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p 9-19 para 2, 1* line: “slightly” for “slightly”

ADDENDUM

p 2-10 para 2, 3" line, after “wave mechanics™: insert “and measurements of force and
velocity histories at a pile section near the pile head.”

p 2-23 para 1, 6™ line, after “e.g.”: insert “Coyle and Gibson, 1970;”
p 2-23 para 1, 11" line: “N generally has...” for “N has...”

p 2-24 1® line: “series” for “parallel”

p 2-24 section 2 4. 1,Ipara 2, 2" line, after “e. 2.”: insert “Coyle and Gibson, 1970;”

p 2-33 1" line, before “Litkouhi and Poskitt (1980)”: insert “Coyle and Gibsoﬁ (1970);”
p 3-14 para 1, 10™ fine: “an arbitrary” for “2 convenient”

p 3-21 section 3.4.1.2, 6" line: “remained essentially” for “remained”

p 3-21 section 3.4.1.2, 7" line: “vary systematically” for “vary”

p 3-21 section 3.4.1.2, 8" line, after “velocity.”: insert “However, based on the plot presented
by Heerema (1979}, it is possible that there were minute dynamic effects.”

(o]

p 3-61 after para 3: add as new para: “Given that currently there is a lack of conclusive
- experimental evidence for supporting any of these hypotheses, no recommendation regarding
the use of the damping factors for piles instailed in sands can be proposed. Further research
involving tests at higher shear rates is therefore required for any conclusion to be drawn.”

p 6-11 para 1, 8" line: delete “lowest”

p 6-13 caption of Figure 6.6: add at the end of caption: *; scale indicated by 23mm-diameter
coin.”

p 8-32 last line, after “relationship”: insert “and Equation (8.1)”

p 8-33 1* line to 8™ line: delete and read *“1. For a specimen that has been preconsolidated to a
certain stress, the shear strength decreases with decreasing (current) applied stress and with
increasing OCR value; therefore, the o value increases with decreasing applied stress and
increasing OCR value. 2. For two specimens that are currently loaded at the same stress, the
specimen with the lower preconsolidation stress and hence the lower OCR has a lower shear
strength; therefore, the o value for this sample is higher.”

p 9-13 para 2, 2" sentence: delete and read “It is not known which one of the resistances (the
ultimate or the instantancous) is more appropriate; the use of either one of the resistances is
discussed as follows.”

p 9-19 para 3, last sentence: delete and read “The Shaft/Toe ratio computed by
CAPWAP(expo) is slightly greater, and i1s generally about £30% of the CAPWAP(linear)

value.”

p 9-31 para 4: delete last sentence
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p 1-5 ¥ line: “Summary & Conclusion” for “Conclusion”

p 2-5 section 2.2.4, para 1, 5% line: ™ for «®»

p 2-14 para 2, 12" linc: “If no match can” for “If the no match can®
p 2-15 Figure 2.7, third box on left: “#AV* for “iw”

p 2-19 section 2.3.1, 2% linc: delete “low”

1 p 2-24 section 2.4.1, para 1, 9™ line: “inspiring” for “inspircd”

p 3-2 1% linc: “With” for “ith”

4 p 3-13 Table 3.1: “<” for “x"

p 3-50 Equation (3.6 "N for “n”
p 4-31 Equation (4.1): “inmps” FOr “yiopme” o o

p 5-2 section 5.2, para 2, 3 line: delete “significantly”
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p 6-31 para 2, 7" line: delete “that”
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p 6-31 last sentence: “are” for “also™

p 6-32 Figure 6.22: symbols are as follows:
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p 6-40 para 2, 2" line, aflcr “obtained”; insert “by”

p 7-71 para 3, 6™ fine: “3.5s/m.” for “3.5."

p 42 3" line; delete “and”

p 8-7 para 2, 2" line, after “(«)”: insert *(For [5 fixed at 3.0s/m)”

p 8-12 Equation (8.1), *,” for *,”
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- SYNOPSIS

