THE UNIVERSITY OF
BRITISH COLUMBIA (0) (o)

PREDICTING AXIALLY AND
LATERALLY LOADED

PILE BEHAVIOUR USING
IN-SITU TESTING METHODS

by

Michael Paul Davies

M. A. Sc Thesis
Supervisors : Dr. R.G. Campanella

Dr. P.K. Robertson

Department of Civil Engineering

The University of British Columbia

2324 Main Mall AN
Vancouver,B.C. CANADA V6T T1W5
September, 1987

N\

N
/



PREDICTING AXTALLY AND LATERALLY LOADED PILE BEHAVIOUR
USING IN-SITU TESTING METHODS

by
MICHAEL PAUL DAVIES

B.A.Sc. (Hons)., The University of British Columbia, 1985

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

MASTER OF APPLIED SCIENCE

in

THE FACULTY OF GRADUATE STUDIES

Department of Civil Engineering

We accept this thesis as conforming

to the required standard

THE UNIVERSITY OF BRITISH COLUMBIA

September, 1987

©MICHAEL PAUL DAVIES, 1987



In presenting this dissertation in partial fulfilment of the requirements
for an advanced degree at the University of British Columbia, I agree that
the Library shall make it freely available for reference and study. I
further agree that permission for extensive copying of this dissertation,
in whole or in part, may be granted by the Head of my department or by his
or her representatives. It is understood that copying or publication of
this dissertation for financial gain shall not be allowed without my

written permission.

\H L e s

Michael Paul Davies

The University of British Columbia
2075 Wesbrook Place

Vancouver, Canada

V6T 1W5

Date: 30/¢>3 /37




ABSTRACT

The prediction of axial and lateral pile behaviour is a complex
engineering problem. Traditional methods of data collection and subsequent
analyses are frequently in error when compared to full-scale load tests.
In-situ testing, using advanced electronic tools, provides a means by which
representative field data may be obtained. This study investigates the use
of such in-situ data in predicting axially loaded pile capacity and later-
ally loaded pile load-deflection behaviour.

A total of twelve static axial pile capacity methods were evaluated to
predict the results obtained from eight full-scale pile load tests on ;ix
different piles, These methods, separated into direct and indirect
classes, used data obtained from the cone penetration test. Extensive use
of commercially available microcomputer software significantly simplified
the analyses. In addition, several dynamic pile capacity predictions are
presented including results from in-situ dynamic measurements obtained with
a pile driving analyzer during pile emplacement. An attempt has been made,
with the use of tell-tales, to differentiate the shaft resistance and end-
bearing components of the load test results. These results are then
compared to the prediction methods investigated.

Two methods of predicting lateral load-deflection behaviour using
in-situ data have been investigated. One method uses pfessuremeter test
data and the other, a new method proposed in this study, uses full-
displacement flat plate dilatometer test data. These predictions are

compared with full-scale lateral load tests on three piles of differing

size,
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In both the axial and lateral load cases, the preferred method(s) of
analyses are identified,. It is shown that excellent agreement can be
obtained for predicting measured pile behaviour using several methods. The
limitations of this study are noted, and recommendations for further

research are proposed.

Advisors:

Ok Woockso

Dr. Peter K. Robertson
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CHAPTER 1

INTRODUCTION

1.1 OQutline

In order that a piled foundation may be designed safely and economic-
ally, either an accurate prediction of its behaviour under load is made or
a full-scale pile load test is performed. Full-scale load tests are very
expensive and are therefore often impractical. Predictive methods require
an accurate assessment of the soil properties into which the pile is to be
placed. In-situ testing methods offer an excellent means by which to
accurately obtain these soil properties.

In 1984, the British Columbia Ministry of Transportation and Highways
(BCMOTH) performed pile testing, axial and lateral, on a 915 mm diameter
pile as part of the design phase for the Alex Fraser Bridge project. The
University of British Columbia (UBC) In-Situ Testing Group became involved
in the evaluation of the testing data and the subsequent prediction of pile
behaviour using in-situ testing methods (Robertson et al., 1985). Due in
part to the encouraging results of the UBC predictions, the BCMOTH agreed
to support a research program whereby several 324 mm diameter piles would
be installed and tested both axially and laterally. This study is the
result of that research program.

