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MECHPFANICS OF DIESEL PILE DRIVING
David Maher Rewpe, Ph.D.

Department of Civil Engineering
University of Illinois at Urbana-Champaign, 1975

Research was conducted into the mechanics of pile driving
with diesel hammers. The first step consisted of an investigation
of the mechanical and operational details of diesel pile hammers.
Then, a mathematical simulation of diesel hémmer operation was
developed for purposes of wave equation analysis, which is an
analytical method for prediction of pile load capacity and
driving stress on the basis of driving resistance (pile penetra-
tion per hammer-blow). Finally, the performance characteristics
of diesel pile hammers and the factors affecting performance
were studied.

The details of diesel hammwer design and operation are
described. Differences in design and operation among the
various types of diesel hammer are discussed as they relate
to pile-driving effectiveness. Design features related to
inclined operation and soft-ground operation are discussed,.

The mathematical model of the diesel hammer is
described in detail, with emphasis on the simulation of diesel
compustion, steel-ori-steel impact, and interaction of hammer
operation with the dynamic response of pile and s0il. In wave
equation anélysis of diesel pile driving, the mathematical
hammer model is combined with models of the pile and soil to

produce a total simulation of the hammer-pile~soil system.



B poTe AL Tl AN 24N T

b Al Bt PR T I A N R PR AP HI O T P P TR A AT R PRSP TSR 2 S5 e he BALH I LS I IO SRR IR T DT S N A

Dhts

’ N Y f f
: EREIN oo : . { i
. s A .
- ks - o
L | L :
) [
. . =
»

PO



The simulation has three principal applications: prediction
of the load-carrying capacity of the pile; stress analysis of
the pile during driving; and detalled study of hammer opera=
tion. Prediction of pile capacity and stress analysis axe of
great practical importance in the design and construction of
plle foundations. The detailed study of hammer operation is
potentially useful in the design of diesel pile hammers for
optimum performance. On the basis of compafiSOns of measured
and simulated hammer performance, it is concluded that the

hammer simulation method developed in the current research is

sufificiently accurate for each of the foregoing applications.

Fundamental characteristics of diesel hamnmer performance

are discussed. Energy avallable in the hammer, transmission
of energy to the pile, and the form of the energy at the pile

head are considered,

The results of an investigation of the factors affecting

harmmer performance are presented and discussed., The factors
considered include those related to operational conditions,
such as pile characteristics, soil resistance, inclination,
and fuel volume, and those related to the design of the hammer

and associated equipment.
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NOTAT ION
Symbol
Ad Effective acceleration of ram due to gravity
and friction during downward movement of ram.
Au Effective acceleration of ram due to gravity
and friction during upward movement of ram.
4 o Power-cylinder area in plane normal to axis
P of hammer.
a Cross-sectional area of pile.
BPI Blows per inch ¢f penetration,
Cd Damping constant.
Cf Friction factor pertinent to vertical operation
of hammer.
c Friction factor pertinent to increase in
b e . ; ; :
friction resulting from inclined operation.
Cp Percentage of critical damping.
Cr Compression ratio,
C Velocity of wave propagation.
Dh Deflection of pile head.
b Maximum value of D, .
hm h
Dp Preignition distance.
Dt Deflection of pile tip.
Dtm Maximum deflection of pile tip.
Dtn Net deflection of pile tip.
E Young ‘s modulus of elasticity.
Ea Work done on anvil (energy).

Eag Work done on anvil by gas force (enexgy).

Units

—

F/L
FL

FL
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am
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ar
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xiii

Maximum value of Eag'

Maximum value of Ea'

Net value of Ea, at completion of hammer cycle,

work dope on anvil by ram~impact force (energy).

Maximum value of E .
ar

Available net energy.

Availlable peak energy.

Gas energy lost by exhaust.

Net work done on ram and anvil by gas force
{energy).

Total gas energy released by combustion.

wWOork done on pile head (energy).

MaxXimnum value of Eh'

Net value of Eh’ at completion of hammer cycle.
Latent energy of fu=sl,.

Work done on ram by gas force (energy).

Rated energy of pile-driving hammer.
Coefficient of restitution of bilinear cushion.
Zfficiency of energy transmission.

Hammer efficiency.

Strain rate.

Force.

Force applied to anvil.

Force applied to anvil by gas.
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Xiv

Gas force.

Maximum value of Fg
Ferce in pile head.
Maximum value of Fh.
Impact force on anvil.

Pezk force,

Total soil resistance force under dynamic
loading.

Ultimate value of FS.

Force in pile tip.

Maximum value of Ft'
Acceleration due to gravity.
Impulse on top of anvil.

Impulse on top of anvil due to gas force.

Impulse on top of anvil due to ram-impact force.

Impulse on pile head.
Ratio of hammer impedance to pile impedance.

Viscous damping factor for soil along the side
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Viscous damping factor for soil at the pile tip.

Spring stiffness of hammer cushion.
Spring stiffness of pile cushion.
Length of pile,

Mass of ram:
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Mass of drivehead.
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n, Constant pertinent to compression of gas, 1
N Constant pertinent to expansion of gas. 1
e Gas pressure. F/L2
Py Gas pressure at the beginning of compression, F/L2
P, Gas pressure at the beginning of expansion F/L2
QS Soil quake at side of pilé. L
Qt Soil guake at tip of pile. L
Ru Total ultimate soil resistance under static

loading. F
Ly Ultimate soil resistance under static loading,

for single soil spring. F
Sp Power stroke of ram. L
St Total stroke of ram. L
Td Delay time of gas force. T
Th Hold time of gas force. T
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CHAPTER 1

INTRODUCT ION

1.1 OVERVIEW

This disgertation summarizes the results of a study of
diegel pile-driving hammer performance. The research was moti-
vated by a need within the engineering and contracting profes-
sions for a basic understanding of the mechanics of diesel pile
driving. The need arises partly from the practice of using the
plie driving hammer as both a contractor's toeol and as an
engineer's measuring instrument, As a tool, the pile hammer
serves to force the pile into the ground by repeated applica-
tion of impulsive force. It functions as a measuring instrument
when, as 1s normally the case, the engineer predicts or verifies
the axial load capacity of the pile on the basis of the net
penetration for each hammer blow at final driving. Competent
use of a pile hammer in either function regquires that both
the engineer and contractor have thorough knowledge of the per-
formance characteristics of the particular hammer being used.
In the case of the diesel hammer this knowledge heretofore has
not been available. A peculiar situatiocn exists wherein
diesels are widely used because of their economic advantages,
but are regarded with suspicion and/or discriminated against by
engineers.

The research described herein has led to both a funda-

mental explanation of the performance characteristics of diesel
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hammers and a method for quantitative analysis of diesel pile
driving. Hopefully this will help bring about more competent
use of diesel hammers and, consequently, more efficient pile
installation. |

There are three types of pile hammer in use today, each {
having distinct performance characteristics. In this disserta-
tion, the three types will be designated as impact, diesel and
vibratory hammers. The last, vibratory hammers, are specialized
tools which are radically different from the other hammer types;:
they are not widely used for bearing-pile installation and will
not be discussed further herein. The interested reader is
referred to Smart (1969) for a complete study of vibratory
nhammer performance.

Impact hammers employ a falling mass of steel, called a
ram, which impacts & hammer cushion consisting of a block of L.
wood, plastic or other material softer than steel (Figure 1l.la).
Force is transmitted through the hammer cushion to a second
steel mass, called the drivehead, and then to the pile. Between
hammer blows the ram 1s raised to the starting position by steam,
compressed alr or hydraulic fluid supplied by a remote power
source. The force pulse generated in the pile head by the ram
impact is typified in Figure 1l.lb. Pile~head force increases
rapidly at the time of impact, then decays either rapidly or
slowly, depending upon the dynamic response of the pile and soil.
The mechanics of pile driving with this type of hammer have pre-
viously been investigated by Parocla (1960) and will be discussed

later as they relate to the mechanics of diesel pile driving.
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Diesel hammers resemble impact hammers in that they
employ a falling ram to generate force in the pile. In the
diesel, however, the ram impacts a steel mass known as an anvil
(Figure l.1lc). Prior to impact, ailr is compressed between the
ram and anvil, and fuel is injected; upon impact the fuel-air
mixture ignites and the resulting combustion force drives the
ram upward to the starting position. Because the gas forces
act equally upon the ram and anvil, and because the ignition
is nearly simultaneous with impact, the total generated pile
force is affected by combustion. As indicated in Figure 1.1id,
generated pile force begins to increase prior to impact due to
compressicn of air, increases sharply at the time of impact and
ignition, then decays. It will be demonstrated that combustion
has an important effect on the pile driving performance of
diesel hammers.

Iin diesel pile driving, the complex interaction of
impact force, combustion force, and dynamic response of pile
and soil produces hammer performance characteristics which in
some ways are totally different from those of impact hammers.
At present the only practical mathematical tool for accurately
describing the foregoing characteristics is known as the wave
equation analysis. This is a technique utilizing the one-
dimensional wave equation for mathematical modeling of hammer
operation and-the resulting movements and forces generated in
the pile and soil {(Cummings, 1940; Smith, 1962). Wave equation

analysis supersedes the sowcalled dynamic formulas, such as



the Engineering News Formula, the use of which is no longer
justifiable (Cummings, 1940; Parola, 1970; Davisson, 1974).

Utilization of the wave equation analysis with impact
pile hammers is a straight-forward procedure. Impact hammers
employ a compact mass of steel impacting a hammer cushion which
is soft relative to the drivehead and pile. The mechanics of
this event can be described with acceptable accuracy by simple
eguations of motion (Smith, 1955; Parola, 1970) and, therefore,
are easily incorporated into a mathematical simulation.

Operational characteristics of diesel hammers, however,
pose serious analytical problems with respect to wave equation
methods. The gas force at any point in the hammer cycle is
dependent upon pile characteristics, soil resistance, and other
factors, such that accurate prediction of gas force without
consideration of these factors is impossible. An additional
complicating factor is encountered in the simulation of the
impact of the steel ram on the steel anvil. Steel-on~steel
impact is more difficult to treat mathematically than the ram-
on-cushion (steel-on-softer material) impact of the impact
hammer,

The following steps were taken to identify and explain
the performance characteristics of diesel hammers:

1. Study of diesel hammer design details and cycle

‘ of operation.
2. Construction of an analytical model for simula-
tion of diesel hammer operation in wave equation

analysis of pile driving.
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3. Study of hammer performance characteristics
employing wave equation analysis, hammer test data,
and field observatidns of hammer behavior.

The results of this investigation pertain to diesel
hammers in general because all diesel hammers are fundamentally
similar in operation. Differences exist among the various
hammer models currently in use, but these differences are
adequately accounted for in the analysis presented herein.
Other details not directly related to pile-driving performance,
such as lifting hardware, fuel storage, and maintenance are not
discussed. For historical information relative to the use of
diesel hamwers in the U.S.A., the reader is directed to a
brochure published by Link-Belt, a manufacturer of diesel
hammers (Link-~Belt, undated).

The balance of this chapter is devoted to introductorf L.
information relating to diesel hammers, the fundamentals of the
problem to be solved, and the methods used in arriving at a

solution.

1.2 ADVANTAGES OF DIESEL HAMMERS

Advantages associated with diesel hammers as compared
with impact hammers can be summarized as follows:

1. Self-contained operation.

2. Variable ram stroke.

3. Reduced weight.

4. Simplified cold weather operation.



Self~contained operation leads to several important
economies., Whereas an impact hammer is dependent upon a remote
energy source such as a boiler, air compressor, hydraulic pump
or power winch, a diesel hammer operates independently of such
accessory equipment. As a result, total equipment cost may be
reduced and the cost of labor required for operation of the
auxiliary energy source if eliminated. Mobkilizatlon is cheaper
due to lower freight costs and rapid assembly of equipment at
the jobsite. Fuel consumption is decreased as a result of im-
proved overall mechanical and thermal efficiency. In general,
polluting gas emissions are reduced as compared to those of the
remote power source required for impact hammers.

The ram stroke of a diesel hammer is variable and, as a
result, the peak force applied to the pile is also variable,
This allows a greater flexibility of ope;ation than is now
available with impact hammers. Variable stroke is especially
useful, for instance, in the driving of precast concrete piles.
Such piles are susceptible to tensile cracking under conditions
of "easy driving", that is, low soil resistance. In this situ-
ation a reduced ram stroke leads to a decrease in peak tensile
force i% the pile and therefore to a reduction in the potential
for pile damage.

A commonly used basis for the comparison of the weights
of hammeré of different types is the energy per hammer blow,
where energy is defined as the ram weight multiplied by the

free-fall distance {stroke). To avoid confusicn with other



definitions of energy, the product of ram weight and stroke is
referred to herein as rated energy. For a given rated enexrgy,
diesel hammers typically weight.less than impact hammwers. As a
result the contractor is able to use smaller crane and hammer-
supporting equipment, thus lowering his eguipment costs.

The diesel hammer can be operated efficiently in sub-
zero weather, without the problems of freezing associated with

steam-driven impact hammers.

1.3 DISADVANTAGES OF DIESEL HAMMERS

The most important disadvantages often associated with
diesel hammers are as follows:

1. Lack of information relative to performance.

2. Failure to operate continuously in soft-ground

driving.

3. Low blow rate.

4, Head room reguirements.

The performance characteristics of diesel hammers are
widely misunderstood as a result of the lack of available in-=
formation. Thus, these hammers are often used inefficiently
and in inappropriate situations, or their use is denied in
situations where they would be appropriate,.

When resistance to penetration is low, that is, soft-
ground driving, diesel hammers may not operate continuocusly

and thus require frequent restarting. Innovations in hammer



design have largely eliminated this problem. In some cases
where the problem does exist it may be solved by changing to
a hammer of the same type but of lower rated energy. Operation
in soft-ground conditicns will be examined in later chapters.

The number of hammer blows per minute (blow rate) is of
importance to the contractor because it determines the total
driving time per pile. An increased blow rate results in reduced
costs of equipment and labor. Although blow rates wvary from
hammer to hammer, diesel hammers in general are slightly slower
than impact hammers. The typical range of blow rates for diesel
hammers is 40 to 60 blows per minute, depending on stroke,
whereas comparable impact hammers operate at 50 to 60 blows per
mimate. One type o0f diesel hammer, known as "closed-top",
operates at 80 to 100 blows per minute; a comparable impact
hammer is the differential-acting hammer which operates at
approximately 90 to 120 blows per ninute,

Because of the comparatively long ram and high stroke,
the diesel hammer requires more operating head room. This may
be a disadvantage where head room is restricted due to leader

dimensions or limited overhead clearance.

1.4 ANALYTICAL MODEL

Diesel hammer performance cannot be studied without
reference to the dimensions and material of the pile being

driven and the magnitude and distribution of the so0il resistance
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on the pile. This situation arises from the interdependence
of hammer force output and the dynamic response of the pile
and soil. As a result of the interaction phenomena, analysis
of diesel pile driving must take into account many variables
apart from the hammer.

As a first step in studying hammer performance, all the
significant factors centrolling performance were incorporated
into an analytical model., An idealized version of the model,
in comparison to the real elements of the hammer-pile-soil
system which it simulates, is presented in Figure 1.2,

In the model, mechanical hammer components are replaced
by concentrated masses, massless springs, or combinations of
the two. Gas force is introduced as a function of several
variables, including time and the relative position of the ram
and aonvil. L.

The pile is represented in the model as a series of
masses and springs. Although a pile of uniform cross-section
is shown in the example, the method can be applied with equal
validity to any configuration.

Scil resistance is simulated in the model by pairs of
elastic-plastic springs and dashpots attached to selected mass
points at the tip and along the side of the pile. The magnitude
and distribution of soil resistance on the pile is controlled

by the peak force assigned to each soil spring.
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1.5 WAVE EQUATION ANALYSIS

Forces and deflections within the analytical model are s
calculated by means of wave equation analysis, on the assumption
that the motions of the discrete masses within the model proceed
according to the physical law governing stress wave propagation
in a slender rod, that is, the one-dimensional wave egquation.

A variety of hammer types, pile configurations, and scil con-
ditions can be simulated by insertion of appropriate masses,
spring stiffness and damping constants into the model. Details
of the calculation procedure are discussed in Chapter 3.

The end product of the calculation is a prediction of
net pile penetration, expressed as blows/inch, and peak stresses
and displacements generated in the pile as a result of a single
hammer blow, Each solution is based on an assumed total static
s0ll resistance, which is the ultimate pile load cépaeity, R»
at the time of driving. If solutions are obtained for various
values of Ru’ a curve of Ru vs blows/inch is generated (Figure
1.3). Peak pile stresses, compressive and tensile, can also be
plotted on this graph. Thus, wave equaticn analysis provides
the correlation between penetration data and pile capacity which
is required by the foundation engineer. The stress data makes
possible the optimum exploitation of pile drivability without
pile damage, resulting in economical pile design.

For research purposes, such as the current study of
diesel hammer performance, wave equation analysis is equally

useful. It allows a thorough study of the operational
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characteristics of each hammer component under a variety of
simulated driving conditions, without the prohibitive expense

of prototype testing.

1.6 TEST DATA

The analytical methods developed in this investigation
are based on well established theoretical concepts of mechanics
and thermodynamics. However, there are a great number of var-
iables involved, many of which are difficult or impossible to
quantify. It has been necessary, therefore, to make reasonable
assunmptions relative to these variables and then to check the
net result by comparison of the predicted and measured hammer
performance.

SR Hammer performance measurements are of two basic types:
field checks and instrumented tests. Field checks consist of
jobside measurements of gross and net pile movements during
driving, static tests of pile load capacity, and observations
of hammer behavior under various driving conditions. Instru-
mented tests of diesel pile-driving hammers provide detailed
data regarding combustion~chamber pressures, ram and anvil
motions, and other facets of hammer performance. Unfortunately,
very little data of this type is available eithexr in the liter-
ature or from hammer manufacturers. Such data is potentially
of great value, but it is strongly affected by test conditions

which, in most cases, are not fully documented. As a conseguence,
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useful detailed test data relative to hammer performance is
scarce; samples of available data are included in later

chapters.

1.7 PREVIEW

The results of the investigation will be summarized in
the chapters to follow. 1In Chapter 2 design details and
operating features of diesel hammers are discussed; the emphasis
is on hammer features relating to pile-driving effectiveness.

Chapter 3 consists of a discussion of the application
of wave equation analysis to diesel pile driving, with emphasis
on mathematical simulation of diesel hammexr operation.

Chapter 4 is devoted to the fundamental aspects of
diesel hammer performance including the energy available in
the hammer, transmission of the energy to the pile, and the
form of the energy as it occurs at the pile head.

In Chapter 5 the results of a study of the major
factors influencing diesel hamner performance are presented
and discussed.

Conclusions drawn from the research and proposals for
further research and data collection are presented in Chapter 6.

Appendices include a discussion of oscillation errors
associated with simulation of steel-on-steel impact and a sum-~

mary flow chart describing the DIESEL1 computer program.
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CHAPTER 2

DETAILS OF DESIGN AND OPERATION

2.1 INTRODUCTION

As a first step in the study of diesel hammer performance
it was necessary to investigate the details of hammer design and
operation. Emphasis was placed on those details which affect
the force cutput of the hammer, that is, the force which the
hammer applies to the pile,.

This chapter will summarize the results of the investi-
gation, thus providing a basis for discussions of computer simu-
lation and hammer performance in later chapters. Hammer com-
ponents are identified and the operational cycle is examined
with emphasis on gas force phenomena. Design details and vari-
ations, inclined and soft-ground driving, and other factors

affecting hammer performance are presented.

2.2 COMPONENTS AND OPERATION

Most diesel hammers are of the open-top design as shown
schematically in Figure 2.1. The ram is a solid mass of steel
which moves as a free piston within the steel cylinder and
impacts another stéel mass known as the anvil, or impact block.
Beneath the anvil is the hammer cushion, which is made of

plastic, asbestos, wood or cother material softer than steel.
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The cushion rests on the drivehead, a third steel mass which is
designed to fit the top of the pile. In some cases a second
cushioning element, called a pile cushion, is inserted between
the drivehead and pile. For convenience the elements between
ram and pile head will be referred to collectively as interface
equipment.