‘The uncertainties inherent in the design and construction of piled foundations have
necessitated the testing and verification of the capacity of installed piles. An
economical testing method, known as dynamic testing, is increasingly replacing the
traditional static load test. In addition, dynamic methods for forecasting the
driveability of piles are being used increasingly. These dynamic methods are
premised on accurate modeling of a dynamic phenomenon in the soil known as
viscous damping, which enhances the soil resistance during the dynamic event.
Whilst various models for modeling the viscous damping response have been
proposed, these models are either not based on experimental data, or based on
experimental studies which have significant limitations. Moreover, these models do
not allow the values of the dynamic damping parameters to be determined rationally,
and the damping parameters cannot be related to fundamental soil parameters. The
uncertainties inherent in the use of such models reduce the reliability of both

predictions of pile driveability and the interpretation of dynamic testing methods.

In order to improve the reliability of the dynamic testing methods, research is

undertaken on the viscous damping response of the pile-soil interface during the
dynamic event. The aim of the project was to develop an improved and physically
based model of the dynamic pile-soil interface response., This was to be achieved by

the conduct and analysis of laboratory simulations of the pile-driving event.

The project has involved testing of the pile-sand and pile-clay interfaces using the

laboratory set-up, and observations of the post-test shear surfaces of the interfaces.

The project has led to a hypothesis of the mechanism of viscous damping, and a

simple method for estimating the value of the damping parameter based on

conventional soil tests.

The proposed model for the characteristic damping response has been incorporated

into a research version of a commercial signal-matching program known s

CAPWAP. Analyses performed using the proposed model on field data have




demonstrated that the model can be applied with success to real pile behaviour
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NOTATION

All notations and all symbols are defined where they first appear in the text. For

convenience, they are also listed with their definitions subsequently. Metric units

according to the S.I. system have been used unless otherwise noted.

CF
Djo
Dsp

Emin

Emax

J(N=0.2)

Je

J Smith

J WSCOUs

Jip(N=0.2)

k2
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clay fraction

effective grain size; grain size corresponding to 10% percent passing
mean grain size; grain size corresponding to 50% percent passing

grain size corresponding to 60% percent passing

relative density of cohesionless soil

void ratio

void ratio in loosest state

void ratio in loosest state

force at a particular location along the pile

specific gravity of solid constituents

plasticity index

liquidity index

pile shaft-soil interface viscous damping constant for power law

pile shaft-soil interface viscous damping constant for power law with
exponent 0.2

Case damping factor defined for the Case Method which assumes that
ali dynamic resistance occurs only at the pile tip |

pile shaft-soil interface viscous dhmping constant for Smith model

pile shaft-soil interface viscous damping constant for linear viscous
damping model

pile tip or soil-only viscous damping constant for power law with
exponent 0.2

stiffness at the pile-soil interface

pile shaft-soil interface damping constant defined by Dayal and Allen
(1975)

pile shaft-soil interface damping constant defined by Benamar and co-
workers (Lepert et al.; 1988a, 1988b; Benamar et al., 1991, 1992;
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ansr
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Su

Benamar, 1999)
pile shaft-soil interface damping exponent defined by Benamar and co-
workers (Lepert et al.; 1988a, 1988b; Benamar et al., 1991, 1992;
Benamar, 1999)

soil-only viscous damping parameter defined by Briaud and Garland
(1985)

Exponent for the power law

soil-only viscous damping parameter defined by Graham et al. (1983)
ratio of the preconsolid&ition stress to applied normal or vertical stress
quake; the maximum soil deformation that may occur elastically
dynamic pile-soil interface shear resistance due to viscous damping;
the difference between the total shear resistance and the quasi-static
shear resistance

quasi-static pile-soil interface shear resistance measured at a reference
quasi-static shear rate

total pile-soil interface resistance; the sum of dynamic resistance and
quasi-static resistance |

instantaneous pile-soil resistance

ultimate pile-soil resistance

shear strength

undrained shear strength

relative pile-soil velocity, for the case where the soil is assumed to be
stationary, the relative pile-soil velocity is equal to the pile velocity
reference quasi-static relative pile-soil velocity