This thesis is organized in the following manner: Chapter 2 presents
an overview of pile design and the role‘in—situ testing can play in provid-
ing more accurate data than most traditional methods. Chapter 3 introduces
the research site used for this study. In Chapter 4, a description of the
in-situ tests performed and of the data obtained is presented. Details of

the installation and load testing of the piles investigated comprises



Chapter 5. Chapter 6 presents predicted versus measured axial pile
capacity results using both static and dynamic predictive methods. In
Chapter 7, the results of the lateral pile prediction methods investigated
are compared to the measured test behaviour. Chapter 8 presents the
recommended method(s) of predicting both axial and lateral pile behaviour
from in-situ testing data. The thesis closes with a summary, conclusions,

and recommendations for areas of further study.

1.2 Thesis Objectives

The major objectives of this study are listed as follows:

a) Perform and interpret several full-scale axial and lateral pile load
tests

b) Compare the results of both the axial and lateral pile load tests to
the predictions made from in-situ testing data

c) Propose and evaluate a method of determining lateral pile behaviour
from flat plate dilatometer data

d) Recommend the preferred methods for predicting axial and lateral pile

behaviour using in-situ testing data



CHAPTER 2

PILE DESIGN

The use of piles, dating back to prehistoric lake villages, is man's
oldest method of overcoming the difficulties of inadequate earth materials
(Poulos and Davis, 1980). Efforts have been reported in literature since
the publication of "Piles and Pile Driving" edited by Wellington of the
"Engineering News" in 1893. Since this time, pile design has progressed
from being purely empirical to having an ever increasing theoretical
basis.

Traditionally, pile design has meant predicting the ultimate axial
load capacity of the given foundation and to assess whether tolerable
settlements will be exceeded. This ultimate load is calculated either by
"static" methods, which use empirical and theoretical bearing and shaft
capacity formulae; or by "dynamic" methods, which use measured or modelled
pile driving data. Pile settlement is generally predicted from empirical
correlations (Peck et al., 1974). Extensive experience exists in the area
of axial pile design as can readily be deduced by the large number of both
technical papers written and analytical methods proposed. 1In addition to
axial loads, however, piles are often required to resist lateral loads .
The lateral behaviour of piles has not received nearly as much attention as
the axial pile problem although since the mid-1970's this has been
changing.

Vesié (1977) summarized the principal situations vhere piles may be
needed (Fig. 2.1). The most common situation requiring a piled foundation
is where the upper soil stratum is either too compressible and/or generally

too weak to support the desired structure. In addition, piled foundations
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are also frequently required because of the relative inability of shallow
footings to transmit inclined, horizontal, or uplift forces and overturning
moments (Vesié, 1977). Once it has been determined that a piled foundation
is required, design of that foundation must reflect the selection of pile
type. There are basically three main material pile types used (either
separately or together to form composite materials). Table 2.1 lists the
principal design advantages and disadvantages of each type. As well as
pile type, the emplacement technique used to install the pile must be
considered in the design. There are four main methods of pile
installation:

i)  Driven piles

ii) Bored or cast-in-place piles

iii) Driven and cast-in-place piles

iv) Screw piles.

In Fig. 2.2, an example of each of these methods is presented.

In this chapter, a brief review of methods of designing piles subject
to both axial and lateral loads will be presented. For each loading case
the general behaviour mechanism developed during the application of load
will also be presented. In addition, a brief justification for the use of

in-situ testing methods for axial and lateral pile design is included.

2.1 Axially Loaded Piles

2.1.1 Introduction

All piles, due to their own self-weight, impart an axial load on the
soil even when isolated from any external forces. There are likely an
infinite number of examples where vertical piles could be used to support

structural loads. However, in each case, their use is generally for the



PILE TYPE ADVANTAGES DISADVANTAGES
Timber Easy to handle or cut-off. Decay above water table
Relatively inexpensive Limited in size and
material bearing capacity
Readily available (N.A.) Prone to damage by hard driving
Naturally tapered Difficult to extend
Noisy to drive
Steel Easy to handle, cut off, Subject to corrosion
extend Flexible H-piles may deviate
Available in any size from axis of driving
Can penetrate hard strata Relatively expensive
Convenient to combine with Noisy to drive
steel superstructure
Concrete:
Precast Durability in almost any Cumbersome to handle and‘
environment drive
Convenient to combine with Difficult to cut off or extend
concrete superstructure Noisy to drive
Concrete:

Cast-in-place
i) casing left
in ground

ii) casing
withdrawn
or no
casing

Allows inspection beforé
concreting
Easy to cut off or extend

No storage space required

Can be finished at any
elevation

Can be made before
excavation

Some types allow larger
displacements in weaker

Casing cannot be re-used
Thin casing may be damaged
by impact or soil pressure

In soft soils shaft may be
damaged by squeezing

In case of heavy compaction
of concrete, previously
completed piles may be
damaged

If concrete is placed to

soils fast there is danger of
creation of a void
TABLE 2.1. PRINCIPAL ADVANTAGES AND

DISADVANTAGES OF DIFFERENT

PILE TYPES

(Adapted from Vesic, 1977)
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same reason; to transfer the structural loads to more competent and/or less
compressible earth material(s).

In designing axially loaded piles the following three criteria must be
considered, structural failure of the pile, bearing capacity failure of the
soil, settlement of the piled foundation. Excluding buckling_and bending
due to lateral loads and failure due to excessive energy input during pile
driving, structural failure is assumed to occur when the stress in the
foundation equals the critical stress for the shaft material (e.g., the
yield stress for steel pipe piles). Structural failure is seldom a concern
unless very dense soil or rock is encountered. In many cases it is the
bearing capacity of the soil or the settlement which determines the maximum
foundation 1load. For predicting axial pile capacity both static and

dynamic capacity predictions are available.

2.1.2 Static Capacity Prediction Methods

For this study, only the prediction of axial capacity of driven piles
will be addressed. The problem of estimating the settlement of axially
loaded piles will not be addressed. Brief descriptions of possible failure
mechanisms under axial loading and the prediction of axial capacity are

presented in this section.

2.1.2.1 Failure Mechanisms

In order to evaluate any bearing capacity prediction method, whether
theoretical or empirical, it is often useful to review whether or not the
failure mechanism used in its formulation is representative of the in-situ

conditions. The mode of failure depends mainly on; the shear strength of



the surrounding soil, the length to diameter ratio of the pile and the pile
type (Kézdi, 1975).

It is often assumed that bearing capacity failure occurs as a shear
failure in the soil supporting the foundation structure. Three principal
modes of shear failure were recognized by Vesié (1963). These failure
modes are shown in Fig. 2.3. General shear failure (Fig. 2.3a) is
characterized by the existence of some well-defined failure pattern
consisting of a continuous slip surface from one edge of the foundation to
the ground surface. Local shear failure (Fig. 2.3b) is characterized by a
failure pattern defined only beneath the foundation level. A punching
shear failure (Fig. 2.3c) is less well-defined and is often difficult.to
observe. Unlike the general and local shear failure modes, the punching
shear failure involves practically no movement of the soil toward the free
surface, The punching shear failure generally fits the observed soil
behaviour around most piles during driving (Vesié, 1977).

Vesié (1963) conducted extensive laboratory studies in granular soils
of variable density to define the various failure mechanisms. These
mechanisms are also present in cohesive soils, but are more readily
observable in cohesionless soils. Vesié's work is summarized graphically
in Fig. 2.4. In Fig. 2.4, D = depth of foundation and b = pile width. It
is important to note that the limits of failure zone depend upon material
compressibility (Vesié, 1963). More compressible materials will tend to
have small D/b ratios to generate a punching shear failure.

It is interesting to note from Fig. 2.4 that for circular foundations
(i.e. most piles), a punching failure will occur below a relative depth of

4., Fig. 2.5 presents some of the existing proposed failure patterns for

pile foundations. It can be seen that most of the proposed failure
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patterns model either the general shear failure or the local shear failure
conditions. Fig. 2.6 shows how much variability results in the derived
bearing capacity factor, Nq, due to the use of these different failure
mechanisms. For frictional soils the following formula is commonly

accepted for the pile point resistance, Qp:

Qp = AP (y «d - Nq) (2.1)

where: Ap = area of pile tip
y = total unit weight of soil
d = depth of tip embedment

It is therefore distressing that Fig. 2.6 shows a variability in Nq that is
in excess of one order of magnitude. Independent studies by Norlund (1963)
and Vesié (1967) show that the values of Nq proposed by Berezantsev
correlate most closely with measured point resistance at failure. It is
worth noting that the assumed failure mechanism proposed by Berezantsev
(Fig. 2.5) most closely resembles the description of punching shear failure
described earlier.

