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Notice

The information, including technical and engineering data, figures, tables, designs, drawings,
details, procedures and specifications, presented in this publication have been prepared in
accordance with recognized contracting and/or 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
and professional examination and verification of its accuracy, suitability and applicability by a
licensed professional.

This book is provided without warranty of any kind. Pile Buck®, Inc. and/or its editors hereby
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, 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 making use
of this material does do at his or her own risk and assumes any or 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 including the
use or inability to use the information contained herein. Pile Buck®, Inc., and/or its editors do
not insure anyone utilizing this book against any liability arising from the use of this information
and hereby will not be held liable for “consequential damages” of any kind resulting from such
use.

All advertising contained herein in the exclusive representation of those registered herein. Pile
Buck®, Inc., and/or its editors make no representation as to the accuracy, performance, design,
specifications and/or any such “claims” made by advertisers contained herein. Anyone making
use of these products and services 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 including lost profits, lost savings or other incidental or consequential damages
arising from the use or inability to use the products advertised herein. Pile Buck, Inc., and/or
its editors do not insure anyone from liability arising from the use of these products and hereby
will not be liable for “consequential damages” of any kind resulting from such use.

Pile Driving by Pile Buck Copyright® 2005, 2006 Pile Buck®, Inc. All rights reserved. Printed in the United States
of America. Unless otherwise noted in the text, no part of this book may be used or reproduced in any manner
whatsoever without written permission, except in the case of brief quotations embodied in articles, books,
and reviews.

Additional copies of this book can be ordered from Pile Buck at http://www.pilebuck.com.



Forward

Pile Driving by Pile Buck is designed to be the comprehensive guide to driven piles and the equipment used
to drive and test them. Driven piles are the oldest type of deep foundation in use; they not only predate the
Industrial Revolution, they predate literate civilization. Many structures have stood for hundreds and thousands
of years on driven piles, largely hidden from view and the attention of those who use the structures.

In spite of the advances of other types of deep foundations, driven piles remain a viable foundation option
because:

a) the quality of the pile is known before installation, not after; and

b) b) the load bearing capability of a pile can be estimated from the driving history, using the hammer as a
measuring instrument.

In addition, driven piles are used in soils where the use of in situ installation of any kind is difficult if not
impossible due to the nature of the soil.

This book is divided into six chapters:

1. Introduction: This includes a brief history of pile driving and installation equipment, and a discussion
on the proper use of driven piles to foundation applications.

2. Materials: An overview of the different types of piles, their advantages and disadvantages, along with
information on pile accessories.

3. |Installation Equipment: An overview of the different types of pile hammers, both impact and vibratory,
with their distinctive characteristics.

4. Pile Design: A description of methods of estimating the capacity of the pile before driving, both static
and dynamic. These include step-by-step methods of computing the load bearing capability of piles.
This section is intended to focus on issues that pertain to piles alone; information on soil mechanics
and other matters can be found in other Pile Buck publications.

5. Means and Methods: A detailed description of the installation of piles, including all aspects of job
organization, safety, mobilization, actual installation, and job completion.

6. Construction Monitoring: A description of load testing techniques for piles, both static and dynamic.

Although some theoretical issues are discussed in this book, this book focuses on issues that owners, engineers,
inspectors, contractors, equipment manufacturers and material suppliers deal with on a daily basis in the
successful installation of driven pile foundations.

This book is a compilation of material from a variety of sources assembled to be more seamless and cohesive
than by simply replicating the sources and placing them into one or more volumes. The sources of this book
are listed at the end. Acknowledgements for many of the drawings and photographs are listed with each
chapter.

We would also like to thank the following for their review of the manuscript, which resulted in many helpful
suggestions and a better book:

e Jerry DiMaggio, FHWA

e Mohamad Hussein, GRL Engineers (we also thank GRL for their permission to use GRLWAVE in our text)
e Mark Lee, Dawson Construction Plan

e Glenn Lockie, Sure-Lock

Finally, this Editor would like to thank Mr. Chris Smoot of Pile Buck both for selecting him for this project and
for the vision in making this long overdue reference book a reality.

Don C. Warrington, P.E.
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Chapter 1. Introduction
1.1. History

Piles are braced, structural columns that are driven,
pushed or otherwise installed into the ground. Pre-
literate man found that pile foundations were very
useful in that they allowed construction of a shelter
high above the water or the land and out of reach of
marauding animals and warring neighbors. Driven piles
are the oldest type of deep foundation in existence.
They enable the placement of structures in areas that
are otherwise unsuitable because of the subsurface
condition.

Pile driving is the process of installing a pile into the
ground without previous excavation. Historically,
the oldest method of driving a pile, and the method
most often used today, is by a hammer. No doubt,
the earliest bearing piles were driven by hand using a
wooden mallet of some sort.

1.1.1. Pile Driving in the Roman World

Although the Romans were neither the most innovative
builders nor the ones with the most impressive
single structures, (the Egyptians with the pyramids
claim that honor) they were the most accomplished
planners of infrastructure in the ancient world.
Because of the varied soils they encountered around
the Mediterranean Sea, they also drove many piles
to support the military and civil works which they
undertook.

The Latin word for pile driver is fistuca or festuca,
which is defined as follows:

FISTU’CA, an instrument used for
ramming down pavements and threshing
floors, and the foundations of buildings
(Cato, R.R. 18, 28; Plin. H.N. xxxvi.25.
s61; Vitruv. iii.3 s4 §1, x.3 s2 §3); and
also for driving piles (Caes. B.G. iv.17).
When used for the former purpose, that
of making earth solid, it was no doubt
a mere log of wood (shod perhaps with
iron), with handles to lift it up; just
like a paviour’s rammer. But in the case
cited from Caesar, where it was used for
driving the piles of his bridge over the
Rhine, it is almost evident that it must
have been a machine, something like
our pile-driving engine or monkey), by
which a heavy log of wood, shod with
iron, was lifted up to a considerable
height and then let fall on the head of

the pile.!

One of the oldest bridges in Rome was the “Pons
Sublicius” or “bridge of piles.” In 509 B.C. the
Romans expelled their last king and established a
republic. The kings took refuge at the court of Lars
Porsena, the king of neighboring Clusium; three years
later, they attempted to retake the city. They had not
prepared to deal with the bridge and its defender,
Horatius Cocles:

Once more Horatius stood alone; with
defiance in his eyes he confronted
the Etruscan chivalry, challenging one
after another to single combat, and
mocking them all as tyrants’ slaves
who, careless of their own liberty,
were coming to destroy the liberty of
others. For a while they hung back,
until shame at the unequal battle
drove them to action, and with a
fierce cry they hurled their spears at
the solitary figure which barred their
way. Horatius caught the missles on his
shield and, resolute as ever, straddled
the bridge and held his ground. The
Etruscans moved forward, and would
have thrust him aside by the sheer
weight of numbers, but their advance
was suddenly checked by the crash of
the falling bridge and the simultaneous
shout of triumph from the Roman
soldiers who had done their work in
time. The Etruscans could only stare
in bewilderment as Horatius, with a
prayer to Father Tiber to bless him and
his sword, plunged fully armed in the
water and swam, through the missiles
which fell thick about him, safety to
the other side where his friends were
waiting to receive him.?

At the end of the Roman Republic, we have what is
probably the most spectacular documented application
of piles in the ancient world. This was done by Julius
Caesar’s army in crossing the Rhine River during his
extended campaign in Gaul. He described the job as
follows:

...(Caesar) caused pairs of balks a foot
and a half thick, sharpened a little
way from the base and measured
to suit the depth of the river, to be
coupled together at an interval of
two feet. These he lowered into the
river by means of rafts, and set fast,
and drove home by rammers; not,



like piles, straight up and down, but
leaning forward at a uniform slope, so
that they inclined in the direction of
the stream. Opposite to these, again,
were planted two balks coupled in the
same fashion, at a distance of forty
feet from base to base of each pair,
slanted against the force and onrush of
the stream. These pairs of balks had
two-foot transoms let into them atop,
filling the interval at which they were
coupled, and were kept apart by a pair
of braces on the outer side at each
end. So, as they were held apart and
contrariwise clamped together, the
stability of the structure was so great
and its character such that, the greater
the force and thrust of the water, the
tighter were the balks held in lock.
These trestles were interconnected by
timber laid over at right angles, and
floored with long poles and wattlework.
And further, piles were driven in aslant
on the side facing downstream, thrust
out below like a buttress and close
joined with the whole structure, so as
to take the force of the stream; and
others likewise at a little distance
above the bridge, so that if trunks of
trees, or vessels, were launched by the
natives to break down the structure,
these fenders might lessen the force
of such shocks, and prevent them from
damaging the bridge.?

1.1.2. Other Pile Driving before the
Nineteenth Century

Piles in the Roman world were exclusively wood piles;
this was to remain the case for all piling until the end
of the nineteenth century. These wood piles were
driven by drop hammers on small wooden rigs. A
variety of these rigs is shown in Figure 1-1. A more
elaborate rig of this type from the eighteenth century
is shown in Figure 1-2.

Figure 1-1 Ancient and Medieval Pile Driving Rigs
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Figure 1-2 English Pile Driving Rig from the
Eighteenth Century

For thousands of years the Chinese and other oriental
builders used a stone block as a hammer. It was lifted
by ropes and stretched taut by human beings, who
were arranged in a star pattern about the pile head.
The rhythmic pulling and stretching of the ropes
flipped the stone block up and guided the downward
blow upon the pile head.

The City of Venice was built in the marsh delta of
the Po River because the early Italians wanted to live
in safety from the warring Huns of Central Europe.
The buildings of Venice are supported on timber piles,
driven centuries ago through the soft mud onto a
layer of boulders below. When the bell tower of St.
Mark’s, built in 900 A.D., fell in 1902, the timber piles
in the foundation were found to be in such a good
state of preservation that they were used to support
the reconstructed tower.

1.1.3. Advances in the Nineteenth
Century

The nineteenth century saw real progress on several
fronts for driven piles. To begin with, steam replaced
muscle power for the turning of the winches. Other
developments at that time include the steam hammer,
concrete piles and the first dynamic pile driving
formula.

1.1.3.1.Naysmith’s Steam Hammer

Drop hammers had served civilization well for
centuries; however, they are slow and require some
skill from the operator in use. The development of the
steam engine in the eighteenth century in both Britain
and Russia showed the potential of steam power. The
Scottish inventor James Naysmith developed the first

steam hammer. In 1839 he sketched out the first design
of the steam hammer; he described it as follows:

My Steam Hammer as thus first
sketched, consisted of, first, a massive
anvil on which to rest the work;
second, a block of iron constituting
the hammer or blow-giving portion;
and, third, an inverted steam cylinder
to whose piston-rod the hammer-
block was attached. All that was then
required to produce a most effective
hammer was simply to admit steam of
sufficient pressure into the cylinder,
so as to act on the under-side of the
piston, and thus to raise the hammer-
block attached to the end of the piston
rod. By a very simple arrangement of
a slide valve, under the control of all
attendant, the steam was allowed to
escape and thus permit the massive
block of iron rapidly to descend by its
own gravity upon the work then upon
the anvil.

Thus, by the more or less rapid manner
in which the attendant allowed the
steam to enter or escape from the
cylinder, any required number or any
intensity of blows could be delivered.
Their succession might be modified
in an instant. The hammer might be
arrested and suspended according to
the requirements of the work. The
workman might thus, as it were, think
in blows. He might deal them out on
to the ponderous glowing mass, and
mould or knead it into the desired form
as if it were a lump of clay; or pat it
with gentle taps according to his will,
or at the desire of the forgeman.*

This hammer was originally intended as a forge hammer
for steel production. In 1845, however, Naysmith
designed and built a steam hammer for driving piles
at the Royal dockyards at Devonport, England.

He describes this first job as follows:

Some preliminary pile-driving had been
done in the usual way, in order to make
a stage or elevated way for my pile-
driver to travel along the space where
the permanent piles were to be driven.
| arranged my machines so that they
might travel by their own locomotive
powers along the whole length of the



coffer dam, and also that they should
hoist up the great logs of Baltic timber
which formed the Piles into their proper
places before being driven. The entire
apparatus of the machine was erected
on a strong timber platform, and was
placed on wheels, so that it might
move along the rails laid down upon
the timber way. The same boiler that
supplied the steam hammer part of
the apparatus served to work the small
steam-engine fixed to the platform for
its locomotion, and also to perform the
duty of rearing the next pile which had
to be driven. The steam was conveyed
to the hammer cylinder by the jointed
pipe seen in the annexed engraving.
The pipe accommodated itself to any
elevationordescent of thehammer. The
whole weight of the cylinder, hammer-
block, and guide box, supported by
the shoulders of the pile, amounting
to seven tons in all, rested upon the
shoulders of the pile as a “persuader;”
and the eighty blows per minute of
the four-ton hammer came down with
tremendous energy upon the top of
the pile head. No soil, that piles could
penetrate, could resist such effective
agencies...There was a great deal of
curiosity in the dockyard as to the
action of the new machine. The pile-
driving machine-men gave me a good-
natured challenge to vie with them in
driving down a pile. They adopted the
old method, while | adopted the new
one. The resident managers sought
out two great pile logs of equal size
and length--70 feet long and 18 inches
square. At a given signal we started
together. | let in the steam, and the
hammer at once began to work. The
four-ton block showered down blows at
the rate of eighty a minute; and in the
course of four and a half minutes my
pile was driven down to the required
depth. The men working at the ordinary
machine had only begun to drive. It
took them upwards of twelve hours to
complete the driving of their pile!®

In the U.S., steam hammers came into use after 1875.
After manufacturing other designs, Vulcan Iron Works
developed in 1887 the first “#1” hammer designed
by the Warrington brothers, George, James N. and

William H. This hammer (and its derivatives, the
Raymond and Conmaco hammers) became the most
popular steam hammers in the U.S. The McKiernan
Terry Corporation (MKT) also developed a successful
line of steam hammers, along with the Union and
Industrial Brownhoist hammers. In Europe steam
hammers were developed by such manufacturers as
BSP (U.K), Menck + Hambrock (Germany), and Nilens
(Belgium).

The original steam hammers were single acting, i.e.,
they relied solely on the drop of the ram through the
gravity field for the kinetic energy used to drive the
pile. The twentieth century saw the development
of hammers with downward assist of some kind,
where the steam (and later the compressed air) was
used to accelerate the ram downward more than
gravity. These fell into two types. The first were
the compound hammers, which used the air or steam
expansively on the downstroke. They included first
the Vulcan “California” series hammers and later the
MKT “C” series hammers. The second were the double
or differential acting hammers, which simply used the
air or steam at full pressure to help accelerate the
ram downward. Vulcan developed the differential
acting hammer in the 1930’s in both closed and open
type; Raymond developed its own differential acting
hammers, first steam and then hydraulic. MKT’s
successful double-acting “B” series is still commonly
used to drive sheet piling. European manufacturers
also developed closed-type double acting hammers.
Figure 1-3 shows such a hammer, in this case a Nilens
T-3.



Figure 1-3 Nilens Double-Acting Steam Hammer

1.1.3.2. Raymond’s Concrete Piles

Under the proper conditions, timber piles are a very
durable pile type, but timber piles are subject to
varying degrees of deterioration. Moreover, timber
piles are limited in length and size by the trees they
come from.

The French engineer Francois Hennebique was one
of Europe’s premier bridge builders. In 1897, he
introduced the use of reinforced concrete piles. The
U.S. was not far behind and in 1901, A.A. Raymond first
used concrete pilesin a building foundation in Chicago.
Raymond went on to found the Raymond Concrete Pile
Company, which for most of the twentieth century was
the greatest pile driving organization in the world,
even extending its activities to the construction of
offshore oil platforms with steel pipe piles.

Timber piles were usually driven to less than 50 kips
(222 kN) allowable capacity, but the new concrete
piles were designed for 60 kips (267 kN) and higher.
This meant that fewer piles and smaller footings could
be utilized for the same imposed loads. Technological
advances in the cement and concrete industries made

concrete piles cost competitive and, because of this,
their use became prevalent.

1.1.4. Steel Piles

The beginning of the twentieth century also saw the
start of the use of steel piling as well, both H-piles and
pipe. Both of these steel shapes existed for structural
use and were adapted to piles. In the case of pipe,
though, the evolution of tubular steel piling went in
two distinct directions:

e Without concrete fill, as open ended or closed
ended pipe piles: These are typically used
in applications where lateral or tensile loads
predominate, such as offshore oil platforms
and seismic or scour resisting members.

e With concrete fill: This includes a wide variety
of piles, such as caissons, bulb piles, Monotube
piles and (when the steel is thin enough)
shell piles driven with mandrels, such as the
Raymond Step-Taper® piles.

H-piles were an outgrowth of I-beams driven to meet
a serious problem: scour undermining of bridge piers
and abutments in compact sand and gravel. The piles
could withstand both hard driving and were able to
be driven deep enough to adequately resist scour.
Bethlehem Steel rolled the first H-pile in 1908 and
this replaced the I-beams used before that time.¢

1.1.5. Advances in Rigs

No history of piling would be complete without some
mention of the advances in pile driving rigs.

The most popular type of pile driving rig before the
advent of crane-mounted rigs was the skid rig, as
shown in Figure 1-4. Skid rigs dominated the industry
in an era when the motto was frequently “when in
doubt, drive piles.”



Figure 1-4 Skid Rig with Vulcan Hammer driving Figure 1-5 Raymond Long Swing Type Driver
Monotube Piles

The advent of large mobile cranes, with their greater
maneuverability, led to a new era in pile driving rigs.
A typical mobile rig with fixed leaders is shown in
Figure 1-6.

Figure 1-6 Pile Driving Rig using Mobile Crane

An advance with the skid rig is the rotating rig.
Raymond built its first rotating rig in 1913 and
continued to build them until 1929 and use them into
the 1950’s. They consisted of a bedsill with a 12’
(3.66 m) rail circle and a turntable witha 13’-8” (4.17
m) fixed radius from kingpin to the centerline of the
turntable. The leaders were mounted on the front of
the turntable, were of rugged construction and were
56’ (17 m) in height. A larger and heavier version of
this was the Long Swing Driver; this is shown in Figure
1-5.




1.1.6. Pile Dynamics

Pile driving is an “interdisciplinary” process in that
it is a combination of geotechnical engineering (the
interaction with the soils), engineering mechanics (the
dynamics of moving bodies) and structural engineering
(the stresses during driving and after installation.)
Nowhere is that better illustrated than in the subject
of pile dynamics.

1.1.6.1. Dynamic Formulae

The first attempt to model the dynamics of pile driving
and to make this modeling useful to practitioners were
the dynamic formulae. These formulae use Newtonian
impact mechanics to model the motion of the pile;
these results could generally be expressed in a simple
formula, which could be readily applied to the work
at hand.

The most widely used dynamic formula is the
Engineering News formula, although many others
(and their local variations) have made their way into
codes and other standards of practice (Hiley, Gates,
Danish, etc.) Many foundations have been installed
using these formulae as a basis of pile control and
acceptance.

The dynamic formulae have been pilloried extensively
since the wave equation became practical to use.
Their three main weaknesses are

e Modeling of the pile as one rigid mass;

o Inadequate modeling of the driving system
(hammer, cushion, helmet);

e Inadequate modeling of the soil as it interacts
with the pile.

These weaknesses and others were not as apparent
when timber piles installed using drop hammers was
the norm in pile driving. With the introduction of
concrete and steel piles these deficiencies became
critical, especially when concrete piles began to
exhibit tension cracking, a phenomenon the dynamic
formulae could neither anticipate nor quantify.

1.1.6.2. Application of Stress-Wave
Theory to Piles

It seems difficult to believe that such a simple looking
operation as pile driving caninvolve such a complicated
phenomenon as stress-wave propagation. The history
of the theory’s application, however, is important
in the continued viability of driven piles as a deep
foundation. The theory is discussed later in this book;
the following is an overview of the development of

this theory with application to piles.

1.1.6.2.1. Isaacs’ Work’

The use of the wave equation (or stress-wave theory)
to model impact pile driving began in Australia with
the work of David Victor Isaacs. The dynamic formulae
had been developed primarily with timber piles in
mind; with the growing usage of concrete piles, it
became apparent that, because of the length and
properties of timber piles, the dynamic formulae (with
their assumption that the pile is a rigid mass) would
not be sufficient for concrete piles. Isaacs began by
reviewing the dynamic formulae. Part of his review
included a discussion of the factor of safety, where he
makes a statement that is still relevant:

It should be remembered, however,
that these are not true factors of
safety, but include a “factor of
ignorance.” The author suggests
that when the ultimate resistance
of any pile has been determined, in
fixing the factor of safety...the most
unfavourable conditions possible in
the supporting strata should be judged
(the range of conditions possible being
narrowed with better knowledge
of the subsurface conditions and of
the possibility of disturbance from
extraneous sources) and a proportion
of the factor of safety -- a “factor of
ignorance” -- then allowed in respect to
these possible conditions, the manner
of determining the ultimate load, and
the type of loading to be borne. The
remaining proportion of the factor of
safety -- or true margin of safety --
should be approximately constant for
all classes of loading and foundation
conditions involving the same value of
loss in case of failure; and the overall
factor of safety...will then be equal to
the product of the true factor of safety
with the “factor of ignorance.”

He also describes an experiment where rods
are impacted against each other in a pendulum
arrangement. As the rods were lengthened, the
behavior of the rods deviated more and more from
Newtonian impact theory.

He then developed an integration technique that is
best described as a semi-graphical one. He developed
a mathematical model based on the successive
transmission and reflection of waves (similar in



principle to the method of images.) A sample solution
is given Figure 1-7, in this case showing multiple
impacts.

Figure 1-7 Graphical Solution of the Wave Equation
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He then constructed a machine to graphically integrate
the solution, a diagram of which is shown in Figure 1-
8.

Figure 1-8 Graphical Machine for Wave Equation
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He was then able to solve for the stresses and
displacements of the pile during driving. Isaacs
developed a set of formulae and charts to make his
results accessible for the analysis of piles.

In the course of the investigation, Isaacs dealt with
a number of questions that would become central
to stress wave analysis of piles, including tension
stresses in concrete piles, the effect of ram weight
(he concluded that a heavier ram reduced tension
stresses,) and the effect of hammer cushion stiffness
and drive cap weight.

Isaacs’” work also revealed the computational
complexity of stress wave analysis, a complexity
that insured the dominance of dynamic formulae in
pile analysis (with all of their serious limitations) for
another half century.

1.1.6.2.2. The Work of Glanvilles

After Isaacs’ work, the centre of work on the subject
shifted to the United Kingdom, with the extensive
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study commissioned by the British Building Research
Board under the direction of (later Sir) W.H. Glanville
and his colleagues. This study was one of the first
comprehensive studies on stress waves in piles. It
was commissioned in part to investigate problems
encountered in the breakage of concrete piles during
driving, at both the head and the toe. The wave
equation using d’Alembert’s solution were used to
develop equations to estimate the stress in the pile
during driving, using the method of images. Because
of the complexity of the equations, the results were
reduced to a series of charts where a quantity of
dimensionless stress was plotted against the ratio of
hammer weight to pile weight. The charts could then
be used to estimate pile stresses and resistance. The
charts were applicable to concrete piles only, and this
was a serious limitation to such solutions.

Inadditiontodevelopingasolutiontothewaveequation,
the authors continued lIsaacs’ work in addressing
technical issues and experimental techniques that
have enduring interest in pile dynamics. These include
the instrumentation and data collection on stresses
and forces in piles, including remote data gathering
through “portable” equipment in a trailer, further
research on the effect of the hammer cushion on the
generation and effect of the pile stress wave (these
were included in the analytical work,) drop tower
testing on cushion material to determine the cushion
stiffness, and further work on the relationship of ram
weight to pile weight and cross section. An example
of the data collected is illustrated in Figure 1-9, which
shows actual photographs of the oscilloscope readings
recording stresses at various points of the pile during
driving. Note that the stress wave impulse at the
middle is delayed from the head, as is the “foot”
from the middle; this is as predicted by stress wave
theory.

Figure 1-9 Recorded stresses in the pile
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The Second World War interrupted further research;



moreover, the difficulties that this study encountered
in developing a readily usable prediction technique
ended the possibility of using a closed form solution
for this application. Research has continued to the
present on closed form solutions’.

1.1.6.2.3. Enter the Numerical Methods

The difficulties in applying the closed form solutions,
led to the use of numerical methods to model stress
waves in piles and pile behavior itself. Today we say
“obvious” but in the 1940’s and 1950’s, this was not
the case, primarily because the practical application
of numerical methods required the use of the recently
developed digital computer. Moreover geotechnical
engineeringingeneral wasslower thanotherspecialties
to adopt advanced analytical techniques, primarily
because the ground itself presented complexities that
are in reality only now beginning to be modeled on a
reasonable basis. Experience and judgment, essential
elements in any engineering practice, were and are
especially important in geotechnical applications.

This background clearly illustrates how remarkable
the accomplishment of E.A.L. Smith!® really is. Smith
was the Chief Mechanical Engineer for the Raymond
Concrete Pile Company. By the time his historic “wave
equation” paper had been published, he had already
retired. The basic elements of Smith’s technique are
as follows:

e Division of the pile into a series of springs and
masses. The hammer was modeled as a mass
with a hammer cushion spring (or capblock,
to use the Raymond terminology.) The driving
accessory (or follower) was also modeled as a
mass, with provision for another cushion for
the pile if needed.

e Integration of the model using a first order
finite difference technique.

¢ Modeling of the hammer and pile cushions using
a “static” hysteresis technique, defined by an
elastic spring constant during compression
and modified by a “coefficient of restitution”
during rebound.

e Modeling of the soil as a combination of
displacement dependent springs and velocity
dependent dampers. These were applied both
along the pile shaft and at the pile toe as the
actual soil resistance distribution required.

e Modeling of the non-linearities of the soil. The
soil was given a “yield limit” (a quake); after
this deflection the non-dynamic resistance was
constant. The model could simulate yielding in

some areas of the pile without requiring it in
others.

Smith made many of the assumptions for his model
(especially for the soils) with a minimum of theoretical
basis; nevertheless, the soil model he proposed is still
standard in many wave equation programs today. This
is a tribute to the durability and basic soundness of
his technique.

In spite of the advanced state of Smith’s model, it
was several years before it was disseminated to
practitioners. The first version of Smith’s model that
was made available to a wider audience was the TTI
(Texas Transportation Institute) program, developed at
Texas A&M University by L.L. Lowery and T.J. Hirsch''.
In addition to making Smith’s model available, many
of the assumptions behind the Smith model were
examined to improve the quality of the input and
thus confidence in the output. The TTI program is still
available and is used especially with offshore oil and
gas platform piling.

When Smith developed his wave equation method, he
only included hammers whose rams could be modeled
asrigid, impactingahammer cushion. Thisis principally
because Raymond used steam hammers at the time.
Both the Smith had the TTI programs had only a
rudimentary modeling of the combustion complexities
of diesel hammers, which became popular in the U.S.
in the 1960’s. This deficiency was overcome with the
WEAP program, developed by George Goble and Frank
Rausche'. In addition to advancing the modeling of
the diesel hammers, WEAP and its successors gave the
wave equation for piling the one thing it needed more
than anything else: an organization (GRL) prepared
to actualize it through support and dissemination.
An example of this technical support was WEAP86,
WEAP87 and GRLWEAP, which include a hammer
database and PC capability. The need for technical
support became more critical with the development
of pile monitoring techniques in the field.

There are other wave equation computer codes in use
today, such as TNOWAVE, by TNO in the Netherlands.
In addition to the finite difference technique, there
have been finite-element methods used, either one-
dimensional or with the surrounding soil modeled®.

1.1.6.3 Field Monitoring Techniques

Geotechnical engineering principles are inherently
influenced by the high degree of uncertainty created
by the use of soil and rock as an engineering material.
The wide variability of soils and the difficulty inherent
in modeling their behavior makes some kind of in situ
verification essential.



With driven piles, dynamic formulae gave the industry
just such verification. By relating the blow count of
the hammer per foot (or inch, meter, etc.) of pile
penetration to the resistance of the pile, the capacity
of piles could be estimated. This unusual situation
made the pile hammer both an installation tool and a
measuring device.

Although the wave equation enabled prediction of
performance, relating that prediction to the actual
capacity or resistance of the pile involves more than
just comparing the wave equation to the static load
test. From the beginning, the need for pile installation
instrumentation was felt necessary to learn more
about the pile’s behavior both during driving and
when loaded by the structure.

The first comprehensive (and successful) attempt at
instrumentation was Glanville’s study. Subsequent
efforts in this direction took place in Sweden, at the
Gubbero site in 1960'“. Both of these efforts relied on
the photographed output of an oscilloscope.

The major step in using stress wave theory to analyze
piles during driving and to estimate their static
capacity was the development of the Case Method".
This method compared the pile force and velocity at
a given time with a time 2L/c after that. The static
and dynamic soil resistance components were then
separated. This method was very simple and could be
readily applied in the field, through the measurement
of force and acceleration near the pile head using
both strain gages and accelerometers.

A more advanced analytical computer model of the
measured data became available with CAPWAP!®
(Case Pile Wave Analysis Program). This technique
uses similar instrumentation to the Case Method, but
allows further refinement of the soil response through
in iterative technique. A profile of the soil resistance
distribution is thus obtained along with end bearing
resistance.

Other organizations (such as TNO) have developed
methods of analyzing the return signals of impact. The
result in all cases is once again the use of the hammer,
this time in conjunction with stress wave theory and
modern measuring techniques, as a measuring tool to
estimate the pile’s capacity as it is being driven.

One further application of stress wave theory in the
field is integrity testing. It is used to find the presence
of cracks (driven piles) or voids (drilled shafts and
auger-cast piles.) There are two variations to this
technique:

e Low strain integrity testing, where a small
hammer transmits a stress wave along the pile

length and the returning echo is analyzed,
much like sonar; and

e High strain integrity testing, which is also used
to dynamically measure the pile capacity.

1.1.7. Diesel Hammers

Diesel hammers were first developed in Germany
in the 1920’s. Their two key advantages were that
a) they were able to operate without an external
power source and b) they tended to be lighter for a
comparable striking energy. They were introduced
into the U.S. after World War I, first by the Syntron/
Link Belt series of closed ended diesel hammers and
then the Delmag diesel hammers from Germany. Today
they are manufactured by several manufacturers in
various parts of the world.

Most diesel hammers manufactured today—and all
of these depicted in Chapter 3—are of the tubular,
air cooled type. Two variations from these are a)
rod type diesel hammers and b) water cooled diesel
hammers. Rod type diesel hammer have a ram that
runs on columns in a similar manner as air/steam
hammers. The combustion chamber is hidden as the
air is compressed and the fuel injected and exposed
as the ram is thrown upward by the results of the
combustion. Rod type diesel hammers are generally
restricted today to very small diesel hammers. An
example of a rod type diesel hammer is shown in
Figure 1-10.
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Figure 1-10 Rod Type Diesel Hammer
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Water cooled diesel hammers have a water tank
or jacket surrounding the combustion chamber.
These afford superior cooling capabilities, but their
inconvenience to the user has limited their popularity.

An example of a water cooled diesel hammer is shown
in Figure 1-11.

Figure 1-11 Water Cooled Diesel Hammer

1.1.8. Vibratory Hammers

The first vibratory pile driver used was in the former
Soviet Union, a model BT-5 developed and first used
under the direction of D.D. Barkan. This hammer had
a dynamic force of 214 kN and the eccentrics rotated
at 41.67 Hz, powered with a 28 kW electric motor.
Used in the construction of the Gorki (now called once
again Nizhni-Novgorod) hydroelectric development.
This hammer drove 3700 sheet piles 9-12 m long in
2-3 minutes each.

The Soviets then developed a large variety of vibratory
pile drivers and soil drilling equipment in the 1950’s
and afterwards. Although space does not permit a
complete catalogue of these machines, two are
mentioned here as they are of special interest.

e VPM-170. This hammer had a dynamic force
11



of 1700 kN and the eccentrics rotated at 550
RPM; it was the largest vibratory pile driver
the Soviets produced. This was designed to
drive pipe piles 1600 mm in diameter into any
type of soil except for rocky soils. It could
operate at two different frequencies. This
hammer is shown in Chapter 3.

VU-1.6. It had a dynamic force of 958 kN and
the eccentrics rotated at 495 RPM. Like the
VPM-170, it was designed to drive pipe piles
1600 mm in diameter, in its case to depths up
to 30 m; however, it also could remove the
plug from the pile during driving. The machine
had a large centre hole 1400 mm in diameter,
so that the soil could be removed without
having to stop and remove the pile driver. The
eccentrics were arranged in a square pattern
and synchronized by special gearing on the
ends of the shafts. This machine is shown in
Figure 1-12."

Figure 1-12 Soviet VU-1.6 Vibratory Hammer

J

The Soviets first licensed their technology to the
Japanese, who developed an extensive array of
vibratory hammers. Many of the Japanese hammers
were not much different from the Soviet ones. One
exception was the Uraga hammer; this hammer was

unique in that an electric motor was placed inside
of each eccentric, thus making it a very “directly
driven” machine. This technology has since spread
worldwide, with such concerns as PTC and Tramac in
France, Mueller, Tinkers and MGF in Germany, Tomen
in Japan and ICE Europe in the Netherlands being well
established in the field.

The first American made hydraulic vibratory was the
MKT V-10, which they introduced in 1969, although
both Vulcan and Foster had introduced Japanese
and French vibratory pile drivers respectively in the
early 1960’s. A diagram of this machine is shown in
Figure 1-13. This pioneering machine differs from
most current vibratory pile driving equipment in
several respects. In common with the practice of the
time, the V-10 suspension used steel coil springs to
provide dampening for the crane boom and hook,
whereas now most machines use rubber springs. The
V-10’s eccentrics were long (a practice borrowed
from vibratory screens and separators) and mounted
crossways on the machine. A motor was coupled to
one of the eccentrics gears transmitted the power to
the rest. Most machines today mount the eccentrics
from front to back of the case, and drive them either
directly or through a speed changing pinion gear.

Figure 1-13 MKT V-10 Vibratory Hammer
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From this beginning, the unique practices in the
U.S. have lead to the evolution of a distinctive
style of vibratory hammer in the U.S., and this has
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been followed elsewhere. Today it is embodied to a
greater or lesser degree in the APE, ICE (America and
Europe), MKT, and HPSI units that are on the market.
In addition to the changes mentioned above, these
characteristics include slim throat hammers for sheet
pile driving, hydraulic drive, and high power motors,
pumps, and engines.

Classifying vibratory pile driving equipment can be
a complex business, but the most important division
can be made based on frequency, with the resultant
relationships between dynamic force and eccentric
moment.

1.1.9. Impact-Vibration Hammers

The term “impact-vibration hammer” refers to a type
of vibratory pile driver that imparts both vibrations
and impacts to the pile during operation. Based on
theoretical work done during the Second World War,
S.A. Tsaplin built the first experimental impact-
vibration hammer in the Soviet Union in 1949. The
specifications of the hammer and test set-up are
shown in Table 1-1. In field tests his impact-vibration
hammer was welded to the top of metallic tube 110
mm in diameter, 8 mm wall thickness, 2.6 m long and
with a mass of 200 kg. The hammer then drove the
tube into a variety of sandy, sandy loam, and clay soils.
A comparison was made of the effect of driving by the
impact-vibration mode versus the vibration mode, the
latter of which was achieved by the complete blocking
of the springs. The tests made it possible to establish
that the efficiency of the impact-vibration driving is
substantially higher with regard to both the maximum
driving depth and the pile installation speed. It
also demonstrated that the efficiency of the driving
increases with increasing amplitude of the vibration
exciter vibrations.

Table 1-1 Hammer and Test Setup for Tsaplin Impact-
Vibration Hammer

Parameter Value
Nominal rotationa 48
speed, Hz

Permissible 40-200
frequency range

w/generator, Hz

Power, kW 1.6
Exciter mass, kg 75
Overall mass, kg 95
Test Stand

Material Reinforced Concrete
Mounting Rigidly Attached to Hammer
Mass, kg. 500
Generator

Power Output, kW 50

The first practical application of the impact-vibration
hammer took place in the construction of the
Stalingrad (now Volgograd) power plant, where in
the construction of the anti-filtration wall under the
dam “Larssen-5" piles were driven into sandstone of
medium firmness to a depth of 13 m. On this and
other jobsites, the impact-vibration hammers were
able to outperform conventional vibratory hammers,
air/steam and diesel hammers. An example of an
impact-vibration hammer is shown in Figure 1-14.

Figure 1-14 Impact-Vibration Hammer
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These successes led to further use of impact-vibration
hammers, not only in Russia but also in other countries,
especially those of the EU where manufacturers such
as Menck and PTC have taken up the production of
these units. There are no impact-vibration hammers
manufactured in the U.S. at present.
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1.2. Overview Of Pile Foundation
Design And Construction

1.2.1. Design Of Pile Foundations

As is the case with most geotechnical design, the
design of pile foundations lacks the neat precision of
structural design. The interactions among the piles
and the surrounding soil are complex. Insertion of
piles generally alters the character of the soil and
intense strains are set up locally near the piles. The
nonhomogenity of soils, along with the effects of the
pile group and pile shape, add further difficulties to
the understanding of soil-pile interaction.

Broad generalizations about pile behavior are
unrealistic. An understanding of the significance of
several factors involved is required to be successful
in the design of pile foundations. Because of the
inherent complexities of pile behavior, it is necessary
to use practical semi-empirical methods of design,
and to focus attention on significant factors rather
than minor or peripheral details. The foundation
engineer must have a thorough understanding of
foundation loads, subsurface conditions including
soil/rock properties and behavior, the significance
of special design events, foundation performance
criteria, and current practices in foundation design
and construction in the area where the work is to be
done to arrive at the optimum foundation solution.
Pile design is discussed in detail in Chapter 4.

The input of an experienced geotechnical engineer
from the planning stage through project design and
construction is essential to produce a successful
driven pile foundation. The geotechnical engineer
who specializes in foundation design is the most
knowledgeable person for selecting the pile type,
estimating pile length, and choosing the most
appropriate method to determine ultimate pile
capacity. Therefore, the geotechnical engineer
should be involved throughout the design and
construction process. In some project phases, i.e.
preliminary explorations, preliminary design, and
final design, the geotechnical engineer will have
significant involvement. In other project phases, such
as construction, and post construction review, the
geotechnical engineer’s involvement may be more of
a technical services role. The geotechnical engineer’s
involvement provides the needed continuity of design
personnel in dealing with design issues through the
construction stage.

1.2.2. Construction Of Pile Foundations

Construction of a successful driver) pile foundation
that meets the design objectives depends on relating
the requirements of the static analysis methods
presented on the plans to the dynamic methods of
field installation and construction control. The tools
for obtaining such a foundation must be explicitly
incorporated into the plans and specifications as well
as included in the contract administration of the
project.

It is important that a pile foundation be installed to
meet the design requirements for compressive, lateral
and uplift capacity. This may dictate driving piles for
a required ultimate capacity or to a predetermined
length established by the designer. It is equally
important to avoid pile damage or foundation cost
overruns by excessive driving. These objectives can
all be satisfactorily achieved by use of wave equation
analysis, dynamic monitoring of pile driving, and static
load testing. Commonly used dynamic formulas, such
as Engineering News formula, have proven unreliable
as pile capacities increased and contractors routinely
used more sophisticated pile installation equipment.

Knowledgeable construction supervisionandinspection
are the keys to proper installation of piles. State-of-
the-art designs and detailed plans and specifications
must be coupled with good construction supervision
to achieve desired results. The actual construction of
pile foundations is detailed in Chapter 5.

Post construction review of pile driving results versus
predictions regarding pile driving resistances, pile
length, field problems, and load test capacities is
essential. These reviews add to the experience of all
engineers involved on the project and will enhance
their skills.

1.2.3. Driven Pile Design-Construction
Process

The driven pile design and construction process has
aspects that are unique in all of structural design.
Because the driving characteristics are related to pile
capacity for most soils, they can be used to improve
the accuracy of the pile capacity estimate. In general,
the various methods of determining pile capacity from
dynamic data such as driving resistance with wave
equation analysis and dynamic measurements are
considerably more accurate than the static analysis
methods based on subsurface exploration information.
Furthermore, pile driveability is a very important
aspect of the process and must be considered during
the design phase. If the design is completed, a

contractor is selected, and then the piles cannot be
14



driven, large costs can be generated. It is absolutely
necessary that the design and construction phases
be linked in a way that does not exist elsewhere in
construction.

The driven pile design-construction process is outlined
in the flow chart of Figure 1-15. This flow chart will
be discussed block by block using the numbers in
the blocks as a reference and it will serve to guide
the designer through all of the tasks that must be
completed.

Figure 1-15 Driven Pile Design and Construction
Process
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Figure 1-15 Driven Pile Design and Construction
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Establish Requirements for Structural

Conditions and Site Characterization

Thefirststepintheentireprocessistodetermine
the general structure requirements.

A.

Is the project a new bridge, a
replacement  bridge, a bridge
renovation, a retaining wall, a noise
wall, or sign or light standard?

Will the project be constructed in
phases or all at one time?

What are the general structure layout
and approach grades?

What are site characteristics at the soil
surface?

Is the structure subjected to any special
design events such as seismic, scour,
debris, vessel impact, etc.? If there



Block 2:

Block 3:

Block 4:

Block 5:

are special design events, the design
requirements for the event should be
reviewed at this stage so that these
considerations can be factored into the
site investigation.

F. Are there possible modifications in the
structure that may be desirable for the
site under consideration?

G. What are the approximate foundation
loads? Are there deformation or
deflection limitations beyond the usual
requirements?

Obtain General Site Geology

A great deal can be learned about the
foundation requirements with even a very
general understanding of the site geology.
For small structures, this may involve only a
very superficial investigation such as a visit to
the site. The foundation design for very large
structures may require extensive geologic
studies.

Collect Foundation Experience from
the Area

Frequently there is information available on
foundations that have been constructed in the
area. This information can be of assistance in
avoiding problems. Both subsurface exploration
information and foundation construction
experience should be sought prior to selecting
the foundation type.

Develop and Execute Subsurface

Exploration Program

Based on the information obtained in Blocks 1-
3 it is possible to make decisions regarding the
necessary information that must be obtained
at the site. The program must meet the needs
of the design problem that is to be solved at a
cost consistent with the size of the structure.
The subsurface exploration program as well
as the appropriate laboratory testing must
be selected. The results of the subsurface
exploration program and the laboratory testing
are used to prepare a subsurface profile and
identify critical cross sections. These tasks are
covered in greater detail in Chapters 4, 5, and
6.

Evaluate Information and Select

Foundation System

A. The information collected in Blocks 1-
4 must be evaluated and a foundation
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Block 6:

system selected. Thefirst question to be
decided is whether a shallow or a deep
foundation is required. This question
will be answered based primarily on the
strength and compressibility of the site
soils, the proposed loading conditions,
and the project performance criteria.
If settlement is not a problem for the
structure, then a shallow foundation
will probably be the most economical
solution. Ground improvement
techniques in conjunction with shallow
foundations should be evaluated.
Shallowanddeep foundationinteraction
with approach embankments must also
be considered. If the performance
of a shallow foundation exceeds the
structure performance criteria, a deep
foundation must be used. The design
of shallow foundations and ground
improvement techniques are not
covered in this manual. The problem of
selecting the proper foundation system
is discussed in detail in Chapter 7.

B. Refined foundation loading information
and performance criteria should be
established at this time. In Block 1,
this issue was considered. Probably
the result of that effort has matured
in the intervening time (which might
be quite long for some projects) and
better-defined foundation loads and
performance criteria should now be
available. The geotechnical engineer
must obtain a completely defined and
unambiguous set of foundation loads
and performance requirements in order
to proceed through the foundation
design.

Deep Foundation

The decision among deep foundation types
is now divided between driven piles and
drilled shafts. What is really intended is
the difference between driven piles and all
other deep foundation systems. These other
deep foundation systems have been called a
drilled shaft but would also include auger cast
piles, micropiles and other drilled-in deep
foundation systems. The questions that must
be answered in deciding between driven piles
and other deep foundation systems will center
around the relative costs of available, possible
systems. In addition, constructability must be



considered. This book is concerned with driven
piles so the other types of deep foundations
will not be discussed here.

Block 7:
Block 8:

A.

Driven Pile
Select Driven Pile Type

At this point on the flow chart, the
primary concern is for the design of a
driven pile foundation. The pile type
must be selected consistent with the
applied load per pile. Consider this
problem. The general magnitude of
the column or pier loads is known from
the information obtained in Blocks
1 and 5. However, a large number
of combinations of pile capacities
and pile types can satisfy the design
requirements Should twenty, 1000
kN capacity piles be used to carry a
20,000 kN load, or would it be better
to use ten, 2000 kN capacity piles?
This decision should consider both
the structural capacity of a pile and
the realistic geotechnical capacities
of the pile type for the soil conditions
at the site, the cost of the available
alternative piles, and the capability
of available construction contractors
to drive the selected pile. Of course,
there are many geotechnical factors
that must also be considered.

At this stage the loads must be firmly
established. In Block 1, approximate
loads were determined. At that time
the other aspects of the total structural
design were probably not sufficiently
advanced to establish the final design
loads. By the time that Block 5 has
been reached the structural engineer
should have finalized the various loads.
One of the most common inadequacies
that is discovered when foundation
problems arise is that the design loads
were never really accurately defined.

. In the former use of the dynamic

formula, the pile load specified was a
design or working load since a factor
of safety was contained in the formula.
Modern methods of pile capacity
determination always use ultimate
loads with a factor of safety selected
and applied. This should also be ma
de clear in the job specifications so
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G.

Block 9:

that the contractor has no question
regarding the driving requirements.

If there are special design events to be
considered, they must beincludedin the
determination of the loads. Primarily
the structural engineer will evaluate
vessel impact and the results of that
analysis will give pile design loads
for this case. There may be stiffness
considerations in dealing with vessel
impact since the design requirement
is basically a requirement that some
vessel impact energy be absorbed.

Scour presents a different requirement.
The loads due to the forces from the
stream must be determined and this
determination should be included
in the structural engineer’s load
determination process. The depth
of scour must also be determined. In
the design process, it must be assured
that after scour the pile will still have
adequate capacity.

In many locations in the country,
seismic loads will be an important
contributor to some of the critical
pile load conditions. Since the 1971
San Fernando Earthquake, much more
emphasis has been placed on seismic
design considerations in the design of
highway bridges. Usually the structural
engineer will determine the seismic
requirements. Frequently the behavior
of the selected pile design will affect
the structural response and hence the
pile design loads. In this case, there will
be another loop in the design process
that includes the structural engineer.

Pile selection is covered in more detail
in Chapter 2.

Calculate Pile Length, Capacity, and

Performance

For the selected pile type, perform static
analyses to determine the length necessary to
provide the required compression, uplift and
lateral load capacity and to meet performance
criteria. The calculation of the geotechnical
and structural pile capacity and performance
under load is discussed in detail in Chapter
4. It may be necessary to change pile type or
number of piles at this stage.



Block 11:

Block 10: Calculate Driveability

At this point, the proposed pile type and length
have been chosen to meet the foundation
loading and performance requirements.
However, the design is not complete until it
can be verified that the chosen pile can be
driven to the required capacity and penetration
depth at a reasonable driving resistance
without excessive driving stresses. This
analysis is performed using the wave equation
program. All of the necessary information is
available except the hammer selection. Since
the hammer to be used on the job will only
be known after the contractor is selected,
possible hammers must be tried to make sure
that the pile is drivable to the capacity and
depth required.

Design Satisfactory

At this point in the process, all aspects of the
design should be reviewed and if changes are
indicated, the flow chart is re-entered at some
earlier point and a new design is developed.

Block 12: Prepare Plans and Specifications, Set

Field Capacity Determination Procedure

When the design has been finalized, plans
and specifications can be prepared and the
procedures that will be used to verify pile
capacity can be defined. It is important that
all of the quality control procedures are clearly
defined for the bidders to avoid claims, after
construction is underway.

Block 13: Contractor Selection

After the bidding process is complete, a
successful contractor is selected.

Block 14: Perform Wave Equation Analysis of

Contractor’s Equipment Submission

At this point the engineering effort shifts to the
field. The contractor will submit a description of
the piledriving equipment thatheintends touse
on the job for the engineer’s evaluation. Wave
equation analysis is performed to determine
the driving resistances that must be achieved
in the field to meet the required capacity and
pile penetration depth. Driving stresses are
determined and evaluated. If all conditions
are satisfactory, the equipment is approved
for driving. Some design specifications make
this information advisory to the contractor
rather than mandatory.

Block 15: Set Preliminary Driving Criteria

Based on the results of the wave equation
analysis of Block 14 and any other requirements
in the design, the preliminary driving criteria
can be set.

Block 16: Drive Test Pile and Evaluate Capacity

The test pile(s) are driven to the preliminary
criteria developed in Block 15. Driving
requirements may be defined by penetration,
driving resistance, dynamic monitoring results
or a combination of these conditions. The
capacity can be evaluated by driving resistance
from wave equation analysis, the results of
dynamic monitoring, static load test, or a
combination of these. Dynamic monitoring and
static load testing is described in Chapter 6.

Block 17: Adjust Driving Criteria or Design

A. At this stage the final conditions can
be set or, if test results from Block 16
indicate the capacity is inadequate, the
driving criteria may have to be changed.
In a few cases, it may be necessary
to make changes in the design as far
back as Block 8. If major changes are
required, it will be necessary to repeat
Blocks 14, 15, and 16.

B. Insome cases, it is desirable to perform
preliminary field testing before final
design. When the job is very large and
the soil conditions are difficult, it may
be possible to achieve substantial cost
savings by having results from a design
stage test pile program, including
actual driving records at the site, as
part of the bid package.

Block 18: Construction Control

After the driving criteria are set, the production
pile driving begins. Quality control and
assurance procedures have been established
and are applied. Problems may arise and must
be, handled as they occur in a timely fashion.

1.2.4. Communication

Good communication between all parties involved
in the design and construction of a pile foundation
is essential to reach a successful completion of
the project. In the design stage, communication
and interaction is needed between the structural,
geotechnical, geologic, hydraulic, and construction
disciplines, as well as with consultants, drill crews
and laboratory personnel. In the construction stage,
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structural, geotechnical and construction disciplines
need to communicate for a timely resolution of
construction issues as they arise. Figure 1-16 and
Figure 1-17 highlight some of the key issues to be
communicated in the design and construction stages.
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Figure 1-16 Design Stage Communication
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Figure 1-17 Construction Stage Communication
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Chapter 2. Pile Types
and Guidelines for
Selection

Piles can be categorized in two main types:
bearing piles and sheet piles.

load

There are numerous types of load bearing piles. Figure
2-1 shows a pile classification system based on type
of material, configuration, installation technique and
equipment used for installation. Load bearing piles
can also be classified based on their method of load
transfer from the pile to the soil mass. Load transfer
can be by friction, toe bearing or a combination.

2.1. Bearing Piles

2.1.1. Steel Piles

The general category of steel piles includes H-piles
and pipe piles. Since steel piles are a manufactured
product, their properties are controlled and well known
prior to installation. Among all piling materials steel
piles are allotted the highest allowable unit working
stresses, but not necessarily the highest in proportion
to the ultimate strength of the material. Steel piles
are generally considered to be high capacity piles
but have been historically used for a wide range of
loadings.

2.1.1.1. Steel H-Piles

Steel H-piles are a specially designed sub-group of
wide flange shapes with equal thickness in the web
and flanges. The depth of the section is approximately
equal to the width. H-piles are hot rolled from ingots
on the same type mill used to manufacture wide
flange structural shapes. A table of the various sizes
commonly available is shown in Table 2-1. Other wide
flange shapes have been used for foundation piles in
special situations.

H-piles are very versatile pile type. They can be used
for both friction and end bearing applications. They
are manufactured as a finished product, which can
be driven with standard equipment. Advantages and
disadvantages of H-Piles are shown in Table 2-2.

H-piles can be considered for a design load between
80 kips (356 kN) and 500 kips (2224 kN). They function
most efficiently for end-bearing or partial end-
bearing applications. They are a standard in many
states for highway bridge piers and abutments where
the job sites are remote, compacted fill approach
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embankments must be penetrated, battered piles are
often required and pile loadings are in the medium to
high medium range (80 kips (356 kN) to 180 kips (800
kN)).

H-piles are also commonly applied for high unit dead
and live loads associated with multi-storey buildings.
The magnitude of these loads generally requires high
capacity piles driven to end-bearing conditions to limit
settlements and for space and economic reasons. H-
piles have carried design loads of over 400 kips (1779
kN) in a number of such applications.

H-piles are good piles in tension - the constant cross-
section together with the entrapment of soil between
the flanges provides excellent resistance to pullout
when that is a factor. H-piles are used as battered
tension piles to anchor sheet pile bulkheads. Uplift
due to hydrostatic or wind conditions is an important
consideration in many foundation designs, and steel H-
piles have the ability to work both as compression and
tension piles. Their low-displacement characteristic
would favor H-piles over displacement piles where
ground heave might be a problem.

The ability to resist hard driving enable H-piles to
penetrate soils where other piles may not.

2.1.1.1.1. Grades of Steel H-Piles

Steel H-piles are produced to either ASTM Specification
A-36 or A-572. The properties for these specifications
(and their grades) are shown in Table 2-3. In addition,
they can be produced to ASTM A-690 when specified.
This formulation is a 50 ksi (345 MPa) steel with
improved corrosion performance in the salt-water
splash zone. This grade is occasionally specified as
“weathering” type steel for appearance-sake above
ground.

Experience indicates that corrosion is not a practical
problem for steel piles driven in natural soil, due
primarily to the absence of oxygen in the soil.
However, in fill ground at or above the water table,
moderate corrosion may occur and protection may
be needed. Commonly used protection methods
include coatings applied before driving. Coal-tar
epoxies, fusion bonded epoxies, metallized aluminum
and Phenolic mastics are used to provide protection.
Encasement by cast-in-place concrete or precast
concrete jackets or cathodic protection can also
provide needed protection for piles extending above
ground. Sometimes heavier sections are used to meet
long-term service requirements.

Splices are commonly made by full penetration butt
welds. The splice should be as strong as the pile.



Proprietary splicers are also used for quick splicing
H-piles.

A steel load transfer cap is not required if the head of
the pile is adequately embedded in a concrete cap.

H-piles may require toe reinforcement for driving
through dense soil or soil containing boulders or rock.
Toe reinforcement is also used for penetration into a
sloping rock surface. Proprietary pile points welded
to pile toes are used commonly. H-piles are suitable
for use as end bearing piles, and combinations of
friction and end bearing. Since H-piles generally
displace a minimum of material, they can be driven
more easily through dense granular layers and very
stiff clays. Using H-piles often reduces the problems
associated with soil heave and ground vibrations
during foundation installation. H-piles can be used
for driving into soils containing obstructions such as
boulders when properly protected at the toe. They
are commonly used for any depth since splicing is
relatively easy.

Figure 2-1 Pile

2.1.1.1.2. H-Piles as End-Bearing Piles
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Table 2-1 Standard H-Pile Sections
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Table 2-1 Standard H-Pile Sections

PESERER Cross-Sectional Flange Web
Thickness Thickness

English Units in? in in in in in* in? in in4 in3 in
HP14 x 117 34.4 14.21 14.885 0.805 0.805 1220 172.0 5.96 463.0 59.5 3.59
HP14 x 102 30.0 14.01 14.785 0.705 0.705 1050 150.0 5.92 380.0 51.4 3.56
HP14 x 89 26.1 13.83 14.695 0.615 0.615 904 131.0 5.88 326.0 44.3 3.53
HP14 x 73 21.4 13.61 14.585 0.505 0.505 729 107.0 5.84 261.0 35.8 3.49
HP13 x 100 29.4 13.15 13.205 0.765 0.765 886 135.0 5.49 294.0 44.5 3.16
HP13 x 87 25.5 12.95 13.105 0.665 0.665 775 117.0 5.45 250.0 38.1 3.13
HP13 x 73 21.6 12.75 13.005 0.565 0.565 630 98.8 5.40 207.0 31.9 3.10
HP13 x 60 17.5 12.54 12.900 0.460 0.460 503 80.3 5.36 165.0 25.5 3.07
HP12 x 84 24.6 12.28 12.295 0.685 0.685 650 106.0 5.14 213.0 34.6 2.94
HP12 x 74 21.8 12.13 12.215 0.610 0.610 569 93.8 5.11 186.0 30.4 2.92
HP12 x 63 18.4 11.94 12.125 0.515 0.515 472 79.1 5.06 153.0 25.3 2.88
HP12 x 53 15.5 11.78 12.045 0.435 0.435 393 66.8 5.03 127.0 21.1 2.86
HP10 x57 16.8 9.99 10.225 0.565 0.565 294 58.8 4.18 101.0 19.7 2.45
HP10 x42 12.4 9.70 10.075 0.420 0.420 210 43.4 4.13 71.7 14.2 2.41
HP8 x 36 10.6 8.02 8.155 0.445 0.445 119 29.8 3.36 40.3 9.88 1.95
S| Units mm? mm mm mm mm mm* mm? mm mm* mm? mm
HP360 x 174 22200 361 378 20.4 20.4 504 2810 151 184 974 91.0
HP360 x 152 19400 356 376 17.9 17.9 639 2470 150 159 846 90.5
HP360 x132 16900 351 373 15.6 15.6 375 2140 149 135 724 89.4
HP360 x 108 13800 346 370 12.8 12.8 303 1750 148 108 584 88.5
HP330 x 149 19000 334 335 19.4 19.4 368 2200 139 122 728 80.1
HP330 x 129 16400 329 333 16.9 16.9 315 1910 139 104 625 79.6
HP330 x 109 13900 324 330 14.4 14.4 263 1620 138 86.3 523 78.8
HP330 x 89 11300 319 328 11.7 11.7 211 1320 137 68.9 420 78.1
HP310 x 125 15900 312 312 17.4 17.4 270 1730 130 88.2 565 74.5
HP310 x 110 14100 308 310 15.5 15.4 237 1540 130 77 .1 497 73.9
HP310 x 93 11900 303 308 13.1 13.1 196 1290 128 63.9 415 73.3
HP310 x 79 10000 299 306 11.0 11.0 163 1090 128 52.6 344 72.5
HP250 x 85 10800 254 260 14 4 14.4 123 969 107 42 3 325 62.6
HP250 x 62 7970 246 256 10.7 10.5 87.5 711 105 30.0 234 61.4
HP200 x 53 6820 204 207 11.3 11.3 49.8 4388 85.5 16.7 161 49.5

experience and recommendations of the related
engineering community. Piles installed to end bearing
are often permitted much higher loads than friction
piles and those that are tested are allowed higher
loads than those that are not.

Based on recorded experience, H-piles are probably
most efficient when driven through relatively deep,
soft to medium stiff clays to end bearing.

Fine grained soils (clays) are the most likely to exhibit
large increases in capacity after installation. The
extent to which soil freeze contributes to capacity of
end-bearing piles is subject to much discussion. Soil
freeze may be estimated using experience and static
methods. With wave equation analysis, incorrect
modeling of the setup (freeze) effects may lead to the
discrepancies that are observed between estimated
and actual driving performance.

2.1.1.1.3. H-Piles as Friction Piles

While many meters of H-piles have been driven for
friction applications, they are non-displacement piles
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and tend to drive further in loose sands and silty sand.
There may be good reasons however to select H-piles
for this use if, for example, a significant scour depth
is computed for a bridge pier abutment.

When H-piles are driven into stiff clays with cohesion
between 1 and 2 ksf, soil is usually trapped between
the flange and the web and is compacted. In this
case, the soil becomes a part of the pile and is carried
down with it. An example of this (known as “H-pile
plugging”) is shown in Figure 2-2. This core aids in
compressing the surrounding soil and building up
resistance to further displacement. The principal
load transfer is through frictional forces and not from
end bearing. It is somewhat difficult to predict the
capacity of any given length of pile driven in stiff
clays and load testing is generally advisable. When
soft or medium clays and silts are encountered, piles
will develop shaft friction resistance almost equal to
the surface area of the pile multiplied by the shear
strength. These soils have high moisture content,
which will make the pile resistance to driving seem
lower than predicted. A time interval of a few hours



Table 2-2 Advantages and Disadvantages of Steel H-Piles

Advantages

Disadvantages

High individual load capacity when driven to

on or in hard or dense materials.

Ready availability; can be installed with standard
driving equipment; lengths can be easily extended
or reduced to fit job requirements.

Compact shape with low displacement - minimum
disturbance to adjacent piles or structures; able to
penetrate where many other types could not.

High bending strength for applications involving
lateral loads. Readily driven on a batter if

required. ) )
Good tension piles for uplift - constant cross-

section, plus steel is best material for tensile
strength,

pear

elatively higher cost unless efficiently loaded.

Inability to inspect the physical condition after
driving (an advantage for closed ended tubular
piles)

Non-constant radius of gyration (an advantage of
pipe piles for certain situations).

Corrosion problems in certain environmental
situations if unprotected.

to several weeks may be necessary to attain the
true measure of the pile’s long term geotechnical
capacity.

Figure 2-2 H-pile Plug

2.1.1.1.4. H-Piles as Soldier Beams

One common application of H-piles is their use as
soldier beams for retaining walls. These retaining
walls can be either permanent or temporary for
excavations and braced cuts. Typically, the H-piles
are drivenon 6’ - 8’ (1.8 - 2.4 m) centers in a row with
the flanges facing each other. The lagging - either
concrete or timber - is then stacked with the ends
of the flanges facing the webs. The flanges of the
H-piles thus retain the lagging. Cross bracing (in
the case of braced cuts) or tieback systems can be
used to provide additional lateral support for higher
walls or loads." H-piles also are used in conjunction
with sheeting to form high-modulus walls; these are
discussed in detain in the Pile Buck Sheet Piling Design
Manual.

2.1.1.2. Steel Pipe Piles

Pipe piles usually consist of seamless, welded or spiral
welded steel pipes of wall thickness in the range
of 0.109” to 2.500” (2.8 - 63.5 mm). The piles are
availablein8” (203.2mm) to48” (1219 mm) diameters.
Typical pipe pile sizes are shown in Table 2-4. Much
larger sizes and also used in special situations.

Common sizes of pipe piles can be considered for
loads between 60 kips (267 kN) to over 400 kips (1779
kN). They are very competitive as combination end-
bearing/friction piles for loads from 120 kips (534 kN)
to 240 kips (1068 kN), driven closed-end and filled

Table 2-3 Mechanical Properties of Steel Grades for H-Piles

Specification and Yield Point

Tensile Strength

Minimum Elongation, 8”

Minimum Elongation, 2”

I

ASTM A36 6 Ks1/248 MPa 58-80 ksi (406-552 MPa) 0

ASTM A572 Grade 42 42 ksi1/290 MPa 60 ks1 (414 MPa) 20 24
ASTM A572 Grade 50 50 ks1/345 MPa 6 ks1 (448 MPa) 18 21
ASTM A572 Grade 60 60 ks1/414 MPa 75ks1 (517 MPa) 16 18
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with concrete (particularly where pile lengths do
not favor mandrel-driven piles.) Pipe also provides
a strong casing for concrete fill where underground
pressures are high. Pipe piles may be driven with an
open end or a closed end.

Advantages and disadvantages of steel pipe pile are
shown in Table 2-5.

2.1.1.2.1. Specifications

The basic specification for pipe piles is ASTM A-252,
which covers welded and seamless product. There
are three grades listed:

e Grade 1 has a minimum yield strength of 30 ksi

(207 MPa);

Grade 2 has a minimum yield of 35 ksi (241
MPa); and

Grade 3 has a minimum yield of 45 ksi (310
MPa).

There are elongation requirements for ductility, but
only minimum chemistry requirements.

2.1.1.2.2. Manufacture

Seamless pipe is rarely specified for pipe piles due to
its relative cost. It generally comes on the market as
surplus pipe. As the name implies, seamless pipe has
no seams but is made in one piece from a hot steel
billet by piercing the centre and expanding the steel
to the shape and size desired.

Electric weld pipe is the most common type of pipe
used for piles. Several manufacturing processes can
be used:

Electric resistance welding

Fusion welding

Flash welding.

The seams of these pipes may be straight, spiral-
butt or spiral-lap construction. In each case, the
manufacturer begins with hot rolled sheets or plates
in either coils or flats. The production equipment
determines how the pipe is assembled and the seams
are welded. So-called “spiral mills” produce spiral
pipe by butting or lapping the seams. This process
accounts for a large share of the pipe pile produced.
Larger and thicker pipe piles are generally made on
the same mills which produce large diameter line pipe
by the straight seam, electric butt-weld process. In
some cases very heavy wall pipe piles are fabricated
in specialty shops where penstocks or caissons might
be fabricated. There seems to be no particular
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advantage of one process over the other as far as the
pile foundation designer is concerned.

2.1.1.2.3. Closed Ended Pipe Piles

A closed ended pipe pile is shown in Figure 2-3. They
may be filled with concrete or left unfilled. They may
be filled with a structural shape such as an H-section
in addition to the concrete and socketed into bedrock
(rock socketed piles). If bearing capacity from the
entire pile toe area is required, the pile toe should
be closed with a plate or a conical tip. Mandrels
are usually not used for driving pipe piles, which are
generally driven from the pile head. When the end
of a pipe pile is equipped with a closure device, the
pile becomes a displacement pile and functions well
as a friction pile particularly in loose sands. When
driven open or closed end it can also function as a
high capacity end-bearing pile.

Figure 2-3 Closed End Pipe Piles

A flat plate of 1/2” to 2” (13-51 mm) thickness, or
a conical point generally forms a closed ended pile.
When pipe piles are driven to weathered rock or
through boulders, a cruciform end plate or a conical
point with rounded nose is often used to prevent
distortion of the pile toe.