force of upward travelling wave

force of downward travelling wave

water content in percent of dry weight

plastic limit

liquid limit

shear displacement

pile impedance

average pile shaft-soil viscous damping constant for exponential

model
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original pile shaft-soil viscous damping constant for exponential
model

average pile shaft-soil viscous damping exponent for exponential
model

original pile shaft-soil viscous damping exponcnt for exponential
model

Angle of pile-soil interface friction

Pecak angle of pile-soil interface friction

Residual angle of pile-soil interface friction

normal appliced stress

normal applied stress

cffective normal applied stress

preconsolidation stress

effective preconsolidation stress

vertical applicd stress

cffective vertical applied stress

dynamic pile-soil interface shear stress due to viscous damping; the
diffcrence between the total shear stress and the quasi-static shear
stress

quasi-static pile-soil interface shear stress measured at a reference
quasi-static shear rate

total pile-soil interface stress; the sum of dynamic stress and quasi-
static stress

shear strength of pile-soil interface

peak shear strength of pile-soil interface

residual shear strength of pile-soil interface

shear strength of soil

peak shear strength of soil

residual shear strength of soil

Angle of soi! friction

Peak angle of soil friction

Residual angle of soil friction
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Chapter 1

1. Introduction

The design of piled foundations is fundamentally complex. The shear strength of the
pile-soil interface is dependent on a knowledge of the frictional (and possibly
cohesive) strength between the pile wall and the surrounding soil and the radial

effective stresses regime at the interface. These in turn are dependent on soil type,

pile type and wall roughness, construction effects, soil stress history and the effect of

construction on soil stresses. It is not surprising, therefore, that the design of piles is

subject to significant uncertainty. Engireers therefore generally resort to testing of

constructed piles in order to verify that design capacities are achieved.

Traditionally, static load testing has been performed in order to provide a definitive

measurement of pile capacity or pile-top load-deflection response. These tests
continue to be performed, although with less frequency, because of their high cost
and because of the availability of less expensive alternatives. They remain popular

because they are a direct method which is apparently definitive and requires little or

SO
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no interpretation. It is not widely known that these tests are not always reliable, and

may require significant analysis for correct interpretation.

Dynamic pile testing methods were developed in the mid to late 1970s, and were in
commercial use from the early 1980s. This method has become popular and well
accepted in many countries because of its cost, its speed, coupled with its technical
capabilities both in determination of pile capacity, and more widely in project
control. The fundamental difference between static and dynamic testing methods is
that the dynamic methods are conducted during pile driving, when the pile is in
significant motion. At this time, the pile is subjected not only to static soil resistance
forces, but also dynamic or viscous damping forces that result from the relative pile-
soil motion. Static pile capacity is therefore not a direct output of the test. The
fundamental challenge for this method is to isolate the static and dynamic
components of driving resistance so that reliable estimates of static capacity can be

predicted. The success of this task is highly dependent on the reliability of the

models of static resistance and of dynamic resistance used in the interpretation of the -

test measurements.

The dynamic behaviour of the pile-soil interface is not well understood, and various
researchers have proposed viscous damping models based on a range of experimental
studies. A review of the studies on which these models are based indicates a range of
shortcomings and limitations. Furthermore, the models which have been proposed do
not allow the critical parameters to be derived from or related to fundamental soil
properties. These models therefore exist in the public domain, but have largely not
been incorporated into commercial practice. Instead, the dynamic pile testing
industry has continued to use the linear viscous damping model, despite the
experimental research which has almost universally demonstrated that damping is

not a linear phenomenon.

Given that a highly non-linear phenomenon is represented by a linear model,
inaccuracies and errors of interpretation must result. A more reliable, physically-

based dynamic mode} should allow more confident estimation of static capacity.

Chapter 1 ~ Introduction

The primary aim of this research is therefore to improve the reliability of dynamic
testing methods. The research program will concentrate on the dynamic responses of
the pile-sand and pile-clay interfaces. The specific aims are to simulate the field
response as accurately as practically possible in the laboratory under controlled
conditions, and then, based on the experimental data, to develop an improved model

of the dynamic response of the pile shaft-soil interface.