For cohesive soils, the value of Nq is not important but another
bearing capacity factor, Nc’ is commonly used to give the following formula

for pile point resistance, Qp:
Qp = Ap (Su . Nc + 7+ d) (2.2)

where: Su = undrained shear strength.

Although the value of Nc doesn't vary as much as Nq, Ladanyi (1967) shows
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that NC can vary over a significant range depending on the stress-strain

properties of the soil.

2.1.2.2 Prediction Methods

Despite the amount of attention the subject has received, the problem
of predicting the axial load carrying capacity of driven piles still
challenges engineers.

Static prediction methods are based upon evaluating the properties of
the soil into which the pile is to be or has been driven. This is usually
done by considering the shaft (or side) resistance and end bearing as
independent components of the total pile resistance.

The shaft resistance in cohesive soils is usually estimated using an
approach similar to the one proposed by Tomlinson (1957). This method
estimates the unit shaft resistance (fs) as being equal to the undrained

shear strength of the soil reduced by a factor dependent on the magnitude

of the undrained shear strength in the form:

f =a°*S8 (2.3)

where: fs unit shaft resistance

wm
1

undrained shear strength

adhesion coefficient

Q
]

n
func (Su)

The adhesion coefficient, a, is an empirical quantity first proposed by
Tomlinson (1957) to correlate the undrained pile cohesion with the

undrained shear strength. One problem with the approach in Eq. 2.3 is that
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For cohesionless soils, Egq. 2.5 reduces to:
it = r'd°Nq (2.6)

since c=0 and NT is negligible in most cases.

For cohesive soils Eq. 2.5 is usually reduced to:
91t = CeN_ + 7’°d°Nq (2.7)

Note that for cohesive soils Nq=1. The major drawback with using Eq. 2:5,
and its reduced forms, is that the Buisman-Terzaghi equafion is a general
solution for the general shear mode of failure. As was shown in the
preceding section, it is the punching shear failure mechanism that appears

to govern most pile foundations. As well, the Buisman-Terzaghi equation is
not a rigorous solution; it is a superposition of solutions (e.g. Prandtl
and Reissner solutions) which leads to an intentionally conservative
result. In cohesionless soils another problem that exists is that a value
of Nq must be obtained. As was shown in the preceding section, there is a
wide variation of opinion concerning the actual form of the ¢-Nq
relationship (¢ = angle of internal soil friction). As well, an accurate
determination of ¢ is often difficult. For cohesive soils the problems are
generally less severe, since the value of Nc is known with more confidence
than the value of Nq. However, the contribution of end bearing to total
resistance in cohesive soils is usually small, especially for long piles,
and therefore an accurate prediction of end bearing doesn't improve the

accuracy of the total resistance prediction considerably.
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Considering the above, it is difficult to wunderstand why these
traditional prediction methods are still commonly used. Nottingham (1975)

suggests three reasons as to why this is the case:

1. Dynamic prediction methods often do not provide any better results and

the predictions are not available until the pile is driven.

2, It is often difficult to justify the cost of a pile load testing

program on small projects.

3. Even when pile load testing can be justified, it is desirable to
evaluate the probable performance of different pile types, sizes, and
lengths during the design stage of a project in order to intelligently

plan the field testing program.

In-situ testing, in particular the cone penetration test (CPT), offers
an alternative solution to the pile capacity prediction problem. Deter-
mination of pile capacity from the CPT was one of the earliest applications
of the cone test. The CPT can be thought of as an "in-situ model” of a
driven displacement pile. CPT soundings provide a nearly continuous record
of cone bearing and sleeve friction data allowing nearly continuous pile
resistance profiles to be developed. Laboratory testing and the need for
evaluating intermediate values (K, Nq, etc.) are generally eliminated using
the CPT "directly" to predict axial pile capacity. The available "direct"
methods are empirical and rely upon an accurate assessment of the effects
due to the size differential between the cone penetrometer and the pile.
The major effects between the CPT and a pile are scale effects,
installation effects, and material effects. The study of these effects

began with the original work at the Delft Laboratories in Holland by Van
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Mierlo and Koppejan (1952). Scaling CPT data to predict pile capacity is
now usually done using the method by Begemann (1965) or some variation of
his method. An elaboration of scaling CPT data to predict pile capacity is
presented in Chapter 6. Other in-situ tests, most notably the
pressuremeter (PMT) and the standard penetration test (SPT), -can also be
used to predict axial pile capacity. This study, however, only evaluated

the use of the cone penetrometer for predicting axial pile capacity.