Openings in the cylinder wall above the top surface of
the anvil are known as ports. The zone enclosed by the cylinder
between the ports, the bottom of the ram at port closure, and
the top surface of the anvil is known as the power cylinder. A
fuel pump and activating cam are build intc the cylinder wall.

Figure 2.2 is a schematic representation of the opera-
tional cycle of the hammer depicted in Figure 2.1. To initiate
hammer operation the ram is lifted to the top~of-stroke position
(Figure 2.2a) by crane line or other accessory mechanism. This
lifting is required only for the first hammer cycle, after which
the ram is raised by diesel combustion.

wWhen the ram is released from top-cf-stroke, it accel-
erates downward under the force of gravity. Atmospheric pressure
acts egually on the top and bottom surfaces of the ram; thus the
only resistance to downward motién is provided by friction between
the ram and the cylinder walls. On the way downward the ram con-
tacts the fgel—pump activating cam, causing fuel to be pumped
onto the concave tép surface of the anvil, where it collects
in & pool. As the falling ram passes the port it seals the
power cylinder zone and thus prevents further escape of air

(Figure 2.2b).
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As the ram continues downward the power-cylindexr air is
compressed into a progressively decreasing volume, The result-
ing increased gas force acts on the lower surface of the ram, in
opposition to the force of gravity; thus the ram velocity at the
instant of impact on the anvil is reduced. Pre-~impact gas force
acts equally on the anvil, accelerating it downward and further
reducing the relative velocity of ram and anvil at impact.

4s indicated in Figure 2.2c the lower ram surface and
upper anvil surface are designed such that, upon impact, an annu-
lar clearance space known as a combustion chamber remains. The
fuel which was pooled on the anvil is splashed into this combus-
tion chamber where it mixes with the compressed air and ignites
spontaneously. The result is a rapid increase of gas pressure,
approximately simﬁltanecus with impact.

The ram is in contact with the anvil for several milli-
seconds, during which time the reaction force of the anvil and the
gas force first decelerate the ram to zero downward velocity, then
accelerate it upward. After separation of ram and anvil the
accelerating force is provided solely by the gas. The gas force
decreases as the ram moves upward and drops to zero when the bot-
towm of the ram passes the port, opening the power cylinder to the
atmosphere and allowing exhaust (Figure 2,2d). Further upward
movement of the ram creates suction within the cylinder and thus
draws fresh air in”through the ports, such that when the ram
reaches the top-~of-stroke position ancther cycle can begin

(Figure 2.2e).
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A single cycle for the hammer described above typically \
consumes approximately 1.0 to 1.5 seconds, corresponding to a -
blow rate of 40 to 60 blows per minute in continuous operation. L
Each blow generates a force pulse in the anvil, which is trans-
mitted through the hammer cushion and drivehead to the pile,
causing penetration of the pile into the soil.

The generated pile force is a result of both gas and
impact forces on the anvil. The gas component of the force t
begins to act as soon as the ram enters the power cylinder and
starts to compress the air within. Gas force and thus pile

force continue to increase wup to the time of impact, at which

1
time ignition and impact combine to cause an additional sharp
rise in force. The gas force remains after impact forces are |
dissipated. As the ram moves upward this force decreases steadily
' b

until exhaust occurs; the generated pile force then drops to zero,.
The duration of the generated force, for the type of hammer

described above, is approximately 125 to 225 milliseconds.

2.3 GAS FORCE

The gas force developed within a diesel hammer 1s the
focal point of this investigation:; it is this force, as it
affects hammer operation and force output, which results in
most of the anéiytical problems relating to diesel hammers., In
the following paragraphs the three phases of the gas-force pulse,
namely; compression, combustion, and expansion (Figure 2,3}, are
examined in detail. Mathematical simulation of each of thege

phases will be discussed in Chapter 3.
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Compression

The compression phase is defined to begin at port
closure on the downstroke of the ram and to end when ignition
occurs or, in the case of delayed ignition, when ram-anvil
impact occurs. During this phase the air initially occupying
the full power-cylinder volume is compressed to the combustion-
chamber volume. According to customary internal combustion
engine terminology, the ratio of these volumes is known as the
compression ratio.

Within the range of compression ratios encountered in
diesel hammers, the pressures and temperatures generated in the
power cylinder during compression can be calculated on the
assumption that the process is approximately adiabatic and
reversible. It will be shown in Chapter 3 that predictions on

this basis are reasonably accurate.

Combustion

The combustion phase is considered for purposes of this
discussion to begin with ignition and to end with final separa-
tion of ram and anvil. Requirements for ignition, timing of
ignition relative to impact, and force~time relationships during
combustion will be discussed. It will be demonstrated in Chapter
3 that prediction of peak combustion pressures is not required
for wave equation anaiysis of diesel pile driving. Only the

general shape of the force-time curve during combustion need
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be estimated. Therefore, detailed discussion of the thermo-
dynamics of combustion is unnecessary.

Ignition, that is, the onset of rapid general combustion
of the fuel-air mixture, begins when the following requirements
are mets

1. Air attains sufficlently high temperature and

pressure.

2. Fuel is present in proper proportion to the amount

of air.

3. The air and the fuel are mixed such that adequate

alr-fuel interface area is present.

Compression of the power-cylinder air by the ram ful-
fills the first requirement. The second requirement is met by
the action of the fuel pump and injection system. Finally,
mixing of fuel and air is caused by the impact of ram on anvil,
which displaces the fuel laterally intc the combustion chamber
with such force that the fuel is atomized, that is, separated
into many small globules which mix readily with the air. This
process is known as impact atomization.

Another method for atomization of the fuel, known as
spray atomization, employs a high-pressure nozzle to inject and
atomize in a single operation. With this systew, which will be
discussed later in this chapter, the ignition is not necessarily
coincidental with impact.

Ignition occurxing prilor to impact is known as preigni-

tion. This will occur whenever the three requirements for
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ignition mentioned above are met within the power cylinder before
the moment of impact. Normally, in hammers employing impact
atomization, sufficient mixing of fuel and air does not occur
prior to impact. There is evidence, however, that high cylinder
temperatures resulting from prolonged continuous operation may
lead to vaporization of the raw fuel as it is injected onto the
top surface of the anvil. The result is varying degrees of preée~
ignition. In hammers employing spray atomization, ignition
occurs when the spray begins; thus if the spray is initiated
prior to impact, preignition will occur.

The effect of preignition is a sharp rise in gas pressure
just prior to impact, and a consequent decrease in ram impact
velocity. Overall hammer performance may be strongly affected
by preignition; this will be discussed in Chapters 3 and 4. In
hammwers wherein significant preignition occurs it may be pos-
sible to operate the hammer continuously at low stroke without
ram-anvil impact. In this case preignition produces sufficient
gas force to reduce ram velocity to zero before the ram strikes
the anvil. This phenomenon has been observed in field tests on
a Link-Belt 520 diesel hammer (Davisson and McDonald, 1969).

After ignition there is a period in which gas pressure
increases sharply to a peak value. The duration of this period,
from ignition to peak pressure, will be referred to as the rise
time. The rise time ié primarily a function of two factors,
namely, the duration of fuel atomization and the rate of

burning.
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In impact-atomization hammers, atomization is essentially
instantaneous whereas in spray-atomization hammers the duration
of injection may exceed several milliseconds. The rate of burn-
ing of the fuel~air mixture is a function of compression ratio,
combustion chamber configuration, injection spray pattern,
initial combustion chamber temperature, fuel characteristics
and other factors. The state-of-the-art of diesel hammer
technology is such that most of these factors cannot be pre-
dicted accurately without extensive testing.

Because sO many unknown factors affect rise time, it is
not possible to make accurate predictions on the basis of theo-
retical calculations. Therefore it is necessary to rely on the
available force-pulse measurements; samples of these wili be
presented and discussed in Chapter 3. 2aAs will be demonstrated
later, reasonable assumptions relative to rise time vyield solu-

tions of acceptable accuracy.

Expansion

Expansion begins when the ram and anvil separate at the
beginning of the upsﬁroke and continues until the power-cylinder
gases are exhausted. During this phase the power cylinder is
filled is filled with the products of combustion, initially at
temperatures possibly in excess of 3000°F and pressures up to
or SOmewhat.éreatef than 1500 psi. In this state the gases will
not expand precisely accorxding to the thermodynamic laws govern-—

ing expansion of an ideal gas. However, the data presented in
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Chapter 3 indicate that the process approximates adiabatic
reversible expansion.

At least one type of diesel hammer, manufactured by
I.H.I. of Japan, incorporates spray atomization which is timed
to begin at impact and to continue after impact. It is quite
possible with this type of ignition that combustion will con-
tinue into the expansion phase. 1In this case gas pressures
during expansion will be increased by the continued burning.

Exhaust occurs as the lower edge of the ram uncovers
the ports in the cylinder wall. At this time the power cylinder
gases are released to the atmosphere and pressure in the power

cylinder drops to zero (gage).

2.4 DESIGN DETAILS AND VARIATIONS

The force-output characteristics of a diesel hammer can
be affected by the design of certain of its component parts.
Therefore design details of the currently available diesel
harmpers were investigated and evaluated in terms of their
infiuence on hammer performance as indicated by computer simu-
lation. In the paragraphs to follow the most important of these
hanmer-design features are identified and discussed. The means
for accounting for these features in the wave equation analvysis

of diesel pile driving-will be discussed in Chapter 3.

Ram

The most important aspect of ram design is weight rela-

tive to rated energy. In order to achieve a given rated energy
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the hammer manufacturer can provide a heavy ram with a short
stroke, or a lighter ram with a longer stroke. In diesel han-
mers the ratio of ram weight to rated energy is lower than in
impact hammers; typically the diesel hammer will have a ram
weight which is 35 to 60 percent of that in an impact hammer
of equal rated energy. The reasons for the use of a light ram
in diesel hammers include the following:

1. A reduction in ram weiaght results in a reduction
in total hammer weight because the additional
cylinder length required to accommodate a longer
ram stroke introduces less weight than would a
heavier ram,

2. A reduction in ram weight allows a smaller ram
and cylinder diameter; thus the hammer is more
compact and leader size requirements are reduced.

3. Reduced ram diameter can lead to improved
operation under easy-driving conditions.

Ram length relative to diameter is much greater in
diesel hammers than in impact hammers. For a given rated
energy, the effect of the increased ram length is a slight
reduction of peak generated pile force in some driving situa-
tions, particularly where stiff hammer cushions are employed,

Most diesel hammers employ a ram of constant diameter,
as shown iﬁ'Figuré'2.4a. with this configuration the power-
cylinder area, in a plane normal tc the hammer axis, 1s equal

to the ram area. One manufacturer, Link-Belt, produces two



e e earinaman e baln v b D b eade b b e e e b s e R AR R e e A A

29

U

U

¢

= _ t

(a) Constant Diameter (b) Stepped Diameter

Figure 2.4 RAM CONFIGURATION (SCHEMATIC)



T

30

hammer models which feature a ram of stepped-diameter design as
shown schematically in Figure 2.4b. The portion of the ram
which enters the power cylinder has a reduced diameter, such
that the power-cylinder area is less than the area of the upper
section of the ram. The reduced power-cylinder area has impor-
tant effects on the force-cutput characteristics of the hammer
under conditions of high and low soll resistance,

Ram lubrication systems and wear rings can have only a
negative influence on force output. That is, 1f they fail to
reduce friction between cylinder and ram to an acceptable amount,
hammer efficiency will ke reduced., Deficient lubrication bheccmes
pérticularly important when the hammer is used for inclined, or
"hatter™ driving. 1Inclined driving will be discussed later in

this chapter.

Anvil

Earlier in this chapter it was shown that the top sur-
face of the anvil serves as the lower surface of the power
cylinder and transmits force from the power cylinder to the
hammer cushion below. In order to withstand the repeated high
stresses induced during driving, the anvil is designed as a
massive block of steel. Because of its mass, the presence of
the anvil influences the force output of a diesel hammer. In
general, théver, the effect of the anvil mass does not vary
widely among the various types of hammers and, therefore, is

not an important factor in hammer selection.
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Hammey Cushion

Hammer cushions were originally incorporated into pile
driving hammers in order to protect the hammer components from
high stresses during hammer operation, Over the years foundation
engineers and contractors have come to the realization that the
hammer cushion also plays a large role in controlling pile
stresses and, therefore, in determining hammer effectiveness.

Commonly used cushioning materials include hardwood,
plywood, micarta plastic, pressed paper, rubber, coiled wire
rope and asbestos., Aluminum or steel wafers are often included
in the cushion in order to improve heat conductivity.

Selection of proper cushioning from the variety of
available materials 1s one of the most important, but often
neglected, functions of the foundation engineer and contractor,
Criteria for selection of cushioning can be summarized as
follows:

1. Force-deflecticon characteristics should be such
that hammer energy and peak force transmitted to
the pile are adequate for achieving pile penetra-
tion without causing pile damage due to dynamic
stresses.

2. Compressive strength and heat conductivity of
the cushioning material should be adequate to

prevent rapid detericration.



32

3. Availability, initial cost and service life of

the cushion should be favorable as compared to
other suitable materials.

The first of these criteria is of primary importance
relative to the force-output performance of the hammer. parola
{1970) investigated the force-deflection behavior of cushioning
materials and the effect on the performance of impact hammers.
In the case of diesel hammers, generalization is more difficult
due to the increased complexity of the dynamic phenomena and,
therefore, Parocla’'s conclusions should be applied with a degree
of caution and checked by wave equation analysis. It is suffi-
cilient here to state that selection of cushioning deserves the
attention of the foundation engineer and contractor.

Unfortunately, the contractor may not have the ability
to change the overall dimensions of the hammer cushion suffi-
ciently to obtain a desired stiffness, as a result of the
inflexible dimensions of the cushion receptacle built intc the
hammer. 1In diesel hammers these dimensions are such that over-—
all cushion stiffness is sometimes higher than the desired value,
no matter which of the available cushion wmaterials is used. One
solution is to fabricate a new cushion receptacle; this is an
expensive process but has been done on large projects. An
alternative ;5 to employ a pile cushion, between the pile and
drivehead, which wiil simulate the effect of a lower hammer-

cushion stiffness.
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Drivehead

The drivehead, sometimes known as "helmet", is a
detachable hammer accessory which is inserted between the
hammer cushion and the head of the pile. Its function is to
transmit force from the hammer cushion to the pile. The pri-
mary requirement of a drivehead is that it contain a receptacle
on the underside which closely fits the top of the pile, ensur-
ing an even distribution of driving stresses over the pile head.
An ill-fitting drivehead may cause plle damage by applying
eccentric or concentrated loads to portions of the pile head.

In the case of driving precast concrete piles the drive-
head should not fit the pile tightly. A tight fit might cause
pile damage due to torsional stresses induced by pile flexing.
This problem can be minimized by the incorporation of a spherical
lubricated bearing-surface between the hammer-cushion receptacle
and drivehead; Link-Belt hammers have this feature,

Parola (1970) demonstrated that wvariation in drivehead
weilght, within the range of ram-to-drivehead weight ratios nor-
mally used, does not have an important effect on force ocutput.
Therefore weight is normally not a consideration in drivehead

selection {(see Chapter 5).

Pile Cushion

The pile cushion is an optional element in the driving
system which can be inserted between the drivehead and pile.

The functions of the pile cushion are to provide additional
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cushioning and to ensure an even stress distribution over the
head of the pile. Pile cushions are commonly used in driving
precast concrete piles,

Plywood is the most commonly used pile cushion material
because it is relatively soft and easily fabricated into the
desired conciguration. Plywood compresses and deteriorates
quickly under repeated hammer blows; thus plywood cushions are
replaced at frequent intervals. A new cushion for each pile is

commnon .

Power Cylinder

Power-cylinder design considerations include compression
ratio, combustion-chamber volume, cylinder diameter, power stroke
and combustion-chamber configuration. These factors will be
discussed insofar as they influence the force-output charac-
teristics of a hammer. This will establish a basis for the
mathematical simalation ©f hammer conmbustion descrikbed in
Chapter 3.

With reference to Ficgure 2.5, the compression ratio, Cr’
is equal to the ratio of total power-cylinder volume, V to

pc’

combustion-chamber volume, Vcc' Vpc is equal to the sum of the

swept volume, V_, and V__. Therefore
s cc !

- v v, + V
c = BE . .S___cc
o VCC VCC

Current diesel hammers have compression ratios ranging from
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11.0 to 16.5, thus exhibiting a considerable range of design
philosophy.

Combustion-chamber volume is an important factor in
overall hammer performance. For a given compression ratio there
is a limited range of fuel-to-air ratios which can be used
effectively. The combustion-chamber volume, therefore, deter~
mines the maximum and minimum amounts of fuel which can be
burned in a given hammer blow and thus controls the maximum
and minimum amcunts of energy which can be released. Maximum
energy release normally occurs during soft-—ground running at
maximam obtainable stroke, when a large percentage of the avail-
able gas energy is expended in downward anvil movement. Minimum
energy release corresponds to driving with reduced stroke agginst
high resistance, wherein nearly all the gas energy is availlable
for upward ram acceleration. Ideally the combustion=-chamber
volume is such that acceptable fuel-to-air ratios are obtainable
under both maximum and minimum energy conditions.

The diameter of the portion of the ram which enters the
power cylinder determines Apc, the area of the power cylinder
normal to the hammer axis. Because total gas force is egqual £o
gas pressure multiplied by power~cylinder area, the power-
cylinder area is an important factor in hammer performance; this
will be discussed gurther in Chapter 5.

For purposes of this discussion the power stroke, Sp,
is defined as the distance which the ram travels from the point
of port closure to impact, assuming no anvil movement. In many

diesel hammers the ratio of Sp to power-cylinder diameter is
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approximately equal to unity; however, ratios in the range of i
0.5 to 1.4 are encountered. In an effort to increase the energy

rating of existing hammer models, some manufacturers have |
increased power stroke while maintaining the power-cylinder
diameter. In combination with increases in combustion chamber
volume or compression ratio, the increased power stroke allows
the combustion of greater volumes of fuel per hammer blow. Ram
welght is increased by lengthening the ram while maintaining ]
original diameter; thus the additional rated energy is obtained

without increasing the lateral dimensions of the hammer. A

potential denefit of the increasgsed power stroke ig improved

soft-ground operation.

A variety of combustion-chamber shapes can be found in |
diesel hammers. These configurations have been determined by
the manufacturers in order to provide optimum fuel-air mixing,
turbulence, and combustion characteristics for the particular
fuel injection system employed. It 1s probable that the con-
figuration used in a given hammwner is not an important factor
in hammer performance with respect to force output. Therefore,
the effects of combustion-chamber configuration were excluded

from this investigation.

Fuel Svstem

Diesel fuel and kerosene and generally used as fuel for
diesel hammers, depending upon the manufacturer's recommendation.

Use of a lighter, more volatile fuel as an alternative to
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recommended fuels may provide easier starting in cold weather.
However, it also may lead to preignition problems.

Fuel is normally stored in a tank mounted on the hammer
cylinder near the top of the hammer. It flows by gravity to a
metering fuel pump and then is injected into the power cylinder.
The mechanisms required to store, meter, pump and inject the
fuel comprise the fuel system of a diesel hammer.

Several types of fuel system are encountered; common to
all are the mechanisms menticned above. Differences and innova-
tions can be grouped according to their characteristics, as
follows:

1. Variable vs fixed volume metering;

2. Spray vs impact atomization.

3. Injection timing and duration.

Because these characteristics have an important effect on hammer
perfecrmance, each will be discussed in detail.

Metering. All diesel hammers employ some means of
metering the fuel flow to the power cylinder. Some medels pro-
vide a constant volume of fuel per hammer blow by use of a con=
stant-volume metering pump. Increasingly, however, manufacturers
are fitting their hammers with variable-volume metering devices
which incorporate an adjustable fuel setting, accessible to the
operator while the hammer is operating. This permits a greater
flexibility in ope;ation and, as a result, greater rate of pro-
duction and reduced potential for pile damage.