The progression toward the proposed dynamic friction model is presented in this

dissertation in the fcllowing way:

Chapter 2 Background
The research conducted in this project is presented in the context of use of dynamic

methods in the piled foundation industry, and in relation to pile-soil interaction

during a dynamic event.

Chapter 3 Literature Review
This chapter discusses previous experimental studies into dynamic pile-soil interface

behaviour, and the viscous damping responses for pile-sand and pile-clay interfaces
that have been developed.

Chapter 4 Development of Experimental Apparatus-
This chapter describes the substantial modifications to a large shear device to enable

quasi-static and dynamic tests on pile-soil interfaces 0 be performed for this

research.

Chapter 5 Quasi-Static & Dynamic Pile-Sand Interface Behaviour: Test
Procedures, Results & Analysis

The testing program formulated for investigating the effects of various soil

parameters and pile characteristics on the pile-sand interface response is described.

The procedures adopted in pr :paring the interface and in performing the quasi-static

and dynamic tests are discussed. The results of the quasi-static and dynamic pile-

sand interface tests are presented and discussed.
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Chapter 6 Quasi-Static Pile-Clay Interface Behaviour: Test Procedures, Results
& Analysis

The testing program for the study of the viscous damping response of the pile-clay

interface is described. The procedures used in preparing the interface and in

performing the quasi-static tests are discussed. Post-test observations of the shear

surfaces of the clay specimen and the pile surface subjected to quasi-static tests are

described, and the quasi-static pile-clay interface behaviour is discussed.

Chapter 7 Dynamic Pile-Clay Interface Behaviour: Test Procedures, Results, &
Analysis (Part I)
The procedures used in performing the dynamic tests are discussed. Post-test
observations of the shear surfaces of the clay specimen and the pile surface involved
in the dynamic tests are reported. The differences in the fabric of the shear surfaces
from the quasi-static and dynamic tests, and the implications for the interface friction
are discussed. A procedure for analysing the data from the dynamic test is developed
so that the characteristic dynamic friction-velocity response can be obtained and

modelled.

Chapter 8 Dynamic Pile-Clay Interface Behaviour; Analysis (Part II)

A mechanism for the viscous response is proposed based on experimental evidence.
The effects of various soil parameters and pile characteristics on the viscous damping
response of the pile-clay interfaces are discussed and interpreted using the proposed
mechanism. A rational framework for understanding the viscous damping behaviour

and predicting the dynamic friction due to viscous damping is proposed.

Chapter 9 Performance Of Proposed Model In Signal-Matching Analyses
The performance of the proposed damping model in the signal-n..iching analysis of
dynamic pile testing records is discussed. The proposed damping model, which is
based on laboratory tests, is verified with analyses of field-measured data, and the

damping parameter is shown to be physically meaningful.

Chapter 1~ Introduction
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Chapter 10 Conclusion

The resuits of the research program are summarized, and conclusions drawn.

Directions for future work relating to some of the unresolved issues raised in this
research are suggested.
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Chapter 2

2. Background

2.1 General

In order to establish the setting for the research undertaken in this study, it is

necessary to consider the application of dynamic pile testing methods in practice, and

also the dynamic interaction between pile and soil that occurs during a dynamic

testing event. The former is discussed in the general context of available methods for

determining the pile capacity and the pile driveability analysis. The latter is discussed

with emphasis on a dynamic phenomenon at the pile-soil interface known as viscous

damping which is the particular subject of this study.
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2.2 Pile Capacity Evaluation