2.1.1.2.4. Open Ended Pipe Piles

Open-ended pipe piles are driven when hard driving,
caused by the presence of debris, small boulders and
the like is anticipated. The pipe can be fitted with
a special driving shoe, which adds steel thickness at
the toe to reduce stresses and damage. Periodically,
the plugger materials are removed to aid in driving.
Open-ended pipe piles may also be partially socketed
into rock at site of steeply sloping bedrock or where
pile fixity at the toe is a design requirement. Pipe
piles driven open-end may be filled with concrete



after cleaning out the plug, backfilled with sand, or In driving through dense materials, open-ended piles
the plug ignored. In the last two cases, the steel wall may form soil plugs. The plug may make the pile
takes all stress and the pile would be treated similar act like a closed end pile and increase the pile toe
to an H-pile for design purposes. bearing capacity significantly. The plug should not be

Table 2-4 Typical Steel Pipe Pile Sizes

Designation Wall S, in.? R, Area of Inside Cross- Inside External Collapse
Thickness, per in.* in. Exterior  Sectional Area, Volume, Index
in. Surface, in.? yd¥/ft

ft2/ft

134 415 1412 505 101 349  2.62 74.4 0191 116

141 4.37 14.85 53.1 10.6 3.49 2.62 74.2 .0191 135
.150 4.64 15.78 56.3 1.3 3.48 2.62 73.9 .0190 163
164 5.07 17.23 61.3 12.3 3.48 2.62 73.5 .0189 214
A72 5831l 18.05 64.1 12.8 3.48 2.62 73.2 .0188 247
A79 5162 18.78 66.6 13.3 3.47 2.62 73.0 .0188 279
.188 5.80 19.70 69.8 14.0 3.47 2.62 72.7 .0187 324
.203 6.25 21.24 75.0 15.0 3.46 2.62 72.3 .0186 409
219 6.73 22.88 80.5 16.1 3.46 2.62 71.8 .0185 515
.230 7.06 24.00 84.3 16.9 3.46 2.62 71.5 .0184 588
.250 7.66 26.03 91.1 18.2 3.45 2.62 70.9 .0182 719
PP10-3/4 .109 3.64 12.39 51.6 9.60 3.76 2.81 87.1 .0224 50
120 4.01 13.62 56.6 10.5 3.76 2.81 86.8 .0223 67
125 4.17 14.18 58.9 11.0 3.76 2.81 86.6 .0223 76
141 4.70 15.98 66.1 12.3 35 2.81 86.1 .0221 109
.150 5.00 16.98 70.2 131 3.75 2.81 85.8 .0221 131
.156 5.19 17.65 72.9 13.6 3.75 2.81 85.6 .0220 148
.164 5.45 18.54 76.4 14.2 3.74 2.81 85.3 .0219 172
A72 5.72 19.43 80.0 14.9 3.74 2.81 85.0 .0219 9
A79 5.94 20.21 83.1 15.5 3.74 2.81 84.8 .0218 224
.188 6.24 21.21 87.0 16.2 SHS) 2.81 84.5 .0217 260
219 7.25 24.63 100 18.7 3.72 2.81 83.5 .0215 414
.230 7.60 25.84 105 19.6 3.72 2.81 83.2 .0214 480
.250 8.25 28.04 114 21.2 3.71 2.81 82.5 .0212 605
279 9.18 31.20 126 23.4 3.70 2.81 81.6 .0210 781
.307 10.1 34.24 137 25.6 3.69 2.81 80.7 .0208 951
.344 1.2 38.23 152 28.4 3.68 2.81 14955 .0205 1,180
.365 1.9 40.48 161 29.9 3.67 2.81 78.9 .0203 1,320
438 142  48.24 189 35.2 3.65 2.81 76.6 .0197 1,890
.500 16.1 54.74 212 39.4 3.63 2.81 74.7 .0192 2,380
PP12 134 5.00 16.98 87.9 14.7 4.20 3.14 108 .0278 67
141 5.25 17.86 92.4 15.4 4.19 3.14 108 .0277 78
.150 5.58 18.98 98.0 16.3 4.19 3.14 108 .0277 94
A72 6.39 21.73 112 18.6 4.18 3.14 107 .0274 142
A79 6.65 22.60 116 19.4 4.18 3.14 106 .0274 161
.188 6.98 23.72 122 20.3 4.18 3.14 106 .0273 186
.203 7.52 25.58 131 21.8 4.17 3.14 106 .0272 235
219 8.11 27.55 141 23.4 4.17 3.14 105 .0270 296
.230 8.50 28.91 147 24.6 4.16 3.14 105 .0269 344
.250 9.23 31.37 159 26.6 4.16 3.14 104 .0267 443
.281 10.3 35.17 178 29.6 4.14 3.14 103 .0264 616
312 1.5 38.95 196 32.6 4.13 3.14 102 .0261 784
PP12-3/4 .109 4.33 14.72 86.5 13.6 4.47 3.34 123 .0317 30
125 4.96 16.85 98.8 15.5 4.46 3.34 123 .0316 45
134 5.31 18.06 106 16.6 4.46 3.34 122 .0315 56
.150 5.94 20.19 118 18.5 4.46 3.34 122 .0313 78
.156 6.17 20.98 122 19.2 4.45 3.34 122 .0313 88
164 6.48 22.04 128 20.1 4.45 3.34 121 .0312 103
A72 6.80 23.11 134 21.1 4.45 3.34 121 .0311 118
A79 7.07 24.03 140 21.9 4.45 3.34 121 .0310 134
.188 7.42 25.22 146 23.0 4.44 3.34 120 .0309 155
.203 8.00 27.20 158 247 4.44 3.34 120 .0308 196
.230 9.05 30.75 177 27.8 4.43 3.34 119 .0305 286
.250 9.82 33.38 192 30.1 4.42 3.34 118 .0303 368
.281 11.0 37.42 214 33.6 4.41 3.34 17 .0300 526
312 122 41.45 236 37.0 4.40 3.34 115 .0297 684
.330 129  43.77 248 39.0 4.39 3.34 115 .0295 776
.344 134  45.58 258 40.5 4.39 3.34 114 .0294 848
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Table 2-4 Typical Steel Pipe Pile Sizes (continued)

Designation Wall Area in.? Area of Inside Cross-

and Thickness, A, Exterior  Sectional Area,

Outside in. in.? Surface, in.?

piameter,

in.
438 16.9 57.59 321 50.4 4.36 3.34 111 .0285 1,350
.500 19.2 65.42 362 56.7 4.33 3.34 108 .0279 1,760

PP14 134 5.84 19.84 140 20.0 4.90 3.67 148 .0381 42
141 6.14 20.87 147 211 4.90 3.67 148 .0380 49
1150 6.53 22.19 157 224 4.90 3.67 147 .0379 59
.156 6.78 23.07 163 23.2 4.89 3.67 147 .0378 66
172 7.47 25.40 179 25.5 4.89 3.67 146 .0377 89
179 7.77 26.42 186 26.5 4.89 3.67 146 .0376 101
.188 8.16 27.73 195 27.8 4.88 3.67 146 .0375 117
.203 8.80 29.91 209 29.9 4.88 3.67 145 .0373 147
210 9.10 30.93 216 30.9 4.88 3.67 145 .0373 163
219 9.48 32.23 225 32.2 4.87 3.67 144 .0372 185
.230 9.95 33.82 236 33.7 4.87 3.67 144 .0370 215
.250 10.8 36.71 255 36.5 4.86 3.67 143 .0368 277
.281 12.1 41.17 285 40.7 4.85 3.67 142 .0365 395
.344 14.8 50.17 344 49.2 4.83 3.67 139 .0358 691
375 16.1 54.57 373 53.3 4.82 3.67 138 .0355 835
438 18.7 63.44 429 61.4 4.80 3.67 135 .0348 1,130
469 19.9 67.78 457 65.3 4.79 3.67 134 .0345 1,280
.500 21.2 72.09 484 69.1 4.78 3.67 133 .0341 1,460

PP16 134 6.68 22.71 210 26.3 5.61 4.19 194 .0500 28
141 7.02 23.88 221 27.6 5.61 4.19 194 .0499 B89
.150 7.47 25.39 235 29.3 5.60 419 194 .0498 39
.164 8.16 27.74 256 32.0 5.60 419 193 .0496 52
172 8.55 29.08 268 B8l 5.60 4.19 193 .0495 60
179 8.90 30.25 278 34.8 5.59 4.19 192 .0494 67
.188 9.34 31.75 292 36.5 5.59 419 192 .0493 78
.203 10.1 34.25 314 39.3 5.59 419 191 .0491 98
219 10.9 36.91 338 42.3 5.58 419 190 .0489 124
.230 11.4 38.74 354 44.3 5.58 419 190 .0488 144
.250 12.4 42.05 384 48.0 5.57 4.19 189 .0485 185
.281 13.9 47.17 429 53.6 5.56 4.19 187 .0481 264
312 15.4 52.27 473 59.2 5155) 419 186 .0478 362
.344 16.9 57.52 519 64.8 5.54 419 184 .0474 487
8815 18.4 62.58 562 70.3 5158 419 183 .0470 617
438 21.4 72.80 649 81.1 5.50 419 180 .0462 874
.469 22.9 77.79 691 86.3 5.49 4.19 178 .0458 1,000
.500 24.3 82.77 732 91.5 5.48 4.19 177 .0455. 1,130

removed unless the pile is to be filled with concrete.
For open-ended pipe piles not filled with concrete,
the formation of soil plug should not be considered
in computing pile end bearing capacity. Behavior of
the plug during and after driving is a function of pile
size and soil type and consistency. Only preliminary
design guidance is available, which should always be
confirmed by field observations and measurements.

Ve

)
i

This type of pile is also common in the installation
of offshore oil platforms, whether driven from the
surface or underwater. In these applications, they
primarily are designed for uplift loads due to wave
or wind action on the structure. Unless the pile plug
generated during driving creates drivability problems,
the plug is generally not removed. An illustration of
this application is shown in Figure 2-4.

Open ended pipe piles are recommended where the
pile or pile group is to be subjected to horizontal
loads and bending moments such as vessel impact
and scour on large structures such as bridges. With
a constant radius of gyration, pipe piles are also the
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Table 2-5 Advantages and Disadvantages of Steel Pipe Pile

Advantages
Wide selection of sizes and
choose from.

thicknesses available to

Delivery is excellent since there are many
manufacturers and distributors; popular sizes are
stocked.

Standard sizes of pipe pile can be driven with
conventional driving equipment. Light wall pipe
makes an efficient shell for concrete fill when

mandrel-driven.
Pipe piles driven open-end to rock, cleaned,

inspected and filled with concrete can resist very
high individual loads.

Pipe piles with wall thickness over about 1/8”
(3.2 mm) and filled with concrete are treated

as a composite pile with both the steel and the
concrete sharing the applied load. The advantages
of both steel and concrete are enjoyed.

Pipe piles can be inspected for material damage
and curvature prior to acceptance.

They can be readily spliced to extend lengths,
resist hard driving, and drive straighter because
of their constant radius of gyration. They make a
more efficient column where unsupported length
and large loads are design requirements.

Disadvantages

Open-end pipe piles are not as favorable as H-piles
for non-displacement applications since the plug
of soil inside the pipe also offers resistance to
penetration.

Closed-end they are full displacement piles

with certain potential problems associated with
displacement.

They may not be price-competitive with other
displacement piles.

most efficient columns and should be considered
where freestanding columnar strength is important
(such as open-platform marine piers and docks).
This is advantageous in seismic situations, where
liquefaction and several other factors have a strong
influence on the design of deep foundations. In all of
these applications, the pile size can range up to 3000
mm in diameter. Since such applications can require
considerable length, this frequently requires adding-
on to pipe piles, which is shown in Figure 2-5.

Figure 2-5 Welding an Add-On to Pipe Pile

An example of this kind of application was the Jamuna
River Bridge in Bangladesh, built in the mid-1990’s.
The river is capable of scouring to a depth of 50 m,
with a flood discharge of 100,000 m3/sec. To deal with
this, groups of high yield strength piles 2500 - 3150
mm in diameter up to 80 m long with a wall thickness
of 45 - 60 mm were installed. After driving, the plug
was removed and the toe of the pile was sealed with
concrete, then the pile was grouted.?
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2.1.1.2.5. RR Piles

Aspecial type of pipe pile is the RR pile, manufactured
by Makela Metals. These can be formed into sectional
pile systems by mechanical joints. RR piles are type
approved in Finland. They are used as toe-bearing
piles in the repair of buildings, as supports under
machine bases, and for house foundations. Light
installation equipment, the cost-effective use of
material and versatility of application are benefits
offered by RR piles.

In accordance with the Pile Driving Instructions LPO-87
section 3.4231 of the Finnish Geotechnical Association,
the maximum permissible structural compression load
for RR piles is 33 to 58% of the yield point of the pile
steel depending on the piling class. This has been
considered in the permissible load ratings of Table 2-
7.

Table 2-7 Permissible Bearing Capacities with
Respect to Buckling, RR Piles

. . . .. Type of pile | Piling class Initial radius of issible bearing capacity with respect to buckling kN
For the determination of bearing capacities and ounature - |Glosed shearing sirengh ofthe si's ) Km®
installation information, refer to the design = - - - — £
instructions published by Makela Metals and approved  |*™ [P 10 5 63 o for
by the Finnish Ministry of the Environment. For the [©™ [P o i 228 A A
. . . RR115 1B 200 296 320 343 256
technical properties and structure of RR piles, see i 150 2% %2 L s
Table 2-6. TR 20 o ] i o
1} 150 337 367 397 407
. . . RRwene ¥ 15 %0 500 s%6 o
Table 2-6 Technical Properties of RR Piles w0 | w0 3 ] ] 7o
DIMENSIONS DETAIL DRAWING FRe20 :iB %8 ;;g ;?2 %g 3533
Type of | Diameter | Wall Mass Steel Yield RR 270 1B 400 922 972 1020 1049
pile D thickness grade strength | Pile cap e ::3 323 1;: 1?:2 123: 12
mm :“m Kkg/m 1e83 z;r:mz pile I I|A _ _ i 400 1011_ 1063 1114 1145
RRGO 60.3 63 80 |535502G3 355 - steol pipe gorzg;t:r::;;: :;.:T;:azf: of pile curvature after mounting, but prior to loading.
RR75 76,1 63 10,4 |S355J2G3(355 1 = -
RR90 88,9 6,3 12,8 |S355J2G3|355 1) Splice - I
RR115 | 114,3 6,3 16,8 |S355J2G3(355 1) - rigid connection,
RR140/6| 139,7 6,3 20,7 |S355J2G3|355 1 friction joint . . . . .
AR1408( 1397 | 80 | 260 |S3s5.263(55 x Where the pile is embedded in cohesionless soil
RR140/1| 139,7 10,0 32,0 |S355J2G3|355 Point . .
ARI70 | 1683 | 100 | 390 |s355.263[s55 ) |-sandshosor @ layers, buckling must be taken into account as a
RR220 219,1 10,0 51,6 |S355J2G3|355 rock shoe . . : : .
AR270 | 2730 | 100 | 649 |ssssloaa|sss possible determinant for its bearing capacity. Table
RR320 | 3239 10,0 77,4 | S355J2G3| 355

1) The load-bearing ies have been using the ic value 430 N/mm2.
Piles RR60...RR170 are available in lengths of 1...6 m, piles RR140...RR320 in lengths of 1...16 m.
On piles RR60...RR170, the splice is fixed at the works. Spare splices are available for piles RR140...RR320.

RR piles are spliced using friction joints, so no welding
is required for splicing. The Finnish Ministry of the
Environment under decision number 282/533/87 and
10/5331/93 has approved the splices.

The pile toe is protected with either an RR sand shoe
or RR rock shoe. The pile is furnished with an RR pile
cap that is fixed to the pile body by means of sleeve
connection.

The connections between the piles and superstructure
are designed as flexible joints.  However, the
connections of piles shorter than 3 meters are
preferably made rigid.

The permissible bearing capacity of an RR pile is
determined by selecting the lowest of the following
values:

e Maximum permissible centrally structural

compression load;

e Permitted bearing capacity in respect of
buckling;

e Geotechnical bearing capacity.

2-7 depicts the permissible load ratings of RR piles in
respect of buckling. The initial radius of curvature R
may be checked on the driven pile by illuminating it
with a flashlight.

2.1.1.3. X-Piles

Makela Metals supplies the X piles presented in Table
2-8. X piles are mainly toe-bearing piles that are
used for earth retaining applications. When used as
driven piles, their X-shaped cross section minimizes
soil disturbance and displacement. Their high rigidity
allow X piles to be driven into hard-to-penetrate site
conditions, including landfills.
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Table 2-8 Dimensions and Installation, X-Piles

o
X130-X180

DETAIL DRAWING

X200 Steel grade:
B

B - S275JR EN 10025
. | 1 - ReH = 275 N/mm2
Ri1| Rz Ri | Rz
B - B
t t

t
mm
16£0,5
23+1
2411 9 63,6
3041 10 85,0

bearing capacity, sand shoe, kN

Pile cap

i T
- rigid connection
- welded

Tie 4:
- rock shoe

- sand shoe

H

mm
130+2
15642
18013
199 ¥
Permitted
Piling class
1B

393

664

811

1072

X pile B

mm
130£2
15542
1803
19842

Ry
mm
6

Mass
kg/m
30,8
52,1

X130
X155
X180
X200

8

I

275
465
567
751

1]

157
266
324
429

X130
X155
X180
X200

X piles are predominantly used near existing structures
in order to avoid damage and reduce ground vibrations.
Typical applications include embankment foundation
support, bridge structures, supports under machine
bases and underpinning.

X piles have been approved in Finland and Sweden. In
both cases the grantor’s decision on each type approval
is supplemented by design instructions, which are to
be followed in the design and use of X piles.

The pile body functions satisfactorily for sand sites
without special details. Rock shoes are attached
at the fabrication location. The pile cap is fitted on
the pile head by means of a sleeve connection or by
welding. Piles can be spliced by welding or by means
of extensions made of steel plate.

A corrosion allowance is taken into consideration in
the design of piles. The average rate of corrosion in
natural soil is 0.02 mm/year or 1 mm/50 years.

The permissible bearing capacity of an X pile is
determined by selecting the lowest one of the
following ratings:

e Permitted structural axial capacity;

e Permitted structural lateral capacity
(especially buckling with very deep soft soil
layers);

e Permitted geotechnical bearing capacity.

The specified geotechnical bearing capacity of the
X pile is achieved by driving the pile to a point of
sufficient resistance by soil. Steel piles usually function
as retaining piles, which means that the geotechnical
bearing capacity is equal to the toe-bearing capacity.
The geotechnical bearing capacity of a pile with sand
shoe is presented in Table 2-8.

The necessary soil analysis for the design of X piles
includes the penetration depth and, in cohesionless
soil, the shearing strength of the soil.
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2.1.1.4. Corrosion of Steel Piles:

Corrosion of steel occurs where electric current
leaves metal and enters a surrounding moist medium.
Seawater at the splash line, where steel is alternately
wet and dry is especially aggressive. Most fresh water
corrodes steel only slowly unless there are pollutants.
Piling driven into the ground so oxygen does not get to
it suffers very little, unless there are stray currents.
Piles generally are far enough apart that stray currents
do not migrate between them.

Cathodic protection, use of a sacrificial anode, can be
helpful but may not be effective in the splash zone
where the steel is not always wet. Concrete jacketing
may be needed in that area. Cathodic protection
requires frequent maintenance.

Paint can provide protection if a proper material is
selected; the steel is cleaned so paint will adhere and
application is made with the steel dry and preferably
warm. Cleaning means removal of all scale by
mechanical means such as sandblasting. Be sure to
follow the manufacturer’s recommendations. For
example, some bitumastics will not adhere to red
oxide primer; they will stay on zinc chromate.

Metallized aluminum coatings have been helpful in
protecting steel piling in seawater. About 6 to 12
mils of aluminum sprayed on steel cleaned to white
metal and is then vinyl coated has been reported in
excellent condition after 12 years of exposure.

Coatings can be applied commercially in specialty
plants, usually near the rolling mills. Piles reach
the job in good condition with only minor touch-up
required.

Cast steel is naturally rust-resistive, so cast steel toe
protection for H, sheet or pipe piles almost never
rusts to any degree. Metal corrodes only when oxygen
is present. Points of driven piles are usually well
protected in the ground and protective coatings are
unnecessary.

2.1.2. Concrete Piles

Concrete piles utilize concrete as the main structural
material for compressive loads; however, concrete is
deficient in resistance to tensile load. Therefore, when
a concrete pile is subject to direct tension or bending,
steel must be added to resist these stresses.

Concrete piles are classified as pre-cast or cast-in-
place depending on the method of manufacture. Pre-
cast piles are formed in a casting bed, cured, and
then driven into place. There are several ways of
manufacturing pre-cast piles:



Conventional steel reinforcing bars are used
for tensile stresses and placed prior to casting
the concrete;

High tensile rods or wires are pre-tensioned
and the concrete shape cast around them
(pre-stressed piles);

Hollow concrete cylinders are precast in
manageable lengths, high strength rods or
wire is strung through ducts in the several
pre-cast sections and post-tensioned to form
a complete pile.

Cast-in-place piles are, as the name implies, cast in a
pre-formed excavation at the project site and hence
the concrete is not subjected to driving forces.

2.1.2.1. Cast-In-Place Concrete Piles

In general, cast-in-place concrete piles are installed by
placing concrete in an excavated hole in the ground.
In some cases the hole is lined with a steel shell or
casing which may be temporary or permanent. Steel
pipe piles, when filled with concrete, can be classified
under this category. Predetermination of pile lengths
is not as critical as for precast concrete piling, since
required pile lengths can be easily changed during
installation.

Cast-in-place concrete piles can be installed with
or without a mandrel4, depending upon the wall
thickness of the pile. Use of a mandrel allows piles
with wall thicknesses of 0.02-0.13” (0.5-3.3 mm)
thick, while those driven without a mandrel have wall
thicknesses of 0.109-2.5” (2.8-63.5 mm) thick. With
the latter, concrete is placed into the driven shell
and is the primary basis for the structural strength
of the completed pile. The steel in head-driven piles
is generally of sufficient thickness to be included in
the load capacity calculations. Contractors using this
method avoid the expense of mandrels and long leads
but pay more for the heavier shell. When the wall
thickness exceeds about 0.1” (2.54 mm) (depending
on building code requirements) the allowable load
may be calculated in a way similar to closed-end pipe
piles.

2.1.2.1.1. Raymond Step-Taper Piles

The best known of the mandrel-driven type piles is the
Raymond Step-Taper® pile. In 1897, Alfred Raymond
received a patent for a novel pile, which would consist
of a tapered steel shell to be installed with the aid of
an internal mandrel. After withdrawing the mandrel,
the shell was filled with concrete to complete the
pile. The maximum length was 37’ (11.3 m). Until
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then, timber piles had dominated the market. This
pile was the basis for forming the Raymond Concrete
Pile Company, which fabricated and installed these
piles as a general contractor. In the early 1930’s, the
modern Step-Taper® shape was introduced which was
a marked improvement over the earlier design. The
configuration for Raymond Step-Taper® piles is shown
in Figure 2-6.

Figure 2-6 Raymond Step Taper Pile Configuration
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Where the original taper shell was a one-piece design,
the Step-Taper® is assembled from short lengths of
helically corrugated steel shells from 4’ (1219mm)
to 16’ (4.88 m) in length. Nominal diameters of the
sections range from 8” (203.2 mm) to 18” (457.2
mm); when assembled the pile diameter increases in
increments of 1 inch per section and the rate of taper
varies depending on the section lengths. Obviously if
constant lengths are used, the rate of taper will be
constant. The shells are made up from 10 to 18 gage
steel with the heavier gages used in the lower portion
of the pile assembly. At the project site, the combined
shell lengths are pulled up over a heavy, steel, tapered
mandrel. The mandrel is stepped to match the shell.
Driving on the head of the mandrel drives both the
mandrel and the shell into the ground. After driving
is complete, the mandrel is withdrawn and the shell



inspected and filled with concrete. The steel acts as
a form for the concrete and is not assumed to carry
any portion of the applied load. Reinforcing steel is
added when necessary for lateral or tension loading.
Lengths of 120’ (36.6 m) are possible but not always
practical since very long driving leads must be used.

Step-Taper® piles offer a wide selection of cross-
sectional dimensions and length combinations for
different loading and soil-bearing conditions. Being
displacement piles, they function efficiently as friction
piles and particularly in granular soils. By varying the
toe diameter, or in combination with a pipe bottom,
Step-Taper® piles can function as essentially end-
bearing piles when driven to rock or compact strata
overlying rock. Their efficiency as friction piles
generally would result in a smaller transfer of load to
the toe than a non-displacement type pile. The shape
and drivability of this pile is especially effective for
developing high individual capacities.

To install Raymond step-taper piles, metal shells are
assembled at the project site by screwing lengths
together. Joints are sealed with a neoprene ring and a
bottom closure piece added. The problem of placing
the shell over the mandrel can be easily addressed
by dropping the shell into a previously driven shell
and pulling it up onto the mandrel from the hole (see
Figure 2-7). Driving on the mandrel transmits energy
to the toe of the shell and the drive rings at the
joints. Under certain conditions, such as stiff clays
(soil heave) or dense overlying strata, predrilling is
sometimes specified.
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Figure 2-7 Shell-up Procedure for Step Taper Piles
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Continuing with Figure 2-8, after the shell has
reached the required toe elevation, the mandrel is
withdrawn and the shell inspected with a mirror or
droplight. Water, should be removed at this time.
Concrete is poured in a continuous operation through
a drop chute. Generally, vibration is not required but
Raymond suggested rodding the “top” 6’ to 8’ (1.8-
2.44 m) of concrete. They also state that concrete
may be placed in shells adjacent to driving since the
driving has no detrimental effect on the new concrete.
Raymond normally utilizes a concrete mix of their
own formulation, chiefly based upon larger quantities
of small sized coarse aggregate (a special mix to
minimize aggregation.) If ground heave conditions
are present, the levels of the pile heads should be
monitored to see if they have risen. Step-Taper® piles
that have heaved may be redriven if proper techniques
are used.



Figure 2-8 Installation Sequence for Raymond
Step-Taper® Piles
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2.1.2.1.2. Other Types of Mandrel Driven
Piles

In addition to the Raymond Step-Taper®, there are
various straight sided shell piles. Steel companies
Armco and Republic market helically corrugated shells,
which are driven with proprietary or commercially
available expanding mandrels. These grip the sides
of the pile shell by pressure and friction in addition to
bearing on the boot plate. Installation is somewhat
like the Step-Taper® except long shells must be
dropped down a specially drilled over-sized hole to
be pulled up onto the mandrel. These piles can also
be combined with a pipe tip or occasionally with a
timber pile to create a composite pile. Other aspects
are similar to the Step-Taper®. The Step-Taper®
might be fundamentally more economical because

of the tapering shape with less concrete and perhaps
shorter lengths to develop the same capacity. These
piles would have wall thicknesses less than 0.200”
but heavier gauge piles might also be driven this way
if especially hard driving and possible installation
problems dictated this method. The steel in these
pipe sections can be used in design calculations as an
addition to concrete.

2.1.2.1.3. Monotube Piles

Monotube piles are a proprietary pile shell, which
is rigid enough to be head driven. The rigidity is
obtained by use of heavy gauge steel (3 to 9 gauge),
which is longitudinally ribbed or “fluted” during the
cold forming process. The basic shell is tapered with
tips of about 8” (203.2 mm) diameter and butts 12”
(304.8 mm) to 18” (457.2 mm). Lengths range from
10’ (3.05 m) to 75’ (22.9 m). Extensions to the tip
sections are made with straight-sided tubes up to 40’
(12 m) long. After installation, the shell is filled with
concrete. Monotube pile configurations are shown in
Figure 2-9.

Monotubes compete with lighter wall pipe piles, and
mandrel-driven cast-in-place piles for both friction
and end-bearing applications. They are designed
assuming both the concrete and steel support the
applied load.

Table 2-9 Advantages and Disadvantages of Raymond Step Taper Piles

Advantages Disadvantages
Versatility, a wide range of configurations and Displacement piles are particularly vulnerable to

variations are possible to accommodate different pile heave in plastic soils. This condition should be

loads and soil conditions.

Drivability, the heavy mandrel permits the use of
lighter hammers for more effective driving and
development of the geotechnical capacity.

Internal inspection is possible after driving and
before concreting.

Installation is made without damage to the working
pile since driving is done on the mandrel and not on
the concrete.

A range of pile capacities is possible from medium to
very high.

Shape characteristics: the configuration is that of a
true displacement pile combined with the taper to
develop capacity of the soil-pile system in shorter
lengths than other types, particularly in loose

ranular soils. ) )
he pile shell insures that the hole is secure against

soil intrusion.

monitored closely.
Thin gauge shells are vulnerable to damage where
underground debris or boulders are encountered.

Splicing to extend lengths is difficult.
Shells are vulnerable to collapse from excessive

earth or hydrostatic pressure, and special measures
must be taken in those situations.
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2.1.2.1.4. Compacted Concrete Piles

This method was developed by the Franki Foundation
Co. and was proprietary with them for many years.
Recently the general process has become available
from others, and there are variations on the Franki
pile concept, such as the bulb piles that Raymond
installed. The method utilizes a heavy, removable
pipe shell and a charge of special mix concrete.
Special equipment has been devised to handle the
pipe and a heavy drop hammer, which rams the dry-
mix concrete into the soil inside the pipe. As the mix
descends it pulls the pipe with it. When the desired
elevation is reached, the pipe is restrained and the
concrete mix is pounded out the base where it forms
a compact bulb. The pile shell is then rammed in on
head of the bulb terminating at the surface.

This pile is most suited for granular soils and has
developed working load capacities of over 300 kips
(1334 kN). These piles experience the same general
problems as augered piles and they generally are no
longer than 40’ (12 m).

2.1.2.1.5. Composite Piles

Piles, which combine two types of piles in a single
length, are classified as composite piles. The most
common of these have been briefly described in the
cast-in-place section:

e A light metal shell filled with cast-in-place
concrete is combined with a timber pile
base providing the economy of timber below
the ground water table and the durability of

Figure 2-9 Monotube Piles

Extensions (Overall Length 0.305 m Greater than indicated)

Waeight (N) per m EST.
POINT DIAMETER x VOL.
TYPE BUTT DIAMETER x LENGTH 9GA. [7GA | 5GA. | 3GA | '
-4
F 216 mm x 305 mm x 7.62 m 248 292 350 409 0.329 w
Taper &
3.6 mm -
per Meter 203 mm x 305 mm x 9.14 m 233 292 336 394 0.420 (z)
216 mm x 356 mm x 12.19 m 277 321 379 452 0.726 ‘;’3
w
203 mm x 406 mm x 18.28 m 292 350 409 482 1.284 5
203 mm x 457 mm x 22.86 m 379 452 511 1.979 ‘
- \
J 203 mm x 305 mm x 5.18 m 248 | 202 | 336 | 304 0.244 -
Taper
6.4 mm 203 mm x 356 mm x 7.62 m 263 321 379 438 0.443
per Meter i )
203 mm x 406 mm x 10.06 m 292 350 409 467 0.726
203 mm x 457 mm x 12,19 m 379 438 511 1.047
¥ 203 mm x 305 mm x 3.05 m 248 292 350 409 0.138
aper
10.2 mm 20 z
Do Mo 3 mm x 356 mm x 4.57 m 277 321 379 438 0.260 5
e
203 mm x 406 mm x 6.10 m 202 350 409 482 0.428 w
w
a.
203 mm x 457 mm x 7.62 m 379 | 452 | s11 0.657 Z
=
o
-
3]
w
w
=]
w
@x
w
[N
<
-

34

TYPE |DIAMETER + LENGTH 9GA. [7GA. | 5GA. | 3GA. | m*/m

N 12 305 mm x 305 mm x 6.10/ 12.19 m 292 350 409 482 0.065

N 14 [356 mm x 356 mm x 6.10 m / 12.19 m 350 423 496 598 0.088

N 16 406 mm x 406 mm x 6.10 m / 12.19 m 409 482 569 671 0.113 ’

N 18 457 mm x 457 mm x 6.10 m / 1219 m 555 642 759 0.145 ZE;JmLm'_—.i I'—"’
Std. Dia.




concrete above. These piles are generally
utilized for light to low-medium loads.

e Shell pile head and pipe pile bottom, combining
the length and penetrating ability of the
pipe with the economy of the cast-in-place
concrete head for medium to high capacity
applications.

Avery common type of composite pile is a prestressed
concrete pile combined with an H-pile “stinger.”
This provides both toe protection and penetration
assistance for the pile. Such a pile is shown in Figure
2-10.

Figure 2-10 H-pile “Stinger” on Concrete Pile

If required a very high capacity composite pile can
be formed from a pipe pile that is driven or drilled
to rock, cleaned out and socketed into the rock. A
steel core section is added and the pipe filled with
concrete. These piles are quite expensive but some
building codes permit very high loads on this pile
because of the controlled conditions under which it
is installed. New York City, for example, has allowed
a load up to 3000 kips (13.3 MN) on properly designed
and installed piles of this type.

2.1.2.1.6. Drilled-In Caissons

Drilled-in Caissons are drilled shafts, which use a
driven casing, either permanently or more typically
temporarily. The caisson can be driven with an
impact or vibratory hammer, depending upon the
soil conditions. Use of a vibratory hammer simplifies
removal of the casing. Design considerations are the
same as those for drilled shafts.

2.1.2.2. Precast and Prestressed
Concrete Piles

This general classification covers both conventional
reinforced concrete and prestressed concrete piles.
Both types can be manufactured by various methods
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and are available to a number of different cross
sections. Frequently such piles are cast with a hollow
core to reduce weight, in which case the head and
toe of the pile are solid. The hollow core may be
used for placing instrumentation during construction
or for determining pile damage. Precast concrete
piles are usually of constant cross section but may
have a tapered tip. Concrete piles are considered
non-corrosive but can be damaged by direct chemical
attack (e.g., from organic soil, industrial wastes to
organic fills), electrolytic action (chemical or stray
direct currents), or oxidation. Concrete can be
protected from chemical attack by use of special
cements and by special coatings.

Requirements for precast concrete piles generally
apply equally to prestressed units, except
reinforcement. Such piles must be designed and
installed in accordance with the general provisions
for piling. Precast piles must be proportioned,
reinforced, cast, cured, handled and driven to resist
the stress induced by handling and driving as well as
by structural loads. Design details should indicate
suitable points of pickup and support for each length
of pile. Handling equipment shall be constructed
to equalize the reactions on multiple lines of pile
pickups.

2.1.2.2.1. Reinforced Concrete Piles

These piles are manufactured from concrete and
have reinforcement consisting of a steel rebar cage
consisting of several longitudinal bars and lateral or
tie steel in the form of individual hoops or a spiral.
Reinforced concrete piles as compared to prestressed
piles are more susceptible to damage during handling
and driving because of tensile stresses. They are
rarely used in current U.S. practice. These piles are
easier to splice than the prestressed piles and are
used where possibilities of variable pile lengths exist.
These piles are best suited for friction piles in sand,
gravel and clays. Typically, the maximum length
allowed is 50°.

2.1.2.2.2. Prestressed Concrete Piles

This pile consists of a configuration similar to a
conventional reinforced concrete pile except the
prestressing steel replaces the longitudinal reinforcing
steel. The prestressing steel may be in the form
of strands or wires and is placed in tension. The
prestressing steel is enclosed in a conventional steel
spiral. Such piles can usually be made lighter and
longer than normally reinforced concrete piles of the
same rigidity.



Prestressed piles can either be pretensioned or
post-tensioned. Pretensioned piles are usually
cast full length in permanent casting beds. Post-
tensioned piles are usually manufactured in sections
and assembled and prestressed to the required pile
lengths at the manufacturing plant or on the job site.
Table 2-10 shows typical prestressed concrete piles,
along with data for typical prestressed concrete pile
sections. Figure 2-11 shows typical details of pile
reinforcement.

The minimum lateral dimensions of precast concrete
piles should be 10” (254 mm) except for taper at the
toe. For piles designed with voids, the minimum wall
thickness of concrete should be 4” (101.6 mm). The
maximum departure of the pile axis from a straight
line, measured before installation while the pile is
not subject to bending forces, should not exceed 1/8”
(3.2 mm)in 10’ (3.05 m), 3/8” (9.5 mm) in 40’ (12 m),
or 0.1% of the pile length.

Concrete preferably should have a higher strength
than the usually specified minimum of 5 ksi (34.5 MPa)
at 7 days if steam cured or at 28 days if cured by
other means. The mix should have a cement content
of 6 to 8 bags per cubic yard. Type Il cement may be
used where moderate sulfate resistance is required.
Air entraining cement or suitable admixtures may
be used to increased workability of the concrete.
Calcium chloride may not be used, except for a trace
in formulations used to accelerate strength gain and
reduce shrinkage.

The minimum amount of longitudinal reinforcement
should be at least 1.5 to 2% of the concrete section,
made up of a minimum of four bars symmetrically
placed. For a length equal to at least three times the
minimum lateral dimension at each end of the pile
lateral tie reinforcement should be spaced 3” (76.2
mm) on centers, increased elsewhere to a maximum
of 12” (304.8 mm). Lateral reinforcement should be
No. 5 gauge or equivalent spiral. For piles designed
with voids, the 3” (76.2 mm) spacing of ties or laterals
can be extended for a distance of 12’ (3.66 m) or one-
third the length of the pile, whichever is smaller.
Closely spaced ties or spirals improve the ductility
of a pile. If hard driving is expected, spacing of 4”
(101.6 mm) minimum is recommended.

Current practice is to cover longitudinal reinforcing
steel with a minimum of 1-1/2” (38.1 mm) of
concrete.®> Voids, when used, shall be located within
3/8” (9.5 mm) of the position shown on plans. Voids
may extend through either or both ends of the pile.
If the void extends through the lower end of the pile,
the pile head must be vented to prevent build-up of
internal hydraulic pressure during driving. Paper or
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fiber used to form a void in the pile has been known
to decompose and develop destructive gas pressures,
so it should be removed or the pile permanently
vented.

If prestressed piles are used, the minimum working
net prestress in the pile should be 700 psi (4.83 MPa).
Prestressing strands are of the ungalvanized seven-
strand type conforming to the general requirements
of ASTM designation A 416 and may be either regular
or high-strength. Strand properties, manufacture
and installation should conform to guidelines of the
Prestressed Concrete Institute.®

The primary advantage of prestressed concrete piles
versus conventional reinforced concrete piles is
durability. Since the concrete is under continuous
compression, hairline cracks are kept tightly closed
and thus prestressed piles are usually more durable
than conventionally reinforced piles. Another
advantage of prestressing (compression) is that the
tensile stresses, which can develop in the concrete
under certain driving conditions, are less critical.
These piles are best suited for friction piles in sand,
gravel, and clays.

2.1.2.2.3. Prestressed Cylinder Piles

Prestressed cylinder piles, originally developed by
Raymond, are post-tensioned piles that are spun cast
in sections, bonded with a plastic joint compound,
and then post-tensioned in lengths containing several
segments. Special concrete is cast by a process unique
to cylinder piles that achieves high density and low
porosity. The pile is virtually impervious to moisture.
Results of chloride ion penetration and permeability
tests on prestressed cylinder piles indicate that the
spuncylinder pileshave excellent resistance tochloride
intrusion. Table 2-11 shows the typical configuration
of prestressed cylinder piles and provides appropriate
engineering design data. Figure 2-12 shows typical
details of cylinder pile reinforcement. Generally,
cylinder piles are used for marine structures or dry
land trestles. The piles typically extend above ground
and are designed to resist a combination of axial and
lateral loads. They are available in diameters of 36”
(914.4 mm) to 90” (2286 mm).

2.1.2.2.4. Pretensioned Spun Concrete Piles

A relatively new type of concrete pile is the
pretensioned spun concrete pile, a cylindrical pile
with a void. Itis geometrically similar to cylinder piles
but the manufacturing process has some differences.

These piles are manufactured as follows:



Table 2-10 Section Properties and Allowable Service Loads of Prestressed Concrete
Piles

Size Size Size Size

Core
Diameter

Spiral
Prestressing
Strand Square Square Octagonal
Solid Hollow Solid or Hollow Round
Sturns @ 17 16 turns @ 3" 16turns @ 3", S5turns @ 1"
6” pitch

L | g
TT T T TT
UNEELEEEEE S ST . )

* Strand pattern may be circular or square. Typical Elevation
( Section Properties® Allowable Concentric
Core ! Moment of Section Radius of Service Load, Tons”
Size Diameter | Area Weight Inertia Modulus Gyration Perimeter fé
(in.) i (in) (in?) (plf) (in.%) (in%) (in.) () | 5,000 | 6,000 } 7,000 ‘ 8,000
Square Piles
10 Solid 100 104 833 167 2.89 333 73 ‘ 89 106 122
12 Solid 144 150 1,728 288 3.46 4.00 105 | 129 152 176
14 Solid 196 204 3,201 457 4.04 4.67 143 175 208 240
16 Solid 256 267 5,461 683 4.62 533 187 229 271 314
18 Solid 324 338 8,748 972 520 6.00 236 290 344 397
20 Solid 400 417 13,333 1,333 5.77 6.67 292 358 424 490
20 | 1lin. 305 318 | 12,615 1,262 6.43 6.67 222 273 323 373
24 | Solid 576 600 27,648 2,304 6.93 8.00 420 515 610 705
24 12in. 463 482 26,630 2,219 7.58 8.00 338 414 491 567
24 14 in. 422 439 | 25,762 2,147 7.81 8.00 308 377 447 517
24 15 in. 399 415 25,163 2,097 7.94 8.00 291 357 423 488
30 18 in. 646 672 62,347 4,157 9.82 10.00 471 578 685 791
36 18 in. 1,042 1,085 134,815 7,490 ‘ 11.38 12.00 761 933 1,105 1,276
Octagonal Piles
10 Solid 83 85 555 111 2.59 2.76 60 74 88 101
12 Solid 119 125 1,134 189 3.09 | 3.31 86 106 126 145
14 Solid 162 169 2,105 301 3.60 3.87 118 145 172 198
16 Solid 212 220 3,592 449 4.12 442 154 189 224 259
18 Solid 268 280 5,705 639 4.61 4.97 195 240 284 328
20 Solid 331 345 8,770 877 5.15 5.52 241 296 351 405
20 11 in. 236 245 8,050 805 5.84 5.52 172 211 250 289
22 Solid 401 420 12,837 1,167 5.66 6.08 292 359 425 491
22 13 in. 268 1 280 11,440 1,040 6.53 6.08 195 240 283 328
24 Solid 477 495 | 18,180 1,515 6.17 6.63 348 427 506 584
24 15 in. | 300 | 315 ‘ 15,696 1,308 7.23 6.63 219 268 318 368
Round Piles

36 26 in. 487 507 | 60,007 ‘ 3,334 | 11.10 943 355 436 516 596
42 32in. 581 605 101,273 4,823 13.20 11.00 424 520 616 712
48 38in. 675 703 | 158,222 | 6,592 | 15.31 12.57 493 604 715 827
54 | 44in. 770 802 | 233,373 8,643 17.41 14.14 562 689 816 | 943
66 | 54in. 1,131 1,178 ’ 514,027 15,577 21.32 17.28 826 1,013 1,199 1,386

(1) Form dimensions may vary with producers, with corresponding variations in section properties.
(2) Allowable loads based on N = A, (0.33 f,-0.27 fpc); fpc =700 psi. Check local producer for available concrete strengths.
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Figure 2-11 Typical Details of Pile Reinforcement
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Note A: The minimum area of reinforcing steel shall be 1% percent of the gross cross-section of concrete. Placement of bars shall be in a symmetrical pattern of

not less than four bars.

Note B: Method of attachment of pile to build-up may be by any of the methods given in the notes on alternate pile heads. If mild reinforcing steel is used for

attachment, the area shall be no less than that used in the build-up.

Note C: Concrete around top portion of driven pile shall be bush-hammered to prevent feather edges in the cast-in-place build-up.

Note D: End fitting or form may be flat or tapered with proper taping to prevent leakage.

Note E: Additional mechanical and other types of splices are available to designers. Refer to PCI JOURNAL two-part series, “Splicing of Precast Prestressed

Concrete Piles,” September-October and November-December 1974.

The strands are straightened from coil and cut
to the desired length. Their ends are button
headed for the prestressing machine. The
spiral wire is automatically wound around and
welded to the strands. The cage is then placed
into the bottom half of the mould.

Concrete is fed into the bottom half mould,
after which the top half of the mould is bolted
to its mate.

The longitudinal strands are then prestressed
against the mould through a central shaft. This
operation insures uniformity of stress in all of
the bars and contributes to the straightness of
the pile.

The pile is then spun in the mould. While
forcing the concrete to the sides of the mould
and thus giving the pile its tubular shape,
this also squeezes water out of the concrete,
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increasing the strength of the pile.

5. The pile is removed from the mould using a
vacuum lifter.
6. The pile is cured in an autoclave, which

advances curing further and prevents the
driving of uncured piles.

Pretensioned spun concrete piles can be obtained in
diameters from 250 mm (9.8”) to 1000 mm (39.4”),
and in lengths up to 46 m (151’). They include a
provision for splicing and can be cut off with the usual
methods.

2.1.2.2.5. Material Specifications

2.1.2.2.5.1. Aggregates
Concrete aggregates should conform to “Specification
for Concrete Aggregates” (ASTM C 33) or to
“Specifications for Lightweight Aggregates for



Structural Concrete:” (ASTM C 330); except that
aggregates failing to meet these specifications, but
which have been shown by special test or actual
service to produce concrete of adequate strength
and durability, may be used with the approval of the
governing authority. ’

2.1.2.2.5.2. Water
Water used in mixing concrete should be clean and free
from injurious amounts of oils, acids, alkalis, salts,
organic materials, or other substances that may be

deleterious to concrete or steel. Mortar cubes made
with nonpotable mixing water should have 7- and 28-
day strengths equal to at least 90% of the strengths of
similar specimens made with potable water.

2.1.2.2.5.3. Admixtures
Air-entraining admixtures should be considered where
concrete piles are exposed to conditions of freezing
and thawing. When used, air-entraining admixtures
should conform to “Specification for Air-Entraining
Admixtures for Concrete” (ASTM C 260).

Table 2-11 Dimensions and Propérties of Prestressed Cylinder Piles

TYPICAL SECTION

oD

CYLINDER PILE DESIGN PROPERTIES

SIZE STRESS ON CONCRETE
CIRCUM- POINT WEIGHT DUE TO EFFECTIVE
0.D. 1.D. w A, | S + FERENCE AREA | PERFOOT®| STRESSPERCABLE®
wire© | Strand@®
in. in. in. in? in* in? in. ft ft? b Ib/in.2 Ib/in.2
36 27 4Y2 445 56,360 3,130 11.3 9.43 7.07 479 116.1 110.5
* 36 26 5 487 60,000 3,330 1.1 9.43 7.07 524 106.1 100.9
42 32 5 581 101,300 4,820 13.2 11.00 9.61 625 89.0 84.6
48 38 5 675 158,200 6,590 15.3 12.57 12.57 726 76.6 728
* 54 44 5 770 233,400 8,640 17.4 14.14 15.90 829 67.1 63.8
54 42 6 905 264,600 9,800 171 14.14 15.90 973 571 543
60 49 5% 942 353,200 11,770 19.4 15.71 19.63 1014 54.9 52.2
* 66 54 6 1131 514,000 15,580 21.3 17.28 23.76 1217 45.7 43.5
72 60 6 1244 683,000 18,970 234 18.85 28.27 1339 415 39.5
78 65 6'%2 1460 940,700 24,120 25.4 20.42 33.18 1572 35.4 33.7
84 70 7 1693 1,265,300 30,130 27.3 21.99 38.48 1823 30.5 29.0
20 76 7 1825 1,582,900 35,180 29.5 23.56 4418 1964 28.3 26.9
*STANDARD SIZES
NOTES:

(® The tabulated weights, intended
for design purposes, are based on a unit
weight of concrete of 155 lbs/ft* and the
nominal wall thicknesses. For handling
purposes, allowance should be made for
manufacturing tolerance in extra wall
thickness with corresponding increase in
weight per foot.

(® Number of prestressing cables
ranges from 8 to 16 for 36" piles, 12 to 24
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for 54" piles, and 16 to 32 for 66" piles.

(© Each prestressing cable consists of
twelve 0.192” -diameter stess-relieved
wires with initial stress of 175,000 psi
(60,801 Ibs) and effective stress of 148,750
psi (51,681 lbs).

@ Each prestressing cable consists of
two 2" -diameter 270 ksi 7-wire strands
with initial tension of 57,820 lbs and effec-
tive tensionof 49,150 Ibs.



The amount of air entrainment and its effectiveness
depend on the admixture to be employed, the size and
nature of the coarse aggregate, its moisture content,
and other variables. Too much air will lower the
strength of the concrete and too little will reduce its
effectiveness. It is recommended that the air content
of concrete is to be in the range of 4 to 7%, depending
on the size of the coarse aggregate.

Air-entraining admixtures are less effective when
used with low slump, high strength concrete.
Furthermore, the need for air entrainment is reduced
in high strength concrete because of its high density
and low porosity. For this reason, the designer should
carefully evaluate the site conditions compared to
the pile quality specified before making a decision
regarding air entrainment.

When used, water-reducing admixtures, retarding
admixtures, accelerating admixtures, water reducing

and retarding admixtures, and water reducing
and accelerating admixtures should conform to
“Specification for Chemical Admixtures for Concrete”
(ASTM C 494). Calcium chloride or admixtures
containing calcium chloride should not be used.

2.1.2.2.5.4. Concrete Quality

Concrete in precast prestressed piles and build-
ups to be driven should preferably have a minimum
compressive cylinder strength (f’ ) of 5000 psi at 28
days. Economy in handling and driving along with
higher load capacity can be achieved with concrete
strengths up to 8000 psi. Designers should check
with local pile manufacturers to determine optimum
strengths.

For acceptable durability, concrete piles should have
at least six sacks of cement per cubic yard of concrete.
The water-cement ratio (by weight) should correspond
to the least water that will produce a plastic mix and

Figure 2-12 Typical Details of Cylinder Pile Reinforcement
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Notes on Build-up

Note A: The minimum area of reinforcing steel shall be 14 percent of the gross cross-section of concrete. Placement of bars shall be in a symmetrical pattern of

not less than eight bars.

Note B: Method of attachment of pile to build-up may be by any of the methods given in the notes on alternate pile heads. If mild reinforcing steel is used for

attachment, the area shall be no less than that used in the build-up.

Note C: Concrete around top portion of driven pile shall be bush-hammered to prevent feather edges in the cast-in-place build-up.
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provide the desired workability for the most effective
placement of the concrete.

2.1.2.2.5.5. Reinforcement
All  steel wires, prestressing strands and
reinforcements, unless otherwise stipulated, shall
conform to applicable ASTM standards.

2.1.2.2.5.6. Grout

Cement grout where used in prestressed piles should
be of materials which conform to the requirements
stipulated herein for cement, sand, admixtures, and
water. Approved expanding admixtures or expansive
cements may be used. Sand and cement grouts are
generally used when grouting dowels into holes in heads
of piles, sometimes with expanding admixtures.

Some expanding admixtures contain calcium chloride
and should be avoided. Neat cement grout is
frequently used to grout dowels in pile heads?.

2.1.2.2.5.7. Anchorages
Anchorage fittings for post-tensioning assemblies
should conform to the latest ACI 318, Building Code
Requirements. ACI post-tensioning specifications may
also be used for guidance.

2.1.2.2.6. Forms and Casting

Precast and prestressed concrete piles are usually
cast at off site yards and hauled to the site by truck
or barge. They are made in forms 400-600’ (122-
183 m) or more in length. This has the advantage
of good manufacturing control; it has the problem
of moving long, heavy units some distance through
congested areas. Prestressing wires are pretensioned
across this length by hydraulic jacks. Bulkheads are
set in the form to make the desired length of pile;
prestressing wires go through the bulkheads, which
serve as spacers. Spiral reinforcing is slipped over
the strands during stringing and distributed before
placing the bulkheads. Forms for casting piles are
preferably relatively permanent and made of steel or
other reusable material. Provision should be made
to chamfer edges and corners of the piles, except
where reinforcement may protrude through an end.
Reinforcement must be spaced away from the pile
faces by small cement blocks or by metal chairs with
plastic tips. Lateral bars must be effectively tied to
the longitudinal steel. Figure 2-13 shows tolerance
dimensions for concrete piles.

Hydraulic jacks must stress prestressing strands
uniformly. An accurately calibrated gage incorporated
in the system permits stress computation at any
time. Elongation should be measured at completion
of stressing and at time of placing concrete; it
should conform to elongation tables furnished by
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the manufacturer of the strand. Strands must be
kept free of oil and other substances harmful to the
concrete bond. Some discoloring of the strand may
not be harmful but corrosion must be prevented.

Concrete should be compacted by high frequency
internal or external vibrators; contact of vibrators
with prestressing strands should be kept to a minimum.
Full tension on the strands shall be maintained
until test cylinders, cast and cured under the same
conditions as the piles, indicate strength of at least
4,000 psi. Pretension in the strands or wires must be
released from the anchorage gradually and uniformly.
Burning strands in alternate locations, rather than
all strands across one side does this. When released
from elongation strands expand and grip the concrete;
full tension may not be achieved for the initial 50
diameters of the strand length at both pile ends.

Points at which piling are to be lifted or supported
should be clearly apparent. When other picking
methods are used (inserts, slings, vacuum pads)
suitable markings to indicate correct support points
should be provided. When not specified otherwise,
the two pick-up points on a precast concrete pile
should be 21% of the length from both head and toe.

Forlong columnsforbridge piersandfor offshore towers
large diameter, open-centre piles are centrifugally cast
in about 16’ (4.88 m) lengths. Post-tensioning wires
are inserted through openings formed in the 4 or 5”
(127 mm) thick walls to develop the required lengths,
which may be over 200’. Additional information is
available from PCI and from the producers.

2.1.3. Timber Piles

Evidence of structures supported by timber piles can
be traced back to Switzerland some six thousand
years ago. Timber piles have been used in North
America since the mid-eighteenth century and even
to this day, are still very important to the foundation
designer despite the inroads made by manufactured
materials. An historical application of timber piling
- that of major bridges - is shown in Figure 2-14.



Figure 2-13 Tolerance Dimensions for Precast and Prestressed Concrete Pile
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a=Length* ... +1in. g=Position of steel driving tips ...............ooeeiinininn +%in.
b=Width or diameter ...................coooiiiii +%in. h=Variation from specified
end squareness or skew ..................... + % in. per 12 in.,
¢ =Sweep (variation from straight line + % in. max.
parallel to centerline of member)

(considered to be a form tolerance) ........... +%in. per 10 ft i =Local smoothness any surface ................ + % in. per 10 ft
d=Position of tendons .................oooi +%in. j =Longitudinal spacing of spiral reinforcement .......... +%in.
e=Wall thickness .................o —%in., +%in.

* In most cases, controlling pile length to + 6 in., — 2 in. is functionally acceptable.
f =Position of handling devices ....................ooenins +6in.  Note: 1 ft=0305in.; 1 in. =254 mm.
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Figure 2-14 Timber Piling Driven for a Bridge
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Historically, almost all types of wood have been
employed for piling purposes at one time or another.
Two species however, now account for over 90% of
the usage and are the basis for which most standards
concerning timber piles are written. These species
are Southern pine and Douglas fir.

Southern pine is grown mainly in the southern United
States and consists of four sub-species: longleaf,
loblolly, slash and short leaf. Douglas fir is a product
of the Northwest Coast with the preferred product for
piling identified as “Coastal” Douglas fir.

Some specialty timber is imported from the tropics
for marine piling applications. Greenheart, imported
from South America, is one such species. It features
high strength and superior resistance to decay and to
attack by marine borer organisms.

Timber piles are processed as clean-peeled (all outer
bark and 80% of inner bark removed) rough peeled
(all outer bark removed) and un-peeled (all bark
retained). Piles that are to be further treated with
preservatives must be clean-peeled.
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Timber piles are frequently installed un-peeled and
untreated. These are generally for use in temporary
structures or installations with a planned short-service
life. However, the majority of timber piles are now
treated with wood preserving chemicals to extend
their life.

Sawed timbers are very rarely used for piling, therefore
timber piles are always round and tapered, which is
an efficient shape for a pile.

2.1.3.1. Sizes of Timber Piles

Table 2-13 and Table 2-14 relate circumference at the
toe of the pile to head circumference for ten-foot
length increments up to 120’ (36.6 m).

Table 2-13 is to be used when the toe dimension
is specified and the minimum circumference
of the head is desired.

Table 2-14 is used when the head dimension is
specified and the corresponding toe dimensions
are needed.

In the case of end-bearing timber piles, the toe
dimension is more important since most of the load will
be transferred to the toe. In the case of a true friction
pile, the head dimensions are more critical since most
of the load will theoretically be transferred to the
soil long before reaching the toe. By utilizing the two
charts, the timber industry can more efficiently match
timber shapes to the requirements of the design.

Circumferential dimensions are used since it is difficult
to accurately measure diameters of a tree trunk.
Head dimensions listed are for a location 3’ (914 mm)
from the true head (since the butts are trimmed for
driving and cut-off later.

2.1.3.2. Quality

Timber for piling should be of sound wood and free
from decay and insect damage. Other possible defects
are identified as follows:

A check is a separation of the wood extending
across the growth rings from the surface
toward the centre but not completely across
the section. A check should not extend any
further than the pitch (centre core).

A shake is a circumferential separation of the
rings of growth. The lengths of shakes in the
head of the pile are limited.

A split is a lengthwise separation of the wood
across the growth rings but extending from
one surface to the other. Splits may not be



any longer than the diameter of the head.

Knots are, of course, the source of limbs,
which have been trimmed from the trunk.
Restrictions are imposed on the sizes and depth
of knots based on being classed as “sound” or
“unsound.”

Straightness requires that a straight line
from center of head to center of toe must lie
entirely within the pile body.

2.1.3.3. Preservative Treatment

In the past, timber piles, which have remained
continually wet due to their location below the
ground water table, have proven to have a practically
indefinite service life. Conversely, timber piles subject
to a fluctuating water table or exposed to attack by
insects, fungi or marine woodborers have shown rapid
deterioration. The subject of proper and effective
preservation treatment for timber piles is therefore
very important to a potential owner or specifier of
timber piles.

Attemptstopreventdeteriorationbysurface treatment
can be traced to ancient engineers who used various
oils or pitch for surface treatment of some of their
structures. Modern wood preserving began in England
in 1832 with a process using mercuric chloride.

Pressure injection of creosote began in England in
1838. A plant was opened in Massachusetts, using
imported creosote, in 1865. The usage of creosoted
timbers for railroad ties and pile-supported structures
grew rapidly with the expansion of the railroads.
Thus, so did the number of creosote treating plants.
In 1904, the American Wood Preservers Association was
founded. This group, composed of timber growers,
industry representatives, engineers, educators, and
piling users has been responsible for developing wood
preservation into an effective and reliable science.

2.1.3.4. Environmental Concerns

There are no materials that are immune to attack by
at least some elements of the environment. Timber,
in its natural state, is attacked by insect pests, fungi,
decay and disease. Once trees are cut and converted
to products for the building trades, wood is still
vulnerable to most of the same problems in addition to
some new ones. These problems have been identified
and protection for each developed and improved over
the years. An important task of the piling designer
is to identify potential deterioration mechanisms and
specify appropriate protection.
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Timber foundation piles are used extensively on
land to provide support for buildings, floor systems,
machinery, equipment, retaining walls, storage tanks
and bridge piers. This usage results in the pile being
driven into the soil, with (the toe and part of the pile
generally below the water table) and the head end
“encased” with a concrete slab or footing. Piles for
these applications are generally the least affected by
the environment. A fluctuating water table however,
could contribute to decay of untreated wood.
Furthermore, the interface of pile to concrete and the
disturbed area directly below is a potential site for
fungi. Itis now common practice to treat the entire pile
with at least the minimum treatment shown in AWPA
Standard C1 and C3 which lists creosote, creosote-
tar solution, creosote-petroleum, pentachlorophenol,
ammonical copper arsenate, and chromated copper
arsenate as preservatives for selection. The purpose
of this treatment is to prevent moisture from reaching
the wood that would inhibit decay from wetting
and drying cycles, and also provide an inhospitable
environment for wood-destroying organisms.

Timber piles are used extensively in fresh water as
well as on land for marina piers, railroad and highway
trestle bents, supporting buildings above the flood
plain, shear fences, and other applications. These
piles are partially embedded in soil and partially
exposed to water, air, or both, Timber piles in fresh
water have no organic enemies as long as the pile is
continuously wet. Splash and fluctuating water levels
will result in wetting and drying periods that could
result in deterioration at those locations. Untreated
timber piles exposed to air are vulnerable to inspect
attack; on land, the interface between ground and
atmosphere is also a potential problem area. In any
case, when one comes in contact with any of these
situations, timber piles should probably be treated
100% (the full length) as spot treatment would prove
impractical.

Land and fresh water piles should be treated in
accordance with the requirements of AWPA Standard
C1. Table 2-15 shows the difference between
retention quantities intended for land and fresh water
foundations and marine piling applications



Table 2-12 Advantages and

Disadvantages of Timber Piles

Advantages Disadvantages
ow cost, per ton of capacity. annot be spliced to extend lengths.

Dependable, renewable supply - available in a range

of lengths and sizes.
Long history of successful application to low and

medium unit loads.

Easily handled and driven with conventional
equipment.

Tapered shape and full displacement characteristics
advantageous for developing soil capacity in shorter

lengths. ) ) o
Stréngth in tension and bending applications.

More vulnerable to driving damage.

Vulnerable to deterioration from a number of natural
sources unless effective protection is provided.
Restrictive properties regarding strength, sizes and
lengths.

Table 2-13 Specified Butt Diameters with Minimum Tip Circumferences’

Egﬁtgth, ft Minimum Tip Circumferences S'n.) and Corre%ponding Diameter in Italics
20 16.0 16.0 16.0 180 22. 25.0 28.
50 5.0 50 57 7.0 80 8.9
30 16.0 .0 16.0 16.0 19.0 22.0 25.0 28.0
5.0 .0 50 50 60 70 80 8.9
40 16.0 17.0 20.0 23.0 26.0 29.0
50 54 64 73 83 9.2
50 16.0 17.0 19.0 22.0 25.0 28.0
50 55 6.0 7.0 8.0 8.9
60 16.0 16.0 18.6 21.6 24.6 31.6
50 5.0 59 69 7.8 10.0
70 16.0 16.0 16.0 16.2 19.2 26.2
50 5.0 5.0 5.1 6.1 8.3
80 16.0 16.0 16.0 16.0 21.8
50 5.0 5.0 50 6.9
90 16.0 16.0 16.0 16.0 19.5
50 5.0 50 50 6.2
100 16.0 16.0 16.0 16.0 18.0
50 5.0 5.0 50 5.8
110 16.0 16.0
5.0 5.0
120 16.0
5.0

Specified Tip Diameter in.

Tip Circumference, Required 16 19 22 25 28 31 35 38
Minimum
Length, ft Minimum Circumferences 3 ft from Butt in. with Diameter in
Italics.
20 22.0 24.0 27.0 30.0 33.0 36.0 40.0 43.0
7.0 7.6 86 9.5 10.5 11.5 12.7 13.7
30 23.5 26.5 29.5 32.5 35.5 38.5 42.5 45.5
7.5 8.4 9.4 10.3 11.3 12.2 13.5 14.5
40 26.0 29.0 32.0 35.0 38.0 41.0 45.0 48.0
8.3 9.2 10.2 11.1 12.1 13.0 14.3 15.3
50 28.5 31.5 34.5 37.5 40.5 43.5 47.5 50.5
9.0 10.0 11.0 11.9 12.9 13.8 15.1 16.0
60 31.0 34.0 37. 40.0 43.0 46.0 50.0 53.0
9.8 10.8 11.8 12.7 13.7 14.6 15.9 16.8
70 33.5 36.5 39.5 42.5 45.5 48.5 52.5 55.5
10.6 11.6 12.6 13.5 14.4 15.4 16.7 17.7
80 36.0 39.0 42.0 45.0 48.0 51.0 55.0 58.0
11.4 12.4 13.4 14.3 15.3 16.2 17.5 18.4
90 38.6 41.6 44.6 47.6 50.6 53.6 57.6 60.5
12.2 13.2 14.2 15.1 16.0 17.0 18.3 19.2
100 41.0 44.0 47.0 50.0 53.0 56.0 60.0
13.0 14.0 15.0 15.9 16.8 17.8 19.0
110 43.6 46.6 49.6 52.6 55.6 61.0
13.8 14.8 15.7 16.7 17.7 19.4
120 46.0 49.0 52.0 55.0 58.0
14.6 15.6 16.6 17. 18.4




Table 2-15 Minimum Retention, Pounds per Cubic
Foot for Various Types of Timber Piling

RETENTION PCF (MIN.)

Southern Pine Douglas Fir
Land Land
Founda- and Fresh  Founda- and Fresh
tion Water  Marine tion Water  Marine
Creosote and
creosote solutions
Creosote 120 120 200 170 170 200
Creosote-coal tar
Creosote-petroleum  12.0 120 200 170 170 200
Oil-borne
Preservatives
Pentachlorophenol 0.60 060 N.A. 0385 085 N.A.
Water-borne
Preservatives
2.50 (a)
ACA 0.80 0.80 1.50 (b) 1.00 1.00 2.50
2.50 (a)

CCA 0.80 0.80 1.50 (b) 1.00 1.00
Penetration in )
inches of wood, 30 30 35 075 (¢) 075 (c) Variable
min. and/or or 90 or 90 or90 and85 and 85 see C3
sapwood.
(a) Zone 1
(b) Zone 2

(c) Up to Max of 1.60

2.1.3.5. Marine Applications

Timber piles are used extensively along the coasts
in salt and brackish water for marine construction,
commercial docks and piers, navigation devices,
trestle bent bridge construction, mooring and turning
posts, bridge protection and others. In addition,
timber in marine environments are exposed to a
variety of organisms which either feed directly on the
wood or drill into it for nesting purposes. Woodborers
are divided into two families, mollusks related to the
clam, and crustaceans related to crabs or shrimp.
Mollusks include teredinids (shipworms). These
feed on and live in untreated wood. Within a year
of infestation, they may grow to an inch in diameter
and four feet long. Attack is generally heaviest near
the mud line. Pholads, another mollusk, resemble
minute clams and do not burrow as deep. Teredinids,
including teredos and bankia, can be found along
the entire coastline regardless of temperature or
salinity. The crustacean branch includes Limnoria,
of which there are many species and Sphaeroma,
which use the wood only for shelter. Limnoria are
responsible for the hourglass shape of piling as seen
along the coast. Limnoria lignorum are colder water
species found in coastal waters of the northeast
and northwest. Limnoria tripunctata favors warmer
water from Virginia southward on the East coast, San
Francisco southward on the West Coast and all of the
Gulf Coast. In the warmer water, this borer is very
tolerant of creosote and therefore other means of
discouragement have had to be employed. Sphaeroma
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is reported to be widespread on the Florida and Gulf
coasts, particularly in brackish waters, however this
borer is normally not the source of severe damage.

The AWPA has especially focused on piles for marine
environments, having published their “Standard for
Pressure-Treated Material in Marine Construction,”
C18 and also Standard C 2-85, “Lumber, Timbers,
Bridge Ties and Mine Ties - Preservative Treatment
by Pressure Processing,” Table 2-16 summarizes the
type treatment suggested for the four most common
marine borers.

Table 2-16 Preservative Treatment for Lumber and
Timber Exposed to Marine Borers

Marine Borer Preservative Type and Retention (pcf)

CREOSOTE CCA-ACA-ACZA DUAL
Teredinids 25 2.5 1.5 & 20
L. Quadripunctata
or Lignorum 25 2.5 1.5 & 20
L. Tripunctata NR 2.5 1.5 & 20
Pholads 25 NR 1.5 & 20
Spaeroma 25 NR 1.5 & 20

CCA = Chromated Copper Arsenate

ACA = Ammoniacal Copper Arsenate
ACZA = Ammoniacal Copper Zinc Arsenate
NR = Not Recommended

Duel = Combined Treatment

Creosote is and will probably remain the predominate
treatment for wood piling. It is sometimes combined
with coat-tar in solution. Pentachlorophenol (Penta)
is combined with oil to provide an alternative to
creosote. However, Penta cannot be used in salt-
water applications. Metallic salts identified as CCA
(chromated copper arsenate,) ACA (ammoniacal
copper arsenate, and ACZA (ammoniacal copper zinc
arsenate) which are water-borne preservatives and
are commonly used for protection of marine piling
against borers or in combination with creosote in a
dual treatment process. Some embrittlement of
the wood fiber is a disadvantage of the metallic salt
treatment.

Timber piles to be treated are clean-peeled, then
dried and conditioned by steaming. Douglas fir is
not steamed, but conditioned by another process.
Preservative is forced into the wood under pressure.
The retention of preservative is the key to adequate
performance and the standards are very explicit about
this quantity for various applications.

Dual treatment combines water-borne metallic salts
(which deter certain specific marine borers that are
immune to creosote) with creosote that deters other
types.

It is obvious that unprotected timber piles are in
jeopardy when installed in salt or brackish water. In



addition, there have been effective means developed
to prolong their life. The identification of the problems
and the specification of protection is a part of the
design process for these structures. Local experience
and practice combined with the recommendations of
those who know preservation treatment best is an
appropriate method of handling the problem.

2.1.3.6. Specialty Woods

While the main theme of this chapter concerns
foundation piling, timber has been used extensively for
waterfront construction involving piles that function
as foundation piles but also as part of the structure
itself. Examples of this are timber piers and docks,
trestle bents, shear fences, groins, jetties, dolphins,
fenders and others. It was considered important
to include some discussion of the specialty woods,
particularly Greenheart. There are several origins for
wood with this name.

Demerara Greenheart (Nectandra Rodioei) is so named
because of the place where it is grown, which is the
Demerara River area of Guyana, South America. The
wood is characteristically very dense and consequently
up to 3 times as strong as Douglas fir and Southern
pine in bending and compression. The wood exhibits
a very good resistance to marine borers and decay.
This wood contains an alkaloid substance that deters
marine organisms from attacking, but if attacked, the
very dense heartwood is an additional deterrent to
the borer. Demerara Greenheart piles are available
in lengths up to 75’ (22.9 m) Greenheart piles have
not been commonly used for pure foundation pile
because of cost, supply limitations and the fact that
the longevity advantage is not generally a factor in
underground installations.

It is said that the cost of Greenheart is about equal to
properly creosoted conventional piling timbers. The
resistance of Greenheart to attack by some of the
more ferocious borers, particularly in warm or tropical
waters is not well documented at this time."°

The service life of all wood piles can be expected to
be curtailed in tropical waters, as is the case of most
piling materials.

Other specialty woods, some bearing the general
name “greenheart” are also imported for marine piling
application and fendering systems. The designer who
is contemplating the use of specialty piling woods
should consult the supplier to insure that the wood he
will get will fulfill the requirements of his design.

For reference, Table 2-17 shows test results of tests of
Demerara Greenheart performedin 1987 in accordance
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with ASTM D-143.

Table 2-17 Test Results for Demerara Greenheart!

Property

Bending Strengt 8.3 3.943
Tension Parallel 7.55 3.586
to Grain

Compression 10.75 5.403
Parallel to Grain

Compression 8.85 2.159
Perpendicular to

Grain

Shear Parallel to 0.95 0.634
Grain

Modulus of 2990 2990

Elasticity

Unit Weight, 0.0654 0.0654
kips/ft3

2.1.4. Plastic Piling

Although, as shown above, both concrete and wood
piling have features to prevent both decay and
environmental degradation, both have limitations in
this regard. To address these problems, especially
for use with dock piling and marine fender systems,
round recycled plastic piles have been developed.
These range in diameter from 8” (203 mm) to 23
1/4” (590 mm), and can be made in lengths up to
120’ (36.6 m). They are manufactured from recycled
plastic but, like concrete piles, have a reinforcing
cage that can be steel, fiberglass, or a combination
of the two. A pipe in the centre of the pile, in which
case the pile is hollow, can also reinforce them. Their
usual applications are marine piling, marine camels
and marine lumber. Newer versions of these piles can
also have a square cross section. They are designed
to withstand both axial and lateral loads, including
ship impact. They can be installed with any type of
impact hammer.™ An example of these piles in use is
shown in Figure 2-15.



Figure 2-15 Plastic Composite Piling in Marine
Application

2.1.5. Selection of Pile Type

General guidelines for the selection of a pile type
are shown in Table 2-18, and Table 2-19. Table 2-
18 provides pile type recommendations for various
subsurface conditions. Table 2-19 shows the placement
effects of pile shape characteristics. These are only
general guidelines; specific project conditions and
requirements may alter these substantially.

In addition to the considerations provided in the
tables, the problem posed by the specific project
location and topography must be considered in any
pile selection process. The following are some of the
problems usually encountered:

Driven piles may cause vibration damage.

Remote areas may restrict driving equipment
size and, therefore, pile size.

Local availability of certain materials may
have decisive effects on pile selection.
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e Waterborne operations may dictate use of
shorter pile sections due to pile handling

limitations.

Steep terrain may make the use of certain pile
equipment costly or impossible.

