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ABSTRACT

The prediction. of axial and lateral pile behaviour is a complex
engineering problem. Traditional methods of déta 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 six
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:

Dr. Peter K. Robertson

Dr. Richard G. Campanella
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CHAPTER 1

INTRODUCTION

1.1 Outline

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 latefal 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 generélly 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. In 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'$ this has been
changing.

Vesié (1977) summérized 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 selectién 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
Hoisy to drive
Steel Easy to handle, cut off, Subject to corrosion
extend Flexible H-piles may deviate
kvailable 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 beforeée
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 strees 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 possiﬁle 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 graﬁular 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



load
4
=
(]
£
U]
e~
‘ +
(a) General Shear Failure s
(caquot, 1934; Buisman, 1935; @
Terzaghi, 1943)
—=== Ae====m load
\ Z ,’
N\
/
\\\/ \,/ +H L
3 \
(b) Local Shear Failure &
(Terzaghi, 1943; De Beer and 7§
vesic , 1958) ®
4]
load
ES]
5 \
% test at a
(c) Punching Shear Failure - greater depth
(pe Beer and Vesic ,1958) é surface
test

FIG 2.3. TYPES OF FAILURE MECHANISMS
(Adapted from Vesic , 1963)

10



(5]

Relative Depth, D/b

I - General Shear Failure
11 - Local Shear Failure

I11I- Punching Shear Failure

Relative Density

10

0.5 1.0
| 4

d —

circular fqotings -

strip foundations

FIG.

2.4, FIELDS FOR DIFFERENT TYPES OF FAILURE
FOR SHALLOW AND DEEP FOUNDATIONS
(Adapated from Kézdi, 1975)

11



1
4 } o | o
b ' E b
i | b
b Lol ] b
o | e | o
by e N ‘ e 5 | b
b L “ { e 5
‘y“ | !
I ! .
‘I‘-‘g‘ :‘éé,.' il IR
CIA AN ] I
@_—9\‘0’ | ! ]
J e
(a) (b) (c) ()
Préntl DeBeer Bereznantsev Bishop, Hill, and
Reissner Jaky and Yaroshenko Mott
Caquot Meyerhof Vesic Skempton
Buisman
Terzaghi

FIG. 2.5.

ASSUMED FAILURE MECHANISMS UNDER

PILE FOUNDATIONS ,
- (Adapted from Vesic , 1967)

(45



13
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 theée different failure
mechanisms. For frictional soils the following formula is commonly

accepted for the pile point resistance, Qp: -

3 L [ ] 2.
Qp AP (r » 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 N 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 évaluating 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 = Qq ¢ S (2-3)

where: fs unit shaft resistance

w
[}

undrained shear strength

adhesion coefficient

Q
]

fl

n
func (Su)

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

undrained shear strength. One problem with the approach in Eq. 2.3 is that
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the value of undrained strength used will be highly dependent upon the
method by which it was obtained. Another problem is that it seems
inconsistent to use an undrained strength to predict the drained frictional
resistance of a pile. The shaft resistance in cohesionless soils is often

estimated using an equation of the following form (Meyerhof, 1976):

f =Ko o& * tan & (2.4)

where: K = coefficient of lateral earth pressure
o& = average effective vertical stress
d = friction angle between soil and pile

One problem with this approach is that the value of K is often difficult to
select. Iﬁvestigators have reported values of K ranging from 0.3 to 3.0
(Lambe and Whitman, 1969). Another problem is that Eq. 2.4 suggests that
shaft resistance increases linearly with depth. Difficulty also exists in
estimating 9.

The end bearing capacity of a driven pile is most commonly predicted

using the Buisman-Terzaghi equation which has the form:

Qe = SN, + % B-r-NT + r-d-Nq (2.5)
where: 93t = ultimate unit tip bearing capacity
¢ = soil cohesion
N ’NY’Nq = bearing capacity factors
Y = unit weight of soil at pile tip
d = depth of pile tip
B = pile width
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For cohesionless soils, Eq. 2.5 reduces to:

91 = r°d°Nq (2.6)
since ¢=0 and NY is negligible in most cases. -

For cohesive soils Eq. 2.5 is usually reduced to:

Q¢ = €N+ r'd'Nq (2.7)

Note that fpr cohesive soils Nq=1' The major drawback with using Eq. 2.5,
and its reduced forms, is that the Buisman-Terzaghi equation 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 ¢-N

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 understand 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
evéluating 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 fequire 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,

Dyhamic 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:

Ho Qdynamic * [(Set) - (Energy Losses)] (2.8)

where: WH 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 (i960) 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 availéble 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 KaQe 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. AEven 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, pileg 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



e
Transducers EEU Fin(t)

attached -
here ————»| } j

EANZ\N B 7 \N7\\y

-+—— Pjlg ———»]

A AN AL AN A\

v e el el

3

p
T

Soil

Dl = ==

FIG. 2.8. SCHEMATIC REPRESENTAIION OF CAPWAP MODEL

Y

23



PREDICTION

PERFORM ACCURATE STATIC SOIL
ANALYSIS

ASSUME HAMMER AND ORIVNG SYSTEM
PERFORMANCE AND PILE PROPERTIES

[ WAVE EQUATION ] wac FORMULA
1 J

I BLOW COUNT l
I STRESSES l

PREDICTED BLOW COUNT VS DEPTH

FIG. 2.9.