At least one hammer manufacturer, Mitsubishi (Japan),

produces hammers incorporating a variable-volume fuel pump
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which automatically adjusts fuel volume, maintaining relatively
constant ram stroke under varying driving conditions. Although
the writer has not investigated the effectiveness of this feature,
it potentially relieves the hammer operater of the responsi-
bility for continual adjustment of the fuel flow for constant
stroke, To be useful, however, it should include a mechanism

to allow the operator to override the automatic control when
necessary. This is particularly important, for instance, when
driving precast concrete piles through soft soil, in which case
it is desirable to maintain a low ram stroke in order to prevent
pile damage.

Ideally, control of fuel flow should be available to pile
driving personnel at all times during the driving operation in
order that fuel f£low can be changed instantaneously to meet
varying soil resistance. This requirement is not met by
mechanisms which can be adjusted only while the hammer is
stopped or at ground level., Remote controls are generally
preferable. For cptimum efficiency the person controlling the
fuel flow should be in position to observe ram stroke and pile
penetration per blow. This is critical when driving precast
concrete piles.

Atomization. In the previous discussion of gas force

a distinction was made between impact and spray atomization
systems. With impact systems the efficiency of the atomization
process depends upon the relative velocity of ram and anvil at

impact, the distribution of the fuel in liquid form on the top
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of the anvil prior to impact, and the mating of the contact
surfaces of the ram and anvil. In general, efficiency decreases
with a decrease in relative velocity, uneven distribution of
fuel, and mismatching of impact surfaces due to wear and carbon
deposits.

One disadvantage of impact atomization is that the
presence of liquid fuel in the power cylinder prior to impact
may, under certain conditions, lead to uncontrolled preignition.
The results are erratic hammer performance and decreased peak
generated force. One hammer manufacturer has presented evidence
in sales literature that preignition occurs under conditions of
overheating (I.H.I., 1970). This evidence was accumulated under
artificial test conditions: no data taken during actual con-
struction conditions has been published. Field experience of
the writer supports the conclusion that severe overheating does
affect hammer performance and that this is probably due to pre-
ignition, Other factors, such as possible vapor lock in the
fuel lines, might in some cases be responsible for the deteri-
oration in performance of overheated hammers., More research
relative to preignition is necessary {see Chapter 6),

Spray atomization is accomplished by injection of fuel
directly into the combustion chamber through one or more spray
nozzles under pressures in excess of 2000 psi. As compared to
impact atomizatioﬂ; spray atomization affords more flexibility
with respect to ignition timing and duration of combustion.
Because ignition is approximately simultaneous with the begin-

ning of injection, the hammer designer has the option of
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initiating combustion prior to, simultaneous with, or after i
impact. If prolonged combustion is desired, this can be
accomplished by provision for an extended period of injection. [

There is a delay between the beginning of injection and
the onset of general combustion, Available measurements, how-
ever, indicate that the delay is not significant. This subject L
will be discussged further in Chapter 3.

Currently, two manufacturers (Link-Belt and I.H.I.) l
have incorporated spray atomization into their hammers. Link-

Belt hammers feature spray injection which is timed to begin

when the ram is approximately one inch from the anvil and to i
end prior to impact. Controlied preignition is produced by the

injection timing. A constant-start type of Bosch injector is i
employed wherein injection begins at the same ram-to-anvil
spacing regardless cof fuel volume setting. At reduced fuel
volumes the duration of injection is reduced.

Hammers produced by I.H.I. feature spray injection
beginning approximately at the instant of impact and continuing
for several milliseconds thereafter. Im this system the injector
is pressurized by combustion chamber gas. The apparent result
is to provide a gas~force pulse of lower peak value and longer
duration.

Injection timing and duration must be taken into account
in the prediction of Hémmer performance. For this purpose a
general acguaintance with the injection system of each hammer

is required. The effects of timing and duration of injection

on hammer performance are discussed in Chapters 3 and 4.
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Closed Top

Hammers with a closed top differ from the open=-top types
previously discussed in that they employ an air-tight cover on
the top of the cylinder, as indicated schematically in Pigure
2.6a. Air initially at atomospheric pressure is displaced by
the ram on the upstroke and is trapped and compressed in the
bounce chamber, the result being temporary storage of energy
and deceleration of the ram. The energy required to compress
the air on the upstroke is returned to the ram on the downstroke,
thus providing an accelerating force in addition to that of
gravity. The net result is a reduction in the overall cycle
time, which translates intoc an increased blow rate. Hammers
with this feature typically operate at blow rates approximately
twice that of comparable open-top hammers.

Note that the hammer weight provides a reaction to the
upward force in the bounce chamber. Maximum bounce~chamber
pressure, which determines maximum equivalent ram stroke, is
limited by the hammer weight available for reaction. In some
hammers maximum stroke can be increased by addition of weight
to the hammer.

Closed-top hammers of the bounce=chamber type as
described above are produced by Link-Belt and MKT. The MKT
models are convertible from open-top to closed-~top operation.

In order-ﬁo gage the output of a bounce-chamber hammer
it is convenient to calculate an equivalent stroke, that is,

the height to which the ram would rise if the hammer were of
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the open-top type. This is accomplished by calculations based
on the peak pressure developed in the bounce chamber. A bourdon
gage is normally provided with this type of hammer so that
bounce-chamber pressures can be observed. Pressure readings

are converted to equivalent stroke by means of correlation
charts. 1In the case of éages remote from the hammer and con-
nected by hose, the charts provide a correction for hose length.

A different type of closed-top hammer, designated herein
as a vacuum~-chamber hammer, is produced by BSP (England). In
this design, as illlustrated schematically in Figure 2.6b, the
rise of the ram creates a vacuum in the annular chamber below
the shoulder cn the ram. Pressure in the chamber approaches
zero (absolute) after a short upward movement; for additional
upward movement, the downward force on the ram is constant. If
the weight of the hammer is sufficient to provide reaction for
this constant force, maximum stroke is limited only by the
length of the cylinder.

Because vacuum-chamber pressure is essentially independ-
ept of ram position, means other than a pressure gage must be
employed to measure stroke. BSP recommends measurement of the
blow rate and corxrelation of bilow rate to stroke. An elec-
tronic device for automatic measurement of blow rate is provided
with the hammer.

Closed—tép hammers are generally shorter and, because
the actual ram stroke is reduced, require less head room,
Friction losses are lower due to a reduction in the actual

stroke.
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Cooling

The cooling system of a diesel hammey is of wmajor
importance in hammer performance only if it fails. Overheating
can lead to preignition and reduced density of air in the power
cylinder. The result is a detericoration in hammer effectiveness,
as manifested by erratic stroke and reduced generated peak pile
force. For this reason, the use of an overheated hammer should
not be allowed.

Cylinder heat is generated by the combustion of fuel.

The rate of heat production is proportional to the rate that
fuel is burned; therefore, overheating is most likely to occur
in continuous full-throttle operation, especially in hot weather.

Heat is dissipated by discharge of exhaust gas and by
conduction through the cylinder walls to cooling surfaces, from
where it is transferred to the atmosphere by convection and radi-
ation. At least two hammer manufacturers, Kobe and Mitsubishi
produce water-cooled hammers which are claimed to be relatively
immune to overheating. Water cooling may lead to maintenance
problems such as leakage and freezing in cold weather. The

majority of diesel hammers are aixr cooled.

Port Design; Scavenging

Scavenging is the replacement of burned power-cylinder
gases with fresh alr between hammer blows. Poor scavenging

results in low volumetric efficiency and incomplete combustion.
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In most hammers scavenging occurs as a result of the
negative cylinder pressure that is created during the upstroke
of the ram, and which draws in fresh air to dilute the products
of combustion remaining in the cylinder after exhaust. The sub-
sequent downstroke of the ram forces most of the diluted mixture
out through the ports, leaving relatively pure air in the power
cylinder for the next combustion cycle.

At low ram stroke, however, scavenging efficiency is
reduced because a smaller volume of air is drawn into the
cylinder during the upstroke, The regult is inefficient com-
bustion and, possibly, a failure of the hammer to operate con-
tipuously.

One manufacturer, Link-Belt, produces a hammer incor-
porating a positive system for replacement ¢of burned power-
cylinder gases with fresh air; this is known as self-scavenging.
Other hammer designs incorporate optimum design and location of
exhaust ports for improved scavenging.

In some hammers it is possible to operate with one or
more of the ports covered. Thié will affect performance char-
acteristics by altering the effective power stroke and, pos—
gibly, by reducing scavending efficiency. At least one hamwer
manufacturer, Delmag (Germany) incorporates two sets of ports
in certain hammer models in order to provide for easy con-

version of the cjiinder for use with different ram sizes.
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2.5 FEATURES RELATED TO INCLINED DRIVING

Piles driven at an inclination to the vertical are known
as batter piles (Figure 2.7a). The degree of inclination can be
stated as the ratio of vertical distance to horizontal distance;
thus a pile inclined at 14° from vertical is on a 4:1 batter
(Figure 2.7b). For general use, a hammer should have the capa-
bility of driving piles on a batter of 3:1, or less.

Both impact and diesel hammers rely on gravity for at
least part of the necessary ram acceleration. When driving on a
batter, however, only that component of gravity which is colinear
with the hammer axis is effective in accelerating the ram (Figure
2.7c). For a given ram stroke as measured along the hammer axis,
batter operation reduces impact velocity xzelative to vertical
operation. Furthermore, the component of gravity normal to the
hammer axis acts to increase the force between the ram and
cylinder wall, thus increasing friction losses and causing a
decrease in impact velocity.

Measurements are not available which allow an accurate,
quantitative estimate of the effect of batter cperation on ram
ilrpact velocity. However, the following conclusions can be
drawn regarding the effect of inclined driving on the force-out-
put performance of various types of diesel hammers:

1. Hammers with longer actual stroke will be most

affected by increased friction.

2. Hammers incorporating positive lubrication systems

and friction-reducing "wear" rings between ram and

cylinder are likely to be less affected.
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3. Impact-atomization hammers are probably more
affected than spray-~atomization hammers, because
the inclined attitude of the fuel receptacle in %
the impact-atomization models is likely to pro-
duce uneven distribution of atomized fuel in the
combustion chamber.

In general, diesel hammers will tend to increase stroke
automatically to compensate for the inclination of the hammer N
axis, such that the product of ram weight and vertical drop
remainsg approximately constant. Some open-top hammers can be
fitted with a cylinder extension to accommodate a longer stroke
for batter operation. 1In closed~top hammers of the bounce-
chamber type, additional reaction weight must be added in order

to maintain rated energy.

2.6 FEATURES RELATED TO SOFT-GROUND OPERATION

A diesel hammer will fail to operate continuocusly if
total solil resistance falls below a certain threshold value,
either the fuel-air mixture will not ignite on the initial
downstroke or, if ignition does occur, the stroke on succeeding
cycles will decrease progressively until the hammer stops alto-
gether. When this happens the ram must be lifted by a crane
line for each stroke until the pile penetrates to firmer soil.
This is a time-consuming and annoying process which should,

and can, be minimized or avoided by proper hammer selection.
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The two symptoms of soft-ground operational problems,
failure to ignite and insufficient stroke, are both caused by
excessive anvil movement. In Figure 2.8a, the forces acting on
the anvil-cushion-drivehead-pile system are the power-cylinder
gas force, Fg’ the impact force, Fi, and the soil resistance
force, Fe- Inertial forces and wave phenomena are of secondary
importance in this case and have been neglected for simplicity.
Large downward anvil movement will occur when the sum of Fg and
Fi exceeds Fsu’ which is defined as the ultimate wvalue of FS
(Figure 2.8b).

Failure to ignite results when preimpact anvil accelera-
tion is so0 great that impact either does not occur, or occurs at
low relative velocity. Hammers emplovying impact atomization
require the relative velocity of ram and anvil at impact to be
sufficiently high so that fuel and air will be thoroughly mixed.
2 low impact velocity may result in incomplete atomization of
the fuel and consequent failure to ignite.

Insufficient stroke is caused by ex¢essive anvil move-
ment during the critical period between ram-anvil separation
and exhaust. When soil resistance is high compared to the peak
gas force the anvil movement during this period is small and
nearly all the gas energy is expended in accelerating the ram
upward (Figure 2.8c). 1In soft ground, however, Fg exceeds Fsu
and the anvil moﬁés downward as the pile penetrates the soil.

In the process, gas energy is consumed and the force pulse on
the ram is insufficient for ram acceleration (Figure 2.8d); the

result is a reduced upstroke.
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Lt the reduced stroke the ram may fail to actuate the
fuel pump,0r scavenging efficiency may be reduced to a great
extent. 1In either case, ignition will not occur on the subse-
quent downstroke and the hammer must be restarted.

To overcome the soft-ground operation problem it is
necessary to select a hammer which will operate at a low
threshold value of Fou® Very little definitive data is avail-
able relative to the soft-ground running of various hammer types
and sizes. However, it is possible on the basis of field obser-
vations and knowledge of hammer operational details to identify
a number of hammer characteristics which tend to lower the
threshold scil resistance of a hammer. These characteristics
can be summarized as follows:

1. Low rated energy.

2. Variable fuel volume.

3. Spray atomization.

4, Efficient scavenging at low stroke.

5. High ratio of power stroke to powerwcylinder

diameter.

6. Delayed fuel injection.

7. Low compréssion ratio.

In general, hammers of low energy rating have a lower
threshold soil resistance than larger hammers of similar design.
Although éémbustibn pressures are equal to those in a large
hammer, the power-cylinder area is smaller and therefore the

total gas force is lower throughout the hammer blow. Thus, if
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soft-ground running is critical, one of the most obvious reme-
dies is to change to the smallest hammer consistent with the
minimum hammer size required for development of pile bearing
capacity. In the driving of offshore pileg through great
depths of soft soil, a small hammer is sometimes used for
initial driving aﬁd a larger hammer is employed for final
driving.

Variable fuel volume allows the hammer operator to
increase the amount of fuel burned to compensate for the energy
consumed by anvil movement,

Spray atomizaticn and efficient low-stroke scavenging
allow a hammer to operate at a lower stroke. Because spray
atomization is not dependent on ram-anvil impact for efficiency,
the fuel-air mixture required for ignition can be achieved in
the event of low impact velocity or, possibly, when impact does
not occur. Efficient low-stroke scavenging will provide suffi-
cient fresh air in the power cylinder for combustion.

If the power stroke is long in comparison to the power-
cylinder diameter, the effect is to lessen the peak gas force
and prolong the gas-force pulse, such that Fg exceeds Feu for
only a small portion of the time between ram-anvil Separation
and exhaust., Delayed, prolonged fuel injection has a similar
effect. A low compression ratio reduces pre-impact anvil move-
ment.. Each oflfhese features serves to lower the threshold

soll resistance for a given hammer.
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It should be noted that the gas~force pulse characteris-
tics which are optimum for soft-ground running are not optimum
for peak hammer output under conditions of high s0il resistance.
This is discussed further in Chapter 5.

One additional measure, available to the engineer and
contractor for purposes of improving soft-ground operation, 1is
to increase drivehead weight, The added mass provides inertial
reaction to the gas force, thus reducing anvil movenent. This
should be done only as a last resort because it may reduce pile-
driving effectiveness. The influence of the additional weight

should be checked by wave eguation analysis.

2.7 FACTORS AFFECTING PERFORMANCE

Like any machine, a diesel pile-~driving hammer is
subject to wear and deterioration which may affect performance
adversely. Fortunately, sub-standard hammer performance usually
manifests itself in easily observable operating characteristics.
For instance, a hammer with a malfunctioning fuel system or worn
compression rings will fail to achieve a full stroke in condi-
tions of high soil resistance. Overheating may result in
erratic operation and uncontrolled preignition. Preignition
will result in a reduction in peak pile deflection, which can
be detected by pencil set-graphs made by drawing a pencil horiw-
zontally across a paper attached to the pile as it is being

driven.
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High ambient temperatures may lead to overheating after
long periods of continuous running. Cold temperatures, however,
have little effect on performance., Starting may be a problem,
although a highly volatile starting fluid (ether) is usually

effective in initiating combustion.
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CHAPTER 3

COMPUTER SIMULATION

3.1 INTRODUCTION

The development of a method for computerized, mathemati-
cal simualation of diesel pile-driving was considered essential
to this investigation. Computer simulation of pile driving,
commonly known as wave equation analysis, is a method for
studying the dynamic response of the pile and soil to a hammer
blow. The method is used routinely by geotechnical engineers to
correlate pile bearing capacity with soil penetration resistance,
expressed as hammer blows/inch. In addition, the method is a
useful means for performing a comprehensive investigation of
hammer operation under a wide range of simulated driving condi-
tions., PFurther, it provides a framework of theoretically sound
concepts within which actual hammer performance measurements
can be analyzed and evaluated,

Currently available methods for wave eguation analysis,
however, are not adequate for simulation of diesel pile-driving.
Although the mathematical models of pile and soil used in current
methods are sufficiently accurate for purposes of this investi-
gation, the hammg; model is not. Therefore, development of a
more accurate hammer model was a preregquisite to the study of

diesel pile-driving.
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In this chapter the basic concepts relating to wave
equation apalysis are summarized briefly in order to provide a
basgis for the subsequent discussion of hammer modeling. The
improved hammer model, which has been incorporated into the
DIESEL]l computer program, is described in detail with parti-
cular emphasis on gas~force simuilation. Problems associated
with simulaticn of steel-on-steel impact are explored and a
method for dealing with these problems is presented., Friction
and inclined driving are discussed and methods of simulation are
proposed. Finally, the accuracy of the solution is evaluated

by comparison with test data.

3.2 WAVE EQUATION ANALYSIS |

Wave Phenomena

Ram~on-pile impact is properly represented, for analytiw-
cal purposes, as the coaxial impact of a short rod (ram) and a
longer rod (pile), as shown in Figure 3.la. Ram impact generates
a stress wave, or pulse, in the pile head. This pulse travels
down the pile toward the tip, at which point it is reflected
upward toward the pile head, where it is reflected once more.
The process continues until all the enexrgy contained in the
force pulse is dissipated by plastic soil deformation, soil
damping, internal damping in the pile and other losses. The
back-and~forth motion of the force pulse through the pile is
described by the one-dimensional wave equation as follows

(Figure 3.1b}:
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ét_1_2_ _ E 3.’.% (3.1) 1
¥t € Ix
where u = particle displacement in direction of pile axis.
x = distance of particle from pile head, i
E = Young's modulus of pile material.
P = mass density of pile material,
t = time.
Analysis of pile driving by solution of this equation is known e
as wave eguation analysis.
Numerical Method '
In rmathematical terms, wave equation analysis can be é
described as the solution of a second order partial differential
equation with initial values. A closed-form solution is possible
for highly idealized problems, such as the ram~on-rod impact L.

depicted in Figure 3.la (Donnell, 1930). For more realistic
problems, however, the following boundary conditions are
encountered:
1. Non-prismatic pile; presence of anvil, cushion and
drivehead.
2. Slack (no tension) at some points in the system.
3. Elastic-plastic, stress-strain characteristics
of soil.
4, Inélastid'stress~strain characteristics of hammer
cushicon and other elements in the system.
5. Distributed soil resistance.

6. Damping at various points in the system.
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Due to the complexity of these boundary conditions,
closed-form solutions of the wave equation as applied to real
pile~driving problems are not feasible. However, Smith (1955,
1962) developed a method for solution of these problems by step-
by~step finite difference techniques suitable for use with a
digital computer. Smith's method for analysis of impact pille-
driving has been modified for analysis of diesel pile-driving.

The first step in wave equation analysis is the identi-
fication of all the significant elements of the pile~driving
problem to be solved. 1In the example shown in Figure 3.2a, the
basic elements are the hammer, hammer cushion, drivehead, pile
cushion, pile, and soil. The next step is the conversion of
the elements into diécrete masses, springs and dashpots. As
shown in Figure 3.2b, the hammer ram is represented by a con-
centrated mass, the hammer and pile cushions by weightless
springs, and the drivehead by a second point mass. The pile
is broken into segments, each represented by a point mass equal
to the mass of the segment and by a spring of stiffness equal
to the stiffness of the segment.