Although one pile type may emerge as the only logical
choice for a given set of conditions, more often several
different types may meet all the requirements for a
particular structure. In such cases, the final choice
should be made based on a cost analysis that assesses
the over-all cost of alternatives. This would include
uncertainties in execution, time delays, cost of load
testing programs, as well as differences in the cost
of pile caps and other elements of the structure that
may differ among alternatives. For major projects,
alternate foundation designs should be considered
for inclusion in the contract documents if there is a
potential for cost savings.

2.2. Sheet Piles

Sheet piles are by definition, structural units which
when connected one to another, will form a continuous
wall, generally for retaining earth or excluding water.
Interlockingdevicesformedaspartof themanufactured
product provide the wall continuity. Sheet piling has
been made of steel, concrete, wood, aluminum and
other materials. Steel is by far the dominant choice,
due to ready availability, relative strength, and ease
of handling, storage and installation, although the use
of other materials is increasing.

2.2.1. Steel Sheet Piling

Steel sheet piling is generally delivered to the project
from the mill or from field-stocks in preordered lengths
and stacked, ready for use. Individual pieces or pre-
interlocked pairs are installed by driving using impact
hammers, vibrators or by water jetting. Sheets are
“threaded” one to another during the setting and
driving operation so that a continuous, relatively soil
and watertight wall is formed.

In functioning as a wall, the sheet piling acts as a
beam under load and therefore must resist bending.
In certain applications, ability to resist bending is not
as important but strength of the interlock is.

Sheet pile shapes have evolved over the years from
simple channel sections with crude fabricated locks,
to “U” shapes with integral, rolled-on interlocks, to
today’s wide range of high strength “Z” shapes.

A successful sheet piling may be ideally described
as one having shape and strength to stand up under
impact driving, containing free-sliding interlocks



Table 2-18 Pile Type Selection
Subsurface Conditions and Recommended Pile Characteristics

Typical Problem Recommendations

Boulders overlying bearing stratum. Use heavy nondisplacement pile with a point and
include contingent pre-drilling item in contract.

Loose cohesionless soil. Use tapered pile to develop maximum skin
friction.

Negative skin friction. Use smooth steel pile to minimize drag adhesion,
avoid battered piles. Use bitumen coating for
piles.

Deep soft clay. Use rough concrete piles to increase adhesion and
rate of pore water dissipation.

Artesian Pressure Caution required for using mandrel driven thin-

wall shells as generated hydrostatic pressure
may cause shell collapse: pile heave common to
closed-end pile.

Scour Do not use tapered piles unless large part of
taper extends well below scour depth; design
permanent pile capacity to mobilize soil

) resistance below scour depth. o
Coarse Gravel Deposits Use prestressed concrete piles where hard driving

is expected in coarse soils. Use of H-piles in these
deposits often results in excessive pile lengths,

Table 2-19 Pile Type Selection
Pile Shape Effects

Shape Characteristics Pile types Placement Effect
Displacement osed end steel pipe Increase atera ground
stresses.
Precast concrete Densify cohesionless soils,
remolds and weakens cohesive
soils temporarily. Setup

time for large pile groups in
sensitive clays may be up to

six months.
Nondisplacement Steel H Minimal disturbance to soil.
Open End Steel Pipe Not suited for friction pile in

coarse granular soils because
piles have a tendency to

‘(run”
Tapered Timber Increased densification of soil,
Thin-Wall Shells high capacity for short length
Monotubes in granular soils
which permit one sheet to be continuously connected e Bulkheads-including dock walls for marine
to its neighbor, durable in order to provide the desired terminal facilities in water

life, and having the structural capacity to safely resist

the service loads anticipated. o (Cofferdams - temporary, in water or on land

to permit excavation for and construction of
permanent works

2.2.1.1. Applications e Cut-off Walls - in connection with earth or
Steel sheet piling applications include the following: concrete dams or dikes to retard seepage
e Artificial Islands e Dry Dock Walls
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Retaining Walls
Seawalls, Flood Walls, Dikes, Jetties, Groins

Navigation Lock Walls
navigation structures

and other large

Mooring and Turning Cells, Dolphins.

Barge Docks - Consisting of Individual Cellular
Structures

Bridge Protection Cells - to protect bridge
piers from shipping collisions.

2.2.1.1. Types

Steel sheet piling is manufactured in three basic
configurations - “Z”, “U” and “straight” (flat).
Historically such shapes have been “hot-rolled”
products of structural mills. Like other shapes such
as beams or channels, they are formed during a
succession of passes through different roll stands of
the mill. In the case of sheet piling, the rolled-on
clutch or interlock is an additional special feature of
sheet piling production.

Some producers use a cold-forming process in which
hot-rolled sheet steel is fabricated into traditional
sheet piling shapes manufactures some sheet piling
shapes. These new additions to product availability
contain interlocks that are considerably different
from the hot-rolled products. Cold-formed sheeting
is manufactured from a hot-rolled coil of steel, and
then is slowly fed through a series of rollers, which
gradually bends or forms the steel into its designated
shape.

2.2.1.1.1. Z-Type Shapes

The Z type configuration for sheet piling is the
strongest and most efficient. These shapes resemble
wide-flange beams, having a web and two flanges. The
interlocks are located out on the flanges at maximum
distance from the neutral axis, and this provides a
high section modulus for resisting bending moments.
Because of this, Z-shapes have traditionally been used
for heavier construction projects. However, they
are now complemented by the arch or U shapes for
lighter work, and lightweight Z-shapes have been also
introduced into the marketplace.
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Figure 2-16 Z-Type Sheet Piling
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Z-TYPE SHEET PILING

The interlocks of hot-rolled Z-type sheet piling are
designed for free sliding and integrity during driving.
Since most Z-piles are used to construct straight
walls, there is generally no need for any guaranteed
swing or deflection between sheets although there
is almost always some attainable if needed, except
perhaps in very long sheets. Sheet piling produced
in the United States has been rolled with a “ball and
socket” interlock design. Historically, it has been
recommended that these be driven so that the ball of
the interlock was leading. The socket then had a pre-
cleared path into the ground. The importance of this
recommendation has been properly questioned and
many walls have been successfully installed without
following this procedure. These inter locks are not
designed for applications where resistance to tension
is important. There are other shapes and interlocks
specifically designed for tension applications, which
will be discussed later in this chapter.

Although there are some general similarities in the
styles, the interlocks provided on Z-piling available
from European and Japanese producers vary with the
producer. One manufacturer describes his lock as
a “double jaw,” each lock having a finger, a thumb
and a socket formed by these elements. When
interlocked, one thumb engages and is held in position
by the fingers. Other manufacturers have designed
“single-jawed” interlocks where one thumb engages
the adjacent socket, and is restrained by the finger,
similar to the ball and socket.

The interlocks of the cold-formed series of Z-Type
shapes are best described pictorially in Figure 2-
17. The forming process produces an interlocking
structure on the end of each web, termed a “hook
and grip.”



Figure 2-17 Types of Interlocks for Sheet Piling

Ball and Socket (BS) Double Jaw (DJ)
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Single Jaw (SJ) Double Hook (DH)

Thumb and Finger - one point
contact (TFX)

S\

In general, whether the piling be foreign or domestic,
the user should not assume sheets can be mixed on
the job simply because the locks “look” the same.
Tolerances may vary from producer to producer.

Thumb and Finger - three point
contact (TF)

Hook and Grip (HG)

The interlocks of the heavier piling sections may not
interlock with lighter ones from the same producer.
The manufacturer should be consulted for accurate
information.  Specially fabricated pieces may be
needed to change shapes or types in a run of wall.

Because of their inherent strength, Z-piles can be
handled and shipped with less exposure to possible
damage than some other style sheets. These interlocks
do not lend themselves well to splicing and splices
should be avoided if possible. Lengths up to 100’
(30.5 m) have been produced and installed. However,
these are difficult for the mills to process and ship and
the manufacturer should be consulted regarding any
requirement for lengths over approx. 65’ (19.8 m)

Interlocks should be reasonably free sliding, that
is, the pile should run to grade of its own weight
when interlocked with its neighbor. The mills check
interlock clearances and tolerances with templates
and gauges as part of the inspection procedure prior
to shipment. When “stickers” are encountered in
the field, combinations of minor deficiencies such as
camber or sweep in the piling length and interlocks,
which may be on the edge of acceptable tolerance,
could create a problem in installation.

Domestic sheet piles have been typically identified by
their weight per square foot. For example, PZ-27 is
a Z-type weighting twenty-seven pounds per square
foot of projected wall. This is obtained by dividing
the piling weight, which is 40.5 pounds per foot, by
the width of each sheet, which in this case is 1.5’.
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Z-piles are generally used in constructing straight wall
structures - cofferdams, bulkheads and retaining walls.
Sheet piling can be pulled after temporary use, the
interlocks cleaned and reconditioned and the sheets
used again for similar applications. There is a large
business in rental sheet piling and such considerations
as delivery requirements, project duration, number
of uses, re-sale values must be evaluated in order to
affect the decision to rent or purchase.

2.2.1.1.2. Arch Web and U-Shape Piling

These shapes resemble the hot-rolled channel
sections produced on structural mills. The interlocks
are formed on the web ends and interlock with their
opposing mate along the centerline of the wall. These
shapes are not nearly as efficient as the Z-type for
the equivalent weight. For example a typical arch
web piling wall constructed of PDA-27 sheets weighs
the same (per square foot) as a PZ-27 wall but has
only about one-third the strength based on section
modulus per foot of wall. The reason for this is the
location of the interlocks on the centerline of the wall.
Since shear transfer across the interlocks cannot be
guaranteed, the wall strength is generally based on
the properties of a single sheet, which greatly reduces
the strength available for design purposes.™

Figure 2-18 Arch Web Sheets
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Except for very shallow-arch shapes used primarily in
circular cells, hot-rolled arch web sheet piling is no
longer produced in the U.S. Some arch web profiles
are available from the cold-formed producers,
and European and Japanese makers still offer a
complete line of hot-rolled U-shapes. Despite their
inefficiencies, these shapes have survived because
they are somewhat easier to work with in the field
than the Z-sheets. The interlocks are looser and
more swing per lock can generally be obtained when
needed.

Interlocks of domestic arch-web sheet piling were
of the “thumb and finger” design. The thumbs of
opposing sheets were threaded into the sockets
formed by the thumb and curved finger providing a
strong grip and one of relatively good water and soil



tightness. The standard installation procedure calls
for reversing every other sheet. Occasionally either
accidentally or to save space, contractors have laid
the sheets up in singles by using the fingers rather than
the thumbs to run in the slots. It is almost impossible
to hold a straight line in this manner and those who
have attempted it have had mixed success.

The German engineer Larssen based interlocks of
foreign U-type piling on an historical interlock design.
This interlock is best described as a “double-clutch”
design and is considerably less complex than the thumb
and finger design of American manufacture. There has
not been much recent experience with foreign U-type
sheet piling in this country. This is probably attributed
to the ready availability of the more efficient Z-type
shapes and the refusal of domestic engineering firms
to recognize shear transfer across the locks, and
thus the higher published strengths claimed by some
producers.

Figure 2-19 Larssen Type Interlock

Arch web and U-type sheets may be somewhat easier
to splice for extending lengths than Z-sheets. In
addition, since these locks are somewhat looser, there
is a smaller chance of binding during the setting and
driving operation when dealing with extremely long
lengths.

The interlocks of the series of arch web shapes
produced by cold forming are of the “hook and grip”
type previously described.

Arch-web shapes have been used primarily for lighter
construction, for example, trench shoring, shallow
cofferdams in water or on land, light bulkheads for
marinas or river port facilities, shallow retaining walls
and cut-off walls (where strength is less important
than interlock integrity). Large “U” shapes have
traditionally been popular in other parts of the world
for all classes of construction, probably because Z-
type sheets are a more recent addition overseas.

2.2.1.1.3. Flat and Shallow Arch Web Types

Whereas the Z-type and Arch-web type piling are used
in applications where their resistance to bending is
the “primary” consideration, there is another series
of piling shapes that find their application in circular,
freestanding structures called Filled Cells.

The sheets used in these applications are subjected
to hoop tension from internal pressure exerted by the
retained soil, rather than bending. As a result, the
ability to transfer this stress across the interlocks is
most important and these sheet pilings have interlocks
specifically designed for such loads. When used to
build these large, barrel-like structures, the individual
sheets strongly resemble barrel staves. They are
purposely designed as flat profiles so that they will
not elongate and flatten across the arch as would be
the case with the arch-web or Z-sheets.

The interlocks of this group are of the thumb and
finger type, as shown in Figure 2-20. Opposing thumbs
are threaded into the slots formed by the thumb and
finger and under hoop tension. The sheets then form
a continuous circular wall that is earth tight and
relatively watertight. (Hoop tension is a function
of the internal soil pressure and the cell radius).
The manufacturer guarantees the strength between
interlocked sheets so that designs can be prepared
which will provide adequate safety factors against
failure. It has been found that a three-point contact
interlock is somewhat stronger than the one-point
contact produced by some European producers. This
may be important only when striving for higher than
normal interlock strengths to meet special design
requirements.

Figure 2-20 Straight Web Sheet Piling Interlock
Types
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There are two basic profiles produced for these circular
applications. Ashape havingaslight arch and identified
as PSA23 by its domestic manufactureris recommended
for smaller diameter cells. The interlocks are the
lightest produced for these applications but are said
to provide an ultimate strength of at least 12 kips per
inch. The manufacturer suggests that design stresses
be held to 3 kips per inch since the sheet may stretch
under additional loading.

This piling section weighs only 23 pounds per square
foot and is extremely economical if it can be used.
Since interlock pull is a function of cell diameter, this
sheet finds application for diameters up to about 45’
(13.7 m).

Several heavier sections are available with higher
interlock strengths. A domestic manufacturer offers
one weighing 27.5 pounds per square foot with
ultimate interlock strength of 16 kips per inch of
interlock. Asimilar shape but with slightly thicker web
for corrosion allowance or hard driving is also offered
at 31 pounds per square foot. An interlock with a pull
of 28 kips per inch was developed several years ago to
meet the demand for larger cell construction. Using
high strength steel and thickening the restraining
finger accomplished this. The limited market and
the difficulty of manufacture apparently contributed
to the decision to abandon production several years
ago. Sheet piling of this grade is still available from
at least one foreign producer. It should be noted that
it is possible to special order interlock strengths over
the standard 16 kips.

In order to turn arcs and close circles, flat or shallow
arch piling is manufactured to provide a “swing” of
approx. 10° between sheets. This available swing may
be reduced when working with longer sheets, however,
chances are if you’re working with longer sheets, the
cell is probably of a large diameter, and 2 or 3° may
be all that is needed. Where swing between sheets
will exceed the manufacturer’s recommendation,
bent sheets must be used to insure closing the arcs.

Filled cells built of sheet piling become large, free
standing gravity structures capable of withstanding
large overturning moments and sliding forces from
external loads. An example of this is shown in Figure
2-21.

The flat sheets are threaded to continuously connect
with each other around a circular guide template.
This “barrel” is then filled with select material such
as sand, sand-gravel or rock. Filled cells generally
must be built on rock, hard clay or driven into sand or
gravel. When used as single cells in diameters from
about 15’ (4.6 m) to 65’ (19.8 m) they can function
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as artificial islands, dolphins, mooring structures and
navigational lock walls.

Their primary application however is for deep-water
cofferdam constructionandin bulkheads, piers or other
waterfront construction where the water is deep and
the loads are high. In this case, individual cells are
built and connected to each other with intermediate
connector cells. The result is a continuous wall of steel
and fill. Temporary cofferdams can be dismantled and
the piling reused many times. It should be pointed
out that manufacturer warranties extend to the first
use only. The sheets of one manufacturer should not
be randomly interlocked with another’s even though
they thread easily. Interlock strength is a function
of the interlock dimensions. Tolerance gauges are
used by the mill in their inspection procedures and
are backed by laboratory pull tests on representative
samples. If any sheets seem loose or sloppy with any
tendency to separate, even for a short length, then
all sheets should be closely inspected before use.

Figure 2-21 Cellular Cofferdam

o

The cold-formed process does not produce flat sheets
since the required strength in tension cannot be
attained with the typical “hook and grip” interlock.

2.2.1.2. Grades of Steel Sheet Piling

In the United States, sheet piling is specified by
reference to the ASTM standard. The basic grade is A-
328. Thisrequires that the yield strength be a minimum
of 38.5 ksi. Higher strength steels are available in
ASTM Grades 50 and 60 which have minimum yields of
50 ksi (345 MPa) and 60 ksi respectively. This permits
possible economies in meeting calculated bending
moments by combining lighter sections with higher
strength steel.

An additional grade of steel for piling has been
developed for possible use where corrosion from salt



water is a consideration. This grade is ASTM A-690
which is a 50 ksi (345 MPa) yield steel and also of a
formulation which has demonstrated increased life in
salt-water splash zones compared to regular grades.

Allowable stresses for design of sheet pile structures
are generally based on about 65% yield (25 ksi for
the standard A 328 grade). Proportionately higher
allowable stresses of 32 ksi and 38 ksi respectively
are allowed for the higher strength grades. Some
increase is generally allowed for temporary stresses.

2.2.1.3. Other Wall Systems

Economic considerations as well as mill facility
limitations dictate just how big a sheet piling
shape can be produced and marketed, regardless
of short-term demand. The mills have done a good
job of keeping up with the need for sheet piling for
deeper port facilities - as well as larger and deeper
cofferdams. The strongest Z-type shape offered by
any manufacturer (European) currently has a published
section modulus of 78 cubic inches per foot of wall.

One domestic manufacturer offers a Z-type having
a section modulus of 60.7 cubic inches per foot of
wall. A pile this large combined with high strength
steel could be expected to handle all but the most
severe design requirements. To address exceptional
situations, one European producer has developed
a wall system employing wide-flange beams with
interlock devices rolled into the flange edges. These
are combined with Z-shapes to form a wall, which
benefits from the use of a very efficient wide-flange
beam to provide higher section moduli at less weight
per foot of wall. Various combinations are offered
which give a wide selection of solutions.

Traditionally, producers of U-shaped sheets have
offered fabricated master piles to stiffen deep
bulkhead walls and provide very large moments
of inertia at the expense of weight and fabrication
costs. In the United States, deep construction was
generally designed around wide flange beams with
the wall continuity maintained by welding pieces
of piling interlocks to the beams. These structures
were sometimes difficult to build although with more
experience, some recent structures have turned out
very well for both owner and contractor.

2.2.1.4. HZ Walls

Wide flange beams are the most efficient structural
units for handling loads that result in bending
moments developing. A wall constructed entirely
of interlocking wide-flange beams would be very

difficult to construct and would be inefficient from
the standpoint of wall face coverage. A system has
been developed which combines wide flange beams
with Z-type sheet piling to provide a wider range of
section moduli. The basic layout combines one wide
flange with two light Z-shapes as the basic unit as
shown in Figure 2-22 and Figure 2-23. By including
wide flange in the unit, elevated section moduli, well
above anything attainable from plain sheets, can be
realized. The system is not quite as efficient as a
conventional wall when bending moments are less
than about 2 million inch-pounds, since these can
be handled with “as-rolled sheets” and high strength
steel. An alternate to the proprietary HZ system for
deep-water design is to utilize wide flange beams to
stiffen a conventional Z-pile wall. Either the beams
are welded to pairs of Z-sheets or portions of the
Z sheet are slit and welded to the beam flanges to
provide an interlock. Very high section modulus can
be obtained using these methods.

Figure 2-22 Master Pile Section




2.2.1.5. Anchor Systems

The top support for the sheet pile wall is provided
by the anchor system. Typical anchor systems are
shown in Figure 2-24. The reaction obtained during
the design is transferred from the wall to the anchors
by structural steel wales generally fastened to the
rear of the wall by bolting. Occasionally, wales are
located on the outboard face of the wall but for
working bulkheads, they are best placed on the inside
face. Wales generally consist of two channels, back
to back, with spacers.

Tie rods, spaced at regular intervals, extend from
the face wall through the wales to an anchor wall or
anchor piles to the rear. Depending on the loads per
rod, tie rod spacing is generally an even multiple of
the driving distance (width) of a pair of sheet piles to
facilitate installation. Tie rods are fabricated from
steel bars, the ends upset to provide additional metal
at the threads, and assembled on the job with holding
plates, washers, nuts and turnbuckles. Tie rods

should be located as close to the low water elevation
as possible to reduce the span between supports, but
should be above water to facilitate installation. The
dead man or rear anchor wall should be located well
outside the influence of the active failure zone of
the soil against the front wall. Tie rods should be
coated and wrapped to protect them from corrosion
losses and protected from overstressing due to ground
settlement.

Other methods of anchoring bulkheads include rock or
earth anchor systems and H-pile tension piles. Earth
anchors are useful where there is not sufficient space
behind to install a more conventional tie rod system.
Earth anchors utilize slant-drilling techniques to
install high strength steel rods or cable between the
wall and rock or stable soil at some lower elevation.
The anchor is grouted in place and a pre-test of its
capacity is possible during the prestressing or post-
tensioning phase. Steel H-piles may be driven on a
batter and fastened to the wale system. They function

Figure 2-24 Various Anchorage Systems for Sheet Pile Walls
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as tension piles.

2.2.1.6. Temporary Cofferdams

Steel sheet piling is virtually the only means for a
contractor to keep water out of a construction site
while the permanent structure is built in the dry. On
land, other methods such as slurry walls and steel
soldier beam walls have replaced sheet piling for
temporary construction. The exception would be
where ground water must be retained or to comply
with legal requirements for safety.

Straight wall cofferdams are designed using techniques
similar to bulkheads and retaining walls. The
cofferdam consists of a closed square or rectangular
wall of sheet piling. An internal system of wales and
struts provide support. On land, earth or rock anchors
keep the inside of the cofferdam clear for working
ease. Outin the water however, conventional bracing
systems of walers and struts are still necessary.

—

Figure 2-25 Sheet P

iling Box Cofferdam

In river cofferdams, external water pressure is the
dominant load and removes a lot of uncertainty from
the load assumptions since the loading is triangular
at 62.4 pounds per foot of depth. Below excavated
elevation, the pressure consists of submerged soil and
water, which increases the pressure. The sheeting is
designed as a beam on multiple supports. Loading
conditions both during construction of the cofferdam
and after dewatering must be considered. Stability
of soil under and in front of the wall should also be
examined for seepage effects. Internal bracing is
spaced so that the sheet piling will not be overstressed.
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Moment calculations can be based on continuity over
the supports. Reactions from the sheeting provide
loads on the wales, which are designed as beams on
supports. Loads on wales should include end thrust
from the other members in the tier. Cross struts are
designed as columns and located so that they do not
seriously interfere with the work inside.

Circular cofferdams with internal ring wales and no
cross struts have sometimes been constructed where
it has been necessary to keep the interior clear. Wales
have been fabricated of steel or have been of cast in-
place reinforced concrete.

Several serious collapses of steel ring-wale braced
cofferdams in water have occurred due to incorrect
assumptions regarding the nature of stress distribution
in the wales. Experienced designers should work on
these applications.

2.2.2. Aluminum Sheet Piling

2.2.2.1. Introduction

Aluminum sheet piling has been available since 1969
in various forms and has had an excellent success
rate during this period in both salt and fresh water
environments. As many as seven different companies
have produced piling sections in various sizes, shapes
and thicknesses. Examples of aluminum “Z” sections
are shown in Figure 2-26.

Figure 2-26 Aluminum “Z” Sections

There are several important questions to be addressed
when the choice of an aluminum sheet pile wall is

being considered:
e |t is strong enough?
e How long will it last?

Will it look good?



Is it functional?

What are its initial costs and total costs over
its life?

Is it acceptable to the owner?

One of the most significant advantages of aluminum
sheet piling systems is its light weight. It has one of the
most efficient strength to weight ratio of any type of
building material. The ease of handling the relatively
lightweight sheets, cap and hardware is a pleasant
surprise to most contractors who are new to the use
of aluminum piling. It allows the installer to work in
tight spots that otherwise might be impractical from a
cost standpoint with other types of piling materials.

Historically, almost 90% of all aluminum piling
applications have been in a saltwater environment,
and generally without protective coatings. If care is
taken in properly applying the material to the site,
protective coatings will normally not be required.

There are five important areas, which should be
thoroughly addressed when considering aluminum
sheet piling.

1. Material Specification,

2. Corrosion,

3. Construction Suggestions,
4. Design Principles, and

5. Engineering Data.

2.2.2.1. Material Specifications

The following material specification covers the
mechanical properties of the aluminum allows used
in the sheeting, wale, cap, tie rods, anchors, corner
extrusions and fasteners in marine retaining wall
applications.

2.2.2.1.1. General

Tolerances should conform to the specifications listed
in “Aluminum Standards and Data”, Fifth Edition.
Typical safety factors, except for anchor rods and
clips, as recommended in the Aluminum Association’s
“Specifications for Aluminum Structures - Section
1” are 1.95 for ultimate strength or 1.65 for yield
strength.

The welding filler used on all wall system welds shall
be alloy 5356 in conformance with the American
Welding Society’s Specification A5.10 and with
chemical composition in accordance with “Aluminum
Standards and Data”.
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2.2.2.1.2. Sheeting, Bracing Assemblies,
Wales, Cap, Backing Beams, Shims, Tie Rods,
Rod Shims, Wale Clips

All material shall be made from aluminum alloy
6061-T6. The chemical composition shall conform
to American Society for Testing Materials, ASTM,
designation B 221 alloy 6061-T6, shown in Table 2-23.
The mechanical properties as given in Table 2-20 shall
be met.

Table 2-20 Aluminum Alloy ASTM B221 6061-T6

Mipimum

Yiel
th,

Thickness,

inimum
Inches

ngation
inches,
percent

Minimum
U1lt1m_ te

StrennS]t?] tren
Tap Tap

8 5

38 35
The sheeting shall be furnished in standard sizes to
permit assembly in uniform increments as shown on
the plans. The sheeting shall have a minimum section

modulus of in®/LF of wall and shall have a
minimum constant thickness of inches.

[ E
Tensi in

S

<0.125
0.125 - 1.000

2.2.2.1.3. Tie Rods, Bolts and Nuts for
Connections

Tie rods and bolts for connections shall be of the
diameter specified by the Engineer. Threads shall
be American Standard Course Thread Series, Class 2,
Free Fit.

Aluminum bolts and nuts material shall conform
to either the chemical requirements of the ASTM
designation B 221 alloy 6061-T6, as provided in Table
2-20, or to the ASTM designation B 211 alloy 6061-T6,
as provided in Table 2-21. The allowable design tensile
stress shall be 18,000 psi on the root area. The bolts
may be sampled and tested before erection or may be
accepted on the manufacturer’s certification.

Stainless steel type 18-8 (300 series) bolts and nuts,
of the same diameter as the aluminum bolts and nuts
may be substituted in lieu of aluminum bolts and nuts.
This material shall meet ASTM specification A 193B8.



Table 2-21 Aluminum Alloy ASTM B211 6061-T6
Mlmm{f

Minimum
Elongation
in 2
inches,
erc.ent

Thickness,

m
Inches

),

Slroas

Minimum
4
ensi

Stringt%

-'8.000

2.2.2.1.4. Alternate Sheeting, Cap Insert,
Corner Extrusions

Alternate anchor sheeting sections and any alternate
sheet piling sections specified by the engineer,
cap inserts and corner joints shall be furnished in
aluminum alloy 6063-T6. The chemical composition
shall conform to ASTM designation B 221 alloy 6063-
T6, shown in Table 2-23. The mechanical properties
as given in Table 2-22 shall be met.

Table 2-22 Aluminum Alloy ASTM B221 6063-T6

Thickness, Mjnimum Mipim 1mmum
Inches _lllm te Ylel E gation

ensi Tensi % ches,
)

ref(n% St rig percent

30 25

th,

125
0.125 - 1.000 10

2.2.2.1.5. Anchor Plates

The anchor plates shall be fabricated from sheeting
and backing beams as required in the plans.

2.2.2.1.6. Field Inspection and Acceptance
of Parts

The field inspection shall be made by the Engineer,
who shall be furnished by the manufacturer of all the
wall parts, an itemized statement of the number and
size of the parts in each shipment. Each part included
in a shipment shall meet fully the requirements of
these specifications.

2.2.2.1.7. Methods of Testing

Unless otherwise provided, chemical analysis, when
required, shall be in accordance with Standard Method
E34 of the ASTM except when suitable spectrographic
analysis may be employed.
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Table 2-23 Chemical Composition Limits of
Aluminum Materials

emical Alloly 6061-T6,

4

Alloy 6063-
ement ercent Té ¥ercent
0.20 - 0.6
4970 0.35
0.10
" 0.15 0.10
. . 0.45 - 0.90
0.25 0.10
, . 0.10
. 0.05
OtherAlloys  Each0.05  Total0.15

2.2.2.2. Corrosion
Probably the most common question asked about

aluminum sheet piling is “will it work in this
environment?” The following information regarding
aluminum’s corrosion resistance is provided below
and should be helpful in determining if your site is
suitable for the use of aluminum piling.

2.2.2.2.1. Introduction to Marine Aluminum

Aluminum alloys have been selected as materials of
construction in many fields because of their ability
to resist corrosion. Aluminum’s ability to resist
corrosion by atmospheric weathering has been well
demonstrated by its application in agriculture,
industrial and residential roofing, siding and other
building materials for many years. The use of
aluminum for storage tanks, tank cars, heat exchangers
and other process equipment is ample evidence of
its resistance to corrosion by chemicals and food
products. Aluminum’s resistance to corrosion both
by fresh and salt waters can be shown by its many
applications in ships, pleasure boats, irrigation pipe,
heat exchangers, sewage disposal plants, rain carrying
equipment, etc. Experience has also been gained over
the years from installations of culvert sheeting and
buried pipelines, which indicate that aluminum will
perform satisfactorily in contact with many soils.

2.2.2.2.2. Why Is Aluminum Corrosion
Resistant?

In order to have knowledge of and thoroughly
understand proper installation and maintenance
suggestions it is first necessary to know the mechanism
by which aluminum derives it resistance to corrosion.

Although aluminum is an active metal, its behavior
is stable because of the protective, tightly adherent,
invisible oxide film on its surface. Even when
disrupted, this film begins to re-form immediately in
most environments when oxygen or air is present. The
oxide is present on the surface of the cast ingot and
continually reforms after being disrupted by rolling,



forging, drawing,
processes.

extruding or other fabricating

As long as this oxide film is intact and continuous or
can reform, if damaged, the aluminum metal will
maintain its high resistance to corrosion. The oxide
film is tenacious, hard and relatively insoluble and
is therefore able to endure under a wide variety
of environmental conditions. There are, however,
some conditions that can lead to a breakdown or
dissolution of the oxide film. Many years of study by
the aluminum industry have been devoted to defining
these conditions and developing means of minimizing
their effect.

2.2.2.2.3. Causes of Corrosion

In most environments, the corrosion of aluminum (like
that of other common structural metals) is associated
with the flow of electric current between various
anodic and cathodic regions. The electrochemical
corrosion produced depends on the electrical
potentials of these regions.

In order to investigate the electrochemistry of
aluminum corrosion compared to other metals,
scientists have developed a test solution, which can
be used to establish the potential difference between
aluminum, its alloys and dissimilar metals. Table 2-
24 presents the potential difference of aluminum, its
alloys and other metals.

Table 2-24 Electrode Potential of Several Metals
Measured under Different Conditions

Standard Flowing
Electromotive Static Seawater
Series Seawater 13 ft. per sec.
Metal (volts) (volts) (volts)
Magnesium —-2.34 - 145
Aluminum -1.67 —-0.74
Zinc -0.76 -0.80 -1.03
Iron -0.44 -05 0.61
Hydrogen/Platinum 0.00 0.00
Copper +0.35 +0.80 -0.36
Silver +0.80 +0.12 -0.13
Stainless Steel Type 316 -0.05
Platinum +1.20 +0.4 +0.15

Although the potential differences shown are useful in
predicting the possibility of galvanic corrosion, they
are only a guide. To establish the actual potential
difference between aluminum and some dissimilar
metals under actual project conditions, a potential
measurement in the solution actually used in the
intended application must be made because the
potential difference depends upon the electrolyte,
as the table indicates. Furthermore, the amount
of galvanic corrosion is determined, not only by the
potential difference, but also by the overall electrical
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resistance in the galvanic circuit. Special resistances
to current flow, called polarization, can exist at
the metal-liquid interfaces that are relatively large
compared to the resistance of the solution.

The phenomenon of polarization accounts for the
fact that even though an aluminum-stainless steel
couple has a greater potential difference that does an
aluminum-copper couple, the resistance at the metal-
liquid interface on stainless steel is greater than on
copper. Hence, the stainless steel causes less galvanic
current flow from anodic regions on the aluminum
than does copper. In actual practice this means that
aluminum is quite compatible with stainless steel
but problems can and do arise when aluminum is
coupled to copper or copper-bearing alloys in certain
electrolytes.

Corrosion of aluminum (as well as other structural
metals) is electrochemical in nature and involves
the flow of electric current between various anodic
and cathodic regions. Several major factors basic in
determining this flow of current and the resulting

corrosion are:

e Alloy constituents
o Metallurgical and thermal treatments
Effect of pH

Galvanic corrosion (dissimilar metals)

Stray currents
Soil resistivity

2.2.2.2.3.1. Alloy Constituents
Virtually all of the aluminum used commercially today
are alloys in which the primary ingredient is aluminum
metal but include additions of other metals, usually for
the purpose of increasing strength and/or workability
without sacrificing corrosion resistance.

The variables that influence the amount and
distribution of corrosion are:

2) Composition of the micro-constituents

and their location;

Quantity of the micro-constituents and
their location;

Continuity of the micro-constituents
and their location; and

Electrical potential relative to the
aluminum solid solutions.

Table 2-25 shows the electrode potentials of aluminum
solid solutions and constituents. Note that iron (Fe),
for example, forms constituents that are cathodic to
aluminum. These constituents, because they form



cathodic points over which the oxide film is weak, may
promote electrochemical attack of the surrounding
aluminum. The same analogy may also be drawn in
the case of alloys containing various amounts of copper
constituents. For this reason, alloys containing these
metallic additions are rarely used when resistance to
corrosion is of paramount importance.

Table 2-25 Electrode Potential of Aluminum Solid
Solutions and Constituents

Solid solution Potential, Solid solution Potential,
or constituent v(a) or constituent v(a)
MgAly. ... -1.24 9995 Al.............. —0.85
Al 4+ 4 MgZn;(b)....... —1.07 | Al 4+ 1 Mg.Si(b)....... —0.83
Al +4Znb)........... —-1.05 Al 4+ 1Si(b).......... —0.81
MgZhy. oo, —1.05 | Al+2Cu(b).......... —0.75
CuMgAly. ............. -1.00 CuAly. ............... -0.73
Al +1Zn)........... —0.96 | Al+4Cu)......... —0.69
Al +7Mgm).......... -0.89 FeAl................. —0.56
Al + 5 Mg(b).......... —0.88 | NiAL,................. —0.52
Al + 3 Mg().......... —087 |Si...c.iiiiiiiiii... —0.26
MpAl................. -0.85

(a) 0.1N calomel scale, measured in an aqueous solution of 53 g per
liter NaCl + 3 g per liter H,0, at 25 C. (b) Solid solution.

From these data it would appear that silicon additions
could produce alloys, which would be very cathodic
and cause corrosion.  Conversely, when silicon
and magnesium are both used as additions in the
proper amounts, magnesium silicide (Mg,5Si) forms
as a constituent, which, in solid solution, has very
little effect on the electrode potential. Alloys 6061
and 6063, which are used exclusively in the major
manufacturers’ wall systems, are alloys of this type
and are well known for their corrosion resistance in
seawater.

Aluminum alloys containing magnesium in amounts up
to about 5 % are also known to have good corrosion
resistance in marine environments. Alloys 5052, 5083,
5086, and 5154 are examples of this alloy type.

2.2.2.2.3.2. Metallurgical and Thermal Treatments
Metallurgical treatments of aluminum alloys that can
be used to develop desired mechanical properties
also could influence resistance to corrosion. Thermal
treatment and cold work processing influence the
quantity and distribution of the constituents and the
magnitude of residual stresses. Thus, these factors
are very important influences on the type and rate of
corrosion.

Commercial treatments used in aluminum producing
plants assure that the alloy specified will exhibit
the properties attributed to that alloy. However,
subsequent working or thermal treatments applied by
the customer can and often do alter the properties of
the alloy. One result can be a lowering of the alloy’s
natural corrosion resistance. If one portion of an alloy
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surface receives a thermal or mechanical treatment
different from the remainder of the alloy, differences
in potential between these regions can result and
resistance to corrosion lowered (For example, the
heat due to welding). Careful selection of welding
filler material must be made in order to avoid or
minimize corrosion problems that might result from
the heat of welding.

2.2.2.2.3.3. Effect Of pH
Generally, the protective oxide film is stable in aqueous
solutions in the pH range of 4.5 to 8.5. Usually the
oxide film is readily soluble in strongly acid or alkaline
solutions; consequently, such solutions may attack
aluminum. However, as with all general rules there
are exceptions.

Aluminum alloys are used in environments such as
ocean, lake, river and municipal waters. No significant
correlation is known between the corrosiveness of
waters on aluminum and such factors as chloride
content, sulfate content, total solids, total hardness,
or total alkalinity. Some generalizations can be made
but a sufficient number of exceptions are found to
necessitate caution in applying them.

In water with a pH of 8.5 or more, the resistance of
aluminum depends primarily on the nature of the
compounds causing the high pH. Service experience
has demonstrated that many natural alkaline waters
are compatible with aluminum.

Similarly, the extent of corrosion of aluminum in acid
water depends to a large degree on the nature of the
compounds causing the low pH. Acid waters containing
chlorides are particularly corrosive to aluminum.
Sulfate waters of low pH are also corrosive, but less
severe than chloride waters of the same pH.

These general statements are not valid if the waters
contain traces of heavy metals. Copper, lead, tin,
nickel, mercury and cobalt compounds generally
referred to as heavy-metal compounds, promote
localized corrosion attack.

2.2.2.2.3.4. Galvanic Corrosion - (Contact With

Dissimilar Metals)
Corrosion currents of substantial magnitude may be
caused by contact between different metals in the
presence of an electrolyte. In general, the behavior
of the various metals can be predicted from their
electrode potentials as shown in Table 2-24. The less
negative metal is likely to stimulate attack of the
more negative.

Although Table 2-24 can be used to predict which metal
or alloy in a couple would suffer galvanic attack, the
extent of this special attack cannot be predicted from
the table. For instance, as cited previously, although



the difference in potential between an aluminum
alloy and stainless steel is greater than that between
the aluminum alloy and copper, the current with
the former couple is less than the latter because of
polarization of the stainless steel. The table does
suggest that unless the materials are plated or coated
in some manner, contact of aluminum with mild steel,
copper or copper bearing alloys should be avoided
where possible. When it is not possible to avoid
the use of these metals, they should be electrically
separated from the aluminum by the use of non-
metallic materials.

2.2.2.2.3.5. Stray Current Corrosion

Electric currents (either AC or DC) caused by externally
generated potentials can be responsible for severe
corrosion, particularly in marine and underground
structures. Such stray currents can be associated
with the track-return of street railways, grounding of
electric generators and welding equipment or buried
pipelines having induced cathodic protection. The
attack occurs at the point where the stray current
leaves the aluminum retaining wall to enter the soil
or electrolyte. The magnitude of such stray currents
and possibilities of encountering them are subjects of
speculation because few factual data are available.
Such corrosion is becoming less prevalent because of
improved design and installation practices.

Aluminum piling has been used successfully in many
marinas. Proper design of the electrical system of
course is the key to prevent stray current corrosion
from affecting any metals at marine installations.

2.2.2.2.3.6. Soils

The corrosion performance of unprotected, buried
aluminum alloys varies considerably with the type
of soil. No satisfactory classification of soils with
regards to their corrosive action on aluminum has
been developed. It has been assumed that the “safe”
range of pH values for soil is the same as for aqueous
solutions, pH 4.5 to pH 8.5, but this has not been
adequately substantiated. As in aqueous solutions,
the particular compounds in the soil that are causing
the high or low pH is undoubtedly a factor. Some data
indicate that soils in the “safe” pH range, which have
a resistivity greater than 500 ohm-cm, have proven to
be compatible with aluminum. Testing of soil samples
and resistivity determinations can be only used as
guides. Further studies are underway by various
companies to further address this issue.

2.2.2.2.3.7. Clay Soils
In general, clay and organic soils are corrosive to
aluminum andshould be avoided. Protective coatings or
cathodic protection should be added to the aluminum
to provide a longer service life, if aluminum is to be

61

used in these types of soils. The least expensive and
most commonly used method is to coat the material
that is in contact with the clay soils with a coal tar
epoxy coating. The decision to use aluminum or not
is generally left to the user when dealing with these
types of soils.

2.2.2.2.4. Types of Corrosive Attack

The aluminum alloys used for all components of the
system are highly corrosion resistant. It is possible,
however, that under extremely adverse environmental
conditions some corrosion could occur. If corrosion
does occur, it most probably would be either the
uniform or pitting type. These types of corrosion will
be discussed briefly to aid in recognition.

2.2.2.2.4.1. Uniform Attack (Etching)

During uniform attack, the metal corrodes evenly.
Such attack usually occurs in the presence of strongly
acid or strongly alkaline electrolytes that simply
dissolve the oxide film and prevent its reformation.
The appearance of the metal being uniformly attacked
may range from superficial etching and staining to
rapid dissolution of the metal. Uniform attack is
easy to evaluate by a measurement of weight loss or
decrease in thickness. The rate of attack usually is
expressed in mils per year (mpy). Etching may be a
serious problem if it continues at a lineal rate.

2.2.2.2.4.2. Pitting Attack

Pits, the most common form of corrosive attack on
aluminum, may form at localized discontinuities in
the oxide film when aluminum is exposed to weather,
fresh or salt water, or other neutral electrolytes.
Depending upon the alloy composition, the quality of
the oxide film and the nature of the corrodent, the
pits may be minute and concentrated or can vary in
size and be widely scattered. Pitting type corrosion
often appears to be more severe than it actually is
because the build-up of corrosion product occupies
many times the volume of the metal from which it
was formed. Removal of this corrosion product will
often reveal corrosion of only minor significance.

The evaluation of pitting corrosion is difficult. Weight
losses are of little value and tension tests can be
misleading. Measurements of depth and distribution
of pits made at several time intervals provide a means
of determining whether the rate of penetration
changes with time.

2.2.2.2.5. General Resistance To Corrosion

Since laboratory exposure tests, such as salt spray
or immersion in electrolytes, are only useful for
comparative information and do not necessarily



predict actual service performance, actual long-term
atmospheric exposure and weathering tests have been
necessary.

In the past 30 to 35 years, thousands of specimens
have been exposed throughout the U.S. and
elsewhere. Test reports published in the literature
demonstrate convincingly the excellent atmospheric
weathering characteristics of aluminum alloy products
in industrial, chemical, seacoast, tropical and many
other environments.

One obvious phenomenon that has emerged from
these long-term exposure tests is that corrosion of
aluminum in these environments is “self-limiting.”
Whereas corrosion during the early months and years
of exposure may appear to be severe, this rate of
weathering decreases with time. The tendency is for
the attack to proceed laterally along the surface rather
than to become progressively deeper. The decreased
rate of attack, as evaluated by losses in tensile
strength as well as depth of attack measurements,
indicates that corrosion diminishes with time over the
entire surface to a very low rate. The curves in Table
2-26 show test data from many exposure sites, which
demonstrate this effect.

Table 2-26 Comparison of test data and service for
atmospheric exposure at seacoast and industrial

sites
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1. 1100, 3003 — Galveston, Texas

2. Al cable, steel reinforced — Welch's
Causeway, Florida

3. 1100, 3003 — Key West, Florido

4. 1100, 3003 — La Jolla, California

5. 3003 roofing — Moengo, Dulch Guiana

6. 3003 roofing — Panoma Canal Zone

7. 3003 siding — Panama Conal Zone

8. Al cable — San Francisco Bay Area

9. 1100, 3003 - St. Louis, Missouri

10. 1100, 3003 — New York City, N.Y.

11. 3004 siding — Cleveland, Ohio

12. 3004 fence — New Kensington, Pa.

13. Al cable, steel reinforced — Pomona, Kan.
14. 3003 roofing — New Kensingtlon Pa.

I1S. Al coble — Tariftville, Connecticut

16. Al cable — Colorado

17. 98.4% Al roof — Rome, Ilaly

Curves for Point Judith and New Kensington are based
on data obtained on aluminum alloys 1100, 3003, and
3004, extrapolated to 52 years. Data obtained on test
specimens at other exposure stations and on related
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aluminum alloys from a variety of service conditions
are shown as vertical bars on the charts. Comparison
shows that performance of aluminum alloys at
Point Judith and New Kensington can be used with
confidence to predict performance in most seacoast
and industrial regions.

2.2.2.2.6. General Suggestions

There is no absolute “safe” method for testing soils.
On a “normal” homeowner lot, one can easily miss an
“unsafe” area of bad soil. The best suggestion is to
take soil samples at the left, centre and right sides
along the intended bulkhead installation line. One
sample in the centre back from the wall line should
also be taken. Two water samples should be taken
also at the one-third points. These suggestions assume
the natural ground to be homogeneous throughout the
property. If the natural soils are not homogeneous,
the same procedures should be followed for each type
of soil present. Heavy metals should be tested for if
you suspect their presence.

If the test results show either the soil or water to
be outside the “safe” ranges, as discussed previously,
the decision is then left to the designer to either use
protected aluminum, non-protected aluminum or no
aluminum.

If time permits while applying for a Corps of Engineers
permit, install a section of sheeting in the ground along
the intended bulkhead line and remove the sample in
2 to 3 months time. This should provide sufficient
evidence of corrosion for one to make a reasonable
conclusion as to the suitability of aluminum for that
site. Aluminum, if unsuitable for a site, will normally
react adversely in that 2 to 3 month period.

It is unnerving to some potential users but there is
really no safe method of testing for soils. Potentially
corrosive areas can be missed during the normal testing
procedures. Nothing is 100% sure in any occupation
but when pH and resistivity are checked and are found
within the suggested general safe guidelines, the user
will find the odds in favor of a successful application
to be very good.™

2.2.3. Vinyl Sheet Piling

2.2.3.1. Introduction

Vinyl sheet piling is a relatively new type of sheeting
that can be applied in a wide variety of applications.
It is lightweight, simple to set and install, resistant to
environmental attack and can be configured in various
colors. It was designed to be:



Weatherable

Corrosion Resistant

Unaffected by Fungi and Marine Borers
Environmentally Friendly

Easy to Install
Cost Effective

Itisideal for the lighter bulkheads that are typical with
residential, recreational and marina construction.
Vinyl sheeting can also be used for Navy walls as
well.

2.2.3.2. Configuration

Vinyl sheet piling is generally manufactured by
continuous extrusion. This is the same process used
to form PVC pipe. The raw material, plastic resin
compound, is melted and pushed through a die. This
die shapes the plastic into the desired cross section.
The shape is then cooled and cut to the desired
length.

The individual sheets have interlocking male and
female edges. The interlocking edges are extruded
as part of the sheet to insure continuity.

Vinylsheetingisavailable inanumber of configurations.
The most common configuration is a Z-sheet type of
configuration, which is similar to steel piling. Such
sheets are made to be driven two at a time and,
as is the case with their steel counterparts, offer
a high section modulus. Since it is extruded, vinyl
sheet piling can have a wider variety of sections than
rolled steel sheeting. Vinyl sheet pile manufacturers
take advantage of this advantage and frequently
include stiffening ribs and/or thickened corners. The
configuration of these stiffening elements varies with
the manufacturer.

Another configuration that is common with vinyl sheet
piling is an “AWL” configuration as shown in Figure
2-27. This configuration combines the high section
modulus of Z-sheeting with the ease of interlock
alignment of flat and U-type sheeting - in fact, it is in
effect two U-sections put together. AWL sections also
eliminate interlocks and thus potential leakage. When
installed by vibratory drivers, however, setting the
clamp arrangement for multiple sheet driving can be
difficult due to the physical layout of the sheeting.
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Figure 2-27 “AWL” type sheeting

45" {114 mm)

=17 (305 mm)

As is the case with other sheeting, vinyl sheeting
requires transition pieces such as corners and
intersections. These are customized for the other
sheeting the manufacturer makes.

2.2.3.3. Material

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 dashboards,
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.
Tensile strength for this material is approximately
6-7 ksi' (41.3-48.3 MPa), with an initial modulus of
elasticity of 350-400 ksi (2.41-2.76 GPa.) It cannot
be overemphasized, however, that with plastics of
any kind material properties cannot be applied as
simplistically as with metals. Tensile strength of the
material, for instance, can vary both with the way the
sheeting is loaded (purely tensile vs. flexural loads)
and with time. Time variation is also significant with
the modulus of elasticity. It is important to follow the
manufacturer’s recommendations on loading, and in
many cases the manufacturer will specify a maximum
moment per foot or meter of sheeting wall as opposed
to allowing the designer to compute the maximum
fiber stress in flexure.

The relatively low values of strength and modulus of
elasticity given above are very important to consider
in the design of vinyl sheet walls. Not only is it
important to consider the strength of the material
but also that it is subject to greater deflection than
other types of sheeting as well. Designers will realize
that, as support spans increase, wall deflection will
become the controlling aspect of the design.

2.2.3.4. Design

The design of vinyl sheet piling is similar to that of
other types of sheet piling. Since vinyl sheeting is



light and commonly used in residential or other light
applications it is tempting to assume that one can
shortcut the design aswell. Vinylsheet piling, however,
is an engineered marine product and should be treated
as such. Most manufacturers of vinyl sheet piling have
engineering specifications and recommendations that
should be followed during the application.

The following presents several key points related to
the design of vinyl sheeting:

e The type and compaction of backfill is very
critical to the success of a vinyl sheet pile
wall. Ideally, backfill should be free draining
cohesionless soil, compacted in layers or
“lifts,” with an angle of internal friction of 34°
or more. Cohesive soils should be avoided as
backfill to avoid rupturing the sheets as they
both expand with changes in water content
and have very low permeability. Expansive
soils or soils with high plasticity indices (such
as fat clays) should be avoided as backfill.

Weep holes should be considered to allow
for drainage behind the sheets during rapid
changes in the groundwater level. The
success of these weep holes depends on the
permeability of the soil.

Vinyl sheet walls are almost always tied back;
they are seldom cantilevered. Tiebacks must
be sufficiently long to carry the load. Make
sure the tieback spacing is not excessive or the
purpose of the tiebacks will be defeated.

Consider the long-term properties of the
material, as they will change with time. A
factor of safety of at least 1.5 should be used
when designing vinyl sheet pile walls, taking
creep effects into consideration.

Walls are generally capped with wood or
concrete, although occasionally steel caps are
used.

Although sheet piling does not generally work
against rock, it is especially important to
avoid rock with vinyl sheet piling. As with any
vinyl product, it is subject to rupture and will
damage severely during installation if rock is
hit.

Use of a proper waling system is very important
for a successful vinyl sheet pile wall. Single
waling is suitable for lower walls while multiple
waling is necessary for taller ones.

Design should take into consideration wave
and ice loading.
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The layout of vinyl sheeting is also similar to
other types of sheeting. Careful consideration
should be made to the sheet geometry and
corner details.

2.2.3.5. Installation

Vinyl sheet piling can be installed using a variety of
equipment types, which include:

e Vibratory hammers, either excavator or crane
mounted. Vibratory plate compactors are
also used, but these are exclusively excavator
mounted. It is important when using a plate
compactor to keep a steady, downward force

on the pile and vibrator during driving.

A portable air-compressor or hydraulic
jackhammer with a sheet shoe. This is only
suitable for short sheets and is generally used
by occasional installers.

A drop impact hammer, either land-based or
barge-mounted.

A water jet fed by a high output pump, either
held by hand or suspended from a crane.

As with other types of sheet piling, vinyl sheet piling is
best set before being driven. Because it is lightweight,
when safety conditions permit it can be set by hand.
It can also be installed with a crane or excavator if
the conditions require.

The selection of an installation method is a matter
of both jobsite conditions and contractor preference.
However, as with any driven pile, the preparation
before driving is frequently as important as the driving
itself. The following is an outline of a technique for
installing vinyl sheet piling, in this case a single wale
design.

The optimum method of installation is to set the
sheets first, then driven them. Manufacturers’
recommendations for sheet pile wall installation in
terms of sheet alignment, panel driving and other
techniques apply to vinyl sheeting as well.

2.2.1. Pultruded Fiberglass Sheeting

2.2.1.1. Introduction

Pultruded sheet piling is another relatively new
product. It has two distinct characteristics:

e |t consists of very strong fiberglass roving (long
extended fibers) and mat that are cured into
a high performance resin. The roving imparts

most of the longitudinal strength with tensile



Table 2-27 Typical Material Specifications for Pultruded Sheet Piling

ASTM Test

Mechanical Property

Tensile Strength D638
Tensile Modulus D638
Compressive Strength D695
Compressive Modulus D695
Flexural Strength D790
Flexural Modulus D790
Full Section Modulus

of Elasticity

Notched 1zod Impact D256

Property, Parallel to

Property,
Perpendicular to
Fibers

Fibers

30 ksi 7 ksi
2,500 ksi 800 ksi
30 ksi 15 ksi
2,500 ksi 1,000 ksi
30 ksi 10 ksi
1,800 ksi 800 ksi
2,800 ksi
25 ft-lbs/in 4 ft-lbs/in

strength in excess of 500 ksi and an elastic
modulus of 10,000 ksi. The tensile strength
of the roving is greater than most steel. The
continuous strand mat provides the material
its transverse (longitudinal) strength.

It is pulled through the die that forms its
shape, not pushed through like extruded
aluminum and vinyl profiles. The continuous
manufacturing process makes the parts very
consistent in tolerances and properties from
one piece to the next.

The pultrusion manufacturing process allows for
producing continuous lengths of reinforced plastic
structural shapes with constant cross-sections. The
process involves pulling the raw materials through a
heated steel forming die using a continuous pulling
device. The reinforcement materials are in continuous
forms. As the reinforcements are saturated with the
resin mixture (“wet-out”) in the resin bath and pulled
through the die, heat from the die initiates hardening
of the resin. Arigid, cured profile is then formed that
corresponds to the shape of the die. In the forming
and curing die, the thermosetting reaction is heat
activated and the composite is cured (or hardened.)

On exiting the die, the hot product must be cured
to prevent cracking and deformation before the pull
blocks grip it. The final product can then be cut to
any length.

Other properties of Pultruded sheet piling include
the following:

Resistant to corrosion.

Resists attack of marine borers and other
destructive elements in the marine
environment.

Resists UV degradation.
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Lightweight - allows for easier installation,
even setting by hand in many cases.

2.2.1.2. Material Specifications

Typical material specifications for pultruded sheet
piling are shown in Table 2-27.

2.2.1.3. Sheeting Profiles

Pultruded sheeting comes in a wide variety of profiles
and shapes. A typical profile is shown in Figure 2-28.

Figure 2-28 Typical Sheeting Profile for Pultruded
Fiberglass Sheeting

LA\
) £
RN

A
\I—’
1
1
1

2.2.1.4. Design of Pultruded Sheet
Walls

Pultruded sheet pile walls are designed using the
same principles as other sheet piling materials. There
are some special design considerations of these walls
that need to be noted:

e Deflection. Although stiffer than other non-
metallic sheeting, Pultruded sheeting is
still more susceptible to deflection than
steel sheeting. Designers should insure that
excessive deflections do not occur. Also, the

deflections shown here - and those of most



methods used to compute deflections of
sheet piling - do not take into consideration
shear deflection, which is significant in short
sections and more important in fiberglass than
in materials such as steel.

e Local Buckling and Transverse Bending. In
addition to the flexural stresses computed
by conventional analysis methods, Pultruded
fiberglass shapes - both the sheeting and the
H-piles used in the wales - are subject to
both compression flange buckling and lateral-
torsional buckling. The former is a function of
the shape geometry and the properties of the
material; the latter includes the unsupported
length of the sheeting. Although both of
these can generally be avoided through the
limitation of conventional deflection and
bending stresses, the designer should check
these conditions. If H-piles are used in the
wales, these elements can be included in the
design by use of the property tables available
from the manufacturers of Pultruded H-piles,
along in some cases with discussions of these
conditions in general.

e Interlock strength. The transverse strength
of the material is considerably less than the
longitudinal strength. Applications such as
cofferdams where interlock strength is critical
should be avoid with Pultruded sheeting.

e Compaction. The type and compaction of
backfill is very critical to the success of a
Pultruded sheet pile wall. Backfill should be
free draining cohesionless soil, compacted in
layers. Cohesive soils should be avoided as
backfill to avoid rupturing the sheets when
they expand with changes in water content.

e Weep holes should be drilled into Pultruded
sheeting to allow for drainage behind the
sheets during rapid changes in the groundwater
level. Weep holes are more effective if the soil
is cohesionless and has high permeability.

e Factors of safety should be similar to those
used with other sheet pile materials.

e Although no sheet piling does really well
against rock, it is especially important to avoid
rock with Pultruded sheet piling.

The layout of Pultruded sheeting is also similar to
other types of sheeting. Careful consideration needs
to be made to the sheet geometry and how it comes
out in corners.

2.2.1.5. Modifying Pultruded Sheeting

Pultruded sheeting is furnished cut to specified length.
In most cases, however, it will be necessary to cut,
drill or tap the material to complete the installation.

2.2.1.5.1. Important Notes when Cutting on
Pultruded Sheeting

1.

Observe common safety precautions. For
example, the operator of a circular power saw
should wear safety glasses to protect his eyes
as well as an OSHA approved dust mask.

A coverall or long sleeved shirt will add to the
operator’s comfort during sawing, machining
or sanding operations. Although the dust
created is non-toxic and presents no serious
health hazard, it can cause skin irritation.
This can be reduced or eliminated by use of a
protective cream and/or the wearing of proper
attire when cutting.

Always provide adequate support to keep
the material from shifting when making a
cut. Without adequate support fiberglass
reinforced profiles can shift and may cause
chipping at the cut edges. Proper support will
also prevent any warping.

When cutting and drilling, use light evenly
applied pressure. (Avoid excessive pressure!)
Heavy pressure tends to clog the blade teeth
with dust particles shortening the cutting life
of the blade. In addition, cutting speed is a
critical variable. If the edges begin to fray, slow
the cutting speed. In addition, too much force
can rapidly dull the tool. Diamond or carbide
grit edge saw blades, carbide tip drill bits and
carbide router bits are recommended.

Water-cooling is desirable when cutting
numerous pieces or when thick cross sections
are being sawed. With cooling, cutting speeds
increase, smoother cuts result, and dust is
often eliminated.

Donotgenerate excessive heatinany machining
operation. Excessive heat softens the bonding
resin in the fiberglass - resulting in a ragged
rather than a clean-cut edge. Excessive heat
can also burn resin and glass.

Shearing and/or  punching are not
recommended.

2.2.1.5.2. Sawing or Cutting

The cutting or sawing of pultruded sheet piling, cap



or walers can be accomplished quickly and accurately
with a circular power saw. A table or radial model
is better than a portable hand model because of the
built-in rigidity and guides, which insure accurate
cuts. However, a hand model utilized by a capable
individual is effective.

For infrequent cutting with a circular power saw, a
metal blade with coarse, offset teeth can be used
satisfactorily. For frequent cutting, a masonry saw
blade - preferably carbide tipped - will give accurate
cuts and reasonably long blade life. For production
cutting, use a 60 to 80-grit diamond tipped blade for
best results.

When sawing relatively few pieces, a disposable-
blade hacksaw (24 to 32 teeth per inch) is suitable.
Although an ordinary carpenter’s saw can be used,
frequent resharpening makes this tool less desirable.

One problem that may be encountered with a circular
power saw is that larger pultruded sections (e.g.
walers/H-piles) cannot be cut in one pass due to
the blade vs. wale size. This problem does not exist
with Composite Z™ Sheet Piling. However, larger
wale sections can be sawed in two passes by cutting
halfway through from one side, inverting the material
or saw and cutting from the opposite side. Obviously
this would be best performed prior to placement of
the waler however can be accomplished in place by a
skilled carpenter.

If the cross section is too large for the circular saw
“two-pass method,” or if large sections are being
sawed in quantity, use a power band saw with a carbide
or diamond tipped blade - preferably a machine with
automatic feed to insure a light, even pressure on the
blade.

2.2.1.5.3. Drilling

Any standard twist bit is a good tool for drilling
pultruded sheet piling, caps and walers. Carbide
tipped drills are recommended when cutting large
quantities. Drill speeds should be approximately
equivalent to those used for drilling hardwood. When
drilling large holes, a backup plate of wood will prevent
the hole from breaking out on the backside.®

2.2.1.5.4. Threading and Tapping

Threading and Tapping of fiberglass reinforced
material is not recommended as a means of fastening
when high strength is required, and should be avoided
in the design of fabricated components whenever
possible. The threading operation cuts the continuity
of the glass fibers and leaves only the sheer strength
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of the resin component to provide the strength of
the thread. Although threaded connections have
been used satisfactorily where strength is not an
important consideration (e.g. mounting of “signs” or
lightweight “lighting components”, etc.) it generally
requires a bonding of the threaded connection with
an epoxy or urethane in to improve the strength of
the connection.

2.2.1.5.5. Sanding

Open grit sandpaper on a high speed sanding wheel
gives best results. Use very light pressure - do not
force the sander against the fiberglass surface because
heavy pressure may heat up and soften the resin. Wet
sandpaper applied by hand or with an orbital sander
will produce a high gloss finish if desired.

2.2.1.5.6. Grinding

Grinding is generally not recommended on composite
shapes. In ordinary grinding operations, the dust
tends to load the stone and stop the grinding action.
If grinding is required, use a coarse grit wheel and
water as a coolant.

2.2.1.6. Mechanical Fastening”

2.2.1.6.1. Bolted Connections

Using standard bolts, nuts, and washers can make
satisfactory connection between pultruded fiberglass
sheet piling and composite cap and wale components.
In marine applications these are generally galvanized
or stainless. Since fiberglass materials can fail
under high, localized stress conditions, such as those
encountered around a bolt, it is important to use
the proper washer. Remember, the strongest joint
between pieces of composite shapes is obtained by
using properly fitted bolts and a larger diameter
washer to help distribute the load. This is extremely
important particularly with regard to the wale and
tie-rod installation'®.

2.2.1.6.2. Nailed Connections

Nailing is a satisfactory way of fastening Pultruded
shapes to wood and to other materials that provide
enough grip to hold the nail. Although, common
nails can be driven through 1/16” thick composite
shapes without re-drilling holes - tempered nails are
generally required when penetrating 5/16” thick
material. Fiberglass heavier than 5/16” requires pre-
drilled holes, slightly oversize, to admit the nail and
to allow for expansion and contraction between the



fiberglass and the material. It is also advisable to
pre-drill slightly oversized holes before nailing long
lengths of lighter fiberglass sections. One important
note, never nail fiberglass to fiberglass.

2.2.1.6.3. Screwed Connections

Self-tapping screws have been used successfully in
many applications involving mechanical connection
when high strength fasteners are not required. A
better use of self-tapping screws is in combination
with adhesives. In this application the screws can
serve to hold the adhesive bonded surface of the two
parts together while the adhesive cures in addition
to contributing limited mechanical strength to the
connection. Appropriately sized pilot holes should be
provided in the Pultruded shape for the screws. In
corrosive environments, galvanized, stainless steel
or Monel screws should be used. If corrosion is still
a concern, a suitable coating of epoxy or urethane
can be applied to the exposed screw heads to aid
in the prevention of rusting. Lag screws are not
recommended because they do not bite well in the
fiberglass.

2.2.1.6.4. Bolting Into Tapped Holes

Mechanical fastening can be accomplished with
screws into tapped holes, however, the properties
of tapped holes are not good nor will the connection
be strong. For removable cover plates, sheet metal
screws can be used. The strength of the connection
can be improved by use of threaded inserts bonded
into place with suitable adhesives.

When removable bolts are required: threaded
metal inserts of fasteners should be installed in the
fiberglass and preferably bonded in place with a
suitable adhesive. Fiberglass threads can wear out
quickly and may not provide sufficient strength. Many
types of metal inserts and fasteners are commercially
available to eliminate this concern.

2.2.1.6.5. Riveted Connections

“POP” Rivets are very effective in joining pultruded
fiberglass sections or attaching certain accessories.
Rivets are available in various sizes and head styles in
aluminum, steel, Monel, copper, and stainless steel.
Those materials subject to corrosion should not be
utilized in a marine environment. Other types of
rivets, such as Drive Rivets, those formed by a rivet
gun or the conventional rivet formed with a ball
peen hammer, can produce an effective mechanical
connection. The strength of the connection can also
be improved with suitable adhesives. The riveting
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of any accessory to a pultruded shape is subject
to weight, load and/or strength limitations. As a
result only lightweight accessories such as signs,
lightweight lighting components or conduit should be
attached using a riveted method. Backup washers
are recommended for distributing load stresses. As
in drilling operations, it is necessary to use a slightly
larger drill than the exact diameter of the rivet. Fora
1/8” rivet, use a No. 30 drill rather than a 1/8” drill.

2.2.1.7. Wales, Tiebacks and Caps

2.2.1.7.1. Caps

All permanent sheet pile walls should be capped when
installation is complete. Although this can be done
with wood or concrete caps, a more sensible solution
is the use of pultruded sheeting cap that is customized
to fit the sheeting profile. A drawing for this is shown
in Figure 2-29.

Figure 2-29 Pultruded Sheet Pile Cap
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2.2.1.7.2. Wales

Most installations of Pultruded sheet piling will include
some type of additional support for the wall. Although
this support usually includes a tieback system, it always
will include wales. Proper waling is very important in
successful use of pultruded sheet pile walls. Low wall
heights can be strengthened with single waling but
taller walls require multiple waling.

The most suitable waling for this application is
pultruded H-piles, which avoid the deterioration
and environmental difficulties of wood wales. These
H-piles come in several sizes and are configured
according to the design requirements. Specifications
are shown in Figure 2-30.



Figure 2-30 Pultruded Wale Specifications
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Although single wales are sometimes acceptable, in
some cases double waling - or more -- is required.

2.2.1.7.3. Tiebacks

Tiebacks are essential to resist wall overturning
when the wall is sufficiently tall. There are three
recommended options to tie back Pultruded sheet
pile walls:

e Conventional galvanized or stainless steel tie-
rod, washer and bolt systems anchored into a
properly engineered “deadmen”, tieback wall,
pile or other anchored device when properly
engineered will be suitable. These consist of

three basic components;

o Tieback rod, which is generally a
threaded, galvanized stainless steel
rod cut to suitable length. For
maximum corrosion resistance, an 18-
8 stainless steel (300 series) should be
used for these rods. Remember that
these rods are completely buried so
they are subject to deterioration due
to groundwater, soil pH and other
environmental agents.

Washers, bolts and other spacers to
connect the tiebacks to the wales and
thus the wall. These are threaded onto
the tieback rods and tightened after
suitable holes are drilled in the wall
and wales.

Anchor for the tiebacks. This can be
an anchor plate, pile or other type
of anchor, depending upon the soil
conditions and tieback pull loads. The
tie rods are connected to the anchors.

e Manta Ray Anchor system, manufactured by
Foresight Products, LLC: This anchoring system
(similar to a “toggle bolt”) has a “hydraulic/
load locker” device, which can give an

immediate proof test of the installed anchor.

A.B. Chance Company, a Hubbell Company:
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The A.B. Chance helical tieback anchor (screw
anchor) for tieback applications has been used
throughout the industry in retaining wall,
seawall, and bulkhead applications. It has
a long history of successful applications. As
with the Manta Ray system, it also can provide
an immediate true load test of the anchor.

The design and spacing of the tiebacks depends upon
the loading requirements. Spacing of the tiebacks is
also influenced by the rigidity of the wales or top cap.
If tiebacks are spaced too far apart, the wales and
thus the wall will excessively deflect.

Any of the above three options can provide for a
structurally sound tied back anchoring system when
properly engineered. A retaining wall, seawall, or
bulkhead is only as strong as its properly engineered
wale and tieback system.

2.2.1.8. Installation of Pultruded Sheet
Pile Walls

Installation of Pultruded sheet piling is similar to that
of other types of sheet piling. Pultruded sheet piling
can be installed using a variety of equipment types,
which include:

e Vibratory hammers, either excavator or crane
mounted. Vibratory plate compactors can also
be used, but these are exclusively excavator
mounted. It is important when using a plate
compactor to maintain a steady, downward

force on the pile and vibrator during driving.

A portable air-compressor hydraulic

jackhammer with a sheet shoe.

or

A drop impact hammer, either land-based or
barge-mounted.

A water jet driven by a high output pump,
either manually held or suspended from a
crane.

As with other types of sheet piling, Pultruded sheet
piling is best set before being driven. Because it is
lightweight, when safety conditions permit it can be
set in place by hand. It can also be installed with a
crane or excavator if the conditions require.

The selection of an installation method is a matter
of both project conditions and contractor preference.
However, as with any driven pile, the preparation
before driving is frequently as important as the driving
itself.

After the sheeting is driven, the wales, tiebacks,
caps, etc. are to be installed. Make certain all



recommendations in this guide concerning cutting,
drilling, tapping and mechanical connections are
followed during any or all of these operations.

2.2.2. Wood Sheeting

2.2.2.1. Types of Wood Sheeting

In its simplest form, wood sheet piling can consist of
a single line of boards or “single-sheet piling” but it is
suitable for only small excavations where there is no
serious ground water problem.