2.2,1 Static 'design

In the delivery of a piled foundation, there are essentially 4 phases involved: the site
investigation for gathering soil data; the design of the pile for a required capacity; the
construction of the pile; and the verification that the constructed pile has the required
capacity, load-settlement performance and integrity. The design of the pile is
primarily based on information obtained from site investigation. Whilst more
theoretically rigorous design methods are available, approximate empirical methods
are typically used because the inputs to the rigorous design methods (such as lateral
ground stress) are often unknown or uncertain. The soil stratigraphy and soil
properties across a site are typically highly variable but information is only available
at limited and discrete borehole locations which may or may not allow adequate
characterization. In additicn, the construction process itself may alter the soil
.properties and stress conditions in the ground. These effects may have a profound
effect on pile capacity. Because of all the inherent uncertainties in the design process
and in the ground conditions, there will often be a low degree of confidence that the
installed pile will have the required or designed capacity. As such, it is necessary (o
test the pile to ensure compliance to the required capacity. Pile testing, and in
particular dynamic pile testing, is often undertaken on a statistically significant
percentage of the installed piles (5 to 15%). Furthermore, physical testing overcomes
the uncertainties of site variability and construction effects inherent in the design
process. A higher degree of confidence ensues, and this allows lower factors of
safety to be adopted, with consequential cost savings potential. Ideaily, the
verification of pile capacity should also be fed back to the design process to test the
design assumptions and to optimize the cumrent design and improve future design
predictions (Poulos, 1998). Both traditional and more vecent methods of determining
the pile capacity are discussed in the following sections, with emphasis on the

dynamic pile testing as it relates to the specific focus of the research undertaken.

2.2.2 Static pile testing

Traditionally, the pile capacity is mainly determined using the static load test. The

static load test involves the application of vertical load to the pile head, in a
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controlled sequence of load increments. The test may take a variety of forms,
depending on how the reaction for the applied loading is supplied. Some of the
reaction systems are kentledge, reaction piles or ground anchors, as shown in Figure
2.1 (Poulos, 1998). The applied load and settlement of the pile head are recorded;
thus the pile capacity and deflection performance are directly obtained. It is worth
noting that many or most static load tests are undertaken as proof tesis to a
contractually nominated test load. The value of such tests for design feedback is
limited, as geotechnical pile failure is not achieved. The greatest benefit of static load
testing is obtained when the test is instrumented with strain measurement devices

along the pile axis. However, this sophistication is typically restricted these days to

research applications.

Although static load testing may appear to provide an unequivocal evaluation of pile
head load-settlement performance, considerable care needs to be taken with the
execution, instrumentation and analysis to ensure that the test is valid. Fellenius
(1988) reports large errors associated with the use of manometer measurements to
indirectly determine pile-head load. Interaction between load and reaction must be
minimized or appropriately considered, and the effect of residual stresses in the pile

may lead to a misinterpretation of the relative contributions of shaft resistance and

end bearing,.

A static oad test takes a significant amount of time to set up, execut2 and dismantle.
Typically these tests take between two and seven days to complete. In addition, the
need for significant reaction imposes a high cost. The high costs and time factors
associated with static 1oad testing have provided an incentive for the development of
alternative “q - and cheap” methods. Once developed, static load testing has been
less attractive, aithough it is still considered a reference test, and is performed albeit
in smaller numbers for that reason. It should be noted that in some circumstances,

particularly for piles constructed offshore, it may be difficult or impossible to

undertake a static load test,
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—"Dead weight"

| Jack

(d) Inclined anchors

(c) Vertical anchors

Figure 2.1 Some reaction systems for static load tests (Poulos, 1998)

2.2.3 Dynamic formulae
The other traditional method of determining the pile capacity applies only to driven
piles. This method relies on so-called driving formulae which are based on equating
the energy transmitted to the pile from the hammer to the elastic and plastic work
done on the pile. There are a range of pile-driving formulae in use around the world,
including the Hiley Formula, the Engineering News Formula, the Janbu Formula and
the Danish Formula. Although there are specific differences between the methods,
which arise from particular assumptions made in their derivation, it is possible to
generalize that the capacities deduced using these methods are no more than
approximate and are flawed given that:
e the methods are based on a representation of the hammer and pile as lumped rigid
masses. The pile is a distributed mass waich is dominated by stress-waves and

does not respond as a rigid body (see also Table 2.1);
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s the actual amount of useful energy being transmitted to the pile, ie. the
efficiency of the driving system, is unknown or must be estimated or assumed;

o the degree of elasticity or plasticity of the impact is represented in some methods

by a ‘coefficient of restitution’ which is poorly known and understood;

e the pile driving resistance during an impact event is greater than the static

component of resistance which is being estimated.