S0il resistance is modeled by elastic-plastic springs
and limnear dashpots acting in parallel with the springs. The
location and ultimate resistance, L of each of the soil
springs is gpecified so as to approximate the estimated distri-
bution and.total"value of soil resistance. The total soil
resistance, Ru’ is by definition equal to the ultimate pile

bearing capacity under static load. The maximum elastic
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deformation (quake) of each soil spring and the damping factor
of the associated dashpot are specified.

Calculations begin the instant the ram contacts the
hammer cushion. The hammer ram is assigned an initial velocity,
Voo which is equal to the estimated velocity at impact. V_ is

o
calculated by use of the following equation:

Vo = 2 g Sy ey, (3.2)
where

g = acceleration due to gravity.

5, = ram stroke.

eh = estimated hammer efficiency.

All other masses are assigned an initial velocity equal to
Zero,

A time interval of calculation is selected. Calcula-
tions describing the motions of the masses and the compressions
of the springs are performed at times corresponding to the
selected time intervals during the hammer blow, continuing
until pile deflections have maximized. The interval to be used
must be small relative to the shortest natural period of oscii-
lation of the adjacent spring-mass combinations within the
system in order that all movements can be predicted accurately
and that the calculation remain mathematically stable. Simple
criteria for selection of a suitable time interval are

available,
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Calculations proceed sequentially, with the calculated

motions and forces for the end of one interval becoming the !
starting point for the calculations in the following interval. {“
For one interval, a set of calculations is performed for each

mass segment, starting with the ram and proceeding downward to L
the pile tip segment. The calculations for each mass are as

follows:

1. <¢Calculate the new position of the masg, which is l
equal to the initial position {at beginning of
time interval) plus the initial velocity multiplied
by the time interval.

2. Using the specified spring stiffnesses and damping :
coefficients, calculate the compression and force iﬂ
in all adjacent plle springs, soll springs and
dashpots. L

3. cCalculate the net force on the mass,

4, Calculate the acceleration of the mass.

5. Calculate a new velocity for the mass by adding

to the initial velocity the product of accelera-
tion and time interval,.

Time is incremented by one interval, and the series of
calculations described above is repeated. This process con-
tinues until pile tip deflection reaches a maximum and begins
to decrease,-ét which time the wave eguation analysis for the
assumed value of Ru is complete, In the case ©f concrete piles,

calculations may continue for additional time intervals in
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order to determine peak tensile stresses, which often occur

after peak tip penetration.

Results

The end result of wave equation analysis is a record of
the response of each of the model segments to the hammer blow,
as well as a record of ram movements during impact. Net pile
penetration is calculated as the maximum gross tip deflection
less the maximum elastic tip deflection (quake). Record is kept
of the peak compressive and tensile forces occurring within each
of the pile springs. These peak forces, when divided by the
corresponding pile area, egual the peak dynamic pile stresses.

In normal practice, the above calculation is repeated
for several values of Ru’ and the results are summarized on a
plot of R, and peak stress vs blows/inch, as described in
Chapter 1. An example plot of wave equation analysis results
is included as Figure 3.3.

It is important to note that the predicted pile bearing
capacity, Ru, is the capacity immediately after driving is com=
pleted. In some soils, pile capacity changes with time after
driving as a result of time-dependent variations in soil
strength. Such changes are not accounted for by wave equation
analysis.

For reseaféh purposes, a great deal of additional infor-
mation can be derived from the calculations described above.

By examination of the mass motions and spring forces at each
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pile bearing capacity, comparisons of measured versus predicted
capacity are often confused by incorrect input data, by incon-
sistent orx irrational definitions of pile test failure criteria,

and by time-dependent changes in pile capacity. In practice,

however, 1f all variables are documented with reasonable accuracy,

errors in prediction of pile capacity of less than 10 percent

are normal,

3.3 MODELING THE DIESEL HAMMER

In order to analyze diesel pile-driving, it is necessary
to replace the impact-hammer model described above with one that
accurately simulates diesel-~-hammer operation. In this section
the requirements for effective modeling will be discussed, and
one commonly used model will be evaluated in terms of these
requirements. A revised model, which meets the requirements,

will be presented and discussed.

Recquirements

It is essential that the hammer model simulate the
interaction of impact and gas forces with the dynamic response
of interface equipment, pile and soil. The model must reproduce
the changes in hammer force-output which accompany variations
in interfaqe equipment stiffnesses and weights, pile materials
and configuratioﬂ; and soll resistance characteristics. For
example, the model must respond to simulated soft-ground

driving in the same way that the hammer does; that is, large
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pre—~impact deflections, reduced impact velocity, and decreased
upstroke.

Gas=force effects must be simalated realistically prior
to, during and after impact. Therefore, the iterative calcula-
tions must begin as the ram enters the power cylinder in order L.
to account for the effects of gas force on ram and anvil motion
prior to impact.

Finally, the medel must be sufficiently flexible that
it can easily be modified to reflect differences in design
among the many hammer types and sizes currently in use. For L
example, the model must be capable of simulating preignition,

prolonged fuel injection, and bounce- or vacuum-chamber effects.

Existing Model

A modification of Smith's model of the impact hammer
for use in the simulation of diesel pile~driving was proposed
by Edwards (1967). BAs depicted in Figure 3.5, the diesel hammer !
is modeled as follows:

1. Ram, anvil and drivehead are considered to be

discrete masses separated by weightless springs.
The ram may be segmented.

2. The spring between the ram and anvil is assigned
a stiffness equal to the overall axial stiffness
of the ram (Area x Modulus/Length).

3. Impact velocity, V_ is calculated from the

o
following equation:
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v, = \2 g (5, - sp) ey (3.3)

where g, S, and e, are as previously defined

t

{e, is set equal to 1.00), and Sp = the distance

h
traveled by the ram between port closure and
inmpact,

4, Calculations begin at the instant of impact. After
impact, the force in the ram—-anvil spring is held
at a predetermined minimum value, Fgm’ for 10
milliseconds, then allowed to decay to zero over
an interval of 2.5 milliseconds. This provision
is intended to simulate the gas force. The value
of the above mentioned minimum force is selected
either by judgement or upon the recommendation of
the hammer manufacturer. No provision is made for
adjusting the minimum force to simulate variations
in driving resistance and hammer stroke,
5. Examples cited by those proposing the method
include the use of coefficients of restitution, e,
for the ram—anvil spring and the first pile spring
which are less than normally-used values.
This model has been given a thorough trial over a period
of years, during which time several serious deficiencies have
become apparéﬁt. Specifically, the shortcomings can be sum-

marized as follows:

—
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1. Incorrect simulation of the gas~force pulse during
and after impact. No attempt to simulate pre-
impact gas force.

2. Incorrect provision for effect of gas force on
ram movement prior to and during impact.

3. Absence of provision for the interdependence of gas
force and anvil movement prior to, during and after
impact,

4. Absence cof provisioun for damping of spurious model
oscillations arising from simulation of steel-on-
steel impact,

As a result of these deficiencies, use of this model
leads to potentially large errors in the prediction of pile
capacities and stresses. Typically, load capacities are over=
estimated by up to 20 percent (more in certain conditions); pre-
dicted peak pile stresses can be more than 50 percent higher than
measured values. This is illustrated by a comparison between
predicted and measured force in the head of a concrete-filled
pipe pile being driven by a Link-Belt 520 diesel hammer (Davisson
and McDhonald, 1969)}. In Figure 3.6 the measured and predicted
force is plotted versus time. Peak pile force predicted by wave
equation analysis, using the model described above, is far in
excess of‘;he measured value. Thé oscillatory nature of the
predicted force ﬁﬁlse, which 1s related to the steel-on-steel

impact, will be explained later.



Pile- Head Force, kips

L RRREL L s R i e e

73
i
HOO | T I | i
. AberdeenTest Pile
1000+ LB 520 Hammer, 25psi -
800— #J |
— Predicted By Model-Edwards (1967) '
----Measured | b
600
' '
I
'ﬁ
[
400|— ;
5
!
!
’l
200— !
i
/
//
e aaR

Figure 3.6

PREDICTED VS MEASURED FORCE~PULSE,
EXISTING HAMMER MODEL



74

The amount of error introduced by Edwards' hammer model
is not consistent from case to case. In general, driving con=
ditions leading to maximum error in the wave equation solution
have been identified as follows:

1. High pile impedance relative to hammer enexgy

rating.

2. High driving resistance.

3. Low ram stroke, as compared to rated value.

4, Preignition.

PU—

5. Stiff hammer and pile cushioning.
In general it is impossible to estimate the error, and thereby
to correct the computer output in order to bring the results
{ close to reality. Clearly this model is inadequate for general
use in wave eguation analysis and, particularly, for an

investigation of hammer performance,
3.4 IMPROVED MCDEL

An improved mathematical model of the diesel hammer was
developed for the purposes of this investigation and incorporated
in a computer program named DIESELl. The significant features
of the improved model are as follows:

1. Simulation of the entire hammer cycle, including

-downstroke, power stroke and upstroke, by means of
iterative calculations which begin at port closure

and continue through exhaust.
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2. Realistic approximation of gas force, incorporating i
compression, combustion and expansion phases and
accounting for all hammer design features affecting |
gas force.
3. Automatic adjustment of gas force for equality of
downstroke and upstroke, taking into account the
effects of the dynamic response of interface equip-
ment, pile and soil.
4. Segmented ram.
5. Simulation of closed-top operation,
6. Provision for damping spurious oscillations. l
The main components of the model are shown schematically
in Figure 3.7. Details relating toc the gas force and control of {
oscillations will be presented later in this chapter.
Normally the calculation begins with assumptions of
total ram stroke. (It will be shown later that gas energy,
rather than stroke, can be used as starting point.} Ram velocity
at port closure is calculated from the stroke, with correction
for estimated friction losses. At port closure the step-by-
step calculation begins. As the ram moves downward toward the
anvil, the simulated gas force causes deceleration ¢of the ram
and downward accéleration of the anvil. Anvil deflection
results in forces and @ovements in the mass-spring system below
the anvil such that, at the time of impact of ram on anvil, the
entire system is in motion.
buring the period of ram-anvil contact, the total force

on the anvil is the sum of impact and gas forces. Ram motion
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during this period is controlled by the forces of gas and impact
acting upward and gravity acting downward.

Step~by-step calculations continue through the expan- i
sion phase of the power stroke, during which time the ram is
accelerated upward by gas force and pile rebound. When the ram
reaches the exhaust ports the iterative calculations are termi-
nated., By this time the pile has reached maximum penetration
and rebounded, and the dynamic stresses have maximized. Ram ]
velocity at the instant of termination is used to calculate
total upstroke, with correction for estimated friction loss. L.

The calculated upstroke will be equal to the specified
downstroke only if the estimated gas force is accurate. For
reasons to be discussed later, 1t is not practical to determine,
in advance of the first calculation, the correct gas force.
Therefore a trial-and-error process is required; this is an L.
essential feature of the model. If the calculated upstroke
is different from the assumed downstroke, gas force is adjusted
automatically and the calculation repeated. In this manner,
the correct gas energy input is obtained.

The ram, like the pile, is broken into several segments.
This procedure increases computation time somewhat, but is
justified by increased accuracy. Simulation of the ram with
a single concentrated mass can be justified only in cases
wherein the fundameptai period of vibration of the ram is
small compared toc the duration of impact. This is generally

the case in the simulation of impact hammers, which have a
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relatively short ram and a relatively soft hammer cushion. The
short ram length leads to a short fundamental period, whereas the
low cusghion stiffness increases the duration of impact.

Diesel hammers usually have a comparatively long ram,
with a correspondingly longer fundamental period of vibration.
Impact duration is short due tb the presence of the anvil and
the relatively high hammer cushion stiffness. As a result,
segmentation is required for acceptable computational accuracy.
In general, four equal segments are sufficient. Errors in the
prediction of peak force on the order of 15 percent are possible
if the ram is not segmented.

When bounce-chamber effects (closed-top hammers) occur
during the powef stroke of the hammer, the program has the
capability of simulating these effects., For instance, in Link-
Belt hammers the bounce-chamber pressure acts on the ram until
the ram is within approximately one inch of the anvil. The
program calculates the bounce-chamber pressure at each time
interval and takes the resulting force into account in the
calculation of ram acceleration.

The dashpots shown in Figure 3.7 serve to damp oscilla-
tions which may occur in the mass-spring model under certain
conditions, but which do not occur in the reazl hammer-pile-
soil system. The source of this oscillation and methods for

controlling it are discussed later in this chapter.
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3.5 GAS FORCE SIMULATION

An exact simulation of the gas—force pulée is impossible
because of the numerous factors involved, many of which are not
highly predictable because they vary with driving resistance,
fuel type, hammer temperature, and other factors. Therefore,
the problem of simulating the gas force was approached as
followss

1. Identification of fundamental physical and chemical

processes controlling the buildup and decay of gas
force,

2. Approximation of gas force by a mathematical !

model based on the fundamental processes. -

3. For each solution, adjustment of gas force for

overall balance of energy, as manifested by
equality of downstroke and upstroke.

4. Check and modification of the method of force

similation by comparison with test data.

It was shown in Chapter 2 that the gas~force pulse can
be divided into three phases: compreéession, combustion and
expansicn. 1In this section, the model developed for each
phase will be described and discussed. At the end of this
chapter the simulation method will be evaluated by comparison

of predicted and measured force pulses,
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In order to estimate the efifect of pile tip damage or
rock fracture on the force pulse, an additicnal DIESELl simula-
tion was performed assuming a quake at the pile tip of 0.5 inch,
as compared to 0.1 inch assumed in the simulations shown in
Figures 3.19 through 3.21. The effect of the higher quake is
to reduce the effective stiffness of the tip soil-spring below
what is normally encountered. Results of the simulation are
shown in Figure 3.22. The predicted force pulse is similar to
that corresponding to normal quake (Figure 3.21) up to 65 millii-
seconds after port closure. At 70 nilliseconds, approximately,
a tensile wave folliowed by a compressive wave is predicted, very
similar to those actually measured. This supports the possi-
bility of tip damage or rock fracturing.

The Aberdeen test pille was driven to refusal with a
Bodine Resonant Driver and then lcoad tested to an estimated
failure load of 268 tons, prior to the hammer tests. Total
penetration during the hammer tests was 3.25 inches under a
total of 437 blows, indicating essential refusal. The DIESELL
prediction of capacity is 285 tons.

A second set of data pertinent to a Delmag D12 hammer
operating on an H-section steel pile was reported by Goble,
Kovacs and Rausche (1972). The Delmag D12 is an open-top
hamreer with constant fuel volume. Figure 3.23 is a comparison
plot of the pileuhea& force pulse as predicted by DIESELLl and
as measured. The éorrelation is generally good, with a peak-

force error of ~ 7 percent.
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A static pile load test was performed on the test pile.
The pile capacity prediction by DIESELl was 83 tons. Pile
capacity as determined by the Davisson criteria (Davisson,

1973) was 85 tons.

Comparison of Predicted and Measured Pile Capacity

The primary check on the hammer model was provided by
instrumented~-hammer and instrumented-pile tests such as those
just described. BAs a check on the performance of the simulation
method as a whole, data was accumulated relative to comparisons
of pile capacity as predicted by DIESELl and as measured by
static leoad tests., This information is summarized on Figure
3.24. In general the error in prediction of capacity is less
than 10 percent of measured pile capacity which is consistent
with the error to be expected in wave equation analysis of pile

driving with impact hammers,

Conclusion

It is concluded that the simulation methods described
herein are adequate for analysis of diesel hammer performance
and prediction of pile stress and capacity. Confidence in the
results is equal to that pertaining to wave equation analysis

of pile driving with impact hammers.
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CHAPTER 4

FUNDAMENTAL ASPECTS OF DIESEL HAMMER PERFORMANCE

4.1 INTRODUCTION

In the process of piie driving, energy contained in the
hammer is transmitted through the interface eguipment to the
pile, causing penetration., The rcole of the hammer in this
process can be examined according to three fundamental aspects
of hammer performance: first, the gquantity of energy available
in the hammer for transmission to the pile; second, the
efficiency with which the energy is transmitted through the
interface equipment to the pile; and third, the form of energy
delivered to the pile head, defined by the shape and duration
of the incident force pulse plotted versus time. In this chap=-
ter, each aspect of performance is explained and discussed in

relation to diesel hamner operation.

4.2 AVAILABLE ENERGY

A distinction should be made between available peak

enerqgy, Eavp’ and available net energy, E

energy is defined as available energy contributing to the peak

avn® Availlable peak

transmitted eneréy at the pile head, that is, the energy at

peak deflection prior to rebound. Available net energy is
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defined as available energy contributing to the net transmitted
energy at the pile head after rebound has occurred.

For impact hammers both Ea and Eavn are equal to Ew

vp h’
the potential energy of the ram at the top-of-stroke position,
relative to the bottom-of-stroke position. Additional energy,
for lifting the ram, is supplied to the hammer via ailr, steam
or hydraulic pressure; however, this occurs sufficiently long
after impact that pile penetration is not affected. Therefore,
the added energy is unproductive and should not be considered as
part of the available energy.

In diesel hammers, available net energy, E is equal

avn’

to E the latent energy contained in the fuel to be burned

1£?
during a single cycle of operation, In this case, fuel epergy
gualifies for inclusion in avallable energy because combustion
occurs approximately at impact and thus contributes to pile

penetration. Ram potential energy, Ewh’

diesel hammer, as in the impact hammer, at the beginning of

is present in the

the hammer cycle. However, for continuous operation of the
hammer, energy equal to Ewh must be returned to the ram after
impact. Thus ram potential energy should not be considered as
part of net available energy, Eavn'
A portion of ram potential energy, @E%ﬁv may be trang-
mitted to the pile and stored temporarily as elastic strain
energy in the‘éile and soil. Although this energy is ultimately

returned to the hammer, it does contribute to available peak

enerqgy, Eavp' Thus Eavp can be expressed as follows:
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E:av1c_:n = Elf * @Ewh

The factor @,is variable for a given hammer, depending
on ram stroke, pile length and impedance, and soil resistance.
In general,(? increases with increasing stroke, pile length and
soil resistance, and decreases with increasing pille inpedance.
Based on the computer studies described in Chapter 5, @ is esti-

mated to vary from zero to 0.2.

4.3 TRANSMISSION OF ENERGY

Energy is transmitted from hammer to pile in a complex
process involving the interaction of hammer, interface eguipment,
pile and soil. Therefore, in order to investigate energy trans-
mission it was necessary to consider the entire pile-driving
system. In this section the flow of energy through the system
will be examined, the influence of impedance matching on
transmission of energy will be discussed, and transmission

efficiency will be defined.

Energy Flow

The flow of energy and work through the hammer-pile-soil
system can be described by reference to Figure 4.1. In Figure
4.la the boundary of the system is shown to encompass the hammer,
the pile,.énd all the soil within the zone of influence of pile-
induced forces-and deflections. For purposes of discussion to

follow, a subsystem known as the hammer subsystem is defined
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t0 include the ram and power cylinder, and to exclude the anvil,
interface equipment, pile and soil (Figure 4.1lb).

Bnergy enters the hammer-pile-soil system in the form
of unburned fuel and leaves the system via heat radiation and
exhaust. Consider first the flow of energy in and out of the
system over a period which includes several hammer blows. In
Ficure 4.2 total energy, including energy transferred as work,
is plotted versus time. At each hammer blow, total energy
increases sharply during the combustion phase of the gas-force
pulse, remains approximately constant during the expansion
phase, and drops abruptly during exhaust. There 1s a net gain
in energy with each blow as more energy is abscorbed by the system
than is released. A portion of the net energy gain within the
system is attributable to the plastic deformation of the soil
which results from pile penetration. The remaindexr consists of
losses within the hammer-pile-~soil system,

In order to examine hammer operation in detail, energy
vs time relationships for the hammer subsystem depicted in
Figure 1,1lb were studied. The operation of this subsystem can-
not be studied without reference to the rest of the system.
However, by isolating the ram and power cylinder with respect
to energy accounting, it is possible to analyze the interaction
of the gas‘and impact forces with the dynamic response of the
elements outside the hammer subsystem,

only a‘single hammer cycle was considered, because the

time interval between one blow and the next is sufficiently long
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that there is no dynamic interaction. Within a single hammer
cycle, the period of interest.begins with port closure on the
downstroke and ends with exhaust on the upstroke. This interval
lasts approximately 106 to 250 milliseconds and encompasses
essentially the entire force pulse at the pile head.