Figure 2-31 Single Sheet Piling

In saturated soils, particularly in sands and gravels,
it is necessary to use a more elaborate form of sheet
piling which can be made reasonably watertight with
overlapping boards spiked or bolted together, such
as the “lapped-sheet piling” or “Wakefield” system.
Wakefield sheeting consists of three planks 2” (50.8
mm), 3” (76.2 mm) or 4” (101.6 mm) thick and 12”
(304.8 mm) or more wide, bolted and/or spiked
together with the centre piece an inch or more ahead
of the others to form a tongue and groove. For most
Wakefield assemblies, timbers should be surfaced on
all four faces.

Figure 2-32 Lapped and Wakefield Sheet Piling
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In areas where steel sheet piling may not be available,
Wakefield Piles are useful; this system was in wide use
before the advent of steel sheet piles. For the driving
case, the forward bottom edge of the wood can be
beveled to force the sheet being added tightly against
the in-place units. Wakefield or similar piles may be
driven with a small conventional pile hammer or a
heavy, hand-held air hammer or “paving breaker.” A
vibratory earth compactor has been successfully used
for vibrating lightweight sheet piling, as have been
excavator mounted vibratory hammers. “Tongue and
groove” sheet piling is also used as shown in Figure 2-
33. This is made from a single piece of timber that is
cut at the mill with a tongue and groove shape.

Figure 2-33 Tongue and Groove Wood Sheet Piling
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2.2.2.2. Typical Timber Bulkheads

Figure 2-34 shows a conservatively designed, low
height bulkhead where the existing grade along the
sheet piles is somewhat higher than the low water
level. Figure 2-35 shows an intermediate height
bulkhead suitable for retaining fill at the site of a
marina or for providing a finished waterfront in a
housing development. If these bulkheads are located
inshore, or if the outside water level variations are
less than shown in the figures, the heights of bulkheads
and lengths of sheet piles may be reduced based on
design computations.

Figure 2-34 Bulkhead Design, Zero-Foot Water
Depth

4
¥

T

i

A 17 diam. x 18-2” Tie Rods '
with Turnbuckles
spaced @ 10°-0”
6” x 8" x 10-0” Wale »
<€ Wale 6” x 8” x 16'-0”

LI €6” x 8" x 8-6” Tie @ 10'-0”

70



Figure 2-35 Bulkhead Design, Four-Foot Water
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The anchorage systems (Figure 2-34 and Figure 2-
35) depend upon the passive resistance of the earth
immediately around the anchor post and wales. The
theoretical mound required to develop this passive
resistance is shown by a dotted line. If backfill is
placed directly against the sheet-pile bulkhead before
this mound of earth is placed around the anchor
system, the resulting forces may displace or fail the
bulkhead, resulting in a costly and disastrous failure.
After the mound is placed over the anchorage system,
backfill can be deposited against the sheet piles by
suitable methods.

Figure 2-36 shows a bulkhead suitable for the
deepwater marinas, or for locations where the
existing water depths are 6 to 8 (1.8-2.4 m) and
extensive landfills are desirable. The anchorage
system (Figure 2-36) is a self-supporting A-frame that
does not depend on passive earth resistance. This
anchor system is particularly adaptable to filling by
the hydraulic method because the backfill can be
raised behind the sheet piles without regard for the
placement of backfill at the anchorage location.
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Figure 2-36 Bulkhead Design, Eight-Foot Water
Depth
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To install the A-frame anchorage, a pile-driving rig is
required to drive the piles to specified bearing capacity
and length. At locations with less water level variation
that the 4 (1.2 m) shown, the height of finished grade
may be lowered proportionally. For an increase in
water level variation, a similar increase in height
of finished grade can be made with a corresponding
reduction in water depth. The 5 (1.52 m) vertical
distance from finished grade to tie rod level should be
maintained.

A typical completed timber bulkhead is shown in
Figure 2-37.



Figure 2-37 Completed Timber Bulkhead

2.2.3. Concrete Sheet Piles

For sea walls, groins and other waterfront structures,
precast concrete sheet piles are often economical.
They are normally used in situations where the
precast members will be incorporated into the final
structure or are going to remain in place after they
fulfill their purpose. Precast concrete sheet piling
is usually made in the form of a tongue and groove
section. The individual pieces vary in width from 18”
(457.2 mm) to 24” (609.6 mm) and in thickness from
8” (203.2 mm) to 24” (609.6 mm). They are reinforced
with vertical bars and hoops in much the same way as
precast concrete bearing piles. For seawater contact
especially, prestressing is most desirable, as the minor
cracks are kept closed so salt does not get to the
reinforcing. This type of sheeting is not watertight,
but the spaces between the piles can be grouted.

Figure 2-38 Concrete Sheet Piling

Tongue and groove design, or a slot for grouting, will
help to make the wall watertight. The slot would
have to be washed out after pile installation and grout
forced into the opening. For driving, a bevel of about
30° at the bottom on the leading edge of the pile will
force the section being added tightly against the wall
already in place.

In order to provide a watertight precast concrete
sheet pile, two halves of a straight steel web sheet
pile, which has been split in half longitudinally, are
embedded in the pile, as shown in Figure 2-39.
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Figure 2-39 Concrete Sheet Piling with Steel
Interlocks

Jetting is frequently used to install concrete sheet
pilesin sand. The pile must be installed while jetting,
as the jetted hole may not stay open.

The Portland Cement Association and the Prestressed
Concrete Institute have data on manufacturing and
installing concrete sheet piles.

Photo and Figure Credits

GRL and Associates/Pile Dynamics, Inc.: Figure
2-3, Figure 2-10.

Plastic Pilings, Inc.: Figure 2-15

J.A. Rauch Construction Co., Inc.: Figure 2-
37.

Prestressed Concrete Institute: Figure 2-11,
Figure 2-12, Figure 2-13, Table 2-10.

Don C. Warrington, P.E.: Figure 2-2, Figure 2-
3, Figure 2-4, Figure 2-5, Figure 2-14, Figure
2-26.

Footnotes

' Bethlehem Steel Piles, Bethlehem Steel Corporation, July
1979

z Gerwick, B.C., Jr., Bach, P.B., and Fotnos, G. “In the
Wet.” Civil Engineering, May 1995, pp. 46-48.

3 A thorough discussion of this topic can be found in Sheet
Pile Design by Pile Buck.

4 Mandrels are discussed in the chapter on installation
equipment.

5 Bengt Fellenius, who has had long experience with precast
piles, suggests less cover for greater pile strength. This
requires that close positioning tolerance be strictly adhered
to. Placing the longitudinal reinforcing accurately so it has
a dependable cover of just 1” (25.4 mm) to the outside of
the steel will result in a stiffer pile that is better able to
withstand driving stress. This will provide greater strength
and minimize risk of cracks in the pile.

¢ For some years this was a standard of the American
Association of State Highway Officials and PCI. AASHTO has
discontinued participation in such joint activities.

’AClrecommendsalimit of 8% C,Afor sulphate concentrations
between 0.1 and 0.2% and a limit of 5% for concentrations
over 0.2%. However, for the higher strength concretes (8000
psi and over) employed in the manufacture of prestressed
piles, the 8% limit on C,Ais considered adequate for sulfate



concentrations over 0.2% (see ACI Journal, August 1973).

8Neat cement grouts used in bonding post-tensioned tendons
should follow the “Recommended Practice for Grouting
Post-Tensioned Prestressed Concrete” (PCI JOURNAL, Nov.-
Dec., 1972).

° Where the taper applied to the butt circumferences
calculate to a circumference at the tip of less than 16 in.,
the individual values have been increased to 16 in. to assure
a minimum of 5-in. tip for purposes of driving.

Diameters are approximate. Circumferences are the

specified requirements.

10J. Much (U.S. Coast Guard’s “The Engineer’s Digest” March-
April, 1958) reported greater resistance of Greenheart
piling to marine borer attack compared to creosoted
yellow pine at the San Juan, P.R. Base. Both species were
included in test Dolphins built at the base. After three
years, the Greenheart was still in good condition while the
pine had revealed some attack. Presumably, these tests
were continued and information compiled beyond 1957

" The tests were conducted by Shimel and Sor, T.L., for
Greenheart Associates-Demerara Inc.

2 Heinz, R., “Plastic Piling.” Civil Engineering, pp. 63-65,
April 1993.

3 This statement reflects design practice in the U.S. In
the E.U., the interlocks are frequently ignored as they are
along the neutral axis, and two sheets are treated as one
section.

* An example of a real down-to-earth rule of thumb
corrosion check is this: if grass is not growing where you
want to place the wall, there probably is a problem with
pH. Grass will normally grow in the 4.5 to 8.5 range.

> Tensile strength figures such as these do not take into
consideration that vinyl is subject to creep. A reasonable
figure for creep limited tensile stress is 4,000 psi. With a
factor of safety of 2, this would mean an allowable stress
of 2,000 psi. A factor of safety of 1.5 (and a corresponding
allowable stress of 2,667 psi) can be used only with certain
types of materials and with the recommendation of the
manufacturer. The industry standard for determining the
creep limited stress is ASTM D5262 for a minimum duration
of 10,000 hours. This test is done on samples collected
from the finished product. Therefore, it not only verifies
the performance of a particular vinyl compound, but also
the method of manufacture as well.

'® Important Note for Close Tolerance work: Holes drilled
in composite structurals are generally .002” to .004”
undersize. Thus, a 1/8” drill will not produce a hole large
enough to admit a 1/8” expanding rivet. Instead, a No. 30
drill must be used. This should be noted when drilling for
wale and/or tie rod hardware placement. Remember, just
as in cutting operations, drilling should be done in a light,
evenly applied pressure.

7 Consider carefully the use and design of fastening devices
for mechanical connections of any composite structure.
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'8 The proper washer will aid in distributing “load stresses”
which is critical in the design of any composite structure.



Chapter 3. Installation
Equipment

3.1. Overview

Over the years, technology has advanced toward the
development of larger and faster hammers. These
developments included rams that were raised by
ropes through human or horse muscle, those hoisted
by steam winches or powered by steam, air, or
hydraulic pressure, and finally the diesel hammer.
Double acting hammers were developed in order
to speed up operations. Hammers from all stages
of this technological history are still encountered
on construction sites. This section describes these
various types of pile hammers.

If the only purpose of a hammer were to advance
the pile into the ground, then the force-time
characteristics of the hammer blow would not be so
important. However, the vertical advance of a pile
under a given hammer blow can be used as a measure
of the pile’s bearing capacity. Thus, the hammer takes
on a second function as a piece of testing equipment.
The hammer’s interaction with the pile-soil system
can be both modeled before driving (wave equation
analysis) and monitored during pile installation (pile
driving analyzer.) These methods are used to both
control driving stresses and estimate the load capacity
the pile. From this, field inspection has two important
purposes:

Ascertain that the hammer conforms to certain
minimal standards.

Record observations on hammer and driving
system performance.

These two functions will enable the engineer to
reduce the uncertainty in his or her interpretation of
pile behavior. Furthermore, better productivity plus
a reduced likelihood of construction claims can be
expected.

3.1.1. Overview of the Driving System
Thedriving system consists of the following components
(see Figure 3-1):

The lead, also called the set of leads,
sometimes including a brace that allows for
the adjustment of the lead angle.

The hammer cushion, which protects both the
hammer and the pile from excessive stress.
Hammer cushion materials are relatively soft
compared to steel. Usually, a striker plate
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protects the cushion.

The helmet, which aligns the pile head and
hammer. It is usually a steel casting.

The pile cushion. This is only needed on
concrete piles, and usually consists of several
layers of plywood.

All components of the driving system have some
effect on the performance of a hammer and/or how
the hammer transfers its energy to a pile.

Figure 3-1 Components of a Pile Driving System
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3.1.2. Equipment Selection

Hammer selection may be the most important aspect
of pile installation. In some installations only one
hammer type may be applicable for the pile-soil
combination, while for others several types may be
suitable. Evaluation must consider the need to use
pile penetration rate as the means to end driving, the
ability to drive the pile without structural damage or
reducing soil capacity, the ability to obtain penetration
rates within the desired band, and the realization that
some hammer types may cause reduced capacities
for identical pile lengths. In general, wave equation
analysis supplemented by construction experience
and engineering judgment should be the basis for
hammer approval and criteria such as allowable
driving stresses, desired penetration rates, and any
other data used as a basis for approval that are clearly



defined in the specifications.

Selection of a particular hammer should consider the
anticipated driving resistance, ultimate capacity, pile
stresses expected during driving, and soil set-up. The
hammer type and size used for production installation
should always match that used in the test program
because a different hammer would likely result in a
different capacity. The designer or contractor may
designate a number of hammers for the test program
when warranted. Any changes in hammer type or
size will usually require additional testing. Methods
for determining the drivability of a specific hammer-
pile-soil system in advance of driving are discussed in
Chapter 4.

Onefactor that designers overlook is that of availability
of various types and sizes of pile driving equipment.
Designers should always strive to specify the most
broadly available hammers possible. Failure to do
so will result in a narrowed bid list of contractors
and indirectly equipment manufacturers, which will
adversely affect the installation costs.

3.1.3. Penetration Limitations

For impact hammers the rate of penetration is
customarily defined as the blow count per unit length
of pile penetration. Blow counts are typically recorded
in the field on a per-foot basis until the pile approaches
a designated tip elevation or the end of driving. At
that point the blow count is usually recorded for each
inch of penetration. Limiting penetration rates are
designated to prevent overdriving, which may cause
structural damage to the pile, and to provide guidance
for determining the relative capacity attained during
driving. Pile tip damage due to very difficult driving
(commonly referred to as refusal) is not readily
detectable when the pile encounters an obstruction or
a hard bearing stratum prior to reaching the indicated
tip elevation. Therefore, the limiting penetration
rates, or the criteria necessary to determine limiting
rates, or the criteria necessary to determine limiting
rates, should be specified.

3.2. Impact Hammers

Impact pile driving hammers consist of a ram and
an apparatus that allows the ram to move quickly
upwards and then fall onto the driving system and
pile. The ram must have a mass and impact velocity
that is sufficiently large to move the pile as shown in
Figure 3-2.
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Figure 3-2 Impact Hammer System Schematic
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Upon impact with the pile accessory, the ram creates
a force far larger than its weight, which, if sufficiently
large, then moves the pile an increment of penetration
into the ground. The mass falls a certain distance
called the stroke. If the stroke is too low, the pile
will not move into the ground. If the stroke is too
high, the pile may be damaged. The stroke of a pile-
driving hammer is usually between three and ten feet
(900 to 3000 mm).

A properly functioning hammer strikes the pile in
quick succession. It transfers a large portion of the
kinetic energy of the ram into the pile.

Figure 3-3 shows various types of pile hammers. These
will be discussed in the following sections.

3.2.1. External Combustion Hammers

External combustion hammers are hammers that burn
the fuel that provides the energy for the operation
of the hammer outside of the hammer itself. These
hammers have external power sources such as the
crane itself, steam boilers, air compressors, and/or
hydraulic power packs to provide the energy to move
the ram upward, and in some hammers, downward
as well. The various types of external combustion
hammers are detailed below. Figure 3-4 shows
the basic components of an external combustion
hammer.



Figure 3-3 Impact Pile Driving Hammers
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Figure 3-4 Basic Components of an External
Combustion Hammer
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3.2.1.1. Drop Hammers

The drop hammer is the oldest type of pile driving
hammer in existence. A typical drop hammer is
shown in Figure 3-5. The hammer is connected to a
cable that is attached to a winch on the crane. The
hammer is raised to the desired stroke. The winch
has a clutch on it that then allows the operator to
release the hammer, which falls by its own weight and
strikes a pile cap and the pile. A hoist from the same
crane, which supports the pile and the leads, usually
lifts it. After lifting the ram to the desired stroke,
it is dropped by either a tripping mechanism or by
releasing the hoisting drum, as shown in Figure 3-6.
In the former case, all the developed energy remains
in the ram; in the latter case, some energy is needed
to unwind the cable from the drum. The available
energy per blow of a drop hammer is the product
of the ram weight times the drop height. Standard
ram weights range from 500 to 10,000 lbs (2.5 to 50
kN). Typical drop heights are approximately 4’ (1.2
m). For a given hammer, varying the drop height can
vary the energy per blow. Drop hammers are typically
used on very small projects and for small piling. The
advantages and disadvantages of drop hammers are
shown in Table 3-1. It should be noted that a pile cap
and leads should always be part of a driving system
to ensure that the ram hits the pile axially, and to
protect the pile top from damage.



Figure 3-5 Typical Drop Hammer

Table 3-1 Advantages and Disadvantages of Drop
Hammers

Advantages Disadvantages
implicity of operation. Relatively slow rate o
... operation. .

Ease of mobilization Drivingefficiencydepends

and demobilization. upon operator’s skills.
Low investment and Variations in drop height.

maintenance costs.
Drop height can be

—easily changed,

One variation of the drop hammer currently is one that

requires only a minimal amount of headroom. The
idea utilizes a pipe pile with a large enough diameter
to allow the pile hammer to move up and down inside
the pipe’s walls. The hammer impacts onto a “stop”
built into the bottom, inside of the pipe pile. As the
pile is driven, the impact occurs near the toe of the
pile. The pile is actually pulled down into position in
lieu of being pushed. This configuration minimizes the
need for the additional overhead clearance (leads,
crane, etc.).

For drop hammer arrangements that require the ram
unwind the cable from the drum during its fall, the
effective energy of the hammer is reduced because
of the friction loss and the inertia of the drum and
the cable assembly. Just before impact, the operator
sometimes “catches” the ram, thereby reducing the
impact velocity. The operator often does not achieve
constant strokes, and variable energy outputs result
from to blow. An additional source of energy losses
is the friction between the ram and the leads. Going
through the checklist that follows can minimize these
factors.

3.2.1.1.1. Checklist for Drop Hammer
Inspection

3.2.1.1.1.1. Before Driving Begins
e Check ram weight.

o Check material, size, and the condition of the
hammer cushion.

« Check the pile cushion (if present), size and
condition.

« Check that helmet and pile are well matched.
e Check helmet weight.

» Check straightness of leads and connections of
lead parts for tightness.

« Make sure that the portion of the leads that
guide the ram, as well as all pulleys used are
well greased.

o Clearly mark the leads as a reference for drop
height observations.

« Check the alignment between the leads and
the pile.

e« Make sure that the cable and the drum
components are well lubricated.

« Check the condition of the hoisting cable.

3.2.1.1.1.2. During Driving
If a trip mechanism is not used, be certain that the
hoisting cable is spooling freely, i.e., that there is no



tension in the cable just before and during impact.

Make sure that the desired hammer stroke is
consistently maintained.

Check that ram, helmet, and pile maintain
alignment during driving (no excessive swaying
due to the lifting and releasing of the ram).

3.2.1.2. Single Acting Air/Steam Hammers

Single acting air/steam hammers are essentially
drop hammers, except that the hoisting cable is
replaced by pressurized air or steam (motive fluid).
The ram is usually a short, stocky block of steel that
is connected at its top to a piston. It is guided by
columns or inside guiding enclosures, depending

on the particular design’. Vulcan, Conmaco, MKT,
Menck, and Raymond manufacture single acting air/
steam hammers most commonly encountered in the
United States. Vulcan, Raymond and Conmaco have
very similar designs. Single acting air/steam units
from Vulcan and Menck are commonly used to drive
piles offshore. A typical single acting air/steam
hammer is shown in Figure 3-7.
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Figure 3-7 Typical Single-Acting Air/Steam Hammer

The maximum available energy per blow for a single
acting air/steam hammer is expressed as the product
of ram weight times stroke. Ram weights for current
production models are between 3 and 300 kips (14
and 1,500 kN). Strokes vary from 2 to 5 ft (.6 to 1.5
m). Thus, energy ratings may be between 6 and 1,500
kip-ft (10 and 2,250 kNm).

The operating rate of single acting air/steam hammers
range between 35 and 60 blows per minute. This rate
is comparable to most other hammer types that lack
downward assist.

Most single acting air/steam hammers have a fixed
stroke. Aslide bar with cams (Figure 3-8) is attached
to the ram for the tripping of valves on the ram
cylinder. However, the stroke of some hammers can
be varied if the slide bar is equipped with a dual set
of cams and with a valve trip which can be moved
to either set of cams as shown in Figure 3-9. This
adjustment is usually done remotely by means of a
hydraulic line. The primary advantage of variable
stroke hammers is their ability to reduce damaging
driving stresses during the early stages of driving
when lower soil resistance is encountered.



Figure 3-8 Slide Bar with Cams
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Figure 3-9 Stroke Changing Device for Air/Steam
Hammers.

Advantages and disadvantages for single acting air-
steam hammers are shown in Table 3-2.
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Table 3-2 Advantages and Disadvantages of Single

Acting Air/Steam Hammers:

Advantages Disadvantages
Higher rate of blows Additional equipment
per minute than drop needed (boiler,
hammers. compressor, hoses,

etc.
Relatively consistent Relazcively heavy
operation. hammer; requires

higher crane and
handling equipment
capacities.

Simple hammer design
(compared to all except
drop hammers)

3.2.1.2.1. Operation

The operating cycle of a single-acting air/steam
hammer is shown in Figure 3-10. The hammer operates
in a two-step cycle as follows:

1.

A blow of an air/steam single-acting hammer
is initiated by introducing the motive fluid
at constant pressure in a cylinder under the
piston. The pressure increases in the cylinder
and causes the ram to move upward. At a
certain height (usually 50-75% of the maximum
fall height), the pressure inlet valve is closed
and the pressure chamber is opened to the
atmosphere.

. Theramwill coast upwardsunderits momentum

for an additional distance. Towards the top of
a full stroke, the piston penetrates a safety
chamber formed by trapped air above the
so-called relief ports, which assists in the
deceleration of the piston. Upon its descent,
theramreachesaposition - usually immediately
preceding impact - where the valve opens to
allow motive fluid to enter the cylinder. The
exhaust is closed at the same time.



Figure 3-10 Single-Acting Air/Steam Hammer
Operating Cycle

Obviously, if pressurized motive fluid enters the
cylinder too soon before impact occurs, this pressure
will tend to slow the fall of the ram. This effect is
called pre-admission; it may have a significant effect
on the striking velocity. An incorrect hammer cushion
thickness, poorly adjusted valves, or an improper
slide bar may cause this problem.

During impact, the ram pushes the helmet and pile
downwards, allowing the hammer base, columns,
and cylinder (these components are also called the
assembly) to fall under the action of both gravity and
the reaction forces of the pressurized fluid. When the
hammer base meets the helmet, a so-called “assembly
impact” occurs.

Since the air/steam hammer is an external combustion
hammer, its performance depends on the boiler (steam
generator) or air compressor. Either unit must be of
sufficient capacity to provide the operating pressures
at the necessary fluid flow rate. The hammer
specifications therefore require an operating pressure
and an operating volume (e.g., cubic feet per minute
or cubic meters per minute).

The specified pressures must be available at the
hammer, and the system losses must be minimized.
Pressure losses may result from leaky or worn hoses,
or in hoses of insufficient number of size or excessive
length.

Single acting air/steam hammers should be used with a
pile helmet inserted between the ram and the pile top.
The helmet usually supports the hammer assembly,
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and houses the striker plate and the hammer cushion,
if so required by the manufacturer. The helmet
must be well matched to both pile type and hammer
model. For high hammer cushion stacks (such as those
commonly used with micarta and aluminum stacks), a
follower or shield may be inserted between hammer
and helmet; its effect is to extend the upper portion
of the helmet. Such a follower or shield should only
be used after obtaining approval from the engineer.

A correct cushion thickness is important for the proper
performance of a hammer. Thinner than specified
cushions may cause pre-admission, which cushions
the blow. A taller cushion stack than recommended
shortens the ram stroke. The shorter stroke will,
of course, produce blows with lower energy. If the
cushion thickness increases even further, then the
inlet valve may not open at all, and the hammer
will not run. It is very important to start with and
maintain a hammer cushion thickness as specified by
each manufacturer for each hammer model.

3.2.1.2.2. Checklist for Single Acting Air/
Steam Hammers

3.2.1.2.2.1. Before Driving Begins

Check hammer model and serial number to
ensure that the hammer has the proper energy
rating.

Check material, size, and the condition of
the hammer cushion. When measuring the
hammer cushion thickness, the thickness of
the striker plate should also be measured and
then added.

Check the pile cushion (if present) for size and
condition.

Check that the helmet and pile are well
matched.

Check helmet weight; if in doubt have it
weighed.

Check straightness of leads and connections of
lead parts for tightness.

Make sure that the portions of the leads that
guide the hammer do not offer excessive
friction.

Check the alignment between the leads and
the pile.

Mark ram guides or check hammer for reference
points as a reference for stroke observations.

Check number, size, and length of steam or air
hoses.



Make sure that hoses are cleared of obstructions
before they are connected to the hammer.

Check that the motive fluid lubricator is filled
with an appropriate lubricant.

Inspect the slide bar and its cams for excessive
wear.

Check the columns (ram guides), piston rod
and slide bar are well lubricated.

Make sure that the ram keys and column keys
are all tight.

3.2.1.2.2.2. During Driving:
Make sure that the desired hammer stroke is
maintained.

Check that the ram, helmet, and pile maintain
alignment during driving.

Check that pressure at compressor or boiler is
equal to the rated pressure plus hose losses.
Pressure should not vary significantly during
driving.

Measure the rate of hammer operation in blows
per minute. A stopwatch may accomplish
this.

Make sure that the motive fluid is well
lubricated. After a short period of pile driving,
lubricant should drip out of ports.

Continuously check the quality of the motive
fluid; condensation or icing of air, and water in
steam are all signs of a motive fluid in a poor
condition.

Check that the hammer hoist line is always
slack.

Record when hammer or pile cushioning
material is replaced or added to the driving
system. New cushion material should not be
added towards the end of driving; a minimum
of 100 blows should be applied before final
blow counts for capacity determination are
taken.

3.2.1.3. Double, Differential and
Compound Acting Air/Steam Hammers

The desire to create a hammer that applies blows
in rather quick succession for increased productivity
led to the development of double acting air/steam
hammers. For an increase in blow rate, the stroke
was shortened, and in order to maintain a comparable
energy rating, the ram was accelerated during its
down stroke by means of active pressure. Advantages
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and disadvantages of these hammers are shown in
Table 3-3.

Table 3-3 Advantages and Disadvantages of Double,
Differential and Compound Acting Air/Steam
Hammers

Advantages Disadvantages

The speed of Energyoutputisextremely
operation of a double sensitive to proper valve
acting  hammer is timing, and to pressure

and volume of the motive
fluid.

approximately twice
that of a single acting
hammer, i.e., 120
instead of 60 blows per

minute. )
The available energy of

each blow is more difficult

to inspect and to verify.
The = applied hammer

energy output is sensitive
to soil resistance (rebound
in hard driving).

3.2.1.3.1. Double Acting Hammers

The term “double acting” is frequently used to refer
to any hammer that uses the air, steam or hydraulic
pressure to accelerate the ramin the down stroke along
with gravity. This definition is misleading because
it does not take into consideration the different
methods by which this is accomplished, which can be
significant both in the operation of the equipment and
in its maintenance. Amore accurate term to generally
refer to the application of downward and down stroke
pressure on the ram is “downward assist,” which has
come into common usage with hydraulic hammers.

In the U.S., the best-known example of a double
acting air/steam hammer is the MKT “B” series,
which include the 9B3, 10B3 and 11B3. Double-acting
hammers are especially popular in driving sheet piling
where vibratory hammers cannot penetrate the soil
or where they are favorable economically. Such an
application (with sheet piling) is shown in Figure 3-11.
The hammer is guided by pants, which eliminate the
need for leaders.



Figure 3-11 MKT “B” Series Hammer Driving Sheet
Pile

.y

The operating cycle of these hammers is shown in
Figure 3-12. The ram carries a rigidly connected cam
throw (some double acting hammers use a fluid valve)
that engages a cam rod suspended in the intermediate
head of the hammer. In operation, the motive fluid
first enters the inlet port and flows through the lower
opening of the valve to the underside of the piston.
The top opening of the valve completes a path from
the topside of the piston to the exhaust port. As the
fluid lifts the piston, thus lifting the ram, the lugs of
the cam throw slide past the edges of the cam rod
until, at the top of the stroke, they engage a spiral
portion of the cam rod, causing it to rotate. The valve
connected to the top of the cam rod also rotates,
allowing the inlet motive fluid to enter the top of
the cylinder, and permitting the exhaust fluid on the
underside of the piston to escape through the exhaust
port. The ram then falls, its velocity increased by
the fluid pressure on the top of the piston. The cam
throw lugs slide down where another spiral portion of
the cam rod is engaged. The cam rod rotates; rotating
the valve to the original position, and the motive fluid
path reverses.
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Figure 3-12 Operating Cycle of a Double Acting Air/
Steam Hammer
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The MKT double acting hammers are designed for
a metal-to-metal impact between the ram and the
impact block also called the anvil. The impact block
may be seated directly on the pile without cushioning.
The ram is guided by the hammer housing, also called
the cylinder. This housing completely encloses the
ram and other moving parts, and an inspection is
therefore difficult.

Since hammer and pile experience ram impact at the
same time, no discernable assembly drop is present
for this hammer type. On the other hand, there may
be several separations between the impact block and
the pile top.

3.2.1.3.2. Differential Acting Hammers

These hammers are similar to double-acting models
except that the air or steam is constantly pressurized
under the piston. This allows for a simpler valve
configuration than with a double-acting hammer
with similar operating characteristics. A typical
differential-acting hammer is shown in Figure 3-13.
Its operating cycle and characteristics are shown in
Figure 3-14. The best examples of this type of hammer
are the Vulcan and Raymond “C” series hammers.



Figure 3-13 Typical Differential-Acting Air/Steam Referring to Figure 3-14, the cycle begins at impact,

Hammer. the valve rotated so that the area above the large
piston is open to the atmosphere and exhausting the
compressed air or steam from the previous stroke.
The area in the cylinder between the large and small
pistons is always pressurized, and, as in the beginning
of the cycle, when there is only atmospheric on the
top of the large piston, this creates an unbalanced
force on the piston and the ram accelerates upward.
As the ram moves upward the intake wedge actuates
the trip, rotating the valve and admitting steam to
the cylinder above the large piston. This produces an
unbalanced force downward on the ram, bringing the
ram to a halt at the top of the stroke. The ram is
then forced downward, gaining kinetic energy from
both gravity and the downward acting steam or air
force, to impact. Just before impact the exhaust
wedge rotates the valve once again to exhaust the
compressed air or steam above the large piston and
the cycle starts once again.

3.2.1.3.3. Compound Acting Hammers

A compound acting hammer is any air/steam hammer
that a) uses air or steam expansively? during the
operating cycle and b) applies downward assist to the
ram. Thus the Menck air/steam hammers, which use
the motive fluid expansively, are not really “compound
hammers” as they are single acting.

The first compound hammer to gain wide acceptance
was the “California” series of hammers, invented by
James N. Warrington and produced by Vulcan between
the World Wars. An example of this is shown in Figure
3-15. After World War Il, MKT developed the “C” series
hammers; this is described in more detail below.

Figure 3-14 Operating Cycle for Differential-Acting
Air/Steam Hammers.
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Figure 3-15 Vulcan California “E” Hammer

Figure 3-16 Compound Air/Steam Hammer
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A schematic of the operation of a compound hammer
is presented in Figure 3-16. The ram of a compound
hammer is raised under full pressure and with the
upper chamber vented. After reaching the top of
the stroke, the upper chamber that is containing full
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pressure in the beginning of the downward stroke.
At the same time, the inlet valve is closed and as
the ram descends, the motive fluid expands in both
upper and lower chambers with decreasing pressures.
Since the top ram area is significantly larger than the
bottom area, a net downward force results, which
accelerates the ram at a rate greater than gravity.

Compound mechanisms, similar to differential ones,
utilize the motive fluid more economically than
double acting mechanisms. Again, for full efficiency,
this hammer must be supplied with as much pressure
as specified.

3.2.1.3.4. Checklist For Double Acting And
Differential Acting Air/Steam Hammers
3.2.1.3.4.1. Before Driving Starts:

Check hammer model and serial number to
ensure that the hammer has the proper energy
rating.

Check material, size, and the condition of the
hammer cushion. When measuring the hammer
cushion thickness, the thickness of the striker
plate should also be checked and then added
(R(aymond), C(onmaco), V(Vulcan) hammers).

Check the pile cushion (if present), for size
and condition.

Check that helmet and pile are well matched.
If the hammer type is such that no helmet is
necessary, check that the hammer and pile are
well matched.

Check helmet weight; if in doubt have it
weighed.

Check straightness of leads and connections of
lead parts for tightness.

Make sure that the portions of the leads that
guide the hammer do not offer excessive
friction.

Check the alignment between the leads and
the pile.

Mark ram guides or check hammer for reference
points as a reference for stroke observations
(R, C, V).

Check number, size, and length of steam or air
hoses.

Make sure that hoses are blown down before
they are connected to the hammer.

Check that the motive fluid lubricator is filled
with appropriate lubricant.



Inspect the slide rod and its cams for excessive
wear. (R, C, V).

Check that columns (ram guides), piston rod,
and slide bar are well lubricated.

Make sure that ram keys and column keys are
all tight.

3.2.1.3.4.2. During Driving
Make sure that the desired hammer stroke is
maintained. (R, C, V)

Check that ram, helmet, and pile stay in
alignment during driving.

Check that the pressure at the compressor or
boiler is equal to the rated pressure plus hose
losses. Pressure should not vary significantly
during driving.

Record when and to what level pressure needs
to be reduced because of uplift.

Measure the rate of operation of the hammerin
blows per minute. This may be accomplished
by using a stopwatch.

Make sure that the motive fluid is well
lubricated. After a short period of pile driving,
lubricant should drip out of ports.

Continuously check the quality of the motive
fluid; condensation or icing of air, and water
in steam are all signs of a motive fluid in bad
condition.

Check that the hammer hoist line is always
slack.

Record when hammer or pile cushioning
material is replaced or added to the driving
system. New cushioning should not be added
towards the end of driving; at least 100 blows
should be applied before final blow counts are
taken.

3.2.1.4. Hydraulic Impact Hammers

A hydraulic hammer is one that incorporates the use
of an external energy source to lift the hammer to
the top of its stroke. For the single acting hydraulic
hammer, the free-falling piston develops the actual
energy induced into the pile, much the same power
stroke as a drop hammer or a single acting air/steam
hammer. A hydraulic hammer is shown in Figure 3-17.

These hammers substitute hydraulic fluid for air or
steam, and it is applied to the piston to move the
ram. A hydraulic power pack, such as one shown in
Figure 3-18, provides the pressurized fluid to operate
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the hammer. Hydraulic impact hammers can be single
acting, double acting, differential acting, or other
variations. Most but not all hydraulic hammers employ
the use of an electric valve operated with a variable
timer. The timer allows for very flexible control of
the output energy. Others use a purely hydraulic
system to control the valve and thus the cycling of
the ram, which obviates the need for electronics on
the hammer. Depending upon the flow and pressure
requirements of the hammer and the capabilities
of the crane or excavator, some hydraulic hammers
can be powered using the hydraulic power units on
the crane or excavator, dispensing the power pack
altogether.

Figure 3-17 Hydraulic Impact Hammer Driving Steel
Pipe Pile




Figure 3-18 Hydraulic Power Pack
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The hydraulic hammer has a variable stroke, which is
readily controlled from a control box. The stroke can
be varied infinitely so that the stroke can be optimized
to the point of matching the dynamic spring constant
of the hammer and pile. Many hydraulic hammers
have the ability to induce a single blow, which is
very useful in dynamic testing or in cases of severe
pile run. The control systems can also output a wide
variety of information, such as kinetic energy output
of the hammer and diagnostic information.

Most hydraulic hammer manufacturers claim high
efficiencies for their hammers. Although there are
many improvements in hydraulic hammers that
enable a more efficient drop, the main reason for the
higher efficiencies is that most hydraulic hammers
- even those that are “single acting” - have some kind
of downward assist to equalize the hydraulic flow
during the hammer cycle. This enables the apparent
efficiency of the hammer to increase.

3.2.1.4.1. Checklist For Hydraulic Impact
Hammers

. Determine/confirm the ram weight. There may also
be identifying labels as to hammer make, model,
and serial number that should be recorded.

. Checkthe powersupply and confirmit has adequate
capacity to provide the required pressure and flow
volume. Also, check the number, length, diameter,
and condition of the hoses (no leaks in hoses or
connections). Manufacturers provide guidelines
for power supplies and supply hoses. Hoses bent to
a radius less than recommended could adversely
affect hammer operation or cause hose failure.

« Hydraulic hammers must be kept clean and free
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from dirt and water. Check the hydraulic filter
for blocked elements. Most units have a built in
warning or diagnostic system.

Check that the hydraulic power supply is operating
at the correct speed and pressure. Check and
record the pre-charge pressures or accumulators
for double acting hammers. Allow the hammer to
warm up before operation, and do not turn off
power pack immediately after driving.

Most hydraulic hammers have built in sensors to
determine the ram velocity just prior to impact.
This result may be converted to kinetic energy or
equivalent stroke. The inspector should verify that
the correct ram weight is entered in the hammer’s
“computer”. This monitored velocity, stroke, or
energy result should be constantly monitored
and recorded. Some hammers have, or can be
equipped with, a printout device to record that
particular hammer’s performance information
with pile penetration depth and/or pile driving
resistance. This is the most important hammer
check that the inspector can and should make for
these hammers.

For hydraulic hammers with observable rams,
measure the stroke being attained and confirm
that it meets specification. For hammers with
enclosed rams, it is impossible to observe the ram
and estimate the stroke.

Check that the ram guides and piston rod are well
greased.

Where applicable, the total thickness of hammer
cushion and striker plate must be maintained to
match the manufacturer’s recommendation for
proper valve timing and hammer operation.

Make sure the helmet stays properly seated on
the pile and that the hammer and pile maintain
alignment during operation.

The hammer hoist line should always be slack,
with the hammer’s weight fully carried by the
pile. Excessive tension in the hammer hoist line is
a safety hazard and will reduce energy to the pile.
Leads should always be used.

Compare the observed hammer speed in blows
per minute from near end of driving with the
manufacturer’s specifications. Blows per minute
can be timed with a stopwatch or a Saximeter.
Slower operating rates at full stroke may imply
excessive friction, or incorrect hydraulic power

supply.
As the driving resistance increases, the ram stroke



may also increase, causing the ram to strike the
upper hammer assembly and lifting the hammer
from the pile (racking). If this behavior is detected,
the pressure flow should be reduced gradually
until racking stops. Many of these hammers have
sensors, and if they detect this condition, the
hammer will automatically shut down. The flow
should not be overly restricted so that the correct
stroke is maintained.

Some manufacturers void their warranty if the
hammer is consistently operated above 100 blows
per 250 mm of penetration beyond short periods
such as those required when toe bearing piles
are driven to rock. Therefore, in prolonged hard
driving situations, it may be more desirable to use
a larger hammer or stiffer pile section.

Common problems and problem indicators for
hydraulic hammers are summarized in Table 3-4.

Table 3-4 Common Problems And Problem Indicators
For Hydraulic Hammers

Common Problems Indicators

Hoses getting caught in Visually evident.

leads. )

Fittings leaking.
Electrical connections.
Sensors.

Hydraulic fluid dripping.
Erratic performance.
Erratic performance,

3.2.1.5. Jacking

Pile jacking machines are not impact hammers but
advance the pile by simply pushing it into the ground.
Pile jacking machines are most effective when the
soil resistance is lower than the maximum ram force
and when there are piles for reaction (such as with
sheet piling).

The operating cycle is as follows:

1. The jack is set on the reaction stand for the

installation of the first two piles.

2. The jack moves by elevating its travel carriage
while supporting itself on the previously
installed pile.

The travel carriage then slides forward.
4. The travel carriage lowers itself, drops onto

the installed piles, and continues its hydraulic
installation process.

After the third or fourth pile is driven, the jack moves
off the reaction stand and travels independently on
the piles.

Pile jacking devices can be used for both sheet piles
(Figure 3-19) and tubular piles (Figure 3-20.)
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Pile jacking is becoming more important as a method of
installing piling. This is because of noise and vibration
difficulties, especially around sensitive structures
and areas where noise attenuation requirements are
especially restrictive.



3.2.2. Internal Combustion Hammers

These hammers burn the fuel that powers them inside
of the hammer itself. The diesel hammers are the only
constituent of this class, although other types of fuel
are being used.

3.2.2.1. Single Acting (Open End) Diesel
Hammers

3.2.2.1.1. General Description

An open-end diesel hammer consists of a long slender
piston (the ram), which moves inside a cylinder. The
cylinder is open at its upper end, thus allowing the
ram to partially emerge from the cylinder. Since the
ram falls only under gravity, the OED is also called
single acting.

There are many manufacturers of open-end diesel
hammers throughout the world. The hammer ratings
vary from 5 to more than 300 kip-ft with ram sizes
between 1 and 35 kips.

Many of these hammers are built using the same
fuel combustion principle: impact atomization.
This is also referred to as liquid fuel injection. The
Delmag “02” models (e.g., D30-02) use a medium
pressure injection, which may be classified as impact
atomization. A typical open-end, single-acting diesel
hammer is shown in Figure 3-21.

Figure 3-21 Open-End, Single-Acting Diesel Hammer

A diagram of an open end diesel hammer in various
stages of its operating cycle is shown in Figure 3-22.
This also illustrates the major parts of the machine.

The drive cap - anvil interface is illustrated in more
detail in Figure 3-23.

Figure 3-23 Drive Cap - Anvil Interface Details

The impact block usually has enlarged top and bottom

diameters. The cylinder bottom through which the



Figure 3-22 Major Parts and Operating Cycle of a Diesel Hammer

o

Upper
L~ Cylinder

Starting
Device

Piston

sy eIty ermy

e=>c

eREP i GERe-GRad

centre of the impact block passes is narrowed to a The open-end diesel hammer operates as is shown in

Figure 3-22. The hammer operates in a three-stage
Thus, the impact block can move up and down a few cycle as follows:

diameter just large enough to allow free movement.

inches, but is prevented from falling out of the cylinder
when the entire hammer is raised. The exhaust ports
are merely openings in the cylinder wall. The recoil
dampener is located between the cylinder bottom and
the impact block bottom. Its purpose is to cushion
the cylinder against a strong upward impact block
movement, due to pile rebound.
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1.

The piston, with the assistance of the starting
device (crab) driven from the winch of the
pile driving rigs or hydraulically, is raised to
an upper position. At this point, it is released
by the starting device and falls down under its
own weight.



2. Before the bottom of the ram passes the
exhaust ports, the piston pushes the fuel pump
lever, and fuel from the pump is supplied
to the spherical recess of the anvil (some
models directly inject atomized fuel into the
combustion chamber). As the ram passes the
exhaust ports, it closes them, beginning the
compression of the air used for combustion. At
the bottom of the stroke, the piston impacts
the anvil.

The energy of impact is divided between fuel
vaporization and its mixing with heated air
and driving of the pile. Depending on the
pile length, after impact the pile starts to
rebound a certain time, thereby pushing the
impact block upwards. The impact block then
collides with the cylinder, which is softened
by the recoil dampener. For short piles, the
rebound happens quickly and then a second
impact between impact block and ram may
occur.

After a short period, the air-fuel mixture
is ignited, and because of the pressure of
both the expanding exhaust gases and the
rebound of the pile, the piston is raised up and
additional driving impulse is transmitted to
the pile. The upward moving ram eventually
clears the exhaust ports and excess pressure is
blown off. The ram continues upwards, now
subject only to the slowing force of gravity
and friction of the ram on the cylinder wall.
Naturally, the larger the ram’s upward velocity
at the time it clears the ports, the higher the
height it reaches before starting to descend
for the next blow.

The magnitude of the upward ram velocity depends
on:

The hammer combustion pressure
The pile mass and stiffness

The stiffness of the hammer and pile
cushions

The soil stiffness and/or resistance.

Practically all components of the hammer-pile-
soil system have an effect on the diesel hammer’s
stroke. Under normal conditions, the ram stroke
increases as pile driving becomes harder. In soils with
high resistance but low stiffness, a “spongy” driving
situation results and the stroke will be relatively low.
A similar situation exists with very long and flexible
piles.
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Advantages and disadvantages of single acting (open
end) diesel hammers are shown in Table 3-5.

Table 3-5 Advantages and Disadvantages of Single
Acting Diesel Hammers

Disadvantages
troke dependent

on hammer-pile-soil
system.

Advantages
elf-contained

not require additional

unit does
equipment, thus
enhancing economy of

operation. )
Increasing strokes in

hard driving provide
increasing energies; low
strokes in easy driving

Relatively low blow rates
(blows per minute) with
high strokes.

Rrote_ct concrete piles. )

elatively low ram Potential for
weight compared to environmental problems
energy (high strokes). (very dependent

upon how hammer is
outfitted with fuel and
lubricants.)

Upon impact, the ram pushes the impact block,
hammer cushion, helmet, and pile head rapidly
downward, allowing the cylinder to fall under gravity.
The impact block separates from the ram within a
very short time and the pressure of the combusting
air-fuel mixture will cause further separation as the
ram is forced upward.

3.2.2.1.2. Performance Characteristics

The inspection of a diesel hammer should focus on the
following two questions:

Is the stroke of the hammer adequate?

Is the energy output at a given stroke
adequate?

3.2.2.1.2.1. Lack Of Stroke

There are a number of ways in which the stroke of an
open-end diesel hammer can be measured. The most
basic approach is to attach a so-called “jump stick”
with footmarks to the cylinder. As the top of the ram
emerges from the cylinder, the stroke can be read.
Binoculars are recommended equipment to assist
accuracy. Jump sticks are not a very good means of
measuring hammer strokes, particularly since they
often break off, thereby causing a safety hazard.

A better solution is the use of a Saximeter™. This
unit measures the period between blows and, from
this information, calculates the ram stroke. The
Saximeter™ operates on the following principle: Since
the ram falls freely until it is even with the exhaust
ports, and since it falls only a short distance against



an appreciable pressure, the assumption of a free-fall
condition is accurate. If the time of fall is t, and if
only the gravitational force exists, the height of the
fall is

Equation 3-1:

ho 9t
2

Where

o h = height of stroke, ft or m

o g =acceleration due to gravity = 32.2 ft/sec? or 9.8
m/sec?

» t,=descent time of ram, sec.

Since the ram has to fall and rise, the time of one complete
cycle t is

Equation 3-2:
tp = th

The stroke may thus be computed from

Equation 3-3:
2
ho9
8

However, corrections of strokes measured with a jump stick
and those computed according to this equation indicated
that the computed value would usually be high by 0.3’ (100
mm). For this reason a correction was made. Substituting
for g the Saximeter™ formula becomes

Equation 3-4: (U.S. Units)
h=4.02t, -0.3

Equation 3-5: (Sl Units)
2
h= 1.23tp -0.1

The Saximeter™formula may be used with a stopwatch.
In that case, for accuracy the stopwatch should be
started with blow number “1” and stopped with blow
number “11”. Thus, ten times periods have elapsed
and the time t_is one tenth of the measured time.

If a diesel hammer does not reach 80% of its full
stroke with a blow count of six blows/inch or more,
then the following potential causes for poor hammer
performance should be investigated:
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1.

Soft driving system, long flexible piles, spongy
soils. These conditions can be identified by
closely observing the hammer cylinder. If
the cylinder experiences a high recoil, say
more than one inch, then a “bouncy” driving
situation exists. The cylinder motion can most
easily be observed by its movement relative to
the impact block.

Lack of fuel or improper fuel. Lack of fuel
often causes low strokes. Most commonly, the
first check on a diesel hammer concerns the
fuel pump. Routine inspections are difficult,
however, as they involve the removal of the
fuel line from the injector and a manual
activation of the pump. With a measuring
glass, the amount of fuel injected per blow
can be determined. If the fuel pump is working
properly, then a clogged injector may be the
cause for low fuel injection. Improper fuel
should be a rare occurrence. Improper fuel
may cause low strokes through early or late
ignition. Of course, if water or dirt entered
the fuel system, poor hammer performance
would result. Draining of the fuel through
a clear cloth may indicate the presence of
contaminants.

Excessive friction. Excessive friction not only
reduces the stroke but also causes a low
energy transfer to the pile. Although other
hammer components also need attention, for
a maximum stroke the ram lubrication is most
important.  Fortunately, open-end diesels
show the upper ram during driving and it is
easily ascertained whether the ram has a wet,
shiny, lubricated surface. Scratches or dried
patches of residue on the ram indicate that
lubrication is insufficient. Note that too much
lubrication may result in burning of grease and
oil and thereby possibly cause pre-ignition.
This condition would be indicated by black
smoke.

Lack of compression. If either piston or
impact block rings allow pressure to leak off,
then full compression and thus full combustion
pressure will not develop. Furthermore,
if the recoil dampener is too thin, then the
hammer’s starting volume will be small, and
full compression will not be developed. In
bad situations, the leakage of pressure past
the impact block can be noticed during pile
driving when smoke appears between the
recoil dampener and the impact block bottom.
Compression is easily checked under a “cold



blow” on a bearing pile. To perform this
check, the ram is picked up as if the hammer
was to be started, but the fuel pump line is
kept stretched such that no fuel is pumped.
The ram is then released and, after impact, it
should continue to bounce on the air trapped
in the chamber. Each bounce can be easily
heard. At least ten bounced should occur if
the hammer has good compression.

3.2.2.1.2.2. Pre-ignition
Pre-ignition means that the fuel combusts before
impact occurs. Thus, pre-ignition reduces the ram
impact velocity and cushions the impact.

When a hammer pre-ignites, the ram energy is not
transmitted to the pile, but rather returned to the
ram, which therefore strokes very high. The low
energy in the pile results in a higher blow count.
Thus, the pre-ignition situation has all the symptoms
of a hard driving condition with a potentially low soil
resistance.

The following are signs of pre-ignition in hard
driving (when it may be particularly detrimental to a
successful pile installation):

Black smoke while strokes are high.

Flames in exhaust ports.

Blistering paint (due to excessive heat).

No obvious metal-to-metal impact sound.

If pre-ignition is suspected, then the hammer should
be stopped, allowed to cool for half an hour, and
then restarted. Stroke and blow count should then
be accurately monitored. If strokes are lower and
blow counts are lower during the first two minutes
of driving, then chances are that the hammer pre-
ignited before the cooling period.

Most atomized fuel injection hammers have some
pre-ignition by design. The fuel usually starts to burn
when the ram is a small distance above the impact
block. If the ram descends slowly, the pressure has
more time to act on the ram than in the case of a high
stroke, when the ram reaches the impact block within
a short time. Thus, in hard driving, with high strokes
and therefore high ram velocities, such as “design pre-
ignition” is of little consequence. For easy driving, it
is often beneficial in keeping the hammer running.

3.2.2.1.2.3. Friction
Friction, of course, is one of the most serious reasons
for low energy outputs. Fortunately, during driving,
the ram of open-end diesels is usually visible above
the cylinder, and it can be easily checked whether the
ram is shiny from lubrication. If the ram appears dry
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or scratched, then friction losses may be serious.

Not only the ram, but also the impact block must
be well greased. The impact block moves a certain
distance relative to the cylinder during impact. Most
manufacturersrequire that theimpactblock be greased
at half hour intervals. Some diesel hammers have a
lubrication system that obviates the greasing; in these
cases, the lubrication system must be functioning and
have oil at all times during operation.

3.2.2.1.2.4. Overheating without pre-ignition

Overheating of a hammer may not only cause the
hammer to pre-ignite, it may also lead to problems
with the lubrication and fuel systems. The diesel fuel
line may develop a vapor lock and reduced strokes
could result. Burning of the lubricants may reduce
combustion efficiency and increase friction. Thus,
overheating should be avoided, particularly in a hot
climate, by ensuring continuous maintenance of the
hammer.

3.2.2.1.2. Checklist for Single Acting Diesel
Hammers:

3.2.2.1.2.1. Before Driving Begins

Check and record hammer model and serial
numbers.

Check the material, size, and the condition
of the hammer cushion. When measuring the
hammer cushion thickness, the thickness of
the striker plate should also be measured and
recorded.

Check the pile cushion (if present).

Check that helmet and pile are well matched.
If the hammer type is such that no helmet is
necessary, check that the hammer and pile are
well matched.

Check helmet weight; if in doubt, have it
weighed.

Check straightness of leads, and check lead
connections for tightness.

Make sure that the portions of the leads that
guide the hammer do not offer excessive
friction.

Check the alignment between leads and pile.
Make sure that all exhaust ports are open.
Inspect recoil dampener for damage.

Fill the fuel tank.

Check that lubrication of all hammer grease
nipples is regularly done.



3.2.2.1.2.2. During General Driving

Use a Saximeter™ or stopwatch to calculate
the stroke of the open-end diesel hammer
and record these results along with the blow
count.

Check that the ram, helmet, and pile stay in
alignment during driving.

As the ram moves out of the cylinder, check
its surface for signs of uniform lubrication and
ram rotation.

Ascertain that the cylinder rests on the recoil
dampener between blows.

3.2.2.1.2.3. During Driving as Resistance Develops
Observe and record color of smoke.

Check whether smoke escapes
cylinder and impact block bottom.

between

Check for any signs of hammer overheating,
such as blistering paint.

Check and record whether cylinder rebounds
excessively.

Listen as ram impacts. There should be a clear
metallic sound.

3.2.3.1. Double Acting (Closed End)
Diesel Hammers

3.2.3.1.1. General Description

A closed end diesel hammer consists of a long slender
piston (the ram), which moves inside a cylinder. The
cylinder is closed at its upper end, thus causing the
ram to compress the air trapped between ram and
cylinder top. When the ram falls, it is subject to both
gravity and the pressure in the “bounce chamber.”
For this reason the CED is also called double acting.
An example of a closed end, double-acting diesel
hammer is shown in Figure 3-24.
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Figure 3-24 Closed End, Double-Acting Diesel
Hammer

There are three manufacturers of closed end diesel
hammers distributing their products in North America:
Bermingham, ICE and MKT Geotechnical systems. The
hammer ratings vary from 5 to not more than 80-kip-
ft, with ram sizes between 1 and 10 kips. The MKT
hammers are built using liquid fuel injection. ICE and
Bermingham’s closed end models utilize atomized
fuel injection.

As shown in Figure 3-25, a closed end or double acting
diesel hammer consists of eight major parts:

A piston or ram with piston rings.

An impact block also with rings, onto which the
ram impacts.

A cylinder in which ram and impact block move.
One or more fuel pumps.

Fuel injector(s).

Exhaust ports.

Recoil dampener.

Abounce chamber including bounce chamber ports
which allow for a regular venting of the bounce
chamber.



Figure 3-25 Double Acting Diesel Hammer
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The exhaust ports are merely openings in the cylinder
wall. The impact block usually has enlarged top and
bottom diameter. The cylinder bottom, through which
the centre of the impact block passes, has a diameter
just large enough to allow free movement. Thus, the
impact block can move up and down a few inches,
but is prevented from falling out of the cylinder when
the entire hammer is raised. The recoil dampener is
located between the cylinder bottom and the impact
block bottom. Its purpose is to cushion the cylinder
against a strong upward impact block movement, due
to the pile rebound.

Advantages and disadvantages are shown in Table 3-
6.

Table 3-6 Advantages and Disadvantages of Double
Acting Diesel Hammers
Disadvanta

Advanta

€S €S

elf contained unit not Uplift in hard driving.
requiring additional
equipm

High blow rate (blows
per minute) compared
to open-end diesels.

Uncertain energy when
combustion prevents ram-

anvil impact,
Complex maintenance.
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Stroke is not

determined.

easily

3.2.3.1.2. Operation

The ram is initially lifted a certain distance above
the exhaust ports to start the hammer. This is
accomplished by means of a tripping device and either
a hoist or a hydraulic jack. As the ram rises, it closes
the bounce chamber ports and air is compressed in
the upper (bounce) chamber (see Figure 3-26).

Figure 3-26 Operating Cycle of A Double Acting Diesel
Hammer

1. STARTING POSITION

2. IMPACT AND IGNITION

3. EXHAUST

4. INTAKE IN MAIN CHAMBER AND COMPRESSION IN
BOUNCE CHAMBER, FOLLOWED BY REPETITION
OF THE CYCLE

When the ram has reached the starting height, the
trip is released and the ram begins to fall under the
action of both gravity and the pressure of the air in
the bounce chamber.

When the bottom of the ram passes the exhaust ports,
it closes them and a certain volume of air is trapped
inside the chamber formed by the cylinder, ram,
and impact block. As the ram descends further, it
compresses the trapped air, which becomes hot.

After the ram has reached a certain position between
the ports and the impact block, it pushes a lever and
plunger system into the fuel pump, which in turn
injects a certain quantity of fuel into the chamber.

At this point, the difference between impact
atomization and atomized fuel injection becomes
important. For most hammers, the fuel is injected
into the chamber at a low pressure and therefore
in liquid forms. Even though the air in the chamber
is hot, combustion of the liquid fuel will not occur
before the ram impacts against the impact block,
thereby atomizing the fuel.

For atomized fuel injection, combustion will take
place shortly after injection starts (assuming that the



air in the cylinder has become sufficiently hot) and
will last as long as the injection.

Uponimpact, the ram forces the impact block, hammer
cushion, helmet, and pile head rapidly downward,
allowing the cylinder to fall under gravity. The impact
block separates from the ram within a very short time
and the pressure of the combusting air-fuel mixture
will cause further separation.

Depending on the pile length, the pile begins to
rebound a certain time after impact, thereby pushing
the impact block upward. The impact block then
collides with the cylinder, which is cushioned by
the recoil dampener. For short piles, the rebound
occurs so quickly that a second impact between
impact between impact block and ram may occur. A
rebounding pile will always return energy to the ram
since the gas pressure increases as the impact block
moves upward. The upward moving ram eventually
clears the exhaust ports, and excess pressure is blown
off. The ram continues upward, now fighting against
the forces of both the bounce chamber pressure
and gravity. Naturally, the higher the ram’s upward
velocity at the time it clears the ports, the higher the
height it reaches before it starts to descend for the
next blow.

The magnitude of the upward ram velocity depends
on:

The hammer combustion pressure.

2) The pile mass and stiffness.

3) The stiffness of the hammer and pile
cushions.

4) The soil stiffness and/or resistance.

5) The rate at which the pressure in the bounce

chamber increases.

All components of the hammer-pile-soil system have
an effect on the diesel hammer’s stroke. Under normal
conditions, the ram stroke increases as pile driving
becomes harder. In soils with high resistance but low
stiffness, a “spongy” driving situation results and the
stroke will be relatively low. A similar situation exists
with very long and flexible piles.

3.2.3.1.3. Performance Characteristics

The inspection of a closed end diesel hammer should
focus on the following two questions:

Is the stroke of the hammer adequate?

Is the energy output at a given stroke
adequate?
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3.2.3.1.3.1. Lack of Stroke

The stroke of a closed end diesel hammer can be
indirectly measured by means of a bounce chamber
pressure gauge (BCPG). This pneumatic gauge is
commonly connected to the bounce chamber by means
of ahose. There are a few MKT hammer models with a
BCPG directly attached to the hammer cylinder. Such
a gauge type is difficult to read due to its location.

For each blow, the dial of the BCPG registers the peak
bounce chamber pressure. The hammer manufacturer
usually provides a chart that allows the conversion
from bounce chamber pressure to equivalent stroke
(equivalent to the free fall stroke) or the corresponding
energy (the product of ram weight and equivalent
stroke). Note that it is not important to know the
actual stroke. An example of such a chart is shown in
Figure 3-27.

Figure 3-27 Sample Energy Chart for Closed Ended
Diesel Hammer

Model 520 Diesel Pile Hammer
Bounce Chamber Pressure vs. Equivalent Energy Pressure
Sea Level to 2000' Elevation

BOUNCE CHAMBER PRESSURE - psig

18000 20000 22000 24000 26000

EQUIVALENT WH ENERGY - FT, -LBS.

Of course, the bounce chamber pressure is an indirect
indicator of the ram stroke. The measurement is
sufficiently accurate if the manufacturer’s calibrated
hoses are used and if the bounce chamber volume
is not changed by lubrication oil. Lubrication oil
may enter the compression tank (ICE hammers) or
stay with unvented bounce chambers. Thus, if the
hammer manufacturer recommends draining the
bounce chamber, then this should be done daily or
the measured bounce chamber pressures may be
meaningless.

It is possible for the bounce chamber pressure to reach
such a magnitude that the cylinder weight cannot
balance it. Then the cylinder lifts up, together with
the ram, and they settle back onto the recoil dampener
when the ram falls. Such a driving condition is highly



undesirable since it is rather unstable. Thus, when
lift-off occurs, the hammer operator must reduce the
amount of fuel injected into the hammer. From that
point on, the energy output of the hammer will be
smaller than at the time just before lift-off became
imminent. This is because there is no longer as much
combustion pressure acting on the pile head. When
observed this condition should be recorded and the
bounce chamber pressures reread after a fuel pump
adjustment has been made.

In addition to measuring the bounce chamber pressure,
the hammer rate should be checked by means of a
stopwatch or a Saximeter™. This unit measures the
time between hammer blows and prints “blows per
minute.” Although not as important for closed end as
for open-end diesels, the hammer speed is related to
the stroke and therefore the Saximeter provides an
independent check. The causes for low strokes are
the same as those for open-end diesel hammers.

3.2.3.1.3.2. Other Hammer Problems
These are the same as those for open-end diesel
hammers.

3.2.3.1.4. Checklist for Closed End Diesel
Hammers:

3.2.3.1.4.1. Before Driving Begins:
Check and record hammer model and serial
numbers.

Check the material, size, and the condition
of the hammer cushion. When measuring the
hammer cushion thickness, the thickness of
the striker plate should also be measured and
recorded.

Check the pile cushion (if present).

Check that helmet and pile are well matched.
If the hammer type is such that no helmet is
necessary, check that the hammer and pile are
well matched.

Check helmet weight; if in doubt, have it
weighed.

Check straightness of leads, and check lead
connections for tightness.

Check that the leads do not offer excessive
friction.

Check the alignment between leads and pile.
Check that all exhaust ports are open.
Inspect recoil dampener for damage.

Fill the fuel tank.
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Check that lubrication of all hammer grease
nipples is regularly done.

3.2.3.1.4.2. During General Driving:

Using the manufacturer’s gauge and the
correct connection hose, measure the bounce
chamber pressure and record.

Using a stopwatch or Saximeter ™, measure
blows per minute and record this, together
with the blow counts.

Check that the ram, helmet, and pile stay in
alignment during driving.

Ascertain that the cylinder rests on the recoil
dampener between blows.

3.2.3.1.4.3. During Driving as Resistance Increases:
Observe and record color of smoke.

Check whether smoke escapes
cylinder and impact block bottom.

between

Check for any signs of hammer overheating,
such as blistering paint.

Check and record whether the cylinder
rebounds excessively.

Listen as ram impacts. There should be a clear
metallic sound.

Observe and record whether lift-off occurs,
and when fuel pump adjustments are made.

3.2.3.3. Diesel Hammer Fuel Systems

3.2.3.3.1. Liquid Fuel Injection

Liquid fuel injection, low-pressure injection, and
impact atomization are all names for the same process,
which is unique to pile driving hammers. In this
process, the falling ram compresses the air trapped
in the combustion chamber, and fuel is then injected
such that it collects in liquid form on top of the impact
block. The impacting ram then disperses this fuel,
which is thereby mixed with the hot, compressed air.
Combustion takes place soon after.

For a cool hammer, it may be two milliseconds after
impact before combustion begins. As the hammer
heats up, the fuel will begin to evaporate as soon as it
is injected, and combustion may commence without
delay at the time of impact. The hotter the hammer,
the more likely there will be an early combustion.
An overheated hammer is likely to preignite, i.e.,
the combustion will be well advanced by the time of
impact.

Diesel hammer manufacturers have focused their



attention to the fuel injection process and the shape
of the impacting ram and impact block surfaces. One
reason for experimenting has been the sometimes-poor
starting behavior of impact atomization hammers. At
the beginning of driving, pile rebound is usually so
weak that the stroke tends to remain small. Thus,
in easy driving, high hammer energy is required to
maintain a good stroke. At the same time, however,
the hammer is cold and the relative speed of ram and
impact block is low. Thus, the fuel neither evaporates
nor does it become as finely atomized as in hard
driving. A relatively inefficient combustion results.

3.2.3.3.2. Atomized Fuel Injection

Using the same principles as seen in other types
of diesel engines, atomized fuel injection diesel
hammers compress an air charge in the cylinder, and
once the air is hot and compressed, fuel is injected
under high pressure. The injection pressure may be
1000 psi (6895 kPa) or more.

High-pressure injection causes the fuel to enter the
chamber as a finely distributed mist. Thus fuel begins
to burn as soon as this fuel mist enters the hot air.
The initial injection time corresponds (with only slight
variations) to a specific distance between the ram and
the impact block, and therefore to a certain volume.
Similarly, injection and/or combustion end after the
ram has reached a certain point during rebound.

In easy driving, combustion will begin independently
of the relative speed between the ram and impact
block. However, since the ram is falling slowly (short
stroke), the time between the start of combustion
and impact will be longer. This situation allows the
combustion pressure to develop to the point where it
stops the ram before impact. Thus, little energy is
transferred into the pile.

Atomized fuel injection hammers work very well if
they are maintained perfectly. It is important that
the fuel injection timing is accurate down to the
millisecond. Worn injectors or fuel pump parts, or
damaged fuel lines between the pump and injector
can all greatly affect performance.

3.2.4. Driving Accessories

It is not possible for the striking end of the ram of an
impact hammer to directly adapt itself to all shapes
of piles. It is necessary to have driving accessories of
various types and sizes to be inserted between the
bottom of the hammer and the pile to both mate the
two geometrically and transmit the impact hammer
force to the pile.
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3.2.4.1. Hammer Cushion

Most impact hammers have some type of cushion
under the end of the ram, which receives first the
striking energy of the hammer. This cushion is
necessary to protect the hammer’s striking parts
from damage. Cushion material, in conjunction
with the hammer’s ram and the pile, also affects
the impact characteristics of the hammer; a softer
cushion, for example, will produce an impulse that
is longer and has a lower maximum force. At the top
of the helmet there is usually a pot shaped recess
that contains the hammer cushion. A striker plate
sits atop and protects the hammer cushion, such that
the material is compressed as uniformly as possible.
The actual cushion material and its configuration
will vary, depending upon the hammer configuration
and the cushion material being used. Any hammer
cushion should be used in accordance with the
recommendations of the hammer manufacturer. Table
3-7 presents a summary of cushion materials and their
characteristics.

Most hammer cushions have a limited life. They
compress, and material may need to be added to
maintain a certain thickness. Badly broken or burnt
hammer cushions are inefficient. Hammer cushions
with poor properties or improper thickness lead
to inefficient hammer operation and/or hammer
failure.

Figure 3-28 shows typical cushion configurations for
both air/steam and diesel hammers. Pile cushion is
only included in concrete and plastic piling; with steel
and wood piling, no pile cushion is normally needed.

In some instances, no hammer cushion is required.
Some diesel and hydraulic hammers have no hammer
cushion. With wood piling, some air/steam hammers
can be equipped with special bases to drive wood
piling without hammer cushion material.

For air/steam hammers, Figure 3-28(A) shows an
integrally cast hammer cushion pot. Most air/steam
hammers can use as an alternative a capblock follower
or shield, where micarta and aluminum cushion
material is stacked into a piece separate from the pile
cap. Such a configuration is shown in Figure 3-28(C).

3.2.4.2. Anvil

The rams of most external combustion hammers
strike the hammer cushion or top plate directly. With
internal combustion hammers, an anvil is necessary
to trap the combustible mixture and allow it to
build pressure. Figure 3-29 shows a diesel anvil out
of the cylinder. The term “anvil” is also sometimes



Figure 3-28 Typical Cushion Configurations
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used to describe the drive cap or helmet (see next
paragraph).

Figure 3-29 Diesel Hammer Anvil

3.2.4.3. Helmet

The helmet is the heavy and rigid steel block between
hammer and pile. Often the hammer manufacturer
supplies helmet inserts or adapters. The helmet
distributes the blow from the hammer more uniformly
to the head of the pile to minimize pile damage. It is
therefore important that the helmet’s striking surface
is smooth and contacts the pile top evenly. It should
not allow more than approximately 2 inches (50 mm) of
lateral movement. The helmet weight (more properly
mass) must be known to evaluate the drivability of a
pile using the wave equation.

A poorly seated helmet will cause high-localized
stresses at the pile top. In addition, poor seating may
cause the exposed portion of a long pile to buckle
elastically under each hammer blow (this is known
as “pile whipping”). Figure 3-30 shows some typical
driving helmets.

Because diesel hammers do not impact the pile with
the intensity of air/steam hammers, it is possible to
use a two-piece driving helmet. Figure 3-31 shows a
universal driving helmet and Figure 3-32 shows the
filler helmet (in this case for pipe piles) for diesel
hammers. The top of the universal helmet (to the
left in the figure) is filled with the hammer cushion
and top plate (if desired.) The bottom is a square
adapter that mates with the filler; the two are cabled
together through the cabling holes.
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Figure 3-31 Universal Driving Helmet for Diesel Pile
Hammer

3.2.4.4. Pile Cushion

When driving concrete piles, it is necessary to use a
pile cushion between the hammer and the pile. In
the United States, plywood is the most common pile
cushion material. Hardwood boards may also be used
with the grain perpendicular to the pile axis. If the
pile is in danger of being cracked in tension during
driving, then pile cushions may be very thick (up to
18” (457 mm)). For the protection of the pile top
against a compressive damage, thinner cushions are
usually sufficient. The depth of these cushions can
vary from 6” (152 mm) to 18” (457 mm).