Table 2.1 Comparison of Newtonian collision theory and actual pile driving scenario

Newtonian collision Pile driving

Force is propagated instantly through
the pile.

Force is propagated through the pile as

a wave.

The theory applies to stiff bodies which

upon impact experience very small

The soil is very low in its stiffness,

resulting in small stresses and large

2-4

strains and large stresses. strains in the soil (Poskitt, 1991b).

The theory assumes the colliding bodies | The pile is restrained by the soil mass

are not subject to an external restraint. | into which it is driven.

Because of the oversimplifying assumptions, this method is understandably used

with large safety factors — sometimes ranging as much as from 4 to 12. However,

because of their simplicity, the formulae are still in common usage and are usually
used to correlate the rzsults of higher order testing (i.e. dynamic testing or static

testing) at a particular site to the pile population at the same site.

2.2.4 Wave equation analysis

The many shortcomings of the dynamic formulae have been eliminated by the wave
equation analysis which accurately simulates the hammer impacts and the pile
penetration process. The apprcach was first developed by Smith (1960), and since
then, several programs have been developed. The most widely used program in the
industry for such an analysis is GRLWEAP®, The methodology involved in the
GRLWEAP analysis is therefore discussed.

The pile, its helmet and the hammer used to strike the pile are modeled by a series of

segments each consisting of a mass and a spring, as shown in Figure 2.2. The
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Air/Steam/Hydraulic
Assembly

Pile
Soii

Figure 2.2 Pile model in GRLWEAP (after PDI, 1998)

stiffness of the spring is calculated from the cross sectional area and the relevant
modulus of elasticity. To model the energy losses in cushion materials and in all
segments which can separate from their adjacent segments by a certain distance,

coefficients of restitution are specified.

The analysis commences by calculating a ram velocity using the input hammer
efficient and stroke. The ram movement causes displacement of helmet and pile head
springs, and therefore compressions (or extensions) and related forces acting at the
top and bottom of the segments. Furthermore, the movement of a pile segment
induces soil resistance forces. A summation of all forces acting on a segment divided
by-its mass yields the acceleration of the segment. The product of the acceleration
and time step summed over time is thc'segment velocity. The velocity multiplied by
the time step yields a change of segment displacement which then results in new
spring forces. These forces divided by the piiz ~+oss sectional area at the
comresponding section equal the stress at that point. Similar calculations are made for
each segment until the accelerations, velocities and displacement of all segments
have béen calculated during the time step. The analysis repeats for the next time step

using the updated motion of the segments from the previous time step. Thus, the

2-6
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accelerations, velocities, displacements, forces and stresses for each segment are

computed over time.

Essentially three forms of output known as the “bearing graph”, the “inspector’s
chart” and driveability analysis can be generated from the analysis. The “bearing
graph” which relates ultimate capacity to driving resistance, can be produced by
performing the analysis over a wide range of ultimate capacities. The “inspector’s
chart” relates the hammer energy or stroke to driving resistance for one particular
user-specified ultimate capacity value and includes associated stress maxima of the
pile. The driveability analysis computes the driving resistances and stresses based on
user input shaft and toe resistance values at up to 100 user selected pile penetrations.
The results are typically plotted together with the capacity values versus pile
penetration. The plot allows the user to predict when refusal may be expected or
where high driving stress levels may develop. In addition, the driving time, excluding

interruptions, can be estimated.

In GRLWEAP, the static soil resistance is modeled conceptually with a linear elastic
spring in series with a plastic slider. The plastic slider allows continued displacement
with no increase of shear stress when the shear displacement exceeds the quake
value. Thus, these two elements model the elasto-plastic behaviour of the soil
resistance. The static soil resistance is shown schematically in Figure 2.3. The static
resistance (R;) is expressed mathematically as follows:

R =kx @.1)

where £ is the soil stiffness at the pile-soil interface, and x is the shear displacement

which is limited to the quake value (Q).