The DIESELY program was designed to keep a detailed
accounting of the distribution of energy within the hamnmer sub-
system at all times during the cycle. fThus, it is possible to
generate charts of energy distribution vs time, such as that
illustrated in Figure 4.3. This. energy chart is a wvaluable
means for gaining insight intce hammer operation.

In the interest of simplicity, both energy and energy
transferred as work are incorporated under the title "Energy"
in the ordinate of the chart. Further, for this example,
friction and radiation losses have been neglected and combustion
characteristics have been idealized. Fuel energy is considered
to be added when combustion occurs. Total energy within the
hammer subsystem, plus energy transmitted to the anvil in the
form of work, is plotted as the uppermost solid 1ine. Note this
total is constant between port closure and ignition (points a
to b) at which point it increases sharply, reflecting the addi-
tion of energy to the system via combustion (b to c¢). From the
completion of combustion to the beginning of exhaust (¢ to d)
total eneféy is Constant. At exhaust (d to e), total energy
drops to a reéidual value which is equal to the initial total
energy plus the net amount transferred to the anvil during the

hammer blow.
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The components of total energy are designated on
Figure 4.3 as follows:

1. Potential energy of the ram, which for purposes
of this plot is taken to include elastic strain
energy as well as potential energy with refer-
ence to the ram-anvil impact position.

2. Kinetic energy of ram.

3. Ear: Net work done on the anvil by the impact
force, considered positive downward.

4, Eag: Net work done on the anvil by the gas

force, considered positive downward.

Internal energy of the power cylinder, which is

n

a function of the pressure, volume and temperature
of the power-cylinder gases (approximation).

At port closure the ram retains only a small portion
of the potential energy it had at the top of stroke. As ram=-
to-anvil distance diminishes, potential energy decreases
correspondingly, becoming equal to zero shortly after the
instant of impact. The ram regains potential energy during
the upstroke, such that the value at exhaust is equal to the
value at port closure,

Ram kinetic energy is zero at the top of stroke and
increases during the downstroke due to the acceleration of
gravity. After port closure, ram acceleration is opposed by
increasing gaslforce in the power cylinder. At the point where

the gas force balances the acceleration due to gravity, kinetic
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energy begins to decrease. In normal operation the ram retains
significant kinetic energy at impact. Howevér, when operating
at reduced stroke or 1n soft-ground driving, the gas force alone
may be sufficient to bring the ram velocity to zero, such that
ram kinetic energy is also reduced to zero and impact does not
occur,

In the example shown, ram kinetic energy drops to zero
shortly after impact, and remains egual to zero until gas and
anvil force combine to accelerate the ram upward, After separa-
tion of ram and anvil the gas force continueé to act upon the
ram, such that at the time of exhaust the ram has sufficient
velocity to carry it to the top-of-stroke position. Assuming
equality of downstroke and upstroke, ram kinetic energy at the
exhaust position is equal to that at post closure. Note that
in a non-idealized case, the presence of friction results in
slightly greater kinetic energy at exhaust, as compared to that
at port cleosure.

Internal energy of the power cylinder is zero at port
closure, at which time the power~cylinder gas is nominally at
atmospheric pressure and temperature. Internal energy increases
during the compression phase due to work done on the gas by the
falling ram. During combustion, internal energy increases
rapidly to a peak value; during expansion, it decreases. At
exhaust the pféssure”in the power cylinder is reduced to
atmospheric and tﬁé repaining internal energy is lost te the

atmosphere,
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Total work done on the anvil, B consists of the gas
and ram impact components, Eag and Ear' The gas component,

E is very small until a few milliseconds prior to impact at

ag’
which time gas force causes downward movement. At impact B,
is added. The relative proportion of Eag and Ear varies widel
with driving conditions.

Ea maximizes several milliseconds after impact at the
time of peak anvil deflection, then decreases to a net wvalue,
Ean' The difference between the peak and net values of Ea is
a measure of the elastic strain energy sto%ed temporarily in
the interface equipment, pile and soil. During rebound the
anvil is forced upward and this enexrgy is returned to the
is

hammer. The portion which is not returned, i.e., E

2

arll

indicative of the energy absorbed by the hammer-pile-soil
system. This includes net work done on the pile head, plus
losses in the interface equipment.

The relative values of the impact and gas compcnents

Y

of E vary with hammer design and driving conditions. 1In easy

an
driving with spray-atomization hammers, impact may not occur,
which case the ram impact component of Ean is zero. In hard
driving on high-inpedance piles, the ram impact component of
Ean greatly exceeds the gas component in magnitude.

Net gas energy added to the system, Egn’ is ecual to
the difference between the energy added during combustion,
Egt (points b to ¢, Figure 4.3), and the energy lost during

exhaust, Egl (points d to e). Because energy is conserved,

in
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and recalling that ram kinetic and potential energies at exhaust
are approximately equal to the corresponding values at port
closure, neglecting friction, it can be concluded that the net

work done on the anvil, Ea is approximately equal to E

n’ gn”

Thermal efficiency of the hammer can be defined as the

ratio Egn/Eg Under normal cperating conditions, i.e. when

£
ram lmpact occurs and fuel volumes are within the normal oper—
ating range, thermal efficiency can be expected to remain approx-
imately constant. Assuming that thermal efficiency is constant
and that E__ 1s equal to Egn’ it follows that the ratio Ean/Egt
is also constant. Thus, in general, the work done on the anvil
is approximately proportional to the amount of fuel burned per
plow. Furthermore, if interface-equipment logses are assumed
constant, work done on the pile is also approximately propor-
ticonal to fuel burned:; this will be demonstrated in Chapter 5.
In summary, the energy chart demonstrates the inter-~

action of impact and gas forces in the transmission of energy

to the anvil. Further, it illustrates the approximate rela-

tionship of fuel volume per blow to net work done on the anvil,

Impedance Matching

The concept of impedance matching can be useful in the
selection of hammer and hammer cushions s¢ as to obtain optimum
energy transfer from anvil to pile. Parola (1970) applied the
concept to pile driving with impact hammers., The impedance

ratio of hammer to pile, I., was defined as followss:
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Pile impedance gca
Ir ~  Hammer iipedance = Jﬁ*ﬁ*
1c
where e = mass density of pile material.
c = JE/P, where E is Young's modulus of elasticity

for the pile material.

a = gQross—sectional area of pile.
Ml = mass of ram.
KC = gpring stiffness of hamper cushion.

Parola concluded that optimum energy-transmission efficiency
occurred for values of Ir between 0.6 to 1.1, under the folliow-
ing conditions:

1. Infinite pile length (no reflections).

2. Ratio of ram weight to drivehead weight equal to

5:1, approximately.

3. Elastic hammer cushion.

In the case of diesel hammers, impedance matching is
much more complicated. Due to the presence of the anvil and
the addition of the gas-force pulse, the number of variables
involved is increased and generalization becomes difficult.

As an approximation, it is possible to apply Parcla's conclu-
sions directly to diesel hammers, considering only ram weight
and cushion stiffness without regard to the complicating factors,
and thus to gain-a basis for judgement in selection of hammer
and cushioning: The approximation thus obtained should be
refined on the basis of wave equation analysis, taking into

account the real properties of the diesel hammer,
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Transmission Efficiency

For the diesel hammer, transmission efficiency should

be defined, ideally, as the ratic of E peak energy delivered

hio’

to the pile head, to Eavp’ the available peak enexrgy. However,

vp! it is more convenient

to use the feollowing arbitrary definition:

due to the difficulty in determining Ea

et = Eun/Pun

where e, = transmission efficiency. This is the same definition
commonly used for impact hammers and thus allows comparison of
the two types of hammer. However, with respect to diesel
hammers, Cc should be interpreted in light of the following
considerations:

1. 1In easy driving, at maximum fuel flow, e_. theoreti-

£
cally can exceed 1.0.

2. Efficiency, is strongly affected by fuel volume,

gy
impedance matching, and driving conditions.

Por the above reasons, e_. is not considered a useful

£
indicator of the relative performance of various types of
hammer. Suggestions for a more valid method of rating diesel

hammers are included in Chapter 6.

4.4 FORM OF ENERGY -

In this section, the force-pulse characteristics which

describe the form in which energy is delivered to the pile will
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be identified. The gas and impact components of pile~head force,
and their interaction, will be described. Finally, the influence

of s0il resistance on the form of energy will be discussed.

Force-Pulse Characteristics

Parola (1970) demonstrated that force pulses of equal
energy but of varying peak force, shape and duration produce dif-
fering pile penetration. Parola concluded that optimum peak
force, shape and duration characteristics are a function of soil
resistancé, Ru’ as follows:

1. Por peak force, Fp’ greatly exceeding Ru (easy driv-
ing), variations in Fp have little effect on penetra-
tion. Pulse shape and duration are critical, with
the long-duration, triangular shape producing greater
penetration than the short-duration, rectangular
shape (Figure 4.4a).

2. For Fp equal to or less than Ru (hard driving), FP
is critical; an increase in Fp produces an increase
in penetration. No penetration will occur if Fp is
less than Ru/2. The most effective shape is that
which results in the longest duration near the peak.
Thus the rectangular shape, which has the shortest
overall duration but 1ongést duration near the peak,
produces the greatest penetration.

The force pulse generated by a diesel hammer, an example

of which is illustrated in Figure 4.4b, can be evaluated accord=-

ing to the above criteria. It is necessary, however, to consider
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the duration and shape of that portion of the pulse which is of
primary significance in causing penetration. The low-amplitude
portions of the pulse occurring prior to and after the period of
significant pile~head motion have only a secondary effect on
penetration, and should be excluded from the effective pulse
duration. Although a precise, general definition of effective
duration is not possible, an arbitrary definition such as that
shown in Figure 4.4pb can be applied. Only the duration of pile-
head force greater than p Ru is considéred effective, wherein »
ranges from 0.50 to 1.0, approximately, depending primariiy on
soil resistance distribution and soil damping. A low value of

y corresponds to point-bearing piles, with normal soil damping,
i.e, most soils of low plasticgity. Increases in side friction

and soil damping result in higher wvalues of p.

Components of Pile-~Head Force

Iin diesel pile driving, total force on the pile head is
composed of a gas-force component and an impact-force component.
In this section the gas and impact components of the ﬁorce will
be discussed separately in order to identify their unique char-~
acteristics., The interacticon of the two components will then

be discussed.

Gas Force., The fundamental nature of the gas-~force
pulse was discussed in Chapter 2. 1In typical diesel hanmers

the duration of the pulse is 100 to 250 milliseconds, which is
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sufficiently long to allow several round trips of the stress
wave from the anvil to the pile tip. Further, the rise time of
the gas force is sufficiently long that very little distortion
of the pulse occurs between anvil and pile. As a result, the
gas-force pulse is reproduced in the pile head with little
change in peak force or duration. Interface-equipment proper-
ties, pile impedance and soil resistance have little direct
efifect on the gas component ©f plle-head force,

The indirect effect of pile impedance and scoil resis-
tance can be large, however. The portion of the gas-force
pulse which occurs prior to ignition is essentially unaffected
py variations in soil resistance or pile impedance, provided
impact occurs. After ignition the amplitude of the pulse is
strongly affected by so0oil resistance and pile impedance; an
increase in either of these quantities results in a reduction
of the peak gas force, because less fuel is required and com-

bustion pressures are lower (Figure 4.5).

Impact Force. The generation of the impact component

of force in a diesel hammer is closely related to force genera-
tion in an impact hammer. The peak force generated in the pile
head is fundamentally a function of ram-impact velocity, pile
impedance and interface-equipment properties.

Compared to the gas-force pulse, the impact-~force pulse
in the diesel hammgrwis short in duration and has a very short

rise time. Dynamic response characteristics of the interface
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equipment, which have very little effect on the gas-force pulse,
can cause significant distortion of the impact-force pulse.

Parola (1970) investigated the influence of interface
equipment on the generated force pulse for impact hammers.
Despite the presence of the anvil in the diesel hammer, a Com-
plication not present in impact hammers, it has been found by
experisnge that Parola's conclusions relative to peak force
generation apply approximately to diesel hammers operated at
the stroke corresponding to maximum rated energy. Exceptions
are those diesel hammers in which preignition occurs; in such
hammers the preignition causes a reduction in ram-impact
velocity and a corresponding diminution of peak force. The
influence of preignition on peak force is discussed in Chapter 5.

Parola concluded that, in general, hammer-cushion stiff-
ness is the most critical characteristic of the interface equip-
ment with respect to peak force; an increase in stiffness results
in higher peak force, up to a point of diminishing returns,
beycnd which increasing stiffness has little effect con peak
force. The stiffness corresponding to maximum peak force may
be higher than the stiffness resulting in maxXimum transmission
of energy from ram to pile. The influence cf hammer-cushion
stiffness on performance is investigated in Chapter 5.

The effects 9f force reflections, changes in pile
cross=section, and other factors can be of major significance

in the determination of impact force. Therefore concliusions

Lreseni st e I D R ARG A L e e
e
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reached on the basis of elemental theory should be checked by

wave equation analysis.

Interaction of Gas and Impact Forces. Total pile force

15 a result of interaction of the ram and anvil movements with
the gas force. Interaction results in the following phenomena:

1. Pre-impact anvil acceleration.

2. Pre~impact ram deceleration.

3. Reduction of impact duration.

Pre-impact anvil acceleration and ram deceleration
result from gas force and cause a reduction in the relative
velocity of the ram and anvil at impact. This in turn results
in a reduction in peak pile force. In normal driving, with
moderate to high soil resistance, the reduction in velocity is
on the order of 10 to 20 percent. 1In easy driving the reduction
can be up to 100 percent,

Because gas force acts on the anvil and ram throughout
the period of contact, tending to separate the two masses, the
duration of impact is reduced. Impact-force duration is cor-
respondingly reduced; however, this is compensated by the

presence of the gas force after sepaxation.

Influence of So0il Resistance on Form of Energy

Soll. resistance has an important, indirect effort on
the form of energy delivered to the pile head by a diesel hammer.
The effect is illustrated in Figure 4.6, in which the force

pulse corresponding to easy driving (Pigure 4.6a) is compared
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to that corresponding to hard driving (Figure 4.6b). The
pulses are those predicted by the DIESEL]L simulation of a
hammer operated with constant fuel volume per blow, with soil
resistance varied as shown.

In the easy-driving case a low ram~stroke occurs,
resulting in a low peak force and a long effective pulse dura-
tion. This is favorable with respect to pile penetration and
the potential for pile damage.

For the hard-driving case a higher ram-stroke is
obtained and thus peak force is increased. Although the
effective pulse duration is reduced, a large percentage of
the pulse falls within the effective (cross-hatched) zone,

The increased peak force and change in pulse shape are both
favorable to pile penetration. Peak compressive pile stresses
are larger in the hard-driving case, and thus the potential
for pile damage 1is increased.

The response of the diesel hammer to variations in
s0il resistance is an important aspect of performance, and

will be examined further in Chapter 5.
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CHAPTER 5

FACTORS AFFECTING DIESEL HAMMER PERFORMANCE

5.1 INTRODUCTION

The most important factors affecting diesel hammer per-
formance were identified on the basis of field experience and
preliminary studies. DIESELl analyses, simulating variations
in these factors, were used to investigate their influence on
performance,

Factors were classified as either job controlled or
hammer controlled. Job-controlled factors include pile length
and impedance, inclination, total soil resistance and expended
fuel energy. Hammer-controlled factors include combustion
timing, power~cylinder area, compression ratio, component
weights and cushioning.

In the following sections, procedures for the study
are described and results of the analyses are presented and

discussed.

5.2 PROCEDURE

In this section the hammer, pile and soil conditions
considered in the study are described and the criteria for

evaluation of hammer performance are identified and discussed.
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Hypothetical Hammer

Throughout the study a single, hypothetical diesel
hammer was considered, on the assumption that hammers of all
sizes exhibit similar performance characteristics. The speci=-
fications of the hypothetical hammer, as listed below, approxi-
mate those of commonly used open-top haﬁmers. Closed~top
opeération was not considered, because the closed top has little
effect on performance characteristics other than blow rate.

In most of the analyses, specifications of the hypo-

thetical hammer were assumed as follows:

1. Rated energy 40,000 1bs
2. Ram welght 5,000 1bs
3. Stroke 8.0 ft
4. anvil weight 1,500 1bs
5. Drivehead weight 1,000 1bs
6. Compression ratio 12:1

7. Power-cylinder area 130 in2
8. Combustion~-chamber volume 200 in3
9. Ram length 8.0 ft
10. Preignition distance 0.00 ft
1l1. Delay time 0.000 sec
12, Rise time 0.003 sec
13. Hold time 0.002 sec
14. Friction factor, vertical

operation 5 %

15, Gas constant, compression 1.40

16. Gas constant, expansion 1.35
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17. Hammer~-cushion stiffness 2Ox106 ib/in

18. Coefficient of restitution,
ram-anvil - C.85

19. Coefficient of restitution,
hammer-cushion 0.80

20. Coefficient of restitution,
drivehead-pile 1.00

In certain analyses the above specifications were
varied in order to investigate the resulting affect on per-
formance. These changes are noted in the discussions to
follow. 1In all cases the peak gas force, Fgm’ was adjusted
s0 as to obtain egquality of downstroke and upstroke.

For each of the analyses wherein stroke was specified

as an input constant, unlimited fuel energy was considered
available for lifting the ram. Thus 1t was possible to
investigate hypothetical operating conditions such as the
infinitely long pile without regard to fuel energy limits.
In reality the amount of fuel which can be burned is limited
by the quantity of air in the power c¢ylinder, fuel injection
capability, and other hammer design factors. Therefore, the
fuel energy limit varies widely from hammer to hammer.

The analytical results presented herein should be
interpreted in light of the fuel enexgy which might be avail-
able in an actual hammer equivalent to the hypothetical hammer,
For this purpose tﬁe maximum available fuel energy, assuning
4.0 cc of fuel with 28,800 ft-1lbs of latent energy per cc,

is 115,200 ft-lbs. 1If a thermal efficiency of 32 percent is
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assumed, the maximum available net expended fuel energy

(E__)

gn’ max’ is approximately 37,000 ft-lbs. The quantity

(Egn)max doeés not enter the calculations of hammer performance;
it is marked on some figures in corder to aid interpretation.
No documented information relative to the value of (Egn)max
for various hammers is available. Recommendations for accumu-

lation of such data are discussed in Chapter 6.

Piles

Pile impedance was held constant throughout the study
wilth the exception of the investigation of impedance effects.
An impedance of 2900 lb~sec/in was used, corresponding to a
steel pile with 20 in2 cross-sectional area. This impedance
was selected in order to provide proper matching of hammer
energy and pile impedance, as occurs on a well-engineered
foundation project. Davisson (1975) suggests 1000 to 2000
ft-1bs of energy per sguare inch of steel area, depending on
pile length, soil resistance distribution and final blows per
inch. Experience with diesel hammers indicates a somewhat
higher range of values is appropriate: approximately 1250 to
2500 ftmlbs/inz. For 20 in2 of steel area, the 40,000 ft-1bs
rated energy of the hypothetical hammer falls midway in this
range.

Various'bile lengths, ranging from 40 to infinity, were
considered. In short piles force reflections are an important
factor in dynamic pile response; as pile length increases

reflections beccome less important. 1In the case of the
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infinitely long pile it is possible to investigate hammer per-
formance in the total absence of reflections,

The infinitely long pile was simulated by a dashpot,
as suggested by Parola (1970). The force-velocity relationshnip
of the dashpot (Figure 5.1} was specified in the DIESELl program

as follows:

F = fca v {5.1)

where v = drivehead velocity. Because the pile is modeled
exactly by this dashpot, spurious oscillations do not occur
and internal damping is not required.

It is important to recognize certain peculiarities of
the infinitely long pile:

1. Maximum pile~head deflection, D is strictly

hm'’

related to total impulse, Is as follows:

Dy = Ih/ pca (5.2)

Thus the quantity and form of transmitted energy
have no effect on pile-head deflection.

