechnical Earthquake
Engineering and Soil Dynamics, Paper No. 4.14, Vol. I, St. Louis, MO, pp. 649-656.
135 The passive earth pressure coefficient reduction is applied differently here than in other problems. Here, it is applied to the friction angle, elsewhere to the coefficient itself.

Figure 12-11: Anchored sheet pile wall design problem
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• Table 12-3 summarizes the horizontal force components act-
ing on Figure 12-12 sheet pile wall and are expressed in
terms of the generalized dimensions HT1, HT2, Hpool, and
D. The horizontal force components and their moment
about the elevation of the tie rod are summarized in Table 
12-4 and Table 12-5. The forces and moments are expressed
in terms of the unknown depth of penetration, D.

• Equilibrium of moments about the elevation of the tie rod
(CCW moment +'ve) requires

Equation 12-17:
ΣMtie rod = 0

0 = Mactive + Mpassive
0 = -62.2 D 3 = 1,863.3 D 2 + 12,983.5 D + 119,554

D = 10.02 ft. (D = 10’ for construction)

Figure 12-12: Horizontal earth pressure components 
in free earth support design

Table 12-3 Horizontal Force Components

Sheet Pile Design by Pile Buck 251



252 Sheet Pile Design by Pile Buck



Table 12-4: Moments About Tie Rod Due to Active Earth Pressures Table

Table 12-5: Moments About Tie Rod Due to Passive Earth Pressures

o Tie Rod Force TFES
• Horizontal force equilibrium

Equation 12-18:
SFh = 0

E1 + E2 + E3 + E4 + E5 - PTOE - TFES = 0
1,440 + 5,760 + 2,765 + 5,656 + 694 - 10,060 – TFES = 0

TFES = 6,255 lb per ft of wall

o Maximum Moment MFES
• The maximum value of moment, MFES, occurs at the ele-

vation of zero shear within the sheet pile. First, determine
the elevation of zero shear and then compute the moment
internal to the sheet pile by computing the moments of the
earth pressures and water pressures about the elevation of
the tie rod (refer to Step 8 discussion in previous sections).
This usually occurs at an elevation above the dredge level.
By modifying the relationships given in Table 12-3, the
equilibrium of horizontal forces at a depth, y, below the
water table is expressed as 

Equation 12-19:
E1 + E2x + E3x - TFES = 0

1,440 + 288·y + 6.912 ·y2 - 6,255 = 0
6.912·y2 + 288y - 4,815 = 0

y = 12.79 ft below the water table

• From the calculations summarized in Table 12-6 the maxi-
mum moment internal to the sheet pile at y = 12.79 ft
below the water table is equal to MFES = 47,165 ft-lb per
ft of wall.

o Design Moment Mdesign
• The design moment, Mdesign, is obtained through applica-

tion of Rowe's moment reduction procedure.

Equation 12-20:
H = HT1 + HT2 + Hpool + D

H = 7 + 3 + 20 + 10 = 40 ft (480.24 in.)
E = 30 x 106 psi

Flexibility Number ρ = H4 /(EI)
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Table 12-6: Moment Internal to the Sheet Pile at y = 12.79 Feet Below the Water
Table and About the Elevation of the Tie Rod

where I = moment of inertia per ft of wall. The values of
Mdesign are given in Table 12-7 for four sheet pile sections.

where Mdesign = rd ·MFES

o Selection of the Sheet Pile Section
• The allowable bending moment Mallowable is given by 

Table 2-1. Comparison of the design moment values to the
allowable bending moments indicates that all four pile sec-
tions would be adequate. The lightest section, PZ22, would
be selected for this design based upon static loading. 
Corrosion must also be addressed during the course of the
sheet pile wall design. Additionally, the deflection of the 
anchored sheet pile wall would be checked, as we did in
other examples.

o Design Tie Rod
• Tdesign = 1. 3 TFES

• Assume:
6 ft spacing of anchors
syield = 36,000 psi
sallowable = 0.4 syield (40 % of yield)

• TFES = 6,255 lb per ft of wall
• Tdesign = 8,132 lb per ft of wall

• Gross Area = 3.39 in 2

o Design Anchorage
• Tult-a = 2.5 · TFES (Equation 11-11)
• TFES = 6,255 lb per ft of wall
• Tult-a = 15,638 lb per ft of wall
• If the overall height of the anchor, ha, is not less than about

0.6 times the depth from the ground surface to the bottom
of anchorage, designated da in Figure 12-13, the anchor
behaves as if it extended to the ground surface (see
11.2.3.2.) Using Rankine theory as before, for a slender
anchor the ultimate capacity for a continuous anchor is
required to satisfy Equation 11-8 with d = 0 degrees.

• For anchorage above the water table

Equation 12-21:

• For φ' = 35 degrees and δ = 0 degrees, Kp = 3.69 and KA
= 0.27. Substituting,

Table 12-7: Design Moment for Sheet Pile Wall in Dense Sand
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Equation 12-22:

= 15,638 lb per ft of wall < 20,520 lb per ft 
run of continuous anchor

• ha > 0.6 · 10' = 6 ft.
Because the value of Tult-a is significantly less than the
capacity of a continuous wall, a series of separate anchor-
ages would be investigated.

o Site Anchorage
• To be effective, the anchorage must be located such that

the potential active failure zone behind the sheet pile wall
and the potential passive failure zone in front of the
anchorage does not intersect. Design criteria for deadman
anchorage is shown in Figure 11-4. The use of the estimat-
ed point of zero moment in the wall (at ≈ D/4) accounts
for the increased depth of penetration due to the use of
FSP = 1.5 used in the calculation of the passive earth pres-
sure force provided by the soil below the dredge level 136 .

o Design for Earthquake Loading

Now we can turn to the design of an anchored sheet pile
wall for seismic loading, using the steps we have already
defined for this procedure

1. We have already analysed the static wall. The calculated
depth of penetration D equals 10.02 ft.

2. Horizontal Seismic Coefficient, kh. kh = 0.2

3. Vertical Seismic Coefficient, kv. kv = +0.1, 0 and -0.1. For
this example we will only consider the case for kv = +0.1
due to the length of the calculations involved.

4. Depth of Penetration (steps 4 through 6.) The depth of
penetration, D, equal to 10 ft was found not to be stable
under earthquake loading. The required minimum depth of
penetration is best determined by the trial and error proce-
dure of first assuming a value for D and checking if moment
equilibrium of the earth and water pressure forces about the

elevation of the tie rod is satisfied. This iterative procedure
results in a minimum required depth of penetration equal to
20.24 ft. The calculations involved in Steps 4 through 6 are
summarized in the following paragraphs for the case of D
set equal to 20.24 ft.

a. Backfill
i. Effective Unit Weight for the Partially Submerged Backfill.

Equation 12-23:

1. with D = 20.24 ft;
2. h1 = 40.24 ft
3. h = 50.24 ft

ii. Equivalent Horizontal Seismic Coefficient, khe1, for
the backfill

iii. For the restrained water case with ru = 0

Equation 12-24:

iv. Seismic Inertia Angle, Ψe1, for the Backfill

Equation 12-25:

Ψe1= 18.44º

v. Dynamic Active Earth Pressure, PAE
1. With φ' = 35º, δ = f/2 = 17.5º and Ψe1 = 18.44o, KAE =
0.512.

Equation 12-26:

PAE = 46,506 lb per ft of wall

136 Duncan, J. M. 1985. Lecture Notes Regarding the Design of Anchored Bulkheads.
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2. (PAE)x = PAE · cosδ = 44,354 lb per ft of wall

vi. Horizontal Static Active Earth Pressure Component of PAE
1. With a hydrostatic water table and ru = 0, the horizontal-
static active earth pressure force components of PAE are
computed using the relationships in Table 12-3.

2. With φ' = 35o and δ = φ/2 = 17.5o, KA = 0.246, KA · cosd
= 0.235.

3. Above the water table γt = 120 pcf is used to calculate the
effective overburden pressure while below the water table γ'
= γt - γw (= 57.6 pcf) is used to calculate the effective over-
burden pressure with ru = 0. The resulting values for the five
horizontal static force components E1 through E5 of PAE are
given in Table C.9 (forces shown in Figure 12-12).

Equation 12-27:
(PA)x = E1 + E2 + E3 + E4 + E5
(PA)3c = 23,716 lb per ft of wall

Equation 12-28:

YPA = 18.42 ft above the pile tip.

vii. Horizontal Component of the Incremental Dynamic
Active Earth Pressure Force, (∆PAE)x

Equation 12-29:
(∆PAE)x = (PAE)x - (PA)x

(∆PAE)x = 44,354 - 23,716 = 20,638 lb per ft of wall

Equation 12-30: 
Y∆PAE = 0.6 · H = 0.6 · 50.24' = 30.14 ft above the pile tip.

Equation 12-31:

YPAE = 23.87 ft above the pile tip.

b. Below Dredge Level
i. Equivalent Horizontal Seismic Coefficient, khe1, Used

in Front of Wall. For the restrained water case with ru = 0,

Equation 12-32:

khe1 = 0.4167

ii. Seismic Inertia Angle, Ψe1, Used in Front of Wall

Equation 12-33:

Ψe1 = 24.84º

iii. “Factored” Strengths Used in Front of Wall

Equation 12-34: = 30.3º (FSP = 1.2)137

Figure 12-14 Five Horizontal Active Earth Pressure Force Components of PAE with D = 20.24’
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Equation 12-35:                               = 14.7º (δ = φ/2)

iv. “Factored” Dynamic Passive Earth Pressure Coefficient
KPE Using the equivalent static formulation with Kp by Log-
Spiral method:138

Equation 12-36:
β* = β - Ψe1 = -24.84º
θ* = θ - Ψe1 = -24.84º

Equation 12-37: 
Kp (β*= -24.84, θ* = -24.84, φ = 30.3, δ = -φ ) = 3.56

Equation 12-38: R = 0.746 from Caquot and Kerisel
For φ = 30.3º and δ = -φ/2,

Equation 12-39: Kp (β*, θ*, φ, δ = -φ/2) = 3.56 · 0.746 = 2.66

Equation 12-40:

Equation 12-41:
KPE = Kp (β*, θ*, φ, δ = -φ/2) · FPE = 2.66 · 0.907 = 2.41

Equation 12-42: KPE · cos δt = 2.41 · cos(14.7) = 2.33

v. “Factored” Horizontal Dynamic Passive Earth Pressure
Force PPE

Equation 12-43:

(PPE)x = 24,740 lb per ft of wall

Equation 12-44:139

c. Pool In Front of Wall
i. Hydrodynamic Water Pressure Force Pwd

Equation 12-45:                     

=     2,912 lb per ft of wall

Equation 12-46: 
YPwd =0.4 · Hpool = 8 ft above the dredge level

d. Depth of Penetration
i. Equilibrium of Moments About The Elevation of the Tie

Rod

Equation 12-47:
ΣMCCW = (PAE)x · (HT2 + Hpool + D - YPAE) +Pwd · (HT2 +

Hpool - 0.4·pool)
= 44,354 · (3' + 20' + 20.24' - 23.87') + 2,912 · (3' + 20' - 8')

= 859,137 + 43,680
= 902,817 ft - lb per ft. of wall

Equation 12-48:
ΣMCW = -(PPE)x · (HT2 + Hpool + D - YPE)

= -24,740 · (3' + 20' + 20.24' - 6.75')
= -902,763 ft-lb per ft of wall

Moment Imbalance = ΣMCCW + ΣMCW = 54 ft-lb per ft of
wall. Small moment imbalance value so D = 20.24 ft for the
case of kh = 0.2 and kv =+0.1. The two additional cases of
kv = and kv = -0.1 are summarized in Table C.10. The
required minimum depth of penetration is equal to 20.24 ft
(20.5 ft for construction).

5. Steps above.

6. Steps above.

7. Tie Rod Force TFES
a. Horizontal force equilibrium for the case of D = 20.24 ft
with kh = 0.2 and kv = +0.1, so the ΣFh = 0 results in

Equation 12-49: TFES = (PAE)x + Pwd - (PPE)x

for a hydrostatic water table with ru = 0.

Equation 12-50:
TFES = 44,354 + 2,912 - 24,740 = 22,526 lb per ft of wall.

The two additional cases of kv = 0 and kv = -0.1 are summa-

137FSP = 1.2 for illustration purposes only. See discussion in footnote to step 5. 
138This quantity can also be solved by the method of Mononobe-Okabe, in which case the result is KPE = 2.85. Since this is larger than the log-spiral result, we will use the log-
spiral result.
139YPE = 1/3 · D for illustration purposes only. See discussion in footnote to step 5.

Table 12-8: Summary of Depth of Penetration Calculations
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rized in Table 12-9. The anchorage is designed using TFES =
22,526 lb per ft of wall.

8. Maximum Moment MFES
a. The maximum value of moment internal to the sheet pile
wall, MFES, occurs at the elevation of zero shear within the
sheet pile. First determine the elevation of zero shear and
then compute the moment of earth and water pressure
forces about the tie rod. Above the dredge level, at elevation
y below the hydrostatic water table 

Equation 12-51: (PAE)x + Pwd - TFES = 0 
with

Equation 12-52: (PAE)x = (PA)x + (∆PAE)x
(PA)x above the dredge level

Equation 12-53:
(PA)x = E1 + E2y + E3y = 1,410 + 282 y + 6.768 y2

With (∆PAE)x equal to 20,638 lb per ft of wall, the equiva-
lent stress distribution is given in Figure 12-15.

Table 12-9: Tie Rod Force TFES

Figure 12-15: Distributions of horizontal stresses corresponding to ∆PAE
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Equation 12-54:

∆PAE = -4.9035 y2 + 559.215 y + 6,082.5

Pwd = 7.28 y2

TFES = 22,526 lb per ft of wall

Above the dredge level

Equation 12-55: (PA)x + (∆PAE)x + Pwd - TFES = 0

becomes

Equation 12-56: 9.1445y2 + 841.215 y - 15,033.5 = 0

y = 15.32 ft below the water table (above dredge level ∴ ok)

The maximum moment internal to the sheet pile at y =
15.32 ft below the water table is equal to MFES = 150,580 ft-
lb per ft of wall.

9. Design Moment Mdesign
a. The design moment, Mdesign, is obtained through applica-
tion of Rowe's moment reduction procedure. The ability of the
system to develop flexure below the dredge level during earth-
quake shaking must be carefully evaluated prior to application

of Rowe's moment reduction factor or any portion of the
reduction factor.

Equation 12-57:
H = HT1 + HT2 + Hpool+ D

H = 7' + 3' + 20' + 20.24' = 50.24 ft = (602.88 in.)
E = 30 x 106 psi

Flexibility number ρ = H4 /(EI)

where I = moment of inertia per ft of wall. The values of
Mdesign are given in Table 12-11 for four sheet pile sections.

where Mdesign = rd · MFES Comparison of the design moment
values (Mdesign in Table 12-11) to the allowable bending
moments (Mallowable in Table 2-1) indicates that the pile section
would be upgraded from PZ22 to PZ27 due to seismic consid-
erations. Corrosion must also be addressed during the course
of sheet pile wall design.

10. Design Tie Rods
a. For seismic loadings Tdesign = 1.3 · TFES ; therefore, with
TFES = 22,526 lb per ft of wall, Tdesign = 29,284 lb per ft of
wall. Assume (a) 6 ft spacing of tie rods and (b) σ yield =
36,000 psi and c) σ allowable = 0.6 · σ yield.

Equation 12-58:

Table 12-10: Moment of Forces Acting Above the Point y = 15.32 feet Below the
Water Table and About the Tie Rod140

140From Figure C.5 pressure distribution for y = 15.32 ft
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Gross Area = 8.13 in.2

b. Table C.15 summarizes the required geometry of tie rod for
the four load cases.

c. Comparison of the minimum diameter of tie rod required
for seismic loading to the diameter required for static loading
indicates that for a 6 ft spacing, the diameter of the tie rods
(σ yield = 36,000 psi) would be upgraded from 2.08 in. to
3.22 in.

11. Design of Anchorage
a. For seismic loadings use Equation 11-12.. In the case of kh
= 0.2 and kv = +0.1, Tult-a = 22,526 lb per ft of wall The
dynamic forces acting on the continuous anchor wall are
shown in Figure 12-17.

12. Size Anchor Wall
a. Assume that a continuous concrete wall is selected to be
the anchorage. The “factored” dynamic earth pressures that
develop in front of the anchor wall provide nearly all of the
lateral resistance to the pull force Tult-a. The anchor wall will

be designed using φt and δt due to the magnitude of Tult-a for
seismic loading (equal to 3.6 times the static value). The
required depth and width of anchor wall is best determined
by the trial and error procedure of first assuming a value for
da and checking if equilibrium of horizontal forces acting on
the anchor is satisfied. Once the value of da is determined,
equilibrium of the vertical forces acting on the anchor wall
will dictate the minimum value of wall width ba. 

Table 12-11: Design Moment for Sheet Pile Wall in Dense Sand

Figure 12-16: Required Geometry of Tie Rod141

141Calculated for the case of (a) 6 ft spacing of tie rods (b) σ yield= 36,000 psi and (c) Tdesign = 1.3 · TFES

Figure 12-17: Seismic design problem for a 
continuous anchor block
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b. This iterative procedure results in a minimum required
depth of anchorage equal to 11.5 ft and a minimum width of
anchor wall equal to 4.5 ft. The calculations involved in Step
12 are summarized in the following paragraphs for da = 11.5
ft and (ba)min = 4.5 ft in Figure 12-17.

c. Dynamic Active Earth Pressure Force PAE-A

i. For the case of da = 11.5 ft (the anchor submerged 1.5 ft
below the water table), the effective unit weight is equal to γe
= 118.94 pcf with h1 = 1.5 ft and h = 11.5 ft.

ii. The equivalent horizontal seismic coefficient khe1 is
equal to 0.2018 (obtained by substituting γe for γb). A value
of khe1 equal to 0.2 is used in the subsequent calculations.

iii. For the case of khe1 = 0.2 and kv = +0.1,

Equation 12-59:                                 = 12.529º

With φ' = 35º, δ = 17.5o, and Ye1 = 12.529º, KAE = 0.3987,
KAE · cos δ = 0.38 and KAE · sin δ = 0.12. With da = 11.5 ft,

Equation 12-60:

(PAE)x = 2,690 lb per ft of wall

by a similar calculation, (PAE)y = 849 lb per ft of wall.

d. Dynamic Passive Earth Pressure Force PPE-A
i. With φ' = 35º and with FSp set equal to 1.2 in this exam-

ple (see step 12 discussion regarding the relationship between
anchorage displacement and FSp), φ't = 30.3º and for δ =
17.5º, δt = 14.7º.

ii. For Ψ = 12.529º (refer to PAE-A calculations), φ't = 30.3º
and δ t = 14.7º. KPE = 4.06, KPE · cos δt = 3.93 and KPE · sin
δt = 1.03.

iii. With da = 11.5 ft,

Equation 12-61:

(PPE-A)x = 27,818 lb per ft of wall

iv. By a similar calculation (PPE-A)y = 7,291 lb per ft of wall

e. Size Anchor
i. The depth of the continuous anchor wall is governed by

the equilibrium of horizontal forces. Ignoring the contribu-
tion of the shear force along the base of the wall, Tult-a =(PPE-

A)x - (PAE-A)x - W·kh For the concrete wall, the weight W per
foot run of wall with da = 11.5 ft and γconc = 150 pcf is given
by W = γconc · ba · da = 1,725 · ba. Introducing this relation-
ship for W and kh = 0.2, Tult-a = 22,526 lb per ft of wall (kv
= +0.1), (PPE-A)x = 27,818 lb per ft of wall, and (PPE-A)x =
2,690 lb per ft of wall into the modified equation of horizon-
tal equilibrium results in a maximum value of ba equal to 7.5
ft for da = 11.5 ft. Larger ba values would result in excessive
horizontal inertia forces acting on the concrete block, requir-
ing revisions of the previous calculations.

ii. Mobilization of friction along interface between the front
of the anchor wall and the passive wedge requires that the
wall have sufficient dead weight to restrain against upward
movement as it displaces the soil in front of the wall. The
equation of equilibrium of vertical forces acting on the wall is
used to compute the minimum width of anchor wall. With N'
set equal to zero,

Equation 12-62:
0 = W (1 - kv) - UA - (PPE-A)y + (PAE-A)y

With W = 1,725 · ba, kv = 0.1, UA = 62.4 pcf · 1.5' · ba =
93.6·ba, (PPE-A) y = 7,291 lb per ft of wall and (PAE-A)y = 849
lb per ft of wall, the modified equation of vertical equilibrium
results in a minimum value of ba equal to 4.4 ft or (ba)min ≈
4.5 ft.

iii. Other types of anchorages to be considered include
slender anchorage, multiple tie rods and anchorage, A-frame
anchors, sheet pile anchorage, soil or rock anchors and ten-
sion H-piles. Slender anchorage refers to a slender wall
designed using the procedure described in this section with δ
set equal to 0 degrees.

13. Site Anchorage (Step 13)
a. The anchor wall is to be located a sufficient distance behind
the sheet pile wall so that the dynamic active failure surface
does not intersect the passive failure developing in front of
the anchor wall. Figure 12-18 outlines the minimum required
distances for this design problem.

b. Dynamic Active Wedge - Sheet Pile Wall. With φ' = 35º, d
= 17.5º and Ψe1 = 18.44º. αAE = 40.695º and
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Equation 12-63:

c. Dynamic Passive Wedge - Anchor Wall. With φ't = 30.3º, δt
= 14.7º and Ψe1 = 12.529º, αPE = 18.27º and

Equation 12-64:

d. Site Anchorage. Site concrete anchor wall at a distance of
93 ft behind the sheet pile wall (= xAE + xPE).

Figure 12-18: Simplified procedure for siting a continuous anchor wall
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13.1. General
A cofferdam is a retaining structure, usually temporary,

which is utilized to keep water or earth out of an excavation
site until the permanent works are constructed. Such struc-
tures usually consist of vertical sheet piling walls forming a
closed perimeter and braced internally or externally by a sys-
tem of structural members or ties.

The bracing system consists of horizontal members called
wales, which transfer loads from the sheet piling to compres-
sion members called struts, or to external supports called tie
backs or anchors.

The safe design of these temporary structures is important,
since the safety of workmen or the protection of other struc-
tures is almost always involved. The participation of wales
and struts in the overall stability of cofferdams must be eval-
uated much more closely than the support system of an
anchored bulkhead. The sequence of construction regarding
the excavation of soil or the pumping out of water from a cof-
ferdam will affect the loads on all elements of the system.
Maximum loading conditions may occur during the construc-
tion phase, or during the placement of permanent work due
to removal or relocation of bracing, rather than after the cof-
ferdam is completed. In addition, pressures outside the wall
may contribute to instability of the floor of the cofferdams
that must be evaluated and accounted for in design planning.

Types of sheet pile cofferdams include the following:
• Water Cofferdams. Sheet piling “box” cofferdams are virtu-
ally the only means for constructing permanent piers for
bridges or other structures in water under dry conditions.
Loads on these walls consist of unbalanced pressure from
water and submerged earth.
• Land Sited Cofferdams and Trench Retainment Systems.
Sheet pile cofferdams are constructed on land for any under-
ground construction where workmen and adjacent structures
must be protected against collapse of the excavation walls. If
the area to be excavated is relatively small in area or the wall-
to-wall distance is reasonable, internal cross bracing consist-
ing of wales and struts is practical. If the area is large and the
walls well apart, internal braces such as sloping raker struts,
or external anchors behind the wall must be used. The values
of earth pressure and its probable distribution against rigidly
braced walls have been found to be at some variance with the
pattern obtained by anchored, yielding walls.

13.2. Geotechnical Design of Sheet Pile 
Cofferdams

13.2.1. Lateral Pressure Distribution
At the time the first row of struts is placed the excavation

is not deep enough to have appreciably altered the original

state of stress in the soil. The lateral pressure at the level of
the first row of struts is, therefore, higher than the active pres-
sure since no significant yielding of the soil mass has
occurred. As the excavation continues to the level of the sec-
ond set of struts, the rigidity of the first set prevents horizon-
tal yielding of the soil near the surface. However, the external
lateral pressure tends to rotate the sheeting about the upper
support level so that a certain inward displacement of the
sheeting will occur at the level of the second set of struts by
the time these struts are in place. As the excavation continues,
greater deflections occur at the lower struts mobilizing soil
strength and producing an arching effect that reduces lateral
pressures. At the completion of the excavation, the sheeting
will have deformed to a position indicated by line ab1 in
Figure 13-1. Thus, the resulting lateral pressure diagram will
have the maximum values occurring in the upper portion of
the wall.

In general, the deformation pattern resembles the arching,
active condition and distribution of pressure is more likely to
be parabolic rather than the triangular shape associated with
the Rankine and Coulomb theories.

13.2.2. Pressure Distributions in Braced Cuts
The pressure distributions for braced cuts are different for

sands and clays. Figure 13-2 shows these distributions. These
pressure distributions are based on the following assump-
tions:
• Apply to excavations greater than 20’ deep.
• An artificial loading diagram is used for determining strut
loads.
• Water table is below the bottom of the excavation. If it is
not, the distributions must be modified as discussed below.

It should be noted that there are other possible distribu-
tions of pressure; however, this manual will use these in the
sample problems. The basic solution methodology should be
the same even with different distributions. These distribu-
tions are explained in more detail in the following sections.

Chapter Thirteen: 
Sheet Piling Cofferdams

Figure 13-1: Deformation of Sheet Piling in Braced Cofferdams

266 Sheet Pile Design by Pile Buck



Figure 13-2: Pressure Distributions for Brace Loads in Internally Braced Cuts
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13.2.2.1. Braced Cuts in Sand
For braced cuts in dry or moist sand, a rectangular pressure

distribution as proposed by Peck et al.142 and others may be
considered. This distribution pattern is shown in Figure 13-2
(a), along with the value of pb.

If groundwater is present, and the pilings are tight and
extend to an impermeable stratum, hydrostatic conditions
will develop behind the wall. For water table at the backfill
surface, use the submerged (buoyant) unit weight of soil in
the equation of Figure 13-2 (a) and add the pressures from the
unbalanced groundwater level. For a water table intermediate
between the top and bottom of the cut, interpolate between
the diagrams using the appropriate unit weight for the soil.

If seepage takes place behind the wall, the effective weight
of the soil will be greater than the buoyant weight and may be
conservatively assumed as the moist condition value. Water
pressures along the back of the wall and in the backfill under
seepage conditions can be reasonably estimated by flow net
analysis.

13.2.2.2. Braced Cuts in Clay
For braced cuts in clay, Peck and others have suggested

trapezoidal pressure distribution patterns. The use of these
diagrams implies the designer has a good understanding of
soil mechanics and is able to distinguish between the clays by
sensitivity, cohesion values etc. The pressure distribution
depends upon the stability number of the clay, which is given
by Equation 4-26. Soft to medium clays (Nο > 6) have a pres-
sure distribution as shown in Figure 13-2 (b) and stiffer clays
(Nο < 4) as shown in Figure 13-2 (c).

The value of 'm' used in the determination of the ordinate
for earth pressure applies to situations where the cut is under-
lain by a deep deposit of soft clay. Its value can only be deter-
mined by empirical means from measurements and perform-
ance of an actual excavation. Experience thus far, reported by
Peck from cases in Mexico City and in Oslo, Norway, leads to
the conclusion that the value of 'm' is on the order of 0.4 for
sensitive clays. For insensitive clays the value of 'm' may be
taken as 1.0.

Water pressure is not added to the soil pressure since it is
already included in the undrained strength considerations.
Figure 13-2 (b) and Figure 13-2 (c) give maximum pressure
values, which result in conservative designs for some struts.
However, with the passage of time, creep effects cause the lat-
eral earth pressure to increase appreciably. This phenomenon
was studied in model tests by Kirkman,143 from which it was
concluded that the design of more permanent cofferdams in
clay should be based on earth pressures calculated according
to the classical theories (Rankine, Coulomb or Log spiral)
using a cohesion value of zero and a φ angle as determined by
drained triaxial tests.

13.2.2.3. Mixed Soils
For a single layer of sand overlying a single layer of clay,

Peck31 suggested substituting q and γ for 2c and g in the equa-
tions for clay. These values are determined as follows:

Equation 13-1:

Where
• γs = saturated unit weight of sand
• Ks = hydrostatic pressure ratio for the sand layer (may be

taken as 1.0 for design purposes)
• Hs = thickness of the sand layer
• φ = angle of internal friction of the sand
• H = total depth of excavation
• qu = unconfined compressive strength of the clay
• γc = saturated unit weight of the clay
• n = coefficient of progressive failure. The value of n usu-

ally ranges from 0.5 to 1.0. This value varies with the
creep characteristics of the clay, the length of time during
which the excavation remains open, and the care exer-
cised in construction. In Chicago clay, the value ranges
between 0.75 and 1.0.

It should be recognized that Equation 13-1 and the dia-
grams in Figure 13-2 (b) and Figure 13-2 (c) are based on stud-
ies of 20- to 40-foot deep excavations above the water table
with strut spacings of 6 to 20 feet. Before application to other
conditions, including other depths or strut spacings and
hydrostatic or seepage conditions special study may be
required.

Surcharge loads from point, line or strip loads adjacent to
the cofferdam must also be taken into account in final design.

13.2.2.4. Surcharge Loads Against Braced Cuts
A procedure for handling surcharge loads similar to that for

bulkheads can be applied to braced cuts. A uniform sur-
charge load of at least 300 psf is generally assumed to account
for materials storage and light equipment near the wall.
When converted to an equivalent height of soil, the pressure
envelope is rectangular with an intensity of Ka.

Surcharge from point and line loads near the wall are quite
intensive in the upper half of the excavation, putting more
stress into the upper bracing sets than the lower. Equations
based on Bousinesq's work are an acceptable way of estimat-
ing these loads.

13.2.3. Base Stability
The stability of the base of cuts must be checked. Unstable

situations will require supplemental procedures beyond the
simple shoring of the excavation walls. These procedures may

142Peck, R.B., Hanson, W.E., and Thornburn, T.H (1974) Foundation Engineering. New York: John Wiley and Sons.
143Kirkman, R. (1958) Discussion. Proceedings, Brussels Conference 58 on Earth Pressure Problems.
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include additional penetration of the sheeting, well pointing,
deep wells etc, and could affect the sizing of the sheeting and
location of bottom supports.

13.2.3.1. Granular Soils
In the absence of seepage forces, the base stability of a

braced cut in granular soil can be checked as follows:

Equation 13-2:

where
• FS = Factor of safety
• Nγ2 = bearing capacity factor for soil below excavation

level, determined from Table 15-2.
• γ2 = average effective unit weight for soil within a depth

below excavation level equal to excavation width.
• γ1 = average effective unit weight for soil above excava-

tion level.
• Ka = tan2 (45-φ/2)
Equation 13-2 applies when the sheeting extends only to

the base of the excavation. The factor of safety can be
increased if the sheeting extends deeper and is adequately
designed. In this case, the soil inside the excavation above the
base of the piling acts as a surcharge. Where an unbalanced
water head exists across the sheeting the value of γ2 must be
determined by subtracting the upward seepage force from the
weight of the soil.

13.2.3.2. Cohesive Soils
Because of the load decrease from excavation, soils in the

passive zone just below the excavation will experience
changes in pore water pressure accompanied by swelling of
the soil. This could result in heave at the bottom of the exca-
vation and settlement of the surrounding ground surface.
When the base width is large compared to the depth of exca-
vation, the following method of analysis developed by
Terzaghi has been recommended. (See Figure 13-3).

In this case, the vertical column of soil along the sheeting is
assumed to exert a pressure on the horizontal plane A-A.
When the pressure exerted by this soil column exceeds the
bearing capacity of the soil beneath the sheeting a bearing
type failure will occur, resulting in heave of the bottom of the
excavation and settlement of the surround ground surface.
Based on this failure model, the factor safety against heave
can be expressed by:

Equation 13-3:

where
• Nc = bearing capacity factor (see Table 15-2).
• H = height of excavation
• B = width of excavation
• γ = unit weight of soil
• c = unit cohesion of soil
Use undrained strength of soil at natural water content as

determined from an unconfined compression test.
The factor of safety should be at least 1.5 or the piling

should extend an additional distance below excavation.
Ideally this should extend at least   2B/2, but this is usually
not absolutely necessary. In this case, the force acting on the
length of the sheet below the bottom of the excavation can be
computed as

Equation 13-4:

This force acts halfway between the excavation depth and
the toe of the pile, i.e., H1/2 below the excavation depth.

The foregoing applies to a general case behind a continu-
ous wall. In cases where the cofferdam is square, rectangular
or circular in geometry and the depth of excavation exceeds
the width, the proximity of the four walls aids in overall
resistance to heave. In such cases, a method of analysis devel-
oped by Bjerrum and Eide can be used. Their method visual-
izes the cofferdam as a deep “negative footing.” That is, the
excavation produces shear stress in the soil similar, but of
opposite direction, to those caused by a deep foundation.
Using this analogy the factor safety against heaving may be
expressed by:

Equation 13-5:

where
• c = unit cohesion of soil
• Nc = bearing capacity factor - to be determined according

to chart presented in Figure 13-4.
• γ = average unit weight of soil within depth of excavation

Figure 13-3: Diagram Illustrating Assumed Mechanism for
Failure by Heave of the Bottom of a Wide Excavation
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• q = surface surcharge loading
• H = height of excavation

Equation 13-3 and Equation 13-5 apply when the sheeting
extends only to the base of the excavation. To increase the fac-
tor of safety to the desired level, the sheeting can be extend-
ed below the excavation line. In this case, the soil inside the
excavation above the base of the piling acts as a surcharge and
develops adhesion along the adjoining sheet piles. The depth
can be computed by the equation

Equation 13-6:

Where d = depth of piling below dredge level. As stated
before, the design factor of safety is usually at least 1.5.

13.2.3.3. Piping
For excavations in pervious materials, the possibility of

piping or “sand boiling” must be investigated. Piping occurs
when an unbalanced hydrostatic head causes large upward
seepage pressures in the soil at the bottom of the excavation.
This is discussed in detail in 7.4.

13.2.4. Water Cofferdams
The top elevation of the cofferdam should be based on the

design high water condition. The toe of the sheets should be
founded in an impervious layer or penetrate deeply enough
to prevent heave, piping or boiling inside after dewatering.
When the outside head is substantial, it may be necessary to
pour a heavy concrete seal placed by the tremie method.

Loads from water pressure are readily evaluated, as shown
in Figure 13-5. However, the process of drawdown inside the
cofferdam and installation of the wales must be carefully
planned so that neither the sheets nor the wales are seriously
overstressed.

The pressure distributions from unbalanced water levels
inside and outside the cofferdam are triangular. Usually,
unbalanced submerged soil pressure would also be distrib-
uted triangularly; however, it has been found that the pres-
sure diagram against rigidly braced sheeting takes a more rec-
tangular form.

In the case of deep cofferdams, bracing frames should be in
position prior to starting drawdown. Frames can be fabricat-
ed and hung from vertical spud piles, to be used as a guide
template for spinning sheets and lowered into position when
the box is closed.

Locating the first wale near the top of the cofferdam will
provide a platform for workmen. Spacing to the next tier will
be based either on the limiting strength of the sheeting for
that span, or the designers decision to limit the size of walers
by using more struts.

Other factors to be considered in design:
• Scour along the base that may change load or support con-
ditions.
• Wave action that may impact the wall but also increase the
unbalanced head and total load.
• Temperature that may increase stresses in upper bracing.
Details of wale splices, stiffening at struts, corner connections
are important to the stability of the frame and should follow
good practice.

Figure 13-4: Diagram for the Determination of Bearing
Pressure Coefficient Nc
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Figure 13-5: Pressure from Water Distribution
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13.3. Structural Design of Cofferdam 
Components

Wales and struts are the key elements in any system of
braced retaining structures. This is true whether the coffer-
dams be in water, soil or both. Their spacing within the cof-
ferdam is not only governed by the requirements of the per-
manent construction but also by the wall movement that can
be tolerated by facilities outside the cofferdam. The advantage
of closely positioned tiers of bracing is to prevent excessive
movement behind the wall that might affect utilities, pave-
ment or structures. Additional bracing sets provide more
redundancy to the overall system, but may be economical in
that it slows construction activity. Obviously both safety and
practicality must be addressed in arriving at a design.

Many of the calculations necessary for the design of sheet
pile cofferdams can be done with standard structural analysis
programs. These, along with the hand calculations, will be
illustrated in the example problems in this chapter.

13.3.1. Beam Loads on Wales and Spans
Braced cofferdams are generally three-dimensional struc-

tures with both sides and ends; therefore, their loading is
more complicated than with anchored sheet pile walls. With
beam loading, which takes place from lateral pressure from
soil, groundwater, and surcharge loading against the sheet
piling membrane, many of the principles are the same, but
their implementation has key differences.

As with anchored walls, the horizontal wales are assumed
to be uniformly loaded beams over multiple supports.
Between each support, the beam stresses on the topmost wale
are approximated by the equation

Equation 13-7:

and the wales below that by the equation

Equation 13-8:

Where
• M = moment in wale
• w = anchor load in force per unit length of wall. General

practice for moment calculation is to reduce the load due
to soil pressure only by 20% to account for arching.

• l = distance between struts
The vertical sheeting spans are also continuously (but not

necessarily uniformly) loaded beams over multiple supports.
This results in a statically indeterminate structure. Three
methods can be employed to analyse multiply supported
walls:
❖ Area distribution.144 This involves dividing up the sheet

into areas, generally demarcated by the midpoints between
the supports. This concept is illustrated in Figure 13-6. The

load in these areas is then concentrated on the respective
supports. This method is best used with conventional,
multiply supported anchored sheet pile walls with stan-
dard Rankine, Coulomb or log-spiral earth pressure theo-
ries. It can also be used with water cofferdams. It is the sim-
plest method to use but can create inconsistencies in the
computation of the moments.

❖ Hinge method. This method reduces the system to a stati-
cally determinate system by placing hinges at all of the sup-
ports except for the top one. Although a little more difficult
to implement, this method does result in more consistent
calculation results, especially when Equation 13-13 is used.
Strictly speaking, this is the only method that can be used
with the Peck earth pressure charts for braced cofferdams
as shown in Figure 13-2.

❖ Use of a structural analysis program, which can properly
handle a statically indeterminate structure.
The maximum moment in the sheet piling will depend on
the arrangement of struts and wales. A cantilever may exist

at the top or bottom of the excavation, and simply support-
ed or continuous spans elsewhere. For a uniformly loaded
cantilever,

Equation 13-9:

where
• w = uniform load
• (∆H) = Length of cantilever

For simply supported uniformly loaded spans, such are
assumed with the hinge method, 

Equation 13-10:

where (∆H) = distance between support points (may be gov-
erned by construction procedure)

For continuous spans, as appear with the area distribution
method, 

Equation 13-11:

144Armento, W.J. (1977) “Criteria for Lateral Pressures for Braced Cuts.” Proceedings of the ASCE Specialty Conference on Performance on Earth and Earth Supported Structures, Vol. 1,
Part 2, pp. 1283- 1302.

Figure 13-6: Assumptions Used in the Hinge Method
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For flexible walls (EI/L4 < 50 ksf/ft), deflections may be
accompanied by soil arching resulting in a reduction of soil
pressure near the centre of spans and a concentration at the
supports. Hence, the actual bending moments in sheeting
and wales may be less than that which would be computed
assuming a uniform loading on these members. Based on
experience, Armento and Goldberg, et al., recommend using
80 percent of the loading diagram loads in computing
moments in sheeting and wales supported by three or more
struts. For raker bracing and tiebacks, and for rigid walls
(EI/L4 > 50 ksf/ft), the full pressure diagram should be used.
For water, full pressure loadings should be used of course.

One other factor that needs to be considered in the design
of braced cofferdams is that of penetration of the wall below
the bottom of the excavation. Although stopping the sheet
piling wall at the excavation bottom is the simplest solution,
it has two important shortcomings:
• It may be necessary to extend the sheeting in order to
improve base stability; this is discussed elsewhere.
• A “no-toe” design tends to both load the bottom struts and
wales and the lower parts of the sheeting to a higher degree
than if a toe were present, which would necessitate a more
substantial (and thus more expensive) sheet pile profile,
along with stronger wales and struts.

Both of these factors must be taken into consideration in
determining if—and how much—the sheet pile should pen-
etrate below the excavation line. If the sheet does extend
below the excavation line, assuming active pressure behind
the part of the wall below the dredge line and passive pres-
sure in front, the maximum moment developed due to base
heave loading and/or lateral pressure not assigned to the
struts can be computed.

13.3.2. Column Loading of Struts and Wales
Struts are spaced to limit moments in wales and to accom-

modate excavation and construction inside the walls. No
reduction in earth pressure is taken for strut design. AISC or
similar specifications are used for reference in designing
struts and also wales. Some deep cut and cover excavation
specifications have limited l/R ratios of 120. Since the struts
are the primary support units, general practice has been to be
very conservative in sizing these units. Strut loads should be
estimated based on simply supported spans rather than con-
tinuous.

Struts and corner braces are designed as columns. Wales
are also subjected to thrust from loads transferred to the ends
by wales on the intersecting wall. This should not be ignored
in design. Large bracing frames should be stabilized with
posts and cross bracing as appropriate to the conditions.

Figure 13-7 illustrates a typical arrangement of struts and
wales in a braced excavation. The struts are designed as com-
pression members, with buckling being the primary consid-
eration. The spacing between struts in both directions must
be designed in such a manner that the axial loads and the  l/R

ratios are kept within acceptable limits. Frequent cross strut-
ting is recommended from the design standpoint as it reduces
the l/R ratios. However, from the construction standpoint, the
spacing between struts may be dictated by the required acces-
sibility to the bottom of the excavation. Eight-foot strut spac-
ing is usually considered the minimum acceptable for con-
struction.

Some rebracing or additional sets of bracing should gener-
ally be anticipated during construction to meet special condi-
tions. American Institute of Steel Construction specifications
are generally used as a reference for designing these frames.

Since braced cofferdams are structures with two dimen-
sions in plan as well as elevation, the wales also experience
compressive loads from the “ends” as do the struts. These
must be analysed together with the beam loading.

13.3.3. Circular Bracing
A ring wale bracing system has been developed for a circu-

lar excavation. This design is based upon experience for cir-
cular tunnelling using the equation 

Equation 13-12:

Where
• fs = stress in the ring wale
• T = radius of excavation times the total load per unit

length between the ring wales
• As = area of steel cross-section
• M = approximate moment at blocking point based upon

experience in tunnelling = 0.86Tb

• B = rise of arc at blocking point =
• R = radius of neutral axis of rib
• C = chord length between neutral axis blocking point
• S = section modulus
To ease construction, a six-inch gap is left between the ring

wale and the sheet piling. The gap is then “taken up” at the
projection of each sheet pile (blocking point) using two

Figure 13-7: Typical Strut Arrangement 
for a Braced Excavation
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wooden wedges, one driven from above and one from below
the ring wale, as shown in Figure 13-8. The ring wales must
be checked for bucking145. Ring wales can also be formed in
place, using reinforced concrete formed during various stages
of excavation. Design of these is beyond the scope of this
manual.

13.3.4. Raking Braces
For large excavations, it is generally not practical to install

horizontal braces to extend completely across the excavation.
In some instances, the sheeting can be supported by “raking”
braces as shown in Figure 13-9.

145Zagustin, E.A. and Hermann, G. (1967) “Stability of an Elastic Ring in a Rigid Cavity.” Journal of Applied Mechanics, April; Hsu, P.T, Elkton, J. and Pian, T.H. (1964) “Note on the
Instabilty of Circular Rings Confined to a Rigid Boundary,” Journal of Applied Mechanics, September; Moran, D.F. (1966) “Designing Underground Reservoirs,” Consulting Engineer,
January; Lo, Hsu, Bogandoff, Goldberg and Crawford (1962), “A Bucking Problem of a Circular Ring,” Proceedings of the Fourth U.S. National Congress of Applied Mechanics,
ASME.

Figure 13-9: Diagram Illustrating the Use of Raking Braces in Construction of a Deep Cut

Sheet Pile Design by Pile Buck 275



276 Sheet Pile Design by Pile Buck



13.4. Examples of Braced Excavations
Example 20 Braced Excavation in Granular Soil

❖ Given
� Braced excavation as shown in Figure 13-10.