The dynamic force due to viscous damping is modeled with a viscous dashpot which
acts in parallel to the elasto-plastic spring. GRLWEAP offers essentially a linear
dynamic force model and a non-linear dynamic force model. The linear model,
known as the linear viscous damping model, is based on but differs from the Smith

damping model. The Smith model gives the dynamic force (R,) in the form of:
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Rd = JSml'rhv jnst (22)

where Jsmun is the Smith damping factor, v is the relative velocity between the pile

and the soil, and R, is the instantaneous resistance, whereas the linear viscous
model gives the dynamic force (Ry) in the form of:

' R, =J,0sVRu (2.3)
where Jyiscous 1S the linear viscous damping factor, v is the relative pile-soil velocity,
and R,y is the ultimate resistance. The dynamié force modeled by the linear visccus
damping model is shown schematically in Figure 2.3. The non-linear model is based
on the work of Coyle and Gibson (1970), Heerema (1979), and Litkouhi and Poskitt
(1980), and is in the form of:

R,=J,. V'R, 2.4)

viscous

where N has a value of about 0.2 to model the non-linear response. Although the
value of the damping factor has a significant influence on the predicted dynamic
response, little guidance is available for the selection of an appropriate damping

factor.

It j= important to note that the GRLWEAP model assumes that the soil mass
surrounding the pile does not move. Therefore, the relative pile¥soil velocity is
effectively the pile velocity. As will be discussed in more detail in Section 2.3.1, the
assumption that the soil mass is stationary during a pile driving event is not strictly

correct.

Pile Segment ——= r—— Soil Segment

_ Jvkmm
k/‘ *\
o/ X
E Ruy Jv!zovaﬂt
: - -
Q Displacement, x Velocity, v

Figure 2.3 Static and dynamic soil models in GRLWEAP (after PDI, 2000)
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2.2.5 Pile dynamic testing

A method of determining the pile capacity called dynamic testing was developed in

- the 1970°s (Rausche et al., 1972). Today, dynamic pile testing is accepted as a valid

technique of inferring the static capacity of piles and a standard quality assurance and
construction control method for piled foundations. A typical set-up for carrying out a
dynamic test involving a ram as well as strain gauges and accelerometers is shown in
Figure 2.4, and the typical force and velocity records based on the strain and
acceleration measurements on are shown in Figure 2.5. Probably the most widely
used system for undertaking dynamic pile monitoring is the Pile Driving Analyser
(PDA) shown in Figure 2.6.

Counterweight
releasing device

Ram
Guide tube

Measurement equipment

Accelerometers
& strain equipment

-m-l-nll—-.-—-——-.

Figure 2.4 The dynamic load test (Poulos, 1598)

t (ms)
| 2/e | I Velocity

Figure 2.5 Typical force and velocity records (Poulos, 1998)
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Figure 2.6 PDA unit (PDI and GRL, 2003)

The dynamic pile testing method is based oﬁ the analysis of stress-waves in the pile
generated by the blow of the pile driving hammer, and reflected from soil resistance
acting along and below the pile and from variations in the geometry and material
properties of the pile. The theory of stress-wave propagation in the pile is well
documented (e.g. Rausche et al., 1972; Goble et al., 1975; Rausche et al., 1985;
. Randolph', 1990; Fleming et al., 1992). An extract from Randolph (1990), which
explains critical and relevant aspects of the theory, is included in Appendix A.
Because dynamic (i.e. motion-related) effects occur when 2 pile is subjected to
impact loading, the technique is based on the premise that the static resistance can be
isolated from the dynamic effects. In order to correctly isolate the static and dynamic
responses from the combined driving resistance, it is necessary to develop valid
mathematical models of these components which reflect physical reality. If the
model is flawed, the components of the driving resistance may be misinterpreted or
misallocated, and the reliability of the deduced static capacity will be compromised.
Developing a soundly-based physical model of the resistance components is a

significant challenge for the researcher.