IN SITUY TEST

MEASURE MEASURE
BLOW COUNT PILE TOP FORCE AND MOTION
] {
APPROXIMATE ASSUME
STATIC SQIL ANALYSIS SOIL DAMPING FACTOR
|
ASSUME HAMMER AND DRIVING
SYSTEM PERFORMANCE

M"‘ suumou] [ummc FonmLﬂ [CASE METHOO] [ carwrr |

| BEARING CAPACITY

| ¥S DEPTH

I 1

} ———{ STRESSES —

| e 1 ACTUAL HAMMER AND

| DRIVING SYST. EFF,

|

} PILE INTEGRITY

L RESISTANCE DISTRIBUTION
———————————————— DAMP ING AND QUAKE

SIMULATED LOAD TEST

DYNAMIC PILE ANALYSIS: METHODS AND RESULTS

%



25

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
resistan;e 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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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:

|
o

EI.QLX.FP _q_z_X+E.
dx? X dx? s

y = (2.9)
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where: EI flexural stiffness of pile

=
1]

subgrade reaction modulus

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

One development has wutilized 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 the
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 obtéih 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 tb provide UBC yith 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 délta (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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depositional history most likely consisting of alternatiﬁg turbulent and
quiescent environments associated with either tidal flat facies, marginal
bank, or an alluvial floodplain depositional environment. The CPT profiles
presented in the following chapter present a clear picture of the strati-

graphic detail at the site. -

3.2 Site Description

As shown in Fig. 3.1, both the UBCPRS and MOTHPRS are located on the
north side of the Annacis Channel within the South Arm of the Fraser River.
Fig. 3.2 shows the relative locations of the UBCPRS and the MOTHPRS. Upon
the entire site, 2 to 4 m of heterogeneous fill exists at the surface. For
the purpose of facilitating in-situ testing, making pile driving possible,
and studying lateral pile behaviour, the fill material was removed in the
general area of both pile sites. This material was replaced with clean
river sand and at the UBCPRS this sand was placed at varying densities (see
Chapter 4). The purpose of the different densities for the sand was to
allow thé behaviour of the piles to be studied under lateral loads with
different soil stiffnesses near ground surface. This effect, however, has
not been investigated for this study and is left as some of the future
suggested research for the site.

The site directly underlies a connectdr bridge to the new Alex Fraser
cable-stayed bridge linking Annacis Island with Surrey and Delta. The
piles used for the connector bridge are 1.5 m diameter piles driving to
depths in excess of 70 m, The purpose of the MOTHPRS was to assess the

capacities of these piles.
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CHAPTER 4

IN-SITU TESTS PERFORMED

4.1 Introduction

In-situ testing, traditionally consisting of geotechnical engineers
pushing their heels or a stick into the soil to make qualitative measures,
hés always played a major role in the art of foundation engineering
(Robertson, 1985). Modern in-situ tests that can supply economic and
repeatable results are becoming increasingly available to the geotechnical
engineer. The four main reasons that these tests are becoming increasingly

popular are listed by Mitchell et al. (1978), as follows;

1) The ability to determine properties of soils, such as sands and off-
shore deposits, that cannot be easily sampled in the undisturbed
state,

2) The ability to avoid some of the difficulties of laboratory testing,
such as sample disturbance and the proper simulation of in-situ
stresses, temperature, and chemical and biological environments.

3) The ability to test a larger volume of soil than can be conveniently
tested in the laboratory.

4) The increased cost effectiveness of an exploration and testing program

using in-situ methods.

In addition, a laboratory test must reproduce the in-situ state of
stress whereas an in-situ test invariably begins at or close to this state.
The fact that an in-situ test must be conducted with reference to the

existing in-situ stress state is, however, an important limitation.
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In-situ testing somewhat alters the stress field around the device due to
the insertion of the device into the ground. However, in contrast to
laboratory testing, in-situ testing cannot generally simulate large changes
in stress. Robertson (1985) and Wroth (1984) provide excellent discussions
of the in-situ testing methods available and the interpretation of these
tests for foundation design purposes.