� Uniform granular soil
• γ = 115 pcf
• γ’ = 53 pcf
• φ = 32°
• δ = 17°

• Ka = tan2 (45-φ/2) = 0.307 (Rankine Theory)
• Kp is computed using log-spiral theory (Figure 18-16)

and then reduced for the factor of safety by dividing by
2. Thus, Kp = (0.72)(8)/2 = 2.88.

• Nγ2 = 27.9 (see Table 15-2)
� Water table at the bottom of the excavation.
� Struts are spaced 18’ apart in plan

❖ Find
� Base Stability of Excavation
� Embedment length
� Required section modulus for sheeting with embedment
� Strut loads
� Design of wales

❖ Solution
� Base Stability of Excavation

• An excavation of this kind is considered a “reverse
foundation.” The factor of safety for this foundation is
computed by Equation 13-2. Substituting the vari-
ables, the factor of safety is computed as FS = (2)(27.9)
(53/115)(.307)(tan 32°) = 4.937 > 1.5, so this factor of
safety is acceptable.

• Since we have base stability with this excavation, it is
possible to design the sheeting to extend only to the
excavation level. We will consider this later in the
example. We will first design the wall with an embed-
ment below the excavation line, which will enable us
to reduce the maximum moment in the sheeting and
thus use a lighter (if longer) section. In this case, the
decision whether to include an embedment is largely
an economic one.

� Compute the embedment length.
• Compute lateral earth pressures
• For the active pressures, we will assume that the

Terzaghi and Peck pressures will extend all along the
length of the sheeting. These can be determined using
Figure 13-2(a). The active pressure is thus uniform
along the length of the sheet, and is computed to be
(0.65)(0.307) (38) = 872.8 psf.

• For the passive pressure, this increases in the usual way
from the excavation line. The passive pressure thus
increases linearly from zero at the excavation line to Kp
γ’ d = (2.88)(53) d = 152.6 d at the toe of the sheeting.

• For a multiply supported wall (braced or tied back), to
determine the penetration depth of the sheeting, we
ignore the wall above the lowest support and sum
moments to zero about the lowest support. In this
case, the summation of moments is computed by

Equation 13-13:

• Substituting the variables into this equation and solv-
ing for d yields the equation 76.32 d2 (10 + 2d/3)
= 436.4 (10 + d2 ). The only positive root for this
cubic equation is d = 12.6’, which is our embedment
depth.

� Determine the maximum bending moment and required
section modulus of the sheeting. For this problem, we
will use the hinge method of analysis, as we are using the

Figure 13-8: Sketch of Circular Ring Wale System
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Peck chart.
• Determination of the support loads.

Support 1: This is the only support that is not hinged.
We thus consider a continuous, simply supported
beam from the top of the sheeting to Support 2. For a
uniformly loaded, simply supported beam with an
overhang, the reaction at the support adjacent to the
overhang (support 1) is given by the equation146

Equation 13-14:

Substituting the variables into this equation yields R1
= 10,876 lbs.
Support 2: The reaction at the support is the sum of
the reaction generated by the beam above the support
with that of the beam below. The reaction from the
beam above is given by the equation

Equation 13-15:

The reaction from the beam below – which is a simply
supported beam with a uniform load – is given by the
equation 

Equation 13-16:

Substituting the variables and adding these two partial
reactions gives R2 = 9,198 lbs.
Support 3: By symmetry, the reaction at this support
from the beam above is the same as the reaction on the
other end of the beam, i.e., R3a = R2b.
The reaction from the beam below – which includes
the embedded section – is given by summing the loads
on that portion of the beam, or

Equation 13-17:

Substituting for both partial reactions and summing
yields R3 = 11,974 lbs.

• Determine the location of the point of zero shear and
maximum moment.
Although there is a point of zero shear between every
support, the zero shear point of interest is below
Support 3, as we would expect the maximum moment
to take place in the vicinity of the excavation level.
The partial reaction R3b is also the shear at Support 3;
this computes to 7,611 lbs. The shear then decreases
down the beam by the relationship

Equation 13-18:

Where xV0 is the distance from the top of the wall to
the point of zero shear below Support 3. Setting the
shear to zero and solving yields xV0 = 36.7’.
The moment at this point of zero shear is given by the
equation

Equation 13-19:

Substituting yields Mmax = 33,182 ft-lbs. For a 25 ksi
material, the minimum section modulus would thus be
(33.182)(12)/(25) = 15.93 in3.

• Design using SPW 911
The results using SPW 911 are shown in Figure 13-11.
We used the passive earth pressure coefficient for
analysis. The use of PZ-27 sheeting was arbitrary; as is
the case with the direct stiffness methods it is necessary
to select a sheeting profile in order to calculate some
kind of deflection.

• Design Using Direct Stiffness (Finite Element) Method
We mentioned earlier that the existence of multiple
supports makes the system statically indeterminate. 
The use of a direct stiffness method allows us to take
this into consideration without having to make simpli-
fying assumptions. We will now see whether in this
case the results are significantly different. As earlier, we
will use the CFRAME program.

Keep in mind that, strictly speaking, the Peck charts
are only applicable when the hinge method is used.
We first consider the “no toe” case, i.e., the sheeting
only extends to the bottom of the excavation. We
developed a model in CFRAME that is shown in Figure
13-12.

The beam is simply supported at all of the supports
and continuous. The uniform Peck load is then applied
to the sheeting along its entire length with no other
loading. The tabulated results are shown in Table 13-1
and the moment diagram is shown in Figure 13-13.

The results show a maximum moment at the lowest
support of 523,200 in-lbs = 43,600 ft-lbs. For 25-ksi
steel, the minimum section modulus is 20.9 in3 with-
out consideration of a factor of safety.

We now turn to using CFRAME for a configuration
with the toe. We will use the toe computed with the
hand calculations. We add an element to represent the
sheet extension below the excavation line, and include
the passive loads there as well. The loading of the
model is shown in Figure 13-14.

146All of the beam equations in this example are taken from the Manual of Steel Construction, Eighth Edition. Chicago: American Institute of Steel Construction, 1980)
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Figure 13-11: SPW 911 Results for Example 20

BRACED COFFERDAM IN GRANULAR SOIL

Figure 13-13: CFRAME Moment Diagram for Example 20, No Toe Configuration

Figure 13-12: CFRAME Model for Example
20, No Toe Configuration

BRACED COFFERDAM IN GRANULAR SOIL
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Table 13-1: CFRAME Results for Example 20, No Toe Configuration
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Table 13-1 continued.

BRACED COFFERDAM IN GRANULAR SOIL WITH TOE

21-JAN-2003   00.59.02

Figure 13-14: Loading of CFRAME Model for
Example 20, Configuration with Toe

LOAD CASE      1
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Table 13-2: CFRAME Results for Example 20, Configuration with Toe
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Table 13-2 continued.
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BRACED COFFERDAM IN GRANULAR SOIL WITH TOE

Figure 13-15: CFRAME Deflection Plot for Example 20, Configuration with Toe

BRACED COFFERDAM IN GRANULAR SOIL WITH TOE

Figure 13-16: CFRAME Moment Diagram for Example 20, Configuration with Toe

286 Sheet Pile Design by Pile Buck



The tabulated results from the CFRAME model are shown
in Table 13-2, the deflection plot is shown in Figure 13-15, and
the moment diagrams shown in Figure 13-16.

The maximum moment for this case is 399,300 in-lbs
= 33,275 ft-lbs, which is very close to the results we
obtained from hand calculations, as is the location of
the moment.

� Comparison and Discussion of Results
• The results for all of these methods are shown below.

• Discussion of the results
For the three methods used with a toe, the maximum
moment for the sheeting is virtually the same for all
three methods.

The hand calculations and SPW 911 return virtually
the same results for the strut loads; there are some vari-
ations with CFRAME. The first two methods are to be
preferred since the Peck charts are based on the hinge
method. This is the main weakness of using CFRAME.

CFRAME showed that the moment computed without
a toe was 31% higher than that for the sheeting with a
toe. The sheeting sectional modulus requirements are
proportionally higher, but the penetration depth is
less. This is an important factor in the economic con-
siderations of the design. CFRAME also showed the
maximum moments for the case with no toe to take
place at the lowest support, a result unobtainable from
the hinge method strictly applied.

The deflections of SPW 911 and CFRAME are very dif-
ferent for the same case. This is because SPW 911, as
is the case with classical theory, assumes that the

deflection of the toe is zero. The deflections shown by
CFRAME, however, square reasonably well with the
concepts of active and passive pressures and the deflec-
tions that cause them.

The toe penetration calculations are based on the free 
earth support method. CFRAME can also be used to
determine the penetration for fixed earth support if
this is desired.

The accuracy of the CFRAME results is based on the
accuracy of the assumption that the sheeting is simply
supported. This assumption may be modified based on
how the sheet is actually attached to the frame.

� Design of Wales and Struts
Since there are no wales at the top of the excavation, the

moments can be computed using Equation 13-7:

(Wale at top)

and the wales below that by the equation

• Equation 13-8. The value for w is actually the same as for
the support loads before they are distributed amongst the
struts, although these are normally increased by 15% for
wale design. For the top supports, the maximum
moment in the wales is given by (1.15)(10876)(18 2 )/10
= 405.2 ft-kips (using the support load derived in hand
calculations.) Using the same equation, the middle and
lowest moments in the wales are 342.7 and 388 ft-kips,
respectively.

• The load on an individual strut is simply the load per
foot of wall for each support multiplied by the spacing of

Table 13-3: Summary of Results for Example 20

Hand 10.9 9.2 12.0 33.2
Calculations

SPW 911 10.9 9.11 1.9 32.1

CFRAME 9.9 11.4 10.7 33.3
(with toe)

CFRAME 10.7 5.3 17.2 43.6
(no toe)

Method Reaction 1,
kips/ft

Reaction 2,
kips/ft

Reaction 3,
kips/ft

Maximum Moment
kips/ft
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the struts. Thus, for the top support, the strut load is
(10876)(18) = 195.8 kips. The strut load on the middle
and lowest supports are 165.6 and 215.5 kips, respec-
tively. The struts can be designed as columns using cal-
culations such as given in the AISC Manual of Steel
Construction.

• For a closed excavation, the wales will also be subject to
axial loads from the perpendicular faces of the cofferdam.
In this case the wales act as both beams and columns
simultaneously. As is the case with the struts, design of
combined beams and columns can be done using calcu-
lations such as given in the AISC manual. Keep in mind
that, unlike the struts, the wales can be assumed to be
well supported by the sheet piling.

Example 21: Braced Excavation in Cohesive Soil
❖ Given
� Braced excavation as shown in Figure 13-17.

• Width of excavation same as height (38’).
• “Continuous” excavation (B/L = 0).
• No surcharge load.
• Struts space 18’ apart along the wall.
� Uniform cohesive soil

• γ = 115 pcf
• φ = 0°
• c = 1000 psf
• Water table at excavation line

❖ Find
�Depth of sheeting (if any) below the excavation line for 

Figure 13-17: Braced Excavation for Example 21
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base stability
�Required section modulus of sheeting
�Loads on struts

❖ Solution
� Determine depth of sheeting “d”

• We must first determine the stability of the base
without additional sheeting depth using Equation
13-5.
• Using Figure 13-4, Nc = 6.3.
• Using Equation 4-26, No = 4.37.
• Using Equation 13-5, FS = 6.3/4.37 – 0 = 1.44 < 

1.5; thus, we will need to extend the sheeting
below the excavation level.

• The required depth can be computed using Equation
13-6: d = (38/2)((1.5)(4.37) + 0 – 6.3) = 4.85’. For the
remainder of this problem, we will use d = 5’.

� Compute the required section modulus for the sheeting 
• We must first determine the pressure distribution along

the sheeting. Since Nc = 4.37, we are between the dis-
tributions Figure 13-2 (b) and Figure 13-2 (c); thus, we
use the distribution with the greater maximum pressure.

Figure 13-2 (b): pb = Ka γ H. Ka = 1 – 4m/No = 1 – (4)
(1)/4.37 = 0.085. (m = 1 is a reasonable assumption
in this case.) Thus pb = (0.085)(115)(38) = 370 psf.

Figure 13-2 (c): pb = a γ H. a = 0.4 as shown. Thus, pb
= (0.4)(115)(38) = 1748 psf. We will use this distribu-

tion. The distribution is illustrated in Figure 13-17.

• We must also determine the load along the sheeting
under the excavation line. To use Equation 13-4, we
must first determine the value of 2B/3 = 17.9’. Based
on this, we use the lower expression in this equation,
and compute PH = -1350.4 lbs/ft, which acts 2.5’
below the excavation line (we treat this as a line load.)

• We can compute the moments as we did in the previ-
ous example; however, the ramped loads complicate
the hand solution considerably. We will thus use our
two computer programs and compare them. The same
comments about the methodology of each from
Example 20 apply here. 

� Solution using SPW 911. The solution using SPW 911 is
shown in Figure 13-18. SPW 911 does not compute the
toe penetration in this case because the program does not
consider base stability, but only wall loads. SPW will
analyse the sheeting with an extended toe, but this exten-
sion must be done manually. The difference in moment 
due to the extension of the sheeting is not a major factor
in this case.
� Solution using CFRAME

• The basic model is shown in Figure 13-19. Nodes are
placed not only at supports but also at points where
loads change or the line load takes place.

Figure 13-18: SPW Results for Example 21
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• The loading for the CFRAME model is shown in.

BRACED COFFERDAM IN COHESIVE SOIL

06-FEB-2003  11.38.25

Figure 13-19: CFRAME Model for Example 21

BRACED COFFERDAM IN COHESIVE SOIL

06-FEB-2003  11.38.25

Figure 13-20: CFRAME Loads for Example 21

LOAD CASE  1

• The tabular results are shown in Table 13-4.
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Table 13-4: CFRAME Results for Example 21
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Table 13-4 Continued
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Table 13-4 Continued

BRACED COFFERDAM IN COHESIVE SOIL

Figure 13-21: CFRAME Shear Diagram for Example 21

• The shear, moment and deflection diagrams are shown in Figure 13-21, Figure 13-22 and Figure 13-23 respectively.
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BRACED COFFERDAM IN COHESIVE SOIL

Figure 13-22: CFRAME Moment Diagram for Example 21

BRACED COFFERDAM IN COHESIVE SOIL

Figure 13-23: CFRAME Deflection Diagram for Example 21
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�Discussion of the results for both moments and strut
loads. These loads are tabulated in the following table.

As with the cohesionless soil example, the reactions
on the struts are differently distributed. SPW 911’s
result is to be preferred due to the Peck charts.

The moment computed by SPW 911 is considerably
higher than CFRAME. This may or may not be real-
istic; the hinge method is not a particularly accurate
modelling method for a continuous beam. SPW 911
would require a PZ 27 section for ASTM A328 steel,
while CFRAME would allow a PZ 22 section.

Determine the loads on the struts. For example,
CFRAME directly reports these as the reactions at
Nodes 2, 4 and 6. These are as follows:
♦ Upper struts (Node 2): 15,800 lbs/ft of wall, or

(15.8)(18) = 284.4 kips for 18’ centres.
♦ Middle struts (Node 4): 25,930 lbs/ft of wall, or

(25.9)(18) = 466.7 kips for 18’ centres.
♦ Lower struts (Node 6): 9,437 lbs/ft of wall, or

(9.4)(18) = 169.9 kips for 18’ centres.
♦ The same method can be used with SPW 911 

results.
Example 22: Design of Braced Cofferdam for Seepage

❖ Given
�Braced excavation

• Depth of excavation = 38’
• Width of excavation = 32’
• Supports at 5’, 18’, and 30’ below the top of the sheeting
• Sheeting penetrates 28’ below the bottom of the exca-

vation
• Impervious layer 20’ below the toe of the sheeting (66’

below the top of the sheeting.)
• Water table at the excavation level on the excavation

side and at 6’ below the top of the sheeting on the soil
side.

• Uniform surcharge load of 200 psf at the surface.
• Soil conditions: Uniform Medium Sand

γ moist = 105 psf
γ sat = 115 psf
γ’ = 53 psf
φ = 32º

C = 0
Ka = 0.31

Kp = 3.25
Hydraulic conductivity k = .0003 ft/sec

❖ Find
�Factor of safety against piping
�Quantity of seepage to the excavation

❖ Solution
�Sheeting configuration. We first analyse the sheeting for

structural and geotechnical integrity. We do this with
SPW911; the results of the analysis are shown in Figure 
13-24; this is also our diagram for the configuration. It
shows that the maximum moment is 167.8 ft-kips, this is
too high for any of our sample shapes in ASTM A328 and
is slightly above PZ40 using ASTM A572. So we will have
to use a higher section modulus sheeting in this case.
�Checking against piping.

• Chart solution. Since we have an impervious layer, we
will use the lower part of Figure 7-6. The three ratios
we need are as follows:

W/HW = 16/32 = 0.5
D/HW = 28/32 = 0.88
H1/HW = 20/32 = 0.62

Apply this to the chart, we learn that, for H1/HW = 1,
the factor of safety is about 2.5 and, for H1/HW = 2, it
is 1.7. By linear “interpolation,” the factor of safety
from the chart is about 2.8. Since the chart is drawn for
γ’ =75 psf, the actual factor of safety FSactual = (53)
(2.8)/75 = 2 > 1.5, so this is acceptable, although going
off the chart range is not really the best way to analyse
the problem.

• Equation 7-17. Substituting the appropriate variables,
the gradient is computed as iy = (32)/((3)(28) = 0.38. 
From Equation 7-16, icritical = 53/62.4 =0.85, and the
factor of safety against piping (Equation 7-17) is
0.85/0.38 = 2.23 > 1.5. This turns out to be the least
conservative of the methods shown.

• Finite element analysis. This requires the use of a com-
puter program. In this case we will use the program
SEEP-W, which is available from GEO-SLOPE
International, Ltd., Calgary, Alberta, Canada. The finite
element model we use is shown in Figure 13-25.

SPW 911 18.3 21.7 9.4 39.1
CFRAME 15.8 25.9 9.4 31.9

Method Reaction 1,
kips/ft

Reaction 2,
kips/ft

Reaction 3,
kips/ft

Maximum Moment
kips/ft
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Figure 13-24: SPW 911 Results for Example 22

Figure 13-25: SEEP-W Finite Element Model
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The head at both the excavation level and the water
table is set. A “cut” in the model is included for the
sheet piling. We also make provision to analyse the
flow of water between the sheeting and the impervious
layer, which will give us the flow into the excavation. 
Keep in mind that this is a “half” model; the other half
is assumed the same by symmetry.

If we run and solve the model, the distribution of total
head is shown in Figure 13-26. As one would expect,
the head varies from its maximum value at the water
table to its minimum value (32’ less) at the excavation
level.

The variation of gradient is shown in Figure 13-27. The
gradient shown here is the total gradient (as opposed to
the gradient in just the horizontal or vertical direction.) 
The maximum gradient takes place (as one would
expect) at the toe of the sheeting, and is reported to equal

to 1.03. Although this is interesting, the gradient we are
actually looking for from a boiling stand-point is at
the base of the excavation. The program reports that
the gradient here varies from 0.474 to 0.477, so let us use
a value of 0.48. From Equation 7-16, icritical = 53/62.4 =
0.85, and the factor of safety against piping (Equation 7-
17) is 0.85/0.48 = 1.77 > 1.5, so it is acceptable, but con-
siderably lower than we see with the chart solution.

One thing we can do with finite element analysis that we
cannot do with the other solutions is to analyze the gra-
dient at all points. If we do this, we should keep in mind
for this case that, using a factor of safety of 1.5, the max-
imum acceptable gradient is 0.85/1.5 = 0.57.

Finally, the program reports that we have water flow of
0.00228 ft3 /sec/ft of wall between the toe of the
sheeting and the impervious layer. Since our analysis is
steady state, this is also the flow into the excavation. 

Figure 13-26: SEEP-W Results: Total Head
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Translated into gallons per minute, this is (0.00228)
(449) = 1.02 gpm/ft of wall. Obviously this is only for
one side of the wall; for the complete excavation, we
will need to double this number.

• Flow net. A flow net for this excavation is shown in
Figure 13-28; in fact, this flow net was generated with
SEEP-W. We note the following about this:

The flow net has 4 flow tubes and 16 equipotential
drops, and is designed so that the “aspect ratio” of
the “squares” in the flow net is effectively unity,
which is optimal in flow netting.

Directly under the excavation, the squares are 4’ x 4’.

With 16 equipotential drops, each drop represents
32/16 = 2’ of head. The gradient directly under the
excavation is thus ∆h/∆l = 2’/4’ = 0.5. The factor of

safety with this gradient is 0.85/0.5 = 1.7 > 1.5, which
is also acceptable and slightly below that from the
finite element analysis.

The total flow using flow netting is given by the equation

Equation 13-20:
where

♦ Q’ = water flow, ft 3 /sec/ft of wall
♦ k = hydraulic conductivity, ft/sec
♦ ∆h = total head drop, ft
♦ NF = number of flow tubes
♦ ND = number of equipotential drops
♦ b/a = “aspect ratio” of “squares”

Using this equation, the total flow is (0.0003)(32)
(4/16)(1) = 0.0024 ft3 /sec/ft of wall = 1.08 gpm/ft of
wall. This is also close to the actual finite element
analysis.
The problem with using a hand-generated flow net to

Figure 13-27: SEEP-W Results: Gradient
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determine piping is that the flow net must be very
accurate for piping analysis, whereas it does not need
to be so for the total flow.

Example 23: Water Cofferdam with Transverse Bending 8

The purpose of this problem is to illustrate two aspects of
sheet piling design: a) a cofferdam in water, and b) the effects
of transverse bending.
❖ Given
� Bridge pier cofferdam as shown in Figure 13-29.

❖ Find
� Sheet piling section, using both conventional and trans-

verse bending.
❖ Solution
� Basic solution of earth pressures and moments

• The problem was solved using SPW 911; the solution
is shown in Figure 13-30. The maximum moment is
obviously at the bottom support; however, there are
actually two points of interest when considering trans-

verse bending:

The point at a support with the maximum moment.
This is at the fourth support (Elevation 594.5, or
22.5’ below the surface.) SPW911 reports the
moment to be 29,053 ft-lbs = 349 in-kips. The later-
al earth pressure at this point is 2566 psf = 17.83 psi,
which we will use in the transverse bending calcula-
tions.

The point along a span and below the soil line with
the maximum moment. This occurs between the
second and third supports (approximate Elevation
606.5, or 10.5’ below the surface. SPW911 reports
the maximum moment in this span to be approxi-
mately 6,940 ft-lbs = 83.3 in-kips. The lateral earth
pressure at this point is 1576 psf = 10.94 psi.

Any of our typical sections can be used in this sheet-

Figure 13-28: Flow Net for Seepage Example
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ing wall based purely on conventional bending,
including PZ22 and PZ27.

Inspection of Figure 13-30 also shows that most of
the lateral force on the wall is due to hydrostatic
pressure, not only above the mud line (where it is
the only lateral force) but below it as well. The max-
imum hydrostatic pressure at the pile toe is (628.5 –
590)(62.4) = 2402.5 psf.

• To include the effects of transverse sheeting, we need to
substitute the necessary parameters into Equation 2-5
in order to evaluate the combined effects of conven-
tional and transverse bending. The parameter λt (and
to some extent ct also) are determined either experi-
mentally or by finite element analysis. Complicating
matters further is the fact that the stress distribution for
transverse bending at the wales and at the centre of
spans is different. The simplest way to deal with this is
to present the various “versions” of Equation 2-5 for
our sample sections. These are as follows:

Equation 13-21: ML = 13.30fy – 25.86p (PZ22, Wale Location)

Equation 13-22: ML = 12.19fy – 14.66p (PZ22, Span Location)

Equation 13-23: ML = 21.29fy – 34.81p (PZ27, Wale Location)

Equation 13-24: ML = 19.96fy – 27.97p (PZ27, Span Location)

Equation 13-25: ML = 34.27fy – 25.21p (PZ35, Wale Location)

Equation 13-26: ML = 31.52fy – 19.20p (PZ35, Span Location)

Equation 13-27: ML = 42.83fy – 29.98p (PZ40, Wale Location)

Equation 13-28: ML = 39.64fy – 25.25p (PZ40, Span Location)

For all of the sections, let us assume that fy = 39 ksi for 

all sections. For the wale location, p = 17.83 psi and for
the span location, p = 10.94 psi. Substituting these val-
ues into each of the above equations, the results are then
compared with the actual conventional bending
moments to determine whether a section is acceptable or
not. Table 13-6 shows the results of this process.

We see from these results that the PZ22 and PZ27 sec-
tions are no longer acceptable in this alloy. Using a 50 ksi
yield strength changes only one case, i.e, the use of PZ27
at the wale.

13.5. Pressurised Tiebacks
External tiebacks, as shown in Figure 13-31, are an accept-

able method for supporting retaining walls where conditions
are favourable. In general, the economics must be favourable,
there must be room to attain required anchorage length with-
out encroachment, and soil conditions must meet certain
conditions. The advantage of the system is (1) experienced
people generally do installation and design on a sub-contract
basis, and (2) the excavation is unencumbered by tiers of
internal bracing. Combinations of bracing and tiebacks have
been utilized where the advantages of each system could be
realized.

Figure 13-32 shows the computation of lateral pressures for
tied back walls. Use the same design procedure as shown in
Figure 13-2.

A typical tieback system uses high strength alloy steel bars,
1 1/2 to 2 1/2 inches in diameter, with 145 ksi ultimate
strength, or seven-wire strands of 250 – 270 ksi nominal ulti-
mate strength. 

The tiebacks are installed by augering or driving 4 to 8 inch

Figure 13-29: Bridge Pier Cofferdam for Example 23
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Figure 13-30: SPW 911 Solution for Example 23

PZ22 Wale 58 204 349 No No

PZ22 Span 315 449 83.3 Yes Yes

PZ27 Wale 210 444 349 No Yes

PZ27 Span 472 692 83.3 Yes Yes

PZ35 Wale 887 1371 349 Yes Yes

PZ35 Span 1019 1366 83.3 Yes Yes

PZ40 Wale 1136 1610 349 Yes Yes

PZ40 Span 1270 1706 83.3 Yes Yes

Section Loading
Point

Allowable
Moment
ML for

ASTM
A328, in-

kips

Allowable
Moment
ML for

ASTM
A572, in-

kips

Actual
Bending
Moment

Acceptable
with

ASTM
A572?

Acceptable
with

ASTM
A328?

Table 13-6: Results of Transverse Bending Analysis
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Figure 13-31: Typical Cross-Section of Tieback System

Figure 13-32: Pressure Distribution for Tied Back Walls
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diameter pipe into the ground at the desired angle. A pneu-
matic drifter will drill a 3 to 6 inch diameter rock socket
approximately 10 to 25 feet deep from the same rig that drove
pipe. Prior to installing tendon tiebacks, an air or water jet
cleans the holes in rock. Quick drying, nonexpanding grout
is installed by gravity flow. The tiebacks are then prestressed
with hydraulic jacks to about 25% higher than their working
stress. The working stress is equal to about 50% is ultimate
strength.

The allowable design load on the prestressed tiebacks can
be estimated using the bond strength between the rock or soil
and the cement grout. Consideration must be made for the
highest possible pore water pressure conditions. Also, the
steel sheet piling must be driven to rock or into soil that is
able to withstand the downward compressive stress exerted
by the tieback system. This may limit distance x in Figure 13-
31. A more detailed discussion is provided in 11.3.

13.6. Deep Open Cut Excavations
Since the mid-1960’s, a number of large North American

cities including Toronto, Washington, Atlanta and San

Francisco have built underground transportation systems uti-
lizing deep open cut or cut and cover construction methods.
The design standards established for the required retaining
structures evolved from project to project based on prior
experience. The standards include pressure diagrams for var-
ious soil and groundwater conditions and surcharges. Both
rigid and flexible wall systems were utilized as well as inter-
nally braced and externally tied support systems. Steel sheet
piling is included among the flexible wall systems.

The good experience from these projects provides a useful
reference for other proposed projects. A sample design later-
al pressure profile (in this case from Atlanta’s MARTA system)
is shown in Figure 13-33. It is included here for comparison
with other methods described in this handbook.147

Several items are to be noted in the approach to earth pres-
sure calculations utilized by designers of these projects:

A uniform load of 600 psf effective from the edge of the
excavation to a distance 12 ft. behind accounts for traf-
fic, routine construction operations, materials storage
etc. Concentrated loads from point or line loads are ref-

147A more complete review of cut and cover methods and lateral pressure in deep cuts can be found in Earth Support Systems and Retaining Structures, available from Pile Buck.
The sample distribution shown is also taken from this work.

Figure 13-33: Lateral Pressure Distribution for Deep Cut-and-Cover Tunnelling
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erenced but not specifically addressed. It should be
noted that the uniform surcharge load extends only a
limited depth rather than to full depth assumed in bulk
head design.

The pressure diagrams are generally assumed to take a
trapezoidal shape rather than the rectangular shape pro-
posed by Peck as shown in Figure 13-2(a). Total loads
probably exceed Peck's suggested values, however distri-
bution against the top wales may differ only slightly.

Emphasis is placed on the safety of the bracing system
rather than the membrane wall in both pressures used for
design and allowable stresses. This emphasis is based on
experience with measured loads, failures, and the critical
elements of these support systems.

13.7. Notes Regarding Braced Cofferdams
Overexcavation below proposed bracing levels should be

carefully controlled in that additional load may be imposed
on previously installed elements and excessive deflections
may result. Bracing removal as the permanent work rises
must also be carefully planned, and this procedure may occa-
sionally be a major factor in determination of the support
member sizes.

Sheet pile walls have the advantage of reasonably maintain-
ing ground water levels outside the excavation if that is nec-

essary. The development of passive resistance in certain soils
exceeds the capacity of soldier piles. Sheet piling may be driv-
en deep enough to prevent boiling of the bottom where an
unbalanced ground water head exists.

Sheets should be blocked against the wales where align-
ment against the complete wall cannot be maintained.

High strength steel is useful in bracing systems. Fabrication
is generally best accomplished in a shop rather the field.
While wide flange structural steel is usually used for wales
and struts, pipe has some advantage for the type of loads car-
ried by struts and has been used extensively.

Preloading of a completed bracing level helps control
inward deformation that will occur following additional exca-
vation. This action also is beneficial for controlling stresses
from extreme temperature variations.

In deep open cut or cut and cover subway work, bracing
sets are usually placed a few feet above each slab level (base
slab, intermediate slabs and roof) with a maximum distance
between supports of 16 feet (depending on ground condi-
tions).

When removing bracing, the wall support must be ade-
quate for the worst construction condition: between any last
bracing level and the excavated bottom during excavation, or
between a slab and the next higher bracing level during con-
creting.
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There has been an increasing demand for sheet piling with
the strength to resist the high bending moments associated
with deep-water construction. The introduction of Z-shaped
sheet piles during the 1920's was the first step toward meet-
ing those requirements. The largest Z-type piles manufac-
tured today provide section modulus values of about 80 in3 /ft
of wall. When combined with Grade 50 steel, these sections
produce a resisting moment of about 2.6 million inch-
pounds/ft of wall, good for about 40 feet of water depth
under average circumstances. These Z-piles are about the
limit for existing mill facilities without expensive and proba-
bly impractical improvements.

There are several ways to handle deep water or heavy sur-
charge loads when designing sheet pile bulkheads. A reliev-
ing platform on piles to carry surcharges and overburden is
one possibility. The platform can be designed as a low level
structure behind the sheet pile face wall, or as a high level
platform with the sheeting acting as a cut-off wall behind the
platform

Cellular cofferdam bulkheads are another method of con-
structing deep-water facilities. This system has been used in
many port and dry-dock projects where water depths exceed-
ed the practical limits of anchored sheet piling walls. This
solution has some drawbacks in relative material and con-
struction costs, in addition to a problem of curved facing.

A closed-faced, anchored bulkhead wall may still be the
desirable type under many circumstances. When the available
sheet piling sections are inadequate for the anticipated loads
and bending moments, there are several traditional and
newer methods for increasing the section modulus of the pro-
posed wall.

14.1. Piles Reinforced with Cover Plates
Welding plates to the flanges can increase the section mod-

ulus of rolled structural beams. The same approach can be
taken with steel sheet piling. This has been a common
method for handling higher bending moments for many
years. Reinforcing plates can be long enough where the bend-
ing moment exceeds the capacity of the plain sheet. The
weight of the wall becomes an average of plain and reinforced
section weight. Section modulus can be doubled if necessary
with high strength plates adding to the efficiency. Because of
extra costs associated with fabrication, it is generally more
practical to reinforce the heavier Z-shapes rather than to rein-
force the lighter Z-shapes to do a job that a heavier plain
shape could do148. Cover plate dimensions will be governed
by the space available to attach them to the piling flanges.
Plate thickness should probably range from 1/4” to allow
good welding, and a maximum limit based on the thickness
of the base material. Plates are normally not available in stan-
dard sheet piling grade A-328; therefore, structural grades

ASTM A-36 or A-572 are selected. Fillet welds should be con-
tinuous and the plate ends also sealed. Flange plates are best
attached in a fabricating shop under controlled conditions. It
is important to avoid distortion of the piling section by prop-
er attention to the sequencing of the welding. At some loss in
efficiency, cover plates can be installed on the inside of flanges
if their presence on the outer face is objectionable. Most man-
ufacturers publish section properties for reinforced sheet pil-
ing and most can supply these units fabricated. Field fabrica-
tion is possible, however the manufacturer should be consult-
ed regarding procedures.

As with any welded structure, the strength of the structure
is dependent upon the strength and quality of the welds. One
inferior quality weld can lead to the loss of a cover plate,
which in turn reduces the effective section modulus of one
part of the wall, and ultimately the entire wall. Fabrication is
best performed in a welding shop under controlled condi-
tions to insure proper welding quality and to control warping
and shrinkage.

14.2. Master Piles, King Piles And Box Piles
The moment resisting capacity of sheet piling can be

increased significantly by the inclusion of heavy structural
elements such as wide flange beams or box sections. There
are a number of methods for accomplishing this.

14.2.1. Master Piles
A master pile system combines the high moment capacity

of wide flange beams with cellular design advantages. Straight
web sections or parts are welded to the beams to provide
interlocks. Master piles are spaced from about 6 to 10 feet
apart depending on the straight(or shallow arch) section
used. Soil pressures are transferred from the intermediate arcs
to the wide flange beams by hoop tension, loading them as
beams. Tension in the interlocks is theoretically based on the
radius of the draped arc. When master piles are spaced as
close as six feet, soil arching probably transfers load directly
to the master piles rather than through the sheet pile arcs.
Section modulus of the wall can safely be based on the
moment resisting properties of the master pile. Master pile
systems are more costly than some other high modulus sys-
tems now available and usage has been declining.

14.2.2. Arc Buckstay Walls
A traditional but infrequently used master pile system

utilises wide flange beams in combination with flat or shal-
low- arch sheet piling. The regular sheet piling is designed to
assume an arc shape under load so that the sheets do not go
into bending but transfer loads to the master pile by tension
across the interlocks. The radius of the arc is limited by the

Chapter Fourteen: 
High Modulus Walls

148This may not be true in all circumstances.
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minimum interlock strength of the sheets, similar to cellular
design. The wide flange master pile carries all transferred
loads from the arcs connecting to it acting as a beam. Both
water and land cofferdams and also permanent deep-water
marine facilities have been built with this method. It is a rel-
atively expensive design due to the fabrication costs and the
potentially more difficult installation procedures.

Individual anchors are generally attached to each master
pile by plates and clevis welded to the web returning to an
anchor wall or pile A-frame. Average wall section modulus
values of up to about 200 in3 /foot of wall can be obtained
with this method. This system lends itself well to sites where
high rock and deep water preclude more conventional meth-
ods, since the master piles can be dropped into pre-bored
holes in the rock and grouted in. Both water and land coffer-
dams and also permanent deep-water marine facilities have
been built with this system. Fabrication costs and the need
for special installation techniques have limited utilization of
this method to special situations 

14.2.3. Z-type Master or King Pile Walls 
Wide flange beams can be fitted with interlocks stripped

from Z-type sheet piling and combined in walls using Z-type
piles as intermediates. This system depends on soil arching
action for its assumptions regarding wall section modulus. By
limiting spacing of master piles to about five feet, soil pres-
sures are transferred to the strong point by arching rather
than application to each individual foot of wall. With this
assumption, the wall strength can be averaged between the
wide flange master or king piles and the lighter intermediate
Z-piles. General practice is to use heavy wide flange beams
that take the majority of the load and lighter-weight Z-type
intermediate piles. The wide flange master piles can be rein-
forced with flange plates in critical areas to provide some sav-
ing in weight rather than using a heavier section. Section
modulus values of up to 280 in3 / foot of wall can be obtained
with this method. The section modulus/weight efficiency of
this system is about 3 compared to about 1.3 for heavyweight
plain Z-type sheet piling. This is helpful when considering

the additional cost of fabrication of the king piles, however
this system may not be fully competitive with similar systems
that do not require fabrication.

14.2.4. Box Piles
Box piles are an assembly of several sheet pile sections into

a box shape with very high section modulus. The box retains
the interlocks of some of its parts so that the box pile can be
interlocked with similar plain sections to form a continuous
wall. Welding and/or bolting plain sections together fabricate
the boxes. There are a number of basic designs.

Some producers offer box piles as a standard catalogue
item and publish section modulus and other properties for
them. Box piles function in combination walls similar to mas-
ter or king piles. Box piles are also introduced into walls
where the wall must also carry vertical loads. Because of the
large radius of gyration of boxes, these units make excellent
columns or bearing piles. In certain cases, steel box piles may
be cleaned-out and filled with concrete for greater vertical
bearing capacity. When used to support vertical loads and
also as king piles in a wall, combined stresses must be taken
into account in design. Box piles have not been used exten-
sively in North America. Generally, steel H-piles or other pile
types were used for vertical loads, separate from the wall
function

14.2.5. Pipe Sections
Large diameter pipe has been designed for use as sheet pil-

ing by some East Asian producers. Interlocks have been “bor-
rowed” from sheet pile sections, welded to the pipes and
assembled to make walls with very high section modulus. In
another design, smaller diameter pipes are welded to the larg-
er pipes, slit longitudinally, and used to interlock two pipe
sections together in a type of interlock. These large pipe piles
could be excavated out and filled with concrete to increase
strength and also provide some additional service life where
severe corrosion might be a factor. The pipe system has not
been used in North America.

Figure 14-1: HZ Wall System

149A similar system is also offered by Peine Salzgitter of Germany.

Sheet Pile Design by Pile Buck 313



14.3. HZ Wall Systems
ProfilArbed S.A., Luxembourg, introduced the HZ system

for high modulus wall construction in the mid-1970’s149. The
elements of this system consist of wide flange (HZ) shapes, Z-
type (ZH) shapes and H-shaped bar connector sections (RH).
The flanges of the HZ and ZH shapes contain bulb shaped
enlargements that provide the male portion of an interlock.
The special connector (RH) provides two sockets that are the
means for joining HZ shapes to each other, or HZ shapes to
ZH shapes to form continuous walls. A plan view of this sys-
tem is shown in Figure 14-1.

The HZ beams are currently available in depths of from 14
– 39 inches, providing a range of section modulus values of
from about 130 – 600 in3 /foot of wall when these are inter-
locked continuously. A more commonly used system consists
of a combination of wide flange HZ master piles with inter-
mediate pairs of ZH piles. This arrangement offers section
modulus values of from 36 up to about 300 in3 foot of wall.
All elements of the HZ Wall System are standard, hot-rolled
mill items from the manufacturer. This feature would tend to
offer potential economic advantages over fabrication as a
means of increasing wall strength.

14.3.1. Design
HZ walls have proven to be advantageous for very deep

land or water based cofferdams and deep-water marine bulk-
heads where standard sheet piling would not meet strength
requirements. Procedures similar to those used for conven-
tional sheet pile wall analysis can be utilized. The most rigid
wall would consist of a continuously joined series of HZ sec-
tions. RH connectors used for joining these sections can con-
tribute to the section modulus of the wall if welded to the HZ
pile. The wide flange HZ sections are also efficient columns or
bearing piles and are often introduced into a wall to carry ver-
tical loads.

Combination walls using HZ piles as master piles and ZH
sections as intermediate sheets are a more common design.
This arrangement employs one or two HZ sections alternat-
ing with a pair of ZH piles to form a panel section. By limit-
ing the spacing of master piles to about five feet, the light
intermediate sections function more as containment or cur-
tain wall and loads attributed to the panel are transferred to
the master pile by soil arching150.

Section Modulus values for various combinations of HZ
shapes and intermediate ZH sections are provided in the
manufacturer's literature. The moment of inertia of a com-
bined wall is the sum of the moments of inertia of the parts
divided by the panel width, or

Equation 14-1:

Also, the section modulus of the wall is

Equation 14-2:

where v = the distance from the neutral axis of the panel to
the outer fibre of the HZ section. Stresses in the intermediate
ZH section are proportional to their contribution to the sec-
tion modulus of the total and are always less than forty per-
cent of stresses in the HZ shape All passive pressure is trans-
ferred to the master pile as if the wall were continuous to the
full depth of the master piles. The intermediate ZH piles are
generally terminated at some elevation below the zero pres-
sure point after allowing a safety factor for over dredging or
seepage.

HZ piles may be reinforced with welded cover plates in
critical areas to provide additional section modulus. The cost
of fabrication must be weighed against the potential savings
in weight.

Where water pressure is the dominant active pressure, particu-
larly with water-based cofferdams, the assumptions regarding pro-
portioning of the load on various elements of the system will not
apply. Stresses in intermediate ZH sections could exceed safe val-
ues and such sheets might require reinforcement as well as addi-
tional penetration to offset head differential considerations.
Continuous box walls of interjoined H-sections are generally
required.

14.3.2. Anchor Systems for HZ Walls
HZ walls may be anchored by conventional wales and tie

rods, or more conveniently by providing each HZ master pile
with a tie rod attached to HZ sections by welding plates to the
web through slits in the flanges and joining the tie rod using
a clevis and pin connection. HZ wall are also supported with
earth or rock anchors or battered H-pile anchors where con-
ditions favour those systems. The HZ is particularly well
designed to take the downward component from an angled
tie- back, when it has been driven to sufficient bearing capacity

14.3.3. Design Procedures for HZ and King Pile
Systems

Design of retaining walls and bulkheads can be carried out by
conventional methods such as free earth or fixed earth support.
The minimum penetration depths required for stability will be
applied to the master piles as if the entire wall was to be driven
to this depth. The usual safety factors should be applied. If
intermediate piles are used between master sections, they need
only be driven to the zero pressure point below the dredge line
with a safety factor for overdredging.

Bending moments are determined in the usual way and satis-
fied by reference to the manufacturers tables for section modu-
lus. Moment reduction procedures (such as Rowe’s) should not
be utilised for king pile systems since these are relatively stiff
structural members. Moment reduction is based on pile flexibil-
ity. It may be practical to compare both free and fixed earth sup-
port methods for the most economical solution.

Cofferdams retaining water should not be proportioned by
the same assumptions used for soil (which transfer all horizon-
tal loads to the master pile). These structures should be
designed for uniform loading across the width of the wall that

150This is an old concept similar to soldier beam/timber-lagging type construction for temporary retaining walls.

314 Sheet Pile Design by Pile Buck



negates the use of a master pile system but not the use of the
master piles continuously joined if required.

Example 24: HZ Wall Design
`This example has two purposes: a) to show the design of an HZ
wall, and b) to show the use of mixed cohesive and cohesion-
less soils.

❖ Given
o Wall as shown in Figure 14-2
o Lateral earth pressure coefficients (Coulomb model) are as 

follows:
• Fill Layer, 0-5 m: Ka = 0.246, Kp = 5.563
• Clay Layer, 5-10 m: Ka = 0.455, Kp = 2.398
• Sand Layer, 10-15 m: Ka = 0.304, Kp = 4.080
• Sand Layer, > 15 m: Ka = 0.337, Kp = 3.539

o HZ 775A system used with AZ 18 sheets. The distance
from the centreline of one H pile to another in this case
is 1790 mm.