2. Due to the absence of reflections, total pile-
head deflections are much larger than in the case
of short piles. Thus large anvil deflections
occur.

3. As a result of the large anvil deflections, which

consume large amounts of energy, the calculated
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gas~force pulse is of higher amplitude relative
to the impact-force pulse than is the case when
driving short piles. Similarly, the calculated
value of net expended fuel energy is much larger
than that corresponding to the short-pile case.
4. Soil-resistance effects cannot be evaluated.
Because ©f the foregoing peculiarities the infinitely
long pile case is not totally representative of long-plle
driving. Therefore, in some parts of the study, pile lengths
of 160 and 320 ft were considered to be representative of long-
pile driving. By examining the cases of long piles of finite
length it is possible to study hammer performance under con-
ditions of diminished force-reflection effects, without the
large pile deflections and high fuel energy requirements
asgociated with the infinitely long pile. Additionally, soil

resistance effects can be investigated.

Soil
In all cases wherein a finite pile length was assumed,
80 percent of the static soil resistance was considered to be
concentrated at the pile tip, with the remainder distributed
uniformly along the side of the pile., The following soil

parameters were assumed:

1. Quake &t tip of pile, Q. = 0.10 in.
2. Quaké at side of pile, Qs = 0.10 in.
3. Damping factor at tip, J. = 0.15 sec/ft.

4. Damping factor at side, J, = 0.05 sec/ft.
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These are commonly used values, appropriate to most soils, and
to piles on the oxrder of 1 ft2 tip area. The scil resistance
distribution and soil parameters were held constant throughout
the study because variations in these factors have a negligible
effect on fundamental hammér performance characteristics,

Total static soil resistance, Ru’ was set equal to 60,
120, 240 or 300 tons (2000 lbs/ton) in order to simulate easy,
moderate, moderately~hard and hard driving conditions, respec~

tively.

Criteria

In evaluation of the results of the analyses, emphasis
wag placed on the fundamental aspects of hammer performance as
identified in Chapter 4. Energy transmitted to the pile and
the form of the energy, as indicated by peak force, total impulse
and pulse shape, were given primary consideration. Pile deflec=-
tions were examined and fuel energy expended in the hammer was
investigated.

The following quantities will be mentioned in discus-

sions of the results of the analyses:

o

fl

Maxirmum energy transmitted to the pile head

“hm
in the form of work. Some of this energy is
returned to the hammer during pile rebound.
Ehn = Net energy transmitted to the pile head at the

completion of the hammer blow. In the case of
the infinitely long pile there is no rebound

and therefore Ehn = Ehm'
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Maximum energy transmitted to the anvil in
the form of work. E__ will be discussed in
terms of the contribution of impact and gas
forces to transmitted energy.

Net energy transmitted to the ram and anvil
in the form of work done by the gas force,
i.e. the total fuel energy expended in the
form of work within the hammer. This is

an indicator of the volume of fuel injected.
Estimated maximum value of Egn’ indicating
the performance limit.

Maximum (peak)} pile head force. This nor-
mally cccurs at ram impact, but can occur

later due to reflections. F is a key

hm
indicator of the form of energy delivered
at the pile head,

Maximum force at the pile tip. This is
particularly significant in hard driving.
Total impulse on the anvil, due to both gas
and impact forces.

Total impulse on the pile head. Ih is
approximately egqual to I: for the cases
studied the small difference between I,
and Ia’ in general less than 1 percent, is
due to enerqgy losses and inertial effects

in the anvil, drivehead and cushioning.
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For purposes of this study, I, and Ia are

h

considered equal.

Dhm = Maximum deflection of pile head.

Dtm = Maximum deflection of pile tip. Net pile

penetration is determined from Dtm as

follows:
Net penetration = Dtm - 801l quake (Qt)
BPI = Blows per inch of penetration. BPI is the

reciprocal of the net penetration of the

pile due to a single hammer-blow.

5.3 JOB~CONTROLLED FACTORS

Pile Length

Analyses were performed relative to the hypothetical
hamwer coperating on piles from 40 to 320 ft in length, plus an
infinitely long pile, Pile impedance was set equal to 2900
lb-sec/in. For piles of finite length, soil resistance, R,
was varied from 60 to 300 tons, gimulating the range from easy

to hard driving. Results of the analyses are summarized in

Figures 5.2 through 5.5.

Transmitted Enerqgy vs Length. The variation of maximum

pile~-head energy, Ehm’ and net pile-~head energy, Ehn’ with pile

™

length is illustrated in Figure 5.2. At low values of Ru’ By

and Ehn decrease with increasing pile length; this can be

attributed to the effects of force reflections. Pile-head
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forces (Figure 5.3) decrease due to the diminishing effect of
reflections, whereas reflections at the pile head are approxi-
mately constant with increasing pile length (Figure 5.4). Thus
transmitted energy, which is the integral of force times de-
flection, also decreases.

At high valiues of Ru’ pile~head deflections increase
with increasing pile length due to increased elastic strain
energy stored in the pile. Much of this energy remains in the
pile at the completion of the blow, due to residual stresses,
Thus both maximum and net pile-head energy increase with increas-
ing pile length. As length increases the influence of force
reflections decreases and, therefore, the transmitted energy,
for all values of Ru’ converges on the value corresponding to
the infinitely long pile. Note that R, has no relevance to the
case of the infinitely long pile.

For several of the cases at low values of Ru, both maxi-
mum and net transmitted energy exceed the assumed (Egn)méx
(37,000 ft-1bs). 1In reality, unless additional fuel energy is
available, the ram stroke and transmitted energy will be below

the values calculated for the 8 ft stroke,

Peak Force vs Length. Peak force at the pile head, Fhm’

and pile tip, F,_, are plotted versus pile length in Figure 5.3.

tm
In general, peak forces at the head and tip of the pile decrease
with increasing -length because of the reduced influence of

reflections. In diesel driving, reflections of pre-impact gas

forces have the effect of reducing anvil movement. The result
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in the case of short piles is that the relative velocity of ram
and anvil at impact is increased and, thus, peak force also is
increased. 1In the case of very long piles, for all values of
Ru’ pile~head peak force approaches that calculated for the
infinitely long pile,

The relationship of F o to Fhm ig a function of soil

resistance distribution and impedance matching at the pile tip
and, as such, is not dependent on hammer performance character-

istics. In the examples shown, Fim 18 less than Fhm at low Ry

due to side resistance on the pile. At high Ru’ however, th

exceeds F as a result of compressive reflections at the pile

hm
tip.

Pile Deflecticon vs Length. Maximum deflections of the

pile head, D and the pile tip, D__, are plotted versus pile

hm’ tm

length in Figure 5.4. Dhm increases with increasing length as

a result of elastic compression of the pile. For high values of

Ru’ Dtm increases slightly with increasing length, indicating

that force reflections in the shorter-length piles are detriw

mental to pile penetration for the case analyzed.

Ffuel Enerqgy vs Length, Net expended fuel energy, Egn’

is plotted versus pile length in Figure 5.5. Because Egn is a

measure of the amount of fuel burned, the plot can be inter-

preted as an indication of the effect of pile length on fuel
requirements at constant stroke. Because Egn is approximately
proportional to net pile~head energy, Ein {Chapter 4), varia-

tions in pile length affect Egn and Ehn similarly. Therefore
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the preceding discussion of the influence of pile length on
transmitted energy applies equally to fuel energy.

As noted previously, wvalues of Egn in excess of
(Egn)max could not be achieved by a real hammer equivalent to

the hypothetical hammer., Ram stroke would decrease to a value

which results in E equal to (E_) .
gn gn’max

Pile Impedance

For the study of impedance effects, analyses were per-
formed relative to the hypothetical hammer operating on piles
with impedances ranging from 1450 to 11,600 lb-sec/in, corre-
sponding to a steel area of 10 in2 to 80 inz. This represents
the extreme range of impedances for which a hammer equivalent
to the hypothetical hammer might be used, and exceeds the range
for which it is properly used. 1In the case of the 40 ft pile,

Ru was set equal to 240 tons., Results of the analyses are

summarized in Figures 5.6 through 5.8.

Transmitted Epnergy vs Pile Impedance. TFor the infinitely

long pile (Figure 5.6), transmitted energy (Ehm’ Ehn) decreases
sharply with increasing impedance, reflecting the decrease in
elastic compression which accompanies high impedance, For the

40 ft pile (rigure 5.8}, E is essentially unaffected by

hm

impedance and E increases somewhat with increasing impedance

hn
due to increased penetration, D

r

£ The difference between long

and short pile performance is due to increased force reflections

and reduced elastic compression in the short pile.
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Peak Force vs Impedance. In the cases of both the

infinitely long and 40 ft piles, peak forces are strongly
affected by pile impedance. Peak pile-head force, Fhm’
increases with increasing impedance for both pile lengths,
as predicted by fundamental wave theory, assuming constant
impact velocity and ideal impact conditions. However, due to
the presence of interface equipment, variation of impact
velocity with impedance, and other non-ideal conditions, Frim
and impedance are not strictly proportional.

For the 40 ft pile, peak pile-tip force, F exceeds

tw’

Fhm at low impedance and is less than Fh

due to the effects of the ratio of pile impedance to maximumn

- at high iwmpedance,

soil resistance at the pile tip. As pile impedance is increased
relative to soil resistance, reflections change from compressive

to tensile, thus reducing th relative to Fhm'

Pile Deflection vs Pile Impedance. For both the

infinitely long and 40 ft piles, D - decreases with increasing

h

pile impedance because of decreasing elastic compression of
the pile. For the infinitely long pile, total impulse at the
anvil, Ia’ remains constant over the range of impedance values;
therefeore D is inversely proportional to impedance (Equation

hm

§.2). For the 40 ft pile length, D - increases with increasing

t
with increasing impedance, as a result of the higher peak force

associated with dncreased impedance,

Fuel Energy vs Pile Impedance. For both pile lengths,

the variation of net expended fuel energy, Egn' with impedance



162

is similar to the variation of E n with impedance, reflecting

h
the approximate proporticonality of Egn and Ehn' The relative

contributions of the gas and impact forces to energy at the i
anvil are shown in Figure 5.7, Maximum energy through the
anvil, Eam’ is plotted versus impedance; the gas and impact
components of Eam are also shown. At low impedance the gas

. component accounts for the majority of transmitted energy,

whereas at high impedance the impact component predominates. |

Inclined (Batter) Operation

In Chapter 3 the influence of inclination on hammer
performance was discussed and a method for simulating inclined
oparation was described. In corder to examine the effect of
inclination angle, o<, and batter friction factor, Cfb’ as
defined in Chapter 3, analyses were performed for the hypo- L
thetical hammer Operating at various wvalues of .. Cfb was
varied from zero to 0.10, the estimated upper limit of sliding
friction. Pile impedance was set equal to 2900 lb-sec/in;
pile lengths of 40 to 160 ft were considered. 1In all cases
ram stroke as measured along the axis of the hammer was held

constant, and Ru was set equal to 240 tons. Results of the

analyses are summarized 1n Figures 5.9 and 5.10.

Transmitted Energy, Peak Force and Deflection vsexX,
Net energy and peak force at the pile head decrease with
increasing inclination for both the 40 ft pile (Figure 5.9)

and the 160 ft pile {(Figure 5.10), reflecting a decrease in
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impact velocity. HNet tip deflection, as indicated by blows.per
inch of penetration, showed less than 10 percent change as oo
was increased from zero to 14° (4:1), indicating that per-
formance is not sensitive to batter at batter angles steeper

than 4:1, for a given ram stroke.

Fuel Energy vs®™=. The effect of inclination on net

expended fuel energy, Egn’ depends on Cfb' For Cfb equal to

Zero, Egn decreases with increasing®e<; for C equal to 0.10

fb
the reverse is true., Field experience indicates that, for
constant ram stroke, fuel volume decreases with increasing o<.
Thus,on an empirical basis, Cey should be set equal to a value
less than 0.10; a value of 0.05 is considered reasonable. The
results of the analyses indicate that variations in Cep from

zero to 0.10 have negligible effect on calculated performance

for &« less than 27° (2:1).

Soll Resistance

Analyses were performed relative to the hypothetical
hammer operating on piles with impedance of 2900 lb-sec/in,
with Ru ranging from 60 to 300 tons in order to simulate easy
to hard driving conditions. Pile lengths of 40 ft and 160 ft
were investigated. Results of the analyses are summarized in

Figure 5,11 (40 ft pile) and Figure 5.12 (160 ft pile).

Rl

Transmitted Energy wvs So0il Reésistance. Maximum and net

enerqgy at the pile head, Ehm and Ehn’ decrease with increasing

Ru for both pile lengths, as a result of decreasing penetration.
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The difference between E and Ehn increases with increasing

hm
Ru as more and more energy is returned to the hammer during
rebound. The 160 ft pile drives more efficiently; penetration

and transmitted energy are somewhat higher than for the shorter

rile,

Peak Force vs 8oll Resistance. An increase in Ru has

very little effect on the peak force at the pile head, F At

hm”
the tip, however, low Ru résults in tensile reflecticn and a

low wvalue of F For high Ru compressive reflections result

tm®

in a high value of F In both cases the effect is more pro-

tm*

nounced for the shorter pile length.

Pile Deflection vs So0oil Resistance, Maximum deflection

at the pile tip, D, _, decreases with increasing Ru because a

tm
greater amount of energy is consumed in soil damping and in
elastic compression of pile and soil., The difference between

and D increases with

maxXimim pile-head deflection, Dbm’ £m

increasing Ru due to increased elastic Compression of the pile.
Tip deflections are somewhat greater for the 160 ft pile as
compared to the 40 ft pile because of more favorable force-

reflection conditions.

Fuel Enerqy vs Scoil Resistapnce. Net expended fuel

energy, Egn’ decreases with increasing Ru; therefore with low
R, more fuel is reqguired to maintain a given stroke than at
high Ru' In soft so¥l conditions a large amount of energy is

expended in anvil movement. Note that for the examples shown,

P PR NPT e T CAPY PEORPE TRTRIE N SRR WV S T SRE TR ISR TR RS TS N R
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fuel enerqgy in excess of rated energy would be reguired in

order to maintain full stroke.

Constant Fuel Energy. A second series of analyses was

performed wherein soil resistance was varied and net expended
fuel energy, Egn’ was held constant. For this purpose the
energy-input type of analysis was used {(Chapter 3). Thus the
ram stroke was adjusted in order to achieve the desired wvalue
of B 0 The hypothetical hammer was assumed to operate on a
40 £t pile with impedance equal to 2900 lb-sec/in. This series
of analyses simulates the variations in hammer performance
which are encountered in driving through soft soil (easy
driving) to firm bearing (hard driving) with no adjustment of
the fuel control on the hammer, Results of the analyses are
summarized in Figures 5.13 and 5.14.

As shown in Figure 5.13, stroke increases with an
increase in Ru pecause less energy is expended in anvil move-
ment and, therefore, more energy is available for lifting the
ram. Maximunm energy transmitted to the pile head, Ehm’ is
fairly constant with increasing Ru; net transmitted energy,

E, , decreases somewhat due to decreased penctration. Peak pile-

nn

head force, F, , increases as Ru increases as a result of the

hm
increased stroke. The pile~head force pulses corresponding to
Ru values of 60, 120, and 300 tons (Figure 5.14) are indicative

of the tendency Gf diesel hammers to adjust output automatically

to meet changing soil resistance conditions; as Ru increases
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peak forces increase and the pulse duration decreases. This
example illustrates the degree to which hammer performance can

vary even though fuel volume is held constant.

Fuel Enerqgy

in order to examine the influence of fuel energy on
hammer performance, analyses were performed wherein soil
resistance was held constant and fuel energy was varied
(Pigure 5.15). The hypothetical hammer was assumed to operate
on a 40 ft long pile with impedance of 23900 lb-sec/in; ram
stroke was varied in order to obtain the desired values of Egn'

This series of analyses simulates the changes in hammer ¢
performance which accompany adjustment of the fuel control on
the hammer. In Figure 5.15, a line has been drawn at 45° to
the Eghaxis, representing energy equal to Egn' The curves

connecting the E and Ehn points are below and roughly

hm
parallel to the 45° iine; thus it can be concluded that energy ¢
transmitted to tﬁe pile is approximately proportional to the

amount of fuel burned. This is consistent with the performance
fundamentals outlined in Chapter 4.

For any given value of Egn’ the difference between Egn
and Ehn is indicative of the energy losses between anvil and
pilg head. These losses increase slightly with increasing Egn
mainly as a résult of greater hysteresis losses in the hammer

cushion. As Egn Increases, more energy is available for raising

the ram and, therefore, stroke also increases. The result is
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higher peak force and greater deflection at the head and tip

of the pile.

5.4 HAMMER-CONTROLLED FACTORS

Combustiocon Timing

A series of analyses were performed pertaining to the
hypothetical hammer operating with various values of preigni-
tion distance, Dp. As described in Chapter 3, Dp is the gap
between ram and anvil when ignition occurs. For Dp equal to
zero, ignition is simultaneous with impact. Increasing Dp has
the effect of advancing the timing of ignition relative to
impact.

Pile lengths of 40 ft and infinity were investigated;
pile impedance was taken as 2900 lb-sec/in for all cases. For L
the 40 ft pile, Ru was set equal to 240 tons. For the infinitely
long pile, a ram stroke of 5.0 ft, in addition to the standard
8.0 ft, was investigéted. In addition to the above, analyses
were performed with Dp equal to zero and peak gas force main-
tained for 10 milliseconds, simulating the prolonged combustion
which occurs in hammers employing post-impact fuel injection.

Results of the analyses are summarized in Figures 5.16

through 5.20.

~

TransmittedTEnergy vs Preignition Distance. For the

infinitely long pile with standard ram stroke (Figure 5.16),

Ehm increases slightly as Dp increases from 0.00 in to 0.24 in,
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then decreases with additional increase in Dp. A small amount
of preignition is necessary in order to obtain simultaneous
peaking of the impact and gas forces, which results in maximum
energy transmission. Because the gas force has a longer rise
time than the impact force, ignition must occur before impact
in order for the gas and impact force-peaks to occur simule-
taneocusly.

The relative contributions of gas and impact forces to
the transmitted energy are illustrated in Figure 5.17, in which
maximum energy at the anvil, Eam’ and its impact and gas com-~
ponents are plotted versus Dp. In the same figure, total anvil
impulse and its gas and impact components are also plotted
Versus Dp. For the example shown, the impact contribution to
energy and impulse decreases with increasing Dp, becoming zero
at Dp equal to 0.72 in, at which point impact does not occur.

In the case of the infinitely long pile with 5.0 ft
ram stroke (Figure 5.18), the value of Dp corresponding to
maximum transmitted energy is approximately half of that corre-
sponding to the 8.0 ft stroke. With the reduced ram-impact
velocity that accompanies low stroke, a given value of Dp
corresponds to a larger time lag between ignition and impact
than would occur at high stroke. The result is that the hammer
is more sensitive to preignition effects at low stroke.

For Eée 40 ft pile with standard stroke (Figure 5.19)
the effect of preignition on transmitted energy was similar to

the case of the infinitely long pile, except that E, maximized

hm
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at a greater wvalue of Dp. The relative contributions of gas
and impact forces to total energy and impulse (Figure 5.20)
are somewhat less sensitive to Dp, as compared to the

infinitely long pile,

Peak Force ve Preignition Distance. For the infinitely

long pile, P was strongly affected by Dp, decreasing sharply

hm
at values of Dp greater than 0.24 in for the 8.0 ft stroke and
0.12 in for the 5.0 ft stroke. At large values of Dp, the pre=
ignition force was sufficient to prevent impact. For the 40
£t pile length, the effect of Dp on Fhm was gualitatively the
same as for the infinitely long pile, however the variation of

Fhm was not as dgreat. Impact occurred at all values of Dp

Pile Deflection vs Preignition Distance. For the 40 ft

pile, pile-head and pile~tip deflections, Dhm and Dtm were
silightly affected by Dp. Both maximized at the value of Dp

corresponding to maximum E This exawple may not be repre-

hm”
sentative of hard-driving conditions wherein penetration is
largely contrelled by peak force. 1In such cases, increases in
Dp can be expected to result in sharply reduced penetration.
The infinitely long pile cases are not relevant to pile

deflection, because deflection is strictly a function of im=-

pulse, and total impulse is unaffected by preignition distance.