2.1.3 Dynamic Capacity Prediction Methods

Pile capacity can be determined by dynamic methods using two tech-

niques. The first is a prediction, the second an in-situ test (Rausche et

al., 1984).

Prediction methods require that an accurate static soil analysis be
performed and that the effects of pile driving on the soil are estimated.
Predictions may be done by either dynamic formulae or by the wave
equation.

Dynamic formulae have been used for over 100 years by engineers. An
astonishing amount of effort and ingenuity had been expended prior to the
1960's in developing pile driving formulas (Smith, 1960). Smith (1960)
reports that by 1959 the editors of "Engineering News Record" had on file

450 such formulas. These original formulae all had the same form:

w.H:

i'H = Quynamic * [(Set) - (Energy Losses)] (2.8)

n

where: W

H hammer weight

H

hammer drop height

Qdynamic dynamic capacity.
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These formulae considered the pile as a rigid mass experiencing motion
caused by Newtonian impact of a mass. The energy delivered per blow, WH°H,
can be equated with the sum of energy spent in displacing the pile over a
distance (set) against the soil resistance (Qdynamic) and the energy lost
in elastic rebound and plastic deformations. These formulae, although
widely used, rarely supply consistently accurate results as they fail to
model the true nature of dynamic stress impact on hammer-pile impact.

In 1950 E.A.L. Smith proposed a numerical solution which could be used
to solve extremely complex pile-driving problems. Smith (1960) carried
this another step and applied his numerical solution to wave theory; the
initial use of the wave equation in pile design. Today, wave equation
analyses can be performed using commercially available programs and enter-
ing the appropriate values that represent the soil, hammer system and pile
system. Fig. 2.7 shows a schematic fepresentation of the wave equation
model. The most common commercially available programs for performing wave
equation analysis of piles are either the TTI (Texas Transportation
Institute) series or the WEAP (Wave Equation Analysis of Piles) series.

The in-situ dynamic pile tests require measurements of the response of
a pile to a hammer blow. The most basic of these measurements is the
permanent set (permanent pile penetration for a given hammer strike) or
blow count. Interpretation is then made by using either dynamic formulae
or a wave equation analysis. In-situ pile tests may also be used in a more
sophisticated manner by using the measurements of force and motion of the
pile near its top during driving. Calculation of pile capacity from these
measurements may be accomplished by a simple formulae (e.g., Case method),
or by numerical analysis (e.g., CAPWAP). The Case method is a name that

refers to the methods developed at the Case Institute of Technology in the
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last 1960's. An excellent summary of the Case Method is given by Gravare
et al. (1980). CAPWAP (CAse Pile Wave Analysis Program) was initially
developed by Rausche (1970). The CAPWAP analysis wuses the same
mathematical model of the pile and the soil as is used in the wave equation
programs. However, with CAPWAP the model does not include the hammer and
driving system, but only that portion of the pile below the measuring
gauges, These gauges are used to measure forces and accelerations in the
pile (see Fig. 2.8).

Fig. 2.9 presents a summary of the various techniques of predicting
pile behaviour using dynamics. Even with the amount of attention pile
dynamics has received, however, reliable results are often not realized
when comparisons with static load tests are made. This is mainly because
the dynamic capacity is seldom equal to the static capacity due to differ-
ences in soil strength or resistance. Disregarding this problem a severe

limitation of in-situ dynamic methods is that the pile must be driven

before a load capacity prediction can be made.