�Find
o Depth of toe HZ
o Whether the section is suitable for the HZ wall configu-

ration specified
o Outline of the anchor design
� Solution

o We first analyse this wall with SPW 911, using the free
earth support method. The results are shown in Figure
14-3.

There are several important things to note about this result,
which are as follows:

• SPW 911 uses the concept of “minimum equivalent
fluid pressure” or “minimum fluid density” with
cohesive soils. This forces the analysis to consider a
minimum load, even when a purely cohesive soil
will result in a zero load on the wall. This is most
important to consider for permanent works. In this
example, we assume it to be 3 kN/m3 (SPW 911 default
is 5 kN/m3 ).

• SPW 911 normally uses bulk density in cohesive soils
and assumes the limit of water pressure in cohesive
sols is the depth where hydrostatic pressure = soil
pressure. Effectively, this means the pressure is the
higher value of the hydrostatic pressure and the soil
pressure. SPW 911 also treats water above the layer as
additional overburden and deducts the buoyancy of
the layer when you move into granular material below
the layer. Although this assumption can be used, in
this case we opted to allow the lateral earth pressure
below the mixed layer (at 10m) to remain the effective
stress times the Coulomb active lateral earth pressure
coefficient. This was done by setting the cohesion in
the clay layer to zero but keeping the calculated earth
pressure coefficients the same.

• The maximum anchor pull is 196 kN/m.
• The maximum moment is 1012.5 kN-m/m of wall just

Figure 14-2: HZ Wall For Example 24
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below the clay layer. However, because of the presence
of axial loading of the wall, which SPW 911 does not
analyse, we will need to investigate further the stress-
es. This is where the deflection result of 92.6 mm
becomes important to us. 

• The toe needs to be 20.53 m below the top of the wall.
SPW 911 was run using full passive coefficients and a
factor of safety of 2.

• It should be noted that, although SPW 911 usually
assumes a uniform cross-section along the length of
the sheet, in most cases the AZ sections are shorter
than the HZ ones. This is not a problem so long as the
foreshortening of the AZ sections does not extend into
high moment areas of the sheet.

o Compute the actual maximum stress in the wall, consid-
ering the axial loading.
• The axial load of 50 kN/m of wall actually is borne only

by the H-piles. Thus, the axial load on each pile is 
Paxial = (50)(1.79) = 89.5 kN.

• The maximum stress in the wall (considering the axial
load) is given by the Equation 2-3. The variables for
this are as follows:

• Paxial = axial load on each H pile, kN = 89.5 kN
• Aaxial = cross-sectional area of the H pile = .02579

m2

• δ max = maximum deflection, m = 0.0926 m
• Swall = total section modulus of the wall, m3 /m of

wall = .00477 m3 /m of wall
ep = eccentricity of the load = 0

• Substituting these variables into the equation yields
σmax = 217.6 MPa, which is below the allowable stress
of the steel of 240 MPa. So the design is acceptable.

o Anchor Design. We have shown elsewhere in detail
anchor design procedures; we will simply sketch out the
results of the same kinds of calculations we have else-
where.
• Tie rod spacing. The nature of HZ walls dictates the

spacing of the tie rods, which is the same as the spac-
ing of the H beams, or 1790 mm.

• Sheet pile anchor. Figure 14-2 shows the anchor 22 m
back from the wall. It also shows the anchor not to
reach the surface. If we assume that the anchor does in
fact reach the surface, if we sum forces, the anchor wall
needs to be 3.1 m deep; for a summation of moments,
the anchor must be at least 3.2 m deep, which
becomes the controlling value. In both cases we have
increased the anchor load by the usual factor of 1.3. 
Even with our assumption that the anchor reaches the
surface, we can (as we have done elsewhere) trip the
top of the anchor without significant effect on the
anchor capacity. The drawing also shows a slight
incline of the anchor rod, but since this angle is small
we neglected its effect.

• Concrete slab anchor. Using Ovesen’s Method (Kv = 5,
ξ = 0.362), we first assume that the bottom of the
anchor is 3 m below the surface and that the anchor is
2.5 m high. From this we determine the following:

• PH = 137 kN/m

Figure 14-3: SPW 911 Results for Example 24
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• Rο = 4.73
• Tο = 647.9 kN/m
• GW = 115 kN/m
• FA = -26 kN/m
• We will use 50 cm for our slab thickness. A struc-

tural analysis of the anchor slab is recommended.
The minimum cover for reinforcement should be
7 cm.

• MH = 169.7 kN-m/m
• Zo = 1.41 m
• Z = 1.25 m. This means that the optimum place-

ment of the tie rod is 1.25 m above the base of the
slab, or 1.75 m below the surface.
Of the four values of l/L we normally analyse, the
one with the factor of safety nearest 2 but not
lower than that is 0.5, where FSOvesen = 2.1.

• Again increasing the computed anchor load by the fac-
tor of 1.3, for steel with an allowable strength of 270
MPa, the minimum tie rod area is 0.0017 m2, thus the
minimum diameter is 46 mm; we should use 50 mm
diameter tie rods.
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Cellular cofferdams, in most instances, serve as a high head
or moderately high head dam for extended periods of time,
protecting personnel, equipment, and completed work and
maintaining the navigation pool. Planning, design, and con-
struction of these structures must be accomplished by the
same procedures and with the same high level of engineering
competency as those required for permanent features of the
work. Adequate foundation investigation and laboratory test-
ing must be performed to determine soil and foundation
parameters affecting the integrity of the cofferdam. Hydraulic
and hydrologic design studies must be conducted to deter-
mine the most economical layout.

The analytical design of cellular cofferdams requires close
coordination between the structural engineer and the geot-
echnical engineer. Close coordination is necessary, not only
for the soil and for foundation investigations noted above, but
also to ensure that design strengths are applied correctly and
that assumptions used in the design, such as the saturation
level within the cell fill, are realistic. Though cofferdams are
often referred to as temporary structures, their importance, as
explained above, requires that they be designed for the same
factors of safety as those required for permanent structures.

To ensure compliance with all design requirements and
conformity with safe construction practices, the cellular cof-
ferdam construction should be subjected to intensive inspec-
tion by both construction and design personnel. Periodic and
timely visits by design personnel to the construction site are
required to ensure that:

• Site conditions throughout the construction period are in
conformance with design assumptions, contract plans,
and specifications;

• Project personnel are given assistance in adapting the
plans and specifications to actual site conditions as they
are revealed during construction; and

• Any engineering problems not fully assessed in the orig-
inal design are observed and evaluated, and appropriate
action is taken.

Coordination between construction and design should be
sufficient to enable design personnel to respond in a timely
manner when changed field conditions require modifications
of design.

The design of the dewatering system, generally, will be the
responsibility of the contractor so that the contractor can uti-
lize his particular expertise and equipment. However, the
dewatering system must be designed to be consistent with the
assumptions made in the cofferdam design, including the ele-
vation of the saturation level within the cell fill and the rate
of dewatering. To achieve this, the requirements for the dewa-

tering system must be explicitly stated in the contract speci-
fications, and the contractor's design must be carefully
reviewed by the cofferdam designer to ensure that the intent
and provisions of the specifications are met.

15.1. Planning, Layout and Elements of 
Cofferdams

15.1.1. Areas of Consideration
For a construction cofferdam to be functional, it must pro-

vide a work area free from frequent flooding and of sufficient
size to allow for necessary construction activities. These two
objectives are dependent on several factors and are interrelat-
ed as described below.

15.1.1.1. Height of Protection
The top of the cofferdam should be established so that a

dry working area can be economically maintained. To estab-
lish an economical top elevation for cofferdam and flooding
frequency, stage occurrence and duration data covering the
practical range of cofferdam heights must be evaluated, tak-
ing into account the required life of the cofferdam. Factors
that affect the practical range of cofferdam heights include:

• Effects on channel width to accommodate stream flow
and navigation where required;

• Increased flow velocity during high river stages and the
resultant scour; effects on completed adjacent structures
to which the cofferdam joins (the “tie-in”), i.e., these
structures must be designed to resist pools to top of cof-
ferdam; and

• Practical limitations on the size of cell due to interlock
stresses and sliding stability.

By comparing these factors with the effects of lost time and
dewatering and cleanup costs resulting from flooding, an eco-
nomical top elevation of cofferdam can be established.

15.1.1.2. Area of Enclosure
The area enclosed by the cofferdam should be minimized

for reasons of economy but should be consistent with con-
struction requirements. The area often will be limited by the
need to maintain a minimum channel width and control
scour and to minimize those portions of completed structures
affected by the tie-in. The minimum area provided must be
sufficient to accommodate berms, access roads, an internal
drainage system, and a reasonable working area. Minimum
functional area requirements should be established in coordi-
nation with construction personnel.

Chapter Fifteen: 
Cellular Cofferdams
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15.1.1.3. Staging
When constructing a cofferdam in a river, the flow must

continue to be passed and navigation maintained. Therefore,
the construction must be accomplished in stages, passing the
water temporarily through the completed work, and making
provisions for a navigable channel. The number of stages
should be limited because of the costs and time delays asso-
ciated with the removal of the cells in a completed stage and
the construction of the cells for the following stage. However,
the number of stages must be consistent with the need to
minimize stream flow velocities and their associated effects
on scour, stream bank erosion, upstream flooding, and navi-
gation. When developing the layout for a multistage coffer-
dam, special attention should be given to maximizing the
number of items common to each stage of the cofferdam.

With proper planning some cells may be used for two sub-
sequent stages. In those cells that will be common to more
than one stage, the connecting tees or wyes that are to be uti-
lized in a future stage must be located with care.

15.1.1.4. Hydraulic Model Studies
Hydraulic model studies are often necessary to develop the

optimum cofferdam layout, particularly for a multistage cof-
ferdam. From these studies, currents that might adversely
affect navigation, the potential for scour and various remedies
can be determined.

15.1.2. Elements of Cofferdams
15.1.2.1. Scour Protection

Flowing water can seriously damage a cofferdam cell by
undermining and the subsequent loss of cell fill. Still further,
scour caused by flowing water can lead to damage by
increased underseepage and increased interlock stresses. The
potential for this type of damage is dependent upon the
velocity of the water, the eddies produced, and the erodibili-
ty of the foundation material. Damage can be prevented by
protecting the foundation outside of the cell with riprap or by
driving the piling to a sufficient depth beneath the anticipat-
ed scour. Deflectors designed to streamline flow are effective
in minimizing scour along the face of the cofferdam. These
deflectors consist of a curved sheet pile wall, with appropri-
ate bracing, extending into the river from the outer upstream
and downstream corners of the cofferdam. Figure 15-1 shows
a schematic deflector layout. As noted previously, hydraulic
model studies are useful in predicting the potential for scour
and in developing the most efficient deflector geometry.

15.1.2.2. Berms
A soil berm may be constructed inside the cells to provide

additional sliding and overturning resistance. The berm will
also serve to lengthen the seepage path and decrease the
upward seepage gradients on the interior of the cells.
However, a berm will require a larger cofferdam enclosure

and an increase in the overall length of the coffer-
dam, and will increase construction and mainte-
nance costs. Also, an inside berm inhibits inspec-
tion of the inside piling for driving damage and
makes cell drainage maintenance more difficult. It
is generally advisable, therefore, to increase the
diameter of the cells instead of constructing a berm
to achieve stability since the amount of piling per
lineal foot of cofferdam is, essentially, independent
of the diameter of the cells. Any increase in the
diameter of the cells must be within the limitations
of the maximum allowable interlock stress. In
order for a berm to function as designed, the berm
must be constantly maintained and protected
against erosion and the degree of saturation must
be consistent with design assumptions.

15.1.2.3. Flooding Facilities
Flooding of a cofferdam by overtopping can cause

serious damage to the cofferdam, perhaps even
failure. An overflow can wash fill material from the
cells and erode berm material. Before overtopping
occurs, the cofferdam should therefore be filled
with water in a controlled manner by providing
floodgates or sluiceways. The floodgates or sluice-
ways can also be used to facilitate removal of the
cofferdam by flooding. Floodgates are constructed
in one or more of the connecting arcs by cuttingFigure 15-1: Schematic Deflector Layout
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the piling at the appropriate elevation and capping the arc
with concrete to pro-vide a nonerodible surface. Control is
maintained by installing timber needle beams that can be
removed when flooding is desired. Figure 15-2 shows a typi-
cal floodgate arrangement. Sluiceways consist of a steel pipe
placed through a hole cut in the piling of a connecting arc.
Flow is controlled by means of a slide gate or valve operated
from the top of the cell. The size, number, and invert eleva-
tions of the flooding facilities are determined by comparing
the volume to be filled with the probable rate of rise of the
river. These elements must be sized so that it is possible to
flood the cofferdam before it is overtopped. For either system,
the adjacent berm must be protected against the flows by
means of a concrete flume, a splash pad, or heavy stone.

15.1.2.4. Tie-ins
Cofferdams often must be connected to land and to com-

pleted portions of the structure.

15.1.2.4.1. Tie-in to Land
Where the cofferdam joins a steep sloping shoreline, the

first cell is usually located at a point where the top of the cell
intersects the sloping bank. A single wall of steel sheet piling
connected to the cell and extending landward to form a cut-
off wall is often required to increase the seepage path and
reduce the velocity of the water. The length of the cut-off wall

will depend upon the permeability of the overburden. The
wall should be driven to rock or to a depth in overburden as
required by the permeability of the overburden. The depths
of overburden into which the cells and cut-off wall are driv-
en should be limited to 30 feet in order to prevent driving the
piling out of interlock. Otherwise, it will be necessary to
excavate a portion of the overburden prior to driving the pil-
ing. Where the cofferdam abuts a wide floodplain that is
lower than the top of the cofferdam cells, protection from
floodwaters along the land side can be obtained by construct-
ing an earth dike with a steel sheet pile cut-off wall. The dike
may join the upstream and downstream arms of the coffer-
dam or extend from the end of the cofferdam into the bank,
depending upon the type of overburden, location of rock,
and extent of the floodplain.

15.1.2.4.2. Tie-in to Existing Structures
Tie-ins to a vertical face of a structure can be accomplished

by embedding a section of sheet piling in the structure to
which a tee pile in the cell can be connected. Another method
of tie-in to a vertical face consists of wedging a shaped-to-fit
timber beam between the cell and the vertical face. As the cof-
ferdam enclosure is de-watered, the hydrostatic pressure out-
side the cofferdam seats the beam, thus creating a seal. Tie-ins
to a sloping face are somewhat more complicated, and it is
necessary to develop details to fit each individual configura-

Figure 15-2: Typical Floodgate Arrangement
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tion. The most common schemes consist of timber bulkheads
or timber cribs tailored to fit the sloping face. See Figure 15-3
for typical tie-in details.

15.1.2.5. Cell Layout and Geometry
The cofferdam layout, generally, should utilize only one cell

size that satisfies all design requirements. In some areas, it
might be possible to meet all stability requirements with
smaller cells; however, the additional costs resulting from the
construction and use of more than one size template will usu-
ally exceed the additional cost of an increase in the cell diam-
eter. The geometry of the various cell types was discussed in
1.2.1.4.

These suggested arrangements should, however, be modi-
fied to require an odd number of piles between the connect-
ing wyes or tees as shown in Figure 15-4. This will allow the
use of only one type of fabricated wye or tee rather than two
types if an even number of piles are used between connec-
tions. Although two additional piles might be required for
each cell, this cost would be off-set by the ease of checking
shop drawings and simplifying construction, i.e., the tees or
wyes could not be placed and driven in the wrong location.
In developing details for other configurations, special atten-
tion should be given to the location of tees or wyes and the
number of piles between connections. Given this type of lay-
out, the number of piles and their exact layout is obviously
dependent upon the configuration of the sheeting and the

types of connectors available. Most manufacturers of flat
sheeting furnish detailed information on layouts possible
with given sections; these should be consulted in detail when
designing cellular cofferdams.

15.1.2.6. Protection and Safety Features
Other features that must be considered in the planning and

layout of a cofferdam include:
• A rock or concrete cap on the cell to protect the cell fill

from erosion and to provide a suitable surface for con-
struction equipment;

• Personnel safety facilities, including sufficient stairways
and an alarm system; and navigation warnings, including
painting of cells, reflective panels, and navigation lights.

15.2. Design Parameters
Cellular cofferdams consist of two very different materials,

steel and soil, resulting in a complex interaction that makes a
rational design approach very difficult. Although various the-
ories have been suggested to derive analytical solutions for
the stresses in a cell, most designers in this field still rely
heavily on past practice and experience. The theoretical con-
siderations presented herein represent one approach to this
problem. However, an attempt has also been made to supply
the reader with experience to enable him to develop designs
consistent with proven sound engineering practices. It must
be pointed out that good judgement should always prevail.

Figure 15-3: Typical Tie-in Details
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Precise mathematical evaluations can result in misleading and
dangerous conclusions in the hands of inexperienced design-
ers. Under these circumstances, any cellular sheet pile struc-
ture of importance should have the benefit of the best obtain-
able professional engineering advice. This is particularly true
for cases where difficult foundation conditions exist.

Generally, the design of a cellular cofferdam proceeds much
the same as that of an anchored wall. Before a design can be
initiated, the necessary controlling dimensions must be set
and a site reconnaissance made. The height of the cofferdam
must be established from flood records so that its top is at
least at the level of the anticipated high water during the life
of the cofferdam. For high cofferdams, a berm might also be
considered to reduce the relative height above ground.

15.2.1. Forces
15.2.1.1. Applied External Forces

Steel sheet pile cells are subject to external forces resulting
from static water head, wave action, lateral earth pressure,
and surcharge due to live load, earthquake, etc.

15.2.1.2. Reactive Berm Force
The passive force developed by a berm should be deter-

mined by a wedge analysis that accounts for the intersection
of the failure wedge with the back slope of the berm. The
Coulomb method of analysis or a Culmann graphical solution
can be used when appropriate, although graphical methods
in general have gone out of fashion. The resistance provided
by the berm should be limited to a value consistent with the
berm reaction resulting from a sliding analysis.

15.2.2. Saturation Line and Seepage Control
As is the case with any dam, cellular cofferdams generally

operate with two different levels of water on either side. As is
the case with earthen dams, the saturation level will vary
within the cofferdam itself. Before stability of the assumed cell
configuration can be checked the degree of saturation within
the cell fill must be considered.

15.2.2.1. Seepage through Cell
The location of the free water surface in a cell is usually

estimated using empirical relationships based on the type of
cell fill. The recommendations in Figure 15-5 serve as a guide
and starting point for estimating the location of the seepage
line.

In cases where an earth berm is used, the saturation line
slopes to the top of the berm. In the berm itself, two locations
of saturation line should be considered, as shown in Figure
15-20 to make provision for the more critical location. A hor-
izontal line, at an elevation so chosen as to represent the aver-
age expected condition of saturation should serve just as well,
at the same time simplifying computations.

These recommendations are conservative for most applica-
tions; however, each design should be evaluated for condi-
tions that would tend to raise the seepage line. If both the
quality of the cell fill and the assurance of proper inspection
cannot be guaranteed during the design of the project, full
saturation of the cell should be considered for design purpos-
es. Some conditions that require evaluation are:

(1) Possible leakage from pipelines crossing the cells.
(2) Waves overtopping the outboard piles.
(3) Excessive leakage through the outboard piles.
(4) Poor drainage through the inboard piles.
(5) Lower permeability than expected of the cell fill.
(6) Hydraulic filling of cell fill.

Figure 15-4: Arrangements of Connecting Wyes and Tees

Figure 15-5: Estimate of Free Water Location in Fill

Sheet Pile Design by Pile Buck 325



The quantity of seepage through the cell is a function of
both the tightness and integrity of the outboard piles and the
type of cell fill, the chief barrier being the outboard piling.
The tightness of the outboard piling depends on the physical
condition of the piling and the piling interlock force. An
increase in seepage through the cell can generally be expect-
ed when:

(1) Second-hand piling is used. New piling in good condition
should be considered for major structures. For
other structures, used piling may be considered
when seepage conditions either are slight or pose
little threat to the safety to the structure.

(2) Rough driving is experienced during construc-
tion. The foundation exploration program should
investigate conditions that lead to rough driving.
Contract specifications should restrict hard driving.

(3) The interlock forces are small. The increase in
seepage due to this condition is usually small, and
is usually not considered.

15.2.2.2. Foundation Underseepage
Foundation underseepage is generally not a problem for

structures built on clay or good quality rock foundations.
Problems usually are confined to coarse-grained soil such as
gravel and sand and sometimes silty materials. The most
treacherous conditions occur where undetected pervious
seams exist in the foundation.

Cofferdams on sand are often designed using a
trial sheet pile penetration of two thirds of the
height of the structure above the dredge line. A flow
net is most often used to estimate the seepage
forces. If the exit gradient at the toe of the structure
is large, a loaded filter or a wide-base berm should
be considered.

Depending on the site conditions, up to 50 per-
cent of the passive resistance, even with 2/3H pene-
tration, at the toe can be lost due to seepage forces.
This loss increases the possibility of excessive pene-
tration of the inboard piles.

15.2.3. Loading Conditions
Now that we have discussed the variations of water level

within the cofferdam itself, we need to note that, not only dif-
fer from each other in level but also in time, depending upon
the condition of the body of water. Variations in this was level
will induce changes in the level of saturation inside of the cof-
ferdam. The following loading conditions and requirements
must be investigated:

15.2.3.1. Maximum Pool Condition
The river pool is to top of cell. The cell fill saturation line

is assumed to slope from top outboard face of the cell to the
inboard face. The slope is dependent upon the type of fill, the
presence of a berm, and any positive measures taken to con-
trol the phreatic surface in the cell or the berm, such as weep
holes in the cell or drains and pumped wells in the berm,
Figure 15-6. It should be emphasized that the saturation level
within the cell fill is perhaps the single most important con-
sideration in the design of the cells; therefore, its location
must be estimated with extreme care.

15.2.3.2. Initial Filling Condition
Balanced pools are on both the inside and outside of the

cofferdam; for determination of maximum interlock stress,
cell fill is assumed to be completely saturated to top of cell
unless positive measures are taken to preclude fill saturation,
Figure 15-7.

15.2.3.3. Drawdown Condition
Pool level inside cofferdam is some specified distance

below pool level outside cofferdam; cell fill saturation level
varies uniformly between the outside pool level and some
specified distance above the pool level inside the cofferdam,
Figure 15-8. This condition is checked to determine the max-
imum rate of dewatering. This condition can be critical for
stability and interlock stress. The designer establishes the
maximum rate of dewatering, as influenced by the cell fill sat-
uration level, at which level the allowable interlock stress

Figure 15-6: Maximum Pool Condition

Figure 15-7: Initial Filling Condition
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should not be exceeded and all factors of safety should be
met. Since the cell fill saturation level is critical, the actual sat-
uration level must be monitored in the field during dewater-
ing to verify the assumed conditions. Instructions to this
effect and the critical parameters should be included in the
contract specifications and/or in “Special Instructions” to the
resident engineer. Note that the forces acting upon a coffer-
dam can change with time. For example, overburden may be
present on the inside of a cofferdam when it is initially dewa-
tered; however, the overburden may subsequently be excavat-
ed, thus perhaps adversely affecting the stability of the coffer-
dam. In short, loading conditions not present during con-
struction and initial dewatering must be anticipated and
taken into account during design.

15.2.4. Site Conditions
The site reconnaissance should include information on the

existing ground surface and the depth of scour, as well as a
complete subsurface investigation. Exploratory borings
extending to rock should be located to provide a complete

picture of the soil strata and the general configuration of the
rock surface. Laboratory tests give the engineer first-hand
knowledge of the character and the properties of the materi-
als in design. Care should be exercised, however, in the appli-
cation of laboratory test results because of the complicated
response of the structure to actual field conditions. These
conditions are almost impossible to duplicate by ordinary
testing procedures. It is advisable to extend several borings
into the rock to determine its general character and compe-
tency. Also, the depth and extent of soft soils (soft clay, silt
and organic deposits, etc.) should be carefully ascertained,
since these soils must be removed and replaced by granular
soils.

15.2.5. Equivalent Width
After the height of the cofferdam is established and the per-

tinent physical properties of the underlying soils together
with the cell fill are determined, a tentative equivalent width,
B, is chosen. Cellular cofferdams are, by nature, “lumpy”

structures in that a series of circles is joined together to form
a long wall. Analysis of a cellular cofferdam would be consid-
erably simpler if this “lumpiness” could be ignored and the
walls be assumed to be two straight, parallel walls with the fill
in between, the cells thus becoming rectangles. The use of the
equivalent width concept is the method by which this simpli-
fication is implemented. The equivalent width, B, of the cof-
ferdam is defined as the width of an equivalent rectangular
section having a section modulus equal to that of the actual
cofferdam. For design purposes this definition may be simpli-
fied to equivalent areas, from which 

Equation 15-1: 

Where
B = equivalent or effective width of the cell, ft.
A = area of main cell plus one connecting cell, ft2

2L = centre-to-centre distance between main cells, ft.
The variables are illustrated in Figure 15-9.

TVA engineers found that the results of this differ by only
about six per cent from an exact figure. For circular cells the
area definition leads to the following relationship between
diameter and equivalent width (see Figure 1-10):

Equation 15-2:
B=0.818D (θ=15º, 30ºY)

B=0.875D (θ=22.5º, 90ºT)
B=0.785D (θ=15º, 90ºT, rarely used)

15.2.6. Soil Fill Materials
15.2.6.1. Selection of Cell Fill

Most modern cellular sheet pile structures are designed
based on the assumption that a free-draining granular fill will
be available near the construction site. Soils with less than
about 5 percent of the particles by weight passing the No.
200 sieve and 15 percent passing the No. 100 sieve are usu-
ally termed free draining. Granular fills with many fines and
even fine-grained fills have occasionally been used in the

Figure 15-8: Drawdown Condition
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past; however, the poor performance of these fills usually
favours use of better quality fill.

The performance of the sheet pile structure is directly relat-
ed to the drainage characteristics of the cell fill. Free-draining
fill will have a lower seepage line within the fill than less per-
vious material. The lower seepage line improves the cell per-
formance by:

(1) Reducing the sheet pile interlock force. (Reducing this
force is especially beneficial for high cells or where marginal
material is used. However, a reduction in the interlock force
may reduce the stiffness of the structure, with slightly larger
structural movements.)

(2) Increasing the effective stress at the base of the cell,
increasing lateral sliding resistance.

(3) Increasing the internal shear resistance.

15.2.6.2. Borrow Area
Borrow-related problems occur frequently in earth-work-

related construction, and sometimes result in costly design
changes and contract modifications. Special diligence during
the exploration and characterization of borrow fill will be
beneficial during both the design and construction of the
project.

15.2.6.3. Location
Borrow areas are generally located as close to the project

site as possible to reduce hauling costs. The final selection of
the borrow site, however, is governed by several additional
considerations:

1) Cell Fill Properties. When the most desirable cell fill is not
locally available, the cost of processing or designing the struc-
ture around marginal cell fill should be compared with the
increase in cost due to longer haul distances.

2) Land Use. Although cell fill is often dredged from river
channels, it is sometimes desirable to locate the borrow areas
outside of the river. When this occurs, special consideration
and planning should be initiated to provide proper reclama-
tion of the area.

3) Environmental Aspects. Environmental considerations
may restrict the use of certain potential borrow sites. Early
reviews of the probable borrow sites for any detrimental envi-
ronmental consequences should be considered. These conse-
quences are sometimes mitigated by placing restrictions on
the use of the borrow area and by special reclamation of the
site. For example, wildlife habitats or recreational areas can
sometimes be created at these sites with a small additional
cost.

15.2.7. Factors of Safety
The required FS for the various potential failure modes

described below are listed in Table 15-1. As previously stated,
cofferdams are not classified as temporary structures, nor are
the loads imposed upon them generally considered tempo-
rary as far as FS's are concerned. However, some loading con-
ditions can be classed as temporary where failure would not
result in loss of life, severe property damage, or loss of the
navigation pool, e.g., initial dewatering of a cofferdam which
does not maintain a navigation pool. Table 15-1 is also a use-
ful checklist for the various failure modes that may apply to a
given situation.

Figure 15-9: Typical Cellular Cofferdam Geometry for
Equivalent Width

a) Plan of Circular Cell

b) Plan of Arc and Diaphragm Cell

c) Plan of Cloverleaf Cell
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15.3. Classical Design Methods
15.3.1. Historical Overview

The design of cellular structures has progressed from the
use of empirical rules based on gravitational analysis to recent
attempts at finite element procedures. The actual way in
which these units function in service is still not well under-
stood. However, observation, experience, and technical
expertise have been combined to provide some design proce-
dures that are more technically correct than earlier methods.

From 1908 until TVA's investigations in the early 1940's,
cellular cofferdams were assumed to function as rigid, gravi-
ty walls, and were analysed accordingly. If the resultant fell
within the middle third of the base, the cell was considered
safe. Sliding on the base and interlock stresses were the other
consideration in design. Many successful cofferdams were
built utilizing this method. It has been rationalized that suc-
cess was due to selection of granular fill materials and coinci-

dence that provided whatever safety factors these structures
enjoyed.

In reality, the stability of a sheet pile cell results from the
composite action of the soil fill and the interlocking steel pil-
ing. A cofferdam cell consists of a flexible sheet pile mem-
brane that encloses a soil fill. Rather than acting like a can
filled with sand, it resembles more, a shaped, flexible bag
filled with sand. The interaction between the two elements of
fill and container has been the basis of all progress in failure
mode analysis since 1940.

15.3.2. Design Process
An adequate assessment of sliding stability must account

for the basic structural behaviour, the mechanism of transmit-
ting compressive and shearing loads to the foundation, the
reaction of the foundation to such loads, and the secondary
effects of the foundation behaviour on the structure. A fully
coordinated team of geotechnical and structural engineers

Table 15-1: Design Criteria--Factors of Safety

Failure Mode Required Factor of Safety151

Loading Condition

Normal Temporary Seismic

Sliding 1.5 1.5 1.3
Overturning                        Inside Kern                         Inside Kern                           Inside Base
(gravity block)

Rotation (Hansen) 1.5 1.25 1.1
Deep seated sliding 1.5 1.5 1.3
Bearing capacity

Sand 2.0 2.0 1.3
Clay 3.0 3.0 1.5

Seepage control
Interlock tension152 2.0 1.5 1.3
Vertical Shear
Resistance

Terzaghi 1.5 1.25 1.1
Schroeder-Maitland 1.5 1.25 1.1

Horizontal Shear
Resistance

Cummings  1.5 1.25 1.1
Pullout of outboard 1.5 1.25 1.1
sheets
Penetration of 1.5 1.25 1.1
inboard sheets

151These FS's/criteria are for cofferdams only. Design should not be based on modes of failure in italics, but these should be employed as sensitivity checks only.
152The FS against interlock tension failure should be applied to the interlock strength value guaranteed by the manufacturer for the particular grade of steel. The guaranteed value
for used piling should be reduced as necessary depending upon the condition of the piling.
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and geologists should ensure that the results of the sliding
analyses are properly integrated into the design. Critical
aspects of the design process which require coordination
include:

• Preliminary estimates of geotechnical data, subsurface
conditions, and type of structure;

• Selection of loading conditions, loading effects, potential
failure mechanisms, and other related features of the ana-
lytical models;

• Evaluation of the technical and economic feasibility of
alternative structures;

• Refinement of the preliminary design to reflect the results
of detailed geotechnical site explorations, laboratory test-
ing, and numerical analyses; and

• Modification of the structure during construction due to
unexpected variations in the foundation conditions.

15.3.3. External Cell Stability
15.3.3.1. Sliding Analysis by Trial Wedge Method

For design and investigation of sheet pile cellular struc-
tures, the procedures outlined in the following paragraphs
should be used to assess sliding stability on rock and soil
foundations.

15.3.3.1.1. Method of Analysis
The sliding analysis is based on the principles of structural

and geotechnical mechanics, which apply a safety factor to
the material strength parameters in a manner that places the
forces acting on the structure and foundation wedges in slid-
ing equilibrium. The factor of safety (FS) is defined as the
ratio of the shear strength and the applied shear stress as fol-
lows.

Equation 15-3:

Where the variables are shown in Figure 4-1. A sliding
mode of failure will occur along a presumed failure surface
when the applied shearing force exceeds the resisting shear-
ing forces.

The failure surface can be any combination of plane and
curved surfaces, but for simplicity, all failure surfaces are
assumed planes that form the bases of wedges. The critical
failure surface with the lowest safety factor is determined by
an iterative process. Sliding stability of most sheet pile cellu-
lar structures can be adequately assessed by using a limit
equilibrium approach. Designers must exercise sound judg-
ment in performing these analyses.

Assumptions and simplifications are as follows:
(a)A two-dimensional analysis is presented. These principles
should be extended if unique, three-dimensional, geometric
features and loads critically affect the sliding stability of a spe-
cific structure.

(b) Only force equilibrium is satisfied in this analysis.

Moment equilibrium is not used. The shearing force acting
parallel to the interface of any two wedges is assumed negli-
gible. Therefore, the portion of the failure surface at the bot-
tom of each wedge is loaded only by the forces directly above
or below it. There is no interaction of vertical effects between
the wedges.

(c) Analyses are based on assumed plane failure surfaces. The
calculated safety factor will be realistic only if the assumed
failure mechanism is kinematically possible.

(d) Considerations regarding displacements are excluded
from the limit equilibrium approach. The relative rigidity of
different foundation materials and the sheet pile cellular
structure may influence the results of the sliding stability
analysis. Such complex structure-foundation systems may
require a more intensive sliding investigation than a limit
equilibrium approach. The effects of strain compatibility
along the assumed failure surface may be included by inter-
preting data from in situ tests, laboratory tests, and finite ele-
ment analyses.

(e) A linear relationship is assumed between the resisting
shearing force and the normal force acting along the failure
surface beneath each wedge.

15.3.3.1.2. Multiwedge System Analysis
A general procedure for analysing multiwedge systems

includes:

(a) Assuming a potential failure surface that is based on the
stratification, location and orientation, frequency and distri-
bution of discontinuities of the foundation material, and the
configuration of the structure.

(b) Dividing the assumed slide mass into a number of
wedges, including a single structural wedge.

(c) Drawing free body diagrams which show all the forces
assumed to be acting on each wedge.

(d) Solving for the safety factor by direct or iterative methods.
The equations for sliding stability analysis of a general wedge
system are based on the right hand sign convention, which is
commonly used in engineering mechanics. The origin of the
coordinate system for each wedge is located in the lower left
hand corner of the wedge. The x and y axes are horizontal
and vertical respectively. Axes that are tangent (t) and normal
(n) to the failure plane are oriented at an angle a with respect
to the +x and +y axes. A positive value of α is a counter- or
anti- clockwise rotation; a negative value of α is a clockwise
rotation.
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Figure 15-10: Sign convention for geometry

(b) Negative Rotation of Axes(a) Positive Rotation of Axes

Figure 15-11: Geometry of the Typical ith Wedge and Adjacent Wedges
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Figure 15-12: Distribution of Pressures and Resultant Forces Acting on a Typical Wedge

334 Sheet Pile Design by Pile Buck



Figure 15-13: Free Body Diagram of the Pth Wedge
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Figure 15-14: Derivation of the General Wedge Equation
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The governing wedge equation is thus
Equation 15-4:

Where
• i = number of wedges
• (Pi-1 - Pi) = summation of applied forces acting horizon-

tally on the ith wedge.
• Wi = total weight of water, soil, rock, etc., in the ith 

wedge
• Vi = any vertical force applied above top of the ith wedge
• αi = angle between the inclined plane of the potential

failure surface of the ith wedge and the horizontal (posi-
tive is counter- or anti-clockwise)

• Ui = uplift force exerted along the failure surface of the
ith wedge

• HLi = any horizontal force applied above the top or
below the bottom of the left-side adjacent wedge

• HRi = any horizontal force applied above the top or
below the bottom of the right-side adjacent wedge

• fi = angle of shearing resistance or internal friction of
the ith wedge

• ci = cohesion or adhesion, whichever is the smaller on
the potential failure surface of the ith wedge. (Cohesion
should not exceed the adhesion at the structure-founda-
tion interface.)

• Li = length along the failure surface of the ith wedge

The governing equation applies to the individual wedges.
For a system of wedges to act as an integral failure mecha-
nism, the factors of safety (FS) for all wedges must be identi-
cal, therefore

Equation 15-5:

Where N = number of wedges in the failure mechanism.
The actual FS for sliding equilibrium is determined by satis-
fying overall horizontal equilibrium (ΣFH = 0) for the entire
system of wedges; therefore

Equation 15-6:

and Po = PN = 0. Usually an iterative solution process is used
to determine the actual FS for sliding equilibrium. The analy-
sis proceeds by assuming trial values of the safety factor and
unknown inclinations of the slip path until the governing
equilibrium conditions, failure criterion, and definition of FS
are satisfied. An analytical or a graphical procedure may be
used for this iterative solution.

15.3.3.1.3. Design Considerations
Some special considerations for applying the general wedge

equation to specific site conditions are discussed below.

(a) The interface between the group of active wedges and the
structural wedge is assumed a vertical plane located at the
heel of and extending to the base of the structural wedge. The
magnitudes of the active forces depend on the actual values
of the FS and the inclination angles, a of the slip path. The
inclination angles, corresponding to the maximum active
forces for each potential failure surface, can be determined by
independently analysing the group of active wedges for a trial
FS. In rock, the inclination may be predetermined by discon-
tinuities in the foundation. The general equation only applies
directly to active wedges with assumed horizontal active
forces.

(b) The governing wedge equation is based on the assump-
tion that shearing forces do not act on the vertical wedge
boundaries; hence there can only be one structural wedge
because the structure transmits significant shearing forces
across vertical internal planes. Discontinuities in the slip path
beneath the structural wedge should be modelled by assum-
ing an average slip plane along the base of the structural
wedge.

(c) The interface between the group of passive wedges and
the structural wedge is assumed to be a vertical plane located
at the toe of the structural wedge and extending to the base
of the structural wedge. The magnitudes of the passive forces
depend on the actual values of the safety factor and the incli-
nation angles of the slip path. The inclination angles, corre-
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sponding to the minimum passive forces for each potential
failure mechanism, can be determined by independently
analysing the group of passive wedges for a trial safety factor.
The general equation only applies directly to passive wedges
with assumed horizontal passive forces.

(d) Sliding analyses should consider the effects of cracks on
the active side of the structural wedge in the foundation
material due to differential settlement, shrinkage, or joints in
a rock mass. The depth of cracking in cohesive foundation
material can be estimated in accordance with the following:

Equation 15-7:

Where
dc = depth of crack in cohesive foundation material

The value dc in a cohesive foundation cannot exceed the
embedment of the structural wedge. Cracking depth in mas-
sive strong rock foundations should be assumed to extend to
the base of the structural wedge. Shearing resistance along the
crack should be ignored, and full hydrostatic pressure should
be assumed to act at the bottom of the crack. The hydraulic
gradient across the base of the structural wedge should reflect
the presence of a crack at the heel of the structural wedge.

(e) The effects of seepage forces should be included in the
sliding analysis. Analyses should be based on conservative
estimates of uplift pressures. For the estimation of uplift pres-
sures on the wedges, it can be assumed that the uplift pres-
sure acts over the entire area of the base of the wedge and if
seepage from headwater to tailwater can occur across a cell,
the pressure head at any point should reflect the head loss
due to water flowing through the medium. The approximate
pressure head at any point can be determined by the line-of-
seepage method, which assumes that the head loss is directly
proportional to the length of the seepage path. The seepage
path for the structural wedge extends from the upper surface
of the untracked material adjacent to the heel of the cell,
along the embedded perimeter of the structural wedge, to the
upper surface adjacent to the toe of the cell. Referring to
Figure 15-15, the seepage distance is defined by points “a” and
“b.” The pressure head at any point is equal to the elevation
head minus the produce of the hydraulic gradient times the
distance along the seepage path to the point in question.
Estimates of pressure heads for the active and passive wedges
should be consistent with those of the heel and toe of the
structural wedge.

Uplift pressures can be reduced by pressure relief systems.
The pressure heads acting on the wedges developed from the
line-of-seepage analysis should be modified to reflect the
effects of pressure relief systems. For the majority of structur-
al stability computations, the line-of-seepage method is con-
sidered sufficiently accurate. However, there may be special
situations where the flow net method is required to evaluate
seepage forces.

15.3.3.1.4. Seismic Sliding Stability
The sliding stability of a sheet pile cellular structure for an

earthquake-induced base motion should be checked by
assuming the specified horizontal earthquake acceleration,
and the vertical earthquake acceleration if in the analysis, will
act in the most unfavourable direction. The earthquake-
induced forces on the structure and foundation wedges can
then be determined by a rigid body analysis. The horizontal
earthquake acceleration can be obtained from seismic zone
maps or, in the case where a design earthquake has been
specified for the structure, an acceleration developed from
analysis of the design earthquake. The vertical earthquake
acceleration is normally neglected but can be taken as two-
thirds of the horizontal acceleration, if included in the analy-
sis. The added mass of the retained pool and soil can be
approximated by Westergaard's parabola, and the Mononobe-
Okabe method, respectively. The structure should be

Figure 15-15: Overturning Stability, Typical Loading and
Nomenclature
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designed for a simultaneous increase in force on one side and
decrease on the opposite side of the cell when such can occur.

15.3.3.2. Overturning
A soil-filled cellular structure is not a rigid gravity structure

that could fail by overturning about the toe of the inboard
side. Before overturning could occur, the structure must have
failed from causes such as pullout of the sheet piles at the heel
and subsequent loss of cell fill. Nevertheless, a gravity-block
analysis may serve as a starting point for determining the
required cell diameter. Considering that the cell fill cannot
resist tension, the cell should be proportioned so that the
resultant of all forces falls within the middle one third of the
equivalent rectangular base. This type of analysis will also
serve to determine foundation pressures with

Equation 15-8:

Where
• FP = computed foundation pressure
• W = effective weight of cell fill
• A =area of base = B x 1.0 for l-foot strip
• e = eccentricity of resultant of all forces from centre of cell

See Figure 15-15. Again, it must be emphasized that over-
turning computations based on the gravity block concept do
not give a true indication of cell stability.

15.3.3.3. Rotation (Hansen's Method 153)
This method considers cellular structures to act as rigid

bodies. For cells founded on rock, failure occurs along a cir-
cular sliding surface in the cell fill intercepting the toe of the
sheet piles; however, for ease of calculation it is convenient to
assume a logarithmic spiral of radius

Equation 15-9: r = roe
θtanφ

where
• r and θ = variables in the polar coordinate system
• ro = radius to the beginning of the spiral
• φ = angle of internal friction

As shown in Figure 15-16, the resultant of the unknown
internal forces on the spiral will pass through the pole of the
spiral and thus not enter into the equation of moments about
the pole.

The FS against failure is defined as
the ratio of moments about the pole,
that is, the ratio of the effective weight
of the cell fill above the failure surface
to the net overturning force. 
Thus 

Equation 15-10:

where
• MB = moment about pole of W’B
• W’B = effective weight of cell fill above failure surface
• Mω = moment about pole due to resultant overturning force

ΣP
• ΣP = (Pw + Pa - Pr) as shown in Figure 15-16.

The pole of the logarithmic spiral may be found by trial
until the minimum factor of safety is determined. However,
since the pole of the failure spiral is on the locus of poles of
the logarithmic spirals that pass through the toes of the sheet
piles, the failure plane pole can be found by drawing the tan-
gent to this locus from the intersection.

Hansen's method, as applied to cells founded on rock, is
applicable only where the rock is not influenced by disconti-
nuities in the foundation to at least a depth h (Figure 15-16).

The Hansen method of analysis for cells founded on soil is
similar to that of cells founded on rock, except that the fail-
ure surface can be convex or concave, i.e., the surface of rup-
ture can be in the cell fill or in the foundation. Both possibil-
ities must be investigated to determine the minimum FS. The
FS is defined using Equation 15-10 but the variables are
defined in the following manner: 

153Brinch Hansen, J. (1953). Earth Pressure Calculations, The Danish Technical Press, The Institution of Danish Civil Engineers, Copenhagen.