Fuel Energy vs Preignition Distance. The variation of

Egn with Dp is similar to the variation of Ehn with Dp, for

both the 40 ft and infinitely long piles, Egn increases
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slightly with increasing Dp up to a point corresponding to

maximum Ehn’ then decreases with further increases in Dp'

Prolonged Combustion. The effect of prolonged combustion,

as compared to zero Dp and normal combustion, is to delay the
application of the gas-~force pulse to the anvil and thus to

reduce slightly the maximum transmitted energy. Peak force at

the pile head is unaffected and pile deflections are reduced some-
that. Fuel energy requirements are decreased because transmitted
energy is diminished. Quantitative evaluation of prolenged com-—
bustion for a given hammer should be based on specific details

of combustion timing.

Power-Cvlinder Area and Power Stroke

The volume swept by the ram between port closure and

pe? and

power stroke, Sp. Thus, for a given swept volune, Apc is in=-

impact is equal to the product of power~cylinder area, A

versely proporticnal to Sp' In order to study the influence of

the relative values of Apc and S_ on hammer performance, analyses

P
were performed wherein Apc and Sp were varied such that the pro-
duct of the two remained constant. A typical value of Apc for

hammers approximately equivalent to the hypothetical hammer is
190 in2; for this study values of Apc equal to 50, 100 and
150 percent of the typical value were used. Pile impedance
was held constant’a£?2900 ib-sec/in. Pile lengths of 40 ft,
160 £t and infinit? were investigated. Results of these

analyses are summarized in Figures 5.21 through 5.25.



Energy, ft-lbs

Deflection, inches

183
Power Stroke, Sp, ft

! .?3 0.196 O.?4

80,000 i T T 800
Fuel Energy, Egp
60000 —{800
Max. & Net Energy,
Head, Eh{n,Ehn
40,000} —700
Max. Force, Head, Frm
20,000 Note: —1600
Lp=®, pca=2900 Ib-sec/in

0 1 | 1 500
3.0 I T 12000
v L 5 57 —10,000

Max. Defl, Head, Dpm
2.0 — 8000
L -9 ©
lepulse, Anvil, 14 — 6000
O ~— 4000
— 2000
o | | |
0 400

Figure 5.21

- (00 200 300

Power - Cylinder Area, A, in?

INFINITELY LONG PILE

EFFECTS OF POWER~-CYLINDER ARER

Force, kips

impuise, lb-secs



Pile - Head Force, kips

184

1000 T j I T T
Note! L =@, pca=2900 Ib-sec/in
800 ]
600— Power-Cylinder Area,Apc = |
285 in?
400|— Power-Cylinder Area, Apc = |
200 -
Exhaust
Closure
_ 4 I —— j e
© 0.0Isec
Time
Figure 5.22  COMPARISON OF FORCE PULSES - VARYING

POWER-CYLINDER AREA, INFINITELY LONG PILE



185

Power Stroke, Sp, ft
1.93 036 064

50000 ! L L 1000
40000 —{00
ESf.(Egn)qu""_ : Fuel
Egn
§ 30000 Max. Energy, —800
s Heod, Ehm
>
>
QL
£ 20000 Net Enerqy, Head, Enn 200
10,000 —600 -
Note i Lp=180ft, pca=2900ib-sec/in,
Ru= 300 tons
ol — ! l | 500
T T i 50
@ 20— —]
“‘05 Max. Defl., Head, Dpm 40
= —{30
S
g { O]— Blows/inch 20
a Max. Defl,, Tip, D,,m\ 110
o2& T |
0-. (00 200 300 408

Power-Cylinder Area, Apc, in®

Figure 5,23 EFFECTS OF POWER~CYLINDER AREA, 160 FT
PILE, 300 TONS SOIL RESISTANCE

Force, kips

Blows/Inch



186
Power Stroke, Sp, ft

1.93 0.96 0.64
50,000 *; * i * 1 {000
Fuel Energy, Egn
» Max. Energy, _ |
40,000 Head, Epp 900
Est(Egn)max
4 30,000 800 ¢
o x
é — d g
o o
L%’ 20000}— Max. Force, Head, Fp,— 700
Net Energy, Head, Eyy
Q000 Note: L,=40ft, pca = 2900 Ib-sec/in 1600
Ry =240 tons
0 ] | 500
T | !
o 20— — 10O
2
&) o
£ Max. Defl., Head, Dpm =
5 Net Defl., Head, Dpq g
5 .o ~s 3
2 m
@ Blows/Inch
= 5\1\L.
) o] I l
S T 200 300 209
Power -Cylinder Area, Apc, in?
Figure 5.24 EFFECTS OF POWER-CYLINDER AREA, 40 FT PILE,

120 TONS SOIL RESISTANCE



187

Power Stroke, Sp, ft

1.93 096 064
40,000 1, 1 ; 1 T 900
Mox. Force,Head, Fr,y,
30,000}— —800
2
= Max Energy, Fue! Energy, E
2 O - y=gn ]
= 20,000 Head, Eqy 700
)
on
ac_’ ?\Q—M
ud Net Energy,Head, Epp,
[0,000— —600
Note!
L =40 f1, pca=2900 Ib-sec/in,
R, =300 tons
0 1 | | 500
1 | 1
Blows /inch
w PO —20
Qo
L
e Max. Defl.,Head, Dpm
-
2
3 0.5/— —10
2 Max. Defl., Tip, Dy
A\#——-A
0 1 | 0
o 00 200 300 400

Power - Cylinder Area, J!\pc,in2

Force, kips

Blows / Inch

Figure 5.25 EFFECTS OF POWER-CYLINDER AREA 40 FT PILE,

300 TONS SOIL RESISTANCE



188

Transmitted Energy vs Power-~Cylinder Area. For the

infinitely long pile (Figure 5.21), maximum and net energy at
the pile head increase with increasing Apc' The reason can be
found in a plot of the force-time relationship at the pile

head for the cases of A__ equal to 95 and 285 in? (Figure 5.22).
The increase in Apc results in a change in the shape of the
force pulse. ZXlthough peak force is approximately equal for
both cases, the average force for .015 seconds following the
peak is much higher for the higher wvalue of Apc’ indicating a
longer effective pulse duration (Chapter 4). The result is a
more efficient force pulse and higher transmitted energy.

For the 160 ft plle (Figure 5.23), transmitted energy
increases with increasing Apc’ as in the case of the infinitely
long pile., The sawe is true for the 40 ft pile with Ru equal
to 120 tons (Figure 5.24). However, at R, equal to 300 tons
(Figure 5.25) different results are obtained; transmitted
energy is only slightly affected by Apc. Best performance
occurred at the highest and lowest values of Apc due to higher

pile defiections in these cases.

Peak Force vs Power-Cvlinder Area. 1In general, peak

force at the pile head, F is only slightly affected by A _ .

hm’ pc

An exception is the case of the 40 ft pile with high soil

resistance (Figure 5.25), wherein Fhm

the highest and lowést values of Apc as compared to the inter-

is somewhat higher at

mediate value. This exemplifies the importance of reflections
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relative to the peak force generated in short piles with high
soil resistance, and underscores the necessity for detailed

examination of such cases.

Pile Deflections vs Power-Cylinder prea. Maximum pile

deflections increased with increasing Apc’ except in the case
of the 40 ft pile with high soil resistance (Figure 5,25).
As a result of the higher peak forces corresponding to the
highest and lowest values of Apc’ deflections in these cases
were greater than at the intermediate value of Apc‘

The results are an indication that, in easy~to-moderate
driving with long piles, pile deflection is increased by

increasing Apc. As driving gets harder or pile length

decreases, the advantage of high Apc diminishes.

Fuel Energy vs Power~Cvlinder Area. In general the

net expended fuel energy, Egn’ increases with increasing Apc,
reflecting the increase in transmitted energy. Again the
exception is the case of the 40 £t pile with Ru equal to 300

tons, wherein Egn minimizes at the intermediate value of Apc.

Soft-Ground Operation vs Power-Cylinder Area. For

soft-ground operation, the increased fuel requirements corre-

sponding to large values of A

pc may exceed the fuel-burning
)

capacity of the hammer, and the hammer will fall to

E )

gn’'max
operate. 'Thus it may be advantageous to decrease Apc in order
to improve soft-ground operation, even though this may decrease

pile penetration-per-blow in some driving conditions.
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Compression Ratio

Analyses were performed with compression ratio, Cr,
varying from 11.0 to 17.0, encompassing the range of compression
ratios encountered in currently available diesel hammers. Power-
cylinder area and power stroke were held constant and pile
impedance was set equal to 2900 lb-sec/in., Pile lengths of
40 ft and infinity were investigated. For the 40 ft pile,

Ru values of 120 tons and 300 tons were studied, corresponding
to moderate and hard driving conditions.

Results of the analyses are summarized in Figures 5.26

through 5,29,

Transmitted Energy vs Compression Ratic. For the

infinitely long pile (Figure 5.26), maximum energy at the pile

head, E increases with increasing C. because the shape of the

hm’
force pulse becomes more favorable. B2As shown in Figure 5.27,
the higher Cr results in a higher average force for approxi-
mately .015 sec after the peak force occurs, indicating a
longer effective pulse duration (Chapter 4). The result is a
pulse which, on the infinitely long pile, is more efficient in
transmitting energy.

In the case of the 40 £t pile with Ru equal to 120 tons
(Figure 5.28}, the effect of C. on Erm and E,, 1s similar to
the case of the inf;nitely long pile. For R, equal to 300
tons {(Figure 5.29),fhowever, transmitted energy is relatively

insensitive to Cr, as a result of peak force effects as will

be discussed below.
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Peak Force vs Conpression Ratio. Increasing Cr has the

effect of increasing pre-impact gas force and thereby reducing
the relative velocity of ram and anvil at impact. Therefore,

in the case of the infinitely-long and 40 £t pile at low Ru’

peak force diminishes as C.. increases. In the case of the 40 ft
pile at high Ru’ impact velocity diminishes with increasing Cr

as in the case of low Ru’ but peak force increases due to reflec-
tion effects, Réflections are a function of pile length, soil
resistance distribution and other factors; thus no general con-
clusions should be drawn relative to the influence of Cr on peak

force for short piles,

Pile Deflections vs Compression Ratio. For the 40 ft

pile at low R, deflections increase with increasing Cr’
reflecting the increasing efficiency of energy transmission.

At high R however, peak force becomes more important and,
because the increase in transmitted energy is offset by decreas=
ing peak force, performance is less sensitive to Cr' For the
case analyzed, best performance occurred at the intermediate

value of C_.
r

Fuel Energy vs Compression Ratio. Net expended fuel

enerqgy, Egn’ increases slightly with increasing CL except in
the case of high soil resistance {(Figure 5.29), wherein Egn

is essentially unaffected by C_.. In general, the increase of
E with increéasing Cr is a result of corresponding increases

an
in pile deflection.
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Soft=-Ground Operation vs Compression Ratio. In soft-

ground driving the small increase in Eqn which accompanies an

increase in Cr can become significant, causing Egn to exceed

(E_..)

gn’max” Further, the high pre~impact forces resulting from

2 high Cr will reduce ram-impact velocity, possibly causing a
failure to ignite., In either case, the hammer will fail to
operate. Thus, for soft-ground driving, a low value of Cr is

advantageous.

weight of Ram, Anvil and Drivehead

Ram weight is most important of the component masses
because the ram is the striking mass. Anvil and drivehead
weights are of secondary importance because, in combination
with ram weight, cushioning characteristics, and the gas-
force pulse, they determine the effective impedance of the
hammer. As discussed previously, determination of effective
impedance is much more complex in the case of diesel hammers
than for impact hammers, due to the additional mass (anvil)
and the presence of the gas force. No attempt was made in
this study to evaluate effective hammer impedance because of
the large number of variables involved. Example analyses
illustrating the effect of variations in ram, anvil and drive-
head weights are presented in order to demonstrate the potential

effect on pefformanée.

wWeight of Ram. The influence of ram weight on hammer

performance can be predicted on the basis of fundamental
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considerations. For a given rated energy, a heavy ram can be
expected to generate lower peak force and greater total impulse
in the pile head. The reduction in peak force is due to
decreased stroke and, therefore, lower impact velocity. The
increase in total impulse can be predicted on the premise that,
or & diesel hammer, total inmpulse on the anvil, I, is related

to ram momentum as follows:

2 Wl
Ia = = 2 g St
where wl = ram welght.
g = acceleration due to gravity
St = total stroke.

Because rated energy, E equals the product of ram weight

wh'

and total stroke, it follows that:

. _ 2 Wl , Ewh . | 2 Ewh Wl
a g 9 Wl g

. . . :
Thus if E,p 1S neld constant, Ia 1s proportional to J%l .

Analyses were performed with ram welghts varying from
3000 to 10,000 lbs; this exceeds the range of ram weights in
existing diesel hammers with rated energies varying from
35,000 to‘45,0097ft-1bs. Stroke was varied such that rated
energy was equai to 40,000 ft-lbs. Piles 40 ft long and
infinitely long were studied. Results of the analyses are

surmarized in Figures 5.30 through 5.33.
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FPor the infinitely long pile (Figure 5.30) total
impulse, I, increases with ram weight as predicted and,
therefore, pile deflection and transmitted energy also i
increase. Peak force, F, , decreases with increasing ram

hm

weight. HNet expended fuel enerqgy, E increases with

gn’
increasing ram weight because of additional energy absorbed
by pile deflecticn., Note that for a given rated energy, the

energy required to raise the ram is not affected by ram weight.

In Figure 5.31 the force pulses generated in the head

of the infinitely long pile by the 3000 1b and 10,000 1b rams L
are compared. In the case of the lighter ram a comparatively |
high incident peak force is generated, due to a higher velocity
at impact; for the heavy ram the initial peak force is smaller i
but the force decays more slowly, reflecting a longer duration

L

of impact.

In the case of the 40 ft pile, the influence of ram
welght depends upon the soil resistance, Ru‘ For Ru equal to
120 tons (Figure 5.32), maximum penetration occurs with the E
10,000 1b ram, as in the case of the infinitely long pile.

Transmitted energy is relatively insensitive to ram weight,
Net expended fuel energy decreases slightly with increasing
ram welght due to pile rebound which, in the case of the heavy
ram, OCCUrs whi%§ the ram is still in contact with the anvil,
returning energy to ?hg.ram. At Ru equal to 3000 tons (Figure

5.33}, the peak force becomes more critical in determining

penetration. The incident peak force is high for the light
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ram, due to high impact velocity. For the heavy ram, incident
peak force is relatively low, but reflections which occur during
the impact period increase the ultimate peak force to a value
greater than that generated by the light ram. Therefore, best
performance occurs with the heavy ram, as in the case of the
infipnitely long pile.

The irregularity of the blows/inch vs ram welght rela-
tionship in Figqure 5.32 exemplifies the complexity of the
effects of force reflections in pile driving, particularly
in the case of short piles. Thus, conciusions drawn from the
study of driving on infinitely long piles may not be applicable

to the case of short piles, due to reflection effects.

wWeight of Anvil. Analyses were performed with anvil

welghts ranging from 500 to 3000 lbs, approximately 30 to 200
percent of the typical anvil weight for hammers similar to the
hypothetical hammer. The infinitely long pile, and the 40 ft
pile, with Ru equal to 120 tons and 300 toné, were considered,
Pile impedance was held constant at 2900 lb-sec/in. Results of
the analyses are presented in Figures 5.34 through 5.37.

For the infinitely long pile (Figure 5.34), performance
is not sensitive to anvil weight, the most significant effect
being a slight decrease in peak force with increasing anvil
weight. This coulg be important in hard driving, wherein peak
force is criticai.. Figure 5.35 is a comparison of the force
pulse generated in the head of the infinitely long pile by

hammers with anvil weights of 500 and 3000 1lbs, The pulses are



Defiection, inches

204

70,000 T 1 — 800
Max. Force, Head, Fpn,
60,000t— —700 g
Fue! Energy, Egq x.
S
o
50000F— 07\-(’* —0 —e00 i
Max. & Net Energy, Head, Eom Ehn
Note: Lp=@, pca=2900tb-sec/in
40,000 I | | 500
30 i [ , 15,000
\%\— Vone v
20— Max. Deﬂ., HeGd, Dhm —"I0,000 g
e
3 ® ° Iy
N 2
' =
| O Impulse , Anvil, Iq 5000 &
o | | | 0
0 10,0.0] 2000 3000 4000

Anvil Weight, ibs

el

Figure 5.34 - EFFECTS OF ANVIL WEIGHT, INFINITELY

LONG PILE



205
730 i j T 1
\ Note:
| L =%, pca=2900 Ib-sec/in
600 |— E . -
» ]
e f
-
, i
o
g asof— -
© |
S i
T ll‘ : 500 b Anvil
: |
PR / ‘ i
‘ T f 3000 Ib Anvil
3’ SO — —
Closure
__'/
0 | 002 sec
|

Time

Figure‘_fg.35 COMPARISON OF FORCE PULSES - VARYING ANVIL
=~ WEIGHT, INFINITELY LONG PILE



206

50,000 . [ 1100
Fuel Energy, Egq
40,000|— | —{1000
Esf.(Egn)mox ™ MGXA Energy, Head, Ehm
4_‘§ 20,0004 —900
:"1 Net Energy, Head, Ep,
>
>
5 200000 | 180
Max. Force, Head, Dpm _
10,000 — 700
Note: Lp=40ft, pca=2900 Ib-sec/in,
Ry= 120 tons
o | A— 600
{.25 1 T : 5
Max. Defl., Head, Dhm\
g 100~ — ¢
£ "
S |
= om "T‘o—/’ﬂ °
.g Max, Defl., Tip, Dim
5 0501 2
B 0 N
o 25 Blows/Inch -1
oL I | l
o ~1000 2000 3000 200

Anvil Weight, Ibs

Pigure 5.36 EFFECTS OF ANVIL WEIGHT, 40 FT PILE,
: 120 TONS SOIL RESISTANCE

Force, kips

Blows /Inch



Energy, ft-Ibs

Deflection, inches

207

40,000 T : i 900

Max. Force,Head, Fy, -

30,000 —1800

Fuel Energy, Egn

20000 |~ Mox.Energy Head,Enm — 700

et Energy,Head, Ep,

10000 Note: Lo =40ft, pca=2900 Ib-sec/in, —(°9°

R, =300 tons
_ 0 | i 500
.25 1 T T 25
- Blows /inch —{0
Q.75 — 15
V= %
0.50 p— Max. Defl.,Head, Dpm —1 10
b £ —
o | | | o
O 1000 2000 3000 4000

Anvil Weight, [bs

e

Figure 5.37  EFFECTS OF ANVIL WEIGHT, 40 FT PILE,
- 300 TONS SOIL RESISTANCE

Force, kips

Blows /inch



208

essentially identical, with a slightly lower peak force in the
case of the heavy anvil.

The case of the 40 ft pile illustrates the cowplications
of real pile-~driving cases, as compared to the infinitely long
pile case. For Ru equal to 120 tons (Figure 5.36), anvil-
weight effects are approximately similar to those of the
infinitely long pile case. For Ru equal to 300 tons (Figure
5.37), however, impedance and force-reflection effects combine i
to produce somewhat greater energy transmission and deflection
at the high and low extremes of anvil weight than at the inter-
mediate anvil weight.

In general the effects of variations in anvil weight
are secondary as compared to variations in ram weight. For i
short piles at high soil resistance the effects may be signi-

ficant, and can be checked by wave equation analysis.