2.2 Laterally Loaded Piles

2.2.1 Introduction

Piles generally tend to be rather slender structural elements, usually
vertical or only slightly inclined, and therefore they generally cannot
carry high loads which act perpendicularly to their axis. Thus, it is
usually not economical to use vertical piles where primarily lateral loads
act; batter piles, tiebacks, deadmen or thrust surfaces are preferred.
However, piles are primarily used for supporting vertical loads and are
therefore placed vertically. This is because, among other reasons, the

axial pile capacity decreases markedly due to load inclination (Meyerhof
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and Sastry, 1985) and the placement of inclined piles is more difficult.
Examples of strucures where substantial lateral loads can be induced upon

primarily vertical piles include:

i) offshore oil/gas drilling platforms exposed to current, storm, ice and
vessel loads )

ii) bridge piers/piles exposed to current, ice and vessel loads

iii) electrical transmission towers exposed to wind loading

iv) marine structures such as a dock

v)  building foundations subject to wind and earthquake loading.

In designing for lateral loads on piles, the following two criteria
must be satisfied, ultimate structural failure of the pile cannot occur;
and there must be an acceptable deflection at anticipated working loads.
The second criterion is most often used for design as it usually ensures

that the first is satisfied.

2.2.2 Mechanism of Behaviour

Horizontal loads on vertical piles are resisted by the mobilization of
resistance in the soils confining the pile as the soil deflects.

Based upon field and laboratory observations (Goldsmith, 1979), when a
circular pile is loaded the soil moves radially away from the front face
and inwards towards the back face (Fig. 2.10). Fig. 2.10 shows that there
is little or no slip along the pile sides and hence a very small contribu-
tion of side friction to the overall lateral resistance. Smith and Slyh
(1986), among others, disagree with this, however, and suggest that a
marked amount of slip along the pile sides exists. At depth, below the

influence of a free surface, Randolph and Houlsby (1984) offer the concept
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limit of observable displacements
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at depth
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FIG. 2.10. OBSERVED DISPLACEMENTS AROUND LATERALLY
LOADED PILE

(After Robertson et al., 1986)
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of soil "flowing" around the laterally displaced pile (Fig. 2.11). Near
the surface, where confining stresses are low, the soil being stressed by
the displacement of the pile moves towards the free surface. This movement
of soil at shallow depth is shown in Fig. 2.12., Below some "critical
depth" the soil no longer has a vertical component to its movement. This
concept of critical depth is also shown schematically in Fig. 2.12. The
behaviour mechanisms shown in Figs. 2.10 through 2.12 assume that no
torsional component exists in the applied load. Torsional loading, due to
eccentricity of the applied load is addressed by Randolph (1981,a), among

others, and will not be considered in this study.

2.2.3 Lateral Load Behaviour Prediction Methods

The problem of predicting the behaviour of piles subject to lateral
loads is a difficult analytical question. Although not as plentiful as for
axially loaded piles, proposed solutions to the lateral pile problem are
numerous. The most common of these approaches will be briefly presented in
the following section.

The simplest model for the laterally loaded pile problem is that of a
vertical elastic beam, loaded transversely and restrained from movement by
uniform linear Winkler springs along the beam. The stiffness of these
springs is commonly called the subgrade reaction modulus for the soil.
Hetenyi (1946) solved closed form solutions for several cases of loading
and pile fixity. The model used is as shown in Fig. 2.13. The equation

Hetenyi solved was of the form:

EI'd—“z+Px—‘izl+Es-y=o (2.9)
dx? dx?
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Lateral Load, P

Critical Movement of Soil

FIG. 2.12. SOIL MOVEMENT AT SHALLOW DEPTH DUE
TO LATERAL PILE DISPLACEMENT
(Adapted from Broms, 1964)



FIG. 2.13.

MODEL OF LATERALLY LOADED
PILE USING DISCRETE WINKLER
SPRINGS
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where: EI flexural stiffness of pile

t=
]

subgrade reaction modulus

From this early work, analyticai approaches have developed in two separate
directions (Randolph, 1981,b). -

One development has utilized the integral equation (or boundary
integral) method of analysis, modelling the soil as a homogeneous elastic
continuum (Poulos, 1971). This method is very computationally intensive
and much experience in discretizing boundary elements is necessary for
accurate results (Evangelista and Viggiani, 1976). The general use of Fhe
integral equation in routine geotechnical practice is seen as still being
some time away.