Figure 15-16: Rotation -- Hansen's method, cell founded on rock
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See Figure 15-17 and Figure 15-18.
Stability, as determined by the Hansen method, is directly

related to the engineering properties of the cell fill and the
foundation and properly considers the saturation level with-
in the cell as well as seepage forces beneath the cell. This
method of analysis is particularly appropriate for cells found-
ed in overburden. A more detailed explanation of this method
can be found in discussions by Hansen153 and Ovesen154.

15.3.4. Deep-Seated Sliding Analysis
15.3.4.1. Introduction

Sliding stability has been discussed earlier. In general, a cell
on rock will very rarely fail on its base, probably because of
friction of the fill and anchoring of the sheet pile penetrated
to some distance into the rock155. Analysis and tests on sheet
pile cells driven into sand indicated that failure by tilting due
to overturning moment should occur long before the maxi-
mum sliding resistance is reached154. Failure by sliding would

occur if the resultant lateral force acts near the base of the cell,
which is an unlikely event 156.

However, sedimentary rock formations frequently contain
clay seams between competent rock strata 157. Slickensides or
a plane of weakness in a rock shelf may exist beneath the cell.
Seams of pervious sand within the clay deposit, which may
permit the development of excess hydrostatic pressure below
the base of the cell, may also exist. Excess hydrostatic pres-
sure reduces the effective stress and, subsequently, reduces
shearing resistance to a very small value. This is a very com-
mon occurrence in alluvial soils158.

Drop of shear strength of clay shale to its residual strength
due to removal of overburden pressure after Bjerrum
observed excavation159. Fetzer160 reported a progressive failure
of clay shale below Cannelton cofferdam.

Hence, the possibility of a deep-seated failure along any
weak seam below a cellular structure always exists before any
other type of failure could occur. A detailed study of the sub-

Figure 15-17:  Rotation – Hansen’s Method, Cell Founded on Soil, Rupture Surface into the Cell Fill

154Ovesen, N. K. (1962). “Cellular Cofferdams Calculation Method and Model Tests,” Bulletin 14, Danish Geotechnical Institute, Copenhagen.
155Belz, C. A. 1970. “Cellular Structure Design Methods,” Design and Installation of Pile Foundations and Cellular Structures, Envo Publishing Co., Inc., Lehigh Valley, Pennsylvania;
Cummings, E. M. 1957 (Sep). “Cellular Cofferdams and Docks,” Journal of the Waterways and Harbors Division, American Society of Civil Engineers, ‘New York, New York.;
Swatek, E. P., Jr. 1967 (Aug). “Cellular Cofferdam Design and Practice,” Journal, Waterways and Harbors Division, American Society of Civil Engineers, New York, New York, WW
3; Swatek, E. P., Jr. 1970. “Summary - Cellular Structure Design and Installation,” Design and Installation of Pile Foundations and Cellular Structures,” Envo Publishing Co., Inc.,
Lehigh Valley, Pennsylvania; TVA Division of Engineering and Construction. 1966 (Nov). “Steel Sheet Piling Cellular Cofferdams on Rock,” Tennessee Valley Authority, Office of
Chief of Engineers, Technical Monograph No. 75, Vol 1, Knoxville, Tennessee.
156Maitland, J. K. and Schroeder, W. L. 1979 (Jul). “Model Study of Circular Sheet Pile Cells,” American Society of Civil Engineers, GT 7, New York, New York.
157Gaddie, T. and Gray, H. 1976 (Aug). “Cellular Sheet Pile Structures,” Corps-Wide Conference on Computer-Aided Design in Structural Engineering, U. S. Army Engineer
Waterways Experiment Station, Vicksburg, Mississippi.
158Lacroix, Y., Esrig, M. I., and Luscher, U. 1970 (Jun). “Design, Construction, and Performance of Cellular Cofferdams,” “Lateral Stresses in the Ground and Earth Retaining
Structures,” Journal, Soil Mechanics and Foundation Division, American Society of Civil Engineers, Specialty Conference, Cornell University, Ithaca, New York, pp 271-328; Wu,
T. H. 1966. “Problems of Stability,” Soil Mechanics, Section 10.9, Allyn and Bacon, Inc., Boston, Massachusetts.
159Bjerrum, L. 1967 (Sep). “The Third Terzaghi Lecture: Progressive Failure in Slopes of Overconsolidated Plastic Clay and Clay Shales,” Journal, Soil Mechanics and Foundation
Division, New York, New York, American Society of Civil Engineers, Vol 98, No. SM 5, Part 1.
160Fetzer, C. A. 1975. “Progressive Failure in Shale (Cannelton Dam Stage I, Cofferdam Failure),” Ohio River Valley Seminar VI, Ft. Mitchell, Kentucky.
161Broms, B. B. 1975. “Landslides,” Foundation Engineering Handbook, Chapter 11, Van Nostrand Reinhold Co., New York, New York.
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surface below the design bottom of the cell and an adequate
sliding analysis should, therefore, be conducted at the time of
a cellular cofferdam design. If any potential for a sliding fail-
ure exists, adequate measures to prevent such failure should
be incorporated in the cell design. Details of such investiga-
tion and preventive measures are discussed in subsequent
paragraphs. Figure 15-19 illustrates how a deep-seated sliding
failure may occur below a cell.

15.3.4.2. Study of Subsurface Conditions
The subsurface investigation should be extended to at least

15 to 20 feet below the design base level of the cell.
Continuous sampling of soils or coring of rock should be per-
formed in the presence of experienced geotechnical person-
nel to identify and locate any weak seam below the base. The
presence of any cracks or joint pattern in the apparently com-
petent rock mass below the base should be carefully investi-

Figure 15-18: Rotation – Hansen’s Method, Cell Founded on Soil, Rupture Surface into the Foundation

Figure 15-19: Deep-seated sliding failure 161
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gated. If soft seams or presheared surfaces due to faulting are
found, extremely low shear strengths approaching the resid-
ual strengths should be used in the analysis. Unless 100 per-
cent core recovery is achieved, the presence of a soft or pres-
heared seam should be assumed where the core is missing.
Investigation of any weak seam below the cell should be
extended to some distance beyond the inboard and the out-
board sides of the cofferdam. This information will be useful
in conducting sliding stability analyses.

15.3.4.3. Methods of Sliding Stability Analysis
15.3.4.3.1. Wedge Method

The FS against sliding failure along a weak seam below the
cell can be determined by using the method of wedge analy-
sis described earlier. For deep-seated sliding, a major portion
of the failure mass slides along the weak seam. Hence, for
each trial analysis, a large part of the failure surface should
pass through the weak seam. The structural wedge is formed
by the boundary of the cell section extended downward to
the assumed failure surface. This wedge acts as the central
block between the active and the passive wedge systems.
Other assumptions including some simplifications made in
the sliding analysis are the same as those discussed earlier.

The effects of cracks in the active wedge system and of
seepage within the sliding mass including the uplift pressure
beneath the structural wedge should be considered in the
manner described earlier. For each trial failure surface system,
the minimum FS should be determined. The lowest value
from all of these trials is likely to be the actual FS against slid-
ing failure. A FS of 1.5 is adequate against a deep-seated slid-
ing failure.

15.3.4.3.2. Approximate Method
The approximate method may be used when the weak

seam is located near the bottom of the sheet pile. The coffer-
dam is subjected to the lateral driving pressures on the out-
board face, the frictional resistance along the bottom of the
cofferdam and berm (if one is used) and the passive resistance
of the soil on the inboard face, as shown in Figure 15-20.
Notation for Figure 15-20:

• B = equivalent width of cell
• HW = head of water on the outboard side
• HS = height of overburden on the outboard side
• HB = height of berm or overburden on the inboard side
• W = weight of cell fill above the weak seam
• PW = hydrostatic pressure due to head, HW
• Pa = active earth pressure due to overburden of height, HS
• PR = resultant of passive earth pressure due to buoyant

weight of the berm + hydrostatic pressure due to height,
HB

• RS = lateral resistance along weak seam

The safety factor for horizontal sliding of the cofferdam is
obtained by considering the driving forces and the potential
resisting forces acting per unit length. The driving forces are

Equation 15-11:
And

Equation 15-12:

where
• Ka = active earth pressure coefficient of overburden mate-

rials
• γ' = submerged unit weight of soil on the outboard side

of the cofferdam
• γ w = unit weight of water = 62.4 pounds per cubic foot

or 9.81 kN/m3

Figure 15-20: Sliding along Weak Seam Near Bottom Of Cell (approximate method)
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The resisting forces are

(1) Passive resistance of soil and berm on inboard face of cof-
ferdams:

Equation 15-13:

Values of Kp should be determined by Rankine or Coulomb 162

theory modified to account for any intersection of the failure
wedge with the back slope of the berm. These theories should
be used because the presence of the rock will not permit a
log-spiral failure to develop.

(2) Friction force along bottom of the cell:

Equation 15-14:

where

• W = effective weight of cell fill =
• γc = unit weight of the cell fill
• γ’c = submerged unit weight of the cell fill
• φ = internal friction angle of the soil

o tan φ = 0.5 for a cell resting on smooth rock
o For clay, φ = 0 and c = c
o For sand, φ = φ and c = 0

The resulting safety factor against sliding is:

Equation 15-15:

15.3.4.3.3. Culmann's Method
For a berm with combined horizontal and inclined sur-

faces, passive pressure should be calculated using Culmann's
graphical method or any other suitable method. The lateral
resistance at the interface of the berm and the weak seam
should also be calculated. The smaller of the lateral resistance
and the passive pressure should be considered in calculating
the FS against sliding163. For overburden with the horizontal
surface to a great distance on the inboard side, the passive
pressure can be calculated, using the passive earth pressure
coefficient Kp. Since no effect of the weak seam is considered
in the passive pressure calculation, the FS based on this pas-
sive pressure may be approximate.

For a more precise analysis, the wedge method described
previously should be adopted.

15.3.4.4. Prevention of Sliding Failure
The potential for sliding stability failure can be consider-

ably reduced by adopting the following measures.

(1) Seepage Control below Cell. The extension of the sheet
piles to considerably deeper levels below the cell will develop
longer drainage paths and reduce the flow rate through the
foundation materials, thereby decreasing the uplift pressure
below the structural and the passive wedge systems and
increasing the FS against sliding failure.

(2) Dissipation of Excess Hydrostatic Pressure. Excess hydro-
static pressure within a sand seam between clay strata below
the cell will be dissipated quickly if adequate relief wells are
installed within the seam. The shear strength of the sand
seam will be increased and the potential for sliding failure
along the seam will be reduced.

(3) Berm Construction on the Inboard Side. An inside berm
will increase the passive resistance and will also aid in length-
ening the seepage path discussed above only if impermeable
berm is used. The berm should be constructed of free-drain-
ing sand and gravel to act as an inverted filter maintaining the
free flow of pore water from the cell fill and the foundation
materials.

The increase in the passive resistance due to berm con-
struction will improve the FS against sliding failure.

15.3.5. Bearing Capacity Analysis
The cells of a cofferdam must rest on a base of firm materi-

al that possesses the bearing capacity to sustain the weight of
the filled cells. Presence of weak soil beneath the cell may
cause a bearing capacity failure of the entire structure induc-
ing the cell to sink or rotate excessively164. Figure 15-21 shows
graphically bearing capacity failure of a cell supported on
weak soil.

The bearing capacity of rock is usually controlled by the
defects in the rock structure rather than the strength alone.
Defective and weak rock, such as some chalks, clay shales, fri-
able sandstones, very porous limestones, and weathered, cav-
ernous, or highly fractured rock may cause very large settle-
ments under a relatively small load and reduce the load bear-
ing capacity. Interbedding of hard (such as cemented sand-
stone) and very soft (such as claystone) layers may also cause
bearing capacity problems165. A cofferdam on rock may not
function properly due to shear failure of soil on the base of
the rock or by deep-seated sliding along any weak seam with-
in the rock. This aspect of the design has been discussed. The
methods of determining bearing capacity of soils and rock to
support a sheet pile cellular structure are discussed below.

162In some cases excessively high values of Kp are obtained from Coulomb theory. These should be avoided. See 5.3.
163Dismuke, T. D. 1975. “Cellular Structures and Braced Excavations,” Foundation Engineering Handbook, Van Nostrand Reinhold, Co., New York, New York.
164Maitland, J. K. 1977. “Behavior of Cellular Bulkheads in Deep Sands,” Ph. D. Thesis submitted at Oregon State University, Corvallis, Oregon.
165Goodman, R. E. 1980. “Applications of Rock Mechanics to Foundation Engineering,” Introduction to Rock Mechanics, John Wiley and Sons, New York, New York, and Sowers, G.
F. 1962. “Shallow Foundations,” Foundation Engineering, McGraw-Hill Book Co., Inc., New York, New York.

346 Sheet Pile Design by Pile Buck



15.3.5.1. Bearing Capacity of Soil
The bearing capacity of granular soils is generally good if

the penetration of the sheet piles into the overburden is ade-
quate and seepage of water underneath the cell base is con-
trolled. Using an adequate berm on the inboard side can con-
trol the seepage that reduces the shear strength of the soil on
the inboard side of the cofferdam and thus reduces the bear-
ing capacity. Cellular structures on clay are not very common.
The bearing capacity of clay depends on the consistency of
the soils; the stiffer or harder the clay, the better the bearing
capacity. For a good bearing capacity, the clay should be stiff
to hard. However, even on relatively soft soils, cellular struc-
tures have been successfully constructed using heavy sand or
rockfill berms166. The bearing capacity of both cohesive and
granular soils supporting cellular structures can be deter-
mined by Terzaghi's method of analysis167. However, the fail-
ure planes assumed for the development of the Terzaghi bear-
ing capacity factors168 do not appear to be as realistic as those
developed specifically for cellular structures by Brinch
Hansen169. Hence, for bearing capacity investigation, the
Hansen method of analysis should also be used170. The inves-
tigation of failure along any weak stratum below the cell can

be conducted by using the limit equilibrium analysis, as dis-
cussed previously. Methods of determining bearing capacity
of soils are given below.

15.3.5.1.1. Terzaghi Method
Since we have already assumed the cofferdam be modelled

as a continuous wall, for bearing capacity failure we can also
assume that the dam can be modelled as a continuous foot-
ing. The ultimate bearing capacity is given by for a continu-
ous, strip-loaded area is defined by the equation

Equation 15-16:

and for a circular loaded area

Equation 15-17:

Where
• γ = unit weight of soil around cell (can be wet for sub

merged)
• B = equivalent cell width
• Nc, Nq and Ng = Terzaghi bearing capacity factors (see

Figure 15-21: Bearing capacity failure

166Cummings, E. M. 1957 (Sep). “Cellular Cofferdams and Docks,” Journal of the Waterways and Harbors Division, American Society of Civil Engineers, ‘New York, New York.
167An excellent overview of the Terzaghi method can be found in Coduto, D.P. (2001) Foundation Design: Principles and Practices. Upper Saddle River, NJ: Prentice-Hall. Coduto
also details Vesic’s method, which is more inclusive of a wide variety of variables, and can be used for this type of analysis. Other references include Dismuke, T. D. 1975. “Cellular
Structures and Braced Excavations,” Foundation Engineering Handbook, Van Nostrand Reinhold, Co., New York, New York, and United States Steel Corporation. 1972. “Cellular
Cofferdams,” US Steel Sheet Piling Design Manual, Pittsburgh, Pennsylvania.
168Terzaghi, K. 1943. “Bearing Capacity,” Theoretical Soil Mechanics, John Wiley and Sons, Inc., New York, New York.
169Brinch Hansen, J. 1961. “Stability and Foundation Problems,” Pressure Calculation, The Danish Technical Press, The Institution of Danish Civil Engineers, Second Edition,
Copenhagen.
170Gaddie, T. and Gray, H. 1976 (Aug). “Cellular Sheet Pile Structures,” Corps-Wide Conference on Computer-Aided Design in Structural Engineering, U. S. Army Engineer
Waterways Experiment Station, Vicksburg, Mississippi.
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Table 15-2); these are functions of the internal angle of
friction of the soil φ

• c = cohesion of soil
• Df = distance from the ground surface to the toe of the

cell.

The FS against bearing capacity failure should be deter-
mined by the maximum pressure at the base of the cellular
structures. Figure 15-22 shows the section of cofferdam of
equivalent width, B, and subjected to a hydrostatic pressure
of PW, and active and passive pressures of Pa and PR, respec-
tively.

The net overturning moment due to these lateral pressures
is given by

Equation 15-18:

where HW, HS, and HB are as shown in Figure 15-22. The
bearing soil is subjected to a uniform vertical compressive
stress of W/B, where W is the weight of the cell fill. In addi-
tion, the soil is also subjected to a compressive stress devel-
oped due to the net overturning moment, M. This stress is
equal to 6M/B2. Hence, the FS against bearing capacity failure
is

Equation 15-19:

where qfcan be determined from Equation 15-16.171 The FS
for sand should not be less than 2 and for clay not less than
3, as given in Table 15-1.

15.3.5.1.2. Hansen Method
In the Hansen method of analysis, cells supported on soils

are assumed to have surface of rupture within the cell fill
(convex failure surface) or in the foundation soils below the
cell (concave failure surface). Both possibilities must be inves-
tigated to determine the minimum FS. Details of this method
of analysis have been discussed in 15.3.3.3.

15.3.5.1.3. Limit-equilibrium Method
This analysis is based on assumed plane failure surfaces

that form the bases of the failure wedges. A FS is applied to
the material strength parameters such that the failure wedges
are in limiting equilibrium. The critical failure surface with
the lowest safety factor is determined by trial wedge method.
Details of this method of analysis have been discussed earlier.
For the preliminary design of a cofferdam on soils, bearing
capacity can be determined by the Terzaghi method.
However, more rigorous analysis by the limit- equilibrium
method should be applied for the final design. Hansen's
method of analysis should be used to determine FS against a
rotational failure of the cellular structure.

15.3.5.2. Bearing Capacity of Rock
The bearing capacity of rock is not readily determined by

laboratory tests on specimens and mathematical analysis,
since it is greatly dependent on the influence of nonhomo-
geneity and microscopic geologic defects on the behaviour of
rock under load172. The bearing capacity of homogeneous
rock having a constant angle of internal friction and uncon-
fined compressive strength qu can be given as 

Table 15-2: Terzaghi Bearing Capacity Factors 
(after EM 1110-1-1905)

φ’,
Degrees

0 1.00 5.70 0.0
2 1.22 6.30 0.2
4 1.49 6.97 0.4
6 1.81 7.73 0.6
8 2.21 8.60 0.9
10 2.69 9.60 1.2
12 3.29 10.76 1.7
14 4.02 12.11 2.3
16 4.92 13.68 3.0
18 6.04 15.52 3.9
20 7.44 17.69 4.9
22 9.19 20.27 5.8
24 11.40 23.36 7.8
26 14.21 27.09 11.7

28 17.81 31.61 15.7

30 22.46 37.16 19.7
32 28.52 44.04 27.9
34 36.50 52.64 36.0
35 41.44 57.75 42.4
36 47.16 63.53 52.0
38 61.55 77.50 80.0
40 81.27 95.66 100.4
42 108.75 119.67 180.0
44 147.74 151.95 257.0
45 173.29 172.29 297.5
46 204.19 196.22 420.0
48 287.85 258.29 780.1
50 415.15 347.51 1153.2

Nq Nc Nγ

171This equation is valid in this format for continuous foundations only (such as a cellular cofferdam wall.) For a single circular foundation, see Example 28.
172D'Appolonia, E., D'Appolonia, D. J., and Ellison, R. D. 1975. “Drilled Piers,” Foundation Engineering Handbook, Van Nostrand Reinhold, Co., New York, New York; Goodman, R.
E. 1980. “Applications of Rock Mechanics to Foundation Engineering,” Introduction to Rock Mechanics, John Wiley and Sons, New York, New York; Sowers, G. F. 1962. “Shallow
Foundations,” Foundation Engineering, McGraw-Hill Book Co., Inc., New York, New York.
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Equation 15-20:

Where

To allow for the possibility of unsound rock, a high value
of the FS is generally adopted to determine allowable bearing
pressure. A FS of 5 may be used to obtain this allowable pres-
sure from Equation 15-20. Even with this FS, the allowable
loads tend to be higher than the code values sampled in Table
15-3. In the absence of test data on rock samples, the some-
what conservative values in Table 15-3 may be used for pre-
liminary design.

When the rock is not homogeneous, the bearing capacity is
controlled by the weakest condition and the defects present
in the rock. For a rock mass having weak planes or fractures,
direct shear tests conducted on presawn shear surfaces give
lower bound residual shear strengths173. A minimum of three
specimens should be tested under different normal stresses to
determine cohesion c and angle of internal friction. The ulti-
mate bearing capacity can then be determined from Equation
15-16 and Equation 15-17 (Terzaghi method) by using the c
and values obtained as described above.

Figure 15-22: Base soil pressure diagram

173Clough, G. W. and Hansen, L. A. 1977. “A Finite Element Study of the Behavior of the Willow Island Cofferdam,” Technical Report CE-218, Department of Civil Engineering,
Stanford University.
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15.3.6. Settlement of Sheet Pile Cofferdam
A cellular cofferdam underlain by compressible soils below

its base will undergo settlement due to the weights of the cell
and berm fills. As observed by Terzaghi178, if the compressible
soils below the cofferdam continue to consolidate after the

overturning moment has been applied, a relatively small
moment suffices to produce a very unequal distribution of
pressure at the base of the cell. This reduces the capacity of
the cofferdam to carry overturning moment. Large postcon-
struction settlements of cellular wharf structure might dam-

174Thorburn, S. H. 1966. “Large Diameter Piles Founded in Bedrock,” Proceedings of Symposium on Large Bored Piles, Institute of Civil Engineers, London; Woodward, R. J., Gardner,
W. S., and Greer, D. M. 1972. Drilled Pier Foundations, McGraw-Hill Book Co., Inc., New York, New York. When a range is given, it relates to usual rock conditions. According to
typical building codes, reduce values accordingly to account for weathering or unrepresentative fracturing.
175Thickness of beds greater than 1 m, joint spacing greater than 2 m; unconfined compressive greater than 7.7 MPa (for a 4” cube).
176Institution of Civil Engineers Code of Practice 4.
177Sound rock such that it rings when struck and does not disintegrate. Cracks are unweathered and open lines less than 1 cm.
178Terzaghi, K. 1945. “Stability and Stiffness of Cellular Cofferdams,” American Society of Civil Engineers, Transactions, Vol 110, Paper No. 2253, pp 1083-1202.

Table 15-3: Allowable Bearing Pressures for Fresh Rock of Various Types 174

Rock Type

Massively bedded United Kingdom176 3.8
limestone175

Dolomite Late Palaeozoic Chicago 4.8

Dolomite Upper Palaeozoic Detroit 1.0-9.6

Limestone Late Palaeozoic Kansas City 0.5-5.8

Limestone Upper Palaeozoic St. Louis 2.4-4.8

Mica schist Precambrian Washington 0.5-1.9

Mica schist Precambrian Philadelphia 2.9-3.8

Manhattan schist177 Precambrian New York 5.8

Fordham gneiss177 Precambrian New York 5.8

Schist and slate Precambrian United Kingdom 176 0.5-1.2

Argillite Cambridge, MA 0.5-1.2

Newark shale Triassic Philadelphia 0.5-1.2

Hard, cemented shale Cretaceous United Kingdom176 1.9

Eagleford shale Dallas 0.6-1.9

Clay shale United Kingdom176 1.0

Pierre shale Cretaceous Denver 1.0-2.9

Fox Hills sandstone Tertiary Denver 1.0-2.9

Solid chalk Cretaceous United Kingdom 176 0.6

Austin chalk Cretaceous Dallas 1.4-4.8

Friable sandstone and Tertiary Oakland 0.4-1.0

claystone

Friable sandstone (Pica Quaternary Los Angeles 0.5-1.0

formation)

Age Location Allowable Bearing
Pressure (MPa) (1

MPa=10.4 tsf)
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age the deck slab and interfere with all normal operations
from the deck. A study of settlement behaviour of a cellular
structure is an essential part of the design. This settlement can
be computed by classical consolidation theory if the cell is
underlain by clay, and by methods such as the Schmertmann
method if underlain by granular soils.

15.3.6.1. Settlement of Cofferdam on Clay
In a clay layer beneath the cofferdam, more settlement will

occur below the centre than will occur below the edges of the
cofferdam because of larger stresses below the centre than the
edges under the uniform flexible load of the cell fill at the
base of the cells. Additional unequal settlements will occur
below the cells if berm or backfill is present on one side of the
cofferdam. Figure 15-23 is a sketch of a cell on compressible
soils underlain by rock.

Stresses at various levels below the centre and the sides of
the cellular cofferdam can be determined using Boussinesq's
theory of stress distribution. The load due to cell fill in the

cofferdam may be assumed a uniformly distributed contact
pressure of a continuous footing of equivalent width B. For
preliminary calculation, B may be taken as 0.85 times the cell
diameter. If no rock is encountered at a relatively shallow
depth, the Boussinesq or Westergaard charts as shown in
most soil mechanics textbooks may be used to compute
stresses in the compressible soil below any point in the cof-
ferdam.

If rock is encountered at a relatively shallow depth, stress-
es may be computed from the influence values given in the
Sovinc179 chart that includes correction for the finite thickness
of the stressed medium (Figure 15-24). The trapezoidal sec-
tion of the berm fill may be approximated to a rectangular
section and the stresses may then be computed as described
before. Alternately, the berm section may be divided into a
rectangular and a triangular section. The stresses below the cell,
due to these rectangular and triangular surface loadings, may
then be calculated using vertical stress tables by Jumikis 180 or
from appropriate charts given in textbooks.

Figure 15-23: Cellular cofferdam on compressible soils

179Sovinc, I. 1961. “Stresses and Displacements in a Limited Layer of Uniform Thickness, Resting on a Rigid Base, and Subjected to a Uniformly Distributed Flexible Load of
Rectangular Shape,” Proceedings, Fifth International Conference on Soil Mechanics and Foundation Engineering, Vol 1, p 823, Paris, France.
180Jumikis, A. R. 1971. “Vertical Stress Tables for Uniformly Distributed Loads on Soil,” Engineering Research Publication No. 52, Rutgers University, New Brunswick, New Jersey.
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15.3.6.2. Settlement of Cofferdam on Sand
The settlement of a foundation on sand occurs at a very

rapid rate following application of the load. For a cellular cof-
ferdam on sand, a large part of the settlement of the founda-
tion soils would occur during placement of fill inside the
cells. As discussed before, the estimate of the total and differ-
ential settlements of a cellular structure is very important to
examine any possibility of damage due to such settlements.
The settlement of a structure on granular soils can be calcu-
lated by Schmertmann’s or other methods.

15.3.6.2.1. Settlement Due to Dewatering 
of Cofferdam Area

Dewatering may cause drawdown of water levels within
soil layers below existing structures or utility lines near the
cofferdam area. This drawdown increases the effective weight
of the soil layers previously submerged. Drawdown of water
levels below the dredge level increases the effective stress in
soils below the base of the cell. This increase in effective stress
causes settlements of compressible soils underneath the
structures within the drawdown zone181. An estimate of these
settlements is possible by using the methods discussed earli-
er utilizing the drawdown depths to be determined by proce-
dures below.

15.3.7. Seepage Analysis
Generally, two types of seepage are to be considered for

designing a cellular cofferdam: seepage through the cell fill
and foundation underseepage.

15.3.7.1. Seepage through Cell Fill
The free water surface within the cell fill is to be estimated

in order to check the stability of the assumed cell configura-
tion. In general, the slope of the free water surface or satura-
tion line may be assumed to be as shown in Figure 15-6,
Figure 15-7 or Figure 15-8. The effects on the saturation line
during maximum pool, initial filling, and drawdown condi-
tions have been discussed in 15.2.3. For simplifying seepage
computations, a horizontal line may be chosen at an elevation
representative of the average expected condition of saturation
of the cell fill182. However, adequate measures (e.g., providing
weep holes and keeping free-draining quality of cell fill)
should always be adopted to assure a reasonable low eleva-
tion of saturation.

The zone of saturation within the cell fill is influenced by
the following factors:

(a) Leakage of water into the cell through the outboard
piles.

(b) Drainage of water from the cell through the inboard
piles.

(c) Lower permeability than expected of the cell fill.
(d) Flood overtopping the outboard piles or wave splash.
(e) Possible leakage of water into the cell fill from any

pipeline crossing the cells.

Figure 15-24: Influence value I for vertical stress
P at depth 2 below the centre of a rectangular
loaded area on a uniformly thick layer resting on
a rigid base.

181Lincoln, Frank L. 1963 (Oct). “Reconstruction of Dry Dock No. 3 at the Portsmouth Naval Shipyard (Part Two),” Journal of the Boston Society of Civil Engineers, Boston, MA,
Vol 50, No. 4.
182United States Steel Corporation. 1975. “Cellular Cofferdams,” US Steel Sheet Piling Design Manual, Pittsburgh, Pennsylvania.
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Sometimes leakage through torn interlocks may occur if sec-
ond-hand piles are used. For a permanent structure to retain
high heads of water, new sheet piles in good condition should
preferably be used183.

The hoop stresses due to cell fill are much smaller near the
top than at the bottom of the cell. Hence, during the high
flood period when the water rises near the top of the cell,
water may leak into the cell through the top of the interlocks
because of relaxation of the interlock joints. Therefore, the
drainage facilities of the cell fill should always be well main-
tained. Floodgates should be provided such that the interior
of the cofferdam can be flooded before the rising water over-
tops the cells.

Very hard driving in dense stratum or rock may open the
sheet pile joints near the bottom of the cell causing leakage of
water into the cell. If subsurface investigation indicates pres-
ence of such stratum, limitations regarding hard driving of
sheet piles should be included in the contract specifications.

15.3.7.2. Foundation Underseepage
Cofferdams are primarily used for dewatering of construc-

tion areas and must sometimes withstand very high differen-
tial heads of water. The design of such a cofferdam must sat-
isfy three conditions:

(1) The sand along the outer face of the dam should be ade-
quately protected against erosion,

(2) The dam should be stable enough to withstand the later-
al pressures imposed by soil and water;

(3) The soil at the inboard toe must be able to support the
pressure on the base of the dam despite the tendency of the
seepage forced to reduce the buoyant weight and liquefy the
sand at the toe.

If the cofferdam is supported on sand, seepage of water
from the upstream to the downstream sides will occur
through the sand stratum underneath the sheet piles due to
the differential heads. Foundation problems, because of this
seepage, have been discussed in various publications184. Major
problems associated with seepage below a sheet pile cellular
structure are:

• Formations of pipe, boils, or heave of the soil mass in
front of the toe because of the exit gradient exceeding the
critical hydraulic gradient. Boils and heave will consider-
ably lower the bearing capacity of the soil resulting in toe
failure of the cell. Piping causes loss of materials under-
neath the cell foundation and may cause excessive settle-
ment and eventual sinking of the cell.

• Upward seepage forces at the toe may excessively reduce
the passive resistance of the soil. This loss of lateral resist-
ance may cause sliding failure of the cell. Seepage forces
acting on the soils at the inboard face of the cell may
increase the hoop stress excessively in the sheet piles185.
This may increase the possibility of interlock failure of
the sheet piles and result in the loss of cell fill.

The analysis of foundation underseepage with cellular cof-
ferdams follows the same theory and procedures shown in
Chapter 7 for sheet pile cofferdams. An example of flow net-

183Swatek, E. P., Jr. 1970. “Summary - Cellular Structure Design and Installation,” Design and Installation of Pile Foundations and Cellular Structures,” Envo Publishing Co., Inc.,

Lehigh Valley, Pennsylvania.
184Gaddie, T. and Gray, H. 1976 (Aug). “Cellular Sheet Pile Structures,” Corps-Wide Conference on Computer-Aided Design in Structural Engineering, U. S. Army Engineer

Waterways Experiment Station, Vicksburg, Mississippi and Terzaghi, K. 1945. “Stability and Stiffness of Cellular Cofferdams,” American Society of Civil Engineers, Transactions,
Vol 110, Paper No. 2253, pp 1083-1202.

Figure 15-25: Partial flow net beneath a cell on sand
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ting is shown in Figure 15-25. The width of the foundation of
cellular cofferdams makes the problem of flow netting similar
in some ways to that with earth or concrete dams. Finite ele-
ment analysis can also be used. Some items that should be
kept in mind with this kind of analysis are as follows:

1) As with braced cofferdams, the critical area of analysis for
piping or boiling is on the “excavation” side of the sheet pile
wall, i.e., the area “abcd” shown in Figure 15-25.

2) The gradient factor of safety against piping or boiling
should be at least 1.5. For clean sand, exit gradients between
0.5 and 0.75 will cause unstable conditions for men and
equipment. To provide security against piping failures, exit
gradients should not exceed 0.30 to 0.40. High values of the
hydraulic gradient near the toe of the cell greatly reduce the
effective weight of the sand near the toe and decrease the pas-
sive resistance of the soils. This will increase the possibility of
sliding failures of cofferdams.

3) The total flow under the cofferdam can be determined
from the flow net in addition to the critical gradient.

15.3.7.3. Control of Seepage
The following methods may be adopted to prevent seepage

problems:

15.3.7.3.1. Penetration of Sheet Piles to Deeper Levels
The penetration of sheet piles deep into the sand stratum

below the dredge line will increase the length of the percola-
tion path that the water must travel to flow from the upper to
the lower pool under the cofferdam186. The exit gradient to be
determined from the new flow net can be lowered to an
acceptable value of 0.3 to 0.4, as discussed before, by ade-
quately increasing the penetration depth of the sheet piles.
The excess hydrostatic force U acting on prism abcd (Figure
15-25) will also be reduced to yield a higher value of the fac-
tor of safety. Terzaghi recommends a penetration depth equal
to 2H/3 to reduce hydraulic gradients at critical locations,
where H is the upstream head of water. If the water level is
lowered to at least H/6 below the inboard ground surface, the
penetration may be reduced about one-half the height.
However, critical hydraulic gradients should always be
checked by actual flow net analysis.

15.3.7.3.2. Providing Berm on the Downstream Surface
Deeper penetration of sheet piles in some cases may be

uneconomical and impractical. A pervious berm can then be
used on the downstream side to increase the FS against pip-
ing failures. The berm being more permeable than the pro-
tected soil will not have any influence on the flow net, but
will counteract the vertical component of the seepage force.

The factor of safety will then be

Equation 15-21: 

Where
• U = the excess hydrostatic force acting per unit length of

the prism “abcd”
• W' = submerged weight of the prism of unit length
• W = added weight of this berm acting as inverted filter

The effect of the berm can be enhanced by covering the
danger zone with a loaded, inverted filter under the berm.
The filter material must satisfy two independent conditions.
It should be coarse enough to permit free discharge of the
seepage water and its largest voids must be small enough to
prevent clogging from the finer soil particles of the underly-
ing soil.

15.3.7.3.3. Increasing the Width of Cofferdam
The equivalent width of the cofferdam can be increased by

using larger diameter cells. This will increase the percolation
path of water under the cell from the outboard to the inboard
sides. Adequate design may eliminate the necessity of berm
on the downstream side. This may be very convenient for
construction but is very expensive.

15.3.7.3.4. Installation of Pressure Relief Systems
The exit gradient can also be reduced using adequate pres-

sure relief systems that will lower the artesian head below the
bottom of excavation to control upward seepage force187. The
relief wells act as controlled artificial springs that prevent
boiling of soil. If the discharge required to produce head
reduction is not excessive, better drainage and, therefore,
increased stability can often be realized by installation of well
points and deep wells underneath the cells near the inboard
side. These serve to pick up the flow of water into the coffer-
dam area under the sheet pile perimeter. The well can be
pumped individually by turbine pumps or connected to a
collector pipe with a centrifugal well point pump system.

15.3.8. Internal Cell Stability
15.3.8.1. Basic Concepts

Internal cell stability refers to prevention of both failure
due to failure of the interlocks and failure due to inadequate
horizontal or vertical shear resistance. Before we get to the
methods of computing internal cell stability, we need to high-
light two important concepts: maximum internal cell pres-
sure and the point of fixity for the inboard sheets.

15.3.8.1.1. Maximum Internal Cell Pressure
Basic soil mechanics indicate that the pressure inside of the

cofferdam cell will increase with depth. How this pressure

186White, R. E. 1962. “Caissons and Cofferdams,” Foundation Engineering, McGraw-Hill Book Co., New York, New York.
187Mansur, C. I. and Kaufman, R. I. 1962. “Dewatering,” Foundation Engineering, G. A. Leonards, McGraw-Hill Book Co., Inc., New York, New York.
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increases, and what affect it has on various aspects of internal
cell stability, depends upon the type of fill, the location of the
saturation line, the type of foundation (rock or soil), the
interaction of the cell fill at the inboard sheeting with the
overburden or berm, and other factors.

At the centreline of the cell, the computation is straightfor-
ward. If the saturation line is assumed straight, (which it usu-
ally is) the location of the phreatic surface at the centreline is
the average of the height of the saturation line at the outboard
face and the inboard face. The lateral pressure at the centre-
line is the effective stress multiplied by a lateral earth pressure
coefficient. The value of that lateral earth pressure coefficient
is not a conventional active earth pressure coefficient and its
value has been a source of controversy since rational cellular
cofferdam design began with TVA’s work in the 1930’s.

With the inboard face, (which is the most likely point of
interlock failure) the maximum internal cell pressure acting
on the inboard sheets takes place at a point other than the
bottom of the cofferdam, as is the case at the centreline,
because of interaction with the berm, overburden, founda-
tion, or a combination of these. The location of this point
varies with the type of foundation and berm being used; var-
ious lateral earth pressure charts for the inboard sheets are
shown in Figure 15-26.

These pressures project themselves on the inboard sheet-
ing. To illustrate how these charts can be used, consider the
case of Figure 15-26(a). This is the classic TVA “cofferdam in
rock” case; here, their engineers generally assumed that the
maximum pressure occurs at a point one-fourth of the total
cell height from the bottom. The interlock tension thus devel-
oped in a cellular cofferdam on rock is a function of the vari-

ation of the internal cell pressure. From this pressure dia-
gram, the following equation for the maximum cell pressure
at point “b” can be computed as follows:

Equation 15-22 

(Figure 15-26(a))

Where
• p = maximum inboard sheeting pressure, psf
• K = coefficient of internal pressure for cellular cofferdam

fill, depending upon the type of cell fill material and the
method of placement (see Table 15-4). For hydraulic fill,
TVA used the Coulomb active coefficient together with
full water pressure.

• H, H1, H2 as shown in Figure 15-26 In a similar way, for
the case shown in Figure 15-26(a), lateral pressures at
the other points can be computed as

Equation 15-23:

Equation 15-24:

Where pH1 , pH2 are the pressures at the heights H1 and H2,
respectively.
These pressures known, the net force PT can be computed
using the equation

Figure 15-26: Resultant Interlock Pressure and Point of Maximum Horizontal Pressure
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Equation 15-25:

(Figure 15-26(a))

where PT = net force on the inboard sheets. Values for p and
PT for the other two cases can be computed in a similar man-
ner from the lateral earth pressure profiles.

15.3.8.1.2. Point of Fixity
Figure 15-26(b) illustrates yet another important concept

that concerns the inboard sheeting and thus the internal cell
stability: the location of the point of fixity. If the berm or over-
burden is higher than the H/4 point of maximum pressure in
Figure 15-26(a), the point of maximum pressure will shift
from the H/4 point to the level of the berm or overburden. In
this condition, the inboard sheets act like a cantilever sheet
pile wall, and since the passive pressures are greater than the
active ones, the slope of the lateral pressure line will reverse
itself below the top of the berm or overburden and eventual-
ly the net pressure will equal zero. This point is referred to as
the point of fixity, and is shown in Figure 15-26(b). Although
the value of p for this case can be computed without know-
ing the point of fixity, to arrive at a value of PT does require
establishing the point of fixity.

15.3.8.2. Pile Interlock Tension
A cell must be stable against bursting pressure, i.e., the

pressure exerted against the sheets by the fill inside the
cell must not exceed the allowable interlock tension.
The FS against excessive interlock tension is defined as

the ratio of the interlock strength as guaranteed by the man-
ufacturer to the maximum computed interlock tension. The
interlock tension developed in a cell is a function of both the
internal cell pressure and the radius of the cell. The maxi-
mum interlock tension in the main cell is given by

Equation 15-26: t= p R

Where
• t = interlock tension, lbs.
• R = radius of cellular cofferdam, feet (see Figure 15-27)

Since the radii of connecting arcs are so much smaller than
the main cells and the action within approximates bin action,
there is generally no need to check interlock stresses in these
elements. However, the pull generated by the connecting arcs
is transferred to the main cells through the connector tees or
wyes. It is assumed that the maximum stress in the cell inter-
locks occurs in the cross wall sheets adjacent to the connec-
tor pile. The interlock stress at the connections as shown in
Figure 15-27, and may be approximated by 

Method of 
Placement

Hydraulic 1.4Ka 1.5Ka 1.6Ka
dredge

Placed dry 1.4Ka 1.5Ka
and sluiced

Wet 1.3Ka 1.4Ka 1.5Ka
clammed

Dry material 1.3Ka 1.4Ka
placed in dry

Dumped 1.2Ka 1.3Ka 1.4Ka
through
water

Crushed
Stone

Type of Material

Coarse Sand
and Gravel

Fine Sand Silty Sand
and Gravel

Clayey Sand
and Gravel

Table 15-4: Coefficients of Internal Pressure
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Equation 15-27: tmax=p L sec (θ) 
Where

• tmax = interlock tension at connection
• p = as previously defined
• L = as shown in Figure 15-27
This value of tmax is smaller than when computed by the

“exact” analysis of combining the ring tension of the small
and large cells into a force polygon.188

It must be emphasized, however, that the above equation is
an approximation since it does not take into account the
bending stresses in the connection sheet pile produced by the
tensile force in the sheet piles of the adjacent cell.
Consequently, for critical structures, special analyses such as
finite element should be used to determine interlock tension
at the connections. In computing the maximum interlock
tension, the location of the maximum unit horizontal pres-
sure p should be assumed to occur at a point one fourth of
the height of the cell above the level at which cell expansion
is fully restrained. Full restraint can be assumed where the
external passive forces, due to overburden or a berm, and
hydrostatic forces equal the internal cell pressures. In this
case, it is generally sufficiently accurate and conservative to
assume the point of maximum pressure to be at the top of the
overburden or berm.

When there is no overburden or berm, full restraint can be
assumed to be at top of rock if the piling is seated on and
bites into the rock. Maximum pressure should be assumed to
occur at the base of cells that are neither seated in rock nor
fully restrained by overburden or berm. See Figure 15-26 for
typical pressure distributions. As stated previously, future
changes in the depth of overburden, removal of berms,
changes in saturation level in the cell fill, rate of dewatering,
etc., must be anticipated when determining the maximum
interlock tension.

15.3.8.2.1. Dealing with Interlock Tension
In order to minimize interlock tension, the following

details should be considered:

(1) Adequate weep holes should be provided on the interior
sides of the cells in cofferdams to reduce the degree of satu-
ration of the cell fill. The weep holes should be adequately
maintained during the life of the cofferdam.

(2) Hydraulic filling of cells at low water conditions will pro-
duce the maximum stress in the interlocks and is a good test
for the integrity of the cell. Some failures that did not affect
the safety of the completed cofferdam have appeared during
filling where the consequences are much less serious. One
example of a failure that takes place during hydraulic filling
is driving the sheets out of interlock. This results from driv-
ing through excessive overburden or striking boulders in the
overburden. Overburden through which the piling must be
driven should be limited to 30 feet. If the overburden exceeds
this depth, consideration should be given to removing the
excess prior to pile driving. The degree to which boulders
may interfere with watertightness and driving of the cells can
be estimated after a complete foundation exploration pro-
gram.

(3) In an effort to reduce the effect of the connect-
ing arc pull on the main cells, wye connectors are
preferable to tees since the radial component of the
pull on the outstanding leg is less for arcs of equal
radius. Manufacturers in the United States provid-
ed suggested layouts plans with geometrical
dimensions which fit piling for circular cofferdams
based on fitting piles to geometrics. When 90º tees
were utilized, cells were purposely held as closely
together as possible to obtain a small radius and
activate bin action to avoid excessive pull from the
arcs. The use of 30º wye connectors was an
improvement in that it reduced the radii of arcs
and allowed the main cells to be placed further
apart.