The pile cushion material should be dry and unburned.
Once the wood cushion begins to burn, it should be



Figure 3-30 Typical Driving Helmets
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replaced. Also, after approximately 1000 hammer
blows the cushion may become compressed and
excessively hard. Recommendations must be obtained
for each individual concrete pile job as to the required
cushion properties and frequency of replacement.

3.2.4.5. Mandrel

A mandrel is used to install thin-wall shell piles, which
are subsequently filled with concrete. The mandrel is
necessary because the pile wall is too thin to withstand
the stresses of driving. Figure 3-33 shows diagrams
for several mandrels. Figure 3-34 shows a mandrel in
use during driving.

Figure 3-33 Mandrel for Shell Piles
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Mandrels may be tapered, stepped or expanding, as
the configuration of the pile requires. Where used with
uniform diameter shell they should be expandable to
tightly grip the pile for driving and to prevent collapse
during installation. Mandrels must resist hammer
blows and transmit energy to the bottom of the pile
as well as distributing forces along the corrugations.

Uniform diameter shell piles are installed with a
variety of expandable mandrels. Typical shell piles
are 12 to 18 gage with 1/2 x 2 in. corrugations formed
as the steel passes through a corrugator. The shell
is then spirally rolled (12-1/4 in. O.D. is a popular
nominal size) and fusion welded or crimped to make
the pile watertight.

Most mandrels are the segmental leaf type. They
have corrugations to match those in the shell and
are expanded by mechanical, pneumatic or hydraulic
means to grip the shell tightly. They also support the
shell during installation to protect against deformation
and tearing.

In a mandrel such as the Guild Mandrel, there are
groupings or sets of internal sheaves, spaced at
predetermined intervals. These sheaves are separated
by a cable, which is anchored at the mandrel tip,
threaded alternately over and under the sheaves and
tied off to a hydraulic ram in the head section of the
mandrel.

As the ram is retracted, the cable pull forces the
alternating sheaves apart. This separates the mandrel
leaves and, in turn, causes the helix bars on its
exterior to mesh with the corresponding corrugations
in the shell. Because of the high, positive expansion
pressure developed in this system, the shell and
mandrel operate as a single unit.
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Table 3-7 Summary of Cushion Material Characteristics

!!we !ope !!we rope CO]|€! into ‘nexpenswe I!latena' I!ar!ens rap1!|y into

Biscuits

Force Ten

Micarta and
Aluminum
(Conbest)

Hamortex

MC-904/Blue
Nylon

Plywood

End grain
hardwood
(oak, hickory,
bongossi, etc.)

flat biscuits, then
placed into cushion

receptacle.
Wires braided into

steel cloth plates.

Phenolic plates
alternated with
aluminum plates.
Aluminum plates used
for heat dissipation;
these are frequently
omitted with diesel

hammers.
Aluminum foil bonded

with various plastic
and paper materials
and spirally wound
into disks.

Type of nylon, cast
into discs. Sometimes
alternated with
aluminum for heat
dissipation. Usually
supplied in 2” thick
disks.

Plywood sheets
stacked and mounted
onto concrete

pile used almost
exclusively as a pile

cushion. )
Wood cut to use in

cushion receptacle as
single block or into
blocks that are then

fit into receptacle. For

a hammer cushion,
hardwood is only
acceptable if it is
well fitted into the
helmet and if it is
placed with the wood
grain parallel to the
bammer-pile axis

material plentiful
on project site.

Long life

Long life versatile,
can be used with
many hammers.

Excellent range of
elasticity moduli.
Can be used as
concrete pile
cushion as well as

hammer cushion.
Excellent range of

elasticity moduli.

Inexpensive and
soft.

Good range
of modulus of
elasticity.

steel mass extensive hammer
and pile damage possible.
These cushions must be
carefully monitored since
hard driving tends to fuse
the strands into a solid steel
plate. Before these strands
have fused, these materials
must be replaced. A daily
inspection is necessary.

Not allowed on may state

transportation projects.
Material too hard to be

used with some hammers.
It must be replaced when it
starts to pulverize or when
it disintegrates into various
layers.

Inconsistent life varies widely
between projects.

Material breaks up and melts
easily under hard conditions.
Best suited for diesel
hammers. Occasional vertical
cracking is not detrimental.
However, after the cushion
develops horizontal cracks, it

should be replaced. =
Poor coefficient of restitution;

absorbs much impact energy.
Not acceptable as a hammer
cushion, either in plank or
chip formats.

Low coefficient of restitution
sometimes expensive and
hard to find. Burns during
use. Where the wood shows
signs of burning or brooming,
it should be replaced.

An inspection should be
conducted after 2000 blows
or daily, whichever comes
first.
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Steel shells are slipped on the mandrel for driving.
This process is simpler with tapered piles than for
uniform diameter ones.

3.2.4.6. Followers

A follower is a steel member placed between the pile
hammer and pile that allows the pile to be driven
below the reach of the leads. The most common
uses are to drive a pile below the top of an existing
structure or for driving piles over water. Although
followers can make driving less difficult, there are
several problems associated with their use. Experience
shows it to be quite difficult to maintain alignment
between the pile and follower, especially for battered
piles. Additionally, erratic energy losses due to poor
connection between the pile and follower, frequent
misalignment, and follower flexibility make it nearly
impossible to equate blow count with pile capacity.
For these reasons, most specifications exclude the use
of followers. If a follower must be used, it should
be selected so that its impedance is approximately
the same as the pile impedance’. If concrete piles
are being driven, then some cushion must be used
between the follower and the pile.

In the case of driving piles underwater, one way to
eliminate the need for a follower is to use a pile
hammer that can be driven underwater. This is
discussed in 3.5.2.

3.3. Vibratory Drivers

A vibratory pile driver is a machine that installs piling
into the ground by applying a rapidly alternating force
to the pile. This is generally accomplished by rotating
eccentricweights about shafts. Eachrotatingeccentric
produces forces acting in a single plane and directed
toward the centerline of the shaft. Figure 3-35 shows
the basic set-up for the rotating eccentric weights
used in most current vibratory pile driving/extracting
equipment, and Figure 3-36 shows actual eccentrics
and gears in a vibratory hammer. The weights are
set off centre of the axis of rotation by the eccentric
arm. If only one eccentric is used, in one revolution
a force will be exerted in all directions, and a lateral
whipping effect would result. To avoid this problem,
the eccentrics are paired so the lateral forces cancel
each other, leaving only axial force for the pile. Some
machines have several pairs of smaller, identical
eccentrics synchronized and obtain the same effect
as with one larger pair*.

Figure 3-35 Eccentrics for Vibratory Hammers
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The force generated by these rotating eccentrics is
transmitted to the gearbox - and ultimately to the pile
- by bearings. A typical eccentric bearing is shown in
Figure 3-37.

Figure 3-37 Eccentric Bearing

— -y
\"4"'—-‘ o

The rotation of the eccentrics produces a sinusoidal
motion of the pile, clamp and gearbox of the vibratory
hammer. This is discussed in more detail in the next
section.
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In addition to the vibrating mass, most vibratory
hammers have mass that does not vibrate when the
eccentrics rotate (suspension housing, half of the
elastomers or springs, and the part of the hoses or
cables suspended by the suspension housing). This
mass can be likened to a downward pull from a
crane and is usually beneficial when driving. Some
models have additional weights that can be added to
the suspension system. The suspension system does
affect the amplitude of the system; in fact, excessive
suspension weight and/or down crowding (asis the case
with excavator mounted units) can actually attenuate
the vibrations of the system. A good suspension system
minimizes boom vibration, gives the manufacturers
a shock free location to attach hoses or cables, and
when leads are required, is the only place to locate
guide channels. Figure 3-38 shows elastomers used
in vibratory hammers. The bracket shown is then
mounted on the gearbox.

Figure 3-38 Elastomers or Springs
Between the Vibrating and Non-Vibrating
Portions of the Vibratory Hammer .

3.3.1. Performance of Vibratory
Systemss

Vibratory hammers are able to install piles into the
ground because they loosen the soil surrounding the
pile sufficiently to enable the pile to penetrate into
the ground by the combination of its own weight
and whatever static force is exerted by or through
the suspension system. With cohesionless soils,
this involves the upward force in the vibration
cycle overcoming both gravity and the overburden
pressure and essentially rendering the surrounding
sand “weightless,” creating a “fluid” effect on the

soil (even though water does not have to be present
for this to take place.) With cohesive soils, this
effect is enhanced and in some cases supplemented
by thixotropy, where the soil is transformed in to a
gel by a reversible chemical process.® In both cases,
the elevation of pore water pressures during vibration
also assist the penetration of vibrated piles.

The result of these phenomena is an effective system
for installing piles. The main obstacle to successful
vibratory driving is the toe resistance of the pile,
especially in cohesive soils. This is one reason why
piles such as sheet and H-piles, with their small toe
areas, are the most widely and successfully vibrated
type of piles.

Consider the system shown in Figure 3-39, where
counter rotating eccentric masses similar to those
found on a vibratory hammer excite a mass. As the
rotating masses complete one revolution, they create
vertical motion in the pile.

Figure 3-39 Schematic of Vibratory System
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The system is connected to an infinite mass by a spring
and dashpot system. The equation for the motion of
the system is

Equation 3-6:
Mx'(t) + ox () + kx(t) = F(E) = Keo? sin(wt
Where
« M = total vibrating mass of system, kg

« K = eccentric moment of the rotating masses,
kg-m

» w=rotational speed (frequency) of the rotating
masses, rad/sec

e ¢ = viscous dampening of system, N-sec/m
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ok = spring constant of system, N/m
e t=time, sec
o X = displacement, sec

o X’ =instantaneous velocity of the system, m/
sec

e Xx” =instantaneous acceleration of system, m/
sec?

The first variable we need to discuss is the frequency
w. The frequency range of a vibratory hammer is
usually selected for the widest range of soils but since
this factor is a function of horsepower, a compromise
is sometimes reached., the frequency should be
varied during driving since the soil varies and different
soils react favorably to frequencies near the natural
frequency of that particular soil.

Vibratory frequency is seldom quoted in radians
per second. There are two more common ways of
expressing this. The first is in cycles/second, or
Hertz, which is computed by the equation

Equation 3-7:
w

o=
2n

Where

0 = frequency of vibrations, Hz =
RPM)/60

The second (and in the U.S. the most common) is in
revolutions per minute (RPM), calculated using the
equation

(Eccentric

Equation 3-8:
Ow

RPM = 600 = 30

JU

One revolution per minute (RPM) of the eccentrics
equals one vibration per minute (VPM) of the pile.

Eccentric moment is the most commonly specification
used by both manufacturers and users to rate vibratory
hammers. In calculating the eccentric moment, the
only cross-sectional area is included in the eccentric
moment is the shaded area shown in Figure 3-35.
This area, multiplied by both the thickness of the
eccentric and the density of the material, will yield
the eccentric mass m. The eccentric moment can
then be computed by the equation

Equation 3-9:
K=mr

Where
e m = eccentric mass, kg
e r =eccentric radius of the mass, m

Some eccentrics have a smaller eccentric radius than
others so they must be heavier to have the same
moment. Generally speaking asmaller eccentric radius
has a negative affect for two reasons: it increases the
vibrating mass, and it increases the starting torque
the motors must apply to the eccentrics to reach their
operating rotational speed.

Let us now consider the “free-hanging’” case, i.e.,
only considering the vibrating mass of the system,
thus c=k=0. Equation 3-6 thus reduces to

Equation 3-10:
K sin(a)t)
M

X// =

Where
e M = total vibrating mass of hammer, kg
The solution of this equation is
Equation 3-11:
Ksin(cut)
—

X =

Where
o X = system displacement, meters

This sinusoidal motion (in this case with an impact-
vibration hammer) is shown by the chalk lines on the
front the hammer shown in Figure 3-40. This also
illustrates a quick method of measuring the amplitude
of a vibratory hammer. A piece of chalk or other is
passed across a vertical surface of the machine; the
result produces a rough “oscillograph” of the hammer
motion. The relation between this motion and the
position of the eccentrics during rotation is shown in
Figure 3-41.
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Figure 3-40 Sinusoidal Motion of the Eccentrics

Figure 3-41 Position of the Eccentrics During Rotation
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In the process of integrating Equation 3-10, we can
derive three very important quantities. The first is
the ratio of accelerations, or the peak acceleration
during a vibratory cycle it is

_ ko?

gM

n
Equation 3-12:

Where

e n = ratio of maximum acceleration of system
to acceleration due to gravity, g’s

» g = acceleration of gravity = 9.8 m/sec?

The second is the peak velocity, which is

gn Ko
Van ==— = ﬁ
Equation 3-13: @
Where
* Vgyn = Peak dynamic velocity during the cycle,
m/sec

These quantities are important because the power
transmitted to the soil must be done in an efficient
manner from a high-energy source through the pile-
soil interface to a low one in the soil. Minimum values
for n have been established from 1.5 to 9, but there is
no consensus on this.

Finally, the maximum displacement is

Equation 3-14:

K
Xmax = M
Where
*  Xmax = Maximum displacement of system (zero

to peak), meters

Since the acceleration, velocity, and displacement
of the system as determined from Equation 3-10 are
all sinusoidal with respect to time, these quantities
are measured from the zero line of the sine wave.
Customarily, the maximum cycle displacement of the
vibrator, called the amplitude (sometimes called the
double amplitude), is measured from peak to peak
and is expressed as

Equation 3-15:

Where
« A= amplitude of system (peak to peak), m8
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Equation 3-15 is valid for free hanging vibratory
hammers. However, when the vibratory hammer is
clamped to the pile and pile weight is added to soil
friction, amplitude is reduced, so it is important to
have as much free hanging amplitude as possible.
Increasing eccentric moment or decreasing vibratory
mass, if possible, can increase amplitude. The fallacy
that the heavier vibratory hammer drives well is
therefore not true.

For a rotating body, the force exerted on the centre
shaft is given by the equation

Equation 3-16:

_ ke’
1000

dyn

* Fgyn = dynamic force of eccentrics, kN

This force is referred to as the dynamic force. In U.S.
units, the formula for Dynamic Force is:

Equation 3-17:
2
F B Kin.—lbs.(RPM)
dynu,s, Tons 70, 423, OOO

It is interesting to note that, for

performance,

optimum
Equation 3-18:
den
Fstat = an +Fdown +gM = T

Where

- F_.. = total downward static force, kN

- W_ = Non-vibrating (suspension)
weight, kN
«  F. = down crowd or down pull force,

The “free hanging” model can be used to rate and
compare vibratory hammers. However, these are
based on a vibratory hammer with no load. In practice
vibrators a) operate with a load to do useful work and
b) require a certain amount of power to do this work.
The following considers the matter of vibratory power
consumption from a theoretical standpoint, although
it has been applied to real vibratory hammers with
success.

A theoretical power requirement could be derived
from Equation 3-6. The difficulty in doing so concerns

the spring constant k, which is unrealistic as it stands
for the following reasons:

e A purely linear k would preclude penetration
into the soil and movement of the pile. Plastic
deformation is necessary for pile movement.
This is also true with impact driving as well.

« The existence of k without ¢ will result in
no net power consumption. Although k can
certainly modulate power consumption in the
system power dissipation can only take place
when ¢ > 0.

e The general object of vibratory driving
(especially when overcoming shaft resistance)
is to liquefy the surrounding soil and reduce
the resistance to pile penetration. Given this,
a more appropriate model of the system would
be to assume that k =0.

Making this assumption reduces Equation 3-6 to
Equation 3-19:
Mw@+aﬁ%F@=mhm@q

It can be shown? that the continuous vibratory power
consumption of the system is given by the equation

Equation 3-20:
N =aN,
Where
« N = power requirements for the vibratory
hammer, kW
sin(2¢
., Sin(2)
[ ] 4
2 3
N, - K w
M

o (@ = phase angle of the vibrations, radians

The maximum power takes place when ¢ = /4 = 45°,
thus a__ = 1/4. Substituting this into Equation 3-20,

the maximum possible power is
Equation 3-21:

K%w®

N 2@
4M

max

This model has the possibilities of some degree of
realism'® since a) the liquefaction of the soil is an
essential part of vibratory driving, and a possible
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source of a fluid type dampener, and b) the possibility
to model energy radiation into the soil as a dashpot,
as is done in the wave equation. Equation 3-21,
however, should be understood as a theoretical
minimum power requirement when designing and
specifying vibratory pile driving equipment. Values
of a for actual use should include energy losses in the
hydraulic or electric system driving the eccentrics,
losses in the gearbox itself, losses in the clamp to
the pile, and effects of the soil. With this theory,
however, these values can be derived experimentally
as well. Moreover, the model above is a linear one;
research continues on the behavior of vibratory
hammers relative to the capacity of the piles they are
driving, with which considerations such as these are
relevant.

The “bottom line” of these discussions is simple:
enough horsepower to drive the eccentrics at their
maximum frequency is what is required. For a
hydraulic powered vibratory hammer,

Equation 3-22:
(Oil Flow in GPM)(Pressure in psi)(Vqumetric Efficiency)

Horsepower =
1714

Any shortfall in the power requirements of a vibratory
hammer will result in both slower and uneven rotation
of the eccentrics, which will result in degradation of
the dynamic force and of the driving capabilities of
the hammer.

3.3.2. Types of Vibratory Hammers

3.3.2.1. Low-Frequency Hammers

These are vibratory hammers with a vibratory
frequency of 5 to 10 Hz, used primarily with piles
which have high mass and toe resistance such as
concrete and large steel pipe piles. These hammers
typically have large eccentric moments to achieve
their dynamic force with high resultant amplitudes.
An example is shown in Figure 3-42.

Figure 3-42 Low frequency Vibratory Hammer
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3.3.2.2. Medium-Frequency Hammers

These are hammers with a vibratory frequency of 10
to 30 Hz, used for piling such as sheet piles and small
pipe piles. An example is shown in Figure 3-43. These
hammers are the majority of vibratory pile drivers
in use today, since they combine the dynamic force
necessary to excite the soil, the correct frequency to
properly interact with most soils, and the sufficient
amplitude to penetrate hard subsurface layers.
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Figure 3-43 Medium-Frequency Vibratory Hammer
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3.3.2.3. High-Frequency Hammers

These consist of all vibratory hammers that
vibrate at frequencies greater than 30 Hz.
There are of two basic types. The first machines are
in the 30 to 40 Hz range that are designed primarily to
minimize vibration of neighboring structures. These
have been developed simultaneously both in Europe
and in the United States, and they are similar in
construction to the medium-frequency machines. The
primary advantage of these machines is their lowered
transmission of ground excitation to neighboring
structures. These machines may have problems in
overcoming toe resistance. Figure 3-44 shows an
example of a high frequency vibratory hammer.

Figure 3-44 High Frequency Vibrator Near Sensitive
Structure

3.3.2.4. Sonic or Resonant Hammers

In a class by itself is the resonant pile driver, first
introduced in the early 1960’s. The central principle
of the resonant driver is to induce resonant response in
the pile, thus facilitating driving and extracting. The
resonant driver operates at frequencies in the range
of 90 to 120 Hz. In early tests, much of the driving
took place at the half-wave frequency of the pile.
The ability to achieve this response was dependent
on properly matching the frequency range of the
machine to the length of the pile. In cases where
this was not possible in a normal hammer/pile set-
up, a heavy wall follower connected the pile with the
hammer. When the pile is exceptionally long, second
and third overtones can be achieved. In principle, this
concept has held great potential, but the mechanical
complexity of this machine has withheld limited its
acceptance. An example is shown in Figure 3-45.
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3.3.1.5. Impact-Vibration Hammer

The term “impact-vibration hammer” refers to a
vibratory pile driver that imparts both vibrations and
impacts to the pile during operation. Such a machine
is shown in Figure 3-46. In common with conventional
vibratory hammers, it contains counter-rotating
eccentrics that impart vertical vibrations; however,
these are contained in a head that is free of the pile.
Its motion is regulated by a set of springs, which link
it to the frame. The frame can be connected to the
pile in numerous ways. These springs transmit their
compression force, which is of a vibratory nature, to
the pile. In addition, depending upon the position of
the head relative to the impact point and the effect
of the springs on the vertical motion of the head, (at
or near the bottom of the vibratory cycle), the head
strikes the anvil and produces an impact similar to
traditional impact hammers, but at a higher blow
rate. Although this can produce variations in the
eccentric rotational speed of up to 40% (as opposed
to the 5% or so normal for vibratory hammers), this
variation generally does not impede the continuous,
stable operation of the equipment. These hammers
have very limited usage and are not manufactured in
the United States.

Figure 3-46 Impact-Vibration Hammer
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3.3.3. Types of Pile Driven with
Vibratory Hammers

Vibratory hammers can be used to drive a large variety
of piles. Methods used to determine drivability are
discussed in Chapter 4. Some of the general benefits
of using a vibratory hammer are as follows:

« UseAsanExtractor. One of the best applications
for the vibratory hammer (see Chapter 5 for
details.)

« Use to Limit Noise. In general, the vibratory
hammer is much less noisy than impact
hammer. The principal source of noise is the
generator or hydraulic power pack, which can
be muffled.

» Use as a Probe. The vibratory hammer, with
its facility for extraction without uncoupling
from the pile, can be used to probe for
obstructions.

e Increased Mobility. The vibratory hammer
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often is used without leads. Power equipment
is limited to a hydraulic power pack.

o Use to Reduce Pile Damage. Impact damage to
the pile (crushing of head or tip, splits, etc.)
may be avoided by use of a vibratory hammer.
However, if the pile does not penetrate
continuously, it is possible to build up enough
heat in the pile to melt the pile or to fuse the
interlocks in sheet piling.

e Miscellaneous

o Can be used to move piles laterally by
exerting a lateral strain as vibration is
application.

o Can be used to compact sandy soil by
successive insertions.

o Hydraulic vibratories can be used for
underwater driving or extraction. These
machines must be modified with special
“seals” etc. Contact the manufacturer
for specific requirement.

3.3.3.1. Sheet Piling

Vibratory hammers perform best with nondisplacement
piles such as H Beam, Open-End Pipe, and Sheet
Piling.

To drive steel sheet piling, the sheeting wall is set in
place using a template and then the piles are driven
to the desired depth. This practice requires that the
vibratory hammer be no wider at the throat than
about 14” as the hammer must clear the adjacent
piles, as shown in Figure 3-47. In driving sheeting in
this way, it is also common to drive the sheets two
at a time, using a jaw with two sets of teeth and a
recess between them large enough to accommodate
the interlock. An alternate method of driving sheeting
with a vibratory hammer is to set the sheet piling as
they are driven. As a rule, in this case the sheets are
driven one at a time. More information on driving and
extracting sheet piles with a vibratory hammer can be
found in Chapter 5.

Figure 3-47 Narrow Throat Width of Vibratory
Hammer

A

3.3.3.2. H-Piles

The conditions to drive H-piles are similar to driving
sheeting; however, when the pile’s batter is large, the
vibratory hammer can be mounted in a set of leaders
as is done with impact hammers. In addition to a
bearing application (where the pile might be driven to
refusal), vibrated H-piles are used for soldier beams
and in slurry wall construction.
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Figure 3-48 Vibratory Hammer Installing H-Piles
bl & _,! I

3.3.3.3. Caissons and Pipe Pile

Caissons are a versatile item, extensively used with
drilled shafts. Application of the vibratory hammer
revolutionized caisson installation in the 1970’s.
Vibratory hammers are very successful when used to
install large diameter caissons (up to 15 feet diameter)
and, in general, open end pipes of sufficient size that
a plug does not build up in the end of the pile. For this
application, a special device called a caisson beam
is employed. This is a horizontal slide with a set of
two clamps attached to it. The clamps affix the pile
to the hammer on opposite sides of the caisson. The
clamps are locked to the slide during use but can
be moved along the slide to enable a caisson beam
set-up to drive a variety of pile sizes. A vibratory
hammer, equipped with a caisson beam and clamps
while driving a caisson, is shown in Figure 3-49.

Figure 3-49 Vibratory Hammer Installing Caissons

Once the caisson is installed, the material is removed
from the inside of the caisson, the reinforcement
cage is placed, and then the concrete is poured to
completely fill the pipe. Here a vibratory hammer
saves its cost as the pipe can be extracted leaving a
concrete pile the shape and size of the hole. In the
conventional method of installation, an oversize hole
is drilled and the caisson installed with drilling fluid.
When the concrete was poured and the pipe removed,
the concrete displaces the drilling mud, creating
a much larger pile than required. The overage on
concrete can be as much as 25%.

The equipment set-up for pipe piles is the same as
with caissons. It is more common to vibrate open-
end pipes; vibrating closed-end piles is less effective.
An example application of driving pipe pile is the
installation of pipe piles for offshore structures such
as petroleum production platforms. For some of
these, two caissons beams where two sets of clamps
are used, the beams are being configured in an “x”
arrangement. An example is shown in Figure 3-50.

112



Figure 3-50 Caisson Clamp Arrangement for Large
Caissons
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3.3.3.4. Concrete Piles

Displacement piles such as timber, precast concrete,
closed-end pipe, or concrete sheet piling can be
installed with a vibratory hammer (depending largely
on the size - the larger the displaced volume, the less
effective the vibratory hammer is), although they
are not the most effective with these types of piles.
Concrete pile installation with vibratory hammers
is rare in the United States but more common
elsewhere. It is done with both prismatic (square
and octagonal) and cylinder piles. As concrete piles
are always displacement type piles, the vibratory
hammer must develop some toe impact by raising
and lowering the pile during the vibration cycle, thus
allowing penetration. This is generally accomplished
using low-frequency vibrators with high amplitudes.
An alternative is to use an impact-vibration hammer,
which can more effectively overcome with high toe
resistance than can a vibratory hammer. Indeed,
the need to drive concrete piles has been one of the
most important factors in the development of these
hammers. Extraction of concrete piles is more common
in the U.S., using specially designed clamps.

3.3.3.5. Wood Piles

Wood piles are rarely installed with a vibratory
hammer in the United States. Extraction of wood
piling, however, is common, and the vibratory hammer
is an effective tool for this purpose. The wood piling
can be extracted intact by the use of special wood
clamps. An example of this is shown in Figure 3-51.

Figure 3-51 Wood Pile Extracted Using Wood Pile
Clamp

3.3.4. Excavator Mounted Vibratory
Hammers

An important type of vibratory hammer is the
excavator mounted vibratory pile driver. Although
these units are similar to crane mounted units, there
are some important differences that the user needs
to be aware of when selecting or applying such a
machine to a particular project.

Excavator mounted vibratory hammers have the
following advantages:

o Eliminate the need for a separate power
pack.

o« Easier to use in low headroom or indoor
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situations.

e More precise positioning of the vibrator for
both installation and extraction of the pile.

« Lower expense of excavator vs. crane rental
or purchase.

o Very portable; can be mounted onto the
excavator before the job begins.

o Down crowding improves drivability without
heavy bias weights on the suspension.

3.3.4.1. Overview

Figure 3-52 Excavator Mounted Vibratory Hammer

A typical excavator mounted unit is shown in Figure
3-52. As is the case with crane mounted units, the
vibratory driver has a vibrating gearbox and clamp
and a non-vibrating suspension unit to allow proper
interface with the excavator.
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Figure 3-53 Typical Mechanical Set-up of Excavator

Mounted Vibratory Hammer

The hammer is connected to the excavator boom with
a swivel connection as shown in Figure 3-52. The
bucket is removed from the boom and the vibrator is
mounted in its place. When mounting a vibrator to
an excavator boom the following considerations are
important:

Each excavator is different.

Mounting must be matched properly. This is
both a product of advance planning for the
specific excavator and some careful fitting
during installation. The beginning of this is to
ascertain the dimensions “A” through “H” as
shown in Figure 3-53.

Check that all connections are secure.

Make sure suspension capacity is adequate for
the boom pulling capacity.



Figure 3-54 Mounting of Hydraulic Hoses on
Excavator Boom.

Hose Nomenclature:
e C- Clamp Lines
e D - Drain Line
e P - Pressure Line
e T - Return Line

Figure 3-54 shows the excavator hoses on the boom.
When rigging these hoses remember that:

» Hydraulic hoses must be of proper length and
mounting.

« Dragging hoses must be avoided to prevent to
premature wear.

» Use quick disconnects when desirable
« Avoid backpressure, especially on case drain

The manufacturer’s instructions must be followed
explicitly, along with general hydraulic and mechanical
safety procedures.

One major difference between excavator-mounted
units and their crane-mounted counterparts concerns
the power pack. Crane mounted units generally use
a separate power pack to power both the eccentrics
and the clamp, using separate pumps for each. An
excavator mounted unit uses the bucket circuit on
the excavator unit to both turn the eccentrics and
to operate the clamp. This eliminates the need for a
separate power pack, which enhances the economy of
the excavator-mounted unit. Remember to consider
the following:

o Check that hydraulic flow and pressure are
adequate to operate the unit according
to the manufacturer’s specification. An
underpowered unit will not perform according
to specifications and generally will not meet
the user’s requirements.

o Check the hydraulic system on the excavator
completely.

Although excavator mounted units are ideal for driving
aluminum, vinyl and fiberglass sheet piles, special
are should be taken when handing these materials
during both setting and driving to minimize damage.
Excavator mounted vibratory hammers can also be
used for wood piles as shown in Figure 3-55.

Figure 3-55 Excavator Mounted Vibratory Hammer
with Wood Pile Clamp
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3.3.4.2. Special Configurations

3.3.4.2.1. Swiveled Hammers

Figure 3-56 Swiveled Excavator Mounted Hammer

Figure 3-56 shows a swiveled vibratory hammer.
Certain types of steel sheet piling (especially U-
shaped sections such as Larssen sheets) are picked
up, set and driven by the vibratory hammer in one
operation. The swivel mount allows the hammer to
rotate 90° and clamp on to the sheets without having
to maneuver the boom to pick up and again to drive.
Such a hammer is unnecessary when sheets are set
before driving and certainly should never be used with
aluminum, vinyl or pultruded fiberglass sheets.

3.3.4.2.2. Goosenecks

A gooseneck effectively lengthens the boom on the
excavator and enables the hammer to be used in a
wider variety of positions. As is the case with any
boom extension, a gooseneck requires greater skill
from the excavator operator, as the risk of turning
over the excavator is greater with the load further
from the centre of gravity.

3.3.4.3. Other Considerations

Excavator mounted units are generally part of the
small range of vibratory hammers, so although the
types of projects they can complete is broad they
are limited in size. Many excavator-mounted units
are high frequency units, which make them lighter
but also make them less effective in cohesive soils.
Finally, the performance of excavator-mounted units
is dependent upon the size and condition of the
bucket circuit, which can limit the performance of the
machine even if the vibrator is properly sized for the
job. Consult the manufacturer for more information
on proper matching of hammer and excavator.

3.4. Rigs

All pile drivers require some kind of rig to lift hammer
and pile and to guide the system as the pile is driven.
The typical modern pile driver consists of a crawler
crane to which pile driving components have been
attached- leaders, hammer, spotter, boiler, moonbeam,
etc. Although there are many different configurations
used for this purpose, for impact hammers the most
common is shown in Figure 3-1. This is a commercial
crane adapted for pile driving. There are many
variations of this configuration, depending upon the
application. However, the ultimate choice of a rig
configuration is very dependent upon its availability.
Most of these rigs can be adapted to a floating, barge-
type configuration as well.

3.4.1. Cranes for Impact Hammers

The crane is the single most important part of a pile
driving system other than the hammer. Its proper
selection is essential for correct, safe, and economical
installation of the piling.

3.4.1.1. Basic Crane

The basic crawler crane consists of two crawlers, which
distribute the weight of the driver to the ground; a
car body (also known as “mounting” or “truck base”)
to which the crawlers are attached; and a cab (also
called “upper works,” “house,” “turntable” or
“machinery deck”) containing the hoisting machinery.
The crawlers and car body are frequently referred to
as the “lower works.”
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Figure 3-57 Driver

Each crawler consists of a belt of pads connected
by pins, rollers that transfer the weight of the rig
to the pads, and chain driven sprockets that engage
lugs on the pads to propel the machine. On most
modern machines, the crawler assemblies are bolted
or keyed to the car body so that they can be removed
for shipping. The operator can apply power to either
crawler, or lock either crawler, to steer the machine.
On some cranes, the crawlers can be extended for
increased width to provide stability, and retracted for
shipping as shown in Figure 3-58.

Figure 3-58 Extendible Crawlers

The car body is a structural steel weldment (casting in
older machines) to which the crawlers are attached, a
roller path to support the cab, a kingpin about which
the cab rotates and a ring gear which can be engaged
to swing the machine. Mechanically driven machines
have a vertical propel shaft extending down through
the king pin, with bevel gears at the bottom, driving a
horizontal propel shaft connected through clutches to
each crawler. In addition, the king pin there is usually
a shaft or air lines used to operate the travel clutches
and travel locks.

Figure 3-59 Lower Works

In the cab are located the diesel engine, the hoisting
machinery (also called the “draw works”), the
operator’s controls, the boom seat to take the boom,
a gantry to provide an elevated position for the boom
lifting rigging, and means for attaching one or more
counterweights. In a basic machine, there are usually
two drive shafts. One shaft can be driven in either
direction by means of reversing clutches and is used
to swing and propel the machine as well as raise and
lower the boom. Shifting gears to engage the reversing
shaft can perform any one of these functions. The
second main shaft carries the hoisting drums, each of
which can be engaged by means of its clutch. Each
function is normally provided with a brake and lock.
Controls vary somewhat and reference should be
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made to the operator’s manual with each crane. On
most large modern machines, clutches and brakes are
air or hydraulically operated or assisted.

Figure 3-60 Machinery Deck

On most cranes, several “house rollers” in contact
with the carbody roller path carry the weight of the
upper works. Hook rollers prevent separation of the
cab from the lower works. Some machines have a
ball bearing mounting, with one race attached to the
carbody and the other to the cab.

Figure 3-61 Hook and House Rollers

3.4.1.2. Optional Features

Crane manufacturers offer a number of optional
features on most models. In order to make a crane
more suitable for pile driving, certain of these features
are desirable. While not all may be essential, the lack
of one or more may significantly reduce production.

1. Independent swing and travel. By the addition
of another reversing shaft and appropriate

gearing, the operator is able to swing and
travel simultaneously. This facilitates spotting
the machine to reach a pile location and avoids
delay in shifting the machine from swing to
travel and back again.

2. Independent boom hoist. While this is not
standard, the addition of another reversing
shaft permits the boom to be powered up and
down, independently of swing or travel.

3. One or two additional drums. Additional drum
shafts are installed on which are mounted
hoist drums with clutch and brake. These are
frequently needed for handling a drill, jet,
pile guides, pipe, and shells. Also used are
tugger hoists, particularly for handling shells.

4. Wide crawler pads. Many rigs travel heavily
loaded and wider pads, when available, reduce
ground pressure and minimize the need for
mats. Wider pads do not provide any significant
additional lifting capacity. In certain areas,
the use of wide pads may require the removal
of the crawlers to transport the rig between
job sites, due to width or weight laws.

5. Gantry lifting and counterweight removal
devices. These speed set-up and dismantling.

3.4.1.3. Modification for Pile Driving

To convertacrane to a piledriver, certain modifications
are necessary:

« Boom. If several types of boom are available,
the heaviest should be selected. A Raymond-
type boom is more suitable for pile driving
than commercial booms, due to its ability to
resist some torque and lateral load, and it
is essential for side batters. If a Raymond-
type boom is not used, a suitable link must be
fitted to the commercial boom to accept the
leaders.

« Spotter. Plates are welded to the front of the
turntable and suitable spotter installed to hold
the bottom of the leaders at varying distances
from the crane.

» Boiler or air compressor. One must remove
sufficient counterweight to maintain balance
and attach a power unit for the pile hammer.
All hoses and piping need to be mounted as
well.

» Hydraulic power pack. If a hydraulic hammer,
drill, spotter or moonbeam is to be used,
one must mount a hydraulic power pack or
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make mechanical modifications to provide
for the mounting of one or several hydraulic
pumps. Control valves must be installed at
the operator’s station and necessary piping
and hose added to connect all components. It
may be possible to use the crane’s own power
system to operate the hammer; both hammer
and crane manufacturer should be consulted
to insure proper mating of the two machines.

e Other pile driving accessories may be added,
as the project requires.

o The modification of a rented crane to make
it suitable for pile driving will require one to
several shifts at the time of set-up.

3.4.1.4. Crane Capacity

Crane manufacturers normally rate crane capacities
at 75% of the load required to tip the machine. The
nominal rating is usually the maximum load that
the crane can pick at a 12’ (3.66 m) radius with the
shortest boom, and this of little practical value in
comparing cranes for pile driving.

Capacity charts for a number of pile drivers have been
prepared and are included in subsequent sections. If
a chart is not available for a particular machine, a
qualified engineer as required by the Federal Safety
and Health Regulations must determine the capacity
of any crane.

For preliminary estimating and planning purposes,
the capacity of various commercial cranes is shown
in Table 3-8.

Because pile drivers usually move fully loaded, with
their centre of gravity high in the air, more conservative
limitations should be imposed than for ordinary lift
crane work. This requires that the location of the
vertical centre of gravity be determined.

3.4.1.5. Use of Capacity Charts

Crane capacity charts should be used as follows:

1. Determine the length of leaders required to
handle the desired hammer and pile.

2. Calculate the weights to be hung from the
leaders, including:

a. Core;
b. Shell;
c. Followers and driving accessories;
d. Pile;

e. Drills, drill guides, fairleaders, augers,
pile driving equipment, etc.;

f. Pile lifting brackets, jets, etc.

3. Determine the appropriate crane to be used
based on lifting capacity, boom length and
boom type. Capacity charts are based on
the machine being operated in a safe manner
by a competent operator under adequate
supervision. The maximum safe radius is
often not the most productive radius and
experienced supervisors will usually work at a
shorter radius to provide greater stability and
faster operation.

Ground stability is the most important consideration
in driver operation, particularly when operating at or
near capacity. The charts assume that the rig will
be on mats except when the general superintendent
authorizes you to work without them.

The capacity charts also assume that driving will be
done with the rig level. Except when shelling-up,
the bottom of the core should be no higher than the
bottom of the leaders. When traveling with a core or
pile, it should be blocked or tied to prevent it from
swinging out.

Batter pile capacity is beyond the scope of the charts
and must be computed separately for each situation.

3.4.1.6. Truck Cranes

Truck cranes have limited application as pile drivers.
The nominal rating of a truck crane is calculated at
85% of tipping at 10’ (3.05 m) radius with outriggers
set. The rig cannot move in this condition so its
capacity as a pile driver must be based on 65% of
tipping in the least stable position, with outriggers
raised. With outriggers raised, it will usually have
very poor capacity for its weight.

It will help to lower the hammer and bring leaders in to
the minimum radius before raising outriggers to move,
but this slows production. Under no circumstances
should it be assumed that any additional capacity
could be safely secured by moving with the outriggers
“just clear of the ground.”

The cab of the prime mover will interfere with swinging
a full circle. This will make it impractical to operate
on mats that are frequently necessary when piles are
to be driven. Except in unusual circumstances, a light
crawler crane will usually prove more economical.

3.4.1.7. Maintenance
The superintendent should familiarize himself with
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the lubrication and maintenance instructions that are
with each crane.

So that the user will be generally aware of lubrication
requirements, the major items requiring daily
lubrication with a grease gun (number of places to be
lubricated shown in parenthesis) are:

Main Drive Shaft

e Rear Drum Shaft

e Front Drum Shaft
« Boom Hoist

o Crawler Sprockets
« Track Rollers

« Transmission

e Hydraulic Pump Bearing
e Centre Pin Bushing
« Boom Seat Pins

« House Rollers

« Hook Rollers

Track roller lubrication is a difficult job and one that
is frequently overlooked, particularly when the rig
is working in the mud. However, the rigs rock back
and forth with every hammer blow, heavily loaded.
Neglect of this important lubrication too often results
in the need for a major overhaul long before it should
be necessary.

The following other items require daily attention:
« Check crankcase oil level
o Inspect engine for oil or fuel leaks
o Check torque converter oil level
« Check radiator coolant level
« Check air cleaner oil level
« Check chain case oil level
o Check hydraulic tank oil level

o Open gear lubricant on main driver shaft bevel
pinions

o Qil front and rear drum shaft chain sprockets
o Clean and oil roller path

o Observe engine oil
temperature

pressure and engine

Weekly lubrication covers many more points to be
greased:

e Main Driver Shaft

e Rear Drum Shaft

e Front Drum Shaft

« Boom Hoist

o Crawler Sprockets

« Crawler Drive Shaft

« Track Rollers

« Transmission

e Hydraulic Pump Bearing

e Centre Pin Bushing

e Drum Brake Shafts (front)

e Drum Brake Shafts (rear)

o Swing and Slide Pinion Shafts

« Boom Seat Pins

e Gantry and Equalizer Sheaves
Weekly attention should be given to the following:

e Brush, drum gear and pinion, boom hoist bevel
gears, swing bevel, slide pinion, swing gear,
swing pinion and ring gear with open gear
lubricant

o Qil operating linkage
o Qil engine accessories

e Drain water and sediment from filters and
tanks

o Check engine fan belt

« Service air cleaner

o Clean crankcase and air compressor breathers
e Check all filters

o Check clutch and brake adjustment

o Check crawler chain adjustment

Periodic attention must also be given to the
following:

o Drain engine crankcase

o Clean or replace fuel and lube filters
e Drain boom hoist gear case

« Drain transmission chain case

o Drain converter housing

« Drain crawler transmission cases

o Replace hydraulic oil filter

e Drain hydraulic oil tank
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3.4.2. Booms for Impact Hammers

In this section, emphasis will be on Raymond-type
booms, which were developed with the vibrational
and other loads of pile driving in mind. These
recommendations may be helpful with other booms in
conjunction with the recommendations of the crane
manufacturer.

3.4.2.1. General

Raymond-type booms are designed to resist the torsion
and side thrust that are introduced in pile driving
operations, particularly for side batter driving and
drilling. All Raymond-type booms have a basic length
of 40’ (12 m) consisting of a lower section designed
to fit a particular crane and an upper section that
may be the same for several different machines. To
lengthen the boom, one inserts sections in multiples
of 8’ (2.44 m).

Raymond-type booms have a built-in steam or
hydraulic line and are provided with racks to store the
boom connection bolts and, in some cases, pendants.
They also have a fairleader at the boom tip.

While Raymond-type booms are stronger in some
respects than the equivalent commercial booms,
they are not better (or even as strong) under all
circumstances.

In selecting a boom for pile work, one normally uses a
boom length equal to the leader height below the boom
tip, a minimum of one-half total leader height. When
operating at the maximum radius or when driving in-
batter piles, the leaders may hit the ground. In such
cases, it may be desirable to lengthen the boom or to
replace an 8’ (2.44 m) leader section with a special
4’ (1219 mm).

Commercial booms may be used for driving plumb and
in- and out- batter piles. They should never be used
for driving side batter piles.

3.4.2.2. Medium Duty Booms

The most common Raymond-type boom is the
Raymond Medium Duty Boom illustrated in Figure 3-
62. This boom is about 4-1/2’ wide and 2-1/2’ deep
at the joints. Lower sections are available for many
different commercial cranes. They can be adapted to
other machines of similar size.

The basic 40’ (12 m) boom consists of a 20’ (6.1 m)
lower section (suitable for the particular crane) and
a 20’ (6.1 m) upper section (the upper sections with
4” (101.6 mm) x 4” (101.6 mm) main angles should
be used only on SUD, steam 703 and Hilland Rigs).

Inserts are available in 8’ (2.44 m), 16’ (4.88 m) and
24’ (7.32 m) lengths and the boom can be extended
to 80’ (24 m) under normal circumstances. With a 72’
boom, a 24’ (7.32 m) insert should be used; for an 80’
(24 m) boom, the 24’ (7.32 m) insert must be used.
The 24’ (7.32 m) section provides the extra depth in
the centre required for the 80’ (24 m) length boom.

The boom sections are connected with one 1 1/2”
diameter high strength alloy bolt in each corner.

3.4.2.3. Heavy Duty Booms

For the largest machines, a “Heavy Duty Boom”
illustrated in Figure 3-63 can be used. This boom
has a section roughly 4’ (1219 mm) deep and 6-1/2’
(1981 mm) wide. Lower sections are available for
Manitowoc 3900 (100 ton) or 4000W and adaptations
can be made for other cranes of similar size.

The basic 40’ (12 m) boom consists of a 24’ (7.32 m)
lower section and 16’ (4.88 m) upper section. Inserts
are available in 16’ (4.88 m), 24’ (7.32 m) and 32’
(9.76 m) lengths. These inserts can be used in any
combination to provide a boom of 56’ (17.1 m) to 120’
(36.6 m) in length in 8’ (2.44 m) steps.

The Heavy Duty Boom uses the same 1-1/2” (38 mm)
diameter connecting bolts and the same sheaves as
the Medium Duty Boom, but the boom sections cannot
be mixed.

3.4.2.4. Assembly

1. Inspect boom sections; and significant damage
or buckling of any main angle or any brace must
be repaired or the section replaced. Visually
check for racking; check diagonal distance
between corners across sides and ends; the
two diagonals should not differ by more than
1/8” (3.2 mm). Check boom carefully for
broken or cracked welds.

2. When sections are assembled on ground, boom
must be straight. A line from the boom tip
to the centre of the top should not vary more
than 1” (25.4 mm) from the centerline of any
section.

3. Alljointsmustbe tight. The ends of all four main
angles must bear against the corresponding
angles of the next section. Shims (up to 1/8”
(3.2 mm)) may be placed between joints to
straighten booms or get bearing between
angles. Shims should have a hole for the boom
bolt and be large enough to cover the entire
end of the main angle and bolt block. Tighten
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Table 3-8 Crane Capacity

Rating, U.S. Capacity, 90’ Boom, Capacity, 150’ Boom,

Tons 20’ Radius, ki 30’ Radius, kips
American Hoist and 5 50.5 N/A
Derrick
5300 7/ 64.5 34.5
7250 60 67. 36.8
7260 100 108. 7.3
99 110 /A 91.9
9260 125 /A 112.5
9270 150 /A 120.3
9299 185 /A 128.
9310 225 /A 171.9
American Terex HC- 2_8 3 1.4
_:' U 7..: ...6.5
] s.," U 1u 1 z. 5.8
HC-150 5 165.1 96.9
- HC-210 210 1_64.17 14%8
obelco - .
K25 3 3 7
R b 266193@'12 T
-1 4 . 4 4 . @ : -!
CK-20 20 247. 1’ 161.6 @ 31’
CK-250( 25 326.7 @ 22 224.9 @ 32°
[iebherr -S'—g -HD 113.2 54_8
HS-883-HD 160.5 @ 85’ /7.
Link Belt FMC é;] 4 34 [A
[ S-110 5 51. /A
[ S-118 60 61.2 26.7 @ 35’
[ S-318 32 67.3 36.3
| S-338 100 111.4 60.1
[ S-4138 110 43.7 /2.5
| S-51¢ 150 219.0 114.0
1Nk Belt -108H N/A
umitomo S-138H /5 / 9,3
| S-208H /5 70.4 39.
[S-218H 100 110. 60.2
[S-238H 150 62.6 37.9
[S-248H 200 223.4 138.1
Manitowoc VICON 2900W 65 88.6 42.5 @ 32’
Series
3900V 100 136.6 /3.4
3900WV 140 /6.0 105.
4000WV 132.5 //.4 114.4
4000WVS2 75 250.5 127.5
4100WV 200 319.2 162.4
4100WVS2 230 336.9 210.3
Manitowoc EPIC M-50W 60 53.3 28.8
Series
M-65W 75 3.0 40.4
M-80W 6.1 51.5
M-85W 9 100.4 53.2
111 B /5 5.6 46.3
222 B 100 93.1 0.2
555 52 150 220.4 128.6
777 S2 175 230.7 135.6
888 52 220 348.6 230.5
999 S2 250 396.4 55.6
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boom bolts as much as needed to fit sections
snugly. After rig is erected, bolts should be
visually observed for any sign of looseness.

Select proper pendants and topping lift
adapter. Inspect topping lift adapter for
structural damage and cracks. Inspect
pendants for worn or broken wires, corrosion,
abrasion, crushing or other physical damage.
Give special attention to points where wire
rope enters end fittings. Replace the pendants
if there is more than one broken wire near a
fitting or more than two broken wires at any
other point.

Compare length of each pendant in a pair;
lengths should agree within 1/2” (12.7 mm).
Pendants are sent out initially in matched
pairs and should be kept together. Pendant
pins should be kept with their pendant.

Check safety cables or other standing rigging
for condition, that length is proper, and that
cable clips are correctly applied.

Lubricate all wire rope; the best method
is to immerse it in hot wire rope lubricant.
Alternately, the wire rope should be wire
brushed, if rusty, and thoroughly coated with
a penetrating type lubricant.

Inspect sheaves, rollers and sheave pins. Any
that show significant looseness, binding or
wear should be replaced, particularly sheaves
which have the wire rope pattern worn into
them. Inspect steam, hydraulic and jet line
fittings and supports, tighten, repair or secure
as needed.

Inspect boom seat pins and pinholes for signs
of wear or cracking; check that pins and boom
butt match crane boom seat. Make certain
that washers, spacers, sleeves and keepers
are available to insure a snug fit of boom-to-
boom seat with no play.

3.4.2.6. Precautions in Use

1.

No attempt should be made to pull a stuck
mandrel core on a side batter with any type
boom. Modern cranes can exert such a great
line pull that a boom can be buckled without
warning.

Booms should not be used to drag loads
sideways; loads should be picked up and
swing.

3. Most booms are provided with safety cables to
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prevent the boom pin wheeling back over the
cab. They are far more reliable than boom
stops. Adjust safety cables so they are just
tight when boom is in the highest safe working
position.

3.4.2.7. Maintenance

1.

Boom and boom rigging should be visually
inspected daily, particularly for loose fittings.

Boom and boom rigging should be thoroughly
inspected at assembly, as previously detailed,
and similarly at disassembly.

Heating and straightening may repair minor
localized damage to structural angles.

Damage or buckling of an angle should be
repaired by doubling with another angle
welded continuously along both sides and at
both ends.

. Any severe damage or racking of a boom

section is impractical to repair in the field
and the section should be replaced with a new
section.

Sheaves and pins should be lubricated
regularly; loose or worn sheaves and pins
should be replaced.

Dirt and mud should be removed; rust spots
should be scraped and given a coat of black
paint.  Sign should be kept clean; when
it becomes chipped or worn, it should be
replaced.

3.4.2.8. Handling

1.

Lift boom sections by a sling around the main
angles at each end or near a panel point; never
lift by the bracing.

Store on blocking placed at end of sections
or under panel points. When unbolting, be
certain that boom is blocked at each side of
the joint.

Lower sections should be stored or shipped flat
or braced to prevent their falling over. Other
sections may be stored or shipped flat or on
their sides, whichever is convenient.

Do not ship or store heavy items on top of boom
sections. When necessary, boom sections may
be stored or shipped on top of one another.

. When disassembling sections, cap hydraulic

lines and protect fittings; remove hoses and



Figure 3-62 Medium Duty Boom
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Figure 3-62 Medium Duty Boom (continued)
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Figure 3-63 Heavy Duty Boom
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store in protected location; lubricate boom
bolts and pendants and store in racks; replace
boom-seat pins in crane boom seat.

3.4.2.9. Boom Point Connection

The boom point connection is important with both
under-hung and fixed leaders. Inadequate or poorly
designed and manufactured boom point connections
can lead to accidents and job delays. Typical boom
point connections are shown in Figure 3-64.

Figure 3-64 Boom Point Connections

Drop Hammer Leaders

Straight Saddle Adapter Rooster Sheaves

3.4.3. Cranes for Vibratory Hammers

Vibratory hammers are generally not operated in
leaders. They are free hanging from the crane. It is
important that cranes for vibratory hammers have
adequate capacity to both lift the hammer and pile
for driving and any possible extraction load that might
be needed to extract piles. The boom must also be
able to withstand any residual vibration transmitted
to it by the suspension.

3.4.4. Power Systems

All external combustion hammers and the vast
majority of vibratory hammers require some type of
power source. This power source depends upon the
nature of the hammer.

3.4.4.1. Air/Steam Hammers

Except for the largest marine rigs, air compressors
power most air/steam hammers. These can be
mounted either on the ground or, more commonly,
on the back of the crane as a substitute for the
counterweight. When used, boilers are either of the
fire tube Scotch marine type or the vertical water tube
Raymond type. Both compressors and boilers should
be configured in accordance with the manufacturer’s
recommendations.  Also, essential for air/steam
hammers is a three-way shut-off valve that can blow
pressure out of the lines after the hammer is stopped
or in an emergency, and a line oiler of the sight feed
or pump type to provide a continuous stream of
atomized oil to the cylinder.

3.4.4.2. Hydraulic Systems

For a variety of reasons, hydraulic systems have
become dominant for a wide variety of equipment
used on pile driving projects such as:

o Vibratory hammers

e Hydraulic impact hammers
o Augers and drills

o Spotters and pile monkeys

A basic hydraulic power pack (in this case for a
vibratory hammer) contains all of the components
necessary to both power and to control the hydraulic
equipment being used. Views of a hydraulic power
pack (in this case for a vibratory hammer) are shown
in and .
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Figure 3-65 Internal View of a Power Pack

Reservmr '
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In some cases, the crane’s hydraulic system can be
employed to power either a vibratory hammer or
a hydraulic impact hammer, generally the smaller
models. This eliminates the need for both an external
power pack and diesel engine. However, all other
comments on control systems and operation apply.

3.4.4.2.1. Hydraulic Oil

Since most hydraulic problems are due to improper
condition of the hydraulic oil, it is essential that one
start with the proper type and grade of oil.

While a wide variety of fluids (even water) will
transmit power in a hydraulic system, a good
hydraulic fluid should also be anti-corrosive, stable
at high temperatures, fluid at low temperatures and
adequately lubricate all parts of the system.

Enginecrankcaseoilsareusedinsomehydraulicsystems
(particularly in truck mounted systems) because of
their availability at service stations. However, they
have detergents and dispersant additives, which make
them less desirable as hydraulic oils. In addition, they
are more expensive than hydraulic oils.

Turbine grade, straight mineral oils, while suitable,
do not have the additives that are needed in severe
operating conditions. Aircraft type, fire-resistant
hydraulic fluids are not compatible with the seals and
gaskets and should not be used. Neither should one
use hydraulic brake fluid.

The hydraulic systems should be filled with a premium
grade, anti-wear type hydraulic oil. These oils
contain oxidation inhibitors that permit them to be
used at higher temperatures without breakdown. As
temperatures rise, “varnish” is deposited and sludge
is formed. Even with premium oils, oxidation becomes
a problem at temperatures above 150°F (66° C), and
will occur very rapidly if hydraulic oil exceeds 200°F
(93° C) in any part of the system.

These premium grade oils also contain rust inhibitors,
anti-foam agents and anti-wear additives. Typical
hydraulic oils should meet the following standards:

V it ti 3000 SS
VS st R o RR
Viscosit ig er

When start-up temperatures are below 10°F (-12°
C), it is desirable that some provision be made for
keeping the system warm.

3.4.4.2.2. Reservoirs

The oil reservoir not only supplies oil to the system
but also allows the oil to cool and impurities to
settle. Because of space and weight limitations, the
reservoirs are sometimes smaller than the desired
2 to 3 times pump capacity. Reservoirs are either
pressurized or elevated to provide gravity flow to the
pump. They are provided with magnets to attract
steel particles and have special interior preparation
to minimize oil contamination, the worst enemy of
hydraulic systems.

Reservoirs should normally be kept full, with the
system at rest, and large cylinders retracted. The
suction line is provided with a strainer to remove
impurities large enough to be seen by eye. A suction
hose or pipe leads from the reservoir to the pump; all
joints must be tight and not leak air.

3.4.4.2.3. Hydraulic Pumps and Drives

The hydraulic pump is connected to the engine
through a pump drive. Sometimes this pump drive
is a gearbox acting as a speed changer to optimize
the pump, but in others, a direct drive is employed,
eliminating gear losses.

Pumps are usually driven by a diesel engine. Most of
the pumps are either the gear type which one calls
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“low pressure” (2500 psi (172 bar)) or the piston type
that one refers to as “high pressure” (5000 psi (345
bar)). One also uses a few vane type pumps operating
at 2000 psi (138 bar).

Hydraulic pumps are precision made units with very
small clearances; their efficiency depends on absolute
cleanliness. Like a ball bearing, they can be damaged
by a small quantity of dirt or dust. They should never
be disassembled outside under job conditions. Pump
alignment is also very critical. Pumps should never
be run, even for short periods, without oil. Newly
installed pumps should be run in for 30 minutes at
zero pressure; failure to do so may result in immediate
failure of the new pump.

Most units have separate pumps for the hydraulic
clamps, but some integrate these into the main power
source.

Hydraulic pumps can be used either in open or closed
loop mode. Both appear on power packs in this
application. Closed-loop systems have better control
of starting, running, and stopping of the machines,
but have traditionally been more complicated. Open-
loop systems are more adaptable for powering other
equipment.

With low-pressure pumps, as the pump rotates, oil is
trapped between the gear teeth and the pump case
and discharged on the pressure side. One normally
limits these pumps to a pressure of 2500 psi (172
bar). They are used to power hydraulic spotters,
moonbeams, pile guides, low-pressure hydraulic
drills and hydraulic hoists. They are also used to
supercharge high-pressure pumps; for supercharging,
they are operated at not over 40 psi. Some units may
have two or three pumping units mounted in the same
housing. Capacity depends on gear width.

High pressure (5000 psi (345 bar)) pumps are used to
operate hydraulic hammers and high-pressure drills.
They consist of a number of pistons that are pushed
by a rotating inclined plate and returned by springs.
Although older hydraulic units used for pile driving
equipment employed fixed displacement pumps, most
of the newer ones - especially for drills and augers
- use variable displacement pumps, whose reliability
is now suitable for the application. These frequently
are equipped with load sensing devices to properly
adjust the flow to the load. Variable displacement
pumps can have very sophisticated flow control
mechanisms.

3.4.4.2.4. Filters

Most new hydraulic systems are provided with 5000-

psi (345 bar) filters that can be used in either high
or low pressure systems. Their purpose is to remove
dust-like particles that cannot be seen, but will ruin
hydraulic equipment.

Filters should be changed once a month. If the
element is not renewed they will by-pass and allow
dirt to pass into the system. Some filters are equipped
with indicators to slow when they are dirty but these
indicators are not completely reliable.

3.4.4.2.5. Pressure Gauges and Relief Valves

Each hydraulic circuit should be provided with at
least one pressure gauge. Each circuit also may have
a relief valve to protect pump and other elements
from damage. Relief valve settings should be checked
at the start of each job. Any attempt to exceed
recommended pressure limits will result in abnormally
short pump life. Many newer systems with variable
displacement pumps and load sensing dispense with
the relief valve altogether.

3.4.4.2.6. Motors and Cylinders

Hydraulic motors are similar in construction and
appearance to equivalent model pumps; the
differences are often not visible. All motors are
provided with a drain to dispose of leakage. If the
leakage is not drained off, it will build up pressure
and blow the seals.

Hydraulic cylinders are used in several different sizes
to power spotters, moonbeams and pile guides. They
are double acting and have counterbalanced lock
valves so that positive pressure is required to operate
them in either direction. Lock valves insure that
external forces cannot move the cylinder.

3.4.4.2.7. Controls

These units can employ air, electric, or manual
controls for the hydraulic circuitry. Manual controls
are the simplest; however, they confine the operator
of the unit to the power pack’s location, which,
depending upon visibility and other factors may not
be the most convenient place from whence to operate
the machine. Remote controls allow more flexibility
for the operator but are an added expense and source
of trouble for the machine.

The hydraulic systems for impact hammers
make accommodations to the intermittent flow
characteristics of these hammers. Hydraulic impact
hammer power packs also include the stroke and blow
rate control features of the hammer; in some cases
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the hammer can be made to execute only one blow
at a time.

3.4.4.2.8. Hydraulic Lines

Most hydraulic lines on mobile equipment are high-
pressure hydraulic hose. Tubing and pipe are used in
rare conditions but are not practical not only because
of mobility problems but also due to vibrations. Teflon
tape or “Loctite” is often used on screwed joints to
prevent leakage.

In order to avoid mixing high and low pressure hose,
one should have a standardized system of hoses for
high pressure (5000 psi (345 bar)) service and for low
pressure (2500 psi (172 bar)) service.

3.4.4.2.9. Enclosure

Most power packs have a sheet metal enclosure, but
some do not. The principal advantage of an enclosed
power pack is protection from weather and criminal
activity. Enclosures are also helpful if they provide
sound deadening, although many do not. Open power
packs are more economical and there is better access
to the parts for service.

3.4.4.3. Electric Vibratory Hammers

The exciters for these units usually employ three-phase
induction motors driven at a single frequency, which
has encouraged the development of many systems
to vary the eccentric moment and thus the driving
force. In some cases, electric vibratory hammers can
be driven from nearby three-phase outlets, obviating
the need for a generator set. The hammer thus
only requires a switch box to control it. A separate,
small power pack, driven with an electric motor, is
required to operate the hydraulic clamp, if there is
one. This either can be on the ground or mounted on
the static overweight. Electric systems are less and
less popular because of maintenance and reliability
considerations.

3.4.5. Leader Systems

Leader systems are essential for properly aligning
the impact hammer and pile during driving. Their
configuration is dependent upon the application.

3.4.5.1. Leader Sections

Although most of the attention on leaders is given to
the type of connection with the crane and method of
operation, the leader section is essential to successful
leader operation.

Leader sections can be divided into two broad
categories: leaders that run the hammer inside of
the leaders (U-sections, such as shown in Figure 3-67)
and those which operate the hammer in front of the
leaders (spud type leaders, such as is shown in Figure
3-68.) U-sections are preferred by U.S. contractors
and are capable of more precise hammer positioning
and alignment and can have a higher section modulus
than other sections. Sections that place the hammer
in front of the leaders are more advantageous with
sheet piling and are favored by European and other
contractors.

Figure 3-67 U-Type or Box Leaders
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Figure 3-68 European or Spud Type Leaders with
Hammer

3.4.5.2. Fixed Leaders

Fixed leaders are attached by a mechanical joint at
the boom point and at the bottom of the leaders.
The boom point connection should always enable the
leaders to rotate about the boom point, and should
be below the top of the leaders. A typical fixed
leader set-up is shown in Figure 3-69. Advantages and
disadvantages of fixed leaders are described in Table
3-9. The spotters, as described below, generally
differentiate fixed leaders.

Figure 3-69 Fixed Leaders

Table 3-9 Advantages and Disadvantages of Fixed
Leaders

Advantages Disadvantages
Requires only a two-drum crane. Heaviest and most expensive
leader type.

More troublesome to assemble
and maintain.

Superior accuracy when locating
leader vertically and all batter

osjtions. .
igid control of leader during

positioning operation.

Cannot reach pile when pile
head is below ground surface

(excavation, below water)
Less mobile than other leader

systems.

Compound batter angles can be

set and accurately maintained.
Boom can be lowered and leaders

folded under (for short haul over
the road and railroad travel)
when crane of adequate capacity
is used. This depends on the
length of leader and boom and
the confisurations of the crane

Typical fixed leaders consist of a main section
attached to the boom point, a top section, a bottom
section and sufficient intermediate sections to obtain
the required height. There should always be at least
an equal, but preferably a greater length of leaders
below the boom tip than there is above.

The top section has a headblock and fairleaders for
handling the hammer, piles, drills, shells, jets, etc.
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For handling very heavy piles or piles that do not fit in
the leaders, a pile lifting bracket may be added.

The main section has a special link that connects the
boom tip with the leaders. Intermediate sections
come in various lengths. In theory, the entire lead
assembly could be one piece but it is broken up into
sections for transportation convenience. Since each
joint adds weight and is a potential weak point, when
available longer sections should be used rather than
shorter sections. The bottom section is similar to
intermediate sections.

When driving steep out-batter piles, or in deep
excavations, the bottom of the leaders may be far
above the ground. It may be necessary to use special
longer and stronger hammer extensions and sliding
frame.

3.4.5.2.1. Spotters for Fixed Leaders

3.4.5.2.1.1. Manual Spotters

These fixed leaders use either a fixed length spotter
(useful only when all of the pile on a particular project
has the same batter) or a spotter with a system of
holes through which pins can be run. The batter of
the leaders can thus be changed by telescoping the
spotter to the desired length, lining up the holes in
both inner and outer tubes, and inserting the pins.

3.4.5.2.1.2. Moonbeam Spotters

These are fixed in the usual way to the boom; however,
a curved beam at the bottom of leaders allows
rotation about the boom point. A wheeled carriage
on the leaders connects the leaders to the moonbeam
as shown in Figure 3-70. Moonbeam spotters are
generally obsolete, having been replaced by the
hydraulic spotters; however, there are hydraulic
moonbeams, as shown in Figure 3-71.

Figure 3-70 Moonbeam Spotter Leader
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Figure 3-71 Hydraulic Moonbeam Spotter

3.4.5.2.1.3. Hydraulic Spotters

These spotters use hydraulic cylinders to control
the movement. Hydraulic cylinders are mounted to
telescope the overall length in and out, and to pivot
the spotter ends about their connection either with
the crane cab or with the leaders, or both. These
spotters are very versatile. Within their travel range,
they can be adjusted in an infinitely variable manner
from the crane. They can be powered either by their
own hydraulic power system or from the crane’s own
hydraulic system. An example is shown in Figure 3-
72.
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Figure 3-72 Hydraulic Spotter
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3.4.5.2.1.4. Maintenance of Spotters

Spotters and moonbeams should be inspected
frequently for structural damage, for wear
and cracking at pinholes, and for breaks and
cracks. Welding should repair them, if needed.
Sliding surfaces should be lubricated at the
beginning of each project and at least once a
month thereafter.

Care must be taken when the spotter is
disconnected from the rig. It should never be
done with the hammer above the boom tip,
as the leaders will pinwheel about the boom
leader-connecting pin. The leaders should be
hanging plumb and, unless there is more length
of leaders below the boom tip than above, the
leaders must be tied off or counterweighted.

Hoses of hydraulic spotters should be protected
and monitored for signs of physical damage.
Hoses that have wire braid showing or which
have been crushed should be replaced.

Dirt is the greatest enemy of hydraulic systems
and particular care must be taken to keep dirt
out when coupling and uncoupling hoses. When
moving or storing, all hydraulic fittings should
be capped and covered to protect them from
damage and to keep out dirt and moisture.

Some spotters are provided with wear plates
on the sliding surfaces that can be replaced or
built up when the spotters become loose.

Before spotters are stored, rust spots should
be scraped and touched up with paint. The
sheaves, cables and sliding surfaces should be
lubricated. They should be stored on blocked
to keep them off the ground. Spotter pins
should be replaced in their holes for storage.

3.4.5.2.2. Assembly of Fixed Leaders

Leaders should be assembled on the ground
alongside the rig.

Sections should be inspected; cracked or
broken welds, or any damage repaired or the
section replaced.

Check ladder,
broken rungs.

straighten if bent; replace

Use drift-pin to line up holes; if holes cannot
be aligned, check location with diagram and
ream incorrectly located holes. Do not burn.

Tighten bolts with the proper torque on each
bolt. Be certain you have full thread on each
nut.

Check that leaders are straight. Aline from the
headblock to bottom of the leaders should not
vary more than 2” (50.8 mm) from the centre
of any section. Shims may be added at the
joints to get bearing area and to be retained
by the leader bolts.

Inspect and lubricate connecting pin,
headblock and fairleaders; replace worn or
loose sheaves.

Install drill guide frames or other hardware
that is required for the job; elastic stop
nuts must be used for all bolting aloft. All
standard hardware is designed to fit existing
holes drilled in the leaders at the time they
are built; if holes are not there, they must be
drilled and not burned as burning can severely
weaken the leaders.

Clean all platforms; remove all unneeded
hardware; remove or secure all loose fittings
and bolts.

If working near an airport, leaders may have
to be painted and lighted in accordance with
FAA regulations.

3.4.5.2.3. Maintenance of Fixed Leaders
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Boom leader connecting pin, all sheaves and
rollers should be lubricated at the beginning
and end of each project and weekly while in
active use.

Visually inspect leaders daily for damage and
loose fittings. Check leader bolts for tightness
after first day’s operation and regularly
thereafter.

Minor localized damage to diagonals can



be repaired by heating and straightening.
Damaged or buckled diagonals should be cut
out and replaced; doubling may later interfere
with installing drill guides but may be done in
an emergency. Welds should be chipped out
and ground smooth (not burned), so as not to
weaken adjacent members.

Leaders that are significantly damaged cannot
be economically repaired.

Ladders must be kept in good repair by
straightening, welding when loose, or
replacing. In interests of safety, platforms
should be kept clean and in good repair.

Rust spots should be scraped and painted black;
signs should be cleaned or replaced when they
become chipped or damaged.

3.4.5.2.4. Handling and Storage

Leaders should be lifted with hoods or slings
at individual back angles at four locations near
the yokes; never pick up with a choker, by the
front columns or by a diagonal.

Leader sections should be stored or shipped
resting on both front columns on blocking
directly under the yokes; never store or ship
leaders on their sides.

When unbolting, make certain that both sides
of the joint are supported on blocks (under a
yoke).

Inspect hammer extensions; inspect and
lubricate tapered boom-leader connecting pin;
both should be left in the main leader section.
The sliding frame is stored and shipped with
the bottom section.

Don’t store or ship heavy items (like tuggers)
on top of leader sections. Leaders may be
stacked, when necessary, but a 4” (101.6 mm)
X 6” (152.4 mm) timber placed near the yokes
should separate them; this will prevent local
bending of angles.