The other development retains the conceptual model of modelling the
soil restraint as discrete Winkler springs. Improvements to this model
began when spring stiffnesses along the pile were allowed to vary (Reese
and Matlock, 1956). The most important improvement came with the introduc-
tion of the nonlinear subgrade reaction method proposed by Matlock and
Ripperger (1956), among others. The nonlinear subgrade reaction method is
now widely used for the design of laterally loaded piles. This method
replaces the soil reaction with a series of independent Winkler springs.
The nonlinear behaviour of the soil springs is represented by P-y curves
which relate soil reaction (P) and pile deflection (y) at points along the
pile length. A typical P-y curve is shown in Fig. 2.14.

Most traditional methods of obtaining P-y curves (e.g. Matlock, 1970;
API RP2A, 1980) involve using laboratory data from samples that may or may
not be representative of the actual in-situ soil conditions around the

pile. In-situ testing methods, in particular the pressuremeter, have
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allowed the development of semi-empirical methods to obtain P-y curves
using data obtained in the field. Several methods have been proposed for
the development of P-y curves and subsequent design of iaterally loaded
piles using pressuremeter data (Briaud et al., 1983; Baguelin et al., 1978;
Robertson et al., 1983; Baguelin, 1982). Other in-situ tests, such as the
flat plate dilatometer test (using a method developed as a part of this

study), can also be used to develop P-y curves.
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CHAPTER 3

RESEARCH SITE

In 1984, the British Columbia Ministry of Transportation and Highways
(B.C. MOTH) installed a 915 mm diameter steel pipe test pile as_part of the
design phase for the proposed Alex Fraser Bridge Project. The University
of British Columbia (UBC) became involved in the subsequent prediction of
the pile's axial and lateral behaviour by the use of in-situ testing
methods. Robertson et al. (1985) published these results and demonstrated
how accurately the measured load test results could be predicted by the use
of in-situ tests. To further study the prediction of pile behaviour using
in-situ testing methods, and to provide UBC with a full-scale field teach-
ing site, the B.C. MOTH generously provided six piles for research and
teaching on a site directly adjacent to the location of the 1984 load test.
The B.C. MOTH provided all piling materials and the labour needed for
specially preparing the site and for pile installation. In addition,
instruments and personnel were provided for dynamic monitoring during pile
installation and for some portions of the load testing program. All data
from the 1984 pile load testing was made fully available for inclusion
within this study. |

Throughout this thesis, the UBC Pile Research Site (UBCPRS) and the
MOTH Pile Research Site (MOTHPRS) will mainly be discussed as separate
sites. The reason for this is that the pre-planning, pile driving and pile
load testing performed at the UBCPRS was done mainly by UBC personnel
whereas UBC had little direct involvement with these areas for the MOTHPRS.

The two research sites are, however, within 100 m of one another and so in
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this chapter, especially with respect to the discussion of area geology,

the separation will be largely ignored.

3.1 Regional Geology

The research site is located on Lulu Island which is within the post-
glacial Fraser River delta (Fig. 3.1). Blunden (1975) correctly identifies
the Fraser Delta region sediments as marine deltaic deposits that have been
formed upon basal layers that have undergone isostatic rebound for roughly
the last 11,000 years at a rate greater than the rate of recent (i.e. post-
glacial) marine transgression. The total thickness of the deltaic deposits
varies but they are, on average, roughly 200 m thick (Blunden, 1975). The
Fraser Delta area now known as Richmoﬁd, Delta, and New Westminster has
been above mean sea level for approximately 8,000 years when the sea level
was about 10 m below present levels.

The surficial geology of the Lulu Island region is typical of a former
marine environment no longer dominated by tidal action. There is a preva-
lent deposit of organic silty clays that has been laid down in a swamp or
marsh environment. Below this upper layer, which extends to roughly 15 m
depth, a medium dense sand deposit, locally silty, prevails to roughly
25-30 m depth. This deposit is indicative of a very high energy deposi-
tional period and most likely represents a former channel bank of the
Fraser River. Next, prevailing to roughly 60 m depth, exists a normally
consolidated clayey silt containing thin sand layers. These materials were
laid down in a much lower energy environment than the sand above. Below
this, probably extending for up to 150-200 m depth, is a similar deposit
except that the sand layers are much more prevalent and thicker (up to 0.5

m thick). The non-uniformity of the deposits below 30 m indicate a
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