(4) Pull on the outstanding leg of connector piles
can be reduced by keeping the radius of the con-

necting arc as small as practicable. The arc radius should not
exceed one half of the radius of the main cell.

(5) Since tees and wyes are subjected to high local bending
stresses at the connection, strong ductile connections are
essential. Welded connections do not always meet this
requirement because neither the steel nor the fabrication pro-
cedure is controlled for weldability. Therefore, all fabricated
tees, wyes, and crosspieces shall utilize riveted connections.
In addition, the piling section from which such connections
are fabricated shall have a minimum web thickness of one-
half inch. 

Figure 15-27: Interlock Stress at Connection
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(6) Only straight web pile sections shall be used for cells, as
the hoop-tension forces would tend to straighten arch webs,
thus creating high bending stresses.

(7) Used piling is often utilized with little regard to the man-
ufacturer. Because of small differences in interlock configura-
tion and dimensional tolerances, sheets from different manu-
facturers may not be compatible and may not develop the
assumed interlock strength. Splices have been made without
considering the dimensions of the sheets joined. Splicing two
sheets that do not have exactly the same width can cause a
stress concentration in the narrower sheet. Where previously
used piling is employed, care should be taken to ensure both
that the sheets are gauged and will interlock, and that the
sheets are compatible for splicing.

15.3.8.3. Shear Failure within the Cell 
(Resistance to Tilting)

Both the mechanism and the method of calculation of
the shear failure within the cell have been the subject of
controversy since the beginning of rational cellular coffer-
dam design.

One of the lasting triumphs of the TVA effort was the
determination by TVA engineers that resistance of the fill to
vertical shearing along the centreline of the cofferdam was
the actual basis for stability, with assistance from interlock
frictional forces. Using this approach TVA successfully
designed a number of large cofferdams. They were able to
come to this conclusion in advance of Karl Terzaghi189, who
arrived at this same decision independently and unaware of
TVA’s work. The method of Schroeder and Maitland190 is an
advance on both TVA and Terzaghi theory, although the
basic premise is the same.

Based on his own experiments and other considerations,
Cummings191 concluded that the primary shear resistance
takes place by resisting sliding on horizontal planes, as
opposed to vertical ones. Cummings’ theory has been con-
troversial from its publication, in part because no experi-
mental evidence has shown a failure mode similar to the
one upon which his theory is based.192

However, in view of the seriousness of the consequences
of failure in cellular cofferdams, both vertical and horizon-
tal shear should be checked to determine the adequacy of
the cell to resist tilting. For vertical shear, this would
include the Terzaghi-TVA and the Schroeder-Maitland
Methods; for horizontal shear, this includes Cummings’
Method.

15.3.8.4. Vertical Shear Resistance
15.3.8.4.1. Terzaghi’s Method

Excessive shear on a vertical plane through the centre line
of the cell is a possible mode of failure by tilting. For stabili-
ty, the shearing resistance along this plane, together with the
frictional resistance in the interlocks, must be equal to or
greater than the shear due to the overturning forces. The fric-
tional resistance in the interlocks must be included since
shear failure cannot occur without simultaneous slippage in
the interlocks. Figure 15-28a shows the assumed stress distri-
bution on the base due to the net overturning moment. The
total shearing force on the neutral plane at the centre line of
the cell is equal to the area of the triangle.

189Terzaghi, K. 1945. “Stability and Stiffness of Cellular Cofferdams,” American Society of Civil Engineers, Transactions, Volume 110, Paper No. 2253, pp 1083-1202. Considering
Terzaghi’s prodigious achievements in soil mechanics and foundation design, this was no mean feat.
190Schroeder, W. L. and Maitland, J. K. 1979 (Jul). “Cellular Bulkheads and Cofferdams,” Journal, Geotechnical Engineering Division, American Society of Civil Engineers, New
York, New York, Vol 105, GT 7, Paper 14713, pp 823-837.
191Cummings, E. M. 1957 (Sep). “Cellular Cofferdams and Docks,” Journal of the Waterways and Harbors Division, American Society of Civil Engineers, ‘New York, New York.
192Rossow, M., Demsky, E., and Mosher, R. (1987) Theoretical Model for Design of Cellular Sheet Pile Structures (Cofferdams and Retaining Structures) ITL-87-5. Vicksburg, MS:
U.S. Army Corps of Engineers, Waterways Experiment Station.

Figure 15-28: Vertical shear resistance, Terzaghi method
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Equation 15-28:

where Q = total shearing force per unit length of cofferdam,
and the net overturning moment M is given by Equation 15-
18.

To prevent rupture, the shear resistance on the neutral
plane must be equal to the shearing force Q on this plane.
The shear resistance on the neutral plane is due to the lateral
pressure of the cell fill and is equal to this pressure times the
coefficient of internal friction of the cell fill. Thus, as illustrat-
ed in Figure 15-28(b),

Equation 15-29:

Where
• Ps = total lateral force per unit length of cofferdam due to

cell fill
• γ = unit weight of cell fill above saturation line
• γ’ = submerged unit weight of cell fill
• K = empirical coefficient of earth pressure. D.P. Krynine 193

has suggested obtaining K from Mohr's Circle projec-
tions, in which case

Equation 15-30: (Krynine)

The vertical resisting shear within the cell fill along the cen-
treline of the cofferdam is equal to

Equation 15-31:

The frictional resistance in the sheet pile interlock is equal
to the interlock tension times the coefficient of friction of steel
on steel. The resistance against slippage per unit length is
therefore

Equation 15-32:
Where

• SF= frictional resistance against slippage
• f = coefficient of friction of steel on steel at the interlock

= 0.3

The lateral pressure is assumed to reduce to zero at a point
c because the lower end of the piling bites into the rock,
reducing the ring tension. The total shearing resistance along

the centreline of the cell per unit length is therefore

Equation 15-33:

The safety factor against failure is

Equation 15-34:

The foregoing is applicable to cells founded on rock, sand,
or stiff clay. The determination of PT is dependent upon
whether the piling is seated on rock, the presence of a berm
or overburden, and the degree of restraint provided thereby,
as discussed previously. In the case of cells on soft to medium
clay, a relatively small overturning moment will produce an
unequal distribution of pressure on the base of the fill in the
cell causing it to tilt. The stability of the cell is virtually inde-
pendent of the strength of the cell fill since the shear resist-
ance through vertical sections offered by the cell fill cannot be
mobilized without overstressing the interlocks. Therefore, for
cells on compressible soils, the shear resistance of the fill in
the cells is neglected, and the factor of safety against a verti-
cal shear failure is based on the moment resistance mobilized
by interlock friction as follows:

Equation 15-35:

Where
• P = pressure difference on the inboard sheeting
• R = radius

15.3.8.4.2. Schroeder-Maitland Method194

This design approach is a variation of the Terzaghi method of
vertical shear resistance. It is particularly applicable to cells
founded on sand or stiff to hard clay. The main premises, as
determined from field and laboratory studies, are:

• The coefficient of lateral earth pressure K should be taken
as 1 as a result of the compression the cell fill undergoes
during the application of the overturning force; and

• The height of the cell over which vertical shear resistance
is applied should extend from the top of the sheet piles
on the cell centre line to the point of fixity for the embed-
ded portion of the sheets.

Thus, as illustrated in Figure 15-29:

Equation 15-36:

193Krynine, D.P. (1945) “Discussion on Stability and Stiffness of Cellular Cofferdams.” Transactions of the American Society of Civil Engineers, Vol. 110. Krynine detonated yet anoth-
er controversial point in cellular cofferdam design, because, according to his formula, the higher the φ angle and the better the soil, the value of K decreases. Terzaghi recommend-
ed that the Rankine Ka be multiplied by 1.2 to 1.6 for K. As an example of the difference between the two theories, for sand having a φ value of 30º, the Rankine Ka is
0.33. Terzaghi's recommendation for a 20 to 60 percent increase would result in K values of .40 to .53. Krynine's value from Equation 15-30 would set K at about .60. For the pur-
poses of this manual, the K for Equation 15-29 will be computed using Equation 15-30, and that for Equation 15-22 (and related equations and problems) will be computed using
the values given in Table 15-4.
194Schroeder, W. L. and Maitland, J. K. 1979 (Jul). “Cellular Bulkheads and Cofferdams,” Journal, Geotechnical Engineering Division, American Society of Civil Engineers, New
York, New York, Vol 105, GT 7, Paper 14713, pp 823-837. It is interesting to note that W.L. Schroeder’s best-known work is his book Soils in Construction (Prentice-Hall); as of this
writing, one of the authors of this book (Warrington) is preparing the Fifth Edition of this work.
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Where
• ST = total shearing resistance along the centre line of the

cell
• K = coefficient of lateral earth pressure = 1.0
• H' = height of cell over which vertical shear resistance is

applied
• γ, φ and f = as previously defined

The point of fixity and the required depth of embedment,
as determined by Matlock and Reese195 for laterally loaded
embedded piles, is 3.1T and >5T, respectively, where

Equation 15-37:

Where
• E = modulus of elasticity of the pile
• I = moment of inertia of the pile
• nh = constant of horizontal subgrade reaction

Application of this method has the effect of satisfying the
FS requirement against vertical shear failure with a smaller
diameter cell than that required by the Terzaghi method. In
installations where seepage resulting from an unbalanced
head is not a critical consideration, i.e., a bulkhead installa-
tion as opposed to a cofferdam, the depth of embedment of

the piling should be that required
to provide passive resistance to
translational failure rather than D
= 2H/3 as recommended by
Terzaghi. Sheet pile cells are flex-
ible structures with a plane of fix-
ity only a short distance below
the dredge line. In determining
the depth of embedment, the
plane of fixity should be deter-
mined by the analytical methods
noted previously and the passive
resistance available be calculated
above this plane.

15.3.8.5. Horizontal Shear 
Resistance

Cummings has proposed a the-
ory of cellular cofferdam failure
known as the interior sliding the-
ory, where the resistance of a cell
to failure by tilting is gained
largely through horizontal shear
in the cell fill and on the resisting
moment due to the frictional
resistance of the pile interlock.
This theory is based on the prem-

ise that the cell fill will resist lateral distortion of the cell
through the build-up of soil resistance to sliding on horizon-
tal planes. Based on model tests, Cummings concluded that
the shear resistance is developed only in a triangle forming an
angle to the horizontal as shown in Figure 15(b)

Figure 15-29: Vertical Shear Resistance, Schroeder-Maitland Method

195Matlock, H. and Reese, L. C. 1960. “Generalized Solutions for Laterally Loaded Piles,” Journal, Soil Mechanics and Foundations Division, American Society of Civil Engineers,
Vol 86, No. SM5, pp 63-91.

Figure 15-30: Horizontal Shear Resistance, Cummings Method

(a)
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The soil below this slanted line fails by sliding on horizon-
tal planes as shown and thereby produces a resisting pressure
on the outboard sheeting. The following equations derived by
Cummings summarize his method of computing the resisting
moment due to this pressure. The ultimate lateral shear resist-
ance of the cell – which is the resisting force – is given by:

Equation 15-38:

Substituting

Equation 15-39:
And

Equation 15-40:

we have
Equation 15-41:

The lateral force is represented graphically by the diagram
shown in Figure 15-30(b), the area of which is equal to the
total resistance F. This diagram is treated similar to a pressure
diagram, from which the resisting moment about the base can
be computed. 

The total moment of resistance per foot of wall about the
base of the cofferdam is

Equation 15-42:

Since
Equation 15-43:

And
Equation 15-44:

Equation 15-42 then becomes

Equation 15-45:

In addition, the interlock friction also provides shear resist-
ance. It is computed as the tension caused by the pressure of
the cell fill acting on a vertical one foot slice times the coeffi-
cient of interlock friction, f.

Equation 15-46:
Where

• Fi = interlock friction force

• PT = area abc as shown in Figure 15-26
• r is as shown in Figure 1-10, Figure 1-11 and Figure 1-12.
• f is as previously defined

The friction force Fi is assumed to act equally on all inter-
locks; therefore, an individual pile will have equal but oppo-
site friction forces at each end. The resisting moment, Mi,
against tilting due to the interlock tension results from the
summation of the individual couples caused by the opposite
friction force on each pile. Therefore, resisting moment per
foot width is

Equation 15-47:

Excessive tilting results from the use of weak cell fill; there-
fore, the fill should be well graded and free draining to the
maximum extent possible. Further, since the shear resistance
of the cell is derived from the material in the lower portion of
the cell, it may be necessary to excavate any weak material
encountered in the overburden. Should the shear resistance
of the cell fill material be inadequate to withstand the exter-
nal forces, consideration should be given to the use of a berm
to assist in stabilization of the cell. If a berm is used, the
resisting moment due to the effective passive pressure of the
berm should be included. Thus, the safety factor against tilt-
ing is

Equation 15-48:

15.3.8.6. Pullout of Outboard Sheets
The penetration of sheet piling in granular soils is con-

trolled by the need to extend the length of the flow paths of
the water percolating beneath the cell. However, the penetra-
tion must also be adequate to insure stability with respect to
pullout of the outboard sheeting due to tilting. The calculat-
ed overturning moments are applied to the sheet piles that are
assumed to act as a rigid shell. Resistance to pullout is com-
puted as the frictional or cohesive forces acting on the
embedded length of piling.

The average pile reaction due to the overturning moment
on the outboard piling is given by

Equation 15-49:

Where the variables are as defined previously.
The ultimate pile pullout capacity per linear foot of wall,

Qu, depends on the material into which the pile is driven. For

(b)
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clay
Equation 15-50: Qu = c (perimeter) (embedded length)

For granular soils
Equation 15-51: Qu = 0.5 Ka γ D2 tanδ (perimeter)

where
• D = embedded length
• tan δ = coefficient of friction for steel against underlying

soil. See Table 15-5 for recommended values 

The factor of safety is thus computed by

15.3.8.7. Penetration of Inboard Sheets
For cellular cofferdams on sand, the inboard sheet piles

should be driven to a sufficient depth to counteract the verti-
cal downward friction force F1 caused by the interaction of
the cell fill and the inner face. This friction force is given by 

Equation 15-53: F1 = PT tan δ (Force per unit length)

Where
• F1 = vertical downward friction force, force/unit length

The FS against sheet pile penetration is defined as the ratio 

of the shear resistance on both sides of the embedded portion
of the piles on the unloaded side to the internal downward
shear force on the unloaded side. This is expressed as M

Where
• M = net overturning moment
• D = embedded length

15.3.8.8. Slipping Between Sheeting and Cell Fill
When a cellular cofferdam on rock is subject to large over-

turning forces, failure can occur by lifting the outboard piling
and losing the cell fill as it runs out the heel of the cell. In
such cases, slippage occurs between the sheet piles on the
outboard face and the cell fill. In order to compute the safety
factor against such a failure, moments are summed about the
inboard toe. The resisting moment is due to the frictional
forces on the inner and outer face of the outboard sheeting,
plus the effective passive resistance of the soil and berm on
the inboard face. The weight of the cell does not provide
resisting moment, since it is assumed that the cell fill does not
lift up with the piling. The resulting expression is

Equation 15-55:
Resisting Moment Due to Friction on Outboard Piling 

and Passive Soil Pressure
Driving Moment Due to Water and Active Soil Pressures

15.3.9. Examples of Cellular Cofferdam Design Using
Classical Methods

Steel Sheet Piles Against the Following Soils           tan δ

Clean gravel, gravel-sand mixtures, 
well graded rock fill with spalls                                   0.40
Clean sand, silty sand-gravel mixture, 
single size hard rock                                                   0.30
Silty sand, gravel or sand mixed with silt or clay            0.25
Fine sandy silt, nonplastic silt                                       0.20

FS=

Example 25: Cellular Cofferdam on Rock

Table 15-5: Wall Friction
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DESIGN DATA:
o Piling Configuration:

• Diameter of cell, D = 63.67'
• Effective width, B = 53.06'
• Guaranteed piling interlock strength, tg = 16,000 pounds per linear inch of interlock

o Cell Fill, Overburden and Berm Properties:
• φ = 30°, tan φ = 0.577
• γ = 110 pcf (moist)
• γ' = 72.5 pcf (submerged)

o Rock and Clay Seam Properties:

•

• c = 750 psf
o Coefficient of Friction:

• Soil on rock, tan φ = 0.50
• Steel on steel at interlocks, f = 0.30

LOADING
o Service Condition - Water to top of cell; cell fill saturated to top of berm; berm saturated
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SLIDING STABILITY:

El 557 w/o Berm

El 557 w/Berm

Sliding resistance of berm on rock = 170.5(0.50) = 85.3k

Passive resistance of berm, PR = 1/2(6.09)(28) = 85.3k

Passive failure of berm will occur concurrent w/sliding of entire berm on rock.
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El 542

OVERTURNING STABILITY
El 557

W1

W2

W3

WB

WR

V1

V2

Pa

pw
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VERTICAL SHEAR RESISTANCE

φ = 30º

VERTICAL PLANE ON CENTER LINE OF CELL                                        INBOARD SHEETING

Point of Fixity:
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HORIZONTAL SHEAR RESISTANCE

• C = B tan φ = 30.5'
• a = H - c = 26.5'
• Assume entire cell saturated.

INTERLOCK TENSION
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HANSEN'S METHOD
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Values in italics are scaled values.

DESIGN DATA
• Diameter of cell, D = 52.52'
• Effective width, B = 43.99'
• Guaranteed piling interlock strength, tg = 16,000 pounds per linear inch of interlock

o Cell Fill, Backfill, and Overburden Properties:

o Coefficient of Friction:
• Soil on steel, tan δ = 0.40
• Steel on steel at interlocks, f = 0.30

o LOADING
• Service Condition - Cell fill and backfill both saturated to el 500. Pool at el 480.

Example 26: Cellular Retaining Wall on Sand
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VERTICAL SHEAR RESISTANCE

OUTBOARD SHEETINGVERTICAL PLAN ON CENTER LINE OF
CELL
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Point of Fixity:

HORIZONTAL SHEAR RESISTANCE
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INTERLOCK TENSION

PULLOUT RESISTANCE OF LAND FACE SHEETS
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PENETRATION RESISTANCE OF OUTBOARD SHEETS

BEARING CAPACITY @ TOE
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VERTICAL SHEAR RESISTANCE (Schroeder-Maitland)
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HANSEN'S METHOD
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(1) Approximate.

Values in italics are scaled values.
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(1) Approximate.
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Values in italics are scaled values.

DESIGN DATA
• Diameter of cell, D = 66.85'
• Effective width, B = 58.57'
• Guaranteed piling interlock strength, tg = 16,000 pounds per linear inch

o Cell Fill and Backfill Properties (sand and gravel)

Example 27: Cellular Retaining Wall on Clay
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o Overburden Properties (medium stiff clay)

o Coefficient of Friction:
• Soil on steel, tan δ = 0.40
• Steel on steel at interlocks, f = 0.30

LOADING
o Service Condition

• Cell fill and backfill both saturated to el 487. Pool at el 480.

VERTICAL SHEAR RESISTANCE
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HORIZONTAL SHEAR RESISTANCE

INTERLOCK TENSION
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PULLOUT RESISTANCE OF LAND FACE SHEETS

BEARING CAPACITY

VERTICAL SHEAR RESISTANCE (Schroeder-Maitland)
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HANSEN’S METHOD
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15.3.10. Recommended Practices for Design
and Installation of Cellular Cofferdams

The following recommendations regarding design, con-
struction, and maintenance of cellular sheet pile cofferdams
have already been discussed elsewhere. However, their
importance should again be stressed.

a. Analyses should evaluate the effect of full saturation of the
cell fill unless positive measures are taken to control the sat-
uration level throughout the life of the cofferdam.

b. Welded connector piles have not proven satisfactory in the
past and shall no longer be used. Riveted or bolted connec-
tions with minimum 1/2-inch thick webs shall be required.

c. Wye connectors are preferable to tees. The tension in the
outstanding leg of the connector is less for a wye since the
load is applied more nearly at a tangent, rather than at right
angles, as is the case with a tee.

d. Pull on the outstanding leg of connector piles should be
limited by keeping the radius of the connecting arc as small
as possible. The arc radius should not exceed one half of the
radius of the main cell.

e. Where there is used piling in a cofferdam, care should be
taken to make sure the sheets are gauged and will interlock
properly. Special care should be taken in splicing used sheets
to make sure the spliced sheets are compatible.

f. All handling holes in the sheet piling on the loaded side of
the cofferdam should be plugged. This is necessary to prevent
an objectionable amount of water from entering the cell or
loss of cell fill.

g. Sheet piling should not be driven through overburden con-
taining boulders. Extremely dense overburden should be
excavated to a depth such that it can be penetrated without
damaging the piling. Although dependent on the nature of
the overburden, 30 feet is generally accepted as a maximum
depth to drive through overburden.

h . When driving is difficult, jetting may be used to facilitate
driving. However, this technique should be used with caution
since there is a danger that the sheet piles will follow the jet-
ted hole and will split out the interlock.

i. If it is neither possible nor practical to fully penetrate the
overburden with the sheet piles and if scour by river flow is a
possibility, the overburden should be protected against scour.

j. Setting sheet piling on bare rock should be avoided wher-

ever possible since support from the overburden is beneficial
in helping maintain the desired cell configuration.

k. Each run of piling shall be driven to grade progressively
from the start, so that the bottom end of any pile shall not
lead the adjacent pile by more than 5 feet. This requirement
will reduce the chances of splitting the interlocks.

l. The direction of the pile hammer advance should be
reversed after each pass in order to ensure that the piles are
driven plumb.

m. Connecting arcs should be driven and filled after the adja-
cent main cells have been driven and filled. However, at least
the first two sheets of the connecting arc adjacent to the main
cells should be driven prior to filling the main cells; other-
wise, barrelling of the main cells would make driving of the
arcs extremely difficult.

n. Diver inspection of the interlocks, after filling of the cells,
should be required.

o. Wherever cells and fill are placed against sloped or stepped
faces of existing concrete, care should be taken to seal the
contact between the sheet piles and concrete to prevent infil-
tration of water which could saturate the fill or cause piping.

p. The cofferdam cells should be located a sufficient distance
from open excavations to protect them from any instability of
the excavated faces.

15.4. Finite Element Methods
15.4.1. Background

The application of FEM analysis to date has been to devel-
op its state of the art to the point where it can be used to
refine existing design techniques and to analyse potential fail-
ure modes that cannot be checked by other methods. All
studies so far have been made by researchers or engineers
who are extremely familiar with the FEM techniques using
specialized FEM programs for soil and structure modelling.
The FEM analysis does not yet lend itself to application by
typical design engineers working with currently available
general-use programs. Due to FEM techniques currently
being used for research applications, the information provid-
ed by this section will be limited to a review of available lit-
erature and methods used for analysis.

Relatively little has been published concerning finite ele-
ment analyses of cellular cofferdam structures. Kittisatra196

was one of the first to apply FEM to cellular cofferdams by
using a linear elastic axisymmetric model.

Clough and Hansen197 were the first to utilize FEM soil-
structure interaction techniques in the analyses of cellular

196Kittisatra, L. 1976 (Jun). “Finite Element Analysis of Circular Cell Bulkheads,” Ph. D. Thesis, Oregon State University, Corvallis, Oregon.
197Clough, G. W. and Hansen, L. A. 1977. “A Finite Element Study of the Behavior of the Willow Island Cofferdam,” Technical Report CE-218, Department of Civil Engineering,
Stanford University.
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cofferdams. They developed a vertical slice model that was
used to analyse the US Army Corps of Engineers Willow
Island Cofferdam. Later, Dr. Clough used this model along
with two others, axisymmetric and horizontal slice models, to
analyse the US Army 4-55 Corps of Engineers Lock and Dam
No. 26 (Replacement) for Shannon and Wilson, Inc.198.

15.4.2. Finite Element Cofferdam Models
Due to the difficulty of early investigations to define exact-

ly the forces involved with interaction between sheet piles,
soils, and the foundation, empirical methods for design of
cellular cofferdams have been adopted over the years. Recent
studies of the finite element method have shown that two-
dimensional models of a circular cell cofferdam can, with a
few basic assumptions, accurately determine interactive
forces between cell elements. A finite element program must
contain four special capabilities:

• Non-linear stress-strain material behaviour,
• Slip elements,
• Construction simulation, and
• Orthotropic shell response.

Soils are known to have a complex stress-strain response.
The stress-strain behaviour of a sand is characterized by a
family of non-linear curves in loading and a second family of
essentially linear responses in unloading-reloading that
depends upon the confining stress level. Three types of finite
element models have been performed on cellular cofferdams
as described below:

15.4.2.1. Vertical Slice Analysis
The first and most common model is a “Vertical Slice”

analysis through the centre of a circular cell from upstream to
downstream side. This model has been used with good
results by Dr. Clough for Shannon and Wilson, Inc. to simu-
late analysis of all stages and construction for cells resting on
soil. A vertical slice model was also used in the report on
Willow Island Cofferdam by Clough and Hansen197, in which
cells founded on rock with an underlying soft clay seam are
analysed. Figure 15-31 and Figure 15-32 show this particular
finite element model.

198Shannon and Wilson, Inc. 1982 (Sep). “Final Report, Tasks 3.2, 3.3, and 3.4, Finite Element Models,” Report on Lock and Dam No. 26 (Replacement) for U. S. Army Engineer
District, St. Louis. This report also describes the one set of variations of the finite element program “Soil-Struct,” developed by Dr. Wayne Clough, which contains all of the special
capabilities needed for soil-cofferdam interaction modelling.

Figure 15-31: Schematic drawing, vertical slice model
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15.4.2.2. Axisymmetric Cell Analysis
The second model type is a vertical slice cut through the

cell from centre line out called an “Axisymmetric Model,”
shown in Figure 15-33 and Figure 15-34. This analysis tech-
nique computes stresses and deflections of the sheet piling,
cell fill, and foundation during cell filling. This model is not
useful for other construction steps due to the assumption of
axisymmetric loading. Axisymmetric Model Analysis was
used by Dr. Clough for Shannon and Wilson, Inc. in their
analysis of the Lock and Dam 26 (Replacement). Both this
and the vertical slice types of models are analysed with inter-
face slip elements between sheets and cell fill, and on any
planes in the foundation where slippage could occur.

15.4.2.3. Horizontal Slice Analysis
The third analysis model, Figure 15-35 and Figure 15-36, is

a “Horizontal Slice” including from centre-line main cell to
centre line of arc cell and from outermost edge to centre line
of cofferdam. This horizontal slice model may be used at
many different elevations in the cell to obtain a better analy-
sis of interlock tension and sheet pile stresses. Since a sym-
metrical loading is assumed on the structure, this analysis
technique can only be used for analysing forces due to cell
filling.

Figure 15-31: Schematic drawing, vertical slice model

Figure 15-32: Vertical Slice Analysis, Finite Element Method
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Figure 15-33: Schematic drawing, axisymmetric model

Figure 15-34: Finite Element Mesh for Axisymmetric Analyses of Main Cell Filling
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Figure 15-35: Schematic Drawing, Horizontal Slice Analysis

Figure 15-36: Finite Element Mesh for Horizontal Slice Analysis of Cell Filling
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15.4.2.4. General Modelling Techniques
Best results have been achieved on the three models by

assuming the cell acts as an orthotropic shell by reducing the
stiffness of sheet piles in the radial and circular directions
during cell filling and acts as an isotropic material for all
future construction steps. This is accomplished by reducing
the modulus of elasticity in these directions. It is important
for the analysis technique to breakdown the analysis into a
series of incremental construction steps to allow deflections,
settlement, and stresses to uniformly increase in the cell and
foundation. Simulation of the actual sequence of loading is
important because the stress-strain response of soil is nonlin-
ear and stress-path dependent.

15.4.3. Estimates of Cell Deformations
15.4.3.1. Cell Bulging during Filling

During filling, the cell walls deflect outward as the fill pres-
sures increase. This deflection in the radial direction, resisted
by the sheet pile structure and foundation, causes the cell to
form an area of maximum deflection and maximum interlock
tension in the lower one third of the height above dredge line.
This process of radial deflection transforms the cellular struc-
ture from a loosely pinned set of sheets into a structure more
closely resembling a rigid cylinder. Because the cell is not a
rigid cylinder, the finite element model assumes that the sheet
piles act orthotropically with less stiffness in the radial and
circumferential directions than in the vertical. Three factors,
other than stress-strain deflections, in the sheet piles support
this assumption and contribute to higher deformations. First,
interlocks are not perfect pins and gaps form in connections,
The slack produced by gaps is taken up when pressure is
applied to the inside of the cell by filling. Second, the inter-
locks provide a very small bearing area to transmit radial and
circumferential forces from sheet pile to sheet pile. This
allows for a small amount of rotation and local yielding in the
interlocks. Third, due to the slack in the interlock it is possi-
ble for misalignment to occur during driving and, conse-
quently, the cells have an irregular shape. The cells will tend
to realign to a perfect cylindrical shape during filling. To
account for these deformations, the assumption of the cell's
acting as an orthotropic cylinder is made by reducing the
modulus of elasticity, horizontally and not vertically. In the
Shannon and Wilson studies at Lock and Dam 26
(Replacement), three different ratios of horizontal-to-vertical
modulus were used in FEM solutions. These ratios were 1.0,
0.1, and 0.03. The E-ratio of 0.03 yielded results very close
to actual field instrumentation. Vertical slice and axisymmet-
ric models should be used for analysing deflections during
cell filling.

15.4.3.2. Deflections Produced by Berm Placement
Deflections of the filled cell during berm placement are

normally small. Analysis of deformations for this stage can
only be done using the vertical slice model and should be

analysed using uniform stages of berm construction. Previous
FEM solutions in Lock and Dam 26(R) showed slight deflec-
tions toward the outboard side of the cell of approximately 1
inch at the top. Soil stresses also increase on both sides of the
sheet pile at the berm location and in the foundation soils
under berm. Foundation pressure increases on the outside of
the outboard side of the cofferdam indicate the filled cell is
now acting as a unit and transferring inboard pressures
through the circular cell to the outboard foundation.

15.4.3.3. Cofferdam Unwatering and Exterior Flood
Deflections and soil pressures resulting from cofferdam

unwatering and exterior flood conditions are similar and,
thus, are discussed together. Modelling of both conditions
should be done by using a vertical slice model analysis and
incremental load steps as the water level changes to allow
non-linear soil deformations to take effect. Loads caused by
seepage under the cofferdam should also be included using a
flow net or uplift type analysis. From FEM modelling it can
be seen that the cofferdam deforms by rotating and causing
sliding forces toward the inboard side. These deformations
increase the soil pressures in the cell fill and foundation
directly under cell. Noted are higher soil pressures in the
exterior foundation of the inboard side and in the berm due
to passive soil resistance. Deflections of top of cell and high
soil pressures in berm during exterior flooding indicate from
previous analysis that the cell is moving as a unit with a ten-
dency toward rotation for high exterior water levels. These
model techniques were used in Lock and Dam 26(R) and
Willow Island Cofferdam where, in addition to flood condi-
tions, it was necessary to analyse an extra filling and unwater-
ing of the cofferdam.

15.4.3.4. Construction Excavation
From previous analysis models, construction excavation

has not been shown to cause significant cofferdam deforma-
tions except in the case of a cofferdam over a potential slip
plane where excavation would reduce passive resistance to
planar sliding. The potential slip plane should be modelled
using frictional slip elements as shown by Clough and
Hansen on the Willow Island Cofferdam study.

15.4.4. Structural Continuity between Cells and Arcs
Cell and arc interaction can be analysed by using a hori-

zontal slice model and plane strain fill elements due to the
perpendicular fill loading. A separate model analysis must be
made at each elevation for which results are needed to obtain
loads. Bar elements are used to represent sheet pile walls,
with orthotropic material properties discussed earlier as bar
properties. The Y-sheet pile connection between cell and arc
should be modelled using exact piling widths as lengths of
bar elements with pins at ends and at the Y-connection to
more correctly simulate forces in the Y-connection. The sim-
ulation of construction steps for the horizontal model is
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loaded using results of the axisymmetric model.
This is due to the two-dimensional model's inability to

account for arching in the cell and support provided by foun-
dation passive resistance. Also, because of the model‘s inabil-
ity to account for cell arching, fill stresses for each construc-
tion step must be obtained from the axisymmetric analysis.
Results for interlock tension and horizontal deflection that
show close correlation to field instrumentation have come
from this type of analysis. The horizontal model can only be
used to analyse the symmetrical condition of cell filling.

15.4.5. Structure—Foundation Interaction
15.4.5.1. Foundation Stress at Cofferdam Base

Interaction between structure and foundation is modelled
using a vertical slice analysis with a model cut wide enough
and deep enough for foundation stresses to distribute evenly
into foundation. The model should also include any planes of
weakness in the foundation near the cofferdam. FEM analysis
to date has shown foundation stresses are caused by two
types of cofferdam action. First, due to filling of the cell, the
sheet piles deflect outward and cause a build-up of passive
resistance pressure in the foundation outside of the sheet pil-
ing. Vertical pressures in the foundation under the cell fill
increase because of fill height above foundation. Second, after
filling of the cell is completed, the cofferdam acts against hor-
izontal forces as a monolithic cylinder resisting sliding by
shear and passive pressures in the soil and overturning by the
masses' resistance to tipping moment. The cell gains addi-
tional resistance to both sliding and overturning by the sheet
pile's depth and, thus, interaction with the foundation.

15.4.5.2. Investigation of Foundation Problems
Investigation of foundation problems is one important

advantage of FEM analysis. In cofferdam modelling, an ele-
ment known as a planar frictional slip element can be used
between elements to model a natural slippage plane between
materials. These elements allow a build-up of shear stresses
on the plane, and at an ultimate stress the two sides of the slip
plane are allowed to slide in relation to each other.

This action allows the adjacent element nodes to separate
at the plane under a constant frictional resistance. These ele-
ments also have properties that will allow the two sides of the
slip plane to pull apart, transverse to the plane, when placed
in tension. Possible causes of foundation problems such as
cofferdam dewatering, exterior flood, and interior excavation
are failure load cases that should be investigated.

15.4.6. Fill Interaction between Cells and Arc
Interaction of the main cell fill and arc cell fill has not cur-

rently been modelled due to cylindrical structure assump-
tions used in the vertical slice and axisymmetric models. In
the horizontal slice model the fill was assumed to be placed
simultaneously in the main cell and arc that does not model
the true sequence of construction. More research is needed in

this area, and would be more applicable for modelling with a
three-dimensional soil-structure FEM analysis.

15.4.7. Special Cofferdam Configurations
15.4.7.1. Cloverleaf Cells

Cloverleaf cofferdam cells at Willow Island were modelled
in the Clough and Hansen study. The results of this analysis
showed inconsistent patterns of deflection and indicated
more research is needed. Part of the problem with modelling
cloverleaf cells in two dimensions is accurately accessing the
stiffness provided to the cell by centre cross-walls.

15.4.7.2. Diaphragm Cells
Past literature shows no attempts to analyse diaphragm

cells or other cell configurations by the FEM analysis.
Development of a three-dimensional soil-structure finite ele-
ment program with all of the necessary capabilities will
enable modellers to more accurately analyse forces present in
any special configuration of cell.

15.5. Foundation Treatment
15.5.1. Problem Foundations and Treatment.

Foundation treatment is sometimes considered for founda-
tions with insufficient bearing capacity or problem seepage
conditions. Problem seepage conditions can be the result of
excessive seepage quantities or high seepage forces.

The following foundation treatment methods can be used
to improve a deficient foundation.

(1) Removal of objectionable material. Removal may be
before or after the piles are driven to form the cell.

(2) In situ compaction. Several methods are available and
include vibroflotation, compaction piles, surcharge loads, and
dynamic surface loads.

(3) Deep penetration of sheet piling. For design purposes, a
trial penetration of two thirds of the cell height is usually con-
sidered when the cell is sited on a pervious foundation. An
adjustment of this length should be based on a careful analy-
sis of the seepage forces at the toe of the structure.

(4) Berms and blankets. Impervious blankets may be located
on the outside of the cells to reduce seepage quantities and
pressures. Interior berms reduce the likelihood of boiling at
the toe of the structure.

(5) Consolidation. The strength of foundation material, espe-
cially fine-grained material, may be increased by consolida-
tion. Surface preloading of the foundation and the use of sand
drains are two of the methods used to accelerate consolida-
tion of the foundation.
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15.5.2. Grouting
15.5.2.1. Correctional Methods

As for all such structures, foundation treatment should be
carefully considered for cellular cofferdams. In many cases,
removal of the unfavourable foundation material may be
impracticable, if not impossible, and other methods of treat-
ment must be selected. Grouting is one such method that
should be considered, especially in instances where the piling
of a cellular cofferdam will be driven to rock. During the eval-
uation of the data developed during the subsurface investiga-
tions, special note should be made of any unfavourable foun-
dation condition that would justify at least some considera-
tion of grouting. Such unfavourable foundation conditions
might be noted as a result of evidences of solution activity
such as soluble rock or drill rods dropping during drilling,
open joints or bedding planes, joints or bedding planes filled
with easily erodible material, faults, loss of drill fluid circula-
tion, or unusual ground-water conditions. Generally, the
problems related to such unfavourable foundation conditions
can be grouped into two categories: problems related to the
strength of the foundation material and problems related to
the permeability of the foundation material.

15.5.2.2. Problems Related to Strength
Among the problems related to strength that should be

anticipated are:

(1) Insufficient bearing capacity;

(2) Insufficient resistance to sliding failure; and

(3) General structural weaknesses due to under-ground cav-
erns or solution channels, or due to voids that develop dur-
ing or following construction.

Problem 3 is closely related to Problems 1 and 2 and
should be considered jointly. In developing parameters for
allowable bearing capacity, deficiencies noted in Problem 3
must be carefully considered. All too often, rock strength
parameters are used in stability analyses that are based on
rock sample strengths rather than mass rock strengths. The
various discontinuities that reduce the foundation rock
strengths may result in consequential reductions in the ulti-
mate bearing capacity. As mentioned above, the bedrock may
contain bedding plane cavities and solution channels that can
extend to considerable depth (low crossbed shear strength).
In recognizing the presence of such discontinuities, the pos-
sibility must also be recognized that an unfavourable combi-
nation of these discontinuities could exist under the cellular
cofferdam, thus adversely affecting the sliding stability of the
structure. The presence of these weak planes must be careful-
ly considered when doing a sliding stability analysis.

15.5.2.3. Problems Related to Permeability
Among the problems related to permeability that should be

anticipated are: reduction in the strength of the foundation
materials due to high seepage forces, high uplift forces at the
base of the structure, and inability to economically maintain
the coffered area in an unwatered state. In many cases, the
piling of a cellular cofferdam will be driven to rock. The pre-
sumption should be that some seepage would occur not only
at the piling/bedrock contact, but also through openings in
the bedrock. This seepage may result in piping of materials
through the bedrock openings below the cofferdam, greatly
reducing the strength of the foundation. These openings
along bedding planes can also result in high uplift pressures.

Quite often, the vertical permeability of the rock above the
open bedding plane is only a small fraction of the permeabil-
ity along the plane. If such a situation exists, it is possible that
the high uplift pressures will jack the foundation. The size
and continuity of solution channels acting as water passage-
ways may have a serious economic impact on the dewatering
of the work area within the cofferdam. Unfortunately, there is
no way to accurately estimate the dewatering problems and
costs that might result from such solution channels in the
foundation.

15.5.2.4. Selection of Treatment
Treatment of the cofferdam foundation by grouting may be

used to lessen, if not eliminate, defects in the foundation,
resulting in a strengthened foundation with reduced seepage.
Grouting should be selected as a method of foundation treat-
ment only after a careful and thorough evaluation of all per-
tinent factors. Primary factors that must be necessarily con-
sidered before selection of grouting as the method of treat-
ment are the engineering design requirements, the subsurface
conditions, and the economic aspects.

Although cost is just one factor to consider, in many cir-
cumstances, cost may be the controlling factor. The cost of
grouting must be weighed against such other costs as that of
pumping, delays, claims, and/or failure. It may be that there
is no benefit in reducing minor leakage by costly grouting.

(1) General. Information obtained and evaluated during the
subsurface investigations for design of the structure should be
adequate to plan the grouting program. If the grouting pro-
gram is properly designed and conducted, it becomes an inte-
gral part of the ongoing subsurface investigations. A compre-
hensive program must necessarily take into account the type
of structure, the purpose of the structure, and the intent of
the grout program. As an example, foundation grouting for a
cellular cofferdam is not intended to be permanent nor 100
percent effective. The program should be designed to provide
the desired results as economically as possible. The program
should be flexible enough to be revised during construction
and performed only where there is a known need.

(2) To Strengthen. Grouting has been used on occasion to
strengthen the foundation by area or consolidation grouting

Sheet Pile Design by Pile Buck 409



under the cells to increase the load-bearing capacity of the
rock. This may be a viable option if the grouting is intended
to increase the already acceptable factor of safety. However, if
it appears that the factor of safety falls appreciably below the
allowable factor of safety, total reliance should not be placed
on grouting. The effectiveness of such grouting is impossible
to predict or to evaluate. Certainly complete grouting is
impossible because of the irregularity of the openings as well
as the amount and character of any filling material.

(3) To Reduce Seepage. The principal purpose of grouting for
cellular cofferdams has been in conjunction with seepage
control and drainage. Curtain grouting is one method used to
reduce uplift pressures and leakage under the cofferdam and
thus reduce total dewatering costs. Although a single line cur-
tain will suffice in most cases, the rock conditions may be
such that it will be necessary to install a multiline curtain or
a curtain with multiline segments. The exact location of the
grout curtain will be influenced by a number of factors
including the type of structure, the foundation conditions
peculiar to the site, and the time the curtain is installed. For
most cellular cofferdams, the grout curtain is located on or
near the axis of the structure. However, if the curtain is not
installed until the cofferdam has been constructed, it may be
impracticable to drill holes through the cell fill. In this case
the grout line should be moved off and just outside the cells.
When installing the grout curtain, the flow of grout must be
carefully controlled to prevent the grout from flowing too far,
resulting in grout waste. To prevent such waste, it may be
necessary to limit the quantity of grout injected, or to add a
“stopper” line grouted at low pressure. The orientation and
inclination of the holes should be adjusted to intercept the
principal water passageways. Occasionally, however, condi-
tions may render this impracticable and it may be that verti-
cal holes on closer centres are more feasible.

(4) Development of Program. Following an evaluation of the
foundation conditions and the selection of grouting as a
method of foundation treatment, the evaluations, conclu-
sions, and recommendations should be included in the report
of the subsurface investigations. Using data developed from
the investigations, the pertinent reference manuals, and espe-
cially past experience, plans and specifications should be pre-
pared for the grouting program. After having reviewed all
available and pertinent data and having decided on the par-
ticular grouting program to be implemented, a number of
basic factors must be decided: the area selected for grouting,
the selection of the grout, the selection of the type of grout-
ing, and the need for special instructions, provisions, or
restrictions.

15.5.2.5. Selection of Location
The area indicated for grouting should be a zone large

enough to include any anticipated treatment. This is especial-

ly important in installing a grout curtain for a cellular coffer-
dam. This should be coincidental with provisions to provide
for grouting anytime within the contract period without addi-
tional mobilization and demobilization costs. The drawings
rightfully should show a grout curtain to be installed beneath
the cofferdam along an approximate alignment and to definite
limits. However, because of the numerous unknowns inher-
ent in a grouting program, the plans and specifications
should provide that the area of grouting extend some distance
beyond the limits shown.

15.5.2.6. Selection of Grout
The selection of the grout should be made only after a care-

ful evaluation of the foundation conditions or materials being
tested. The type of grout used in reducing or stopping high
velocity flows would be different from that used for slow
seeps, or the grout used to fill large cavities might be different
from that used to fill small voids. A factor to be considered in
sealing high velocity flow would be the time of set; the large
quantities and costs would necessarily be considered in filling
large cavities; while in filling small voids, the size of the void
and the particle size of the grout are necessary considerations.

15.5.2.7. Selection of Type of Grouting
Grouting may be done before, during, and/or after installa-

tion of the cofferdam or other construction activities in any
given area. In the installation of a grout curtain, all or por-
tions of the curtain may be constructed from the original
ground surface and/or from floating plant in the river. If done
from floating plant, in general, stop-grouting methods should
be used because it is not practical to stage drill and grout from
floating plant. Drilling and grouting from floating plant by the
stop-grouting method should be considerably less costly than
stage grouting, the holes being drilled and grouted to the bot-
tom of the curtain in one set-up.