Remove pile lifting brackets and similar
hardware on front of the leaders before
shipping or storing. Drill and jet guides add
weight and may be damaged; unless they are
to be used on the next job, it is preferable to
remove them.

Store leader sections so they are accessible for
inspection, inventory and repair and so serial
numbers are visible.

3.4.5.3. Vertical Travel or Semi-Fixed
Leaders

Vertical travel leaders (referred to also as semi-fixed
leaders) are fixed leaders with hydraulic spotters
that can also move the leaders up and down relative
to the spotter and the boom point. They are most
advantageous when positioning of the leaders
is exceptionally difficult, such as with railroad
construction. Figure 3-73 shows an example of the
lower parts of vertical travel leaders, illustrating their
versatility in positioning the hammer and pile.

Figure 3-73 Vertical Travel or Semi-Fixed Leaders
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3.4.5.4. Swinging Leaders

Swinging leaders are suspended from the crane using a
wire rope. They are by far the most common leaders
in use. Advantages and disadvantages of swinging
leaders are shown in Table 3-10. A typical swinging
leader is shown in Figure 3-74. Swinging leaders
are generally used with plumb piles; however, under
certain conditions, and with the proper equipment
and crane operator, they can be used on batter piles,
as shown in Figure 3-75. It is important when swinging
leaders are used to avoid supporting weight of hanging
leaders on the pile to prevent buckling.
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Figure 3-74 Swinging Leader Figure 3-75 Swinging Leaders Used on Batter Piles

Table 3-10 Advantages and Disadvantages of Swinging
Leaders

Advantages Disadvantages
Lightest, simplest, and least Requires a 3-drum crane (one

expensive. for leader, one for hammer, one
for pile) or a 2- drum crane with
lead hung on sling from boom

With stabbing points secured in B?flgghlt control twist of leader
the ground, this leader is free if pile stabbing points are not
to rotate to align hammer with secured into the ground.

pile without precise alignment of

crane and the pile.

Leaders are generally 15 to 20 Crane positioning is more

feet shorter than the boom; difficult than with any other
crane can reach out further, type of leader. Operator must
assuming crane capacity is rely on balance while centre of
sufficient. gravity continues to move.

Can drive in an excavation or

over the edge of an excavation.
For long leader and boom

requirement, the leader weight
can be supported on the ground
while the pile is lifted into place
without excessively increasing
the working load

One issue that must be dealt with swinging leaders
is that of proper pile alignment. Since the leaders
have some freedom of lateral movement, additional
steps should be taken to assure that the pile is aligned
properly when driven. One method - and in some
cases a required one - is to use a template such as
shown in Figure 3-76.
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Figure 3-76 Template for Pile Alignment
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3.4.5.5. Underhung Leaders

Underhung leaders are similar to fixed leaders, except
that the boom point connection is made at the top of
the leaders, and generally the leader can move only
fore and aft from the crane. These leaders can be
used with or without a spotter. Table 3-11 lists the
advantages and disadvantages of these leaders, and
typical underhung leader set-ups are shown in Figure
3-77.

Figure 3-77 Underhung Leader
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Table 3-11 Advantages and Disadvantages of
Underhung Leaders
Lighter and generally annot be used for side-
less expensive than to-side batter driving.

extended type leader.
Requires only a two-

drum crane.

Length of pile limited
by boom length, as this
type of leader cannot
extend upon the boom

Wint.

hen long leaders
require a long boom,
working radius of crane
is reduced, which
reduces the effective
capacity of the crane.

Accurate in locating
leader in vertical or
fore and aft batter
positions.

Relatively short rigging
time in setting up and

breaking down. )
Utilizes sheave head in

crane boom.

3.4.5.5. Hammers without Leaders

Most impact hammers require leaders to operate;
however, some hammers can be fitted with pants as
shown in Figure 3-78. Not all hammers can be fitted
with pants. These should only be used in accordance
with the manufacturer’s recommendations. Impact
hammers should never drive piles without leaders,
pants or other form of hammer guidance under any
circumstances.

Figure 3-78 Impact Hammer with Pants

|
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3.4.5.6. Offshore Type Leaders

A very special type of leader - a type of “flying
extension” - is the leader used for installation of
offshore piles in conventional platforms. These
leaders are freely suspended from the crane and use
the pile to properly align the hammer. This set-up is
also used for large pipe and concrete cylinder piles in
onshore construction, as shown in Figure 3-79. Care
should be exercised when using this type of leaders
with batter (inclined) piles. The pile has to have
sufficient bending strength to carry the additional
weight of the hammer and the leaders.

Figure 3-79 Offshore Type Leader

3.4.5.7. Leader Accessories
Leaders are used with a wide variety of accessories.

3.4.5.7.1. Cradle or Extension

A cradle or extension is used when the hammer is
either too small or large for the leaders used. Hammer
extensions are of three general types:

1. Inboard extensions hold the hammer, hammer
cushion and driving accessory in the leaders
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and support the hammer when driving below
the leaders, as shown in Figure 3-80. The
extension wraps around the hammer and
enables the hammer to be used in a set of
leaders normally unsuitable for the hammer’s
jaw size. Inboard extensions permit easy
insertion and removal of the hammer from the
leaders, and also increase the flexibility of a
contractor’s hammer and leader collection.

Outboard extensions are used when it is desired
to support the hammer in front of the leaders,
usually when driving sheet piles or when the
pile cannot fit between the leader columns.
An outboard extension is shown in Figure 3-81

Flying extensions are used to guide the
hammer, hammer cushion and follower when
leaders are not used. Offshore leaders are an
example of flying extensions.

Figure 3-80 Inboard Extension
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The weight of an inboard extension is carried on
top of the hammer. For many years, hammers were
provided with heavy coil steel springs to support
the extensions. Newer extensions are provided with
rubber bumper assemblies, which rest directly on the
hammer.

Outboard extensions may have sheaves for reeving
the hammer line. The hammer is then secured to the
outboard crossbeam with wire rope.

The following should be noted and followed during
the use of an extension:

 The loads imposed on extensions may bend
them out of shape (particularly when they
extend below the leaders) causing them to
bind in the leaders.

o The flanges at the lower end of extensions tend
to be distorted by the core head ears trying
to twist out. They should be repaired and
reinforced before they are too badly sprung.

o Extensions should always be secured to the
hammer with wire rope. If this is not done, the
extensions may bind in the leaders and allow
the hammer to escape and possibly cause an
accident. When it is necessary to drive below
the leaders, the hammer may be released and
the extensions held temporarily with the #1
line. As soon as the hammer is raised, the
extensions should be resecured.

e When driving in-batter piles, the hammer
must be watched carefully for any tendency to
come out of the extensions. In this position,
there is not only the usual twisting action but
the weight of the hammer is being supporting
by the extensions. If the hammer comes out
of the extensions in an in-batter position, the
results could be disastrous.

o Hammer extensions should be inspected daily
with particular attention given to the rubber
bumper assemblies, the flanges at the lower
end and to welds where the yokes are joined.

e When the rubber bumpers or the bumper
attachment bolts become worn, they should
be replaced. Broken or cracked welds should
be repaired and bent flanges straightened and
reinforced.

e While localized damage can be repaired,
any severe twisting or bending of the main
members will probably require replacement
of the entire extension.

* When required, rust spots should be scraped
and given a coat of black paint.

o Extensions are best shipped between projects
by being left in the leaders, as this protects
them from possible damage.

e When extensions are separated from the
leaders, they should be handled in a horizontal
position with sling around two yokes. They
should always be shipped or restored resting
on both slide members, never on the yokes or
on their sides. When stored alone, place on
three timbers, one opposite each yoke.

3.4.5.7.2. Pile Gate

A pile gate is used to help guide the pile into the
leaders and to keep it in alignment during driving.
Pile gates can either be manually or hydraulically
operated. They open to admit the pile and close
before driving.

3.4.5.7.3. Stabbing Point

A stabbing point is used with swinging leaders to fix
the lower end of the leaders as shown in Figure 3-82.
These are very important to assist in the stabilization
of the leaders.
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Figure 3-82 Stabbing Points
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3.5. Specialized Operations and
Equipment

Because of the diverse situations under which pile
foundations are driven, sometimes specialized
operations and equipment are necessary to supplement
the regular equipment.

3.5.1. Jetting

Jetting is the use of pressurized fluid to temporarily
loosen the bond between pile and soil, thus reducing
the resistance of the pile to penetrating the ground.
Piles may be installed by jetting that may or may not
be accompanied by impact driving or by repeatedly
raising and dropping the pile. Jetting is also used
to reduce driving stresses, to save time, to obtain
increased pile penetration, and to decrease vibrations.
Piles should always be driven to their final penetration
depth after jetting has been completed. An example
of jetting is shown in Figure 3-83.

Figure 3-83 Jetting

Jetting is most effective in fine sands and least
effectivein clay and coarse gravel. Jetting applications
are limited in clay soils where the jets may become
plugged, in cohesive soils generally where jetting is not
useful or practical, in fine grained and poorly grained
soils where jetting may loosen the soil around the
pile already driven, and in locations where there is a
considerable groundwater and the material disturbed
by the jets cannot escape.

Securing reasonable progress requires adequate
pressure at the nozzle to excavate or dislodge the
material and an adequate volume of water to displace
the excavated material to the surface. Jetting may
be desirable to penetrate compacted sand and gravel
layers above soft materials. A fairly large pipe,
perhaps 4 to 6 in. diameter, connected to a nozzle, is
used, usually ahead of the pile installation. The pile
installation must begin immediately before the soil
refills the opening after jetting.

Jetting is typically used when displacement-type piles
are required to penetrate strata of dense, cohesionless
soils. Exceptions are very coarse or loose gravel where
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experience shows jetting to be ineffective. Piles, in
some cases, have been successfully jetted in cohesive
soils but clay particles tend to plug the jets. Jetting
aids in preventing structural damage to the pile from
overdriving. Water is pumped under high pressure
through pipes internally or externally attached to the
pile, although air may be used in combination with the
water to increase the effectiveness in certain cases.
Typically a minimum of 5 to 10 feet of pile penetration
should be accomplished with no jetting allowed. Piles
that cannot be driven the final 5 to 10 feet without
the aid of jetting should be immediately brought to
the attention of the design engineer, since the project
design criteria may not have been satisfied. When
jetting concrete piles, driving should be restricted to
a static weight while the water is being injected to
prevent damage due to excessive tensile stresses that
may be induced by hammer impact. Jetting adjacent
to existing structures or piles should be avoided.
Although driving vibrations are reduced, caution must
be exercised, since jetting causes disturbance of soil
material. The design engineer must exercise caution
when determining the design capacity for a jetted
pile. Adequate provisions must be made for the
control, treatment (if necessary), and disposal of run-
off water. If jetting is anticipated, test piles should
be installed using jetting, with the test piles being
installed after the placement of any reaction piles.

The extent (depth) and appropriateness of jetting
should be determined by the designer based on site
conditions and design requirements. Backfilling should
be required if the jetted hole remains open after the
pile installation.

Jetting pipes may be encased or cast into the pile,
attached to the exterior of the pile or attached to
the driving leads and thereby become movable.
Moveable jets are preferable, if circumstances do
not exclude their use, due to the relative high costs
of permanently attached jets. The use of two jets,
one on each side the pile, provides the most rapid
penetration and best alignment control. When using
multiple jets, each should be equipped with its own
water source and both should be similarly operated at
the same depths and pressures. Asingle jet placed on
one side of the pile may result in excessive pile drift.
Experienced personnel should be relied upon when
selecting and sizing jetting equipment.

3.5.1.1. Types of Jets

Typical equipment consists of jet pipes, a nozzle,
pump, engine and hoses. The equipment must be
capable of providing the desired volume of water at
the required pressure. Water volume and pressure

must be sufficient to allow discharged water to surface
along the sides of the pile.

There are two types of jets, fixed and movable.

1. Fixed Jets. Fixed jets are jets that are a
permanent part of the pile. Precast jets in
concrete piles and concrete sheet piling may be
used to avoid off-centre and/or unsymmetrical
jetting and the problem of keeping proper
alignment. This type of pile is costly but may
be desirable where conditions do not permit
use of a movable jet.

2. Movable Jets. These are attached to the pile
to allow their removal after pile installation.
Two jets symmetrically located give the most
rapid penetration and best control of the pile
path.

3.5.1.2. Pipes and Hose

The diameter of the pipe is essential to allow the
required water flow. The diameter of the pipe should
be no less than 2” (50.8 mm) and can vary up to 4”
(101.6 mm). Nozzle diameters should be from 3/4”
(19.1 mm) to 1-1/2” (38.1 mm).

The hose should be approximately 1 inch (25 mm)
larger in diameter than the jet pipe but no less than
3” (76.2 mm) in diameter. It should have a protective
jacket of canvas, cotton, or steel wire mesh. Hose
length should be as short as possible to minimize
friction losses.

3.5.1.3. Pumps

A large flow of water is required to successfully jet
a pile. This can typically be accomplished by using
a jet pump, whose flow should be no less than 250
gallons/minute (946 l/min) and can range up to
approximately 1,000 gallons/minute (3785 l/min).
Water pressures should generally vary from 100 to
200 psi (6.9 - 13.8 bar) for most soils. However, in
gravels the pressures should be set at 100 to 150 psi
(6.9-10.4 bar), and 40 to 60 psi (2.8 - 4.1 bar) in loose
sands. They should be equipped with only bronze
fittings. Jet nozzles may be chrome plated to resist
wear. The power source for the pump should have
adequate torque and horsepower to pressurize the
water, and all fittings, hoses, and orifices should be
properly sized to accommodate the flow the water jet
at the desired pressure. Figure 3-84 shows a jet pump
mounted on a skid and powered by a diesel engine.
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Figure 3-84 Jet Pump with Diesel Engine Power

Pressures at the nozzle of 50 psi may be enough for
fine sands whereas 200 psi (13.8 bar) or more may
be required to successfully jet compacted sand-clay-
gravel. Volume must create sufficient velocity to
carry the excavated material to the surface; 10 feet
per second being adequate for sand sized particles
and up to 25 feet per second for gravel. The larger
the volume, the faster the jet will advance.

These pumps are suitable for pumping clean water
only. They will wear very rapidly if used to pump
muddy water, will lose their capacity and require an
expensive overhaul. Before beginning any major job,
the jet pump should be inspected to make sure it is in
good condition.

These pumps have adequate capacity for jetting most
piles up to about 16” (406.4 mm). For larger piles, the
jetting system should be engineered for each project.
For example, one project used four 1000 GPM (3785
[/min) pumps for 36” (914.4 mm) cylinder piles.

3.5.1.4. Jetting Procedure

Typical procedure is to jet a hole at the pile location
before driving. Wood and pre-cast concrete piles are
frequently jetted during driving to permit reaching
the bearing stratum without damaging the pile. The
pile is lubricated by water flowing along its sides.
Since the pile will tend to walk toward the jet, it is
necessary to jet first on one side and then on the other
or to use multiple jets. Concrete piles have been cast
with a hole in the centre for jetting during driving but
this has not always been satisfactory. Jetting batter
piles is particularly difficult.

A ring jet is shown in Figure 3-85. Discharge from
various size nozzles is shown on Figure 3-86. Under

normal circumstances, a 2-1/4” (57.2 mm) nozzle will
develop sufficient pressure and provide maximum
flow. However, when additional cutting power is
needed, a 1-3/4” (44.5 mm) nozzle may be used. In
rare circumstances, it may be necessary use a small
1-1/8” (28.6 mm) nozzle when jetting clay hardpan or
when using a small jet pump.

Figure 3-85 Ring Jet

One also can have jet nozzles with side openings that
tend to erode a larger hole, and this detail may be
more effective in sandy clays. Jet nozzles with holes
pointing upward may facilitate removal of cuttings.
For very hard materials, one occasionally uses nozzles
with a chisel point. These are called “chopping bits.”
In an emergency, a jet can be fabricated in the field
by flattening the end of a 4” (101.6 mm) pipe with a
sledge.

Jets are usually mounted on the left side of the leaders
and handled with a tugger hoist or third drum. A 4”
(101.6 mm) hose with “Boss” couplings connects the
jet-pipe with a gooseneck in the boom at the midpoint
of jet travel. Rigid pipe should be used in the boom.
It is not only less expensive, but also less likely to be
damaged. Safety chains should be provided to secure
the hose at each joint. Caution should be exercised
when using old hose unless it has been tested or known
to be in serviceable condition. Always check hose
and pipe for obstructions, before assembly. Flush the
system with water before screwing on the nozzle.

The most common reason for poor performance of
a jet is inadequate hose and pipe size. Figure 3-87
shows pressure loss information for various sizes of
hose or pipe. As an example, at a flow of 1000 GPM
(3785 l/min), there is 38 psi (2.6 bar) pressure drop
in each 100’ (30.5 m) of 4” (101.6 mm) pipe so with
600’ (183 m) from pump to jet tip, the loss will be 228
psi (15.7 bar). If one begins with 250 psi (17.3 bar),
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such a pressure loss would leave little net pressure
for jetting.

The standard set-up for the 4” (101.6 mm) jet with
the 1000 GPM (3785 l/min) pump should be not more
than 200’ of 4” (101.6 mm) hose, 100’ (30.5 m) of
4” (101.6 mm) pipe and up to 1000’ (305 m) of 6”
(152.4 mm) pipe. In calculating the length of pipe,
add 10’ for each fitting. This pipe/hose combination
will provide a residual pressure at the nozzle of 100
psi (6.9 bar) that is adequate for average conditions.

When the pump must be located over 1000’ (305 m)
from the rig, 8” (203.2 mm) pipe should be used on the
ground, rather than 6” (152.4 mm). When this does
not give satisfactory performance, use 5” (127 mm)
hose and 6” (152.4 mm) pipe in the boom. Increasing
one size hose or pipe reduces pressure loss by 60%
to 75%. As an alternative, when the water source is
far from the rig, a storage tank to feed the jet pump
may be placed near the rig and filled at a slower rate
between uses.

For larger jets, one may use two, three or four pumps
and supply lines must be properly engineered. One 5”
(127 mm) jet hose (not over 150’ (45.7 bar)) can be
used with two pumps and two 5” (127 mm) hoses with
three or four pumps. Each 5” (127 mm) hose should
be supplied through 6” (152.4 mm) pipe in the boom
and 10” (254 mm) pipe on the ground. For very long
runs, it may be necessary to go to 12” (304.8 mm) or
16” (406.4 mm) pipe.

The most common reasons for poor jet performance:
Inadequate size piping, for the length of run.
Poor condition of pump.

Obstructions in pipe or hose lines.

Too small or clogged nozzle.
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Loss of water in porous stratum.

3.5.1.4.1. Setting Up

Pumps should be located on a firm and level foundation
and as near to water source as possible. Itis preferable
that the suction be kept flooded by using an elevated
tank or other appropriate means. Caution must be
exercised in attaching pumps directly to a fire hydrant
in a municipal water system. They are of such great
capacity that, if attached to a small main, they could
cause a dangerous reduction in main pressure and
possible infiltration of contaminated ground water.

When pumping from a river, or other open water,
provide a suction hose with a foot valve and strainer.
Locate a jet pump as far from the jetting operation

as possible to minimize the possibility of dirty water
entering the suction line. High-pressure jet pumps
will wear out more quickly if muddy water is allowed
to enter the pump.

The suction hose or pipe should be a minimum of 2”
(50.8 mm) larger than the pump inlet, particularly if
it is operating under suction lift. The suction line
must be free of air leaks; otherwise, the pump will
not maintain its prime. The foot valve should be
located at least 18” (457.2 mm) below the water
level but secured so that it stays several feet above
the bottom. The suction hose should slope upward
toward the pump; do not allow any loops to trap air.
Never place a valve in the suction line when the pump
must lift the water. For best results, the pump should
be located as near the water as possible but no higher
than 10’ (3.05 m) above the water.

The discharge pipe for a pump should be 6” (152.4
mm) diameter for runs of up to 1000’ (305 m) with
a maximum of 300’ of 4” (101.6 mm) hose and pipe
at the jet. If the water source is over 1000’ (305
m) from the driver, the discharge pipe should be 8”
(203.2 mm) diameter. An inadequate size discharge
pipe is one of the most frequent causes of poor jet
pump performance.

Installa5” (127 mm) gate valve on the pump discharge.
Support pipe independently so that weight is not
carried on pump casing. Insure that piping is arranged
to accommodate of expansion and contraction due to
temperature changes. Provide a 1-1/2” (38.1 mm)
or 2” (50.8 mm) connection on the discharge line,
between the pump and the 5” (127 mm) gate valve,
to by-pass water when pump is idling. When using
more than one pump, provide a check valve on the
discharge side of each pump.

The pump should be located so that there is adequate
passage for cooling air to the radiator and ample
space around engine, and pump for servicing.

Most pumps are not self-priming and, unless there
is positive suction pressure, it must be primed. The
pump will be damaged if run dry.

When severe freezing weather is expected,
consideration should be given to providing an enclosure
for the pump.

3.5.1.4.2. Operation

Before starting up, check radiator, fuel tank, crankcase
oil level, air cleaner and perform other routine
maintenance as recommended in engine operating
manual. Check suction strainer to make sure that it
is clean and submerged at least 18” (457.2 mm) below
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Figure 3-86 Discharge through Nozzles

DISCHARGE THROUGH NOZZLES

(GALLONS PER MINUTE )

PRESSURE NOZZLE OPENING, INCHES
AT
Mt 1 [ | 1ET R 1% 13| 27 2% | 2% | 3
10 30 115 140 175 200 275 360 450 560 800
20 130 160 200 245 285 390 500 640 800 1150
30 155 200 245 300 350 475 620 780 970 1400
40 175 225 280 340 410 550 720 900 (1125 1600
50 200 255 315 380 450 620 800 1020 (1250 1800
60 220 275 345 425 500 675 880 1120 | 1360 1975
80 250 325 400 480 570 780 1020 1280 1560 2250
100 280 360 440 540 €50 875 1140 1450 |1775 2500
125 320 400 490 600 720 970 1275 1600 {1950 2850
150 345 440 540 660 780 1050 . 1380 1750 2150 3100
175 370 475 580 710 850 [1140 1500 1900 2325 3350
200 400 510 630 760 910 1220 1600 2025 2500 3600
250 440 570 700 850 1020 1360 1700 2280 | 2800 4000
300 480 620 760 930 1110 1480 1950 2500 | 3000 4400

Figure 3-87 Flow in Pipes"

Pressure Loss IPie Or Hose Due To Friction Pounds Per Square Inch Per 100 Feet'
. g” 0

P 4 5 6 1 1 16
30 1.7 0.6 # # # # # # # #
50 4.3 1.4 0.6 # # # # # # #
100 16 5.2 2.2 0.5 # # # # # #
200 56 19 7.7 1.9 0.6 # # # # #
300 120 40 17 4.0 1.4 0.5 # # # #
500 300 140 43 10 3.5 1.4 # # # #
1000 370 160 38 13 5.2 1.3 # # #
2000 130 47 20 4.8 1.5 0.6 #
4000 150 67 17 5.6 2.4 0.6
Trade Size 0.D. Inches Inside Diameter, Inches

Standard X-Heavy XX-Heavy

? 1.32 1.05 0.96 0.60
1-1/2” 1.90 1.61 1.50 1.10

? 2.38 2.07 1.94 1.50
2-1/2” 2.88 2.47 2.32 1.77
3” 3.50 3.07 2.90 2.30
4” 4.50 4.03 3.83 3.15
5” 5.56 5.05 4.81 4.06
6” 6.63 6.07 5.76 4.90
8” 8.63 7.98 7.63 6.87
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the water. During this step the discharge valve should
be closed.

Disengage clutch, start engine and allow warming
up at 1000 RPM. If pump has primer, open valve in
vacuum line and start vacuum pump; it will take about
1” (25.4 mm) of vacuum for every foot of water lift.
Make sure all petcocks and drain plugs in the pump
casing are closed. When pump is primed, clutch can
be engaged and vacuum pump shut down. When
ready to jet, open discharge valve and bring engine
up to speed.

When jetting, the pump should not be run any faster
than necessary to develop the required pressure;
otherwise you are wasting fuel and increase pump and
engine maintenance costs. When jetting is completed,
throttle engine back, close the 5” (127 mm) discharge
valve and open the by-pass valve.

If there is no vacuum pump, or the pump is inoperative,
the pump can be primed by attaching a water hose
to the connection on the top of the loop above the
pump. Open all the petcocks on the top of the casing
to allow air to escape. When casing is full of water,
engage clutch and observe pressure gauge to check
that pressure is rising.

If at any time the pump should lose its prime, disengage
the clutch and reprime as explained above. Look for
air leaks in suction line, open petcocks in pump casing
on air leaks at packing glands.

When operating in freezing weather, it is necessary
to thoroughly drain the pump when shutting down for
the night. Remove drain plugs from casing and rotate
impeller a turn or two to empty it. Raise suction hose
and open foot valve; be sure strainer is clean for next
days operation. Be sure vacuum system, by-pass line
and water-cooled bearings are drained also.

3.5.1.4.3. Maintenance

These pumps will usually operate with very
few problems. The engine should receive daily
maintenance as indicated in operating manual. The
engine will require servicing (oil change, new oil filter,
etc.) once every three to six weeks depending on
operating conditions. This can often be accomplished
when rig is moving, if planned.

The greatest problem with jet pumps, when pumping
from open water, is keeping suction strainer clean
of trash and out of the mud. If the pump discharge
surges, it usually is the result of a clogged suction line.
Pumping muddy or dirty water will cause excessive
wear inside the pump and loss of pumping capacity.

3.5.1.4.4. Storage

When taken out of service the pump should be flushed
with fresh water, all drain plugs removed and pump
turned over to drain impellers. Spray the interior
of the pump with oil; replace drain plugs and close
the suction and discharge openings. Wash exterior of
pump, particularly if used around salt water. Prepare
engine for storage.

Store pump off the ground so that it is accessible
for inventory and maintenance. Lubricate; remove
packing and fill packing space with grease. Make
minor repairs; report condition of pump and any parts
or major repairs needed.

3.5.2. Underwater Driving

Most pile driving for coastal and river structures can be
driven from the surface; however, in some cases it is
advantageous to drive piling underwater. Underwater
driving eliminates the use of pile followers that add
weight to the system, longer than needed piles and
underwater pile cut-off. Hammers for underwater
driving have been available for a long time; Vulcan,
for example, manufactured its closed series of
differential acting hammers starting in the 1930’s;
such a hammer driving piles underwater is shown in
Figure 3-88.

Figure 3-88 Closed Type Differential Hammer Driving
Underwater
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Today, hydraulic hammers such as the IHC, Menck and
Dawson hammers are the best impact hammers for this
application. Hydraulic hammers have the advantage
of being able to be used in very deep water, as with
offshore oil platforms. Such a hydraulic hammer is
shown in Figure 3-89. The hydraulic power pack is
generally on the barge deck and the hoses extend into
the water. In some cases, larger hose reels are used
to store the hoses. On larger hammers, the power
pack is mounted on the hammer and powered with an
electric motor, the cables extending to the generator
on the deck.

Figure 3-89 Underwater Hydraulic Impact Hammer
3
d!l.

Ah.
-
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Hydraulic vibratory hammers can also be used
underwater. To use a vibratory hammer underwater or
for that matter under the power pack, it is important
to both insure that water does not seep into the case
and to limit the motor case drain pressure relative to
the main vibratory case. The pressure of the motor
case must be no higher than 2.75 bar (40 psi) above
the vibratory case, lest the motor shaft seal blow oil
into the vibratory case.

To determine the effective driving depth of the
hammer, measure the vertical distance from the motor
case drain outlet up to the power pack reservoir. If
this distance is less than 9-12 m (30’-40’) and the
hammer is not submerged underwater, the hammer
should operate satisfactorily as it is. Should the depth
be in this range and the hammer be submerged, the
case vent should be removed and a hose be attached
that runs to the surface, and all leaks of the vibratory
hammer must be completely stopped and sealed.

For depths greater than 12 m (40’), the motor shaft
seals must be protected. To do this, remove the case
vent and attach an air hose to the exciter case. An air
compressor on the surface must pressurize this hose,
and the case must be pressurized to the pressure of
the water surrounding the vibrator at the depth the
vibrator is used. The vibratory case pressure must not
exceed the motor case pressure by more than 1.4-2
bar (20-30 psi) or the shaft seal(s) will rupture.

3.5.3. Pre-Excavation

Various pre-excavation methods are used in connection
with pile driving to penetrate hard upper layers of soil,
to prevent soil heave, to reduce driving resistance, to
assist in removing or displacing obstructions, to relieve
back pressure, to minimize the effect of driving on
adjacent structures and to minimize stresses in piles
and cores.

Pre-excavation will frequently present problems in
disposal of water and spoil. Responsibility for spoil
removal should be clearly understood before starting
work.

3.5.3.1. Overview of Preboring and Drills

Preboring consists of drilling, augering, or coring a
hole in the ground and filling the hole with concrete
or driving a pile into the hole. This is generally done
with a continuous flight auger. Soil augers or drills
may be used where jetting is impractical. Sometimes,
predrilling is necessary in order to drive a pile through
obstructions such as timbers, boulders, and riprap.
Predrilling is also frequently used for pile placement
through embankments containing boulders. In
such a case it is preferable to minimize predrilling
by controlled embankment construction using soil
particle sizes limited to 4” or less.

The hole size depends upon the size and shape of
the piling and soil conditions. It should be large
enough to permit driving but small enough so that
the pile will be firmly and solidly supported against
lateral movement. Under most conditions, the
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predrilled hole diameter should be 4 inches less than
the diagonal of square or steel-H piling, and 1 inch
less than the diameter of round piling. Where piling
must penetrate into or through very hard material,
it is usually necessary to use a diameter equal to the
diagonal width or diameter of the piling. For driven
piles, preboring is advantageous when the ground
resistance is extremely high. For square concrete
piles, the diameter of the bored shaft should be
approximately 125% of the nominal pile size. Although
preboring will generally reduce the driving resistance,
it does so at the expense of shaft resistance, which
decreases during the preboring. This influence should
be considered during design.

A pilot or prebore hole may be required to penetrate
hard nonbearing strata; to maintain accurate location
and alignment when passing through materials which
tend to deflect the pile; to avoid possible damage to
adjacent structures by reducing vibrations; to prevent
heave of adjacent buildings, or to remove a specified
amount of soil when installing displacement-type
piles, thereby reducing foundation heave. It should
be noted that on past projects, concrete piles have
been successfully driven through man-made fills such
as levee embankments without preboring. Preboring
through cohesionless soils below the water table is not
recommended, since the prebored hole may not stay
open and could require a casing. The most widely used
method of preboring is by utilizing an auger attached
to the side of the crane leads. Oversizing the hole
will result in a loss of skin friction and a reduction in
the axial and lateral capacity, thereby necessitating
re-evaluation of the pile foundation. When extensive
preboring is needed, consideration should be given to
using a drilled-shaft system rather than a driven-pile
system.

A separate pay item for predrilling is usually included
in the contract documents.

3.5.3.2. Augering

3.5.3.2.1. Overview

Augering is effective in a wide variety of clayey soils.
It consists of a continuous flight auger of suitable
diameter and length, with a drilling bit, driven by a
hydraulic or air powered drill that is mounted in a
carriage. The lower portion of an auger is shown in
Figure 3-90.

Figure 3-90 Auger Ready to Drill

The most efficient drilling is when the material is cut
up by the bit and carried to the surface by the flights
at a steady rate. The auger should be prevented from
screwing itself into the ground and stalling. If this
happens, the drill should be reversed and the auger
backed out.

To select an auger, the “rule of thumb” is to multiply
the diameter of the hole in inches by the depth of the
hole in inches. Once you have this quantity, multiply
it by one of the following factors to compute the
amount of torque required in ft-lbs:

e For Loam, Sand, Fine Gravel and Soft Clay: x
1

o For Hardpan, Soft Shale and Gravel: x 1.4
o For Hard Shale and Lime rock: x 2

Moderate speeds, 40 to 80 RPM, are used in augering.
In hard formations, the peripheral speed of the auger
should not exceed 100 ft/min. The weights of the
auger, bit, drill and carriage are usually more than
adequate to advance the drill into most materials that
must be pre-excavated for piles. Approximately one
pound of down crowd for each foot-pound of torque
should be sufficient in hard formations.

When augering coarse sands and gravel without a
clay binder, there may be a problem keeping the hole
open. Difficulty may also be experienced in augering
heavy clays due to their tendency to clog the flights.
Auger cleaners have been used with some success.

Augers can be expected to stall occasionally when
they reach a new stratum or encounter obstructions.
When this occurs, the drill should be lifted slightly to
allow rotation to continue. Constant stalling overheats
the equipment, places an unnecessary strain on all
components and slows progress.
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Augering can frequently be facilitated by adding water, Figure 3-91 Auger Drill with Leaders and Hydraulic
steam or air through the drill stem to “lubricate” the Impact Hammer

soil and aid in breaking it up and carrying it to the
surface. Before assembling, make sure the hoses and
stem are clear. The auger should be worked up and
down as necessary to keep the hole open. It may be
necessary to make two or three passes to obtain a
clean hole.

3.5.3.2.2. Auger Drills

A typical auger drill assembly consists of a continuous
flight auger of suitable diameter and length, with a
bit, driven by air or hydraulic power. There are two
commonly used setups for augers:

1. The drill is generally mounted in a carriage
that rides on one side of the leaders on a drill
guide frame clamped to the leader columns as
shown in Figure 3-91. To reduce load on the
drill fairleader, the drill should be reeved a
minimum of two parts. Even so, the modern
cranes exert sufficient line pull to bend the
fairleader if an attempt is made to pull a stuck
auger with a main hoist line.

2. The drill can also ride on leaders dedicated
for auger operation, as shown in Figure 3-
92. The drill is located approximately at the
same radius as the hammer. The frames also
carry one or more auger guides to keep the
auger in line. A fairleader may be mounted on
the top leader section for the drill line used
in raising and lowering the drill. In order to
reduce stress in the leaders when a significant
pull is required on the auger, three parts
should be used, reeved as shown, and the line
run through the boom tip fairleader. When
a hydraulic hammer is used with a hydraulic
drill, the same power unit can be used for
both when properly configured.
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Figure 3-92 Auger Drill Assembly

A2’ (610 mm) bottom auger section has heavy double
flighting and is equipped with a cutter head with a
pilot bit, shank plates and wisdom teeth, as shown in

Note: The modern cranes exert
sufficient line pull to damage the rig
if an attempt is made to pull a stuck
auger with a main hoist line. No
attempt should be made to reinforce
the drill fairleader or its connection to
the leaders.

The augers have a hollow stem and the drill is provided
with a water swivel so that water or air can be added
in small amounts to facilitate drilling. Augers can
be made in a variety of sizes and pitches. Typical
auger flighting is right hand, 12” (305 mm) diameter,
3’-8” (1.12 m) thick with 12” (305 mm) pitch and is
furnished in 16’ (5 m) and 24’ (7.3 m) long sections.

Figure 3-93.

Figure 3-93 Bottom Auger Section

APl or similar taper threaded joints join auger sections.
Joints should be greased before assembly and a piece
of jute or nylon rope wrapped around the pin to form
a gasket. For disassembly, heating the box with a
torch will expand it and char the jute. If there is fear
of the joint loosening, a 1” (25.4 mm) x 1/4” (6.4
mm) strap may be welded across the joint. The top
auger section should have a 6-5/8” APl Regular box
connection to mate with drill. Augers may also be
extended using drill pipe.

When time does not permit building a special auger,
the standard 12” (304.8 mm) auger can be built up to
14” or 16” (406.4 mm) by welding a 3/8” (9.5 mm) x
1” (25.4 mm) or 3/8” (9.5 mm) x 2” (50.8 mm) strip to
the 12” (304.8 mm) flighting. Similarly, 1” (25.4 mm)
can be burned off the flighting to reduce its diameter
to 10” (254 mm). In either case, the 12” (304.8 mm)
bit should be replaced with the proper size. Stepped
augers may be used to match shell sizes; a reaming
tooth should be located at the bottom of each step
and special auger guides may have to be used.

Power for rotating the auger may be supplied by an
air, steam or hydraulic motor, the most common drive
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being hydraulic.

The hydraulic supply piping is valved so that the
motors can be run in parallel for normal speed and
maximum torque or in series for conditions requiring
higher speed and lower torque.

3.5.3.2.3. Maintenance and Lubrication

Drills like all other mechanical equipment require
periodic lubrication and routine maintenance to insure
efficient operation and free from breakdown.

o Fairleader sheaves, water swivels as well as
carriage and guide rollers and centre supports
should be lubricated once a day with a grease
gun. Water swivels should be greased more
frequently when using muddy water. The
filler plug should be removed and the oil
level visually checked daily in drill gear cases
and additional SAE EP-140 gear Oil added, as
necessary. Water should be drained from gear
case once a week, or more often if indicated.
The gear case should be drained and refilled
with new SAE 140 gear Oil at the start of each
project.

» Auger flights and wet-rotary reamers will wear,
particularly in abrasive soils or when bits are
not maintained. Diameters should be checked
at the start of the job, and periodically
thereafter, and built up with weld metal or
pieces of hard grade reinforcing rod. Hard
surfacing applied to the edge of flighting near
the bottom will reduce wear and extend the
time between repairs.

« Auger bit teeth and pilot bits should be checked
and replaced when worn or dull. When drilling
hard materials a spare Bottom Auger Section,
with bit, and extra teeth should be kept on
hand. Fishtail bits must also be kept sharp and
hard surfaced for best operations.

 Drill guide frames and augers should be checked
by eye for straightness before using. Bent
sections should be straightened or replaced.
The guide frames and fairleaders are furnished
with elastic stop nuts but all bolts should be
checked after the first day’s operation and
weekly thereafter, and tightened if necessary.

» Hydraulic drills require the usual precautions
associated with all hydraulic systems.
Particular attention must be given to keeping
the system clean, particularly when coupling
and uncoupling hoses, and to replacing filters
frequently. Hydraulic drills should be watched

for oil leaks both internal and external.
Hydraulic system oil can leak past the motor
seals and into the gear case and, if allowed
to continue, the gear oil will be diluted and
gears damaged. Make sure a drain hose is
provided and that it is unobstructed. When oil
overflows from the gear case, it usually means
that hydraulic oil is leaking past the motor
seals. The oil level in the hydraulic reservoir
must be checked daily.

o Care must be taken with hoses used to power
drills. They should be of adequate length so
that they are not stretched, sharply bent,
kinked or twisted. They should be protected
from blows by sharp and heavy objects. All
hoses hanging in the air should be secured
at both ends so they will not fall should they
become uncoupled.

o Before storing, gear cases should be drained
and filled with new oil, and all openings plugged
or capped to prevent entrance of moisture and
dirt. Drills should be stored and preferably
shipped in upright position to prevent gear
oil from leaking into motors. “Saver-subs”
should be kept with drills. If stored outdoors,
cover drills with a tarpaulin carefully wired
down. Drills, drill stems, augers and related
equipment should be blocked up off the
ground and accessible for inspection and minor
repair.

e One major problem auger users face—
especially with auger cast piling—is cleaning
the auger. One method widely used is to
reverse the auger while it is out of the ground,
thus allowing the spoil to fly and impact
personnel and property in the work area. This
is potentially hazardous. Manual cleaning of
the flighting can be time consuming. Auger
cleaning equipment is available to facilitate
this operation.

3.5.3.3. Wet Rotary Drilling

“Wet Rotary” drilling is used to excavate very deep
holes where the power to auger would be excessive.
It is also particularly suited for plastic soils that would
stick to auger flights and for soils that will collapse
unless the hole is left filled with fluid.

For wet rotary drilling, the auger is replaced with
a 6” (152.4 mm) or larger x-heavy pipe drill stem.
The stem diameter is not so large as to restrict the
upward movement of pieces of soil but large enough
so that a minimum of 10 feet per second velocity is
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maintained. When used with an open-centre rotary
table, the stem is provided with four 3/4” (19.1 mm)
x 1-1/2” (38.1 mm) splines. A suitable fishtail bit is
provided at the bottom and a large water swivel is
flange-connected at the top.

The drill stem is provided with one or more sets
of reamers. These may be of uniform diameter or
gradually increase in size to correspond with the
diameters of the pile.

Water is supplied through the stem under pressure to
carry the excavated material to the surface and to
keep the hole open. It is occasionally necessary to
recirculate the drilling fluid. If this is the case, a
suitable slurry pump will have to be used.

Power to rotate the drill can be provided by a
hydraulic power-sub operating in drill guide frames
on the left side of the leaders. An open centre rotary
table mounted at the bottom of the leaders may also
power the drill.

When used with the open-centre rotary table, the
drill stem is restrained by one or more centre supports
riding on a WF-beam, bolted to the right front leader
column.

The large quantity of slurry produced becomes a
serious problem and its disposal must be planned.
The site should be excavated to a single common
elevation (with no pier holes) and adequate draining
ditches provided.

On most projects, clear water can be used, but when
substantial amounts of granular materials are present,
it may be necessary to recirculate the clayey water to
aid in carrying the granular particles to the surface.
Auger flight may be effective in lifting sand to the
surface. Step paddles may be used on the drill stem
to shape hole and agitate cuttings.

Adequate quantities of water under pressure may be
available from a hydrant. When a pressure supply
is not available, the 350 psi (24.2 bar), 1000 GPM
(3785 l/min) jet pumps are ideal for furnishing clear
water for rotary drilling. One pump will normally be
adequate for holes up to 12” (304.8 mm) but as much
as 4000 GPM (15,140 /min) has been required for 30”
(762 mm) holes. Adequate size pipe and hose from
pump to drill stem is essential.

High pressure jet pumps (such as the 6” (152.4 mm)
Peerless, TUT-16) are not designed for pumping mud
or water containing sand or solids and will be quickly
damaged if so used. A suitable slurry or dredge pump
must be employed. A3’ x3’ x3 (1 mx1mx1m)
screen box should be provided for the slurry pump
suction. A vacuum pump is also necessary, as foot-

valves do not work well in a slurry pit.

Figure 3-94 Wet Rotary Drill

-

In wet rotary drilling, speeds of 60 to 100 RPM are
used to cut the material into small pieces to make
it easier to bring to the surface. Progress will be
governed largely by the quantity of water or mud
circulated, by proper balance of hole and drill stem
size and by maintaining an even drilling pace. At the
end of drilling, the bit should be rotated for 2 minute
at the bottom of the hole before it is withdrawn, to
clear the hole

Fishtail bits should be kept sharp and built up to the
proper diameter. A spare bit with coupling to match
the drill stem should be kept on hand. Observe the
wash water to make sure you continue to bring up
material. If material is not coming up, raise the drill
and lower it at a slower speed.

Wet rotary drilling can be done either with a carriage
mounted hydraulic drill working at the tope of the drill
stem or with open centre rotary table mounted near
the bottom of the leaders. The open centre rotary
table permits extending the drill stem above the top
of the leaders, by using a mast, and the drill is more
easily serviced at a lower level. It is less practical
for drilling batter piles because of possible difficulties
with the engine operating on a slope.

When entering a pile in a wet rotary hole, it must be
done carefully to allow the displaced slurry to escape.
Otherwise, it may collapse the shell or cause the pile
to be ejected in projectile fashion, due to flotation.

3.5.3.4. Rotary Drilling

Either a carriage mounted hydraulic drill or an open
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centre rotary table can be used for drilling soft rock,
when equipped with a suitable roller or other type bit.
There are many types of bits and a sample of the rock
to be drilled should be examined by an experienced
drilled before the drill bit is selected. The proper bit
is essentially for satisfactory production.

Effective drilling speeds will vary from 20 RPM for hard
rock to as high as 150 RPM for very soft materials.
An adequate supply of water, air or drilling mud is
needed to remove the cuttings. When there is any
difficulty keeping the hole open, it may be necessary
to increase water supply or to use a larger drill stem
to increase velocity of wash water.

The most important factor affecting production in
having proper load on the bit. A load of 1000 to 3000
pounds per inch of bit diameter is needed to drill soft
rock. The harder the rock, the more load required.
Since the weight of the drill, drill stem and bit will
total only 4000 to 6000 pounds, it is necessary to add
weight by the use of drill collars, a heavier drill stem
or pull down cable crowds.

The drilling of hard rock requires pressures of 5000 to
6000 pounds per inch of bit diameter, or even more,
and calls for special equipment.

3.5.3.5. Dry Pre-Excavation

A plug of earth may be removed with a dry tube
pre-excavator. The open-end tube is driven into
the ground with the valve on the top open to the
atmosphere. The valve is closed and the tube
extracted; the vacuum created at the top helps hold
the plug of earth in the tube as it is withdrawn. The
tube is swung over the spoil area and steam or air
pressure is applied to push the earth plug out. This
simple method is fast and effective in plastic soils to
a limited depth. Deeper pre-excavation may require
two passes. Try excavating a 10’ (3.05 m) plug on the
first pass and then to desired depth on the second
pass. Care must be exercised not to drive the tube so
deep that it is stuck or that the earth plug is too long
to be expelled.

3.5.3.6. Spudding

Spudding is similar to preboring, and is ordinarily used
to penetrate obstructions that are located more than
10 to 15’ (3.0 - 4.6 m) below pile cut-off elevation
and cannot be removed more surely and economically
by excavation. These layers or obstructions may
damage the pile or present unusual driving difficulty.
Spudding is accomplished by driving a spud, such
as mandrel, heavy steel pipe or H-pile section, to

provide a pilot hole. The spud is withdrawn and the
pile inserted into the hole and driven to the required
depth. Problems may result if the spud is driven
too deep, since extraction becomes more difficult as
penetration is increased. Spudding may sometimes
entail alternately lifting a partially driven pile a short
distance and redriving it when very difficult driving
is encountered (e.g. for heavy piles). Because this
procedure adversely affects the soil’s lateral and
axial capacity, it should be avoided for friction piles
and should never be permitted without the specific
authorization of the design engineer.

One can have a number of spuds designed to suit
different types of piles. Frequently superintendents
make spuds on the job by using an H-beam or a piece of
heavy pipe. Occasionally, a short spud is used to make
a hole so that a wood pile, H-beam or pipe pile can be
lowered far enough to get under the hammer. Spuds
may also be effective in displacing small obstructions
that cause the piles to run off location or damage
shells.

3.5.3.7. Airlifts

Although not strictly methods of pre-excavation,
airliftsand air jets are sometimes used in place of water
jetting, to clean open-end piles for example. The air
jet acts as the water jet in breaking up compacted
material and the upward velocity of the escaping
air carries the excavated material to the surface.
Large volumes of air are required and receivers are
used to supplement compressor capacity. An airlift
consists of a conductor pipe lowered to the bottom of
the pile with means for delivering air at the bottom.
The mixture of air and water, being lighter, is forced
upward by the water outside carrying soil with it.
Airlifts are often combined with water jetting.

3.5.3.8. Screwing

Screw piles consist of a pile casing fitted with one or
more turns of helical screw having a larger diameter
than the pile. Screwing the casing into the ground to
a predetermined level makes the installation. Torque
is provided by a capstan or similar device.

3.5.3.9. Pull Down

This is a type of pile jacking where the pile casing is
jacked into place and filled with concrete. Where a
closed-end casing is used, special equipment is limited
to conventional screw or hydraulic jacks. Where an
open-end casing is used, a jet or miniature orange
peel bucket is used for removing the core. Figure 3-
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95 shows such a bucket; it can also be used for casings
installed by vibration.

Figure 3-95 Bucket for Plug Removal

GRAB{OR ORANGE
PEEL)BUCKET

AB~—SOIL IN PIPE

3.5.3.10. Concrete Pile Cutting

When the driving of a concrete pile is complete, the
next step is to connect the head of the pile with
the structure. It is frequently necessary to have the
reinforcing bar protrude above the head of the pile to
do this. Two basic ways to accomplish this are (1) to
fabricate the pile with protruding reinforcing bar or
cable, or (2) to cut off the head of the pile in such a
way as to leave the reinforcing bar or cable exposed for
connection. If the reinforcing bars are not damaged,
piles made by method (1) are ready for connection
upon driving. For method (2), it is necessary to cut
the concrete pile, and if the reinforcing bars are
needed, it is necessary to leave them protruding and
undamaged.

1. Manual Methods. Manual methods of concrete
pile cutting involve the use of tools adapted
for the task. In this case, concrete crushing
is performed by jackhammers. Reinforcement
bars are then cut by welding, or flame cutting.
Concrete pile saws are also used manually;
these are rotary saws that simply cut the pile.
Manual pile cutting is shown in Figure 3-96.

2. Automatic Methods. These involve the use of
hydraulic devices called concrete pile cutters,
which crush the pile by effort applied in a
transverse direction perpendicular to the pile
axis. Because of this effort, the reinforcement
bars were exposed and then cut by different
ways at a predetermined level. Others
combine the bond separation and the pile
cracking in the same area of the pile. In the
latter method, the cracking takes place both
in the same plane as the bond failure and also
above and below it. Concrete pile cutters are
shown in Figure 3-97 and Figure 3-98.
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Figure 3-96 Manual Pile Cutting

Figure 3-98 Concrete Pile Cutter in a Marine
Application
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Footnotes

" Note: Some MKT and Menck models use a hollow ram as
the cylinder and a stationary piston; this variation does not
materially affect the following discussion.

2 Using the steam or air expansively means that the steam
or air is trapped in the cylinder and expanded to power
the ram. In diesel hammers, the expansion of the air-
fuel mixture after combustion powers the hammer; this
is an example of expansive use of a gas in pile driving
equipment.

3 Pile impedance is discussed in Chapter 4.

“ However, the French company, PTC, built several models
that had three eccentrics that worked well. In this type of
construction, the centre eccentric has twice the eccentric
moment of the other two.

5> Much of the information in this section has been enhanced
by Viking, K. (2002) Vibro-drivability—a field study of
vibratory driven sheet piles in non-cohesive soils. PhD
Thesis, Division of Soil and Rock Mechanics, Royal Institute
of Technology, Stockholm, Sweden.

¢ Gumenskii, B.M., and Komarov, N.S. (1959) Soil Drilling

by Vibration. Moscow: Ministry of Municipal Services of the
Russian Soviet Federated Socialist Republic.

7 Many of the traditionally measured quantities for vibratory
hammers such as amplitude, acceleration ratio, etc., are
computed using this case. For most conventional vibratory
hammers, one can consider the entire system a rigid mass.
This is because the relatively low frequency vibrations
of most vibratory hammers do not bring the distributed
mass and elasticity of the system into play. For sonic pile
drivers or very long piles the resonant properties of the
system become significant, and the analysis becomes more
complicated.

8 In U.S. units, if the eccentric moment is in in-lbs and the
vibrating weight in pounds, the resulting amplitude will be
in inches.

® Warrington, D.C. (1994) “Survey of Methods for Computing
the Power Transmission of Vibratory Hammers.” Pile Buck,
Second August Issue 1994.

° It was the basis for the design of many of the Russian
vibratory hammers. A modification of this can be found in
Erofeev, L.V., Smorodinov, M.Il., Fedorov, B.S., Vyazovikii,
V.N.; And Villumsen, V.V. (1985) Machines and Equipment
for the Installation of Shallow and Deep Foundations. (In
Russian) Second Edition, Mashinostrenie, Moscow, pp. 95-
111.

" Above table based on Hazen-Williams formula for pipe in
average condition c=100. Sizes are i.d. of hose or standard
weight pipe.

12 (#) indicates that loss is less than 0.5 p.s.i. per 100 feet.
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Chapter 4. Pile Capacity
and Driveability

The ultimate objective of any foundation is to transfer
load from a structure to the soil below it. The
foundation must do this while neither overstressing
the soil to failure nor compromising its own structural
integrity. In the case of driven piles, the impact
method of installation adds the requirement that
the pile not be overstressed during driving as well.
The goal of the designer is to achieve all of these
objectives in an economical fashion.

There are many books and publications that describe
the design of driven piles. This book does not have
design as its primary focus but emphasizes issues
relating to installation, materials and equipment
related to pile driving. Therefore, this chapter is
intended to give only an overview of the design
process, especially as it relates to the installation of
piles.

4.1. Overview

4.1.1. General Considerations for
Foundation Selection

A foundation is the interfacing element between the
superstructure and the underlying soil or rock. The
loads transmitted from the superstructure to the
underlying soil must not cause soil bearing failure or
damaging settlement. It is essential to systematically
consider various foundation types and to select the
optimum alternative based on the superstructure and

the subsurface conditions.

The following design approach should be used to
determine the optimum foundation alternative:

1. Determine the foundation loads to be
supported and special requirements
such as limits on total and differential
settlements, lateral loads, scour, and time
constraints on construction.

2. Evaluate the subsurface investigation and
the laboratory testing data of the soils or
rocks. Ideally, the subsurface investigation
and laboratory testing were performed
based on the designer’s knowledge of the
loading and performance requirements.

3. Prepare a “design” soil profile and critical
cross sections. Determine soil layers
suitable or unsuitable for spread footings
or pile foundations.

4. Consider foundation alternatives and
prepare preliminary technically feasible

designs. Some of these are described in
Table 4-1.
5. Prepare cost estimates for feasible

alternative designs including all associated
substructure costs.

6. Select the optimum alternative. Generally,
the most economical alternative should be
selected and recommended. The ability of
the local construction force and availability
of materials and equipment should be
considered. Other factor such as speed
of construction, adjacent properties and

Table 4-1 Foundation Types and Uses

Foundation Type

Applicable Soil Conditions

Unsuitable or Difficult Soil
Conditions

Individual columns, walls,
bridge piers.

Any conditions where bearing
capacity is adequate for applied
load. May use on single stratum; firm
layer over soft layer or soft layer

Any conditions where foundations are
supported on soils subject to scour or
liquefaction. Bearing layer located
below ground water table.

over firm layer. Check immediate,
differential, and consolidation
settlements.

Mat Foundation Same as spread and wall
footings. Very heavy column

loads. Usually reduces

Generally soil-bearing value is less
than for spread footings. Over one-
half area of structure is covered

Same as footings.

Driven Pile Foundations
(Friction, end bearing, or
combination.)

Drilled Pile Foundations
(generally end bearing or
combination of end bearing
and shaft resistance.)

differential settlements and

total settlements.
In groups to carry heavy

column and bridge pier loads.

To resist large uplift and/or
lateral loads.

Larger column loads than
for piles but eliminates pile
cap by using drilled shafts as
column extension. Used for
bridge piers

by individual footings. Check

settlements. .
Poor surface and near surface soils.

Soils of high bearing capacity 25’
- 150’ below the ground surface.
Check settlement of pile groups in

clay.

Similar applications to driven piles,
subject to limitations in unsuitable
soils. Well suited for end bearing
on rock.

Shallow depth to hard stratum. Sites
where pile driving vibrations and
heave may adversely impact adjacent
facilities (pile jacking may relieve
vibration prpblems.]) Boulder fields.
Deep deposits of soft clays and loose

water bearing granular soils. Caving
formation difficult to stabilize.
Artesian conditions. Boulder fields.
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environmental variables may influence the
final selection.

For major projects, if the estimated costs of feasible
foundation alternatives (during the design stage) are
within 15% of each other, then alternate foundation
designs should be consideration for inclusion in the
contract documents. Innovative contracting practices
such as value engineering, contract substitution, and
design-build can alter the original design concept.

Because this book deals only with driven pile
foundations, other types of foundations will not be
discussed further.

4.1.2. Establishment Of A Need For A
Deep Foundation

The first difficult problem facing the foundation
designer is to establish whether or not the site
conditions dictate that a deep foundation must be
used. Typical situations for the use of driven piles as
well as additional uses of deep foundations are shown
in Figure 4-1.

Figure 4-1 Situations in which Deep Foundations
may be Needed'

sof Soft %E iﬁ?‘
Strata Strata —aA—
7 U
Rock
a) (b) (c) (d)
= éiquefaction 1
“— tibl
— 4 A — | usceptible
— S
\C‘_”// Zene [ ]
Support ]
Zogg
| <
Q) (f) (@) (h)
| | 0
J'k
Future ___/I r{_ '
Excavation — | Swelling
4 Soil
- At Stable
It Soil
)

(i

Figure 4-1 (a) shows the most common case in which
the upper soil strata are too compressible or too weak

to support heavy vertical loads. In this case, deep
foundations transfer loads to a deeper dense stratum
and act as toe bearing foundations. In the absence of
a dense stratum within a reasonable depth, the loads
must be gradually transferred, mainly through soil
resistance along shaft, Figure 4-1 (b). An important
point to remember is that deep foundations transfer
load through unsuitable layers to suitable layers.
The foundation designer must define at what depth
suitable soil layers begin in the soil profile.

Deep foundations are frequently needed because of the
relative inability of shallow footings to resist inclined,
lateral, or uplift loads and overturning moments. Deep
foundations resist uplift loads by shaft resistance,
Figure 4-1 (c). Lateral loads are resisted either by
vertical deep foundations in bending, Figure 4-1 (d),
or by groups of vertical and battered foundations,
which combine the axial and lateral resistances of all
deep foundations in the group, Figure 4-1 (e). Lateral
loads from overhead highway signs and noise walls
may also be resisted by groups of deep foundations,
Figure 4-1 (f).

Deep foundations are often required when scour
around footings could cause loss of bearing capacity
at shallow depths, Figure 4-1 (g). In this case the deep
foundations must extend below the depth of scour and
develop the full capacity in the support zone below
the level of expected scour. The geotechnical analysis
of bridge foundations should performed on the basis
that all stream bed materials in the scour prism have
been removed and are not available for bearing or
lateral support. Costly damage and the need for future
underpinning can be avoided by properly designing for
scour conditions.

Soils subject to liquefaction in a seismic event
may also dictate that a deep, foundation be used,
Figure 4-1 (h). Seismic events can induce significant
lateral loads to deep foundations. During a seismic
event, liquefaction susceptible soils offer less lateral
resistance as well as reduced shaft resistance to
a deep foundation. Liquefaction effects on deep
foundation performance must be considered for deep
foundations in seismic areas.

Deep foundations are often used as fender systems
to protect bridge piers from vessel impact, Figure 4-
1 (i). Fender system sizes and group configurations
vary depending upon the magnitude of vessel impact
forces to be resisted. In some cases, vessel impact
loads must be resisted by t he bridge pier foundation
elements. Single deep foundations may also be used
to support navigation aids.

In urban areas, deep foundations may occasionally be
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needed to support structures adjacent to locations
where future excavations are planned or could
occur, Figure 4-1 (j). Use of shallow foundations in
these situations could require future underpinning in
conjunction with adjacent construction.

Deep foundations are used in areas of expansive
or collapsible soils to resist undesirable seasonal
movements of the foundations. Deep foundations
under such conditions are designed to transfer
foundation loads, including uplift or downdrag, to a
level unaffected by seasonal moisture movements,
Figure 4-1 (k).

In many instances either a shallow or deep
foundation alternative is technically feasible Under
these circumstances, an evaluation of the shallow
Foundation should include; (1) the dimensions
and depth of shallow footings based on allowable
bearing capacity, (2) the magnitude and time-rate of
settlement under anticipated loads, and (3) detailed
cost analysis including such factors as need for
cofferdams, overall substructure cost, dewatering
and foundation seals, construction time, construction
risk and claims potential. A comparative analysis of
feasible deep foundation alternatives should also
be made. The cost analyses of feasible alternatives
should have a significant role in final selection of the
foundation type.

4.2. Basic Load Transfer Concepts
for Pile Foundations

Pile groups of a foundation should be proportioned
to permit only an acceptable amount of settlement
in support of the maximum combination of loads
including but not limited to:

e All dead loads, including the weight of the pile
cap and any load thereon. Where consolidating
soils overlie the bearing strata consideration
must be given to possible downdrag, or
negative shaft friction;

e The live load, factored as may be permitted
by the applicable building code;

e Lateral force and moment reactions, including
the effect of eccentricity, if any, between the
column load and the load-bearing centre of
the pile group;

o Vessel impact loads;

e Uplift and overturning due to wind and
hydrostatic loads;

e Seismic loads;

e |ce loads; and

e Loads from moving machinery and traffic
vibration.

The allowable load from pile to soil should be
determined by a recognized method of analysis. This
will include an evaluation of three basic limit states
or potential failure modes including:

e Failure of the pile itself (structural capacity);

e Failure of the soil surrounding the pile shaft
and under the pile toe (geotechnical capacity);
and

e Failure of the pile during driving (installation
stresses.)

Piles must penetrate or bear on acceptable material
a sufficient distance to develop the required
geotechnical capacity. They must be driven either
plumb or to the batter specified. The toe of the pile
should be protected from damage during installation.
Damaged or broken piles should neither be used nor
accepted for payment.

4.2.1. General Considerations

The static load capacity of a pile can be defined as
the capacity of the ground to support the loads on
the pile imposed by the structure. A static analysis
is performed to determine the static load capacity
(ultimate and allowable capacities) of individual piles
and of pile groups. Static pile capacity computations
are necessary to estimate the number of piles and
the required pile lengths both for the design of
substructure elements and for ordering piles of the
correct length from the supplier.

The ultimate static load capacity of an individual pile
and of a pile group is the smaller of:

e The structural capacity of the pile(s), or

e The capacity of surrounding medium to
support the loads being transferred to it from
the pile(s).

Static load tests can also be used to determine pile
load capacity. Because load tests are expensive and
time consuming, they cannot always be economically
justified. Alternatives to static tests include dynamic
tests, Osterberg cells or Statnamic™ tests. The
designer should carefully evaluate the appropriateness
and correct interpretation procedures of the latter
two tests.

Sometimes, two static analyses are required for a
design. First, it is necessary to determine the number
and length of piles necessary to support the design
loads. The second analysis is performed to determine
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the total driving resistance the pile will encounter
which helps in determining the necessary capability
of the driving equipment. Figure 4-2 and Figure 4-3
illustrate situations that require two static analyses.
Figure 4-2 shows a situation in which the piles are
to be driven for a bridge pier footing. In this case,
the first static analysis is performed to determine the
number of piles and pile lengths by neglecting the soil
resistance to the estimated scour depth. The second
analysis is performed to estimate the total driving
resistance encountered by the pile including the soil
resistance to the scour depth.

Figure 4-2 Situation Where Two Static Analyses are
Necessary Due to Scour

Bridge
Pier

RRRNR
t—Estimated Maximum
Scour Depth

Figure 4-3 shows another frequently encountered
situation in which piles are driven through loose
uncompacted fill material into the natural ground. The
designer has determined that the loose fill material
offers unreliable resistance and he or she usually
neglects in determining the number of piles and
lengths required. The second analysis is performed
to determine total resistance encountered by the pile
including the resistance in the fill material.

Figure 4-3 Situation Where Two Static Analyses are
Necessary due to Fill Materials

Bridge
Pier

..........
.......

Fill Material

Dense Sands & Gravels

Because of the considerable influence of construction
procedures on the behavior of pile foundations, the
methods described in this chapter lead to successful
designs of deep foundations only if adequate
construction monitoring techniques are used.
Inspection considerations should be integral part of
the design and construction of any foundation. Load
tests, wave equation analysis or dynamic monitoring
for construction control and monitoring should be
used to check the validity of the static design.

4.2.2. Load Transfer

The ultimate bearing capacity Q , of a pile in soil or
rock may be expressed by the sum of toe resistance Qp
and shaft resistance Q,, or

Equation 4-1:

Q, =Q, +Qs
Or more completely

Equation 4-2:

Qu =Qp+QS =qup+fsAs

In which q_ equals the unit bearing capacity of the pile
toe of area A ; and f_equals the average unit shaft
friction on the pile shaft of area A, Figure 4-4 (A).
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Figure 4-4 Load Transfer of a Single Pile
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The above equation contains an assumption that both
the pile toe and the pile shaft have moved sufficiently
with respect to the adjacent soil to simultaneously
develop the ultimate toe and shaft resistance.
Generally, the displacement needed to mobilize shaft
friction is smaller than that required to mobilize toe
resistance. Since this is the simplest rational approach
for all piles except piles greater than 610 mm (24”)
nominal dimension, it has been commonly used in
static analytical methods. Figure 4-4 (B) illustrates
a typical load transfer profile for a single pile. The
load transfer distribution can be obtained by installing
strain gages or telltale rods at different depths along
the pile shaft. Figure 4-4 (B) shows measured axial
force in the pile plotted against depth. Q[i| represents
axial pile load and Q_ represents the pile shaft friction
load transferred to the soil medium.

Figure 4-5 (A) shows axial load and shaft friction
distributions in cohesive soils. Figure 4-5 (B) shows
typical axial load and shaft friction distributions in
cohesionless soils. Figure 4-5 (C) illustrates the case
of negative shaft friction on a pile shaft.

Figure 4-5 Typical Distributions of Shaft Resistance

Axial Load in Pile Skin Friction Distribution

| —]
(A) Cohesive
Soil
(B) Cohesionless
Soil
(C) % Negative Skin Friction
on Pile Shaft

4.2.3. Overburden Pressure

A complete description of soil and rock mechanics,
along with descriptions of the various methods of
laboratory and field soil testing, is beyond the scope
of this book?. However, one concept that needs to be
discussed is that of effective stress and overburden
pressure.

Effective overburden pressure at a given depth below
ground is the stress at that depth due to the soil weight
above. Aplot of effective overburden pressure versus
depth is called a “P, Diagram” such as is shown in
Figure 4-6, and is used for pile foundation analysis.
The effective overburden pressure (P ) at any depth is
determined by accumulating the weights of all layers
above that depth as follows:
Equation 4-3:

P, =yL

(For homogeneous soil deposits above the static
water table)

Equation 4-4:

P, =yL-y,L,

(For homogeneous soil deposits below the static
water table)

where
e P_=Overburden Pressure, psf or kPa

e v = total soils unit weight, lbs/ft* or kN/m3
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e L = depth below soil surface, feet or m

ey, = unit weight of water, lbs/ft® or kN/m?

e L = depth below top of water table, feet or
m

Figure 4-6 Effective Overburden Pressure (P )
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4.2.4. Bearing Capacity of Piles on
Rock

Pile foundations on rock are normally designed to
carry large loads. For pile foundations which are
driven to rock, which include steel H-piles, pipe piles
or precast concrete piles, the exact area of contact
with rock, the depth of penetration into rock as well
as the quality of rock are largely unknown. Therefore,
the determination of load capacity of driven piles on
rock should be made based on driving observations,

local experience and load tests.

Rock Quality Designation (RQD) Values can provide an
assessment of rock mass quality as shown in Table 4-
2. The RQD is only for NX size core samples (double
tube core barrel) and is computed by summing the
length of all pieces of core equal to or longer than
4” (101.6 mm) and dividing by the total length of the
coring run. The result is multiplied by 100 to get RQD
in percent. Fresh, irregular breaks due to drilling and
handling should be ignored and the pieces counted
as intact lengths. Examples of rock core samples are
shown in Figure 4-7.

Figure 4-7 Rock Core Samples
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For end bearing piles on rock of fair to excellent
quality (Table 4-2), the structural load capacity of
the piles (based on allowable (design) stress for pile
material) will generally be lower than the capacity
of rock to support loads. Therefore, small diameter
piles supported on fair to excellent quality rock may
be loaded to their allowable structural capacity. For
example, if steel H piles are expected to penetrate to
rock through soil deposits without obstructions, then
an allowable design stress of 83.4 MPa (12 ksi) can be
used even without a load test.

Table 4-2 Engineering Classification for In Situ

Rock Quality
RQD # Rock Mass Quality
0- Very Poor
25-50 Poor
50-75 air
75-90 Good
90-100 Excellent

Piles supported on soft weathered rock, such as shale
or other types of very poor or poor quality, should be
designed based on the results of pile load tests.
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4.3. Subsurface Explorations

The design of a structure’s foundation requires
adequate knowledge of the subsurface conditions at the
construction site. If the designer has the appropriate
information, then an economical foundation system
can be designed. The absence of a thorough foundation
study or adequate geotechnical data often leads to
(1) a foundation system with a large factor of safety
which is generally a more expensive foundation and
in some cases one that may be difficult to construct,
or to (2) an unsafe foundation, or to (3) construction
disputes and claims.

A thorough foundation study consists of:

e A subsurface exploration program (which
includes borings, sampling, groundwater
measurements, and in-situ testing);

e Laboratory testing;
e Geotechnical analysis of all data; and

e A determination of design properties; and
design recommendations.

This section is an overview of subsurface explorations
and especially the more common types that are of
specific interest to deep, pile foundations.

4.3.1. Subsurface Exploration Phases

There are three major phases in a subsurface
exploration program. These phases are:

(1) Planning the exploration program
(office work). The purpose of this
phase is to obtain information about
the proposed structure and general
information on the subsurface
conditions. The structural information
can be obtained from studying the
preliminary structure plan prepared by
the bridge design office and by meeting
with the structural designer. Approach
embankment preliminary design and
performance requirements can be
obtained from the roadway office. The
planning phase prepares the engineer
for the field reconnaissance survey, and
identifies possible problems and areas
to scrutinize.

(2) Completing a field reconnaissance
survey. The purpose of this phase is to
substantiate the information gained
from the office phase and to plan the
detailed site exploration program. The
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field reconnaissance for a structure
foundation exploration should include:

a. Inspection of nearby structures to
determine their performance with
the particular foundation type
used.

b. Inspection of existing structure
footings and stream banks for
evidence of scour (for stream
crossings) and movement. Large
boulders in a stream are often
an indication of obstructions
that may be encountered in pile
installations.

c. Visual examination of terrain for
evidence of landslides.

d. Recording of the location, type
and depth of existing structures
that may be affected by the new
structure construction.

e. Relating site conditions to proposed
boring operations. This includes
recording the locations of overhead
and belowground utilities, site
access, privatepropertyrestrictions,
and other obstructions.

f. Recording of any feature or
constraint that may impact the
constructability of potential
foundation systems.