Compared to static load testing, dynamic pile testing is significantly more
economical and is significantly faster to execute. Unlike dynamic formulae, the
dynamic pile testing methods are founded on one-dimensional wave mechanics. As a
more valid approximation of pile driving events, dynamic pile testing is more
soundly based and is thus significantly more reliable, although the method can be

further improved as will be discussed. The dynamic pile testing method was

2-10
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originally developed specifically for driven piles. However, the method has general
theoretical appiication, which allows successful application to bored piles (Seidel and
Rausche, 1984} and barettes (Seidel et al., 1996). With trends toward screwed-in-
place piling, the method has 2lso been applied to such piies, although it should be
noted that the use of dynamic testing methods in new situations should be carefully
validated by reference static load testing. This is deemed particularly important when
the resistance models adopted are empirically based. If the new testing situation lies
outside the dataset on which the empirical parameters are based, caution must be

exercised.

A special benefit of dynamic pile testing which is not avaiiable to static load testing
is the ability to test the pile during the exact time of installation. It is well known that
piles are installed in soils of all types, but particularly fine-grained soils below the
water table experience time-dependent capacity changes. Capacity increases (known
colloquially as set-zp) are most common, but capacity reductions (known as
relaxation) are also observed in relation to loss of toe capacity in particular
formations. These capacity changes can be monitored by a sequence ¢f dynamic tests
commencing at the end of driving, and continuing for days, weeks or even years.
Practical limitations make it impossible to statically load test a pile at the completion
of installation, or to undertake sequential load tests, unless for a special research
application. This feature of dynamic testing enables a direct relationship to be
established between pile capacity and the field response (measured as set and
temporary compression), and to develop a meaningful correlation between dynamic

pile testing and dynamic formulae.

As preyiously mentioned, dynamic testing is used not only for estimating pile
capacity, but also more generally for construction control, including stress control,
damage assessment and pile driving hammer evaluation. These are important
practical benefits of the technique; however, as they are independent of the static and

dynamic soil resistance models adopted, they will not be discussed further.

However, the dynamic model on which the reliability of the method depends has yet
to be established definitively. Whilst the linear model currently being used as the

basis for analysis and interpretation usually yields reasonable rsults, experimental
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studies conducted thus far show that the velocity-dependence of soil resistance is
highly non-linear. This suggests that interpretations could be. improved . jf an

appropriate non-linear model could be introduced.

When a pile is dynamically tested during driving or after installation, the capacity of
the pile can be approximated using a non-rigorous method called the Case Method
and/or more accurately determined using a rigorous method involving signal-
matching of the measured stress-wave record. These analyses are described

subsequently.

2.2.5.1 The Case Method

The -Case Method is an approximate closed-form solution for pile capacity based on
the following assumptions:
« all the dynamic resistance is concentrated at the pile tip where soil is remoulded
e the cross-section or impedance of the pile is consistent along the pile length
o the static pile resistance is constant during the period 2L/c when the stress-wave
travels to the pile tip and returns to the pile top.
Since these assumptions are an over-simplification, the method is only approximate.
The closed-form solution can be written as:
R.=(1 =1y W+ (1 +J) WNe+2Lic) (2.5)

where WA(1) is the force of the downward traveling (incident) wave at an
| arbitrary time, ¢
WANe+2L/¢) is the force of the upward traveling (reflected) wave at a
time 2L/c after the arbitrary time, ¢
J. is the Case damping parameter, which determines the relative
contribution of static and dynamic resistances.
The value of the Case damping parameter (J.) assumed for thc modeling of the
dynamic effect may have a large influence on the deduced staiic capacity,
particularly in easy driving when velocities are highest, and especially at the pile toe.
In general, a value of J, = 0 implies no dynamic resistance. The value of J; is not

bounded, but typically does not exceed 1.0.

2-12

Chapter 2 ~ Background

Where the value of the damping parameter can be calibrated against actual pile
capacity obtained from a static load test or more rigorous dynamic analysis using
signal matching, this method can be used to reasonably estimate the capacity of
subsequently installed and monitored piles. It is noted that it may be difficult or
impossible to correlate the Case Method to static load testing where there is a

significant delay between the two tests.

2.25.2 CAPWAP signal-matching analysis

A more rigorous analysis known as signal-matching can be carried out to more
accurately determine the pile capacity. The analysis can be considered as a “flipside”
of the pile driveability ana