15.5.2.8. Special Instructions
In drilling from floating plant, it should be expressly

understood that the depth of water penetrated would not be
credited to the drilling footage for payment. If drilling and
grouting are performed from the cofferdam, only drilling that
is required below the original ground surface should be paid
for. To effectively grout water-bearing openings associated
with cavernous rock, the following general procedure should
be followed:

• The grout holes should be drilled through the overbur-
den and the casing should be seated a minimum of 1 foot
in rock;

• The hole should be drilled at least 5 feet into rock, if the
top of rock is lower than anticipated;

• If stop-grouting methods are used, grouting of the rock
should be performed through a packer set just below the
bottom of the casing;

• Should a special feature be encountered in the hole, the
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packer setting may be varied to isolate and treat this feature.
Grouting of the overburden, if necessary, can then be done
immediately following the rock grouting. The specifications
should provide that if, as the work progresses, supplemental
grouting is required at any area within specified limits at any
time, such additional grouting will be at the established con-
tract unit prices for the items of work involved. Although
pressure testing should be provided for in the specifications,
the condition of the foundation may be such that all grout
holes should be grouted, in which case, pressure testing
would not be necessary. If possible, the initial dewatering of
the cofferdam should be performed at the lowest possible
river stage or other measures should be taken to ensure a sta-
ble cofferdam capable of being unwatered until the founda-
tion and the adequacy of the foundation treatment can be
checked.

15.6. Dewatering and Pressure Relief
15.6.1. Purpose of Design

A cellular cofferdam is a temporary structure constructed
in a river, lake, etc., to exclude water from an enclosed area.
This allows the interior of the cofferdam to be dewatered and
the permanent structure to be constructed in the dry. Usually
cofferdams must withstand large differential heads of water;
therefore, it is imperative that surface water and seepage be
controlled, artesian pressure is relieved, and emergency facil-
ities to prevent overtopping be made a part of the cofferdam
to ensure a stable and competent structure.

15.6.2. Dewatering and Pressure Relief
Dewatering of a cofferdam can be accomplished in two

phases. The first phase is initial dewatering (or pump down)
to remove water from the interior of the cofferdam. The sec-
ond phase is foundation dewatering to lower (or draw down)
the ground water, to ensure a dry and stable construction
area. The size and type of the dewatering system depends on
the size of the cofferdammed area to be dewatered, total
quantity of water to be pumped, geological conditions, and
soil characteristics. A properly designed, installed, and oper-
ated dewatering and pressure relief system can greatly facili-
tate construction in the cofferdammed area by: intercepting
seepage that would otherwise emerge from the slopes or bot-
tom of the excavation; increasing the stability of the slopes
and preventing the loss of material from the slopes or bottom
of the excavation; reducing lateral loads on cofferdams; and
improving the excavation and backfill characteristics of sandy
soils.

15.6.2.1. Initial Dewatering
The maximum rate of dewatering is controlled by the stabili-

ty of the inside land bank, by cell drainage, and by cell inter-
lock stresses. Generally, the first 15 feet are dewatered with-
out restrictions so that differential pressure can be developed
quickly to close the interlocks tightly. Thereafter, the rate for
dewatering is 5 feet per day, which is normal for large coffer-
dams199. Drainage of the cells and connecting arcs must close-
ly follow the dewatering of the cofferdammed area, and
should cell drainage lag, the dewatering rate should be
slowed down. For “clean” cell fill, weep holes should be
burned in the inboard sheet pile of all cell and connecting
arcs during dewatering. Current practice is to burn l-inch-
diameter weep holes at about 5- to 6-1/2-foot centres vertical-
ly on every third to sixth sheet pile down to the top of the
berm or to the inside ground surface if no berm is used.
Throughout dewatering operations, the weep holes should be
systematically rodded to maintain cell drainage.

For marginal or “dirty” cell fill, weep holes by themselves
may be insufficient to drain the cells; therefore, well points or
deep wells should be installed in the cells to ensure adequate
drainage and to increase cell rigidity. Occasionally, cell
drainage is impeded by tremendous inflows through the
interlocks on the outboard side of the cofferdam. Dropping
clay, slag, cinders, or coal dust around the outside of the cof-
ferdam to plug openings in the interlocks will rectify this con-
dition200. The need to keep the cells and connecting arcs free-
draining cannot be overstated. As the cofferdammed area is
dewatered the sheet pile should be examined for damage. If
split sheets or separated interlocks are revealed, dewatering
must be stopped, according to Patterson201. Should the dam-
age extend for some distance, it may be necessary to reflood
the cofferdam, excavate the fill from the questionable cell,
and replace the damaged piling. If the damage is not exten-
sive, straps should be welded across the split a short distance
above the top of the split. Strapping should be carried close-
ly along as the dewatering is continued. Dewatering of the
cofferdammed area dictates that maximum pumping capacity
be provided.

Plenty of reserve pumping capacity should also be available
in case of mechanical breakdowns. The pumps should be
placed as near the water level as possible because the pumps
will push water more efficiently than they will pull it.

15.6.2.2. Foundation Dewatering
After completion of the initial dewatering phase, the

ground water in the foundation must be controlled through-
out construction of the permanent structure. The ground
water must be drawn down so that a dry and stable construc-
tion area is provided. The primary sources of ground water
are seepage through and underneath the cells and surface
water that percolates into the ground before it can be collect-

199Ovesen, N. K. 1962. Cellular Cofferdams Calculation Method and Model Tests, Bulletin 14, Danish Geotechnical Institute, Copenhagen; Swatek, E. P., Jr. 1967 (Aug). “Cellular
Cofferdam Design and Practice,” Journal, Waterways and Harbors Division, American Society of Civil Engineers, New York,
New York, WW 3.
200“How Contractors Brace Steel Sheet-Pile Cofferdams,” Construction Methods and Equipment, McGraw Hill, New York, New York (1962).
201Patterson, John H. 1970. “Installation Techniques for Cellular Structures,” Design and Installation of Pile Foundations and Cellular Structures, Envo Publishing Co,, Inc., Lehigh
Valley, Pennsylvania.
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ed and pumped out. The most commonly used dewatering
method for soils that can be drained by gravity flow is the
conventional well point system. It is limited to about 15 feet
of drawdown per stage; however, multiple stages may be
used. This system is most practical for large excavations in the
cofferdam basin where the depth of excavation does not
exceed 30 to 40 feet. For large excavations deeper than 40
feet or where artesian pressure in a deep aquifer must be
relieved, deep wells with turbine or submersible pumps
should be used. Deep wells can be installed around the
periphery of the excavation, thus leaving the construction
area free of dewatering equipment.

15.6.2.3. Pressure Relief
Artesian pressures from underlying aquifers that endanger

the stability of the cofferdam and berms or excavation in the
interior of the cofferdam must be relieved. Depending on the
piezometric level, pressure reduction in the aquifer may be
required before dewatering of the cofferdam202. Complete
relief of artesian pressures to a level below the bottom of the
excavation is not always required depending on the thick-
ness, uniformity, and permeability of the materials. Artesian
pressure can be relieved by deep wells or well points. The
penetration of the wells or well points should be no more
than that required to achieve the drawdown required to min-
imize artesian flows. Because of the critical nature of pressure
relief and the rapid rate at which an aquifer would recover if
pumping were interrupted, backup systems should be pro-
vided. The system should be designed for a capacity approx-
imately 50 percent greater than that expected to be required.

15.6.3. Surface Water Control
A well-designed dewatering and pressure relief system

must include provisions for collecting and pumping surface
water so that dewatering pumps cannot be flooded. Surface
water, which includes rainwater, inflow through the inter-
locks, drainage through the weep holes, and seepage that
emerges from the surfaces of berm and excavation slopes,
may be controlled with ditches, French drains, or sumps. The
area enclosed by the cofferdam should be sloped to drain
toward one or more centrally located sumps where the sur-
face water is collected and pumped out. In addition, ditches
or French drains should ring the perimeter of the coffer-
dammed area to divert inflow through the interlocks and
drainage through the weep holes to the sumps. The number
and size of the ditches, French drains, and sumps depend on
the size of the cofferdammed area, characteristic of the soil,
rainfall frequency and intensity, and the estimated inflow and

drainage through the interlocks and weep holes, respectively.
The estimated inflow through the interlock should be
assumed to equal at least 0.025 gallons per minute per square
foot of wall per foot of net head across the wall for installa-
tions in moderately to highly permeable soil203.

15.6.4. Emergency Flooding
Large cellular cofferdams in areas where they may be over-

topped should be constructed with sluiceways, floodgates, or
both to control floodwaters204. Flooding of the interior of the
cofferdam by allowing uncontrolled floodwaters to overtop
the cells may cause serious damage to the cofferdam by wash-
ing material from the cells or by eroding the berm, not to
mention the damage to the permanent structure under con-
struction.

Frequently the cells are capped with 6 to 12 inches of lean
concrete to prevent the washing out and saturation of cell fill.
Enough floodgates should be provided so that, the coffer-
dammed area can be flooded at least two-thirds full within 4
to 6 hours, or before any cell is overtopped, if the cofferdam
is in imminent danger of being overtopped205. The size and
number of floodgates depend on the size of the coffer-
dammed area to be flooded and the anticipated rate of rise of
the river.

a. Construction of a floodgate is best done by using a con-
necting arc area between two circular cells at the downstream
end of the cofferdam. The connecting arc sheet piles should
be burned off near normal pool, and the area should be
capped with 18 to 24 inches of reinforced concrete. A recess
should be formed in the concrete cap to support the bottom
of a timber or steel bulkhead. The area adjacent to the con-
necting arc should be sloped and protected with stone to pre-
vent scouring as floodwaters enter the interior of the coffer-
dam.

b. Flood-stage predictions must be carefully monitored as a
basis for determining when equipment should be evacuated
from the cofferdammed area, and the floodgates should be
opened to prevent overtopping, If serious inflows through the
interlocks occur due to the flood stage, it may become neces-
sary to flood the cofferdammed area to equalize pressures and
prevent serious damage to the cofferdam, even though pre-
dictions do not anticipate that the cofferdam will be over-
topped by floodwaters. Floodgates and sluiceways are also
used for flooding the interior of the cofferdam upon comple-
tion of the construction and just prior to the removal of the
cofferdam.

202Slope Indicator Company. 1984. Brochure, Seattle, Washington.
203United States Steel Corporation. 1975. “Cellular Cofferdams,” US Steel Sheet Piling Design Manual, Pittsburgh, Pennsylvania.
204TVA Division of Engineering and Construction. 1966 (Nov). “Steel Sheet Piling Cellular Cofferdams on Rock,” Tennessee Valley Authority, Office of Chief of Engineers, Technical
Monograph No. 75, Vol 1, Knoxville, Tennessee.
205Swatek, E. P., Jr. 1970. “Summary - Cellular Structure Design and Installation,” Design and Installation of Pile Foundations and Cellular Structures,” Envo Publishing Co., Inc.,
Lehigh Valley, Pennsylvania.
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15.7. Instrumentation of Cellular Cofferdams
15.7.1. Systematic Monitoring

Planning the monitoring program should be approached
systematically. Ideally, the planning process begins with a def-
inition of objectives and ends with actions dictated by an
evaluation of the data. A hasty and unplanned approach is
likely to omit consideration of many pertinent factors. The
planning process should include appropriate steps as out-
lined below. Omission or inadequate consideration of these
key-planning steps will guarantee a high probability of failure
and vice versa.

15.7.2. Proper Planning
A checklist for planning will include the following steps 206

(item 28):
a. Definition of Project Conditions. This will entail an

understanding of the type, function, and duration of the
structures, subsurface stratigraphy and engineering proper-
ties, ground-water conditions, status of nearby structures or
other facilities, environmental conditions, construction meth-
ods, scheduling, and funding.

b. Purpose of Instrumentation. Details are discussed below.

c. Selecting Variables to Monitor. The variables selected for
monitoring will depend on the project conditions and the
purpose of the instrumentation. These may include water lev-
els in the fill and stabilizing berm, pore pressure in the foun-
dation, earth pressure in the soil mass and at the soil-struc-
ture contact, surface and subsurface horizontal deformation
within the foundation, the fill, and along a sheet pile mem-
ber, strain in the sheet pile, and load in anchors and tiebacks.

d. Predicting Behaviour. This step helps to establish the range
and accuracy or precision of the instruments. It also helps to
determine where instruments should be located, Prediction of
behaviour also establishes a numerical value of deviation
from anticipated performance at which some action must be
taken to prevent failure, protect property and human life, or
alter construction procedures.

e. Responsibility. It must be decided who will be responsible
for procurement, calibration, installation, monitoring, and
maintenance of the instrumentation system. The data must be
promptly processed and evaluated by responsible individuals.
It must also be decided who will react to the data and who
has overall responsibility.

f. Selection of Instruments. The most desirable feature to be
considered in selecting an instrument is reliability. It should
be the simplest instrument that will get the job done, be
durable to withstand the ambient environment, and not be

very sensitive to climatic and other extraneous conditions.
Other factors to be considered are cost, skills required to
process the data, interference to construction, instrument cal-
ibration, special access while monitoring, accuracy, and the
range of predicted responses compared with the range of the
instrument.

g. Instrument Layout. A few selected critical zones should be
instrumented fully; whereas, other locations may be
equipped with fewer and less expensive instruments. The lay-
out should facilitate obtaining appropriate information dur-
ing each critical stage and be flexible enough such that
changes can be made should there be malfunctions and as
new information becomes available.

h. Preparation of Plans and Specifications. A general plan and
appropriate sections and details should be developed which
clearly show the locations, quantity, and installation details of
each instrument. The specifications should specify who has
responsibility for each activity (e.g., procurement, installa-
tion, calibration, maintenance, data collection, and evalua-
tion) and give special instructions pertaining to each. The
method of payment should be spelled out, overall responsi-
bility designated, and authority to make changes specified.
These two documents must be consistent and complete to
avoid ambiguity and subsequent claims by the contractor. 

i. Processing and Evaluating Data. This step includes prepar-
ing data sheets; establishing monitoring schedules; setting
requirements for collecting and transmitting data; data reduc-
tion, analysis, and interpretation; and data evaluation.

j. Other Considerations. Determining factors that may influ-
ence measured data, planning to ensure reading correctness,
listing specific purpose for each instrument, and acquainting
new personnel with the system must be studied.

15.7.3. Purpose of Instrumentation
a. The purpose of the monitoring program must be known,

understood, and accepted by all pertinent parties to ensure
success. Much time, energy, and money can be saved if the
purpose is derived early in the process. Understanding the
purpose helps to direct available resources toward specific
activities, and extraneous efforts are essentially eliminated.

b. The purpose of the monitoring program may be singular or
pluralistic, including one or more of the following:

(1) Verifying design assumptions and methods.

(2) Verifying contractor's compliance with the specifica-
tions.

206Dismuke, T. D. 1975. “Cellular Structures and Braced Excavations,” Foundation Engineering Handbook, Van Nostrand Reinhold, Co., New York, New York.
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(3) Verifying long-term satisfactory performance.

(4) Safety.

(5) Legal reasons.

(6) Advancing the state of the art.

(7) Verifying adequacy of a new construction technique.

(8) Controlling the rate of progress of construction.

(9) Accessing impact on environmental conditions.

c. The purpose will be influenced significantly by such proj-
ect conditions as the type, function, and duration of the
structure, the subsurface conditions, the nature and extent of
the ground-water conditions, the proposed construction
methods and procedures, environmental conditions, confi-
dence in the design approach, potentials for litigation, etc.
Most of this information is developed in the design stages,
with new data and changes provided as the project progress-
es. The designer of the monitoring program should assume
the responsibility of acquiring, understanding, and keeping
abreast of all factors that may impact upon the monitoring
program.

15.7.4. Types of Instruments
The kinds of instruments selected will depend on the pur-

pose, project conditions, and the variables that will be moni-
tored.

Each variable monitored will require a specific kind of
instrument, e.g., pore pressure will be monitored with some
type of piezometer. A variety of instruments varying in the
degree of sophistication are available from both U.S. and non-
U.S. manufacturers and suppliers. The following is a brief
description of the more common instruments used in a pro-
gram to monitor steel sheet pile structures.

15.7.4.1. Observation Wells
The observation well consists of a riser pipe connected to a

perforated or porous tip at the lower end and is installed in a
borehole to some specified depth or attached to the sheet pile
before driving. The annular space of the borehole is backfilled
with sand or fine gravel and sealed at the ground surface with
grout or other suitable impervious material to prevent
entrance of surface water. Observation wells are mainly used
to measure unconfined ground-water levels and are moni-
tored directly by a probe or tape. If observation wells pene-
trate more than one aquifer or penetrate a perched water table
and an underlying aquifer, the resulting water levels are aver-
age ground-water levels and are generally not very meaning-
ful. This is a decisive disadvantage of observation wells, but if
the subsurface conditions and the nature of the ground-water

regime are well defined, observation wells can be installed to
provide very meaningful data. Observation wells may be
installed to monitor ground-water levels in the cell fill, back-
fill materials, and stabilizing berms. Installation can be made
during sheet pile driving by attaching the casing and slotted
or perforated tip (an inexpensive well point can be used) to
the sheet pile. Provisions should be made to protect the tip
and casing during driving if damage is likely to occur.

15.7.4.2. Piezometers
The term piezometer is used to denote an instrument for

monitoring pore pressures in a sealed-off zone of a borehole
or fill. Piezometers can be classified into five types, depend-
ing on the principle used to activate the device and transmit
the data to the point of observation. The five types of
piezometers include the open standpipe piezometer, the
closed hydraulic piezometer, the diaphragm piezometer, the
vibrating wire strain gage piezometer, and the semiconductor
strain gage piezometer. A variety of each type of piezometer is
available from U.S. and non-U.S. manufacturers and suppli-
ers. Piezometers are used to monitor pore pressures in the cell
fill and foundation, in the stabilizing berms, and in the back-
fill material. The type of piezometer selected should be based
on such things as reliability, ruggedness, suitability, simplici-
ty, cost, interference to construction, etc.

The open standpipe piezometer has the advantage of sim-
plicity and its use is widespread. In those cases where mini-
mum time lag is a significant factor and when high artesian
pressures must be monitored, a pneumatic or a vibrating wire
strain-type gage piezometer would be more suitable.
Installation can be made during pile driving by securely
attaching the piezometer to the sheet pile and protecting the
tip and riser pipe or tubes from damage. Installation after fill
placement is complete can be done by any appropriate con-
ventional method.

15.7.4.3. Inclinometers
Inclinometers can be used to monitor horizontal deforma-

tion within the cell fill, along the length of a sheet pile sec-
tion, in the cell foundation, and within the stabilizing berm.
The inclinometer system consists of a pipe installed in a ver-
tical borehole or securely attached to the surface of a sheet
pile in the cell. Normally, the lower end of the casing is
anchored in rock and serves as a reference point. Casing
attached to sheet pile is normally not anchored in rock. The
top of the casing is referenced to monuments outside the con-
struction area. A sensor, which measures the inclination of
the casing at depths determined by the observer, is used to
monitor the full length of the casing. The sensor is connected
to a graduated electrical cable that is used to lower and raise
the sensor in the casing. The upper end of the cable is
attached to a readout device that records the inclination of the
casing from the vertical. Tilt readings and depth measure-
ments are compared with initial data to determine move-

Sheet Pile Design by Pile Buck 415



416 Sheet Pile Design by Pile Buck



ments that have occurred. Plastic, aluminium, and steel cas-
ing of various sizes and shapes have been successfully used
with sheet pile cellular structures. Circular casing with guide
grooves and square casing are available from US manufactur-
ers. Casing within the cell fill and in the stabilizing berm are
installed in boreholes.

Casing connected to sheet pile sections must be attached so
that the casing remains undamaged and securely fastened to
the sheet pile after the pile has been completely driven to the
design depth. In-place inclinometers may be installed to pro-
vide continuous or automatic monitoring with alarm capabil-
ity. In-place inclinometers can be monitored manually or
automatically. The manual system consists of one or more
sensors, a readout station, and a portable indicator. The auto-
matic system consists of one or more sensors, a junction box,
power supply, and data logger. For safety, the alarm option
automatically generates an alarm when movement of one of
the sensors exceeds a preset threshold.

15.7.4.4. Earth Pressure Measuring Devices
Earth pressure measuring devices fall into two categories.

One is designed to measure the total stress at a point in an
earth mass and the other is designed to measure the total
stress or contact stress against the face of a structural element.
Devices in the latter category are relatively accurate and reli-
able, provided the device is designed to behave similarly to
the structure. In addition, the earth pressures on a structure
may be reasonably uniform for the structure as a whole, but
are usually nonuniform over an area the size of a pressure
cell. This condition results in a wide scatter of data that is dif-
ficult to interpret.

Earth pressure measuring devices designed to measure
stress at a point in a soil mass are not considered as accurate
and as reliable as devices to measure stress against a structure.
The main problem centres on the measuring device and the
difference in the elastic properties of the surrounding backfill
and the mass fill. Devices in this category are still in the devel-
opment stages. A more complete discussion on earth measur-
ing devices is presented by Sellers and Dunnicliff207. Earth
pressure cells must be inspected and tested for leaks in a
water bath prior to installation. The cell should be calibrated
while undergoing the leak test and rechecked immediately
before and after installation to ensure that the cell is still
responsive to pressure change. The earth pressure cell may be
installed by bonding the cell to a thin steel plate that is bolt-
ed or welded to the sheet pile member. This type of installa-
tion will cause the face of the cell to protrude beyond the face
of the sheet pile. Attaching the cell such that the face of the
cell is flush with the surface of the sheet pile is a more desir-
able installation. Measures should be taken to protect the
leads and transducer from damage during driving.

15.7.4.5. Strain Gages
Several types of strain gages are in common use today. They

may be grouped according to the principles by which they
operate. Three principles of operations are used: mechanical,
electrical resistance, and vibrating wire. The latter two are
more common in gages used to monitor sheet pile structures.
Each is designed to measure very small changes in length of
the structural member at the point of installation. The change
in length is converted into stress, load, or bending moment.
In cellular structures, strain gages have been used principally
to observe interlock tension within sheet pile members. The
gages are made such that they can be attached to a surface by
means of an epoxy adhesive or by welding. Two types of elec-
trical resistance strain gages are available, including the bond-
ed types and the weldable types. Bonded types are designed
to be bonded to the surface of a structural member by means
of an adhesive epoxy. The success of this type of gage depends
on the surface preparation of the structural members, which
should be perfectly clean and dry, the gage bonding, water-
proofing of the gage, which is absolutely essential, and the
physical housing provided to protect the gage and lead wires.
The weldable-type gages are spot welded to the structural
surface with a portable welder. The resistance element is
bonded or welded to a very thin stainless steel shim stock,
which is spot welded to the clean smooth surface of the struc-
tural member. The success of this gage depends very much on
the same factors as those affecting the success of the bonded-
type gage. Vibrating wire strain gages are usually arc welded
or spot welded to the surface of the structural member. Gages
that are arc welded are bolted into fixed end blocks under the
correct tension. The end blocks are arc welded to the struc-
tural member at the proper spacing. In gages that are spot
welded to the surface, the wire is pretensioned and welded to
a shim stock, and the shim stock is spot welded to the surface
of the structural member. Vibrating wire strain gages are
equipped with a plucking and cable assembly. This assembly
is detachable with most models and can be used with more
than one gage if they are in proximity. The vibrating wire
strain gage operates on the principle that the natural frequen-
cy of a vibrating wire, constrained at both ends, varies with
the square root of the tension in the wire. Any change in
strain in the member to which the gage is attached is indicat-
ed by a change in tension in the wire. The frequency of the
wire is determined by plucking the wire and measuring its
frequency. Zero drift in vibrating wire strain gages, caused by
stretching or creep in the wire or by slippage at the wire grips,
has been reduced by heat treating the wire during manufac-
turing, by keeping the tension in the wire to less than 25 per-
cent of the yield stress, and by using no load gages. Gages
with thermistors for temperature measurements are available
if temperature measurements are desired. Table 15-6 lists
advantages, limitations, and other pertinent information for
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various types of strain gages used to monitor steel sheet pile
structures.

15.7.4.6. Precise Measurement Systems
Horizontal and vertical surface displacement can be detect-

ed by making precise measurements of lengths, angles, and
alignments between reference monuments and selected
points on the structure. These measurements can be grouped
into three categories: precise alignment measurement, precise
distance and elevation measurements, and triangulation and
trilateration surveys. The instruments commonly used to
make these measurements include laser transmitters and
receivers, precision theodolites and levels, electronic distance
measurement instruments, alignment targets and reflectors,
and auxiliary equipment. The reference monuments should
be set in rock or stable soil, located outside the influence of
the construction area, and protected from incidental distur-
bances. At least two reference monuments, each with a clear
line-of-sight to the other and the selected points on the struc-
ture, should be installed. The selected points on the structure
should be permanently marked such that the exact same
points are used during each survey. In addition to the forego-
ing measurement systems, plumb lines can be used to meas-
ure bending, tilting, or deflections of sheet pile structures
from external loading, sliding, and deformation of the foun-
dation. 

15.7.5. Accuracy of Required Measurements
Accuracy indicates the degree of agreement between the

measured value and the true value. It signifies the range the
measured value will deviate from the true value. Accuracy is
not to be confused with precision or sensitivity. Precision
indicates the degree of agreement between repeated measure-
ments of the same quantity and sensitivity represents the
smallest quantity observable as a measurement is made.
Several factors influence the accuracy of field measurements.
Among these factors are the physical features of the device,
installation procedures, environmental conditions, confor-
mance of the instrument to the actual changing conditions,
data reduction procedures, and observer errors. Accuracy
should be verified.

This can be done by monitoring two or more systems inde-
pendently or by using instruments that can be removed,
checked and/or recalibrated periodically, and reinstalled. The
last will be virtually impossible with many instruments and
installations. The required accuracy is related to several fac-
tors, including: the sensitivity of the structure to the required
measurements, the magnitude of the measurements during
the observational period, the length of the observational peri-
od, and the purpose of the monitoring program. These factors
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should be carefully considered in connection with the type of
sheet pile structure being monitored and the field measure-
ments desired. Generally, the accuracy of most readily avail-
able instruments will meet the accuracy requirements for per-
formance evaluation of most monitoring programs, provided
the instrument is installed, operated, and maintained in
accordance with the manufacturer's recommendations. The
accuracy of most instruments can be obtained from the man-
ufacturer's literature. Gould and Dunnicliff208 and Wilson and
Mikkelson209 presented tabular data on the accuracy of vari-
ous measurement methods and instruments common to
measuring deformation and pore pressure.

15.7.6. Collection, Processing, and Evaluation of Data
Data must be collected, processed, and evaluated as expe-

ditiously as possible if the monitoring program is to have any
chance of success. Careful attention must be given to whoev-
er will collect the data. This can be the responsibility of the
contractor or the owner. In any event, the person collecting
the data must have experience or be trained to collect the
data. This person must be aware of what constitutes abnor-
mal data, malfunctioning monitoring equipment, and instru-
ments that have been damaged. If the data are to be collected
by the contractor, the specifications must be definite regard-
ing who will collect the data, when and how it will be collect-
ed, transmitting the data to the owner, processing and evalu-
ating the data, reporting malfunctions, repairing and replac-
ing damaged equipment and instruments, and other factors
unique to the monitoring program. A monitoring schedule
should be established to provide data that are needed to eval-

uate the structure under all conditions of concern.
The schedule should include special monitoring during

critical load phases of the structure. Input by the design engi-
neers will be very helpful in establishing a meaningful moni-
toring schedule. Initial observations should be made on all
instruments immediately after installation. This is base data,
and most subsequent data will be compared with this initial
data. Collected data should be promptly processed for easy
review and evaluation. This can be done manually or by com-
puter technology, if computer facilities and suitable software
are readily available. The choice of processing the data by
computer or manually should be weighed against the volume
of data to be processed, the cost of the computer systems, the
personnel available, and the convenience of each method to
the people evaluating the data. Regardless of the method cho-
sen, the data should be presented in some graphic form that
is readily updated as new data are acquired. Graphic presen-
tation of data helps to establish trends, pinpoint variations,
and guards against overlooking important data. Data that
have been collected and processed should be promptly eval-
uated by design engineers and others involved in the design
and construction process. The evaluation should include an
assessment of the validity of the data, a determination of the
existence of any adverse situation that calls for immediate
attention, a correlation of the data with other activities, and a
comparison of the data with predicted behaviour. Care must
be taken not to reject what seems to be abnormal data with-
out due consideration of the factors likely to produce the
data.

208Gould, James P., and Dunniclif, John C. 1982 (Apr). “Accuracy of Field Deformation Measurement,” 6th Annual Short Course on Field Instrumentation of Soil & Rock, University
of Missouri-Rolla, Rolla, Missouri.
209Wilson, Stanley D., and Mikkelsen, Erik P. 1978. “Field Instrumentation,” Transportation Research Board Special Report 176, Landslides: Analysis and Control, National Academy
of Science.
210Department of the Army, Corps of Engineers, St. Louis District. 1983 (Nov) . Lock & Dam 26 (Replacement) Mississippi River, Alton, Illinois, Summary Report, Instrumentation
Data Analysis and Finite Element Studies for First Stage Cofferdam, Shannon & Wilson, Inc.
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16.1. General
Dolphin-marine structures for mooring vessels211 are com-

monly used in combination with piers and wharves to short-
en the length of these structures and are also a principal part
of the fixed mooring berth type of installation used extensive-
ly in bulk cargo handling. They are also used for typing up
ships or barges and for transferring cargo from one ship to
another when moored along both sides of the dolphins.
Dolphins are of two types: breasting and mooring.

Breasting dolphins are designed to take the impact of the
vessel when docking and to hold it against a broad-side wind.
They usually also have bollards (mooring posts) to take ship
lines, particularly springing lines for moving the vessel along
the dock or holding it against the current. These lines are not
very effective in a direction normal to the dock, particularly if
the vessel is light. Therefore, to hold the vessel against a
broad-side wind blowing in a direction away from the dock,
additional dolphins called “mooring dolphins” must be pro-
vided off the bow and stern, located some distance in back of
the face of the dock. These mooring dolphins are located in
back of the face line of the dock where they will not be hit,
and therefore, are not designed for the impact of the ship.
Mooring dolphins are provided with bollard posts for routine
loads and with capstans (winches) when heavy lines are to be
handled. The maximum pull on a single line will usually not
exceed 50 tons; however, two lines may sometimes be
attached to a single bollard resulting in a pull of 100 tons.

If bottom soil conditions are suitable, sheet pile cells make
excellent dolphins and if provided with adequate fenders can
be designed to withstand the forces associated with large
ships.

Cells, because of their circular shape, are well suited for
turning or warping the ship around at the end of the dock. A
cellular sheet-pile dolphin with a fender system is shown in
Figure 16-1. This dolphin was designed to accommodate a
35,000 DWT ship. Cellular dolphins are usually capped with
a heavy concrete slab to which the mooring post is anchored.

Dolphins are designed principally for the horizontal loads
of impact and/or wind and current forces from a vessel when
it is docking and during the time it is moored.

16.2. Loads
16.2.1. Lateral Loads

Lateral loads from mooring lines pull the ship along the
dolphin or hold it against the force of wind or current. The
average wind pressure in psf on the exposed broadside of a

ship in a light condition can be computed from the wind
pressure formula, assuming a shape factor of 1.3 and an aver-
age air density, as

Equation 16-1: P = V2
wind/300

Where
• P = wind pressure on the exposed broadside of a ship, psf
• Vwind = wind velocity, miles per hour.
The shape factor 1.3 is a combined factor taking into con-

sideration the shape of common ships and the decrease in air
pressure on the leeward side of the ship. The design wind
pressure is usually assumed to be not less than 10 or more
than 20 psf corresponding to wind velocities of about 55 to
78 miles per hour.

The average pressure due to the water current (in pounds
per square foot) is determined from the following expression:

Chapter Sixteen: 
Cellular Sheet Piling Structures, Mooring Cells and Dolphins

211Quinn, A.deF. (1972) Design and Construction of Ports and Marine Structures. New York: McGraw-Hill.

Figure 16-1: Cellular Sheet-Pile Dolphin (Isolated Single Cell)
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Equation 16-2:

Where
• p = pressure due to the water current, psf
• w = unit weight in pounds per cubic foot
• γ = 32.2 ft/sec2

• Vwater = velocity of current in ft/sec.

For salt water this results in a pressure per
square foot equal to approximately V2. The
velocity of current will usually vary between
one and four feet per second. The pressure
due to current will be applied to the area of
the ship below the water line when the ship is
fully loaded. Since the ship is generally
berthed parallel to the current, this force is
seldom a controlling factor.

16.2.2. Impact
The ship striking the dolphin when

berthing causes docking impact. For the pur-
pose of design the assumption is usually
made that the maximum impact to be consid-
ered is that produced by a ship fully loaded
(displacement tonnage) striking the dolphin
at an angle of 10 degrees with the face of the
dolphin with a velocity normal to the dolphin
of 0.25 to 0.5 feet per second. Fender systems
are designed to absorb the docking energy of
impact and the resulting force to be resisted
by the dolphin will depend upon the type
and construction of the fender.

In its simplest form, the fender may be a
horizontal wood member or a number of ver-
tical wood members or rubbing strips fas-
tened to the deck. However, rubber has come
into extensive use for fender systems.
Cylindrical rubber fenders come in sizes
ranging from 5” O.D. by 2-1/2” I.D. to 18”
O.D. by 9” I.D. Figure 16-2 gives (a) the force
developed and (b) the corresponding energy
absorbed for a given deflection for cylindrical
rubber fenders in the range of sizes given
above. Figure 16-3 gives similar information
for rectangular rubber fenders.

The kinetic energy of impact is

Equation 16-3:

and substituting W/g for the mass M,

Equation 16-4:

Where
• E = the energy in ft-tons
• W = the total weight of the ship and cargo in tons

212Fender Dimensions: 10” O.D. and 5” I.D. Courtesy of Goodyear Tire & Rubber Company.
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Figure 16-2: Load and Energy-Deflection Curves for Cylindrical Rubber Fenders,
Side Loaded212

(a) Approximate Load-Deflection Curves
(b) Approximate Energy-Deflection Curves



• Vship = the velocity of the ship normal
to the dock in ft/sec

• g = the acceleration due to gravity
(32.2 ft/sec2 ).

The energy assumed to be absorbed by
the fender system and dock is 1/2E, as the
remaining one half is assumed to be
absorbed by the ship and water. This ener-
gy, 1/2E must be absorbed by the fender
system and dolphin in bringing the ship to
rest.

16.2.3. Wave Action
The lateral force transmitted to a struc-

ture hit by a wave is much greater when the
wave breaks as it approaches (shallow
water) than when it does not break (deep
water). Deep water in this sense means a
water depth at the structure greater than
about 1.5 times the maximum expected
wave height. A discussion of lateral force
due to wave action is beyond the scope of
this design manual. The length, height,
breaking point, and other essential charac-
teristics of waves depend on many factors
such as wind velocity, wind direction and
frequency of occurrence, shore line config-
uration, and depth and slope of beach near
the structure. Therefore, specialists in this
branch of oceanography should do the
determination of wave characteristics and
the wave pressure diagram against a struc-
ture. Once a lateral pressure diagram has
been developed, it can be used in comput-
ing the lateral force on the structure.

16.2.4. Earthquake Force
Earthquake forces will have to be consid-

ered in areas of seismic activity. The hori-
zontal forces acting on a dolphin due to an
earthquake will include the force to acceler-
ate the dolphin and any increased mooring
forces. Forces on a given mass will equal
acceleration developed times the mass,
applied at the centre of gravity. The weights
to be used in computing horizontal forces
are total dead loads plus one-half of any
live loads.

16.2.5. Vertical Loads
Vertical loads consist of: dead load (weight of the struc-

ture), and live load (uniform loads or wheel loads from trucks
or mobile cargo handling cranes, and loads from other equip-

ment in the case of breasting dolphins).

16.3. Stability of Dolphins
Preliminary concepts will be developed by considering a

Figure 16-3: Load and Energy-Deflection Curves for Rectangular Rubber Fenders,
Side Loaded 213

(a) Approximate Load-Deflection Curves
(b) Approximate Energy-Deflection Curves

213Fender Dimensions: 7” x 10” x 3”.
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small diameter vertical shaft embedded in soil below the
dredge line and designed to resist a horizontal force P trans-
mitted to it by mooring line from a vessel. Tschebotarioff214

describes procedures for the estimation of the depth of
embedment D required for safe stability of a small diameter
shaft.

16.3.1. In Sand
The lateral resistance in sand for the determination of

embedment depth is shown in Figure 16-4.

The maximum possible passive resistance of the sand at a
depth D is

Equation 16-5: p = γD (Kp - Ka )

Equilibrium requires that

Equation 16-6: P = E1 - E2
Equation 16-7: Ph = E2e2 - E1e1

The value of E1 is governed by p = pmax/F, where the factor
of safety, F should be > 2.5. The force E1 is taken to equal the
area abc multiplied by 2d, where d is the shaft diameter. The
force E2 is taken to equal the area cfd multiplied by 2d. [The
Kp value can be computed assuming the angle of wall friction,
δ = 0 or if the force P has a downward component, the Kp
value may be increased to correspond to δ values up to 2/3φ.
Similarly, if P is likely to have an upward component, the Kp
value should be decreased to correspond to δ values as low as
2/3δ]. The simplest way to estimate D is by trial and error.
After drawing a diagram of the type shown in Figure 4a, select
a Point c so that the force E1 will be somewhat larger than P.

The pick a point f so that the force E2 will satisfy Equation
16-6 and check to see if Equation 16-7 is satisfied. If not,
repeat this procedure for a different distance ac.

The bending moments and shears in the shaft can then be
determined by simple statics from the force P and the earth
pressure diagram abcdf. The result will be on the safe side
compared with the probable actual pressure distribution indi-
cated by dotted lines.

16.3.2. In Clay
Figure 16-5 refers to the stability of a vertical shaft embed-

ded in clay.

The procedure is the same as that for sand except that spe-
cial caution is required when selecting the c value of sensitive
clays susceptible to remoulding and p = 2c/F, where F = fac-
tor of safety.

16.3.3. Frictional Forces
Large diameter dolphins formed by driving steel sheet

piles, forming an isolated, cylindrical, sand-filled cell of 5- to
15-foot diameter have similar stability considerations as that
of a small diameter shaft except that cell weight and friction
along the cell walls will provide additional resistance to over-
turning as shown in Figure 16-6.

Forces accounting for the friction can be estimated as fol-
lows:

Equation 16-8:

Both forces F1 and F2 shown in Figure 16-6 will be applied
in plan at the centre of gravity of the half ring along the outer
periphery of which they will be acting, so that their resisting
moment with respect to the centreline of the cylinder will be
d/p. Taking moments about the centre of the circular base will
give

Figure 16-4: Determination of Embedment Depth D for Vertical
Shaft Subject to a Horizontal Force in Sand

214 Tschebotarioff, G.P. (1951) Soil Mechanics, Foundations and Earth Structures. New York: McGraw-Hill, Inc.

Figure 16-5: Determination of Embedment Depth D for Vertical
Shaft Subject to a Horizontal Force in Clay
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Equation 16-9:

A concrete stiffening slab at the top of the sheet pile cais-
son is advisable, with an opening to permit addition of sand
in case the fill within the cell settles.

16.4. Bearing Capacity
Sheet pile dolphins on sand or clay foundations involve a

surcharge loading imposed upon the supporting stratum at
the inboard toe. An estimate of the factor of safety against a
bearing capacity failure of the supporting stratum should be
made and is illustrated in the example problems.

Sliding Stability. The factor of safety of the cell against
sliding along its base should be estimated as described in

the chapter on cellular cofferdams, and in the example
problems.

Shear Failure on Centreline of Cell. The factor of safety
against failure due to vertical shear can be investigated as
described in the cellular cofferdam chapter and in the
example problems.

Selection of Sheet Pile Section. The selection of the
sheet pile section should be based on the interlock tension. 
Maximum interlock tension occurs at a depth where the
earth pressure on the sheet pile wall is a maximum. This
design procedure is illustrated in the chapter on cellular
cofferdams and example problems.

16.5. Skeletal Sheet Pile Cell Docks
Sheet pile cells have also been widely used for “skeletal”

type docks particularly along inland rivers for mooring bulk
cargo barge strings.215 The isolated single cells vary in diame-
ter from about 10 ft. to 30 ft. and in height up to 60 ft. above
the river bottom if necessary. They are particularly useful
where extreme fluctuations in water depths preclude the use
of continuous bulkheads. The cells are built parallel to shore
and separated from each other at distances based on the barge
lengths and other design considerations. Some docks built
thusly have extended 2500 ft. or more along the shoreline
having as many as 25 individual cells comprising the docking
facility. Barges from the fleet move from mooring sites along
the upstream cells to the unloading or loading facility in the
centre, then to downstream fleeting areas along with other
empties. The economies in such a dock have resulted in many
such facilities being built to date. Horstman provides a
detailed review of the history application, design and con-
struction of the docks. Design principals employed in the
design of mooring cells would also be effective in the design
problem and the reader is directed to the previous section on
mooring cells along with information supplied by Horstman
and others regarding practical application.

Figure 16-6: Frictional Forces Contributing to Stability of
Sheet-Pile Dolphin in Sand

215 Horstman, W. (1964) “Barge Dock for Inland Waterways.” ASCE Proceedings, Vol. 90, No. WW4, November.

Figure 16-7: Skeletal Barge Dock Sheet Pile Cells
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❖ Given
� Problem as shown in Figure 16-8.
� Additional downward live load plive = 250 psf
� Wall friction angle δ of 20°
� Neglect wave loads.
� Use factor of safety for earth pressure coefficients of 2.5.

❖ Find
� Depth of penetration D.
� Check against overturning and bearing failure.
� Compute interlock forces and specify sheet piling.

❖ Solution
� Determine earth pressure profile for depth of embed

ment. See Figure 16-4. The solution of the problem is
similar to a cantilever wall solved by the conventional
method. The equations of equilibrium to be used are
Equation 16-6 for the forces and Equation 16-9 for the
moment.
• The forces E1 and E2 are

Equation 16-10:

Equation 16-11:

These are based on the triangle area shown in the diagram
for each force.

• For determination of the depth, we take moments
about point a. The two moment arms are thus

Equation 16-12:

Equation 16-13:

• If we substitute Equation 16-10, Equation 16-11,
Equation 16-12 and Equation 16-13 into Equation 16-
6 and Equation 16-9, along with all of the other
known variables, we obtain

60000 =1386.7c2 - 3466.7D(D- c)
2520000 = 3213c2 + 8032.(6DD- c) + 3466.7(D D- c)

(0.667D+ 0.333c) - 924.44c3

We thus have two equations in two unknowns, c and D.
The problem is that the first (force) equation is quadratic in
both variables and the second (moment) cubic. To simplify
the solution, we plot both of these equations, computing D
(y-axis) for various values of c (x-axis). The results of this are
shown in Figure 16-9.

The two lines intersect when c is approximately 15’; this
corresponds to a value of D of about 19’. To be conservative,
we will use an embedment depth of D = 20’, which corre-

Figure 16-8: Elevation View for Example 28

Example 28: Design of a Mooring Dolphin – Granular Soil 
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sponds to a value of c = 16’. We can thus compute the values
of the forces and moment arms, which are as follows:

• D = 20’
• c = 16’
• E1 = 354986.7 lbs.
• e1 = 10.67’
• E2 = 277333.3 lbs.
• e2 = 18.67’

� Check overturning moment. We will sum moments
about point A to check this value. A force diagram is
shown in Figure 16-10. We will neglect the effect of the
live load in this case (but will consider it for bearing
capacity and interlock tension.)

• The summation of moments about point A is given by the
equation

Equation 16-14:

ΣMA = R  e + (F1 + F2) f - P (h + D) - E2 (D- e2) + E1 (D- e1)

The value of the reaction R is given as

Equation 16-15: R = Wcell + F2 - F1

The weight of the cell Wcell is given as

Equation 16-16:

Wcell = Acell (Lcon γcon + Ldry γ+ Lsub γ’) = π d2

4
(Lcon γcon + Ldry γ+ Lsub γ’)

The values Lcon γcon refer to the thickness (2’) and spe-
cific weight (150 pcf), respectively, of the concrete cap.