(1) Performing a detailed site exploration

program (boring, sampling, and in-situ
testing). The purpose of any boring
program is not just to drill a hole, but
to obtain representative information
on the subsurface conditions, to
recover disturbed and undisturbed soil
samples, and to permit in-situ testing.
This information provides factual basis
upon which all subsequent steps in the
pile design and construction process are
based. Its quality and completeness are
of paramount importance. Each step
in the process directly or indirectly
relies on this data. The first step in
this phase is to prepare a preliminary
boring, sampling, and in-situ testing
plan. For major structures, pilot
borings are usually performed at a few
select locations during the preliminary
planning stage. These pilot borings



establish a preliminary subsurface
profile and thus identify key soil strata
for testing and analysis in subsequent
design stage borings. During the design
stage of major structures, a two phase
boring program is recommended. First,
control borings are performed at key
locations identified in the preliminary
subsurface profile to determine what,
if any, adjustments are appropriate in
the design stage exploration program.
Following analysis of the control boring
data, verification borings are then
performed to fill in the gaps in the
design stage exploration program.

Each phase should be planned so that a maximum
amount of information can be obtained at a minimum
cost. Each phase also adds to, or supplements, the
information from the previous phase.

4.3.2. Guidelines For Minimum
Structure Exploration Programs

The cost of a boring program is comparatively small
in relation to the foundation cost. For example, the
cost of one 60 mm diameter boring is less than the
cost of one 305 mm diameter pile. However, in the
absence of adequate boring data, the design engineer
must rely on extremely conservative designs with high
safety factors. At the same time, the designer assumes
enormous risk and uncertainty during the project’s
construction. The number of borings required,
their spacing, and sampling intervals depend on the
uniformity of soil strata and loading conditions. Erratic
subsurface conditions require closely spaced borings.
Structures sensitive to settlements or subjected to
heavy loads require detailed subsurface knowledge.
In these cases borings should be closely spaced. Rigid
rules for number, spacing, and depth of borings cannot
be established. However, the following are general
“guidelines” useful in preparing a boring plan.

1. A minimum of one boring with sampling should
be performed at each pier or abutment. The
boring pattern should be staggered at opposite
ends of adjacent footings. Pier and abutment
footings over 30 m in length require borings at
the extremities of the substructure units.

2. Estimate required boring depths from
data gathered in the planning and field
reconnaissance phases. The geotechnical
engineer should make confirmation of boring
depth suitability for design purposes as soon
as possible after field crews initiate a boring
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3.

5.

program. Although less preferred, it may be
possible for field crews to adjust boring depths
using a resistance criteria such as: “Structure
foundation borings shall be terminated where
a minimum SPT resistance of 50 blows per 300
mm has been maintained for 7.5 m.” (This
rule is intended for preliminary guidance
to drillers. For heavy structures with high
capacity piles, the borings must go deeper. A
resistance criterion may also be inappropriate
in some geologic conditions such as sites with
boulder fields.)

All borings should extend through unsuitable
strata, such as unconsolidated fill, peat,
highly organic materials, soft fine-grained
soils and loose coarse-grained soils to reach
hard or dense materials. Where stiff or dense
soils are encountered at shallow depths, one
or more borings should be extended through
this material to a depth where the presence
of underlying weaker strata cannot affect
stability or settlement of the structure.

Standard Penetration Test (SPT) samples should
be obtained at 1.5 m intervals or at changes
in material with the test data recorded in
accordance with ASTM D1586. Undisturbed
tube samples should be obtained in accordance
with ASTM D1587 at sites where cohesive soils
are encountered. The location and frequency
of undisturbed soil sampling should be based
on project requirements.

When rock is encountered at shallow depths,
additional borings or other investigation
methods such as probes, test pits, or
geophysical tests may be needed to define the
rock profile. When feasible, borings should
extend a minimum of 3 m into rock having an
average core recovery of 50% or greater with
an NX-core barrel (54 mm diameter core).

Drill crews should maintain a field-drilling log of
boring operations. The field log should include
a summary of drilling procedures including
SPT hammer type, sample depth and recovery,
strata changes, and visual classification
of soil samples. The field log should also
include pertinent driller’s observations such
as location of ground water table, boulders,
loss of drilling fluids, artesian pressures, etc.
Disturbed and undisturbed soil samples as
well as rock cores should be properly labeled,
placed in appropriate storage containers
(undisturbed tube samples should be sealed
in the field), and properly transported to the



soils laboratory.

7. The water level reading in a borehole should
be made during drilling, at completion of the
borehole, and a minimum of 24 hours after
completion of the borehole. Long term readings
may require installation of an observation well
or piezometer in the borehole. More than one
week may be required to obtain representative
water level readings in low permeability
cohesive soils or in bore holes stabilized with
some drilling muds.

8. All boreholes should be properly backfilled and
sealed following completion of the subsurface
exploration program, data collection, and
analysis. Borehole sealing is particularly
important where groundwater migration may
adversely affect the existing groundwater
conditions (aquifer contamination) or planned
construction (integrity of tremie seals in future
cofferdams).

These guidelinesshouldresultinsubsurface exploration
data that clearly identify subsurface stratigraphy and
any unusual conditions, allow laboratory assessments
of soil strength and compressibility, and document
the groundwater table conditions. This information
permits a technical evaluation of foundation options
and probable costs.

4.3.3. Descriptions of More Common
Subsurface Tests for Pile Foundations

The capacity of the soil medium surrounding the
pile can be estimated from geotechnical engineering
analysis using:

e Shear strength parameters of the soil

surrounding the pile;
e Pressuremeter or dilatometer test data;

¢ Dynamic penetration test data (i.e., Standard
Penetration Test); and

e Static penetration test data (i.e., static cone
penetrometer).

Because of their importance, we will only outline the
last two procedures.

4.3.3.1. Standard Penetration Test (SPT)

The split barrel sampler (Figure 4-8) used in the
Standard Penetration Test (SPT) is the primary
disturbed sail sampler. The SPT test consists of driving
a 51 mm 0O.D. (35 mm 1.D.) split-spoon sampler into
the soil with a 64 kg mass dropped 760 mm. The

sampler is generally driven 450 mm, and the blow
count for each 150 mm increment is recorded. The
number of blows required to advance the sampler
from a penetration depth of 150 mm to a penetration
depth of 450 mm is the SPT resistance value, N. This
sequence is generally repeated at vertical intervals of
1.5-3 meters.

Figure 4-8 Split Barrel Sampler
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The SPT hammer type and operational characteristics
can have a significant influence on the resulting SPT N
values. There are two main hammer types currently in
use in the US, the safety hammer and the automatic
hammer. A third hammer type, the donut hammer, was
used almost exclusively prior to about 1970. However,
it is seldom used now due to safety considerations.
Figure 4-9 provides illustrations of the three SPT
hammer types.

SPT tests are subject to common errors, some of
which are:

1. Effect of overburden pressure. Soils of the same
density will give smaller SPT N values near the
ground surface.

2. Variations in the 760 mm free fall of the drive
weight, since this is often done by eye on older
equipment using a rope wrapped around a
power takeoff (cathead) from the drill motor.
Newer automatic hammer equipment does this
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automatically

3. Interference with the free fall of the drive weight
by the guides or the hoist rope. New equipment
eliminates rope interference.

4. Use of a drive shoe that is badly damaged or worn
from too many drivings to “refusal” (SPT N values
exceeding 100).

5. Failure to properly seat the sampler on undisturbed
material in the bottom of the boring.

6. Inadequate cleaning of loosened material from
the bottom of the boring.

7. Failure to maintain sufficient hydrostatic pressure
in the borehole during drilling or during drill rod
extraction. Unbalanced hydrostatic pressures
between the borehole, drill water and the
ground water table can cause the test zone to
become “quick”. This can happen when using
the continuous-flight auger with the end plugged
and maintaining a water level in the hollow stem
below that in the hole.

8. SPT results may not be dependable in gravel.
Since the split spoon inside diameter is 35 mm,
gravel sizes larger than 35 mm will not enter the
spoon. Therefore, soil descriptions may not reflect
actual gravel content of the deposit. Also, gravel
pieces may jam the end of the spoon that may
get plugged and cause the SPT blow count to be
erroneously high.

9. Samples retrieved from dilatant soils (fine sands,
sandy silts) which exhibit unusually high blow
count should be examined in the field to determine
if the sampler drive shoe is plugged. Poor sample
recovery is an indication of plugging.

10. Careless work on the part of the drill crew.

The use of reliable qualified drillers and adherence
to recommended sampling practice cannot be
overemphasized. State agencies that maintain their
own drilling personnel and equipment achieve much
more reliable, consistent results than those who
routinely let boring contracts to the low bidder.

With all of these variations, for use in design SPT
values should be corrected for at least two factors:
the overburden pressure and the efficiency of the
hammer.

e Overburden. For SPT values, correct N for

overburden using:

Equation 4-5:

(Nl)eo = CuN
Where

Equation 4-6:

2 ksf

!

oy

C, - /M <2 (SI Units)
o,

C, is a correction factor based on 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 100 kPa (2 ksf).
Correlations of cohesive soil physical properties with
N values are crude and, therefore, correction of N

values in cohesive soils is not necessary.

Cy = < 2 (U.S. Units)

e Hammer efficiency. Prior to 1980, the efficiency
of the hammer was not well recognized as
influencing the blow count and was usually not
considered in analysis. SPT tests in the U.S. have
been usually been performed with safety hammers
with a mechanical efficiency of around 60%. Other
types of testing equipment (especially the newer
automatic hammers) have different efficiencies.
Since N is also sensitive to the energy supplied by
the equipment, N1 should be further corrected to
the value at 60% of the input energy, (N,),,. The
combined correction is:

Equation 4-7:

(M) = o ==t

Where e, = efficiency of the SPT hammer used,
percent. Table 4-3 shows representative efficiencies
for SPT procedures.

Table 4-3 Energy Ratios for SPT Procedures
Country Hammer Type Hammer Release Estimated
Rod Energy (%)

Type of Type of Ram Lifting and Efficiency,

Ram Release Mechanism Percent
apan Donut ree-fa . 8
Donut Rope & Pulley with 67

special throw release
U.S.A. Safet ope & Pulley 60
Donut Rope & Pulley . 45
Automatic  Chain or Hydraulic 90

Mechanism

Argentina Donut Rope & Pulley 45
China Donut Free-fall 60
Donut Rope and Pulley 50

163



Figure 4-9 SPT
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Generally speaking, most SPT correlations use the
(N,),, values.

Table 4-4 and Table 4-5 show common (but not
absolute) relationships between various soil properties
and SPT test results (described below.) These tables
can be useful for design is results of more accurate
laboratory or in situ results are unavailable.

4.3.3.2. Cone Penetration Test (CPT) And
(CPTU)

The cone penetration test (CPT) was first introduced
in the U.S. in 1965. By the mid 1970’s, the electronic
cone began to replace the mechanical cone. In the
early 1980’s, the piezo-cone or cone penetration test
with pore pressure measurements (CPTU) became
readily available. Since that time, the CPT/CPTU
has developed into one of the most popular in-situ
testing devices. Part of this popularity is due to the
CPT’s ability to provide large quantities of useful data
quickly and at an economical cost. Depending upon
equipment capability as well as soil conditions, 100
to 350 m of penetration testing may be completed in
one day.

Cone penetration testing can be separated into two
main categories:

a. Electronic cones.
b. Mechanical cones.

Electronic cones are now the dominant cone type used
in cone penetration testing. Hence, mechanical cones

Hammer
4 Sleeve Sprocket
< Centering Rod Chain
Tooth
Je—Plug

|| #—— Drili Rod

Anvil

Drill Rod

will not be discussed further. Electronic cones may be
further divided into two primary types, the standard
friction cone (CPT), and the piezo-cone (CPTU).

In the CPT test, a cone with a 1000 mm? base and a 60°
tip attached to a series of rods is continuously pushed
into the ground. Typically, a hydraulic ram with 45
to 180 kN of thrust capability is used to continuously
advance the cone into the ground at a rate of 20
mm/sec. A friction sleeve with ¢ n surface area of
15000 mm? is located behind the conical tip. Built in
load cells are used to continuously measure the cone
tip resistance, q_, and the sleeve friction resistance,
f.. The friction ratio, R, is the ratio of f/q_and is
commonly used in the interpretation of test results.

The piezo-cone (CPTU), is essentially the same as the
standard electronic friction cone and continuously
measures the cone tip resistance, q_, and the sleeve
friction resistance, f, during penetration. In addition
to these values, the piezo-cone includes porous filter
piezo-elements that may be located at the cone tip,
on the cone face, behind the cone tip, or behind the
friction sleeve. These porous filter elements are used
to measure pore pressure, u, during penetration.

A general schematic of a cone penetrometer is
presented in Figure 4-10.
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Figure 4-10 Terminology Regarding the Cone
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Sample cone penetrometer data is shown in Figure

4-52.

CPT/CPTU test results are interpreted as

follows:

a.

CPT/CPTUdata can provide a continuous profile
of the subsurface stratigraphy. A simplified soil
classification chart for a standard electronic
friction cone is presented in Figure 4-11.

From correlations with CPT/CPTU data,
evaluations of in-situ relative density, D,
and friction angle, ¢, of cohesionless soils
as well as the undrained shear strength, c,
of cohesive soils can be made. Correlations
for determination of other soil properties,
liquefaction susceptibility, and estimates of SPT
values may also be determined. The accuracy
of these correlations may vary depending upon
geologic conditions. Correlation confirmation
with local conditions is therefore important.

Figure 4-11 Simplified Soil Classification Chart for
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Advantages and disadvantages of CPT/CPTU test are
as follows:
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The primary advantage of CPT/CF 3TU testing is
theabilitytorapidlydevelopacontinuousprofile
of subsurface conditions more economically
than any other subsurface exploration or in-
situ testing tools Determination of in-situ soil
strength parameters from correlations with
CPT/CPTU data is another advantage. The
CPT/CPTU test can also reduce the number of
conventional borings needed on a project, or
focus attention on discrete zones for detailed
soil sampling and testing. Lastly, CPT/CPTU
results are relatively operator independent.

Limitations of CPT/CPTU testing include the
inability to push the cone in dense or coarse
soil deposits. To penetrate dense layers, cones
are sometimes pushed in boreholes advanced
through the dense strata. Another limitation
is that soil samples are not recovered for
confirmation of core stratigraphy. Local
correlations are also important in data
interpretation.



Table 4-4 Relative Density of Cohesionless Soils as a Function of SPT N Values?

Nomenclature Relative Density,

Percent

Internal
Friction Angle

Moist Unit Weight

Very Loose -15% ./ kN/m ess than 4
(100 pcf)
Loose 15-35% 28°-30° 14.9-19.7 kN/m3 4-10
(95-125
Medium Dense 35-65% 30°-36° 17 3-20.4 N)m3 10 - 30
}110 130 pcf)
Dense 65-85% 36°-41° 3-22.0 KN/m? 30-50
(110-140 pcf;
Very Dense 85-100% > 41° >20.4 kN/m > 50
(130 pcf)

Table 4-5 Relative Consistency of Cohesive Soils as a Function of SPT N Values*

Nomenclature Hand Manipulation

Characteristics

Estimated Unconfined
Compression Strength q,

Moist Unit Weight

Very Soft xtruded between fingers < 23.9 kPa 8.9 KN/m
when squeezed (0.50 ksf) é100 120 pcf)
Soft Moulded by light finger 23.9-47.9 kPa 7-18.9 kKN/m? 2-4
) . ressure . 0 5 - 1 ksf }100 120 pcf)
Firm or Medium oulded by strong finger .9- 95 8 kPa 3-20.4 KN/m? 4-8
. R ( 2( g10 130I\PCQ
Stiff eadlly mdented by thumb 95.8-191 .5 kPa 18.9-22 kN/m 8-15
but penetrated with great (2 - 4 ksf) (120-140 pcf)
effort
Very Stiff Readily indented by 191.5-383 kPa 18.9-22 kN/m? 15-30
thumbnail (4 - 8 ksf) (120- 140 pcf)
Hard Indented with difficulty by > 383 kPa >20.4 Kk > 30
thumbnail (8 ksf) (130 Dcf\

4.4, Design Factors and Criteria

4.4.1. Allowable Stress Design (ASD)

Traditional design of deep foundations - both
geotechnical and structural - involved the use of
the “allowable stress design” (ASD) technique. This
involved first determining the loads and stresses on
a given structure or soil, multiplying it by a factor of
safety, and then comparing it with an allowable stress
or load®. All of the methods used in the book are
based on ASD.

The factor of safety used in determining the allowable
pile load capacity should be selected based on the
following considerations:

o Thelevelof confidenceintheinput parameters.
(This confidence level is a function of the type
and extent of subsurface investigations and
laboratory testing of soil and rock materials);

o Variability of the soil and rock;
0 Method of design analysis;

o Effects of the proposed pile installation
method; and

o Level and type of construction monitoring
(dynamic formula, wave equation analysis,
dynamic analysis).

The plans and specifications usually require either an
allowable or an ultimate pile capacity. The design
pile capacity is determined during the design stage
by performing a static analysis and by determining
allowable stresses in the pile material. The safety
factor chosen should be based on the reliability
of the method specified for pile capacity during
installation. Safety factors increase with the increase
in unreliability of the method use for determining pile
capacity.

4.4.1.1. Typical factors of safety

Table 4-6a provides typical factors of safety for vertical
load behavior. Typical or usual loads refer to conditions
that are a primary function of a structure and can be
reasonably expected to occur during the service life.
Such loads may be long-term, constant, intermittent,
or repetitive nature. Deviations from these minimum
values may be justified by extensive foundation
investigations and testing to reduce uncertainties
related to the variability of the foundation soils and
strength parameters. Static load tests allow the
factor of safety to equal 2 for usual design and may
lead to substantial savings in foundation costs for
economically significant projects.

4.4.1.2. Other factors of safety

Lower FS are possible for unusual or extreme loads,
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Table 4-6b, provided soil investigation is thorough and
settlement will be within a tolerable range.

e Unusual loads refer to construction, operation,
or maintenance conditions that are of relatively
short duration or infrequent occurrence. Risks
associated with injuries or property losses can
be controlled by specifying the sequence or
duration of activities and/or by monitoring
performance.

e Extreme loads refer to events that are highly
improbableandoccuronlyduringanemergency.
Such events may be associated with major
accidents involving impacts or explosions and
natural disasters due to hurricanes. Extreme
loads may also occur from a combination of
unusual loads.

The basic design for typical loads should be efficiently
adapted to accommodate extreme loads without
experiencing a catastrophic failure; however,
structural damage which partially impairs the
operational functions and requires major rehabilitation
or replacement of the structure is possible. Caution is
required to achieve an efficient design that will avoid
unacceptable injuries or property losses.

Table 4-6 Factors of Safety for Bearing Capacity

a) Usual Loads

Construction
Monitoring

Technique
oad [e
Wave Equation

Analysis
Calibrated

to Results of
Dynamic Pile

Tests
Static Design

Analysis Only

Loading Condition

Factor of Safety

Any
Compression
Tension

Resistance to Uplift

Resistance to Downdrag

Pile Groups

No Static Load Test

Soil Profile Containing More
than One Type of Soil or

Stratum

PRUR N
cooco U

b) Influence of Loading Condition

Method of
Capacity

Loading
Condition Compression

Calculation

Tension
Verified by pile Usua .0
load test
Unusual 1.5 1.5
. Extreme 1.15 1.15
Verified by Usual 2.5 3.0
pile driving
analyzer
Unusual 1.9 2.25
Extreme 1.4 1.7
Not verified by Usual 3.0 3.0
load test
Unusual 2.25 2.25
Extreme 1.7 1.7

For example, consider a pile with a specified allowable
load of 140 kips (623 kN.) The ultimate load of the
pile will depend upon the construction monitoring
technique:

e For a pile with only a static design analysis,
the ultimate load will be (140)(3) = 420 kips
(1868 kN).

e If a wave equation analysis is being used to
estimate the pile capacity during installation,
then the ultimate resistance to which each
pile should be driven will be ((140)(2.5) = 350
kips (1558 kN).

o If a static load test is performed to estimate
the pile capacity, then each pile should provide
an ultimate resistance of (140)(2) = 280 kips
(1245 kN).

4.4.2. 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 determined 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 4-8:

Pu = j}’mpm
m=1

Where
e P =factored normal load or moment
e y_ = load factor for a particular type of load
m
e P_=load or moment for a particular type of

load or moment

The factored load is then compared with the load
capacity by the equation
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Equation 4-9:
P, <®P,

Where
e @ = resistance factor

e P _=nominal normal load capacity, either from
force or moment

It should be emphasized that these loads can either
be force or moment loads.

Load and resistance factor design will not be discussed
further in this book.

4.5, Structural Design of Driven
Piles

4.5.1. Allowable Pile Stresses (ASD)

Any driven pile has to remain structurally intact and
not be stressed to its structural limits during both
its service life (static capacity) and during driving
(dynamic capacity). This requires that limits be
placed on:

(1) Maximum allowable design stresses
during the service life. With the
allowable stress design (ASD) method,
dividing the ultimate stress for the
pile material by a factor of safety
determines an allowable stress. The
factor of safety is based on experience
and includes the load and structural
resistance variations. The limitations
on maximum allowable static design
stresses for driven piles in various
codes generally represent the static
load capacity, which is based on pile
material, cross section, strength
and to some extent site conditions
(corrosion potential.)® The maximum
design stresses apply to long-term
ultimate design capacity and ignore
the influence of setup and relaxation.

(2) Maximum allowable driving stresses
(temporary). In almost all cases, the
highest stress levels occur in a pile
during driving. High driving stresses
are necessary to cause pile penetration
in order to develop static pile loads
that equate to reasonable static
stresses under service loads. The pile
must be stressed to overcome ultimate
soil resistance in order to be driven to

the required length for allowable pile
design capacity. The high strain rate
and temporary nature of the loading
allow a substantially higher driving
stress limitation than for the static
design case. Pile driving stresses can be
estimated by wave equation analysis.
These stresses can be measured during
driving by dynamic measurements.

The allowable driving stress values shown in Table 4-
7 assume that construction control is based on wave
equation analysis.

4.5.2. Handling Stresses for Concrete
Piles

All piles are subject to stresses during their
manufacture, transportation, storage, and lifting into
the leaders. Most of these stresses are flexural in
nature. All of these conditions should be considered
during the design of pile foundations.

For concrete piles, however, pile pick up and placement
into leaders is especially critical. Generally speaking,
this is done either with one- or two-point pickup. In
the case of one point pickup, the handing eye is cast
at a distance of about 30% of the pile length from one
end. The flexural moment can be estimated for this
case by the formula

Equation 4-10:

2WL
49

pickup =

(Single-Point Pickup)

Where
M, = flexural moment due to pickup, ft-lbs
or kN-m
o W = total weight of the pile, lbs or kN,

multiplied by a factor 1.5 for impact
o L =length of the pile, ft or m

With two-point pickup, the two lift points are cast
about 20% of the pile length from each end of the
pile. In this case the maximum flexural moment is
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Equation 4-11:

WL

pickup = 40

(Two-Point Pickup)

The flexural stress can be then computed based on the
section modulus of the pile. For allowable handling
stresses, see Table 4-7.

4.6. Static Analysis of Geotechnical
Capacity

In this section the static analysis of the geotechnical
capacity of a driven pile is described’. In 4.9, we will
consider a sample problem based on the geotechnical
capacity methods described here and the structural
and dynamic analysis methods described in the
previous and following sections.

4.6.1. Axial Compressive Capacity of
Piles in Cohesionless Soils

The load capacity of piles driven into cohesionless soil
depends primarily on the relative density of the soil.
During driving, the relative density is increased close
to the pile due to vibrations and lateral displacement
of soil. The effect is most pronounced in the
immediate vicinity of the pile shaft and extends in
gradually diminishing intensity over a zone 3 to 5.5
pile diameters around the pile shaft.

The increase in relative density increases the load
capacity of single piles and pile groups. The pile type
also affects the amount of change in relative density.
Piles with large displacement characteristics such as
closed-end pipe and precast concrete increase the
relative density of cohesionless material more than
small displacement steel H-pipes or open-end pipe
piles.

The induced increase in horizontal ground stress,
which occurs adjacent to the pile, during the driving
process, can be lost by relaxation in dense sand and
gravels. The relaxation phenomenon occurs as the
negative pore pressure generated during driving is
dissipated. The negative pore pressures occur because
of volume change and dilation of dense sand. The
phenomena can be explained by considering Equation
4-12.

Equation 4-12:
S =C+(o—u)tan¢

Where:
e S =shear strength of soil
e C = cohesion
e o = vertical (normal) pressure
e U= pore water pressure
e ¢ = Angle of internal friction

It can be seen that negative pore pressures temporarily
increase the (o + u) tan ¢ component of shear strength
and, therefore, pile capacity. As negative pore
pressures dissipate both the shear strength and pile
capacity decrease.

The driving process generates high pore water
pressures (positive pore water pressures) in saturated
cohesionless silts, which temporarily reduce the soil
shear strength and the pile capacity. This phenomena
is identical to the one described below for cohesive
soils. The gain in capacity with time (set up) is
generally quicker for silts than for cohesive soils
because the pore pressures dissipate more rapidly
(silts are more permeable than clays).

The ultimate bearing capacity of a pile in soils is the
sum of toe and shaft resistances (Equation 4-1). For
calculation purposes, it is generally assumed that the
shaft friction resistance and toe bearing resistance
can be determined separately and that these two
factors do not affect each other. Many analytical
and empirical methods have been developed for
estimating pile-bearing capacities in cohesionless
materials. Table 4-8 describes some of the available
methods

4.6.1.1. Method Based on Standard
Penetration Test (SPT) Data

Existing empirical correlations between standard
penetration test results and static pile load tests
can be used for preliminary estimates of static pile
capacity for cohesionless soils. These correlations
are based on the analyses of numerous pile load tests
in a variety of cohesionless soil deposits. For piles
driven into a cohesionless stratum, the ultimate unit
toe resistance may be approximated by:
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Table 4-7 Maximum Allowable Stresses for Various Pile Types

Maximum Allowable Design Stress

e 0.25f and the engineer
confirms the satisfactory
results of the load test.

e 0.33f if the engineer
performs the load test.

E102C0977:

. 5 fy/18 with concentric
axial tension in the lower
part of the pile

e f /3 using driving shoes

e 2f /5 using driving shoes,
and using a pile analyzer
to verify pile capacity and
integrity

Maximum Allowable Driving Stress

Comments

Design stress limits assume
damaged is unlikely and load
tests are performed.

Unfilled Steel Pipe Piles

0.25 fy (on steel area)

Experience with allowable
driving stresses for high
strength steel is limited.
Designer should adequately
detail splice requirements in
these cases. Welding quality
control is more critical with
high strength steels as well.

Top Driven, Concrete
Filled Steel Pipe Piles
(Pipe Piles when filled,
Raymond Step-Taper,
Monotube, etc.)

0.25 fy (on steel area)
and
0.40 f’_ (on concrete area)

0.9
y
e 223 MPa (32.4 ksi) for ASTMA36 f,
= 248 MPa (36 ksi))
o 310 MPa (45.0) ksi for ASTM A572
or A690, GRS0 (f, = 345 MPa (50
ksi))
0907
y
o 186 MPa (27 ksi) for ASTM A252,
GR1 (f, = 207 MPa (30 ksi))
e 217 MPa (31.5 ksi) for ASTM A252,
GR2, (f, = 241 MPa (35 ksi))
e 310 MPa (40.5 ksi) for ASTM A252
GR3, (f, = 310 MPa (45 ksi))
007

o 186 MPa (27 ksi) for ASTM A252,
GR1 (f, = 207 MPa (30 ksi))

e 217 MPa (31.5 ksi) for ASTM A252,

GR2, (f, = 241 MPa (35 ksi))

o 310 MPa (40.5 ksi) for ASTM A252
GR3, (f, = 310 MPa (45 ksi))

Experience with allowable
driving stresses for high
strength steel is limited.
Designer should adequately
detail splice requirements in
these cases. Welding quality
control is more critical with
high strength steels as well.

Conventionally

f

!
C

Compressive driving stress limitation:

Control of driving stresses 1s

Reinforced  Concrete 'c 0 85f particularly important when
Piles 3 ) ' ¢psi driving reinforced concrete
(compression) . . . piles at high driving stress
o , Tensile driving stress limitation: levels while penetrating
o :\/gg(l)?:z:)f . = 34.5 MPa 0.70f, (of steel reinforcement) ¥hroushidenseisoilllayersinto
. underlying weaker layers.
Use gross cross-sectional area to
determine allowable loads
Prestressed  Concrete f' Compressive driving stress limitation: Control of driving stresses is
Piles < _0.27f 0.85F —f particularly important when
3 ' c PE psi driving prestressed concrete
piles at high driving stress
(compression) Tensile driving stress limitation (AASHTO): levels while penetrating

e  Minimum effective
prestress fpe =5 MPa (700
psi®)

. Minimum f’_= 34.5 MPa
(5000 psi)

. Use gross sectional area of
concrete; pile is assumed
fully embedded in soil

. Normal Environments:

’
c

+ e (1, MPa)

3y +Fhe (us, psi)

. Corrosive Environments:

f

pe

Handling Stresses:

’
C

(SI, Mpa)

6+/f. (u.s., psi)

Stresses op gross concrete area

through dense soil layers into
underlying weaker layers.

Allowable tensile driving
stresses are AASHTO
recommendations. PCl
recommendations for these

\/F

are TC + fpe (SI, MPa)

and 6/f +f, (US, psi)
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Table 4-7 Maximum Allowable Stresses for Various Pile Types (continued)

Maximum Allowable Design Stress Maximum Allowable Driving Comments
imber Piles .5-8. a (0.8 to 1.2 ksi) depending times the allowable design stress e use o - -
upon species: (compression and tension) Method for Establishing Design

Stresses for Round Timber
Piles sometimes results in
allowable stresses that are
recognized by the experts to
be too high. It is important to
recognize that the engineer
can specify species of timber
piles but can seldom specify
subspecies, which have a

o Eastern Hemlock - 5.5 MPa The work of S.M. Grove and G.G.

(0.8 ksi) Goble, Driving Stresses in Timber Piles:

. Investigation of Allowable Levels, National

° Red Oak - 7.6 MPa (1.1 ksi) Timber Piling Council, 1988, concludes that
o Douglas Fir - 8.3 MPa (1.2 20.7 MPa (3.0 ksi) is a very acceptable level

ksi) of driving stress for both Southern Pine and

Douglas fir piles.

o Southern Pine - 8.3 MPa

(0.2 range of strengths that must
be accounted for. There is
a large natural variability
of clear wood strength and
natural growth imperfections,
which significantly affect wood
strength
Equation 4-13: Figure 4-12 Relationship Between Maximum
Unit Pile Toe Resistance and Friction Angle for
q, =6N' Cohesionless Soils'
e
(For non-plastic silts)
Equation 4-14: oy
i /
S

q, =8N

i 600 y.

(For sands and gravels)

Where

e g, = ultimate unit toe resistance, ksf

N
=}
o
T
Dense

e N’=theaveragecorrectedstandardpenetration
resistance per foot or 300 mm, near the pile
toe.

300

DOSVAUN=00N »3=0T m=3C @3 =m=3F=pr
a
-]
-]

Unit toe resistance limiting values are usually very
high for dense granular materials. The relationship
provided above for determining unit toe resistance
usually provides values lesser than the limiting values
shown in Figure 4-12.

200

- X -
Compact (medium)

/

35 40 45

100

Loose

\

Very Loose

w
=3

Angle of Internal Friction, ¢, Degrees

The average unit shaft friction of driven displacement
piles, such as closed-end pipe piles and precast
concrete piles, is:

Equation 4-15:

£ N 2.0 ksf
25

And the average unit shaft friction of driven
nondisplacement piles, such as H-piles, is:
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Equation 4-16:

£ N 2.0 ksf
50

Where

e f = average unit shaft friction of driven

displacement piles, ksf

e N’ = the average corrected standard
penetration resistance, in blows per foot or
300 mm, within the embedded length of pile.

The Standard Penetration Test is subject to many
errors; thus, judgment must be exercised when using
the test results. Furthermore, it is recommended to
use a factor of safety of 4 if this method is not verified
by full-scale pile load tests.

Step By Step Procedure for Using Method Based On
SPT Data
Correct SPT field “N” values.

Compute average SPT corrected “N’” value
near pile toe.

Compute ultimate unit pile toe resistance, q_.
Use Equation 4-13 or Equation 4-14.

Compute ultimate toe bearing capacity:

Equation 4-17:

Qp = qup
Where

e Q = ultimate toe bearing capacity,
kips;

e A =Piletoe area’ (square feet.)

Compute average corrected SPT N’ within the
embedded length of pile. Breakinto 10 foot to
20 foot layers based on soil density indicated
by “N”'

Compute ultimate unit shaft frictionresistance,
f.. Use Equation 4-15 or Equation 4-16.

Compute ultimate shaft friction capacity:

Equation 4-18:

Q; = A
Where
e Q = ultimate shaft friction capacity, kips
e A = Pile surface area (square feet)

Compute total ultimate load capacity, Q, in
kips using Equation 4-1.

Compute allowable pile load capacity:

Equation 4-19:

— Xu
Qal/owab/e FS
Where

* Qe = allowable pile load capacity, kips,
and;

e FS = factor of safety (use a factor of safety of
4 in this case.)

Table 4-8 Methods of Static Analysis for Piles in Cohesionless Soils'

Method of
Obtaining
Design
Parameters
R PT

Approach

Method based
on Standard
Penetration Test
Data (SPT)

Method based
on Static Cone
Penetrometer

Test (CPT) Data
Nordlund Method

Tests.

Results of CPT
tests.

Empirical

Semi-empirical Charts provided
by Nordlund.
Estimate of soil

friction is needed.

Advantages Disadvantages

Use a factor
of safety of

Non-reproducibility

test and input data of N values. Not as

availability. Simple reliable as the other 4. Use only
method to use. methods presented in for preliminary
this chapter. estimating
urposes.
Testing analogy Lack of equipment. good approach

between CPT and pile. Lack of experience to design short of

Reliable correlations.
Reproducible test

data.
Allows for increased

shaft friction
resistance of tapered
piles and includes
effects of pile-soil
friction coefficients
for different pile
materials.
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in USA. Limitations
on pushing cone in to
dense strata.

Nordlund recommends

no limiting value on
unit shaft friction
resistance.

driving test. Use
a factor of safety

of 3.
Use a factor

of safety of
3. Widely
used method
based on field
observations.



4.6.1.2. Method Based on Static Cone
Penetration Test (CPT) Data

The static cone penetrometer, when pushed into
cohesionless soil, can be analyzed as a model
pile. The cone penetration resistance can then be
experimentally correlated with that of a driven full-
sized pile. The ultimate unit toe resistance of piles
driven into cohesionless soils can be computed by:

Equation 4-20:

qp =(,
Where q_ = cone toe resistance, ksf

The average unit shaft friction of driven displacement
piles based on cone penetrometer data can be
computed as:

Equation 4-21:

f. =f =2.0 ksf

Where f_ = Average shaft friction measured by cone
test, ksf.

The average unit shaft friction of
nondisplacement piles, such as H-piles, is:

driven

Equation 4-22:

fofe o0 kst
2

The reasons for limiting unit shaft friction resistance
were provided previously. Without shaft friction data
(f.), an estimate of f_may be made from the following
relationships:

Equation 4-23:
fo=Gc
100

(for driven displacement piles)
Equation 4-24:

£ =9
200

(for driven non-displacement piles)

It should be noted that the relationships given above
are for a mechanical cone with a friction sleeve
referred to as a Dutch-Cone or Begemann Cone. There

are several somewhat different cone designs that may
have unique pile design capacity relationships. The
use of local correlations is strongly encouraged when
using cone penetrometer tools for pile predictions.
A major disadvantage of a cone test is the difficulty
encountered in pushing the cone in very dense sands,
gravel and isolated cobbles.

Step By Step Procedure for Using the Method
Based on CPT Data'*

This expanded procedure is necessary in lieu of the
simple equations provided above because usually
an interpretation of continuous records of CPT is
required. This procedure and interpretation are for
piles in sands.

1) Determine unit ultimate pile toe resistance q,
Equation 4-25:

qp — qci ;qcz

Where q_, and g, = unit cone toe resistance. Use

procedure shown in Figure 4-13 to determine q,

2) Determine unit ultimate pile toe resistance q,
using Equation 4-175.

3) Compute ultimate shaft friction resistance,
Q,, from the following relationship:

Equation 4-26:

f _
Qs::Ki +fsAs8BtoL
2 otoss
Where:
e K= Ratio of unit pile friction to unit sleeve

friction from Figure 4-14.

° fs = Average unit sleeve friction over the
depth interval indicated by subscript (f,< 2.0
ksf)

o A= Pile-soil contact area over f; depth
interval, ft?

e B-= Pile width or diameter, feet

o L= Pile length, feet

e (0 to 8B = Pile shaft friction resistance for
segment from pile head to a depth equal to
8B

e 8B to L = Pile shaft friction resistance for
segment from a depth to 8B to the pile toe.
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Alternately, if shaft friction data is not available, Q
can be determined from the following relationship

4) Equation 4-27:

Qs =CY q.A
Where:
e (C =0.01 for driven displacement piles
e (C =0.005 for driven non-displacement piles

e q_=Average cone toe resistance along the pile
length, ksf

5) Determine total ultimate load capacity using
Equation 4-1.

6) Determine allowable pile load capacity using
Equation 4-19. Use a factor of safety of 3.

Figure 4-13 Procedure for Estimating Pile Toe
Capacity
(After FHWA Implementation Package, FHWA-TS-
78-209)

Qe

~a-—Pile

Depth

91 * Az

G =

qn = Average g, over a distance of xb below the pile toe (path 1-2-3). Sum q,
values in both the downward (path 1-2) and upward (path 2-3) direction.
Use actual g, values along path 1-2 and the minimum path rule along path
2-3. Compute qg, for x-values from 0.7 to 3.75 below the pile toe and use
the minimum q,, value obtained.

g, = Average g over a distance of 8b above the pile toe (path 3-4). Use the
minimum path rule as for path 2-3 in the q,, computations.

b = Pile width or diameter.

D = Embedded pile length.

Figure 4-14 Penetrometer Design Curves for Pile
Side Friction in Sand

(After FHWA Implementation Package, FHWA-TS-
78-209)
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B = Pile width or diameter
D = Embedded pile length

4.6.1.3. Nordlund Method

The Nordlund method is based on field observations.
It considers the shape of pile taper and its soil
displacement in calculating the shaft resistance.
The method accounts for the differences in soil-pile
coefficient of friction for different pile materials.
The method is based on the results of several load
test programs in cohesionless soils. Several pile types
were used in these test programs including timber, H,
pipe, Monotubes and Raymond Step-Taper® piles.

The ultimate capacity of a pile in cohesionless soil is
given in Equation 4-1.

Equation 4-28:

d=D sin 6+w)
Qu = aNgAPy + Y kCrPy WCdAd

d=-0
Where:

e o = Dimensionless factor dependent on pile
depth-width relationship)

e N’ = Bearing capacity factor
° Ap = Pile toe area
e P, = Effective overburden pressure at pile toe

e K, = Coefficient of lateral earth pressure at

depth d
e C_ = Correction factor for K, when é = ¢ .
e ¢ = Soil friction angle

e 5= Friction angle between pile and soil
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e w =Angle of pile taper from vertical

e P, = Effective overburden pressure at the

centre of depth increment d
e C, = Pile perimeter at depth d
e Ad = Length of pile segment

For a pile of uniform cross section (w=0) and length D,
driven in soil layers of the same effective unit weight
and friction angle, the above equation becomes:

Equation 4-29:
Q, = aN, AP, +K,C/P, sin(a)cdo

In developing this method, Nordlund a) suggested
using the correlation between corrected standard
penetration test “N’” values and ¢, and b) did not
placed a limiting value on the shaft friction resistance.
To account for the fact that the pile toe resistance
reaches a limiting value at some distance below the
ground, it is recommended that if the computed
unit toe resistance value exceeds the limiting value
obtained from Figure 4-12, then the lower value
should be used. The toe resistance reaches a limiting
value because of arching in the soil.

Figure 4-15 Nordlund’s General Equation for
Ultimate Pile Capacity

Qy

R RITR R
T d

Ad

L E

Kg Pd = the unit force on

the area Cgq Ad sec w

where Cq is the least
circumference of the segment
being considered.

w
. d=p Sin (6 + W)
Qu=aNqxApxPp+ 3 Kd"CF"PdTosw_""Cd"Ad

d=0

Step By Step Procedure for Using Nordlund Method

Steps 1 through 6 are for computing ultimate shaft
friction capacity. Steps 7 through 10 are for computing
ultimate toe capacity.

1) Determine ¢ angle from SPT data (see Table
4-4.)

a. Correct SPT field “N” values by using
Equation 4-6 and obtaining corrected
“N’” values.

b. Determine average corrected SPT “
N’ 7 value within embedded length
of pile. (Divide pile into sections in
each soil layer.)

c. Use Table 4-4 for estimating ¢ value.
2) Determine K.

a. Compute volume of soil displaced per
unit length of pile (V).

b. Use Figure 4-16 to determine K, for
computed “¢” and “V” values and pile
taper “w”. Linear interpolation should
be used in determining K; values.

3) Determine & angle.

a. Use Figure 4-17 to determine 3/¢ ratio
for pile type and displaced volume
(V).

b. Determine angle 5.
4) Determine correction factor C. if 5=¢.

a. UseFigure 4-18 to determine correction
factor by entering the figure with
computed “¢” and “6/¢” values.

5) Compute average effective overburden stress
(P,). Compute P, at midpoint of each soil
layer.

6) Compute ultimate shaft friction capacity in
each soil layer and total ultimate shaft friction
capacity.

Equation 4-30:

(for uniform pile cross section)®

7) Use Figure 4-19 to determine a for computed
¢ angle

8) Compute effective overburden stress, P, at
pile toe.
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Figure 4-17 Relation of &/¢ and Pile Displacement V for Various Types of Piles
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9) Compute ultimate pile toe resistance by
Equation 4-31:

Equation 4-31:
Qp = aN APy < Qimiting Ap 19

a. The quantity Qiimiting is determined as
follows:

i. Determine corrected “N’” value
near pile toe;

ii. Estimate ¢ angle by
using Table 4-4, and

iii. Use ¢ angle and Figure
4-12.

10) Compute total ultimate load capacity using
Equation 4-1.

11) Compute allowable pile load capacity using
Equation 4-19. Use a factor of safety of 3.

4.6.2. Axial Compressive Capacity of
Piles in Cohesive Soils

When piles are driven into saturated cohesive
materials, the soil near the piles is disturbed and
radially compressed. For soft or normally consolidated
clays, the zone of disturbance is within one pile
diameter around the pile. For piles driven into
saturated stiff clays, there are significant changes in
secondary soil structure with remolding and complete
loss of previous stress history effects in the immediate
vicinity of pile.

The disturbance and radial compression generate high
pore water pressures (positive pore water pressures)
that temporarily reduce soil shear strength and,
therefore, the driving resistance and load capacity
of piles. As reconsolidation of clays around the pile
occurs, the high pore water pressures are diminished
which leads to an increase in shear strength and pile
load capacity (set-up). This phenomenon is opposite
to “relaxation” described for cohesionless soils. The
zone and magnitude of disturbance is dependent on

soil properties and soil sensitivity, driving method and
the pile foundation geometry. Limited data available
for partially saturated cohesive soils indicates that pile
driving does not generate high pore water pressures
and hence set-up does not occur.

The ultimate bearing capacity of a pile in cohesive soils
is expressed by the sum of toe resistance and shaft
resistance (Equation 4-1.) A method for determining
the ultimate unit toe resistance incohesive soil is
outlined in this section.

The shaft friction resistance for piles that are driven
into cohesive soils is frequently larger than 80 or
90% of the total bearing capacity. Therefore, for
such piles, it is extremely important that the shaft
friction resistance be estimated accurately. Design
methods for piles in cohesive soils are in some cases
of doubtful reliability. This is particularly true for the
load capacity of friction piles in clays of medium to
high shear strength (c, > 2 ksf).

Table 4-9 describes two widely used methods for
determining the ultimate unit shaft resistance in
cohesive soils. Until recently, it was a general practice
to evaluate the load capacity of piles in clay using
the undrained shear strength (c ) of the soil. This is
known as the total Stress Method (o Method). Modern
research has resulted in the development of design
methods based on effective stress. The B Method
based on effective stress analysis is also presented in
this section. Either the o or the B Method can be used
for analysis in soft or medium clays. The empirical
correlations for “a Method” have not proven entirely
reliable for clays with undrained shear strength (c )
values greater than 500 psf. A large variation in
values occurs for clays with undrained shear strength
values greater than 2 ksf. Neither method provides
reliable results for piles in stiff clays. Load tests
should be required to confirm the bearing capacity of
piles in these materials.

4.6.2.1. Toe Bearing Capacity Analysis

The ultimate unit toe resistance in cohesive soil is
expressed as:

Table 4-9 Methods of Static Analysis (Shaft Friction Component) for Piles in Cohesive Soils

Approach

Method of Obtaining Design

Parameters

o otal stress analysis Undrained shear strengt

(Tomlinson) estimate of soil is needed. a

Method values are provided by charts
(Figure 4-20.)

8 Method Effective stress Undrained shear strength

analysis based on
effective stress failure

estimate of soil is needed. B
values are provided by charts.

Dis-advantages

Recommended for use in soft and medium
clays. Easy to use method. For stiff
clays, use o method for preliminary design

only. Use a factor of safety of 3.
Recommended for use in soft and medium

clays. For stiff clays, use B method for
preliminary design only. Use a factor of
safety of 3

mpirical relationships
have not proven entirely
reliable for ¢, > 500 psf.

Large variations of 3 for
c, > 2000 psf.
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Equation 4-32:
qp = CuNc

Where

e ¢, is the undrained shear strength at the pile
toe.

e N_is a dimensionless bearing capacity factor
that depends on the pile toe diameter. Values
of N_ lie between 7 and 16. A value of 9 is
commonly used for N_ for analysis of single
piles?,

Step By Step Procedure for Determining Toe
Resistance of Piles in Cohesive Soils

3) Compute ultimate unit toe resistance,
q, using Equation 4-32.

4) Compute ultimate toe bearing capacity,
Q;:

Equation 4-33:
Qp =d,A,

Where A = Area of pile toe”".

4.6.2.2. Methods for Estimating Shaft
Friction Resistance

4.6.2.2.1. “o. Method” Based On Total Stress
Analysis®

This method is also known as the “Tomlinson Method”
which assumes that the total shaft friction resistance

is directly proportional to the total surface area of
the pile.

The shearing stress between the pile and the soil at
failure is usually termed the “adhesion”, c.. The
average ultimate unit shaft friction, f_in homogeneous
saturated clay, is expressed by:

Equation 4-34:
f,=c, =ac,

Where o = the empirical adhesion coefficient for
reduction of the average undrained shear strength c_
of undisturbed clay within the embedded length of
the pile.

The coefficient o depends on the nature and strength
of the clay, pile dimension, method of pile installation
and time effects. The values of o vary within wide

limits and decrease rapidly with increasing shear
strength. The values of o can be obtained from Figure
4-20.

Figure 4-20 Adhesion Factors for Driven Piles in
Clay (o Method)
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(c) Piles Without Different Overlying Strata

In the case of H piles, there is an uncertainty as to
the development of shaft friction along the web and
the possibility that the intermixing effects between
a soft clay upper layer and stiffer clay may cause
a significant reduction in shaft friction. For these
reasons, the shaft friction for H piles should be
calculated conservatively on a perimeter equal to
twice the flange width (the “box” method, described
earlier with cohesionless soils.)

Step By Step Procedure for Determining Shaft
Friction Resistance By “a Method”

1) Determine adhesion factor a from Figure 4-
20. Enter the figure with pile length in clay
and undrained shear strength of soil (c ) in psf.
Use appropriate curves for situations (a), (b)
or (c) shown in the figure.

2) Computeultimateunitshaft frictionresistance,
f,, using Equation 4-34.

3) Compute total
resistance, Q.:

ultimate shaft friction
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Equation 4-35:
f,=c, =ac,

Where: A_= Pile Surface area®.

4) Compute ultimate toe bearing capacity, Qv,
using Equation 4-33.

5) Compute total ultimate pile load capacity, Qu,
using Equation 4-1.

6) Compute allowable pile load capacity, Q
allowable, using Equation 4-19. Use a factor
of safety of 3.

4.6.2.2.2. “B Method” Based On Effective
Stress Analysis

Static capacity calculations in cohesionless, cohesive
and layered soils can also be performed using an
effective stress based method. Effective stress
based methods were developed to model the long-
term drained shear strength conditions. Therefore,
the effective soil friction angle ¢’ should be used in
parameter selection.

Let us begin by defining the Bjerrum-Burland beta
coefficient as

Equation 4-36:

B =K, tang’
where
° = Bjerrum-Burland shaft friction factor
e ¢’ = soil friction angle (drained)
e K = lateral earth pressure coefficient

The unit shaft friction resistance can then be
calculated from the following expression:

Equation 4-37:
f, = K, tan(¢')p, = AP,
Where:
° ° = average effective overburden pressure
along the pile shaft, psf

Available data indicates that for clays with undrained
shear strengths less than 2 ksf, B varies from only
0.25 to 0.40 for piles less than 50’ (15.2 m) in length.
Therefore, for design purposes, a typical value of 0.3
may be used for lengths of 0 to 50’ (15.2 m). The B
value decreases with increasing pile length. B values
for piles longer than 50’ (15.2 m) should be obtained
from Figure 4-21. Figure 4-22 provides B values for
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piles in stiff clay with an undrained shear strength in
excess of 2 ksf. It can be seen that the p values vary
widely from 0.5 to 2.5. Thus, for stiff clays, load tests
are recommended for determining pile capacity and
the B method should be used for preliminary design
only.

Figure 4-21 Values of 3 For Driven Piles in Soft and
Medium Clays (c, < 2 ksf)*
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Figure 4-22 Values of 3 For Driven Piles in Stiff
Clay (c, > 2 ksf)
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Step-By-Step Procedure For Determining Shaft
Friction Resistance By “f3 Method”

1) Compute average effective overburden
pressure, p_for the pile embedment depth. Use
previously described procedure to construct a
p, diagram and determine p_ at the midpoint
of the embedment depth.

2) Determine “B” Value. Use Figure 4-21 or Figure
4-22 to determine B for a given pile length and
soil undrained shear strength “c . (Use B =
0.3 if ¢, < 2 ksf and pile length < 50’ (15.2 m))

3) Computeultimateunitshaftfrictionresistance,
f,, using Equation 4-37.

4) Compute total ultimate shaft
resistance, Q,, using Equation 4-35.

friction

5) Compute ultimate toe bearing capacity, Qv,
using Equation 4-33.

6) Compute total ultimate pile load capacity, Qu,
using Equation 4-1.

7) Compute allowable pile load capacity, Q,, ...»
using Equation 4-19. Use a factor of safety of
3.

4.6.3. Pile Group Capacity and
Settlement

If piles are driven into cohesive soil (compressible
soil) or in dense cohesionless material underlain
by compressible soil, then the load capacity of a
pile group may be less than that of the sum of the

individual piles. In addition, settlement of the pile
group is likely to be many times greater than that of
an individual pile under and equivalent load. Figure 4-
23 (a) for a single pile shows that only a small zone of
soil around and below the pile is subjected to vertical
stress. Figure 4-23 (b) for a pile group shows that
a considerable depth of soil around and below the
group is stressed and settlement of the whole group
may be large depending on the soil profile. The larger
zone of heavily stressed soil for a pile group is the
result of overlapping stress zones of individual piles
in the group. The overlapping effected is illustrated
in Figure 4-24 for an idealized group of friction piles.
The group efficiency is defined as the ratio of the
ultimate load capacity of a group to the sum of the
individual ultimate pile load capacities.

Figure 4-23 Comparison of Stressed Zones beneath
End Bearing Single Pile and Pile Group

Heavily

a.) Single Pile

b.) Pile Group

181



Figure 4-24 Overlapping Stressed Soil Areas for
Pile Group

2 Piles Contributing
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Friction Pile Group

4 Pile Contribution
to Stress

4.6.3.1. Pile Group Capacity in
Cohesionless Soils

In cohesionless soils, the ultimate group load capacity
of driven piles with a centre-to-centre spacing of
less than 3 pile diameters is greater than the sum
of the ultimate load of the single piles. The greater
group capacity is due to the overlap of individual soil
compaction zones near the pile that increases shaft
resistance. Piles in groups spaced apart more than
three times the average pile diameter act as individual
piles.

The following are design recommendations for
estimating group capacity in cohesionless soil:

e The ultimate group load in soil not underlain
by a weak deposit should be taken as the sum
of the single pile capacities.

e |If a pile group founded in a firm bearing
stratum of limited thickness is underlain by a
weak deposit, the ultimate group load is given
by the smaller value of either:

o0 The sum of the single pile capacities
or,

o By a block failure of an equivalent
pier consisting of the pile group and
enclosed soil mass punching through
the firm stratum into the underlying

weak soil.

e From a practical standpoint, block failure can
only occur when the pile spacing is less than
2 pile diameters, which is rarely the case.
The method shown for cohesive soils (in the
next section) may be used to investigate the
possibility of a block failure.

e Piles in groups should not be installed at
spacings less than 3 times the average pile
diameter.

4.6.3.2. Pile Group Capacity in Cohesive
Soil

In the absence of negative shaft friction, the group
capacity in cohesive soil is usually governed by the
sum of the single pile capacities with some reduction
due to overlapping zones of shear deformation in the
surrounding soil.

The following are design recommendations for
estimating group capacity in cohesive soils.

e For pile groups driven in clays with undrained
shear strengths of less than 2 ksf (96 kPa)
and for spacings of 3 times the average pile
diameter, the group efficiency can be taken
to be equal to 70%. (If the spacing is greater
than 4 times the average pile diameter, than a
group efficiency equal to 100% can be used.)

e For pile groups in clays with undrained shear
strength in excess of 2 ksf (96 kPa), use a group
efficiency equal to 100%.

e Investigate the possibility of a block failure.

e Piles should not be installed at spacings less
than 3 times the average pile diameter.

4.6.3.3. Method to Estimate Ultimate
Resistance against Block Failure Of Pile
Group In Cohesive Soil

A pile group in cohesive soil is shown in Figure 4-25.
The ultimate resistance of the pile group against a
block failure is provided by the following expression:

Equation 4-38:

Q, =9¢,;BL+2Dc,,(B+L)

Where:

e Q, = Ultimate resistance against block failure,
kips
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C,,= Undrained shear strength of clay below
pile toes, ksf

e c,= Average undrained shear strength of clay
around the group, ksf

e B = Width of group, feet
e L =Length of group, feet
e D = Length of piles, feet

Figure 4-25 Pile Group in Cohesive Soil

4.6.3.4. Elastic Settlement of Pile Groups

One source of settlement for group piles is elastic
compression.  The elastic compression can be
estimated by the equation

Equation 4-39:

s IL
AE
e § = Elastic compression of pile material,
inches

e P =Axial load in pile, kips
e L =Length of pile, inches
e A= Pile cross sectional area, in?
e E = Modulus of Elasticity of pile material
o E =207 GPa (30,000 ksi) for steel piles

o E =27.8 GPa (4,000 ksi) for concrete
piles.

The elastic compression can be included and the result
added to the group settlement estimate, especially
for longer piles. Equation 4-39 is strictly speaking

only valid for purely toe-bearing piles. The topic of
elastic compression for single piles is of great interest
in static load testing and is covered in conjunction
with this in Chapter 6.

4.6.3.5. Immediate Settlements of Pile
Groups in Cohesionless Soils

Pile groups supported by cohesionless solid will
produce only elastic (immediate) settlements. This
means the settlements in cohesionless soils will occur
immediately as the pile group is loaded.

4.6.3.5.1. Method Based on SPT Data»

The settlement of a pile group in a homogeneous sand
deposit not underlain by a more compressible soil at
a greater depth may be conservatively estimated by
the following expression:

Equation 4-40:

5_phlB
N’

Where:
e S = estimated total settlement in inches
e B = the width of pile group in feet
e p = the foundation pressure in ksf?,

e N’ =the average corrected SPT resistance in
blows per foot within a depth equal to B below
the pile toes

e | =influence factor for group embedment = 1-
D/(8B) > 0.5

e D = pile embedment depth, feet

For silty sands, use the expression

Equation 4-41:

4.6.3.5.2. Method Based on CPT Test Data

The following relationship can be used to estimate
maximum settlements using the results of static cone
penetration tests (for saturated cohesionless soils):
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Equation 4-42:

Where S, p, B, and | are as defined in the previous
method and

o Gc - Average static cone toe resistance (ksf)
within a depth equal to B below the pile toe.

4.6.3.6. Settlement of Pile Groups In
Cohesive Soils

Pile groups supported by cohesive solid may produce
both elastic (immediate) and consolidation (occurs
over a time period) settlements. The elastic
settlements will generally be the major amount for
over-consolidated clays and consolidation settlements
will generally be the major amount for normally
consolidated clays.

Amethod proposed by Terzaghi and Peck, and confirmed
by limited field observations, is recommended for the
evaluation of the consolidation settlement of pile
groups in cohesive soil. The load carried by the pile
group is assumed to be transferred to the soil through
a theoretical footing located at 1/3 the pile length up
from the pile toe (Figure 4-26). The load is assumed
to spread within the frustum of a pyramid of side
slopes at 30° and to cause uniform additional vertical
pressure at lower levels, the pressure at any level
being equal to the load carried by the group divided
by the cross-section area of the base of the frustum
at that level. This method can be used for vertical or
batter pile groups.

Figure 4-26 Stress Distribution beneath Pile Group
in Clay Using Theoretical Footing Concept
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To implement the concept shown in Figure 4-26 in
nonhomogeneous soils, it is necessary to take in to
account the effect of layering. Figure 4-27 shows the
effects of various layering situations on the theoretical
footing under the pile group.

The consolidation settlement of cohesive soil is
usually computed based on laboratory tests. The
relationships of the compression indices to void ratio
e and pressure are shown in Figure 4-28, which is
plotted from consolidated test results. For loadings
less than the pre-consolidation pressure p_ settlement
is computed using a value of the compression index
representing recompression, C_. For loadings greater
than the pre-consolidation pressure, settlement is
computed using the compression index, C._.

The following equation
consolidation settlement:

is used for computing

Equation 4-43:

S=H Co Iog&+ Ce log Po + AP
l+e, p, l+e, P.
Where:
e S= total settlement
e H=  original thickness of stratum
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Figure 4-27 Pressure Distribution Below Equivalent Footing for Pile Group, Layered Soils
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Settlement of Pile Group = Compression of
Layers Hq, Hp, and H3 Under Pressure Distribution Shown.

d) Piles Supported by Shaft and Toe Resistance in Layered

Soil Profile

(1) Plan area of perimeter of pile group = (B)(2).

(2) Plan area (B,)(Z,) = projection of area (B)(Z) at depth based on shown pressure distribution.
(3) For relatively rigid pile cap, pressure distribution is assumed to vary with depth as above.

(4) For flexible slab or group of small separate caps, compute pressures by elastic solutions.
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= recompression index

cr

C
e, = initial void ratio

e p, average initial effective pressure
P
C

(gl

=  estimated pre-consolidation pressure

compression index

C

e Ap= the average change in pressure in the
compressible stratum considered.

For normally consolidated soils, p_ =
reduces to

p, and this

Equation 4-44:

C
1+e,

Po + AP
P,

S=H log

Figure -28 “e - Log p” Relationship
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A step-by-step procedure showing the method
follows.

Step-By-Step Procedure for Estimating Pile Group
Settlement in Cohesive Soil

1) Determine Load Imposed On Soil By Pile
Group

a. Use the method shown in Figure 4-26
or Figure 4-27 to determine the depth
at which the additional imposed load
by the pile group is less than 10% of

existing effective overburden pressure
at that depth. This will provide the
total thickness of cohesive soil layer
to be used in performing settlement
computations.  Use design load to
be applied to the pile group. Do not
use ultimate pile group capacity for
settlement computations.

b. Dividethecohesivesoillayerdetermined
in (a) into several thinner layers (5 to
10’ thick). The layer thickness H is the
thickness of each layer.

c. Determine the existing effective
overburden pressure (p,) at midpoint
of each layer.

d. Determine the imposed pressure (Ap)
at midpoint of each layer by using the
method shown in Figure 4-28.

2) Determine Consolidation Test Parameters.

a. Plot results of consolidation test as
shown in Figure 4-28.

b. Determinep_, e, C_andC_values from
the plotted data.

3) Compute Settlements. By using the settlement
equation, compute settlement of each layer.
Summation of settlements of all layers will
provide the total estimated settlement for the
pile group.

4.6.3.7. Uplift Capacity of Pile Groups

The uplift capacity of a pile group is often a significant
factor in determining the minimum pile penetration
requirements and in some cases can control the
foundation design. A few common conditions where
group uplift capacity may significantly influence the
foundation design include cofferdam seals that create
large buoyancy forces, cantilever segmental bridge
construction, and seismic, vessel impact, or debris
loading. When piles with uplift loads are driven to a
relatively shallow bearing stratum, uplift capacity may
control the foundation design. AASHTO specifications?’
for the determination of group uplift capacity are
presented in 4.6.3.7.1. The AASHTO specifications
for group uplift capacity are considered relatively
conservative, particularly in cohesionless soils.

In cohesionless soils, Tomlinson’s method presented in
4.6.3.7.2 will yield higher group uplift capacities than
AASHTO specifications and is recommended for design.
Both AASHTO specifications and Tomlinson’s method
limit the group uplift capacity to the uplift capacity
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of an individual pile times the number of piles in the
group. In the event this limit controls the group uplift
capacity, an uplift load test may be cost effective
and should be considered. With an uplift load test, a
reduced safety factor is used to determine the uplift
capacity. This should result in higher individual and
group uplift capacities.

In cohesive soils, Tomlinson’s method will yield similar
results to AASHTO specifications. In the event the
uplift capacity of an individual pile times the number
of piles in the group limits the group uplift capacity,
an uplift load test may again be cost effective and
should be considered since an increase in the group
uplift capacity would likely result.

4.6.3.7.1. Group Uplift Capacity by AASHTO
Code

AASHTO specifications for service load design limit
the uplift capacity of a pile group to the lesser value
determined from any of the following:

1. The design uplift capacity of a single pile times
the number of piles in a pile group. The design
uplift capacity of a single pile is specified as
1/2 the ultimate shaft resistance calculated
in a static analysis method, or 1/2 the failure
load determined from an uplift load test.

2. 2/3 the effective weight of the pile group and
the soil contained within a block defined by the
perimeter of the pile group and the embedded
length of the piles.

3. 1/2 the effective weight of the pile group
and the soil contained within a block defined
by the perimeter of the pile group and the
embedded pile length plus 1/2 the total soil
shear resistance on the peripheral surface of
the pile group.

4.6.3.7.2. Tomlinson Group Uplift Method

Tomlinson® states that the ultimate uplift capacity of
a pile group in cohesionless soils may be conservatively
taken as the effective weight of the block of soil
extending upward from the pile toe level at a slope
of 1H:4V, as shown in Figure 4-29. For simplicity in
performing the calculation, the weight of the piles
within the soil block is considered equal to the weight
of the soil. Tomlinson states that a factor of safety
of 1 is acceptable in this calculation since the shear
resistance around the perimeter of the group is ignored
in the calculation. Tomlinson also recommended that
the ultimate group uplift capacity determined from
this calculation not exceed the sum of the ultimate

uplift capacities of the individual piles comprising the
pile group divided by an appropriate safety factor. It
is recommended that a factor of safety of 2 be used
if the ultimate uplift capacity of an individual pile is
determined from an uplift load test and a factor of
safety of 3 be used if based on the shaft resistance
from a static calculation.

Figure 4-29 Uplift of Pile Group in Cohesionless
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For pile groups in cohesive soils as shown in Figure 4-
30, Tomlinson recommends the group uplift capacity be
calculated based upon the undrained shear resistance
of the block of soil enclosed by the group plus the
effective weight of the pile cap and pile-soil block.

Figure 4-30 Uplift of Pile Group in Cohesive Soils
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This may be expressed in equation form as:
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Equation 4-45:
Qu = 2D(B + Z)cut W,

Where:

° ng = Ultimate group capacity against block
failure in uplift.

e D = Embedded length of piles.
e B = Width of pile group.
e 7 = Length of pile group.

e ¢, = Weighted average of the undrained shear
strength over the depth of pile embedment
along the pile group perimeter.

o W = Effective weight the pile/soil block
including the pile cap weight.

Tomlinson states that a factor of safety of 2 should
be used with this calculation to allow for possible
weakening of the soil around the pile group as a result
of the pile group installation. If long term sustained
uplift loading is anticipated, a factor of safety of 2.5
to 3 is recommended. Tomlinson also recommends that
the ultimate group uplift capacity determined from
this calculation not exceed the sum of the ultimate
uplift capacities of the individual piles comprising the
pile group divided by an appropriate factor of safety.
It is recommended that a factor of safety of 2 be used
if the ultimate uplift capacity of an individual pile is
determined from an uplift load test, and a factor of
safety of 3 be used if based on the shaft resistance
from a static calculation.

4.6.4. Negative Shaft Friction

When a soil deposit, through which piles are installed,
undergoes consolidation and is forced downward, the
resulting downward movement of the soil around
piles induces “downdrag” load on the piles. These
“downdrag” forces are also called negative shaft
friction. Negative shaft friction is the reverse of
the usual positive shaft friction developed along the
pile surface. This force increases the pile axial load
and can be especially significant on long piles driven
through compressible soils and must be considered in
pile design. Batter piles should be avoided in these
situations because of the additional bending forces
imposed on the piles, which can result in the pile
deformation or damage.

Settlement computations should be performed
to determine the amount of settlement the soil
surrounding the piles is expected to undergo after the
piles are installed. The maximum amount of relative

settlement between soil and pile that is necessary to
mobilize negative shaft friction is about 10-12 mm
(3/8-1/2”.) At that movement, the maximum value
of negative shaft friction is equal to the soil adhesion
or friction resistance. The negative shaft friction
cannot exceed these values because slip of the soil
along the pile occurs at this value. It is particularly
important in the design of friction piles to determine
the depth below which the pile will be unaffected by
negative shaft friction. Only below that depth can
positive shaft friction forces provide support to resist
vertical loads.

Figure 4-31 shows two situations where negative
shaft friction may occur. Situation (B) is the most
common.

The total stress a-method is often used for computing
the negative shaft resistance or drag load in cohesive
soils. In this approach, the adhesion calculated from
the undrained shear strength of the soil times the
pile perimeter is equated to the drag load from the
consolidating soil layers. Similarly, the drag load
from cohesionless layers above a consolidating soil
layer is calculated from the shaft resistance in the
cohesionless layers.

When selecting the undrained shear strength for
calculation of the negative shaft resistance adhesion
in the a-method, it is important to remember that the
consolidating cohesive soil will have a higher undrained
shear strength with time. The adhesion should be
calculated using either the higher adhesion value,
determined from the undrained shear strength at the
time of the soil borings, or the estimated undrained
shear strength of the soil after consolidation. Drag
loads equal to 100% of the undrained shear strength
of a soft clay, i.e. a =1, have been reported for toe
bearing piles driven to a relatively unyielding bearing
layer. Engineering judgment should be exercised in
determining drag loads so that the drag load is not
grossly overestimated, resulting in an expensive
foundation design, nor underestimated, resulting in a
overloaded foundation.

4.6.4.1. Methods for Reducing Negative
Shaft Resistance Forces

In situations where the negative shaft resistance on
piles is large and a reduction in the pile design load
is impractical, negative shaft resistance forces can
be handled or reduced by using one or more of the
following techniques:

1. Reduce soil settlement. Preloading and
consolidating the soils prior to pile installation
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Figure 4-31 Negative Shaft friction Situations
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Figure 4-32 Sample Specification for Bitumen Coating on Steel Piles

Description. This work shall consist of furnishing and applying bituminous coating and primer to steel pile surfaces as required in the plans and as
specified herein.

Materials.

A. Bituminous Coating. Canal Liner Bitumen (ASTM D-2521) shall be used for the bitumen coating and shall have a softening point of 190 degrees
F., to 200 degrees F., a penetration of S6 to 61 at 25 degrees C., and a ductility at 25 degrees C., in excess of 3.5 cm.

B. Primer. Primer shall conform to the requirements of AASHTO M116.

Construction Requirements. All surfaces to be coated with bitumen shall be dry and thoroughly cleaned of dust and loose materials. No primer or
bitumen shall be applied in wet weather, nor when the temperature is below 65 degrees F.

Application of the prime coat shall be with a brush or other approved means and in a manner to thoroughly coat the surface of the piling with
a continuous film of primer. The purpose of the primer is to provide a suitable bond of the bitumen coating to the pile. The primer shall set
thoroughly before the bitumen coating as applied.

The bitumen should be heated to 300 degrees F., and applied at a temperature between 200 degrees F., to 300 degrees F., by one or more mop
coats, or other approved means, to apply an average coating depth of 3/8 inch. White-washing of the coating may be required, as deemed
necessary by the engineer, to prevent running and sagging of the asphalt coating prior to driving, during hot weather.