Weight of Drivehead. Analyses were performed with

drivehead weights ranging from 500 to 3000 1lbs, representing
the extreme ?ange of weights normally encountered for a hammer
of 4CG,000 ft~1lbs rated'energy. The infinitely long pile and
the 40 £t pile, with R, equal to 120 tons and 300 tons were
considered. Pile impedance was held constant at 2900 lb-sec/in.
Results of the analyses are presented in Figures 5.38 through

5.41.

e ™
s

In the case of the infinitely long pile (Figure 5.38)},
peak pile-head force falls off sharply for the highest drive-

head weight, indicating that the increased drivehead inertia
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reduces pile~head acceleration. Figure 5.39 is a compariscn of
the force pulses generated at the head of the infinitely long
pile by the hypothetical hammer with drivehead weights of 500 1lbs
and 3000 ibs. The principal difference between the pulses is

the magnitude of the peak force; the pulses are sinilar prior

to and after the peak. In actual pile driving,. this difference
in peak force may or may not be of importance, depending upon
whether peak force controls penetration.

The presence of the drivehead will affect the nature of
the force reflections which occur at the top of the pile. &
small drivehead weight will tend to cause tensile reflections,
whereas a large drivehead weilght will result in compressive
reflections which, in the case of short plles, may increase pile
penetration. This occurs in the case of the 40 ft pile at Ru
equal to 120 tons {(Figure 5.40) and 300 tons (Figure 5.41). AsS
drivehead welght is increased from 500 to 1000 lbs, penetraticn
decreases slightly due to increased incident peak force. At
higher values of drivehead weight, penetration increases as a

result of the reflection effects.

Stiffness of Hammer Cushion

Hammer-cushion stiffness, KC, is a primary factor in
the determination of the form of energy delivered to the pile
head and, thus, in_ the impedance matching of hammer and pile.
Although the precise relationship of K to hammer impedance has
not been determined, insight into the influence of KC on pile

penetration and stress was gained by examination of several cases.
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A series of analyses was performed pertaining to the
hypothetical hammer operating on the infinitely long pile, with
impedance of 2900 lb~sec/in; K, was varied from 500,000 1lb/in
to 100,000,000 1b/in. For most diesel hammers, the stiffness
of the manufacturer's recommended cushion falls in this range,
with 15,000,000 1b/in to 70,000,000 1b/in being most common.

Results of the analyses are summarized in Figure 5.42,.
In the range of stiffnesses from 500,000 1b/in to 20,000,000 1b/in,
performance was strongly affected by cushion stiffness; both
transmitted energy and peak force increased with increasing
stiffrmess., At higher stiffness, however, performance remained
essentially constant, indicating that a peoint of diminishing
returns had been reached.

As illustrated by the compariscon of force pulses in
Figure 5.43, the effect of a large increase in KC is to increase
the incident peak force. The influence of this change in the
form of energy on pile penetration and stress depends on pile
impedance, soil resistance distribution, total soil resistance
and other factors. The influence of peak force is greatest in
cases wherein peak force limits penetration, namely, the driving
0f high-impedance piles against high soil resistance.

To exemplify the inflwe nce of Kc on the driving of a
finite~length p%}g, a second series of analyses was performed
relative to the hypogpégical hammer operating on 40 £t long
piles with impedances-equal to 2175, 2900 and 3625 lb=~sec/in

(15, 20, and 25 in2 of steel, respectively). Results of the
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analyses are summarized in Pigure 5.44 wherein blows/inch

and peak pile force are plotted versus Kc' For each of the
impedances, maximum pile peénetration occurred at K, equal to
50,000,000 1b/in, approximately. For these examples, at least,
the hammer cushions normally used in diesel hammers are near
the optimum stiffness relative to pile penetration.

For the cases investigated, the optimum hammer-~cushion
stiffness is considerably higher than the stiffness correspond-
ing to impedance matching in an impact hammer of equal ram
weight. For example, to obtain matched impedance of impact
hammer and pile, for a ram weight of 5000 lbs and pile impedance
of 2900 1lb-sec/in, K, should be between 500,000 and 1,800,000
1b/in (Parola, 1970). The apparent difference between the
stiffness corresponding to impedance matching in the impact
hammer and the optimum stiffness for the cases investigated can
be attributed to reflection effects and to the influence of the

anvil and gas force on impedance matching in the diesel hammer.
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CHAPTER ©

CONCLUSIONS AND RECOMMENDATIONS FOR RESEARCH

6.1 CONCLUSIONS

Ceonclusions relative to diesel hammer pefformance will
be presented under three topics: simulation of performance by
wave equation analysis; fundamental characteristics of per-

formance; and factors affecting performance.

Simulation of Diesel Hammer Performance

1, Diesel hammer performance can be simulated by wave
equation aralysis with accuracy sufficient for both
soil mechanics applications and hammer design.

2. Accurate simulation requires that the hammer model
correctly account for gas~force effects, including
the interaction of impact and gas force with the
movement of the pile in the course of the hammer
blow,

3. Gas-force effects can be simulated by application
of basic thermodynamic laws to the compression and
expansion of gas in the power cylinder, by utiliza-
tion of appropriate pulse-shape factors describing
the tim}gg and characteristics of the combustion

event, and by adjustment of the pulse amplitude to
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achieve equality of downstroke and upstroke of the
ram. By this method the influence of soil resistance,
pile characteristics, fuel volume and other factors on {
the gas-force pulse are correctly taken into account.

If the amount of fuel enexrgy expended within the hammer

is known, it is possible to perform the energy-input

apalysis, wherein the ram stroke corresponding to the

specified amount of fuel energy is calculated, i
Provision should be made for minimizing the calcula-

tion error resulting from spurious oscillation of

the spring-mass model usged to represent the pile. This

can be accomplished by the use of internal damping.

Characteristics of Diesel Hammer Performance

1.

The diesel hammer is essentially a variable-stroke,
free-piston diesel engine; the stroke of the piston
(ram} varies with the load on the engine (pile-soil
response)Aand the amount of fuel supplied. The vari-
able-stroke characteristic has important implications
with regard to field control of diesel pile driving,
prevention of pile damage, and overall pile-driving
performance.

For effective pile-driving control, field personnel
must béAprovidgd with a means for estimating pile
capacity on the basis of blows/inch, at various values

of ram stroke. Wave equation analysis can be used to
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generate curves of R, Vs blows/inch at three or more
values of ram stroke. By interpolation, estimated
pile capacity can be determined for any combination

of blows/inch and stroke. For a given pile capacity,
a single curve of blows/inch vs stroke can be used,

in which case no interpolation is required.

The variable-stroke characteristic can be put to use
in the prevention of pile damage, particularly in the
driving of concrete piles. Because peak stress is a
function of ram stroke, damage is less likely when the
hammer is operated at reduced stroke. In soft-ground
driving where tension stresses are critical, ram stroke
automatically decreases because a large proportion of
the fuel energy is absorbed by the pile. Additional
control over stroke is afforded by hammers in which
fuel flow can be controlled,.

Net energy transmitted to the anvil is, in general,
approximately equal to the net expended fuel energy
and thus is proportional to the amount of fuel
injected.

Both the impact and gas force contribute significantly
to the total force output of the hammer. In general,
th% impact component increases relative to the gas

component as ram stroke or soil resistance increases.,



222

Factors Affecting Hammer performance

conditions and fuel volume have an important effect on diesel

Job-Controlled Factors. Pile characteristics, site -

hammer performance; therefore it is essential that these he

taken into account. Specific conclusions regarding these

factors are as follows:

1.

Az pile length increases, maximum and net transmitted
energy tend to increase, peak pile-head force tends to

decrease, and required fuel energy tends to increase.

Increasing pile impedance results in larger peak -
pile~head force, which in most cases results in .
increased pile penetration.

Based on the analyses described, the effects of &

inclination on hammer performance are probably
negligible for inclinations less than 14°, measured
from the vertical. At larger inclinations, reduced
gravity and increased friction forces diminish the
transmitted energy and peak force corresponding to !
a given ram stroke,

501l resistance, Ru, has an important influence on
hammer performance., At constant ram stroke, maximum
and net transmitted energy decrease with increasing
Ru, whereas pgak pile-head force tends to increase.
Peak pile—giﬁ?compressive forces increase signifi-
cantly with increasing Ry due to compressive reflec=-

tions at the pile tip. Fuel energy required to
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maintain constant stroke decreases with increasing
Ru.

5. If fuel energy is held constant and soil resistance
is increased, maximum transmitted energy remains
approximately constant, and net transmitted energy
tends to decrease slightly; stroke and peak force
increase significantly. Thus in easy=-driving condi-
tions, even though the amcunt of fuel injected per
blow is held constant.

6. If soil resistance is held constant, an increase in
fuel energy results in a significant increase in
stroke, peak force and transmitted energy. The
ability to vary fuel energy during driving will
result in more favorable performance characteristics
in both easy and hard driving. This is especially
important in soft-ground operation, wherein large
amounts of fuel are required in order to prevent

hammer shutdown.

Hammer-Controlled Factors. Certain characteristics of

the hammer, drivehead and cushioning should be considered in
the selection of equipment for a given jok. The following con-
clusions relative to these characteristics were derived from
the currentﬂxesearph:

1. The eff@é&ive impedance of diesel hammers involves

several factors, including ram weight, cushion stiff-

ness, combustion characteristics and the weights of
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anvil and drivehead. Due to the large number of
factors involved, no method has been developed for
determining the effective impedance. Matching of
hammer and pile impedance in order to optimize per-
formance is best accomplished by wave equation
analysis of trial hammer-pile combinations.
Increasing the ram weight, at constant rated energy,
results in lower impact velocity and greater force-
pulse duration. Although the incident peak force is
reduced, the long pulse duration may result in
reflected peak forces which are-greater than those
achieved with a lighter ram, particularly in the case
of short piles, Increasing the ram weight may increase
or decrease transmitted energy, depending on the
impedance match and force-reflection effects.
Ignition timing has an important effect on peak force
and energy transmission. Ignition occurring prior to
impact decreases incident peak force; ignition after
impact has little effect on incident peak force. For
optimum energy transmission, ignition should be timed
such that peak gas and impact forces occur simal-
taneously.

As compared to impact atomization, spray atomization

"

has the advanﬁﬁge of closely~controlled ignition timing,
‘.
which results in more predictable hot-weather per-

formance and less sensitivity to the type of fuel used.
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Furthermore, spray atomization makes possible low-
stroke operation without impact, which is useful in
driving concrete piles.
For a given swept volume, an increase in power-
cylinder area will produce a force pulse of approxi-
mately equal peak force but of longer effective
duration; the results are as follows:
a. In the case of long piles or low Ru’ pile pene-
tration will increase.
b. For short piles or high Ru, penetration may
increase or decrease depending on cother factors.
¢. The minimum soil resistance at which the hammer
will operate will increase, which is unfavorable
for soft-ground operation.
An increase in compression ratio results in decreased
peak force and increased transmitted energy for long
piles and low values of Ru' However, the effects are
secondary in importance. For short piles at high R s
variations in compression ratio have negligible effect
on performance. A high compression ratio is undesir-
able for soft-ground operation because it results in

an increase in the minimum soil resistance at which

the hammer will operate.

b

Cushion étiffness has an important effect on peak force

and efficiency of energy transmission. In general an

increase in stiffness results in increased peak force;
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however there is a point of diminishing returns, beyond
which further increases in stiffness have little effect.
The influence of cushion stiffness on the efficiency of
energy transmission depends on the impedance match of
hammer and pile. For the cases investigated, stiffness
on the order of 50,000,000 1lb/in produced the greatest
pile penetration.

8. In general, variations in the weights of anvil and
drivehead, within the range of values normally encoun-
tered, have only a secondary effect on hammer perfor-
mance., Large values of anvil 6r drivehead weight may,
in scme cases, significantly reduce the incident pezk
force in the pile head. In short piles) however, the
presence of the heavy anvil or drivehead may produce
force reflections which are favorable with respect to

pile penetration.

6.2 RECOMMENDATIONS FOR RESEARCH

With respect to simulating the diesel hammer for purposes
of wave equation analysis, measurements should be performed which
will facilitate accurate correlation of expended fuel energy
with the amount of fuel injected. This requires measurement of
fuel volume, ram and qgvil movements, and anvil force under a
variety of well—docume;ted driving conditions for several repre-

sentative hammer sizes and models. Information of this nature

will allow prediction of obtainable ram stroke in advance of
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driving. Then, hammer operation could be specified and con-
trolled more competently.

For all hammers of the spray-atomization type, the
timing and duration of the injection should be documented in
order that the effective ignition timing and force-pulse shape
factors may be determined for use in wave eguation analysis.
Predicted gas-force pulses should be checked by measurement.

A practical means should be developed for detection
of uncontrolled preignition due to overheating. Currently,
preignition can be detected only by measurements indicating a
decrease in pile deflection, or by the observations of per-
sonnel experienced in the symptoms of overheating. Neither
means 1is satisfactory for routine job control. If undetected,
such preignition will result in diminished hammer performance
and reduced pile capacity.

For simulation of inclined operation, measurements of
ram velocity and pile~head force pulse under a variety of
fully~documented driving conditions are needed in order to
evaluate friction coefficients to be used in wave equation
analysis.

A rational system for comparative rating of pile
driving hammers, of both the diesel and impact type, is
needed. This system should be based on measured performance
of each hammer Qpérating under one or more of a limited
number of standardized driving conditions. Probably a mini-

mum of five test stands should be used, each consisting of an
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instrumented pile driven to firm bearing and each with a dif-
ferent impedance.

The hammer manufacturer would select the pile upon which
his hammer would be tested; then the hammer would be operated
under controlled conditions of stroke, fuel flow, temperature,
etc. Hammer performance would be evaluated on the basis of
the quantity and form of energy transmitted to the pile. The
hammer ratings developed from such tests would replace the
present "rated energy" and would thus contribute to more

competent hammer utilization.
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APPENDIX A

OSCILLATION ERROR IN SPRING-MASS MODEL

A.1 INTRODUCTION

Pile hammers incorporating stiff internal cushioning,
or no cushioning at all, are capable of generating a pile-~head
force pulse which has a very short rise time (less than 1
millisecond). In similating the operation of such hammers by
wave equation analysis, the use of a conventioﬁal spring-mass
model may result in large computational error., Typically,
both peax plle force and penetration are overpredicted; in
extreme cases, the peak~force error may exceed 50 percent.

The source of the error is oscillation within the
spring-mass model which has no counterpart in reality. In
sections to follow, the cause of the oscillation and a method
for minimization of the computational error will be discussed,

An example problem will be examined.

h.2 CAUSE OF OSCILLATION

If a force pulse with short rise time is applied to a

spring~mass 'model, such as that used to simulate the pile, the

L3

-

resulting motion of the masses in the system may be oscilla-
tory. Murtha (1961) noted that a step pulse applied to a

spring-mass model will cause the system to oscillate
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predominantly in its highest mode. Further, Murtha demonstrated

that the vibration of the model exactly simulates that of an
equivalent continuous rod only in the fundamental mode of

vibration, and that the disparity between the dynamic response

of the model and rod increases with the frequency of vibration.

It follows that the participation of the higher modes in the
response Of the spring-mass model detracts from the accuracy

of the simulation,

A.3 DAMPING

An effective method for minimizing the error resulting
from spurious oscilliation is to prevent the model from oscil=-
lating in its higher modes. This can be accomplished by tﬁe
introduction of internal damping elements (dashpots) into the
model. A variety of dashpot arrangements are possible,

The writer uses an arrangement which has yielded
satisfactory results. Dashpots are arranged in parallel with
the springs representing the stiffness of the system elements
(Figure A.1). ©Not all springs are damped; normally two dash-
pots, connecting the anvil to the drivehead and the drivehead
to the first pile mass, are used.

Dashpots consume energy, thus simulating an energy

*

loss which does not oc&ur in reality. Therefore, it is neces-—

&

sary to design the déshpot such that a minimum of energy is

consumed. For routine calculations a linear dashpot is
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assumed, such that the force F, in the dashpot is calculated

as follows:
F o= cyle)

where Cd is the damping ceoefficient and é is the rate of strain,
An important advantage of this type of dashpot is that the

selection of the constant cd can be done automatically, without
trial and error. Ca is calculated according to the following 1

relationship {(Biggs, 1964}:

2 C
Cy = TEee
d 100 02 i
where cp = desired percentage of critical damping in i

highest mode of vibration, percent.

& = highest natural frequency of vibration of the L
system consisting of the pile and interface
aquipment, radians/sec.

Normally Cp is set equal to 200 - 300 percent. The
result is to damp the highest modes without materially affecting
vibration in the lower meodes. Using this method, the energy
absorbed by the dashpots 1s normally less than 5 percent of
the rated energy of the hammer. If higher wvalues of Cp are

used the dashpots may consume excessive amounts of energy, the

i

result being underpred%ction of pile stress and penetration.
Use of internal damping as described above leads to a

solution which is sufficiently accurate for soil mechanics
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applications and hammer design. The error introduced by energy
losses in the dashpots is small compared with the errors in-
herent in the assumed soil properties and other input variables.
It is important to recognize, however, that the internal damping
is an imperfect sclution to the oscillation problem and should
be used with judgement. For instance, it is necessary to

ensure that the dashpots serve to damp only the spurious oscil-
lations of the model. This is accomplished by selection of pile
segment lengths which are sufficiently short that the highest
natural frequency of the spring-mass model will be higher than
that of the real system. If this is done, the spurious oscil-
lations will occur at frequencies higher than the real oscilla-
tions of the pile-hammer-soil system. Thus the small amount

of damping required to eliminate the high-frequency osciliation

will have little effect upon the real oscillations,

A.4 EXAMPLE

2 hypothetical problem will illustrate the various
methods for minimizing the oscillation error, including the
method described in the preceeding section. The problem has
been idealized for simplicity, but is directly related to the
oscillation problems encountered in the wave equation analysis
of dieselAékle driving.

The problem (Figure A.2a) involves the cushioned

impact of a ram on an infinitely long steel pile. The
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cushion, with a stiffness of 18.64 x 106 1b/in, rests on a
139-1b drivehead, which is in direct contact with the pile head.

The force pulse generated in the pile head by the ram
impact was calculated by wave equation analysis, using four
different analytical models., Model I (Figure A.2b) is repre-
sentative of the “standard" approach to spring-mass modeling;
the true cushion stiffness is used, and a pile segment length
(4.6 ft) is selected., The pile~head force pulse calculated
by this method is shown as a solid line in Figure A.3. Also
shown in the figure is the exact solution to the problem,
calculated by simulating the pile with an equivalent dashpot.
Clearly, spurious oscillation has occurred in the model,
resulting in a totally unrealistic calculated force pulse.

Model II {(Figure A.2c) is similar to Model I, except
that the pile is broken into segments one-~fourth as long. As
shown in Figure A.4, the force pulse calculated using this
model shows no evidence of spuriocus osclllation and is almost
identical to the true pulse., However, the computer time
required for this solution was far greater than that required
using Model 1.

Model III (Figure A.2d) is similar to Model I, except
that a cushion stiffness equal to one-fourth of the true value
was used. .Fpe results of the solution (Figure A.5) indicate
that spurious osgiglation was avoided. However, the calculated

incident peak force is significantly less than the true value;
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this is a serious deficiency. Computer time was equal to that
required using Model I.

Model IV (Figure A.2e} also is similar to Model I, but
incorporates internal damping as described in the previous
section, The results obtained using this model (Figure A.6)
are nearly as good as those obtained with Model II, yet the

computer time was no greater than that required for Model I.

A.5 CONCLUSION

It is concluded that the use of internal damping is an
effective and economical method for minimizing the error due to
spurious oscillation. An alternate method, using extremely
short pile segments,can produce slightly more accurate results,

however excessive computer time is required.
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APPENDIX B

SUMMARY FLOW CHART FOR DIESEL1 PROGRAM

DIESELl is a computer program for wave equation
analysis of diesel pile driving. The program is based on the
wave equation solution developed by Smith (1962) for iwmpact
hammers., Major medifications were required in order to simu-=
late diesel hammer operation; these are described in Chapter 3.

Fundamental program logic is outlined in the summary
flow chart (Figure B.l1). Normally, the strcke-input type of
analyeis is used, wherein downstroke is specified and the
peak gas force is adjusted so as to achieve equality of down-
stroke and upstroke. If the net expended fuel energy is known,
the energy-input type of analysis can be used (Chapter 3).

In this case, fuel energy is an input quantity; stroke is
adjusted in order to obtain the required value of fuel energy.

The program is written in the FORTRAN computer language

and consists of approximately 3000 statements.
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