The value Ldry, γ refer to the thickness of the cell fill
(4’) and its dry unit weight (106 pcf), respectively,
above the water line.

The value Lsub is the thickness of the cell fill below the
water line to the base of the mooring dolphin. Lsub =
35’ + 20’ = 55’.

The frictional forces F1 and F2 are given by Equation 
16-8.

Substituting the variables leads to the following values
for these variables:
♦ Acell = 314.2 ft 2
♦ Wcell = 1,350,571 lbs.
♦ F1 = 129,205 lbs.
♦ F2 = 100,941 lbs.
♦ R = 1,322,307 lbs.
Substituting these values into Equation 16-14, setting
the sum to zero and solving for the eccentricity yields
e = -.52’. To be in the middle third, |e| < 3.33’, which
it certainly is.

� Check for bearing capacity failure.
• The bearing capacity formula for circular foundations

is given in Equation 15-17. For φ = 30°, Nq = 22.46
and Nγ = 19.7 (Table 15-2.) The depth of penetration D
corresponds to the variable Df; the diameter d corre-
sponds to the variable B. Submerged unit weights are
used throughout the formula. Substituting all of the
values (along with a cohesion c = 0) yields qf = 36,881
psf.

• For a trapezoidal load with the resultant in the middle
third, the maximum and minimum bearing stresses on
the foundation are given by the equation

Figure 16-9: Plot of D vs. c for Example 28

Figure 16-10: Force Diagram for Overturning Moment
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Equation 16-17:

The live load is only now included because it should not
be considered in overturning calculations, as it would
act against overturning and cannot be counted on to be
present in all cases. Substituting for all of the variables,
the maximum foundation pressure qmax = 5117 psf. 
The factor of safety against bearing failure is 36881/5117
= 7.2, which is more than satisfactory.

� Compute interlock force and select sheet piling.
• The interlock force reaches its maximum at the sea

bottom. To compute the lateral earth pressure, we use
the at-rest condition. The lateral earth pressure coeffi-

cient is thus computed by Equation 4-13, or Ko = 0.5 for
φ = 30°. The internal pressure at the ground line is given
by the equation

Equation 16-18:

In this case, pa = 1625 psf.

• The interlock tension is given by Equation 15-26. The
radius R = d/2 = 10’. The interlock tension is thus
(1625)(10) = 16,250 lb/ft = 1354 lb/in. A PSA 23 sheet
pile can withstand this interlock tension; 46 pieces of
this are required for a 19’ 6-1/4” diameter cell.
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Anyone who works in a marine environment is aware that
corrosion is one of the most important factors to consider in
the long-term life of a structure. Corrosion is a factor for vir-
tually any metal structure, or structure that contains metal
(such as precast or prestressed concrete.) With sheet piling,
corrosion concerns steel and aluminium sheet piling.
Corrosion of aluminium sheet piling is discussed in Pile
Driving by Pile Buck, available from Pile Buck; this chapter will
discuss corrosion as it pertains to steel sheet piling.

17.1. Overview of Corrosion
The life expectancy of sheet pile structures will be strongly

influenced by environmental factors. Among the natural
influences that might affect the useful service life of steel sheet
piling structures are damage from impact, overloading,
storms, earthquake, abrasion and corrosion. In hostile sur-
roundings when unprotected, metals lose thickness to corro-
sion, timber is attacked by biological organisms and rot, and
concrete is vulnerable to weather and chemical damage. An
understanding of these circumstances will allow the designer
to make provisions for protection of his selected materials if
necessary.

Corrosion is a natural electro-chemical action that affects
all metals to one degree or another. The conditions necessary
to initiate the process are moisture (the electrolyte), a conduc-
tor (the metal) and a difference in potential between areas of
the metal. This last element could be something as simple as
minute chemical or physical differences present in the metal
or the environment but could also be caused by scratches,
abrasions, galvanic couples, bacteria and other factors. The
corrosion process has been compared to a battery in which
there are two electrodes, an anode and a cathode. When con-
nected, electrons flow from anode to cathode. The anode
loses some of itself (corrodes) during the time the current is
flowing and the cathode gains. It is in this same manner that
anodic areas of metals corrode when these miniature batter-
ies are in operation on their surfaces 

Metals begin as ores in which they are combined with oxy-
gen, silicates, sulphur and other elements. Iron, for example,
is found in a number of minerals, the most important of
which are magnetite and hematite. Magnetite (Fe3O4) is com-
posed of 72% iron and 28% oxygen. Oxygen is removed dur-
ing the refining process. As steel, the metal seeks to revert to
its more stable form of ferrous oxide or rust. Rust is a prod-
uct of the corrosion process. While rust may not be attractive,
it is actually beneficial in that the deterioration slows consid-
erably and sometimes ceases after the formation of a tight

coating of rust. The alloy “weathering steels” take advantage
of this fact in achieving their exceptional performance in
atmospheric applications. Even construction grade steels will
develop a tight, uniform coating of rust in the atmosphere
under the right set of conditions.

All metals are subject to corrosion activity unless otherwise
protected by methods that will be discussed later. It must be
understood therefore, that the important consideration is not
whether steel will corrode, but in what form and at what rate.
If the rate is low and cosmetic appearance is not a considera-
tion, it is generally desirable to utilize sheet piling in its least
expensive form that is bare and unprotected. If the environ-
ment is aggressive and the rate expected to be high, protec-
tive measures for some or all portions of the structure may be
necessary.

Many factors influence the type and rate of corrosion. The
presence of moisture is the most important element since it
increases the electrical conductivity of the environment in
contact with the metal surface. This will permit the flow of
larger electrical currents and result in higher corrosion rates.
Most steels if exposed to air with a relative humidity of less
than 30% would show no signs of corrosion.

Oxygen is the other important element in the corrosion
process. Free oxygen and oxidizing compounds stimulate the
cathodic reaction by depolarisation in the presence of mois-
ture. Variations in oxygen concentration on the metal at vari-
ous depths form differential aeration cells and promote gal-
vanic activity. Areas of low oxygen concentrations become
anodic to areas of higher concentration.

Chlorides found in marine environments are the principal
reason for the more aggressive attack on steel and other met-
als in seawater. They increase the electrical conductivity and
thus the corrosion currents. They may form complexes with
the metal products of corrosion, increasing the solubility of
the metal ion and further stimulating corrosion.

There are many other potentially influential elements in the
corrosion of metals that lie beyond the scope of this chapter.
Our purpose is to outline the causes of corrosion, the situa-
tions where steel may need protection due to excessive rates,
and the current methods of providing such protection216.

17.2. Types of Corrosion in Steel Sheet Piling
17.2.1. Pitting Corrosion

Pitting corrosion is defined as a localised attack of a metal
where the corrosion rate is substantially higher at some
exposed areas than at others. Pitting corrosion may result in
attack ranging from broad, shallow craters to deep holes.

Chapter Seventeen: 
Corrosion and Protection
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Pitting is a localized attack and is generally associated with
immersed piling in salt water. Pitting is serious in buried
pipelines or tanks since a perforation will cause loss of the
contents. Perforations of sheet pile structures are readily
repaired and the loss of some fill is not serious.

Prestressing steel for tendons and tiebacks must be inspect-
ed for pitting, as heavy pitting in tendons can lead to a reduc-
tion in cross-sectional area and ultimately failure. Metal cen-
tralisers should be avoided, especially if the metal is anodic to
the tendon.

17.2.2. Uniform Corrosion
Uniform corrosion is defined as corrosion that occurs at

substantially the same rate over the entire exposed surface of
a metal. When uniform corrosion occurs, very small electro-
chemical cells are established on the surface of the metal due
to small differences in metal composition or the nonuniform
nature of corrosion product layers that form on the surfaces.
Corrosion of sheet piling takes the form of both uniform
roughening of the surfaces and pitting. However, general, dis-
tributed loss of metal is of more interest, since this con-
tributes to a reduction in the strength of the section and
potential failure by overstressing. Corrosion resulting from
exposure to the atmosphere and fresh water immersion is
usually of the uniform type.

This form of attack can be evaluated in terms of loss of
thickness, usually expressed in mils (0.001”) per year. This
value is often determined experimentally by measuring the
weight loss of exposed specimens and calculating an equiva-
lent uniform loss of thickness.

With tiebacks and tendons, uniform corrosion is common-
ly observed during storage on the construction site. It is gen-
erally not harmful to tendon performance if the heavy rust is
removed prior to installation. Complete tendon derusting is
not advised or necessary as overzealous scraping or abrasion
may cause pitting.

17.2.3. Galvanic Action
Galvanic corrosion is defined as the accelerated corrosion

of a metal due to electrical contact with a more passive metal.
This is a classical example of the electrochemical cell in
action. The anode is the corroding metal, while the cathode
is a more passive metal. Current flows through an external
circuit due to the difference in potential between the two met-
als. Coupling of dissimilar metals in a seawater structure will
cause galvanic corrosion to occur on the anodic member
while the cathodic member is rendered essentially inactive.

The potential difference between the two metals is best
given by a listing of the metals in order of their activity in a
common environment such as seawater. Since the actual
measured potentials will vary with the actual conditions, a
series, called the galvanic series is a relative listing and is usu-
ally given without actual potential values. The galvanic series
for seawater is shown in Table 17-1.

Table 17-1: Galvanic Series for Seawater

ACTIVE END (Anode)

Magnesium
Zinc

Galvanized Steel
Aluminium Alloys

Cadmium Coated Steel
Mild Steel
Alloy Steel
Cast Iron

Monel (Active)
400 Series Stainless Steel (Active)

Solder
300 Series Stainless Steel (Active)

Lead
Tin

Muntz Metal
Manganese Bronze

Naval Brass
Yellow Brass

Admiralty Brass
Aluminium Bronze

Red Brass
Copper

Silicon Bronze
Copper-Nickel 90-10
Copper-Nickel 70-30

G-Bronze
M-Bronze

Silver Solder
Monel (Passive)

400 Series Stainless Steel (Passive)
300 Series Stainless Steel (Passive)

Silver
Inconel 625

Titanium
Graphite

Gold
Platinum

PASSIVE END (Cathode)

The metals at the active end of the series will act as an
anode when coupled to a metal below them in the series or
towards the passive end. Corrosion of the more passive metal
in the couple is usually reduced.

In marine pile construction, fasteners, welds, splash zone
sheathing and fittings are sometimes fabricated from metals
other than plain carbon steel. In such cases, if these metals are
cathodic to the pile and are of small area relative to the pile
surface area, little acceleration of corrosion will occur on the
adjacent anodic pile surface and the cathodic metals would
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be unaffected. If the reverse situation existed, where a small
anodic fitting is attached to the cathodic pile, rapid destruc-
tion of the fitting would occur.

One special form of galvanic action that is important with
sheet piling takes place with mill scale. Mill scale is the tight-
ly adherent scale that forms on hot-rolled structural mem-
bers. Upon cooling, numerous small cracks develop exposing
the base steel. Exposure in seawater results in an active gal-
vanic cell in which the vulnerable small exposed steel
assumes the anodic role and corrodes by forming pits. The
surrounding intact mill scale assumes the cathodic role in this
galvanic cell. Over the short-term, pit depth exceeds the nor-
mal corrosion rate; however, over the long term stabilization
develops.

17.2.4. Stray Current Corrosion
Direct current from external sources around marine con-

struction can cause accelerated damage to piles if such cur-
rent is collected by the structure and leaves to enter the elec-
trolyte. Direct current from improperly grounded welding
generators, ship service systems, nearby cathodic protection
systems and electric railway systems can cause stray current
corrosion damage to ungrounded structures in a harbour
area. One ampere of direct current passing from a structure to
the seawater will remove approximately 20 pounds of steel in
one year. Alternating stray currents are of little or no conse-
quence.

It is essential that stray direct currents be eliminated at
their source or that the structure be properly grounded to the
negative return leg of the stray current source. With tendons
and tiebacks, the designer should review plans to determine
the special areas of possible stray currents. In areas where this
is a problem, the tendons should be encapsulated with a cor-
rugated grout-filled plastic tube.

17.2.5. Fatigue Corrosion
Fatigue corrosion is the accelerated failure of metal under

the combined effects of corrosion and repeated or cyclical
stress. Another way of defining fatigue corrosion is the reduc-
tion of the air fatigue resistance of a metal by a corrosive envi-
ronment. Various factors related to stress such as mode, mag-
nitude, duration and frequency, in addition to the environ-
mental factors affecting corrosion, tend to complicate the
process. The effect of corrosion on fatigue is essentially to
eliminate the characteristic air fatigue limit. In the design of
marine structures, the designer must anticipate fatigue load-
ing so that preventive measures can be taken to avoid future
difficulties.

Static stresses, whether applied or residual internal stress-
es, in combination with corrosion culminate in cracking
known as stress-corrosion cracking. Stress-corrosion cracking
is not a serious problem for typical steel used in piling appli-
cations.

17.2.6. Bacteria and Fouling
Anaerobic bacteria are potential, though unlikely source of

accelerated corrosion at or near the mud line. The origin of
this pollution is usually a broken sewer or illegal discharge.
Certain oxygen deficient soils containing sulphates can har-
bour bacteria which convert and sulphates to sulphides.
Combined with hydrogen generated at the cathode, they
accelerate the corrosion proceeding at the anodic surface.

In marshy land containing acidic soils, the designer should
consider the possibility of accelerated corrosion of the ten-
dons and tiebacks. As with stray current corrosion, a tendon
or tieback should be encapsulated with a corrugated, grout-
filled plastic tube.

Fouling is the result of a variety of plants and animals that
attach themselves to marine structures. While dense, uninter-
rupted growth can protect steel structures by restricting the
oxygen reaching the surface, severe but localized corrosion
can occur from the presence of biological organisms such as
barnacles and worms.

17.3. Corrosion Environments
The sheet pile designer is usually concerned with one of

two separate environmental situations: Coastal Marine
Environments and Non-Marine Environments. On the other
hand, coastal marine environments can be quite hostile to
many types of materials utilized for piling and this possibili-
ty should be examined and allowances made. Moreover cor-
rosion in each of these environments takes place in three dif-
ferent zones: atmospheric zone, immersed and semi-
immersed zone, and buried zone.

A great volume of data has been collected from both con-
trolled testing and in service measurements in many varied
locations and environments. Reference to some of this will
give the designer insight regarding the life expectancy of his
or her structure. Test data is strongly influenced by local con-
ditions, sample sizes and shape, and evaluation methods. The
data should be clear as to whether it is based on weight loss
or pitting measurements (weight loss is more meaningful).
Many test panels have two sides exposed, while sheet piling
bulkheads are exposed one side. Such data should be halved.
Designers should use published average rates or actual data as
a guide rather than as an indication of what actual rates might
be. Local experience provides the most meaningful data.

17.3.1. Non-Marine Environments
Land-sited sheet pile structures and those exposed to fresh

water generally enjoy very low corrosion rates that insure
their longevity in service. Steel sheet piling structures well
over sixty years old are common in the Great Lakes and along
fresh water inland rivers217. Most texts do not dwell on this
subject but proceed on to the more serious question of corro-
sion in salt-water marine environments.

217There may be a few exceptions to this general statement that will be explained subsequently.
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17.3.2. Coastal and Marine Environments
Saltwater marine environments are potentially hostile to

most construction materials including steel. The presence of
chloride ions in the water greatly stimulates the corrosion
process. Wind and waves combine to provide oxygen and
moisture for an electro-chemical reaction and abrasion may
remove any protection rust film. Not all salt-water environ-
ments are dangerously aggressive to steel, and not all areas of
the piling are attacked at the same rate. There are five distinct
areas of corrosion activity on steel piles in seawater:

• Atmospheric Zone
• Splash Zone
• Tidal Zone
• Continuously Submerged Zone
• Soil (Buried) Zone

17.3.2.1. Corrosion Rates by Zone
The corrosion rates on steel piling surfaces normally vary

considerably by zone. The corrosion rate profile for steel
sheet piling, averaged for several harbour installations, is
shown in Figure 17-1. The varying corrosion loss indicated in
each zone is the average of eight harbour installations after 19
years' exposure. In general, the maximum reduction in metal

thickness occurs in the splash zone immediately above mean
high water level. A significant loss usually occurs a short way
below mean low water in the continuously submerged zone.

With the exception of those few cases where scour is a fac-
tor, the least affected zone is usually found below the mud
line, with higher losses at the water-mud line interface.
Another low loss area exists in the tidal zone about halfway
between mean high water and mean low water levels.

Where steel sheet piling is exposed to water on one side,
the average corrosion rate varies from 1 to 4.5 mils per year
(mpy), reaching maximums of 3 to 14 mpy. Where steel sheet
piling is exposed to water on both sides, the total rate of cor-
rosion of the member is doubled. Pitting will cause localized
corrosion attack at 1.5 to 3 times the average rates over an
extended exposure period.

17.3.2.2. pH Value
The pH (degree of acidity or alkalinity) of seawater is

almost a constant, ranging narrowly from 7.2 to 8.2. A pH
value below 7 is acidic, and above 7 is alkaline. In harbour
waters containing pollutants, the pH may vary somewhat, but
over the mid-range, the corrosion rate of steel is almost con-
stant.

17.3.2.3. Salinity
Water in the open sea has a salt

content of about 3.5 percent. In unpol-
luted harbours and other seacoast loca-
tions dilution occurs with fresh water
runoff, but the proportions of the vari-
ous salts relative to each other remain
virtually the same. Of the various ions in
seawater resulting from dissolved salts,
the chloride ion is the most significant
because of its large concentration. The
chloride ion is able to penetrate protec-
tive films formed by corrosion products
to cause localized corrosion. Its presence
also influences the solubility of oxygen
in the water. From Figure 17-2, which is
a plot of corrosion rate and dissolved
oxygen versus salinity, it can be seen that
the corrosion rate increases with
increasing salinity until it reaches a peak
of about 1% NaCl and then decreases
with increasing salinity. Corrosion
increases with increasing salinity until it
reaches a peak at about one percent
sodium chloride and then decreases
with increasing salinity. Significantly, the
amount of dissolved oxygen is constant
up to the one percent sodium chloride
concentration and then begins to drop
off markedly with increasing salinities.

218Edwards, W.E. (1963) “Marine Corrosion: Its Cause and Care.” Proceedings of the Eighth Annual Appalachian Underground Corrosion Short Course, Technical Bulletin No. 69, p. 486.
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Figure 17-1: Corrosion Rate Profile of Steel Sheet Piling 218
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This graph also illustrates that fresh water and seawater are
not as aggressive as brackish waters containing 0.1 percent
chloride ion concentration.

17.3.2.4. Pollution
Pollution in harbours may include anything from domestic

sewage to complex industrial waste, oil well brines and
spilled oil. Pollution generally causes harm to biological
species by its toxic effect or by depletion of the dissolved oxy-
gen. The destruction of the oxygen-dependent fouling organ-
isms in seawater may alter corrosion rates unfavourably by
permitting the survival of anaerobic bacteria. Contaminants
that reduce pH or introduce sulphides locally at the site of the
piles increase the corrosion rate of steel. Oil contamination,
although hazardous to marine animals, can provide partial
corrosion protection by coating the metal structure in the
splash and tidal zones.

17.3.2.5. Wind
Wind can whip up wave action and carry salt-laden mist to

deposit on the structure. The residue of dried salt, being
hygroscopic, can attract moisture and continue the corrosion
action.

17.3.2.6. Rain
Rain exerts a washing action; however, where it is retained

in crevices, it can stimulate corrosion by maintaining damp
conditions.

17.3.3. Atmospheric Zone
The rate of corrosion of bare structural steel in an urban or

rural atmosphere depends on the length of time moisture is
in contact with the surface, the extent of contamination in the
air, and the chemical composition of the steel. Table 17-2
illustrates the influence of local environmental conditions on
relative corrosion rates.

It will be seen that the rate for a rural location is many
times that of the arid location, and that the rate increases for
the industrial sites and as we near the ocean. Figure 17-3 com-
pares the uniform loss rate in an industrial environment to
those in a marine environment for a variety of alloys.

This shows the influence of alloy additions to carbon steel.
Designers contemplating a sheet pile wall where appearance
is important may wish to discuss the application of alloy steel
with their supplier.

17.3.3.1. Fresh Water
In fresh water, the rates of loss in the atmospheric area are

very low. However, designers should be aware of special situ-
ations, such as where the steel is continually moist, where it
would be exposed to chlorides, sulphurous compounds, or a
combination of these situations. In these cases, some protec-
tion in the form of paint or coating might be beneficial.

17.3.3.2. Salt Water
Marine corrosion rates can be influenced significantly by

distance from the ocean, rainfall, sunshine, and fog. At Kure
219Fink, F.W. (1960) “Corrosion of Metals in Seawater,” U.S. Department of Interior, Office of Saline Water, Report No. 46.

Figure 17-2: Variation in Corrosion of Iron as a Function of Salinity219
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Table 17-2: Relative Corrodibility of Atmospheres at 20 Locations throughout the World

Location Type of Environment Relative Corrodibility

Khartoum, Sudan Dry inland 1
Abisco, North Sweden Unpolluted 3
Aro, Nigeria Tropical inland 8
Singapore Tropical marine 9
Basrah, Iran Dry inland 9
Apapa, Nigeria Tropical marine 15
State College, PA Rural 25
South Bend, IN Semi-rural 29
Berlin, Germany Semi-industrial 32
Llanwrtyd Wells, U.K. Semi-marine 35
Kure Beach, NC Marine 38
Calshot, U.K. Marine 41
Sandy Hook, NJ Marine, semi-industrial 50
Congella, S. Africa Marine 50
Kearny, NJ Industrial-marine 52
Motherwell, U.K. Industrial 55
Vandergrift, PA Industrial 56
Pittsburgh, PA Industrial 65
Sheffield, U.K. Industrial 78
Frodingham, U.K. Industrial 100

Figure 17-3: Time-corrosion Curves for
Industrial and Marine Atmospheres



Beach, North Carolina, there is a tenfold difference in corro-
sivity at the beach compared to a location 800 ft. landward 220.
At Pt. Reyes, California the test specimens were elevated some
distance above the ocean, where there is daily fog but little
rainfall. The time of wetting of the surface and the amount of
chlorides in the atmosphere are the most important factors in
marine atmospheric corrosion.

As Table 17-2 illustrates, structures built in the ocean or
along the beach will experience very high rates of corrosion
in the atmospheric zone, whereas bulkheads built some dis-
tance from the beach enjoy rates that are more favourable.

17.3.4. Immersed and Semi-Immersed Zone
17.3.4.1. Fresh Water

Steel has enjoyed many years of successful application in
sheet piling structures in relatively clean fresh water. Unless
extremely thin sections are proposed, or an extended long life
span is required, steel piling needs no further protection.
Lacroix et. al. suggest average corrosion rates of 2.5 mils per
year to consider in design221. Others describe rates of from 2
to 5 mils per year for the first several years, after which the
rate decreases to an insignificant amount.

Fresh water generally has a chloride count of less than
1000 ppm and a pH close to neutral. As time passes, a thin,
natural protective coating builds on immersed steel that
serves to virtually stop further deterioration after the first few
years. Fresh water that carries granular materials at high
velocities might provoke higher corrosion rates since the nat-
ural coating could be affected. Localized pollution from
sewage or chemicals would also be a source of concern if the
situation were long standing. Alloying additions have no
effect on the corrosion rates of immersed steel, the rate being
approximately the same for all grades (except stainless steel).

17.3.4.2. Salt Water
17.3.4.2.1. Splash Zone

Numerous tests and surveys have been reported which
show the area of steel piling at and immediately above the
high tide line and subject to frequent wetting from splashing
water to be the zone of most serious corrosion activity. Rayner
and Ross222 reported rates as high as 63 mils per year for steel
groins subjected to two-sided attack. The AISI Handbook of
Corrosion Protection for Steel Piles in Marine Environments223

suggests a rate of 10 mils per year. The U.S. Navy224 took
coupons from existing structures in both northern and semi-
tropical locations as shown in Table 17-3. Some of these
installations had received a protective coating and some oth-
ers were cathodically protected. However, the general Navy

conclusions agreed with that of previous researchers regard-
ing the splash zone.

Figure 17-4 is a nine-year comparative test of two sheet-pil-
ing steels at Wrightsville Beach, North Carolina. The test
strips were exposed to attack on two sides but illustrate the
usual pattern of attack in the various zones including the
splash zone.

221Lacroix, Y., Esrig, M. I., and Luscher, U. 1970 (Jun). “Design, Construction, and Performance of Cellular Cofferdams,” “Lateral Stresses in the Ground and Earth Retaining
Structures,” Journal, Soil Mechanics and Foundation Division, American Society of Civil Engineers, Specialty Conference, Cornell
University, Ithaca, New York, pp 271-328.
222Raynor, A.C., and Ross, C.W. (1952) “Durability of Steel Sheet Piling in Shore Structures.” Technical Memorandum No. 12, Beach Erosion Board, U.S. Army Corps of Engineers,
February.
223Handbook of Corrosion Protection for Steel Piles in Marine Environments. (1981) First Edition. Edited by T. Dismuke, S.K. Coburn and C.M. Hirsch. Washington, DC: American Iron
and Steel Institute.
224Ayers, J.R. and Stokes, R.C. (1961) “Corrosion of Steel Piles in Salt Water” Proceedings of the American Society of Civil Engineers, Journal of Waterways and Harbors, 87, No. 3, 95.

Table 17-3: Corrosion Rate of Sheet Piling at Various Locations

Figure 17-4: Comparative Corrosion of Two Types
of Steel in a Marine Environment
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Ayers and Stokes describe the high rate in this area as due
to thin films of electrolyte in the form of salt water and satu-
rated with oxygen collects on the surface of the piling
throughout the tidal zone. Between this wetted area and the
immersed area, corrosion cells are produced by the differing
oxygen concentrations. The metal underwater is anodic to the
exposed area, and the corrosion rates are intense because of
the short electrical paths. This high rate continues because of
the constantly changing anodic and cathodic areas during the
tide changes.

17.3.4.2.2. Tidal Zone
Surprisingly, tests indicate relatively low corrosion rates in

the tidal area, generally in line with rates found in the
immersed zone. The explanation for this is that this area is
also immersed at least part of the time, furthermore the metal
in this zone benefits from being cathodic to the metal just
below low tide where a secondary high corrosion rate is gen-
erally found.

17.3.4.2.3. Continuously Submerged Zone
A corrosion rate of 5 mils per year is commonly used as a

guide for carbon steel in seawater. However, Schmitt and
Phelps225 point out that this rate was arrived at from short-
term tests, and that longer term testing indicates the rate
drops considerably with time, to values below 5 mpy. The
rates are generally found to be initially high but after a few
years level off to a long-term average of 1 to 3 mpy. In Ayers
and Stokes, corrosion rates in the immersed sections of the
marine structures were among the lowest rates recorded. For
example at the Naval Station, Coco Solo Canal Zone, 77% of
the metal at half-depth remained after 24 years exposure. At
Norfolk, Virginia about 84% remained at half-depth.
However, the rate in the splash zone reached 17 mpy.
Actually, the exposure at the eight locations checked ranged
from 13 to 27 years and the only location where less than
80% of the metal remained at half-depth was the Coco Solo
installation. Obviously, it is the shortage of dissolved oxygen
at the water metal interface that is responsible for the low cor-
rosion rate in the immersed zones of both salt and fresh water
and not the salinity of the solution.

17.3.5. Buried Zone
Structures built of steel sheet piling obtain a good part of

their stability from embedment into sound, natural soil. Some
walls are driven into pre-existing soil, and then excavated on
one side to create the final structure. Others are driven, and
then backfilled with dredged or trucked-in fill soil. There are
therefore two separate situations to be considered (1) that of
steel embedded in natural undisturbed soil, and (2) that of
steel in contact with backfill.

At one time, it was assumed that embedded steel piling was
vulnerable to the same potential corrosion as a buried
pipeline. In this instance, soil resistivity and pH are measured
and if found to be low, pipelines are coated and provided with
cathodic protection. Corrosion on pipelines tends to be a pit-
ting type rather than uniform and pitting is generally not a
problem with sheet piling. Typical corrosion rates for various
types of soil are shown in Figure 17-5.

The National Bureau of Standards had participated in stud-
ies of pipeline corrosion and they transferred this information
to all buried steel. When extractions of driven steel piling
seemed to indicate strongly differing information, the Bureau
launched an investigation into the reasons226. The Bureau con-
clusions were based on data from 19 different sites where
samples from existing piling could be obtained. The piles had
been in service from 7 to 40 years. While no specific average
rate was found for these undisturbed zones, corrosion was
described as insignificant and of no importance, regardless of
the composition of the soil. Their conclusions differentiate
between steel piles driven into “undisturbed”, natural soils
and pipelines backfilled with “disturbed” soil. The Bureau's
investigator attributes the difference in performance to the
oxygen content of disturbed soils and the lack of oxygen in
undisturbed soil.

17.3.5.1. Disturbed Soil
The question of disturbed soils in non-marine environ-

ments was addressed by the Bureau of Standards in their
1962 report and a subsequent supplemental report.
Corrosion rates in filled ground range from negligible to a 40
percent reduction in thickness after 37 years exposure. Those
samples that lost some section did so just above and in the
shallow zone affected by water table fluctuations. Most of the
corrosion rates measured were insignificant and it is well
known that the rate of corrosion slows as soon as the steel
takes on its film of corrosion products. Sand fill is particular-
ly protective as it forms a coat of ferrosilicate with the steel
that is an impervious, insoluble film.

Fill soils that contain new deposits of cinders or soils con-
taminated with salts are to be avoided or the steel protected
in these exposed areas.

17.3.5.2. Salt Water
Corrosion rates of steel piles embedded in natural soils are

insignificant averaging in the range of zero to 3 or 4 mils per
year. This is in line with the findings described by the Bureau
of Standards and others for these exposures.

A differential aeration cell occurs at the mud line because
of the relatively lower oxygen content below this elevation.
Some higher rates are found in this area, as the steel is anod-
ic to the steel above. However, these rates are generally less
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225Schmitt, R.J., and Phelps, E.H. (1969) “Corrosion Performance of Constructional Steel in Marine Applications.” Proceedings of the Offshore Technology Conference, Houston, Texas.
Dallas, Texas: Offshore Technology Conference.
226Romanoff, M. (1962) “Corrosion of Steel Pilings in Soil.” Journal of Research, National Bureau of Standards, 66C, July-September.



than will be found in the tidal zone.
The question of aerated dredged or dumped backfill and a

fluctuating water table behind steel bulkheads needs to be
addressed. The quality of backfill placed behind an engi-
neered bulkhead is an important consideration in the design.
Invariably a clean sandy fill is specified with final density
approaching that of natural, in place soils. The sand itself
forms a protective deposit on the back of the steel over a peri-
od. The restriction of free oxygen in the fill in turn limits the
potential attach which can take place in this zone. The excep-
tion to this might be where porous fill such as coral is used as
fill, or in the exceptional case of polluted or organic materials
placed as part of a mixed group of fill material.

17.4. Design for Protection of Steel Piling In
Marine Environments

17.4.1. Methods for Protecting Steel Piling
The necessity of providing protection for sheet piling

depends on the combined factors of environment, desired
life, and material selection.

Temporary structures as a class can generally be installed
without further regard for protection. Installations on land
and in fresh water enjoy relatively low rates of corrosion and

it would be unusual to find cases where protective measures
would be required. The exception might be the case of light-
weight sheet piling, some sections of which provide only
about 100 mils of thickness. At a uniform rate of 2 mils per
year these sections could reach half-section in 25 years. Most
manufacturers of “gauge piling” also offer them with a hot-
dipped galvanized coating. Based on the discussion in previ-
ous paragraphs, there are areas of steel piling destined for
marine environments that may require some protection from
one or a combination of methods.

17.4.2. Sacrificial Metal
The case either in favour or against utilizing thicker piling

as a hedge against anticipated corrosion losses is not clear
since it involves so many unrelated factors. These include the
present and replacement cost of steel, coatings, cathodic pro-
tection, the extent and type of attack, the accuracy of corro-
sion data, the reliability of the protective systems and the
desired service life of the structure.

In general, the sacrificial metal method has been consid-
ered uneconomical and less positive than coatings and/or
cathodic protection that can reduce losses to zero, at least for
the term they are in operation. In other cases protection is

Figure 17-5: Time-Corrosion Curves for Soils
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required only for a relatively small area in the lower tidal and
splash zones while the extra weight extends over the entire
wall.

In some cases where extra material has been designed into
the sheeting, it has been one to obtain 75 to 100 years life on
civil works projects, often in combination with coatings and
cathodic protection.

The U.S. Navy will specify 1/2” material for the exposed
areas and regular 3/8” thickness for the interiors of cellular
bulkheads. When interlocks are stressed a maximum of 8000
lbs./in., webs are stressed at 21,300 psi and 16,000 psi
respectively, providing a large initial factor of safety against
tension failure. The added cost for the heavier material is only
about 14% for a 33% increase in thickness (the interlocks of
both foot-weights are identical). The added cost overall is
only increased about 4%. The 125 mils of metal could be a
relatively good buy under these circumstances, even if com-
bined with supplemental protective measures.

Sheet pile beam walls seem to offer a variable opportunity
for utilizing heavier sections against corrosion losses.
Historically, supplemental protection has been selected
almost without exception. In seawater, doubling the weight
and the cost to gain a few years extra life of a lightweight sec-
tion and utilizing the added metal to protect a few feet of
splash zone is not practical. However, if a problem exists in
the immersed zone where bending moments are highest,
there may be some situations where metal will be more eco-
nomical than coatings.

Example 29: Sacrificial Metal Requirements
An anchored sheet pile bulkhead wall is to be built in an

aggressive marine environment.
The maximum bending moment is 725,000 inch-pounds,

which is exactly satisfied by a PZ 27 section.
o tflanges = .375
o tweb = .375
o S = 30.2 in3

o ASTM A-328 Grade steel (Fs = 39,000 psi Fy = 24,000 psi)
o Steel is estimated to cost 35 cents per pound delivered.

• The sheets will be 50' long with 15' embedment.
• Corrosion rates are estimated as follows:

o 5 mpy in the atmospheric and immersed zones
o 10 mpy in the splash and lower tidal zones
o 2 mpy in the tidal and embedded zones.

• A reliable coating with estimated useful life of 20 years is
available at $2.00 per square foot. It is proposed to coat
from the top of wall to the mud line, one side or 35'.

Compare coated PZ 27 with an alternate of a heavier sec-
tion without coating.

• First Cost per 100 linear foot of wall PZ-27, Section o
50'x100' = 5000 sq. ft. x 27#/sq. ft. = 135,000# x .35 =
$47,250 o 100' divided by 1.5' = 67 pcs. x 35' = 2345 lf

x 2.25 sq. ft./ft. = 5276 sq. ft. coated one side x $2.00 =
$10,550 for coating.

o Total cost coated PZ 27/100 ft. wall = $57,800.
There are a number of Z-type sections available with flange
thickness of .500” or more. For the purpose of this compari-
son, we will only consider PZ 35 having the following
properties:

• PZ 35
o Wt. = 5 psf
o tflanges = 0.600” (600 mils)
o tweb = 0.500” (500 mils)
o S = 48.5 in.3 /ft. wall.

• First Cost per 100 lf of Wall PZ 35 Section
o 50' x 100' = 5000 sq. ft. x 35 psf = 175,000# x .35 =
$61.250.

At this stage, the coated PZ 27 is cheaper by about 6%.
A Z-type bulkhead theoretically loses metal at a uniform

rate from the outside of one flange, the inside of the opposite
flange and one side of the web. The change in section modu-
lus due to the loss of area is almost directly proportionally to
the percentage of loss. Therefore, a rough approximation of
the new section modulus can be made from percentage loss-
es.

After twenty years, the coating is no longer effective but the
steel has maintained its full section (assuming no losses on the
back side). The coating has cost $10,550 over twenty years
$10,550 divided by 5000 sq. ft. divided by 20 years or .105 cents
per sq. ft. per year. The PZ 35 losing section uniformly at the rate
of 10 mils per year would reduce to the PZ 27 section modulus
of 30.2 in.3/ft. after a period of 48.5/30.2 = 140% - 100% = 40%
reduction in flange thickness. The original thickness was .600”
(600 mils) so at the rate of 10 mpy, this would occur in .40 x 600
divided by 10 = 24 years. The sacrificial metal has cost $61,250 -
47,250 = $14,000 divided by 5000 = $2.80 divided by 24 years
= .116 cents per sq. ft. At this stage, the sacrificial metal approach
is about 10% higher than the coating method for the first twenty
years. However, it is at this time that the superior original section
modulus of the PZ 35 becomes an important factor.

The underwater deterioration that will result in stresses reach-
ing the yield point of the steel (39000 psi) will occur when the
section modulus declines to 725,000 divided by 39,000 = 18.6
in.3/ft. This would occur when the now bare PZ 27 flanges thin
by about 18.6 divided by 30.2 = 40%. The original flanges are
.375” thick (375 mils) so at the rate of 10 mpy this would occur
in 375 x .40 divided by 10 = 15 years. The total life of the PZ 27
with coating in 20 + 15 = 35 years.

The total period for the PZ 35 to reduce to an equivalent sec-
tion modulus of 18.8 is calculated from 18.8 divided by 48.5 =
62% loss. .62 x 600 = 372 mils divided by 10 mpy = 37.2 years
total.

The total annual cost for the coated piling is 57,800 divided by
5000 divided by 35 years = .328 cents per sq. ft.; for the PZ 35
61,250 divided by 5000 divided by 37 years = .331 cents per sq.
ft.
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The situation in the splash zone has not been addressed.
The rate is quite high and the PZ 27 would perforate in 375
divided by 15 = 25 years after the coating is exhausted. The
PZ 35 will perforate in 600 divided by 15 = 40 years.
Therefore, in this instance the coated PZ 27 slightly better as
a choice.

17.4.3. Encasement
Encasement of steel piling in concrete is a method for pro-

viding protection in the area from grade mean low water. This
system, if properly accomplished, can provide complete pro-
tection for the atmospheric, splash and tidal zones for many
years. If there is a need for protection in the immersed zone,
cathodic protection is utilized or alternately a coating. The
reinforced encasement also provides a smooth face for the
working portion of the bulkhead. An example of an encased
wall is shown in Figure 17-6.

Encasement provides protection to both faces of the sheet
piling in this area that might be particularly advantageous in
the case or porous backfills such as coral. The U.S. Navy as a
standard generally requires its new steel bulkheads to be
encased when installed in warm, tropical water. Their stan-
dard design allows alternate pairs of piles to be staggered in
the encased area saving some steel. As the section drawing
indicates, the jacket on the backside also encases the wales of
the anchor system.

The Navy's jacket design for a cellular structure takes the
form of a cladding in that it is applied only to the front face.

The Navy has generally used diaphragm type cells in their
deep steel pier design where they have used cells and the
encasement is for protection, not structural application.

Concrete jackets are not without some potential problems
however. It has been found that the steel just outside the con-
crete becomes strongly cathodic to the steel within, the cor-
rosion rates in excess of what would be anticipated in the
immersed zone are the area immediately below are higher
than normal immersed zone rates. This problem can be han-
dled by insulating the steel with a coating for several feet into
and below the concrete jacket.

17.4.4. Special Steels
The addition of certain alloys to carbon steel has been

found to enhance its performance in some environments. As
early as 1913, experimental work by the steel industry indi-
cated that small amounts of copper would enhance the
atmospheric corrosion resistance of carbon steel. By 1933,
proprietary steel had been developed which offered increased
yield strength (50,000 psi vs. 36,000 psi) and 3 times the
atmospheric corrosion resistance over regular construction
grade steel. This was one of the weathering steels that are now
described by ASTM A-242 and A-588 specifications.

All steels need to react with oxygen in order to obtain the
protective oxide film that is the key to the performance.

Tests confirm this need and these grades show no improve-
ment over regular grades of steel when buried or immersed in
soil or water.

Figure 17-6: Encased Sheet Pile Wall
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The application of any of the weathering steels to sheet pil-
ing projects has not been practical because of the limited ben-
efits compared to the additional cost.

Copper can be added to carbon steel upon order at a small
cost. This selection may have some merit for permanent land
walls where appearances might be improved somewhat by
the tighter rusting.

17.4.4.1. ASTM A-690 Grade
Recognizing that in many cases, corrosion in the splash

zone was the main problem encountered by many marine
(salt water) facilities constructed of steel, one steel company
developed a formulation which seemed to offer an improve-
ment over carbon steel at a reasonable cost. Tests indicated a
superiority of up to three times, however in some cases the
advantage was negligible. This formulation was adopted by
ASTM and specification A-690 now describes steel for con-
version into sheet or H-pile shapes.

This grade has a number of possible applications.
(1) As a superior grade for enhanced atmospheric corrosion
resistance somewhat like ASTM A-588 (which is not available
as hot rolled sheet piling).

(2) As a high strength steel which would allow a lighter sec-
tion to be substituted or which would provide a higher
reserve against yield strength against yield after corrosion
losses. All improvement over carbon steel in the splash zone
would be a bonus.

(3) As a high strength steel and superior base for a coating. It
has been found that the weathering type steels hold paint and
coatings better than carbon steel, scratches and gouges appar-
ently do not undercut so severely and they heal with less
undercutting.

Any economic evaluation of this grade should take into
account the 28% increase in strength rather than a straight
section-for-section comparison with carbon steel.

17.4.5. Coatings
Protective coatings for metals can be classified by the

means in which they prevent corrosion as anodic, cathodic,
inert, and inhibitive.

Anodic coatings prevent corrosion by sending electric cur-
rent to areas of the base metal. In a sense, they are sacrificial
in nature. Aluminium and zinc, both of which are “less noble”
in the galvanic Series than iron are metals sometimes used as
a coating to protect steel.

Inert coatings simply insulate areas of the base metal from
others so that electro-chemical action will not begin or will be
retarded. Organic and synthetic paints fall into this category.

Inhibitive coatings contain agents that are designed to
inhibit both the start and the spread of corrosion. Paints con-
taining zinc or aluminium in several forms are typical.

17.4.5.1. Metallic Coatings
17.4.5.1.1. Galvanizing

Galvanizing is the process whereby a thin coat of molten
zinc is bonded to the steel base metal. In the case of structur-
al shapes including sheet piling, this is accomplished by hot-
dipping the item in a tank of molten zinc. Galvanizing has not
been an important method of protecting steel sheet piling in
the United States probably because of cost factors. Most pro-
ducers of light-gauge cold-finished sheet piling products offer
both bare steel and galvanized finish. It is well accepted that
thin gauge steel must be protected against corrosion of all
types.

Galvanized steel has performed well in corrosion tests. A
hot-dipped H-pile was included in the samples tested in the
Bureau of Standards/AISI tests at Dams Neck, VA227. This sam-
ple showed an overall corrosion rate of 0.14 mils per year
over a six-year period compared to 6 mils per year for bare
steel. (See Table 17-4). ASTM Specification A 123 is the stan-
dard generally used for hot-dipped galvanizing procedures.

227Romanoff, M., Gerhold, W.F., and Schwerdfegger, W.F., Iverson, W.P., Sanderson, B.T., and Escalante, E. (1972) “Protection of Steel Piles in a Natural Seawater Environment – Part I”
Proceedings of the Third International Conference on Marine Corrosion and Fouling, October; and Escalante, E., Iverson, W.P., Gerhold, W.F., Sanderson, B.T., and Alumbaugh, R.L.
(1976) “Protection of Steel Piles in a Natural Seawater Environment – Part II.” NBSIR 76-1104. Prepared for the American Iron and Steel Institute, Washington, DC.
228Piles in each system were coated as follows:
229All piles were carbon steel “H” piles unless noted otherwise.