Bitumen coated piles shall be stored immediately after the coating is applied for protection from sunlight and heat. Pile coatings shall not be
exposed to damage or contamination during storage, hauling, or handling. Once the bitumen coating has been applied, the contractor will not
be allowed to drag the piles on the ground or to use cable wraps around the pile during handling. Pad eyes, or other suitable devices, shall be
attached to the pile to be used for lifting and handling. If necessary, the contractor shall recoat the piles, at his expense, to comply with these
requirements.

A nominal length of pile shall be left uncoated where field splices will be required. After completing the field splice, the splice area shall be brush
or mop coated with at least one coat of bitumen.

Method of Measurement. Bitumen coating will be measured by the linear foot of coating in place on the pile surfaces. No separate payment will
be made for the primer or coating of the splice areas.

Basis of Payment. The accepted quantities of bitumen coating will be paid for at the contract unit price per linear foot, which price shall be
full compensation for furnishing all labor, materials, tools, equipment, and incidentals, and for doing all the work involved in f applying the
bituminous coating and primer, as shorn in the plans, and as specified in these specifications, and as directed by the engineer.

Payment will be made under:

Pay Item Pay Unit

Bitumen Coating  Linear foot
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can achieve preconsolidation of compressible
soils. This approach is often used for bridge
foundations in fill sections. Wick drains are
often used in conjunction with preloading
in order to shorten the time required for
consolidation.

Use lightweight fill material. Construct
structural fills using lightweight fill material
to reduce the downdrag loads. Lightweight
fill materials often used, depending upon
regional availability, include geofoam, foamed
concrete, wood chips, blast furnace slag, and
expanded shales.

Use a friction reducer. Bitumen coating and
plastic wrap are two methods commonly used
to reduce the friction at the pile-soil interface.
Bitumen coatings should only be applied to
the portion of the pile that will be embedded
in the negative shaft resistance zone. Case
histories on bitumen coatings have reported
reductions in negative shaft resistance from as
little as 47% to as much as 90%. Goudreault and
Fellenius?® suggest that the reduction effect of
bitumen may be analyzed by using an upper
limit of 10 kPa as the pile-soil shear resistance
or adhesion in the bitumen coated zone.

One of the major problems with bitumen
coatings is protecting the coating during pile
installation, especially when driving through
coarse soils. An inexpensive solution to
this problem is to weld an over-sized collar
around the pile where the bitumen ends.
The collar opens an adequate size hole to
permit passage of the bitumen for moderate
pile lengths in fine-grained soils. Bitumen
coatings can present additional construction
problems associated with field coating and
handling. The use of bitumen coatings can be
quite successful provided proper construction
control methods are followed. Example
specifications for bitumen coatings applied to
both concrete and steel piles are provided in
Figure 4-32. Bitumen coatings should not be
casually specified as the solution to downdrag
loading.

The proper bitumen must have relatively
low viscosity to permit slippage during soil
consolidation, yet high enough viscosity and
adherence to insure the coating will stick to
the pile surface during storage and driving,
and sufficient ductility to prevent cracking
and spalling of the bitumen during handling
and driving. Therefore, the climate at the
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time of pile installation should be considered
in selection of the proper bitumen coating.
Note that these are generic specifications that
should be modified to meet the specific needs
of each project.

Plastic wrap has proven to be an economically
attractive friction reducer, particularly for
abutment piles driven behind and before
construction of MSE walls. Tawfig®* performed
laboratory tests on 0.15 mm thick polyethylene
sheets used as africtionreducer. The laboratory
test results indicated plastic wraps reduced
the pile-soil shear resistance from between
78% for a one-wrap layer to 98% for a two-
layer wrap with mineral oil lubricant of the
pile-soil shear resistance. The laboratory test
data indicated the pile-soil shear resistance of
a one-wrap layer was about 10 kPa and only 1
kPa for the lubricated two-wrap system.

Increase allowable-pile stress. In piles where
the allowable pile material strength has not
been fully utilized, the pile design stress can
be increased to offset the negative shaft
resistance load. Increased structural capacity
can also be obtained by using higher strength
pile materials, or in the case of pipe piles, by
using an increased wall thickness. Foundation
settlement at the increased loading should be
computed and checked against the foundation
performance criteria.

Prevent direct contact between soil and pile.
Pile sleeves are sometimes used to eliminate
direct contact between pile and soil. Bentonite
slurry has been used in the past to achieve the
same purpose. These methods are generally
more expensive.

Use of Spear Piles. Spear piles can be used to
reduce downdrag. These are shown in Figure
4-33.



Figure 4-33 Spear Piles for Downdrag Reduction

4.6.5. Lateral Squeeze of Foundation
Soil

Bridge abutments supported on piles driven through
soft compressible soils (cohesive soils) may tilt
forward or backward depending on the geometry
of the backfill and the abutment (see Figure 4-34).
If the horizontal movement is large, it may cause
damage to structures. The unbalanced fill loads
shown in Figure 4-34 displace the soil laterally. This
lateral displacement may bend the piles, causing the
abutment to tilt toward or away from the fill. The
following rules of thumb are recommended for either
determining whether tilting will occur or estimating
the magnitude of horizontal movement.

Figure 4-34 Abutment Tilting Due to Lateral
Squeeze
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Lateral squeeze (abutment tilting) can occur if

Equation 4-46:
YenH g > 3€,

If abutment tilting can occur, the magnitude of the
horizontal abutment movement can be estimated to
be 25% of the vertical fill settlement.

4.6.5.1. Solutions to Prevent Tilting

1) Get the fill settlement out before abutment
piling is installed (best solution).

2) Provide expansion shoes large enough to
accommodate the movement.

3) Use steel H-piles because they provide high
tensile strength in flexure.

4.6.6. Lateral Loading of Vertical Piles

4.6.6.1. Overview

In addition to axial compression and uplift loads, piles
are routinely subjected to lateral loads. Potential
sources of lateral loads on bridge structures include
vehicle acceleration and braking forces| wind loads,
wave and current forces, debris loading, ice forces,
vessel impact loads, earth pressures on the backs
of abutment walls, slope movements, and seismic
events; These lateral loads can be of the same
magnitude as axial compressive loads and therefore
warrant careful consideration during design. The
foundation deformation under lateral loading must
also be within the established performance criterion
for the structure.

Historically, designers often used prescription values
for the lateral load capacity of vertical piles, or
added batter piles to increase a pile group’s lateral
capacity when it was believed that vertical piles could
not provide the needed lateral resistance. However,
vertical piles can be designed to withstand significant
lateral loads. Modern analysis methods should be
employed in the selection of the pile type and pile
section. These methods are now readily available
that allow the lateral load-deflection behavior of
piles to be rationally evaluated. Lateral loads and
moments on a vertical pile are resisted by the flexural
stiffness of the pile and mobilization of resistance in
the surrounding soil as the pile deflects. The flexural
stiffness of a pile is defined by the pile’s modulus of
elasticity, E, and moment of inertia, I.

The design of laterally loaded piles must evaluate
both the pile structural response and soil deformation
to lateral loads. The factor of safety against both
ultimate soil failure and pile structural failure must be
determined. In addition, the pile deformation under
the design loading conditions must be calculated and
compared to foundation performance criteria.

The design of laterally loaded piles requires the
combined skills of the geotechnical and structural
engineer. It is inappropriate for the geotechnical
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engineer to analyze a laterally loaded pile without
a full understanding of pile-structure interaction.
Likewise it is inappropriate for the structural
engineer to complete a laterally loaded pile design
without a full understanding of how, pile section or
spacing changes may alter the soil response. Because
of the interaction of pile structural and geotechnical
considerations, the economical solution of lateral pile
loading problems requires communication between
the structural and geotechnical engineer.

Three types of parameters have significant effects on
the lateral load capacity of piles. These three types
are as follows:

1) Soil Parameters

a. Soil type and physical properties such as
shear strength, friction angle, density,
and moisture content.

b. Coefficient of horizontal subgrade
reaction (p_). This coefficient is defined
as the ratio between a horizontal
pressure per unit area of vertical
surface (psi) and the corresponding
horizontal displacement (inches). For
a given deformation, the greater the
coefficient, the greater is the later
load capacity.

2) Pile Parameters

a. Physical properties such as shape,
material, and dimensions.

b. Pile head conditions.

c. Method of placement such as jetting or
driving.

d. Group action.
3) Load Parameters

a. Static
(cyclic).

(continuous) or  dynamic

b. Eccentricity.

4.6.6.2. Lateral Load Tests

Full-scale lateral load tests can be conducted at a
construction site during the design stage. The data
obtained is used to complete the design for the
particular site. These tests are time-consuming,
costly and can only be justified on large projects of a
critical nature. They are discussed in more detail in
Chapter 6.

4.6.6.3. Analytical Methods

The analytical methods are based on both theory
and empirical data. They permit the inclusion of
various site parameters. Two available approaches
are (1) Broms’ method and (2) Reese’s methods. Both
approaches consider the pile analogous to a beam
on an elastic foundation. Broms’ method provides
a relatively easy, hand calculation procedure to
determine lateral loads and pile deflections at the
ground surface. Broms’ method ignores the axial
load on the pile. Reese’s methods that are more
sophisticated include analysis by computer (COM-624
Program) and a non-dimensional method that does
not require compute use. Reese’s computer method
permits the inclusion of more parameters, provides
moment, shear, soil modulus, and soil resistance for
the entire length of pile including moments, and
shears in the above ground sections.

It is recommended that for the design of major pile
foundation projects, Reese’s more sophisticated
methods be used. For small-scale projects, the use
of Broms’ method will yield generally acceptable
results.

A step-by-step procedure showing the application of
Broms’ method is provided in the following section.!
The procedure and the accompanying design tables
demonstrate the variable influence of the pile, soil
and load parameters.

4.6.6.3.1. Broms’ Method

1) Determine the general soil type (i.e., cohesive
or cohesionless) within the critical depth
below the ground surface (about 4 or 5 pile
diameters.)

2) Determine the coefficient of horizontal
subgrade reaction k, within the critical depth
from a or b depending upon the soil type.

a. Cohesive Soils:

Equation 4-47:

K, - 80n,n,q,
D
Where:
e q, = unconfined compressive

strength in psf
e D = width of pile in feet

e n and n, = empirical
coefficients taken from Table
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4-10.

b. Cohesionless Soils: Choose K, from the
Table 4-11. (The values of K given
in Table 4-11 were determined by
Terzaghi.)

Table 4-10 Values of Coefficients of n, and n, for
Cohesive Soils

ksf
< 0.
1to4 0.
> 4 0

Pile Material

tee
Concrete
Wood

Table 4-11 Values of K, for Cohesionless Soils

Soil Density K., lbs/in3
Above ground Below grouna

water water
Loose 7 4
Medium 30 20
Dense 65 40
3)

Adjust k, for loading and soil conditions:

a. Cyclic loading (for earthquake loading)
in cohesionless soil:

e K = K/2 from Step 2 for

h
medium to dense soil.

e K =K, /4 from Step 2 for loose
soil.

b. Static loads resulting in soil creep
(cohesive soils):

e Soft and very soft normally
consolidated clays: K, = (1/3
to 1/6) K, from Step 2.

o Stiff to very stiff clays: K, =
(1/4 to 1/2) K, from Step 2.

4) Determine pile parameters:
a. Modulus of elasticity E (psi).
b. Moment of inertia | (in.4).

c. Section modulus S about an axis
perpendicular to the load plan (in.?).

d. Yield stress of pile material f (psi) for
steel or ultimate compression strength
f’_(psi) for concrete.

e. Embedded pile length L (inches).
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f. Diameter of width D (inches).

g. Eccentricity of applied load e for free-
headed piles - i.e., vertical distance
between ground surface and lateral
load (inches).

h. Dimensionless shape factor C_(for steel
piles only):

e Use 1.3 for piles with circular
cross-section

e Use 1.1 for H-section piles
when the applied lateral load
is in the direction of the pile’s
maximum resisting moment
(normal to pile flanges).

e Use 1.5 for H-section piles
when the applied lateral load
is in the direction of the pile’s
minimum resisting moment
(parallel to pile flanges).

i. M., the resisting moment of the pile
yie

= CsfyS (in.-lb) (for steel piles), or M
= f’ S (in.-lb.) (for concrete piles).

yield

5) Determine factor 3 or n:

Equation 4-48 :

K,D
= 4|=h=
& 4FT

(for cohesive soil)

Equation 4-49:

n=5&
VEI

(for cohesionless soil)
6) Determine the dimensionless length factor:
a. P, for cohesive soil, or
b. n, for cohesionless soil.
7) Determine if the pile is long or short:
a. Cohesive soil*
e B, >2.25 (long pile)
e B, <2.25 (short pile)
b. Cohesionless soil
e n _>4.0 (long pile)
e n < 2.0 (short pile)



e 2.0 < n_< 4.0 (intermediate
pile)

8) Determine other soil parameters:

a. Rankine passive pressure coefficient
for cohesionless soil, Kp = tan? (45+ ¢/2)
where ¢= angle of internal friction.

b. Average effective soil unit weight over
embedded length of pile, y (pci).

c. Cohesion, ¢, = one half the unconfined
compressive strength, q /2 (psi).

9) Determine the ultimate (failure) load P, for a

single pile:

a. Short Free or Fixed-Headed Pile in
Cohesive Soil: Using L/D (and e/D for
the free-headed case), enter Figure 4-
37, select the corresponding value of
P,/C D? and solve for P_(lb.).

b. Long Free or Fixed-Headed Pile in
Cohesive Soil: Using M ./CD* (and
e/D for the free headed case), enter
Figure 4-38, select the corresponding
value of P /C D?, and solve for P_(lb.).

c. Short Free or Fixed-Headed Pile in
Cohesionless Soil: Using L/D (and e/L
for the free-headed case), enter Figure
4-39, select the corresponding value of
P/, D’y and solve for P, (lb.).

d. Long Free or Fixed-headed Pile in
Cohesionless  Soil: ~ Using M ./D%
Kp, (and e/D for the free-headed
case), enter Figure 4-40, select the
corresponding value of Pu/KpD3y and
solve for P_ (lb).

e. Intermediate Free or Fixed-Headed
Pile in Cohesionless Soil: Calculate P
for both a short pile (Step 9¢) and a
long pile (Step 9d) and use the smaller
value.

10) Calculate the maximum allowable working

load for a single pile P_ from the ultimate load
P, determined in Step 9 (this is shown in Figure
4-41):

Equation 4-50:

_2F,

P, c

11) Calculate the working load for a single pile

P_ corresponding to a given design deflection
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at the ground surface y, or the deflection
corresponding to a given design load. If P, and
y are not given, substitute the value of P_ (lb.)
from Step 10 for P_in the following cases and
solve for y_ (inches):

a. Free or Fixed-Headed Pile in Cohesive
Soil: Using B L (and e/L for the free-
headed case), enter Figure 4-35, select
the corresponding value of yK DL/P,
and solve for P_(lb) or y (inches).

b. Free or Fixed-Headed Pile in
Cohesionless Soil: Using nL (and e/L for
the free-headed case), enter Figure 4-
36, select the corresponding value of
y(El) 3> K 2"*/P L, and solve for P_(lb) or
y (inches).

12) Compute oruse y ory

a. IfP_>P _ useP_andcalculatey_(Step
11).

b. IfP <P _,useP_ andy.

c. If P _andy are not given, use P_and y_
from Figure 4-36.

13) Reduce the allowable load selected in Step 12

to account for:

a. Group effects as determined by pile
spacing Z in the direction of load:

b. Method of installation - for driven piles,
use no reduction, and for jetted piles
use 0.75 of the value from Step 13a.

14) The total lateral load capacity of the pile

group equals the adjusted allowable load per
pile from Step 13b times the number of piles.
The deflection of the pile group is the value
selected in Step 12. It should be noted that no
provision has been made to include the lateral
resistance offered by the soil surrounding an
embedded pile cap.*
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Figure 4-37 Ultimate Lateral Capacity of Short
Piles in Cohesive Soils
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Figure 4-38 Ultimate Lateral Capacity of Long Piles
in Cohesive Soils
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Figure 4-39 Ultimate Lateral Load Capacity of
Short Piles in Cohesionless Soils
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Figure 4-40 Ultimate Lateral Load Capacity of Long
Piles In Cohesionless Soils

1000 ———oe-. T ——== T T

e EEEeH St eSS 55t ):,;". 3
- 1 T‘l
I by | - i e
> RTINS R
S ] BN R R ‘
o’ i bt | it
100 ; e
I et < ree-rHeade g——.—n-‘ A A
° it - < TP i
8 : ! ' N 7 T
5 ' e i
IR i 37 :
§ f _T_I—[_"H‘ Fixed-Headed ?\>/%'/ﬁ "/ ,jy i T
2 10 RSN R //// Vil ;
2 t ¥ TIE BT A LT S B e ST :
S = v o 7 T
- T ve A
] T VA S S0V 4NV SEREEE NI
§ ‘ o abon T ‘
£ o L | 1 1
=) - ,\6 3, . + I% f T B
| WYl Ll L
1.0 7 7 O ) O g T O )
0.1 100.0 1000.0 10000.

Dimensionless Yield Factor, My;eq/D%/Kp

Figure 4-41 Relationship of Load and Deflection
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4.6.6.3.2. Reese’s Method

Reese’s method employs difference equations
developed from the basic differential equations of
conventional beam theory and non-linear curves
relating soil resistance to pile deflections at various
depths. To account for the non-linear relationship
between pile deflections and soil resistance, an
iterative (trial and error) procedure is used by a
computer program** until satisfactory compatibility
is obtained between predicted behavior of the soil
and the load-deflection relationship of the elastic
pile. Non-computerized solutions for the case with
no axial load and constant pile stiffness, using non-
dimensional coefficients are also available®.

The computer program solves for pile deflection,
bending moment, soil resistance, and soil modulus
values along the pile’s length due to lateral loading.
It allows the following input options:

1) Inclusion of non-linear relationships between
soil resistance p and pile deflection y (p-y
curves).

2) Boundary conditions for varying degrees of
restrain at the pile head.

3) Lateral load application above ground.
4) Inclusion of a vertical (axial) pile load.

5) Variations in soil modulus as a function of
depth.

6) Variations in the flexural rigidity El of the pile
with depth.

Reese has presented procedures for describing the soil
response surrounding a laterally loaded pile for various
soil conditions by using a family of p-y curves. The
procedures for constructing these curves are based on
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experiments using full-sized, instrumented piles and
theories for the behavior of soil under stress.

The soil modulus E_is defined as follows:
Equation 4-51:

E =P

Where: Y
e vy = lateral soil (or pile) deflection, and
e P =soil resistance per unit pile length

The negative sign indicates that soil resistance opposes
pile deflection. P-y curve values can be input into
the program or alternately, built in p-y curves in the
program can be used. A typical p-y curve is shown in
Figure 4-42. The Es value depends primarily on soil
properties. It should be noted that the p-y curves are
assumed linear between the origin and an ordinate
value equal to half the ultimate soil resistance P.

Figure 4-42 Typical p-y Curves
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The p-y curves depend upon several parameters
including depth, soil or rock stress-strain relationships,
pile width, water table location, and loading conditions

(static, dynamic or cyclic).

The computer output consists of input information
and results of analysis. Input information consists
of pile geometry and properties, and soil strength
data. Output information includes (1) generated p-y
curves at various depths below the pile head and, (2)
computed pile deflections, bending moments, stresses
and soil moduli as functions of depth below the pile
head. This information allows an analysis of the
pile’s structural capacity and enables the engineer to
design against excessive deflections that may affect
the integrity of the superstructure.

4.6.6.4. Lateral Capacity of Pile Groups

The ability of a pile group to resist lateral loads from
vessel impact, debris, wind, or wave loading, seismic
events, and other sources is a significant design issue.
The deflection of a pile group under a lateral load is
typically 2 to 3 times larger than the deflection of a
single pile loaded to the same intensity. Holloway et
al.¢ and Brown et al.*” reported that piles in trailing
rows of pile groups have significantly less resistance to
a lateral load than piles in the lead row, and therefore
exhibit greater deflections. This is due to the pile-
soil-pile interaction that takes place in a pile group.
The pile-soil-pile interaction results in the lateral
capacity of a pile group being less than the sum of the
lateral capacities of the individual piles comprising
the group. Hence, laterally loaded pile groups have a
group efficiency of less than 1.

The lateral capacity of an individual pile in a pile
group is a function of its position in the group and the
center-to-center pile spacing. Brown et al. proposed a
p-multiplier, P_, be used to modify the p-y curve of an
individual pile based upon the piles row position. An
illustration of the p-multiplier concept is presented
in Figure 4-43. For piles in a given row, the same P_
value is applied to all p-y curves along the length of
the pile. In a lateral load test of a 3 by 3 pile group in
very dense sand with a center-to-center pile spacing

Table 4-12 Laterally Loaded Pile Groups Studies

Calculated p-Multipliers
Pm For Rows 1, 2, & 3+

Reported Group Deflection Reference

Efficiency

Test Type Center to
Center Pile
Spacing
ti ay 1eld Study b .70, .
Stiff Clay Field Study 3b .70,
Medium Clay Scale Model- Cyclic 3b .60,
Load

Clayey Silt Field Study 3b .60,
V. Dense Sand Field Study 3b .80,
M. Dense Sand Centrifuge Model 3b .80,
M. Dense Sand Centrifuge Model 5b 1.0,
Loose M. Sand Centrifuge Model 3b .65,
Loose M. Sand Centrifuge Model 5b 1.0,
Loose F. Sand Field Study 3b .80,

0, .40 - Brown et al, (198
Brown et al. (1987)

60, .50 30
45, .40 600 at 50 Moss (1997)
cycles

40, .40 -- 25-60 Rollins et al, (1998)
40, .30 75% 25 Brown et al. (1988)
40, .30 74% 76 McVay et al. (1995)
85, .70 95% 76 McVay et al, (1995)
45, .35 73% 76 McVay et al. (1995)
85, .70 92% 76 McVay et al. (1995)
70, .30 80% 25-75 Ruesta et al. (1997)




of 3b, Brown found the leading row of piles had a P_
of 0.8 times that of an individual pile. The P_ values
for the middle and back row of the group were 0.4
and 0.3, respectively.

Figure 4-43 lllustration of p-multiplier Concept for
Lateral Group Analysis
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McVay et al.3® performed centrifuge model tests on a 3
by 3 pile group having center-to-center pile spacings
of 3b and 5b. Dense and loose sand conditions were
simulated in the centrifuge model tests. For the
dense sand case at a center-to-center spacing of the
centrifuge model test results were similar to Brown’s
field results. However, McVay also found that soil
density and the center-to-center spacing influenced
the P_values. The P_ results from McVay’s centrifuge
tests as well as other recent results for vertical piles
in 3 x 3 pile groups are summarized in Table 4-12.
McVay’s centrifuge tests indicated lateral load group
efficiencies in sands on the order of 0.74 for a center-
to-center pile of 3b and 0.93 for a center-to-center
spacing of 5b. Field studies in cohesive soils have also
shown that pile-soil-pile interaction occurs. Brown et
al.”” reported P_ values of 0.7, 0.5, and 0.4 for the
lead, second, and third row of a laterally loaded pile
group in stiff clays.

More recent work on this topic has included full-scale
lateral load testing of a 16-pile group in loose sand by
Ruesta and Townsend“’ and a 9-pile group in clayey silt
by Rollins et al.*" A scaled model study of a cyclically
laterally loaded pile group in medium clay has also
been reported by Moss*?. The center-to-center pile
spacing, P_results, and pile head deflections reported
in these studies are included in Table 4-12.

Brown and Bollman* proposed a p-multiplier procedure
for the design of laterally loaded pile groups. It is
recommended that this approach, outlined in the
step-by-step procedure that follows, be used for the
design of laterally loaded pile groups.

Step-By-Step Design Procedure For Laterally
Loaded Pile Groups

STEP 1 Develop p-y curves for single pile.

a. Obtain site-specific single pile p-y curves from
instrumented lateral pile load test at site.

b. Use p-y curves based on published correlations
with soil properties.

c. Develop site-specific p-y curves based on in-
situ test data such as pressuremeter.

STEP 2 Perform COM624P analyses.

a. Perform COM624P analyses using the P_
value for each row position to develop load-
deflection and load-moment data. b. Based on
current data, it is suggested that P_ values of
0.8 be used for the lead row, 0.4 for the second
row, and 0.3 for the third and subsequent
rows. These recommendations are considered
reasonable for center-to-center pile spacing
of 3b and pile deflections at the ground
surface of .10 to .15b. For larger center-to-
center spacings or smaller deflections, these
P_ values should be conservative.

b. Determine shear load versus deflection
behavior for piles in each row. Plot load versus
pile head deflection results similar to as shown
in Figure 4-44(a).

STEP 3 Estimate group deflection under lateral load.

a. Average the load for a given deflection from
all piles in the group to determine the average
group response to a lateral load as shown in
Figure 4-44 (a).

b. Divide the lateral load to be resisted by the
pile group by the number of piles in the group
to determine the average lateral load resisted
per pile. Enter load-deflection graph similar to
Figure 4-44 (a) with the average load per pile
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to estimate group deflection using the group
average load deflection curve.

STEP 4 Evaluate pile structural acceptability.

a. Plotthe maximumbendingmoment determined
from COM624P analyses versus deflection for
each row of piles as illustrated in Figure 4-44

(b).

b. Check the pile structural adequacy for
each row of piles. Use the estimated group
deflection under the lateral load per pile to
determine the maximum bending moment for
an individual pile in each row.

c. Determine maximum pile stress from COM624P
output associated with the maximum bending
moment.

d. Compare maximum pile stress with pile yield
stress.

STEP 5 Perform refined pile group evaluation that
considers superstructure-substructure interaction.

Figure 4-44 Typical Plots of Load vs. Deflection
and Bending Moment vs. Deflection for Pile Group
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4.7. Dynamic Resistance,
Drivability, and Hammer Selection:
Impact Hammers

4.7.1. Overview

Piles penetrate the ground by dynamic means such
as impact or vibration. Obtaining a successful pile
foundation, which meets the design objectives,
depends largely on relating the static analysis results
presented on the plans to the dynamic methods of field
installation. Dynamic analysis can provide answers to
the following site-specific questions:

1) Can a given pile be driven to the estimated
depth and capacity with a specific hammer?

2) If so, what will be the set (deflection) in the
final blows and what will be the maximum
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stress experienced by the pile?

If driving cannot be accomplished as specified in
(1), what hammer characteristics are needed to
successfully complete the project with the pre-
selected pile? Alternatively, what other pile of the
same length can, perhaps, be driven with the hammer
first considered?

To answer these and other questions that may
appear in connection with a particular piling project,
rational analysis based on the hammer-cushion-pile-
soil system (dynamic analysis) is useful. Experience
alone, however important, is not usually sufficient to
answer the above questions. Dynamic analysis should
be performed during both the design and construction
stages of a project.

The subject of pile dynamics also covers the mechanics
of pile driving, including equipment. The dynamic
response of pile-supported structures due to imposed
dynamic forces generated by earthquakes and
vibrating machinery is beyond the scope of this book.
The reader is encouraged to seek the assistance of a
specialist in the area of foundation vibrations.

The depth, type of pile and soil type control the
ultimate soil resistance and pile load capacity.
However, the pile stiffness, structural strength and
driving system control the depth to which a particular
pile can be driven. To achieve economical pile design,
the engineer must match soil resistance, pile stiffness,
pile strength and driving equipment. Failure to
correctly understand the important physical concepts
often results in project delays, claims, and additional
costs.

4.7.2. Pile Driveability

The limiting pile drivability for a specific pile-soil
situation is the maximum soil resistance to which a
pile can be driven without damage. The soil resistance
developed is a function of the pile dimensions and the
subsurface profile. An exception to this maximum is a
pile penetrating very soft soil to bear evenly on sound
unweathered rock with no transition zone of weathered
rock. In this special case, the full structural strength
of a pile can be developed without significant driving
effort.

4.7.2.1. Factors Affecting Driveability

To perform successfully, a pile must satisfy two
aspects of drivability: (1) the pile must have sufficient
stiffness to transmit driving forces large enough to
overcome soil resistance, and (2) the pile must have
sufficient strength to withstand the driving forces

without damage. For a given soil condition and pile
length, the strength and stiffness of a pile determine
its drivability.

It is important to recognize that even if the static
structural and static soil capacities allow an increase
in pile stresses, it may not be possible to develop
the increased pile loads because the resulting driving
stresses would exceed allowable pile driving stress
limits. It is not possible to drive against an ultimate
static soil resistance that is as high as the structural
resistance of the pile cross section because of the soil
damping forces which are generated during pile driving
but no longer present after driving is completed.

The limitations on maximum allowable static design
stresses in pile materials by various codes generally
represent the static stress levels (static load capacity),
which can be consistently developed with common
driving equipment and methods.

4.7.2.2. Methods for Determining
Driveability

There are three available methods for evaluating
drivability:

1) Static Load Tests - Static Load tests are useful
for checking drivability prior to production
pile driving. Test piles are normally driven to
pre-determined lengths and load tested. Load
tests can be performed during design and/or
construction stages. These are discussed in
detail in Chapter 6.

2) Wave Equation Analysis - This method accounts
for pile stiffness and predicts driving stresses
as well as the relationship of hammer blow
count versus ultimate pile capacity. It can be
used to check drivability in advance of driving,
to design the most economical pile wall
thickness or pile section and to select driving
equipment.

3) Dynamic Measurements - These measurements
and their analysis can be used to measure the
driving stresses and static bearing capacity
of piles during driving. It can also provide
static soil resistance distribution and damping
parameters for a wave equation analysis.
Hammer and driving systems performance can
also be evaluated from the measurements.

Used properly, methods 2 and 3 can yield significant
savings in material costs or a reduction of construction
delays. These methods make it possible to reduce
and possibly eliminate the number of load tests
and allow an increase in the maximum allowable
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design stresses. Dynamic measurements also allow
a determination of increase (soil set-up) or decrease
(relaxation) in pile capacity by measurement during
redriving (retapping). The wave equation computer
program allows the user to assess the effects of these
time related soil resistance changes based on user
input.

Many successful pile contractors use the wave equation
analysis to check and improve upon an engineer’s
pile design, for preparing bids, to avoid construction
problems and to select the most appropriate pile
hammer for the given project conditions. It is highly
recommended that methods 2 and 3 be used for the
construction control.

4.7.2.3. Driveability and Pile Type

Drivability should be a consideration in the design of
all driven piles. It is particularly critical in the case of
cast-in-place concrete filled pipe piles, wherein only
the stiffness of the steel casing is available at the
time of driving. Although the designer may be temped
to specify a thin-wall pipe in order to save material
cost, such a pile may lack the stiffness and strength to
overcome the encountered soil resistance for reaching
the necessary penetration. Wave equation analysis
should be used to design the pile section and wall
thickness for the required pile capacity.

Single-material solid-section piles such as steel H,
precast concrete, and timber are subject to drivability
limitations, particularly as allowable design stresses
increase. In the case of long prestressed concrete
piles, drivability is normally limited by the pile’s
compressive strength, but tensile strength will be
critical in the early driving condition where large
hammer energies may be imbalanced to the small soil
resistance.

4.7.2.4. Soil Set-Up and Relaxation

Frequently a pile driven in silt, clay or granular soils
with high fines gains capacity after driving has been
completed. This phenomenon is called soil set-up.
Occasionally a pile driven in dense saturated fine
sand may exhibit a decrease in ultimate load carrying
capacity after the driving has been completed. This
phenomenon is called relaxation. Pile capacity gained
or lost after driving, due to soil set-up or relaxation,
is a function of soil and pile material properties and
is not directly related to drivability. Therefore,
gains or losses of soil resistance after driving cannot
be directly accounted for by dynamic means. These
phenomena however, can be estimated or measured
based on pile redriving (retapping), load testing, and

local experience.

Some rock deposits (including shales, clay stones
and clay shales) are compressed and disturbed due
to pile driving. Large excess hydrostatic pressures
(pore pressures) develop in saturated clays due
partly to the disturbance and partly to the high radial
compression. The excess hydrostatic pressures reduce
the soil shear strength and static pile load capacity
during and immediately after driving. The gradients
resulting from excess hydrostatic pressures start a
consolidation process that provides a regain of shear
strength (increase in shaft friction or adhesion) over an
extended period. Thisincrease in shaft friction results
in a regain of the static soil load capacity and is called
soil “set-up” or “freeze.” The magnitude of this gain
in soil load capacity depends on soil characteristics,
pile material and pile dimensions. Load testing of a
pile in material that exhibits setup behavior should
not be conducted without an awareness of these
processes. It is generally advisable to delay load
testing or retapping for at least two weeks after
driving and preferably for a longer period.

Because the resistance to pile penetration may
increase (set-up) or decrease (relaxation) after final
set, it is essential that retapping or load testing be
performed after equilibrium conditions in the soil
or rock have occurred. The time for the return of
equilibrium conditions is highly variable and depends
on soil type. Piezometers can be employed to
determine time required for pore pressure dissipation
and strength gain.

4.7.2.5. Driving Resistance Criteria

Most pile driving is controlled by specifying that
the pile be driven to a certain number of blows/
inch or blows/cm, generally irrespective of the
depth of penetration. Sometimes minimum depths
of penetration are required in addition to driving
resistance. A rational basis should be used for
determining a reasonable limit to the number of
blows/inch that a pile should be driven. Traditionally,
driving criteria were determined by the use of pile
driving formulas. As discussed elsewhere in this book,
these formulas are fundamentally incorrect and the
results are erratic, either in a conservative or an
unconservative way.

A wave equation analysis should be used to establish
a relationship between the static bearing capacity of
driven piles and the number of blows per inch required
by a particular hammer and driving system to drive
that pile in a given situation. The wave equation
should also be used in combination with static bearing
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capacity theories to select the most suitable pile for
the specified structural loadings. The driving criteria
established should be verified by static or dynamic
load tests whenever possible.

Dynamic monitoring of pile driving and analysis (by
the pile driving analyzer developed at Case-Western
University) allows the determination of static pile
capacity during driving and establishment of a driving
criterion. Again, the driving criteria established
should be verified by load tests whenever possible.
This method of establishing driving criteria provides
greater accuracy than the wave equation analysis,
but may not be cost effective on all projects.

4.7.2.6. Efficiency in Dynamic Analysis

One factor that is frequently misunderstood by
owners, engineers and contractors is the efficiency
of the impact hammer. Understanding pile hammer
efficiency is essential for correct analysis of any
hammer/pile/soil system, irrespective of the dynamic
method being employed.

Hammer efficiency can be defined as the ratio of the
actual output energy of a hammer to a theoretical
potential or rated energy, or

Equation 4-52:
E

e = act

E

ideal

Where

o e = efficiency, usually expressed as a percent
(in which case the ratio is multiplied by 100)

e E_, = actual energy output
e E

ideal

= ideal energy output

The ideal output is frequently referred to as the “rated
striking energy.” The actual output is frequently
referred to as the “net striking energy.” The difference
between the two is the result of a number of factors,
two of which are discussed here: mechanical losses
and the “cosine effect” for batter driving.

4.7.2.6.1. Mechanical Efficiency

Mechanical losses are inevitable in any type of
machinery. In pile driving equipment, they can be
due to frictional losses between the moving (ram) and
stationary (frame) parts, losses due to backpressure
in the valving of air/steam and hydraulic hammers
or the exhaust ports of diesel hammers, and other
sources. These are a function of both the design of
the equipment and the way in which it is maintained.

They are best determined from experimental data,
although analytical solutions exist and ram impact
velocity data can be difficult to obtain for some types
of hammers.

The net kinetic striking energy of a plumb hammer
at impact (without consideration of batter effects) is
given by the equation

Equation 4-53:

2
_Wvi,

E, =E
h 29

act

- eW,H

Where
e E = Net Striking Energy of the hammer, in-lbs
e W, = Hammer ram weight, lbs

e v, = striking velocity of the ram at impact, in/
sec

e g = acceleration due to gravity = 32.2 in/sec?
e e =mechanical efficiency of the hammer

e H =stroke (single-acting hammer) or effective
stroke (double or differential acting) hammer,
inches

If this equation is combined with Equation 4-52, the
rated striking energy is thus

Equation 4-54:

Eideal = WhH
In the case of single acting hammers, the value of “H”
is the stroke of the hammer. With double, differential,
compound, or any hammer that provides “downward
assist” to the ram, the process is more complicated.
If the energy developed by the motive fluid or a gas
spring (such as is used with double acting diesel
hammers and some hydraulic ones) is included, then
the basis of the efficiency is the same as with single
acting hammers. If some or all of the downward assist
is ignored, then the rated energy will be lower and
the apparent efficiency of the machine higher. This
is the case with some hydraulic hammers, and is part
of the reason why these hammers report such high
efficiencies.

A recommended way to evaluate hammers based on
their impact energies is to compare their net striking
energies rather than their efficiency. Of course there
are other factors to consider, such as the relationship
of the (effective) stroke to the ram weight, type
and size of cushion material and the effects of the
necessary compression in diesel hammers.
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Wave equation analyses are usually based on rated
striking energy times an efficiency, which yields a net
striking energy. Dynamic formulae vary in this regard;
some (such as the Engineering News Formula) have
the efficiency included in the formula, others (such as
the Hiley Formula) do not. This is discussed in more
detail below.

4.7.2.6.2. Batter Piles and the “Cosine
Effect”

Another factor in the reduction of output energy
occurs when driving batter piles. This is generally
considered an “efficiency” factor but strictly speaking
is not. It comes from the geometry of the hammer
relative to the gravity field, and is most pronounced
with single-acting hammers.

If we consider Equation 4-54, if a single acting hammer
is operating in plumb, at full stroke operation the
ram falls through the gravity field through the full
length of the stroke “H”. If, however, the hammer is
operating on an angle, the actual stroke H is reduced
by the equation

Equation 4-55:

H' = Hcos 6
Where

e 0 = angle from plumb of the hammer/pile
system

Such a situation results in a “revised” rated striking
energy of

Equation 4-56:
E

e = W,Hcos 6 = E,,, cOS 0
This formula gives the name of “cosine effect” to the
reduction in rated energy of hammers on a batter.

Batter angles, however, are not generally stated
as angles but in the form “X:Y” where X and Y are
horizontal and vertical components respectively of
the right triangle that defines the slope of the pile
from the vertical (as opposed to the slope from the
horizontal used in grade and slope analysis.) The
angle can be computed from this ratio as

Equation 4-57:

0 = arcta X
Y

Substituting this equation into Equation 4-56 yields

Equation 4-58:

E ideal

X 2
1+|—
Y
This equation can only be applied in this form to single-
acting hammers. With any hammer with downward
assist, the amount of cosine effect depends upon the
amount of energy developed with the downward assist.

Many hammers with downward assist can operate in a
horizontal direction because of this.

ideal

For either the dynamic formulae or the wave
equation, the cosine effect should be considered as
a reduction in rated striking energy rather than a
mechanical efficiency loss. Mechanical losses should
be considered after cosine effects. Mechanical losses
are greater when driving on a batter than in plumb
because of the additional friction of the ram-frame
interface, although these additional losses are not
well quantified in pile hammers.

4.7.2.7. Hammer Size Selection

It is important that the contractor and the engineer
choose the proper hammer for efficient use on a
given project. A hammer that is too small may not
be able to drive the pile to the required capacity, or
may require an excessive number of blows. On the
other hand, a hammer that is too large may damage
the pile. The use of empirical dynamic pile formulas
to select a hammer energy should be discontinued
because this approach incorrectly assumes these
formulas result in the desired pile capacities. Results
from these formulas become progressively worse as
the complexity of the hammers increase.

A wave equation analysis, which considers the
hammer cushion-pile-soil system, is the recommended
method to determine the optimum hammer size. For
preliminary equipment evaluation, Table 4-13 provides
approximate minimum hammer energy sizes for ranges
of ultimate pile capacities. This is a generalization of
equipment size requirements that should be modified
based on pile type, pile loads, pile lengths, and local
soil conditions. In some cases, such as short piles to
rock, a smaller hammer than indicated may be more
suitable to control driving stresses. This generalized
table should not be used in a specification.
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Table 4-13 Preliminary Hammer Energy

Requirements

Ultimate Minimum Ultimate Pile Minimum
Pile Manufacturers Capacity, kips Manufacturers
Capacity, Rated Hammer Rated energy,

Energy, kJ ft-kips
<800 16.5 < 180 1
800-1350 28.5 181-300 21
1351- 39.0 301-415 28.8
1850
1851-2400 51.0 416-540 37.6
2401-2650 57.0 540-600 42

4.7.3. Dynamic Formulas for Static
Capacity Determination

Ever since engineers began using piles to support
structures, they have attempted to find rational
methods for determining the pile’s load carrying
capacity. Methods for predicting capacities were
proposed using dynamic data obtained during driving.
The only realistic measurement that could be obtained
during driving was pile set (blow count); thus, energy
concepts equating energy delivered by the hammer
to the work done by the pile as it penetrates the
soil were used to obtain estimates of pile resistance
known as pile formulas. Since Wellington proposed the
well-known Engineering News Formula in the 1890’s,
hundreds of dynamic formulas have been proposed.

Subsequent studies have shown that the results of
dynamic formulae donot correlate well withactual load
tests, except when supplemented with experience.
As a result, and because of the development of the
wave equation methods, dynamic formulae have been
superseded by wave equation analysis for all but the
simplest piling applications. In spite of this, they need
to be understood both since they are still in many pile
driving codes and for historical reasons.

4.7.3.1. Derivation of Dynamic Formulae

Consider the pile driving system as the impact of
two rigid masses.* The principle of conservation of
momentum states that

Equation 4-59:

! !

Where
e W, = Weight of ram, lbs.
e W = Weight of pile, lbs.
e vV = velocity of pile before impact, in/sec

e Vv’ =velocity of ram after impact, in/sec

’

e V. = velocity of pile after impact, in/sec

The coefficient of restitution® for this kind of impact
is

Equation 4-60:

v, —-v;
n= “p_"h
Where n = coefficient of restitution

We should also define

Equation 4-61:

r=—t
w

p
Where r = ram weight to pile weight ratio

If we solve both Equation 4-59 and Equation 4-60 for
V', set the results equal to each other and solve for
v’p, assume v, = 0, solve Equation 4-61 for Wp and
substitute this into the result, we have

Equation 4-62:
r(n + 1)

r+1

Since from Equation 4-53 we know that
Equation 4-63:
Vih = \/@
The kinetic energy of the pile after impact is

Equation 4-64:

W ”2 2
, = Vo _ eHW r n+l
2g r+1

Where E, = kinetic energy of the pile after impact,
in-lbs

This energy is absorbed in one of two ways: 1) elastic
compression of the cushion, cap, soil or pile itself,
and 2) plastic movement of the soil, i.e., the pile set.
This is expressed as
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Equation 4-65:
R.,C
Ep = T + RdS
Where

e R, =pile resistance (without consideration of a
factor of safety), Ibs.

e (C = aggregate spring constant of elastic
elements of cushion/pile/soil system, lbs/in

e s = plastic set of pile, inches

A factor of safety is necessary. This is defined as

Equation 4-66:

Where ?
e FS = Factor of safety

e R = “Design” load or resistance of piles, lbs.
The “design” load may be equal to or less than
the allowable load.

Combining Equation 4-64 and Equation 4-65 and
substituting the design load of Equation 4-66, and
solving for that design load, we have at last

Equation 4-67:

2
R - Wi r(mi)
F5(£+5) e+

2

Equation 4-67 forms the basis of many of the dynamic
formulae. For example, if we assume FS = 3 and
change the ram drop to feet, we have

Equation 4-68:

R

_ 4eW,H, r(n+ 1)2

? (C ) r+l1
~+s
2

(Hiley Formula)
Where H,, = ram stroke or equivalent stroke, feet

If we assume that FS=6,n=1,C=2c,r=1ande=1,
and change the drop height to feet, we have

Equation 4-69:

_2W,H,
S+C

Ra

(Engineering News Formula)

Where c = factor for various elastic components of the
system, inches = 1 for drop hammers, 0.1 to 0.3 for
air/steam hammers

In American practice, the Engineering News Formula is
the best known and most widely used of the dynamic
formulae, although there are literally hundreds of
these in existence.

4.7.3.2. Use of the Engineering News
Formula

Since it is so important in engineering practice in the
U.S. - especially with timber piles -- the application of
this formula is presented. In actual use, is generally
written as

Equation 4-70:

_2W,H,
S+cC

Ra

(Single-Acting Hammers)
Or
Equation 4-71:

2E,,
a -
S+cC

R

(Hammers with Downward Assist)

If solving for the desired energy, Equation 4-70 is
written as

Equation 4-72:

R,(0.1+5)
2

Een = WhHﬁ‘ =

(Single Acting Hammers)

And if solving for the blow count,
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Equation 4-73:

sl o1 Za oy

Consider the example of a Vulcan #1 hammer, with
a ram weight of 5 kips and a stroke of 3’ for a total
rated striking energy of 15 ft-kips. For a pile with a
design capacity of 60 kips, the blow count will be

S = M -0.1=0.4 inches/blow =

30 blows/ft
(60)

4.7.3.3. Strengths and Weaknesses of
Dynamic Formulae

Dynamic formulae represented an important step
forward for driven piles as they:

e Established a correlation for the energy of the
hammer, the set of the pile, and the capacity/
resistance of a pile.

e Accurately determined that the blows per
foot vs. driving resistance of a pile were
a “saturation growth” model, which both
actual driving and the wave equation analysis
confirm.

e Made it possible to use the hammer as a
measuring instrument, which increased the
credibility of the load carrying capacity of
driven piles.

e Were simple enough to be used widely in times
when computational power was limited to
purely manual calculations or slide rules.

However, dynamic formulae have some serious
weaknesses:

e They model the pile as a rigid, solid mass. For
shorter piles (such as timber piles) this was
reasonable, but as piles became longer, the
importance of wave propagation in the piles
became more apparent.

e The modeling of the soil response and the
various elements of the driving system was
rudimentary or nonexistent, based in many
cases on local experience (which did not always
transfer to other places) or educated guesses.
This is best illustration by considering the
assumptions of the Engineering News Formula
(Equation 4-69.) It is interesting to think about
the fact that the most widely used formula in
the U.S. assumes that:

o Impact between
perfectly elastic.

ram and pile is

o The weight of the ram and the pile is
the same.

o The hammer has an efficiency of 100%.

o Thevarioushammer/pileconfigurations’
elastic properties can be reduced to a
simple variable.

Given all of these, it is little wonder A.M. Wellington
chose a factor of safety of 6 when developing the
formula.

The assumption of a single mass pile does not take
into account tension waves in the piles during driving,
which may lead to tension cracking of concrete piles.
The potential for concrete pile breakage was one
of the main motivations to investigate stress wave
propagation in piles. Dynamic formulae do not address
the issue of driving stresses in piles.

The various ways the variables of Equation 4-67 could
be assumed led to the proliferation of formulae,
which led to widely varying results for a single case
depending upon the formula used and thus undermined
the credibility of dynamic formulae.

These difficulties begged for a more comprehensive
solution, which was provided for impact driven piles
by the wave equation.

4.7.4. Dynamic Analysis by the Wave
Equation

4.7.4.1. Introduction

The wave equation analysis is now the standard
method of predicting drivability in anticipation of
pile driving. The wave equation is used to describe
how stress waves are transmitted in a long rod when
a force is applied at one end of the rod. The idea
of applying the wave equation to pile driving first
came from the Australian civil engineer David Victor
Isaacs in 1931. Although he and others in the 1930’s
basically set forth the theory and most of its potential
use, the theory behind the wave equation was not
implemented then because the equations involved in
the calculations were too difficult due to complications
from the actions of the ram, the hammer cushion, the
pile, and the soil.

The development of high-speed digital computers
permitted the wave equation to be applied to
practical pile driving problems. E.A.L. Smith, who
used a numerical solution to investigate the effects
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of such factors as ram weight, ram velocity, cushion
and pile properties, and the dynamic behavior of
the soil during driving, started widespread interest
in the method in 1960. Since then, considerable
research has been completed, and numerous full-
scale pile tests have been correlated which now
permit engineering judgment to be coupled with
the mathematical accuracy of the wave equation.
Both state transportation departments and private
contractors have used the wave equation extensively
to predict the ability of specific pile driving hammers
to successfully install pile foundations.

In general, the computer solution is used to obtain
the following information for a single blow of the
hammer:

1. To predict the driving stresses induced in the
pile.

2. To determine the resulting motion of the pile
during the impact.

3. To determine the resistance to penetration
afforded by the soil at the time of driving.

4. To estimate the transferred energy delivered
to the pile top.

This information then enables the engineer to answer
such questions as:

1. Can a given hammer drive the pile to the
required depth?

2. What rate of penetration will the hammer
provide, i.e., how long will it take to install

the pile?

3. To what maximum penetration can the pile be
driven?

4., What is the maximum soil resistance to

penetration that the hammer can overcome?

5. Will excessive stresses be generated in the pile
or hammer during driving?

The wave equation is also often used as an aid in
design. For example, it is commonly used:

1. To indicate the blow count required for
penetration of the pile afforded by an estimated
soil resistance at the time of driving. Note that
the wave equation only predicts the resistance
to penetration at the time of driving since soil
set up, group effect, negative friction, and
other time effects may influence the long-
term bearing capacity. Judgment tempered
by experience from geotechnical engineers
is necessary to assess sol resistance at the
time of driving compared with long term load

carrying capacity. The wave equation can be
used in conjunction with restrikes to evaluate
long-term pile capacity.

2. To optimize the cushion, i.e., to determine
which cushion will effectively limit the driving
stresses induced in the hammer and pile, and
yet will still produce the maximum possible
permanent pile set per blow of the hammer.

3. To determine the correct size of the driving
hammer. This reduces the chance of picking
selecting a very large and expensive hammer
whose both its capacity is not needed and
pile damage would result, as well as the more
unfortunate situation of selecting a small
hammer whose driving capacity is found to be
inadequate to drive the pile to the required
resistance or depth.

4. Since the driving stresses can be estimated,
the pile section and strength can be designed.
For example, tensile cracking of prestressed
concrete piles, and the buckling of pipe pilesare
but two examples of driving failures that have
been corrected by use of the wave equation.
The choice of pile dimensions not only affects
the driving stresses, but the drivability of the
pile. For example, in some cases, a pile with
a small cross-sectional area cannot be driven
to the required depth, whereas a pile having
a larger cross-sectional area can. Thus, with
the use of the wave equation the economic
merit of being able to drive the stiffer pile to
a greater depth can be evaluated.

5. To determine the influence of the driving
accessories. It has been shown that in many
cases the driving accessories absorb a major
portion of the total energy output of the
hammer. In some cases, these accessories
account for a 50% reduction in the energy
output of the hammer. The use of the wave
equation enables the selection of optimum
driving accessories required to minimize these
losses.

6. The wave equation is also a powerful
engineering aid for the foundation designer,
since numerous alternative designs can be
quickly studied at very little expense. Such
a study greatly increases the probability that
the final design will be economical and to
installation problems will be minimized.

A longitudinal wave propagates along the pile axis
when a hammer applies an impact load to a pile. As
the ram impact occurs, a force pulse is developed.
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The amplitude and duration of the force pulse depend
on the properties of the hammer-pile-soil system. The
force pulse in the pile travels downward toward the
pile toe at a constant velocity, which depends on the
wave speed of the pile material. When the force pulse
reaches the portion of the pile embedded in soil,
its amplitude is reduced due to static and dynamic
soil resistance forces along the pile. The force pulse
reaching the pile toe will generate a reflected force
pulse (tension or compression) governed by the soil
resistance at the pile toe. The pile will penetrate into
the soil and have a permanent set when the peak force
generated by the ram impact exceeds the combined
static and dynamic resistance at the pile toe.

4.7.4.2. Wave Equation Analysis:
Numerical Solution

The pile and driving system Figure 4-45 (A) are
represented by a series of masses and springs. The
soil is modeled by a spring (R, Static) and a dashpot (R,
Dynamic) attached to each mass. The soil resistances,
shown in Figure 4-45 (C), are linear elastic plastic for
the spring where the maximum force, R, is reached
at a displacement q, called the quake, and linearly
proportional to the element velocity for the dashpot
(commonly known as the damping force).

Theanalysisproceedsbygivingtheramaninitialvelocity.
At each element, the displacement is calculated
for a small time increment with element velocities
determined from the previous time increment. With
these displacements and velocities, the forces acting
on each mass can be determined. Forces on each
mass arise from the pile spring deformations, and
dashpot forces. Using a discretization of Newton’s
Second Law, the mass-accelerations can be calculated.
Integration of computed acceleration yields the
velocity. The computation then proceeds to the next
time increment.

Figure 4-45 Wave Equation Model

(A) Actual System (B) Model

Diesel

=18

— Anvil ————

] Capblock ——3-
| — % Helmet ——»
Cushion ==
M B
3 NN PN

<¢— Pile —

Soil

N

Displacement

Static

(C) Soil Resistance:

R

R, Dynamic

Velocity

(a) the system to be analyzed;
(b) the wave equation model;
(c) the components of the soil resistance model

In application, sets of soil forces R, and damping
forces are assigned at each element. Then the ram
is given its rated impact velocity and the dynamic
computations outlined above are continued through
successive time increments until all soil forces are
less than R . The total permanent displacement will
have then been calculated.

In practice, the wave equation can be used to develop a
relationship between the blow count and the resistance
of the pile, as is the case with dynamic formulae. In
addition, driving stresses can be rationally limited.
While the shape of the two curves is quite similar,
the differences are substantial. A particular wave
equation bearing graph is associated with a single
driving system, hammer stroke, pile type, soil profile
and a particular pile length. If any one of the above
items is changed, the bearing graph changes.

4.7.4.2.1. Available Computer Programs

Wave equation programs fall into three basic
families:

208



Figure 4-46 Pile and Driving Equipment Data Form

Contract No.:

Project:

Structure Name and/or No.:

County:

Hammer Components

Pile Driving Contractor or Sub

tractor:

Ram

Anvil

1 [ IK

Pile

Pile

Distribution
One Copy Each To:

O state Bridge Engineer
[ state Soils Engineer
[ oistrict Engineer

[ Resident Engineer

Hammer

Capblock
(Hammer
Cushion)

Pile Cap

Cushion

Manufacturer:

(Piles driven by)

Model:

Type:

Serial No.:

Rated Energy:

at Length of Stroke

Modifications:

Material:

Thickness

Area:

Modulus of Elasticity — E

Coefficient of Restitution-e

Helmet
Bonnet

Anvil Block| — Waeight:

(P.S.1)

Drivehead

Cushion Material:

Thickness:

Area:

Modulus of Elasticity — E

Coefficient of Restitution

(P.S.L)

Pile Type:

Length (in Leads) —
Weight/ft.

Wall Thickness:

Taper:

Cross Sectional Area

Design Pile Capacity:

Description of Splice:

(Tons)

Tip Treatment Description:

Note: If mandrel is used to drive the pile, attach separate manufacturer’s
detail sheet(s) including weight and dimensions.

Submitted By:

Date:
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The Smith/TTl Family. This includes the
original Smith program, which still exists and is
in limited use. More widely disseminated is the
TTI program, developed in the late 1960’s at
the Texas Transportation Institute at Texas A&M
University. The TTI program was the first wave
equation program to be widely disseminated
outside of the Raymond organization. It is still
available as the MICROWAVE program, which
runs under MS-DOS. The ZWAVE program
developed by Vulcan Iron Works in the 1980’s
was derived indirectly from the TTI but
included other improvements.

The WEAP Family. The WEAP program was
originally developed by GRL engineering
organization for the FHWA in the 1970’s
and 1980’s, and has been updated by the
organization for commercial sale. They include
programs such as WEAP, WEAP86, WEAP874, and
GRLWEAP, which is available for the Microsoft
Windows platform. Although this program is
similar in theory to the TTI program, its main
- and very important - improvements are a)
the realistic modeling of diesel pile hammers
and b) the inclusion of a database of hammers
along with many other user conveniences.
GRLWEAP has also been enhanced with many
improvements that relate to changes in both
pile driving equipment and piles.

The TNO Family. This was developed by the
TNO organization in the Netherlands and is
available as the TNOWAVE program. It has
many of the convenience features of the WEAP
family. A version of this program, IHCWAVE,
is freely distributed by the IHC Hydrohammer
organization for use with their equipment. It
includes simplified hammer, pile and soil input
as well.

4.7.4.2.2. WEAP Program Input Parameters

Before a wave equation analysis is performed, all
input data should be assembled. The wave equation
analysis results are strongly affected by the quality
and accuracy of the input data.
organized on forms such as is shown in Figure 4-46.

This is typically

Input for a wave equation analysis generally requires
the following kinds of information:*

. Title. The name of the job.
2. Analysis Options

a. Output Option.
desired.

The type of output
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Residual Stress Analysis Option.
Commonly wave equation analysis
assumes that there are no stresses in
the pile or soil at the time of impact.
In some cases, this is not so; this allows
such an analysis to be performed.

Maximum Analysis Time (usually by
default).

Number of
default).

Critical Time Increment Ratio (usually
by default).

Iterations (usually by

3. Helmet/Hammer Cushion Information

a.

b. Weight of the helmet.

Type (diesel, air/steam, hydraulic) and
model of hammer.

Although this
itemisfrequentlyincludedwithhammer
manufacturer’s data, contractors
frequently use caps that are not made
by the hammer manufacturer. When
possible this should be determined
and, if not the manufacturer’s cap,
the weight should be determined. In
some cases, a helmet is not used (for
example, if a diesel hammer anvil
impacts the pile directly.)

Area of the Hammer Cushion, usually
taken from manufacturer’s data.
Some hammers do not have a hammer
cushion.

Elastic Modulus of the Hammer

Cushion.

Thickness of the Hammer Cushion. The
manufacturer usually provides this.

Coefficient of Restitution for the
Hammer Cushion. The manufacturer
usually provides this.

Round-Out Deformation for the Hammer
Cushion.

4. Pile Cushion Information

a.

Area of the Pile Cushion. Generally,
this is equal to the cross-sectional area
of the pile head.

Elastic Modulus of the Pile Cushion.

Thickness of the Pile Cushion.

. Coefficient of Restitution for the Pile

Cushion.



7. Hammer Information.

e. Round-Out Deformation for the Pile
Cushion.

5. Pile Head Properties

a. Total Pile Length above and below the
ground surface.

b. Cross-Sectional Area at Pile Head.

c. Elastic Modulus of Pile Head Material.
d. Specific Weight of Pile Head Material.
e

. Coefficient of Restitution of Pile Head
(usually default)

f. Round-out deformation of Pile Head
(usually default)

g. Number of Pile Segments.

h. Uniform Pile Option. For piles that
have a constant cross-sectional area,
this option can be selected. If not,
then the properties (a) through (d) of
each different cross section of the pile
must be input, along with the number
of segments for each cross-section. In
the case of tapered piles, the pile is
divided into segments of decreasing
cross sectional area and the pile is
treated as a “Step-Taper®” pile.

i. Pile Damping (usually default). For
numerical stability, some material
dampening is introduced into the
pile, although engineering materials
invariably have some  material
dampening in any case.

6. Pile Segment Information.

Most common wave
equation programs have hammer libraries
that obviate the need for manual input of this
information. One simply selects the hammer
desired and the information is passed to the
program. The hammer’s estimated mechanical
efficiency may be included in this data.

a. Hammer Override Values. In the case of
a hammer not in the database, or with
special features or modifications, the
following values for hammer properties
are of interest:

b. Stroke Options (primarily for diesel
hammers; for WEAP, the default option
varies the stroke until it matches the
pile response.)

c. Hammer Stroke.
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8.

9.

10.

d. Hammer Efficiency.

e. Hammer Fuel

hammers.)

Setting (for diesel

f. Reaction Weight.

g. Combustion Delay or Ignition Start
Volume (for diesel hammers.)

h. Hammer Dampening.
Soil Parameters

a. Selection of dampening type (Smith,
Case or other dampening).

b. Shaft soil quake. Quake is the distance
a segment of the pile can move relative
to the soil and still experience elastic
soil response. Beyond this, the soil
becomes plastic and permanent set of
the pile becomes possible.

c. Toe soil quake.

d. Shaft soil dampening. This is primarily
the ability of the soil to dissipate the
pile’s stress wave into the soil mass
though radiation, and secondarily
dampening due to fluid movement.

e. Toe soil dampening.

Shaft Friction Distribution. The shaft
friction of a pile can be distributed in a
number of ways along the length of the
pile, and can begin either at the pile
head or at any point below. Depending
upon the program being used, this
data can be input using simplified
distributions, from SPT data or from
programs that analyze the ultimate
static capacity of the pile. In addition,
the portion of the pile resistance that
is mobilized at the pile toe is input at
this point.

Splice/Slack Options. For piles that are spliced,
during driving the splices can momentarily
separate. This option allows the user to place
the splices at the required locations. It is
necessary to properly set up the pile segments
so the splices appear at segment boundaries.

Ultimate resistances. This can be one or
more pile resistances to be analyzed. Usually,
more than one is used to construct a “bearing
graph,” which shows the relationship between
the resistance and the blow count. Newer
wave equation programs have the ability to
include set-up and relaxation factors in the



soil. These also have the ability to analyze
drivability by checking the blow count at
multiple depths; in some cases these programs
can estimate driving time as well.

11. Output Options. Shows the various output
options for the user to view, both tabular and
graphical.

4.8. Drivability and Hammer
Selection: Vibratory Hammers

High installation rates can be achieved with vibratory
hammers under certain conditions. This makes them
attractive for installing piles. The influence of the
type of vibratory hammer was discussed in Chapter 3.
The influence of soil type is as follows:

1) Loose, wet, granular soils (including gravels):
Vibratory hammers are extremely effective in
this type of soil.

2) Soft and low plasticity clays:
hammers generally work well.

Vibratory

3) High plasticity clays, hardpan, and decomposed
rock: Vibratory hammers perform poorly in
these types of soil because of their limited
“chopping” effect (as compared to an impact
hammer). If use of a vibratory hammer is
desired in such soils, a heavier model with
a large amplitude of oscillation should be
specified.

For vibratory drivability studies, the first thought is
to employ the wave equation as is done with impact
hammers. Both GRLWEAP and TNOWAVE have been
adapted to analyze the drivability of piles using a

Table 4-16 Amplitude Requirements, SI Units

VA - VA - VA

Steel Sheet Piling, Open Ended Pipe Piles, H-Piles and
Other Piles witq ét2<o1 50 cm?

Sandy Soils 8-12
Clayey Soil 20-24 12-16
Closed End Steel Pipe Piles, A < 800 cm?
Sandy Soil 20-24 12-16
Clayey Soil 24-30 16-20

Reinforced Concrete Piles, Square or Rectangular
) Section, A, < 2000 cm?
Sandy Soil 24-30
Clayey Soil 30-40
Reinforced Concrete Cylinder Piles of Large Diameter,
Driven with Soil Plug Removed
12-20 8-1
16-24 12-20

Sandy Soil
Clayey Soil

vibratory hammer. However, the use of the wave
equation for vibratory pile drivability is restricted by
two factors:

1. The shortness of piles relative to the vibration
frequency does not induce wave propagation
in most piles during vibratory driving.*

2. The interaction of the pile and soil is not as
well quantified as it is with impact hammers.

This has led to the development of a large variety
of methods for the selection of vibratory hammers.
These can be broken down in the several categories:

e Rule of thumb:

e (0’-30’ piling - small vibratory hammer
(eccentric moment approximately 1200
in-lbs., frequency 1200-1600 RPM)

e 30°-50° piling - medium vibratory
hammer (eccentric moment
approximately 2400 in-lbs., frequency
1200-1600 RPM)

e Over 50’ piling - large vibratory hammer
(eccentric moment approximately 4800
in-lbs., frequency 1200-1600 RPM)

e Scientific:

e Add the weight of the piling to the
vibratory mass in the formula for
amplitude and if the resultant is less
than 1/4 inch, select the next larger
vibratory hammer. Such a method
follows below.

e Experience:
Table 4-17 Amplitude Requirements, U.S. Units

RPM RPM
Steel Sheet Piling, Open Ended Pipe Piles, H-Piles, and
Other Piles lighter than 80 lb/ft
.63-0.80

Sandy Soils 0.32-0.50
Clayey Soil 0.80-0.93 0.50-0.63
Closed End Steel Pipe Piles li%]ter than 420 |b/ft
Sandy Soil 0.80-0. 0.50-0.63
Clayey Soil 0.95-1.18 0.63-0.80

Reinforced Concrete Piles, Square or Rectangular
Section, Cross Sectional Area less than 310 in?

Sandy Soil  0.95-1.18

Clayey Soil 1.18-1.57

Reinforced Concrete Cylinder Piles of Large Diameter,

Driven with Soil Plug Removed

0.50-0.80 0.32-0.50

0.63-0.95 0.50-0.80

Sandy Soil
Clayey Soil
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e What has worked in previous situations
with similar soil conditions and piling
lengths.

Whatever the method, soil conditions have a greater
affect on the size requirement than pile length. Is it
granular? What is the moisture content? What are the
“blow counts” or “N” values on a standard penetration
test? Examine the boring logs - if the material is loose
or medium coarse sand with some moisture, driving
should be easy and a smaller vibratory hammer is
required. On the other hand, if the material is very
stiff or hard clay, driving will usually be difficult. Clay
doesn’t necessarily mean that a vibratory hammer
will be effective. Where there is sufficient moisture
content, plasticity is low, and the vibratory hammer
is large enough. Here amplitude is important; a very
satisfactory result can be achieved with a vibratory
driver.

The following is a method that is a composite of
others developed over the years. It is based on
both experience and theory. Even so, it should be
kept in mind that method presented here is at best
a very sophisticated “rule of thumb” and should be
supplemented by local experience with both actual
piles and soils and good engineering judgment. One
item not considered here is the static weight of the
system this can be increased by mounting bias weights
on top of the vibratory hammer. This can increase the
speed of pile penetration.

For a vibratory hammer to be suitable for a particular
application, the required dynamic force can be
computed by the equation
I;Z<quation 4-74:
den = E(ﬁoRso + ﬁiRsi + ﬁth)
Where
e F

e [} = Beta Factor for Soil Resistance (general)

4n = Dynamic Force of Vibrator, kN or kips

e f, = Beta Factor for Soil Resistance (outside
shaft)

e [, = Beta Factor for Soil Resistance (inside
shaft)

e [, = Beta Factor for Soil Resistance (toe)

e R, = Inside Pile Shaft Soil Resistance, kN or
kips

e R, = Outside Pile Shaft Soil Resistance, kN or
kips

R, = Pile Toe Soil Resistance, kN or kips.

e y = Pile Factor (0.8 for concrete piling and 1
for all other piling.)

e N = Soil Resilience Coefficient (should be
between 0.6 and 0.8 for vibration frequencies
between 5 and 10 Hz and 1 for all other
frequencies.)

Suggested values for  are given in Table 4-14.

Table 4-14 Values of f 5o

Type of Soil

Round Coarse Sand ] ]

Soft Loam/Marl, Soft Loess, Stiff Cliff
Round Medium Sand, Round Gravel

Fine Angular Gravel, Angular Loam, Angular

Loess

Round Fine Sand

Angular Sand, Coarse Gravel
Angular/Dry Fine Sand

Marl, Stiff/Very Stiff Clay

—_

SIS SSs
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The toe resistance and the outside and inside (where
applicable with open ended pipe and cylinder pile)
shaft resistance should be computed using methods
similar to those employed for impact hammers. For
extraction, this formula is altered to read

Equation 4-75:
den = g(ﬂoRso + BiRg; + /J’th)‘ Fext
Where
e F,, = Extraction Force of Crane, kN or kips.

Once this is known, a possible vibratory hammer
for the project can be selected based on minimum
permissible dynamic force in kN or kips. The parameter
of dynamic mass (the dynamic mass includes any
mass of the vibrator not dampened from vibration,
the clamp and any mass of the pile) should be noted,
along with the frequency and eccentric moment of
the machine.

Next the basic parameters of the vibratory hammer-
pile system must be checked. The first is the peak
acceleration, whose value is computed using the
equation
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Equation 4-76:

F
n=102 -9
Mdyn

(SI Units)

Equation 4-77:

n-= dyn
Wdyn

(English Units)
Where
e n =peak acceleration, g’s.
® Mdyn
® Wdyn

Minimum values for this acceleration are given in
Table 4-15.

= Dynamic Mass of System, kg
= Dynamic Weight of System, kips.

Table 4-15 Minimum Peak Acceleration Values

Type of Pile

Minimum Peak Acceleration

Open Ended Pipe Piles

Caissons Closed Ended Pipe 5
Piles Heavy Wall Pipe Piles
Concrete and Wood Piles 3

If the peak acceleration figure is too low, a vibratory
hammer with a larger dynamic force must be chosen
and the peak acceleration recomputed. This iteration
must continue until the minimum peak acceleration
value is achieved.

Next, the required amplitude of the vibratory system
is computed using the equation

Equation 4-78:
A 2000Ky

Mdyn
(SI Units)

Equation 4-79:
A 2Ky
Wdyn

(English Units)
Where

e A = Total Cycle Displacement Amplitude, mm
or inches

e K = Eccentric moment, kg-m or in-lbs

The recommended amplitude values are shown in

Table 4-16 for Sl units and Table 4-17 for U.S. units.
Combinations of pile, soil and frequency where no
value is provided are cases where the pile should not
be vibrated at the given frequency range and soil
condition. Larger amplitudes than those shown are
generally permissible.

If the amplitude is insufficient, then a new vibratory
hammer with the same or greater dynamic force as the
previous one and greater eccentric moment should be
chosen and the amplitude checked again.

Finally, the peak velocity should be checked. It is

computed by the equation

Equation 4-80:
Voo 1.561n
dyn 9

(SI Units)

Equation 4-81:
_307.24n

Vi =
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