Pile foundations, like any engineered subsurface structure, require an
accurate assessment of the properties of the soil from which they are to
derive their resistance. In this chapter, several of the most common
in-situ testing methods used to design pile foundations are briefly
described and the summarized data obtained for this study are presented.
Later in this study conclusions will be made regarding the accuracy of the
soil properties obtained using these tests. These conclusions will be made
by assessing the ability of the data obtained to predict measured pile
behaviour using various analytical techniques.

Table 4.1 presents a summary of the in-situ tests performed for this
study. The test locations are shown on Fig. 4.1 (full site plan) and Fig.
4.2 (expanded scale for detail of UBCPRS). The numbered locations relate
to the numbers listed in Table 4.1. Taﬁle 4.1 and Figs. 4.1 and 4.2 should
be used as a guide for those wishing to use the research sites in the

future.

4,2 In-Situ Testing Methods

In this section only, the three testing procedures used in this study
for predicting axial and lateral pile behaviour are described. The

summarized results from these tests are also included.
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No. Test Name Date Performed
1 Seismic Cone Pressuremeter Test FDPMT87-1 3 APR 87
2 | Self Boring Pressuremeter Test SBPMT87-3 16 FEB 87
3 Self Boring Pressuremeter Test SBPMT87-2 12 FEB 87
4 | Self Boring Pressuremeter Test SBPMT87-1 11 FEB 87
5 | Seismic Cone Penetration Test SCPT87-1 7 FEB 87
6 | Nilcon Field Vane Test SPT86~1 31 OCT 86
7 | Piezometer Cone Penetration Test NFVT86-1 - 31 OCT 86
8 | Piezometer Cone Penetration Test CPT86-2 31 AUG 86
9 | Piezometer Cone Penetration Test CPT86-1 22 AUG 86

10 | Piezometer Cone Penetration Test: CPT85-1 13 JUL 85

11 | Piezometer Cone Penetration Test CPT84-1 22 AUG 84

12 | Flat Plate Dilatometer Test DMT85-2 29 AUG 85

13 | Flat Plate Dilatometer Test DMT85-1 22 AUG 85

14 | Full Displacement Pressuremeter Test | FDPMT84-1 18 AUG 84

15 Dynamic Cone Penetration Test DCPT85-1 30 AUG 85

16 | Dynamic Cone Penetration Test DCPT85-2 30 AUG 85

17 | Dynamic Cone Penetration Test DCPT85-3 30 AUG 85

18 | Dynamic Cone Penetration Test DCPT85-4 30 AUG 85

19 Becker Hammer Test BDT85-2 20 AUG 85

20 Bgcker Hammer Test BDT85-1 20 AUG 85

Table 4.1 Pile Research Sites In-Situ Tests Performed

The results from the other tests performed (see Table 4.1) are not
included within this study. These results may be found filed at the UBC
In-Situ Testing Group Library, Room 1208, in the Civil Engineering Building

at U.B.C.
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4.2.1 Piezometer Cone Penetration Testing

4,2.1.1 Test Description

The cone penetration test (CPT) is a quasi-static penetration test,
The CPT was originally developed in Europe but is now gaining increasing
acceptance in North America and elsewhere. B

For this study electric cones with built in load cells that measure
the end resistance (qc) and sleeve friction Kfs) continuously were used. A
schematic of UBC6, an electric cone developed at UBC, is shown in Fig. 4.3.
It is this cone that was mainly used in this  study. This cone, in
accordance with ASTM D3441-79, has a 10 cm? cone tip with a 60° conical
tip. The friction sleeve has a standard 150 cm? surface area. In addition
to the qcand fS measurements, many cones (e.g. UBC6) now incorporate a pore
pressure transducer. The addition of the pore pressure transducer allows
continuous measurement of pore pressures during penetration as well as
‘equilibrium pore pressures obtained from dissipation data.

The advantages of the CPT are: rapid procedure; continuous logging;
good repeatability; and easy standardization. Some of its limitations
include: inability to penetrate gravel; no sample obtained; high initial
cost; and requirement for techniéal back-up facilities.

As for any electronic instrument, proper calibration and periodic
calibration checks are essential to ensure all electric cones are function-
ing properly.

Robertson and Campanella (1986) provide a comprehensive review of
equipment, testing procedures and data interpretation for electric cone

testing.
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4,2,1.2 Results

Figs. 4.4 and 4.5 show, respectively, interpreted CPT profiles for the
UBCPRS and MOTHPRS. It is data from these two CPT profiles that is used in
Chapter 6 to predict axial pile capacity.