Piling System Coating Designation Number of Coating Remarks 229

Number Coats Thickness on
Each Pile (mils)228

1 Bare Carbon Steel - -
2 Bare Carbon Steel - - Protected

With Zinc Anodes beneath
waterline with
two Zinc
anodes

Table 17-4: Description of Coating Systems on Steel Piles Exposed to the Atlantic Ocean at Dam Neck, VA
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Piling System Coating Designation Number of Coating Remarks 229

Number Coats Thickness on
Each Pile (mils)228

3                       Bare Carbon Steel - - Protected
With Aluminium beneath

Anodes waterline with
two
Aluminium
anodes

4 Polyamide Cured 2 A-16
Coal-Tar Epoxy B-16

C-15

5 Polyamide Cured 2 A-20 Protected
Coal-Tar Epoxy B-20 beneath

C-19 waterline with
two Zinc
anodes

6 Polyamine Cured 2 A-15
Coal-Tar Epoxy B-15

C-13

7 Polyamide Cured 2 A-15 (33) Third coat and
Coal-Tar Epoxy B-23 (38) Aluminium
Coal-Tar Epoxy And 1 C-21 (36) Oxide applied
Aluminium Oxide between 16'

and 22' from
bottom of
piles only.

8 Aluminium Pigmented A-27
Coal-Tar Epoxy B-25
Amine Cured, Red-Lead 1 C-28
Pigmented, Coal-Tar
Epoxy Primer
Amine Cured Coal-Tar 1
Epoxy Intermediate
Amine Cured, 1
Aluminium Pigmented,
Coal-Tar Epoxy Finish

9 Aluminium Pigmented A-l9
Coal-Tar Epoxy B-18
Epoxy Primer 1 C 18
Amine Cured Coal-Tar 1
Epoxy Intermediate
Amine Cured, 1
Aluminium Pigmented,
Coal-Tar Epoxy Finish

10 Hot Dipped Zinc 1 A-9
(Galvanized) B-8

C-8

Table 17-4: Continued
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Piling System Coating Designation Number of Coating Remarks 229

Number Coats Thickness on
Each Pile (mils)228

11 Hot Dipped Zinc 1 A-7 Protected
(Galvanized) B-9 beneath

C-7 waterline with
two Zinc
anodes

12 Polyvinylidene 7 A-7
Chloride B-5
Formula 113/54, Mil- C-7
L-18389 (Alternate
Orange And White
Coats)

13 Flame sprayed 1 A-9 Aluminium
Aluminium Wire B-9 preceded with

C-9 a flame
sprayed steel
wire flash
bonding coat
one mil thick

14 Sealed Flame sprayed A-10 Aluminium
Aluminium B-9 preceded with
Flame sprayed 1 C-9 flame sprayed
Aluminium Wire steel wire
Wash Prime, Formula 1 flash bonding
117, Mil- P-153288 coat one mil
Clear Vinyl Seal coat 2 thick

15 Coated Flame sprayed A-12
Zinc B-12
Flame sprayed Zinc 1 C-13
Wire
Polyvinylidene 7
Chloride, Formula
113/54, Mil-L-
18389(Alternate Orange
And White Coats)

16 Coated Flame sprayed A-8
Zinc B-6
Flame sprayed Zinc 1 C-6
Wire
Vinyl Red Lead Primer, 5
Formula A119 Mil-P-
15929

Table 17-4: Continued
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Piling System Coating Designation Number of Coating Remarks 229

Number Coats Thickness on
Each Pile (mils)228

17 Phenolic Mastic A-13
Amine Cured, Red Lead 1 B-18
Pigmented, Phenolic C-14
Mastic Primer (With
Mica Filler)
Amine Cured Phenolic 1
Mastic Finish

18 Coated Zinc Rich A-l9
Epoxy B-21
Zinc Rich Epoxy Primer 1 C-22
Polyamide Cured Coal- 2
Tar Epoxy Finish

19 Coated Zinc Inorganic A-12
Silicate B-10

C-12
Zinc Inorganic Silicate 1
Primer
High Build Vinyl Finish 1

20 Coated Zinc Inorganic A-10
Silicate B-14
Zinc Inorganic Silicate 1 C-12
Primer (Self Cured)
Polyamide Cured High 2
Build Epoxy Finish

21 Coated Zinc Inorganic A-21
Silicate B-22
Zinc Inorganic Silicate 1 C- 19
Primer (Self Cured)
Amine Cured Coal-Tar 1
Epoxy Finish

22 Coated Zinc Inorganic A-10
Silicate B-8
Zinc Inorganic Silicate 1 C-13
Primer (Post Cured)
Strontium-Chromate, 1
Iron-Oxide, Vinyl
Phenolic Primer
Vinyl Mastic Finish 1

23 Bare A-690 Steel - - Low Alloy
Steel H-piles

Table 17-4: Continued
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Piling System Coating Designation Number of Coating Remarks 229

Number Coats Thickness on
Each Pile (mils)228

24 Bare A-690 Steel With - - Protected
Zinc Anodes beneath

waterline with
two Zinc
anodes

25 Polyamide Cured 2 A-17 Low Alloy
Coal-Tar Epoxy B-16 Steel H-piles

C-17

26 Bare Carbon Steel - - Carbon Steel
Pipe Piles

27 Polyamide Cured 2 A-20 Carbon Steel
Coal-Tar Epoxy B-17 Pipe Piles

C-24

28 Polyamide Cured 2 A-21 (36) Carbon Steel
Coal-Tar Epoxy B-21 (32) Pipe Piles
Coal-Tar Epoxy And 1 C-16 (34) Third coat and
Aluminium Oxide aluminium

oxide applied
between 16'
and 22' from
bottom of
piles only

29 Flakeglass Filled 1 A-32
Polyester B-30

C-34

30 Bare Carbon Steel - -

31 Bare Carbon Steel - -

17.4.5.1.2. Flame Spraying
Flame spraying is an old, established procedure whereby

metal wire is fed into a hand gun, melted and blown by com-
pressed air onto the surface to be protected. The molten par-
ticles, of aluminium or zinc, alloy into the surface layers of
the steel forming a tight bond.

The results of an 18-year test of flame sprayed samples

sponsored by the American Welding Society were discussed
by Coburn 230. Samples were exposed to various environmen-
tal conditions at seven locations including immersed and
tidal exposure at a coastal site. Film thicknesses of both alu-
minium and zinc ranged from 3 to 18 mils for the test pur-
pose. The films were both sealed and unsealed. The principal
findings of interest are shown in Table 17-5.

230Coburn, S.K. (1988) “Corrosion Factors to be considered in the Use of Steel Piling in Marine Structures.” Pile Buck Annual pp. 319-357.

Table 17-4: Continued
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Coburn also discussed the U.S. Navy's ten-year test pro-
gram at Port Hueneme, CA. The test site simulated the vari-
ous zones of corrosion in a marine environment. Sprayed zinc
and aluminium, both with and without sealing coats were
included in the test. The conclusions:

(1) The organic coatings enhanced the performance of met-
alised zinc. In every case, their performance was better than
when they were over metalised aluminium or over wash-
primed steel.

(2) Excellent protection can be expected for 10 years from
Saran, red-lead Navy vinyl, vinyl, and epoxy polyamide over
metalised zinc.

(3) Excellent protection can be expected for 10 years from
metalised aluminium without primer or sealer protection.

(4) Unsealed and otherwise unprotected metalised zinc has a
limited service life.

Steel H-piles, flame-sprayed only and flame-sprayed and
sealed, were included in the tests conducted in the ocean at
Dam Neck, VA by the Bureau of Standards over a six year
period from 1967 to 1972227. This process provided very sat-
isfactory results and was among the best of the large number
of systems tested. (See Table 17-4) It would appear that a
metallic coating applied by flame spray and sealed with an
appropriate supplemental agent offers a superior protective
system which should be considered if initial costs are not a
consideration.

17.4.5.2. Non-Metallic Coatings
Non-metallic coatings are by far the leading method for

protecting steel in hostile environments. They are usually
cheaper on a first cost basis than metalising or sacrificial
thickness and more reliable than cathodic protection alone.
Cathodic protection functions only in the fully immersed
zone and may be difficult to maintain, over an extended
length of time.

Prior to 1950, coatings were generally made up of coal-tar
pitch solutions that were field applied in thin coats with a
brush. When applied over a poorly prepared surface, their
service-life and ultimate value were minimal, often less than
five years.

Modification of coal tar pitch with various synthetic resins
led to the coal tar epoxies. These can produce thicker and
harder surfaces. Since the quality and performance is highly
dependent on the surface preparation of the steel prior to
coating, this operation is best conducted under roof, with
specialized equipment under controlled atmospheric condi-
tions. Sheet piling that has been factory coated can still be
transported long distances to the job site. Any damage to the
coating is generally repairable prior to installation.

Since the introduction of the coal tar epoxies, a great num-
ber of organic and synthetic coatings and systems have been
developed and tested. Coburn230 reported on such systems
that were tested at Dam Neck. Coal tar epoxy over a zinc-rich
inorganic primer did exceedingly well in all zones again prov-
ing the worth of the coal tar formulations. Vinyls performed
well in combination with various base coats. An aluminium
pigmented coal tar epoxy did well as did glass flake polyester.

Similar findings were made in a U.S. Army Corps of
Engineers test227. The best coatings were coal tar epoxy over
zinc-rich primer, polyester-glass flake and vinyl seal over met-
alised aluminium.

The U.S. Navy's guide publication231 recommends the fol-
lowing coatings to its design engineers. 

Table 17-5: Aluminium vs. Zinc Flame Sprayed Coatings

Aluminium Zinc

Films 3 mils and 6 mils, unsealed, give com-
plete protection in seawater and in severe
marine and industrial atmospheres.

Thin coat films offer better protection than
thick films.

Films 12 mils and higher, unsealed and
sealed, give complete protection in seawa-
ter. Films 9 mils thick unsealed, and 3 mils
to 6 mils sealed are required to give com-
plete protection in severe marine and indus-
trial atmospheric zones.

Films 9 mils unsealed, and 3 mils and 6 mils
sealed required to give complete protection
in severe marine and industrial atmos-
pheres.

231Naval Facilities Engineering Command (1969). Paints and protective coatings. NAVFAC MO-110. Washington, D. C. (Joint Service; Army TM5-618; Air Force AFM85-3).
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o Epoxy polyamide (3 coats of MIL-P-24441) or coal tar
epoxy polyamide (2 coats of SSPC Paint No. 16 or Corps
of Engineers C-200) are recommended for piling and
other steel structures which are to be immersed in seawa-
ter. Coal tar epoxies become brittle from prolonged
exposure in direct sunlight, and are not recommended
for this exposure. Epoxies perform well in direct sunlight
except for chalking. If chalking is objectionable, substi-
tute a coat of aliphatic polyurethane (MIL-C-83286) for
the third coat of epoxy polyamide to obtain excellent
weathering in direct sunlight.

o For milder atmospheric exposure, an alkyd system (1
coat of TT-P-645 primer and 2 topcoats of TT-E-490) will
provide adequate protection.

o Coal tar coatings (MIL-C-18480) are occasionally used
for temporary protection over marginally prepared sur-
faces. They provide good temporary protection until a
more permanent coating system can be applied. They
may also be used as a dip coating for components such
as chain that are difficult to coat otherwise.

All of the above coatings can be applied by brush, roller, or
spray, but brushing of the prime coats onto the steel will
achieve surface penetration. Adjacent coats should be applied
on successive days232.

Coatings may be specified for one side, both sides or select-
ed parts of the pile. The interior of the interlocks is normally
not coated since it could interfere with interlocking. The
products of corrosion generally protect the heavy interlocks
and these are the last parts of the pile to disappear under
lengthy attack.

Since handling of the steel is a significant part of the coat-
ing cost, coating small portions of the surface will be dispro-
portionally higher on a unit cost basis than a large area. 

Coatings can be used in conjunction with cathodic protec-
tion 1) to reduce the amount of current required for protec-
tion 2) to protect the portions of the pile not covered by the
cathodic system i.e. the splash and atmospheric areas.

The importance of surface preparation cannot be overem-
phasized. The Steel Structures Painting Council defines vari-
ous levels of cleanliness of steel prior to painting for various
coatings and class of service. SSPC SP 5 is often applied to
coal tar epoxy coatings for marine service and calls for a “near
white” steel condition prior to coating.

17.4.5.3. Cathodic Protection
Cathodic protection is the use of the galvanic series (see

17.2.3) to prevent corrosion of the sheet pile wall rather than
to promote it. Such a structure collects current from a sacrifi-
cial anode system that is readily replaced. Due to a normal
and inherent difference in electrical potential between iron
and such metals as zinc, magnesium and aluminium, the lat-
ter serve as sacrificial anodes and supply the necessary pro-
tective current to cancel out the need for the steel to corrode
(see Figure 17-7, left panel.) Alternatively, a direct current
from an external power source (referred to as an impressed
current system) can supply the same protective current to the
steel structure (see Figure 17-7, right panel.)

Thus, galvanic anodes and impressed currents may be used
to protect a steel structure in seawater. Usually the cost of a
galvanic anode system exceeds that of an impressed current
system. However, the galvanic anodes, once installed, require
no addition to requiring an available source of power. Zinc
anodes do not overprotect a coated system and, therefore, are
not likely to damage a coating as would an impressed system.
The protective current requirements on a bare steel structure
are directly related to the corrosion rate in the submerged
zone. It requires a current flow of about two milliamperes per
square foot flowing continuously to corrode a steel surface at
the rate of one mil per year. Therefore, if it is determined that
the average corrosion rate in the submerged zone is 5 mils per
year it means an average corrosion current of 10 milliamperes
per year is flowing continuously. Hence, an equivalent cur-
rent of 10 milliamperes per square foot will be necessary to
stop the corrosion by means of cathodic protection. One mul-

232Instructions for application of MIL-P-24441 can be found in Chapter 631 of Naval Ships' Technical Manual NAVSEA S9086-VD-STM-000. Instructions for applying SSPC
Paint No. 16 can be found in Steel Structures Painting Manual Vol. 2, Systems and Specifications.

Figure 17-7: Cathodic Protection Systems
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tiplies the total area in square feet by the required protective
current to get the total protective current necessary for pro-
tection of the immersed zone. About 20 percent of this figure
is added on so the coating is capable of protecting the steel in
the embedded area. A small margin is added to this calcula-
tion to give the required amount of protective current.

In anticipation on an early or potential need for the impo-
sition of cathodic protection to an entire marine structure, it
is necessary that all piles be bonded together metallurgically
to insure electrical continuity. Each bent of a pier is tied
together electrically by means of welded cross bracing. When
a concrete cap is used as a pier deck, it is necessary to weld
the reinforcing bars to each bent and to each other to ground
the whole structure before casting the cap. If the encasement
is to be in contact with water, it is best to paint the encased
steel with a heavy bituminous coating prior to encasement to
effectively isolate the steel from the concrete.

Sheet piling bulkheads and cellular wharves need to have
individual elements bonded together, either by welding a flat
bar horizontally across the piles, or by welding the interlock
for a suitable length, depending on structure size. A separate
cathodic protection system is required to protect sheet piling
on the landside in addition to the system used for protection
of the piling on the seaside.

Tie rods on sheet piling bulkheads and similar structures

located below the water level frequently suffer accelerated
corrosion immediately behind the bulkhead on the earth side
due to the formation of a differential environment cell.
Corrosion cells of this type are readily eliminated by means of
cathodic protection.

The bonding of the ground return circuit from the negative
terminal of the rectifier to the structure is extremely impor-
tant and critical and, therefore, great care must be exercised
to insure that a secure electrical and mechanical connection is
made that will not deteriorate in service.

17.5. Protection of Wales, Tie Rods, and
Accessories

Wales and tie rods are an important part of the structural
system that is a sheet pile bulkhead. Wales are generally locat-
ed above the low tide line where they can be replaced or
repaired if necessary. Inside wales are located on the embed-
ded rear face of the wall and are subject to the same corrosion
rates as the sheet piling in that area.

Tie rods, like pipelines are embedded in disturbed soil, and
subject to a similar pitting type attack along with uniform
corrosion. Tie rods cannot be readily inspected and the
unsuspected failure of one rod could throw additional load
on other rods that may fail the wall. It is important that these
elements survive.

Figure 17-8: Repairing Tie Rods
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Systems similar to those used for protecting pipelines are
effective such as coating and wrapping, providing for metal
loss by oversizing, or both. If it is deemed necessary to pro-
tect the embedded rear of the sheeting, the wales should also
be protected. This can be accomplished by coatings or galva-
nizing, which is done occasionally. Holding hardware such as
bolts and plates are galvanized. The U.S. Navy for example 233

sets minimum diameters for bolts and thickness for some-
times galvanized straps and fittings.

Bolts and other hardware can be oversized to account for
corrosion losses. It is important not to mix metals for exam-
ple using stainless steel or aluminium bolts with carbon steel
without insulating them from each other. Galvanized steel
does not produce this potential problem. Cathodic protection
is another means of protecting these elements, but is not
commonly used because of the sometimes difficulty of servic-
ing the installations.

If it is necessary to replace deteriorated tie rods, a trench is
dug from the sheet piling to the deadman, and the new rods
with new turnbuckles are installed one at a time. They should
be covered with a bituminous coating, a fabric tape, and a
final bituminous coating. The deadman should be inspected,
and necessary repairs made before the trench is backfilled. An
example of this is shown in Figure 17-8.

Very few tests of coatings are carried through to complete
breakdown and loss of protective ability on the part of the
coatings. At the same time, results from actual applications
are difficult to assess because of differing environmental con-
ditions. The designer who needs information of this type
should obtain current information from the manufacturers of
the product.

17.6. Corrosion Considerations In Design of
Tiebacks

17.6.1. Corrosion of Prestressing Steel
While corrosion is generally not a consideration in the

selection and design of tiebacks for short term or temporary
applications, the continued performance of permanent
ground anchors depends on their ability to withstand corro-
sive attacks from the environment. Underground corrosion of
steel begins and continues when a difference in potential
exists between two points that are electrically connected and
immersed in an electrolyte, or due to direct chemical attack
in an aggressive environment such as sanitary landfills or
organic deposits. However, an innocent item, air, generates
the most trouble. Composed principally of nitrogen, oxygen,
and gases of a corrosive nature (such as sulphur, chlorides,
and oxides in areas of industrial fumes), air reacts with mois-
ture to produce a solution of corrosive character. Hence, in
documented failures, the overwhelming percentage of failure
occurred within 6 feet of the anchor head in the zone of aer-
ation.

Electrochemical cells may develop between the tendon and

an exterior dissimilar metal object of between tiny areas on
the same tendon that have differing concentrations of the ele-
ments composing the steel. In either case, this galvanic type
corrosion occurs as metal loss from the exposed steel tendon
through the ground water to a nearby metal element that is of
lower potential.

There are two requirements for galvanic corrosion to occur;
first, a good electrical connection must exist between the two
metals; and second, the solution immersing the metals must
be an electrical conductor. If these conditions are met, the
degree of corrosion will depend on other characteristics of the
soil-anchor system. Major variables affecting corrosion are
presented below:

1. Ground Water – extremely acid, alkaline, or salt solutions
are good conductors.

2. Temperature – high temperatures increase corrosion, low
temperatures retard corrosion; embedded portions of anchors
are at relatively low ground temperatures normally.

3. Velocity of flow of Ground Water – high flow rates increase
corrosion, low flow rates retard corrosion; in low permeabili-
ty clays the chance of corrosion is remote because chemical
protective films develop.

4. Stress Condition in the Tendon – high stresses or cyclic
stresses may increase the rate of corrosion; in anchor design
the former is usually present, but not the latter.

When corrosion does occur, the results are manifested in
various forms. The type of corrosion and the degree of corro-
sion can have widely varying affects on a tendon. The most
prevalent types, the mechanisms and effect on the tendon are
listed in 17.2.

The foregoing brief explanation of the corrosion mecha-
nism is presented to give the designer an appreciation of the
importance of considering corrosion in the design phase.
Recent research in anchor corrosion has determined that
many environments where anchors are installed are relatively
nonaggressive. Various degrees of corrosion protection can be
applied to the anchor depending on the relative degree of the
potential for corrosion. In past years, anchors have been
placed with two basic degrees of protection; a lot or none.
The former was used when corrosion was considered by the
designer and the latter when the designer was unaware of the
ramifications. Interestingly, of those many installations, rela-
tively few failures have occurred and, as expected, all failures
were in the “unprotected” or improperly installed anchors. As
previously mentioned, most corrosion related failures
occurred within 6 feet of the anchor head. Such data indicates
some basic guidelines to be followed:

233MIL HDBK 1025/6, General Criteria for Waterfront Construction.



1. All anchors used for permanent application require corro-
sion protection in the free stressing length and at the anchor
head.
2. For routine applications, only a single degree of corrosion
protection (grease and sheath) will be required in the free
stressing length with only grout used to protect the bond
zone; i.e., minimum grout cover 0.5 inches in thickness.

17.6.2. Anchor Protection Against Corrosion
The British Code of Practice for Ground Anchorages

(1981) lists the following requirements for an anchor corro-
sion protection system.

1. Effective of the tendon is at least equal to that required of
the facility.

2. No adverse effects on the environment or the efficiency of
the protected anchor.

3. Unrestricted tendon movement in the unbonded zone.

4 . Comprised of mutually compatible materials with respect
to deformability, permanence, and corrosion.

5. One-time treatment for protection as installed systems can-
not be maintained or replaced.

6. Flexible enough to resist failure during stressing, especial-
ly at junctions with other components.

7. Tough enough to withstand handling damage during man-
ufacture, transport, storage, and installation.

With these basic criteria in mind, the designer should con-
sider basic methods of anchor protection to suit the applica-
tion for a particular project. The guideline methods listed
below are only the basic systems now in general use for
anchor protection. Schematic sections are shown in Figure 17-
9 and Figure 17-10. Many additional proprietary methods
exist which will accomplish equal degrees of corrosion pro-
tection. At this time, it is suggested the designer specify the
basic systems on the plans, but clearly state that proprietary
systems which are equivalent, in the opinion of the engineer,
to the system shown will be accepted.
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17.6.2.1. Protection of the Bond Zone
a) Simple Protection: The use of simple protection relies

on Portland cement grout to protect the tendon, bar or
strand, in the bond zone. Steel will not corrode in a high pH
environment such as Portland cement that possesses pH val-
ues up to 12.6. When Portland cement is used for protection,
it is assumed that the pH will not be lowered with time.
When the simple protection is used, care should be taken that
the tendon has at least 0.5 inches of the free length sheathing.

b) Double Protection: A corrugated PVC, high-density
polyethylene, or steel tube accomplishes complete encapsula-
tion of the anchor tendon. The tube must be capable of with-

standing the deformation associated with transportation,
installation, stressing and testing of the anchor, and transfer-
ring load applied to the tendon. Regardless of the encapsulat-
ing medium, the annular space between the corrugated tube
and tendon is usually filled with neat cement grout contain-
ing admixtures to control bleed of water from the grout.
Shorter tendons are grouted before insertion in the drilled
hole.

17.6.2.2. Protection of Unbonded Length
The unbonded length is protected by a variety of means

since the protection is not required to transfer stresses from
the tendon to the ground. The protection must:

Figure 17-10: Encapsulated Double Corrosion Protected Tendons
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a. Accommodate elastic movements during testing and
stressing.

b.Withstand potential damage during storage, handling,
and construction.

c. Resist attack in aggressive environments.
d.Allow elastic movements after lock-off if unbonded.

The most common methods of protecting the unbonded
length are sheaths filled with anti-corrosion grease, heat
shrink sleeves, and secondary grouting after stressing. Except
for secondary grouting, the protection is usually in place
prior to inserting the tendon in the hole.

Most frequently when “secondary grout” is mentioned, the
procedure referred to involves filling the annular space
between the ground and the smooth sheath in the free length.
Secondary grouting should be done by gravity of low meth-
ods to prevent damage to the sheath and load transfer to the
ground in the unbonded length. In addition, the grout should
terminate before the bearing plate area to prevent load trans-
fer up the grout column to the structure. Such secondary
grouting, when done properly, provides an extra insurance
against corrosion and is recommended for most installations.

Secondary grout, in the true sense, refers to grout place-
ment after stressing and lock-off around a tendon with an
unsheathed free length. After set, the grout surrounding the
free length becomes bonded to the ground and the tendon
over the initially unbonded length. Figure 17-11 illustrates
such an anchor. These anchors are only normally recom-
mended for semi-permanent, low risk applications. When
secondary grouting is used for these anchors, extreme care
must be taken to insure no void in the grout exists beneath

the anchor bearing plate. Such areas are unprotected against
corrosion in the most critical zone.

17.6.2.3. Protection at the Anchor Head
The most critical area to protect from corrosion is in the

vicinity of the anchor head connection. Below the bearing
plate, the corrosion protection over the unbonded length is
usually terminated to expose the bare tendon. Above the
bearing plate, the bare tendon is gripped by either wedges,
nuts, or deformed in the case of wires. Regardless of the type
of tendon, the gripping mechanism creates stress concentra-
tions at the connection. In addition, a very aggressive corro-
sion environment may exist at the anchor head since oxygen
is readily available. The vulnerability of this area is demon-
strated by the fact that most anchor failures occur within a
short distance of the anchor head.

Figure 17-12 shows a typical protection system for the
anchor head. A “trumpet” which is usually steel or strong,
durable plastic, is used as a transition from the anchorage to
the unbonded length corrosion protection. One end of the
trumpet is fastened and sealed to the bearing plate and the
other fitted with a deformable seal such as an O ring which
fits tightly around the protective tube but allows the tendon
to move within the trumpet. The annular space between the
trumpet and the tendon is filled with anti-corrosion grease.
The anchor head is protected by an anti-corrosion grease
filled cap or left embedded in concrete. Covering the head
with a grease filled cap permits future lift off testing or load
adjustment. When filling the trumpet and cap, care is
required to insure that the grease or grout fills the entire
space.

Figure 17-11: Bonded Tendon
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Figure 17-12: Anchor Head Details
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Chapter Eighteen: 
Lateral Earth Pressure Tables and Charts
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18.1. Rankine Theory

Figure 18-1: Rankine Active Earth Pressure Coefficients Ka

Figure 18-2: Rankine Passive Earth Pressure Coefficients Kp
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18.2. Coulomb Theory

Figure 18-3: Coulomb Active Earth Pressure Coefficients Ka, δ = 0º

Figure 18-4: Coulomb Active Earth Pressure Coefficients Ka, δ = 5º
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Figure 18-5: Coulomb Active Earth Pressure Coefficients Ka, δ = 10º

Figure 18-6: Coulomb Active Earth Pressure Coefficients Ka, δ = 15º
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Figure 18-7: Coulomb Active Earth Pressure Coefficients Ka, δ = 20º

Figure 18-8: Coulomb Active Earth Pressure Coefficients Ka, δ = 25º
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Figure 18-9: Coulomb Active Earth Pressure Coefficients Ka, δ = 30º

Figure 18-10: Coulomb Active Earth Pressure Coefficients Ka, δ = 35º
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Figure 18-11: Coulomb Passive Earth Pressure Coefficients Kp, δ = 0º

Figure 18-12: Coulomb Passive Earth Pressure Coefficients Kp, δ = 5º
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Figure 18-13: Coulomb Passive Earth Pressure Coefficients Kp, δ = 10º

Figure 18-14: Coulomb Passive Earth Pressure Coefficients Kp, δ = 15º

Figure 18-15: Coulomb Passive Earth Pressure Coefficients Kp, δ = 20º
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18.3. Log-Spiral Theory

Figure 18-16: Active and passive earth pressure coefficients with wall friction-sloping backfill
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19.2. Notation
The notation list below shows the various variables used in the book. The list does not include variables that are very spe-

cific to one part of the book or another, such as those used with Ovesen’s Anchor Slab Method or single cell mooring dol-
phins, or variables that are used “transitionally” in solved examples. In the case of cellular cofferdams, there are variables that
are used differently for these structures than they are with other types of sheet piling; we have a notation list below that applies
only to cellular cofferdams.

19.2.1. Greek Letter Symbols
∆h  (delta) Change in total head
∆KAE  (delta) Incremental dynamic active earth pressure coefficient 
∆KPE  (delta) Incremental dynamic passive earth pressure coefficient with δ=0 
∆l  (delta) The length of flow path over which ∆h occurs
∆PAE (delta) Incremental dynamic active earth pressure force
∆PPE (delta) Incremental dynamic passive earth pressure force with δ = 0
∆u (delta) Excess pore water pressure due to earthquake shaking
∆u (delta) Resultant excess pore water pressure force along the base of a wall
Ψe (psi) Seismic inertia angle
Ψe1 (psi) Equivalent seismic inertia angle for the restrained water case with ru = 0
Ψe2 (psi) Equivalent seismic inertia angle for the free water case with ru = 0
Ψe3 (psi) Equivalent seismic inertia angle for the restrained water case with ru > 0
Ψe4 (psi) Equivalent seismic inertia angle for the free water case with ru > 0
Ψ (psi) Seismic inertia angle
αA (alpha) Inclination from horizontal of a planar slip surface extending upward through the backfill, static active case
αAE (alpha) Inclination from horizontal of a planar slip surface extending upward through the backfill, dynamic active

case
αP (alpha) Inclination from horizontal of a planar slip surface extending upward through the backfill, static passive case
αPE (alpha) Inclination from horizontal of a planar slip surface extending upward through the backfill, dynamic passive

case through the backfill, dynamic passive case
α (alpha) Inclination from horizontal of a planar slip surface extending upward through the backfill 
αtie Inclination of tie rod with the horizontal, degrees
β* (beta) Inclination of backfill from horizontal, used in the equivalent static procedure for computing KAE and KPE
β (beta) Inclination of backfill from horizontal
δb (delta) Effective angle of interface friction between the base of the wall and its foundation
δ (delta) Effective angle of interface friction between the soil and the structure
δmax Maximum Deflection of the sheeting
φ'eq (phi) Equivalent angle of internal friction for soil with ru > 0
φ (phi) Effective angle of internal friction for soil
γ' (gamma) Effective unit weight of soil
γb (gamma) Buoyant unit weight of soil
γd (gamma) Dry unit weight of soil
γe (gamma) Effective unit weight of a partially submerged backfill for the restrained water case
γe3 (gamma) Effective unit weight of soil for the restrained water case with ru > 0
γt (gamma) Effective unit weight of soil
γw (gamma) Unit weight of water
γw3 (gamma) Effective unit weight of water for the restrained water case with ru > 0
λt Ratio of transverse bending stresses to the lateral pressure on the sheeting, dimensionless
ν Poisson’s Ratio
θ* (theta) Inclination of the back of the wall to soil interface from vertical, used in the equivalent static procedure for

computing KAE and KPE
θ (theta) Inclination of the back of wall to soil interface from vertical
ρ Rowe’s Moment Reduction variable
σ' (sigma) Effective normal stress
σ' v (sigma) Vertical effective stress
σ'v-initial Pre-earthquake vertical effective stress
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σ'wt (sigma) Effective weight of backfill, excluding surcharge
σa (sigma) Active earth pressure (effective stress)
σp (sigma) Passive earth pressure (effective stress)
σ (sigma) Total normal stress
σ1, σ3 Principal stresses on soil
σallow Allowable stress of structural member
σn Effective normal stress
σy Yield stress of structural member
τf (tau) Shear stress at failure
τ (tau) Shear stress
τ allow Maximum allowable shear stresss

19.2.2. Roman Letter Symbols
A Maximum ground acceleration as a fraction of g (dimensionless)
Aaxial Cross-sectional area of wall beneath axial load
ah Maximum horizontal ground acceleration, equal to kh •g
amax Maximum ground acceleration, equal to A•g
Atie Cross-sectional area of the tie rod
av Maximum vertical ground acceleration, equal to kv •g
Av,min Minimum shear area
B Width of wall base
Be Effective base width of the wall in contact with the foundation
c Effective cohesion
c1 Constant used to compute αA
c1AE Constant used to compute αAE
c2 Constant used to compute αA
c2AE Constant used to compute αAE
c3 Constant used to compute αP
c3PE Constant used to compute αPE
c4 Constant used to compute αP
c4PE Constant used to compute αPE
ct Distance from neutral axis to the point of maximum transverse stress in sheeting, in or m
D Distance from excavation line to toe
dr Maximum displacement
E4
ep Eccentricity of the load from the centreline of the sheeting
Etie Young’s Modulus of tie rod
FAE Factor used in the equivalent static procedure to compute KAE
Fb Factor of safety against bearing capacity failure of a wall
FPE Factor used in the equivalent static procedure to compute KPE
Freduction Reduction factor of safety for structural member
Fs Factor of safety against sliding along the base of a wall
FSp Factor of safety applied to both the shear strength of the soil and the effective angle of friction along the

interface when computing PPE for a sheet pile wall and the anchorage.
FSpiping Factor of safety against piping
Fsr Lateral seismic force component by Woods procedure
Ftr Factor to account for variations in the loading
g Acceleration of gravity
h Total head he Elevation head hp Pressure head
h Height of the sheeting
H Height of wall
Hc Critical Height for cohesive soils
HFinertia Inertial component of heavy fluid force behind a wall retaining liquefied backfill during shaking i Seepage

gradient, equal to ∆h/∆l
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HFstatic Static component of heavy fluid force behind a wall retaining liquefied backfill
Ht Depth of the tie rod anchor from surface
Hw Depth of the water table
icritical Critical hydraulic gradient
imax Maximum hydraulic gradient
k Hydraulic conductivity
K Lateral earth pressure coefficient
KA Static active earth pressure coefficient
KAE Dynamic active earth pressure coefficient
kh Horizontal seismic coefficient as a fraction of g (dimensionless)
Kh Horizontal earth pressure coefficient
kh* Limiting value for the horizontal seismic coefficient as a fraction of g (dimensionless)
khe Equivalent horizontal seismic coefficient as a fraction of g (dimensionless)
khe1 Equivalent horizontal seismic coefficient as a fraction of g (dimensionless) for the restrained water case with ru = 0
khe2 Equivalent horizontal seismic coefficient as a fraction of g (dimensionless) for the free water case with ru = 0
khe3 Equivalent horizontal seismic coefficient as a fraction of g (dimensionless) for the restrained water case with ru > 0
khe4 Equivalent horizontal seismic coefficient as a fraction of g (dimensionless) for the free water case with ru > 0
Ko At-rest horizontal earth pressure coefficient
KP Static passive earth pressure coefficient
KPE Dynamic passive earth pressure coefficient
kv Vertical seismic coefficient as a fraction of g (dimensionless)
l Length of deadman or anchor slab
L Distance between tie rods or tiebacks
Ltie Length of the tie rod
Mallow Allowable bending moment
Mallow-t Allowable bending moment with transverse bending
Mdesign Design moment for a sheet pile wall
MFES Maximum moment computed using the Free Earth Support method for a sheet pile wall
Mmax Maximum bending moment of sheeting
N Total normal force between the wall and the foundation
N' Effective normal force between the wall and the foundation
N* Maximum transmissible acceleration coefficient, as a fraction of g (dimensionless)
ND Number of hydraulic head drops
NF Number of flow channels
OCR Overconsoidation ratio
p Lateral pressure on the sheeting
P Resultant earth pressure force acting on a wall
PA Active earth pressure force acting on a wall for static loading
PAE Active earth pressure force acting on a wall for pseudo-static loading
Paxial Axial load on sheeting
Po At-rest earthpressure force acting on a wall
PP Passive earth pressure force acting on a wall for static loading
PPE Passive earth pressure force acting on a wall for pseudo-static loading
Pwd Westergaard hydrodynamic water pressure force q Vertical surcharge stress qall allowable bearing pressure

of rock
Q’ Total flow
qmax maximum bearing pressure below toe of wall
qu Unconfined compression strength
qult ultimate bearing capacity or unconfined compressive strength of concrete
rd Moment reduction factor due to Rowe
ru Excess pore water pressure ratio, equal to ∆u/σ'v-initial
sa Active soil stiffness
Smin Minimum Section Modulus
sp Passive soil stiffness
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Su Undrained shear strength of soil
Swall Section modulus of wall
T Horizontal shear force along the base of the wall required for equilibrium
Tdesign Design tie rod force for a sheet pile wall
TFES Tie rod force computed using the Free Earth Support method for a sheet pile wall
Tult Ultimate horizontal shear force along the base of the wall
Tult-a Ultimate force for which the sheet pile wall anchorage is to be designed
tw Thickness of the sheet web and flange
u Hydrostatic water pressure
Ub Resultant steady state pore water pressure force normal to the base of the wall
Uinertia Hydrodynamic water pressure force for the pool, directed away from the wall
Upool Resultant hydrostatic water pressure force for the pool
Ushear Resultant excess pore water pressure force due to earthquake shaking acting normal to the backfill to wall 

interface
Ushear-b Resultant excess pore water pressure force due to earthquake shaking acting normal to the backfill to sheet

pile wall interface
Ushear-t Resultant excess pore water pressure force due to earthquake shaking acting normal to the dredge level soil

to sheet pile wall interface
Ushear-α Resultant excess pore water pressure force due to earthquake shaking acting normal to planar slip surface

inclined at a from vertical
Ustatic Resultant steady state pore water pressure force acting normal to the backfill to wall interface
Ustatic-b Resultant steady state pore water pressure force acting normal to the backfill to sheet pile wall interface
Ustatic-t Resultant steady state pore water pressure force acting normal to the dredge level soil to sheet pile wall interface
Ustatic-α Resultant steady state pore water pressure force acting normal to planar slip surface inclined at a from 

vertical u Steady-state pore water pressure
V Maximum ground velocity
Vmax Maximum shear on sheeting
w Water content of soil
w Width of the sheeting
W Weight of rigid body (e.g. wall or soil wedge)
XN Point of action of normal force N
y Distance from excavation line to active-passive reversal point
z Distance from the soil surface

19.2.3. Variables for Cellular Cofferdams
γ Unit weight of soil around cell (can be wet or submerged)
γ’ Submerged unit weight of cell fill
γ’c Submerged unit weight of the cell fill
γc Unit weight of the cell fill
αi Angle between the inclined plane of the potential failure surface of the ith wedge and the horizontal (posi-

tive is counter- or anti-clockwise)
φi Angle of shearing resistance or internal friction of the ith wedge
(Pi-1 -Pi) Summation of applied forces acting horizontally on the ith wedge.
2L Centre-to-centre distance between main cells, ft.
A Area of main cell plus one connecting cell, ft2

A Area of base B x 1.0 for l-foot strip
B Equivalent or effective width, ft.
c Cohesion of soil
ci Cohesion or adhesion, whichever is the smaller on the potential failure surface of the ith wedge. (Cohesion

should not exceed the adhesion at the structure-foundation interface.)
D Embedded length
dc Depth of crack in cohesive foundation material
Df Distance from the ground surface to the toe of the cell.
e Eccentricity of resultant of all forces from centre of cell
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E Modulus of elasticity of the pile
f Coefficient of friction of steel on steel at the interlock
F1 Vertical downward friction force, force/unit length
Fi Interlock friction force
FP Computed foundation pressure
H' Height of cell over which vertical shear resistance is applied
H, H1, As shown in Figure 15-26 
H2
HB Height of berm or overburden on the inboard side
HLi Any horizontal force applied above the top or below the bottom of the left-side adjacent wedge
HRi Any horizontal force applied above the top or below the bottom of the right-side adjacent wedge
HS Height of overburden on the outboard side
HW Head of water on the outboard side
i Number of wedges
I Moment of inertia of the pile
K Coefficient of internal pressure for cellular cofferdam fill, depending upon the type of cell fill material and

the method of placement (see Table 15-4)
K Empirical coefficient of earth pressure.
K Coefficient of lateral earth pressure
L As shown in Figure 15-27
Li Length along the failure surface of the ith wedge
M Net overturning moment
MB Moment about pole of W’B
Mω Moment about pole due to resultant overturning force ΣP
N Number of wedges in the failure mechanism
Nc, Nq Terzaghi bearing capacity factors (see Table 15-2)
and Nγ
nh Constant of horizontal subgrade reaction
p Maximum inboard sheeting pressure, psf
P Pressure difference on the inboard sheeting
Pa Active earth pressure due to overburden of height, HS
PR Resultant of passive earth pressure due to buoyant weight of the berm + hydrostatic pressure due to height, HB
Ps Total lateral force per unit length of cofferdam due to cell fill
PT Net force on the inboard sheets.
PT Area abc as shown in Figure 15-26
PW Hydrostatic pressure due to head, HW
Q Total shearing force per unit length of cofferdam
R Radius of cellular cofferdam, feet (see Figure 15-27)
R Radius
r and θ Variables in the polar coordinate system
ro Radius to the beginning of the spiral
RS Lateral resistance along weak seam
SF Frictional resistance against slippage
ST Total shearing resistance along the centre line of the cell
t Interlock tension, lbs.
tmax Interlock tension at connection
Ui Uplift force exerted along the failure surface of the ith wedge
Vi Any vertical force applied above top of the ith wedge
w Effective weight of cell fill
W Weight of cell fill above the weak seam
W Effective weight of cell fill
W’B Effective weight of cell fill above failure surface
Wi Total weight of water, soil, rock, etc., in the ith wedge
ΣP (Pw + Pa - Pr) as shown in Figure 15-16.
φ Angle of internal friction
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19.3. Glossary
Active pressure: The limiting pressure between the wall and
soil produced when the relative wall/soil motion tends to
allow the soil to expand horizontally.

Anchor force: The reaction force (usually expressed per foot
of wall) that the anchor must provide to the wall.

Anchor: A device or structure that, by interacting with the
soil or rock, generates the required anchor force.

Anchorage: A mechanical assemblage consisting of wales, tie
rods, and anchors that supplement soil support for an
anchored wall.

Anchored wall: A sheet pile wall which derives its support
from a combination of interaction with the surrounding soil
and one (or more) mechanical devices which inhibit motion
at an isolated point(s). The design procedures described in
this manual are limited to a single level of anchorage.

At-rest pressure: The horizontal in situ earth pressure when
no horizontal deformation of the soil occurs.

Backfill: A generic term applied to the material on the
retained side of the wall.

Cantilever wall: A sheet pile wall that derives its support sole-
ly through interaction with the surrounding soil.

Classical design procedures: A process for evaluating the soil
pressures, required penetration, and design forces for can-
tilever or single anchored walls assuming limiting states in the
wall/soil system.

Dredge line: A generic term applied to the soil surface on the
dredge side of a retaining or floodwall.

Dredge side: A generic term referring to the side of a retain-
ing wall with the lower soil surface elevation or to the side of
a floodwall with the lower water elevation.

Factor of safety:
• Factor of safety for rotational failure of the entire wall/soil

system (mass overturning) is the ratio of available resisting
effort to driving effort.

• Factor of safety (strength reduction factor) applied to soil
strength parameters for assessing limiting soil pressures in
Classical Design Procedures.

• Structural material factor of safety is the ratio of limiting
stress (usually yield stress) for the material to the calculat-
ed stress.

Floodwall: A cantilevered sheet pile wall whose primary func-
tion is to sustain a difference in water elevation from one side
to the other. In concept, a floodwall is the same as a can-
tilevered retaining wall. A sheet pile wall may be a floodwall
in one loading condition and a retaining wall in another.

Foundation: A generic term applied to the soil on either side
of the wall below the elevation of the dredge line.

I-wall: A special case of a cantilevered wall consisting of sheet
piling in the embedded depth and a monolithic concrete wall
in the exposed height.

Multiple anchored wall: Anchors are attached to the wall at
more than one elevation.

Passive pressure: The limiting pressure between the wall and
soil produced when the relative wall/soil motion tends to
compress the soil horizontally.

Penetration: The depth to which the sheet piling is driven
below the dredge line.

Retained side: A generic term referring to the side of a retain-
ing wall with the higher soil surface elevation or to the side of
a floodwall with the higher water elevation.

Retaining wall: A sheet pile wall (cantilever or anchored) that
sustains a difference in soil surface elevation from one side to
the other. Excavation, dredging, backfilling, or a combination
may produce the change in soil surface elevations.

Sheet pile wall: A row of interlocking, vertical pile segments
driven to form an essentially straight wall whose plan dimen-
sion is sufficiently large that its behaviour may be based on a
typical unit (usually 1 foot) vertical slice.

Single anchored wall: Anchors are attached to the wall at only
one elevation.

Soil-structure interaction: A process for analysing wall/soil
systems in which compatibility of soil pressures and structur-
al displacements are enforced.

Tie rods: Parallel bars or tendons that transfer the anchor
force from the anchor to the wales.

Wales: Horizontal beam(s) attached to the wall to transfer the
anchor force from the tie rods to the sheet piling.

Wall height: The length of the sheet piling above the dredge
line.
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