.For the UBCPRS, CPT85-1 (see Table 4.1) is used. As shown in Fig.
4.4, this sounding was carried out to nearly 36 meters in depth. The
extremely soft nature of the soft organic silty clay between 2.5 and 14.5
meters is very apparent on Fig. 4.4, See Fig. 4.2 for the location of
CPT85-1.

For the MOTHPRS, CPT84-1 (see Table 4.1) is used. This sounding (F%g.
4,5) is as described by Robertson et al. (1985). CPT84-1 is located on

Fig. 4.1. Note the differences in scale between Figs. 4.4 and 4.5.

4.2.2 Pressuremeter Testing

4,2.2.1 Test Description

The pressuremeter was initially developed by L. Ménard in 1954 in
France as a "specific test" tool to obtain a measure of strength and
stiffness of soils and rocks. Ménard-type pressuremeters are generally
placed in pre-bored holes and are therefore often difficult to use in
cohesionless or swelling soils. Self-boring pressuremeters were then
developed in 1972 in an effort to eliminate soil disturbance associated
with a pre-bored hole. However, self-boring pressuremeters are usually
expensive, require a great deal of technical backup, and are often limited
to use in soils where D, < 5 mm (where D,, is the mean grain size of the
material to be tested).

One of the latest developments is a full displacement pressuremeter

"test (FDPMT). This test does cause soil disturbance due to the full
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displacement inflation, but the disturbance is essentially repeatable each
time. Hughes and Robertson (1985) suggest that for sands, the stress paths
followed by soil elements near the advancing probe are such that before
pressuremeter inflation, the radial stress on an element adjacent to the
probe has reduced close to the: initial in-situ stress state. The
pressuremeter test supplies a pressure expansion curve relating applied
pressure to cavity strain.

For the UBCPRS, the UBC Cone Pressuremeter (Fig. 4.6) was used. This
instrument has a 15 cm? cross-sectional area. The cone portion of the
probe was not utilized. Campanella and Robertson (1986) briefly summarize
the research and development of the UBC Cone Pressuremeter. For the
MOTHPRS, a self-boring pressuremeter, pushed in a full-displacement manner,
was used. Details of this probe can be found in Hughes and Robertson

(1985).

4.2.2.2 Results

The pressuremeter curves used to predict lateral pile behaviour for
the UBCPRS piles are from FDPMT87-1 (see Table 4.1 and Fig. 4.2). These
pressuremeter curves are included in Appendix I. The depths of the tests
in FDPM87-1 were:

i) 0.17 m

ii) 1.0 m

iii) 2.0 m

iv) 3.0 m

V) 4,0 m

vi) 4,8 m

vii) 6.35m
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viii) 7.9 m

ix) 9.4 m
x) 10.4m
xi) 12.4m

xii) 15.5 m . -
These test depths can be compared with the stratigraphy for the UBCPRS
shown in Fig. 4.4,
' The pressuremeter curves used to predict lateral pile behaviour for
the MOTHPRS pile are from FDPMT84-1 (see Table 4.1 and Fig. 4.1). Full
details of the pressuremeter testing for the MOTHPRS can be found in Brown

(1985).

4,2,3 Flat Plate Dilatometer Testing

4,2.3.1 Test Description
| The flat plate dilatometer test (DMT) was developed in Italy by S.
Marchetti in 1980, The dilatometer is a flat plate 95 mm wide, 14 mm thick
and 220 mm in length. A flexible stainless steel membrane 60 mm in dia-
meter is located on one side of the blade. A schematic representation of
the dilatometer is shown in Fig. 4.7.

The dilatometer test involves inflating the flexible membrane to
achieve a one millimeter deflection. The first reading (A) corresponds to
the membrane lift-off pressure and the second reading (B) to the pressure
required to cause the one millimetre deflection at the center of the
membrane. Readings A and B are corrected for both free—air effects of
membrane seating and the effect of membrane curvature. The DMT is
performed at 20 cm intervals of depth. This leads to a comprehensive,

however discrete, profile.
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Using the corrected dilatometer data of A and B (P, and P,,

0
respectively), Marchetti (1980) developed empirical correlations to find
several soil parameters. These correlations are all based upon three index
parameters Marchetti gets from P, and P,. These are Material Index, Id;
Horizontal Index, Kd; and Dilatometer Modulus, Ed. -

Much more detailed discussions of.the DMT and testing procedures are

given in Marchetti (1980), Brown (1983), Campanella.and Robertson (1983),

and in Schmertmann (1986).

4,2,3.2 Results

The DMT results used for both the UBCPRS and the MOTPRS are shown in
Figs. 4.8 and 4.9. The "raw" DMT data can be found in Appendix I. Fig.
4.8 shbws the intermediate geotechnical parameters obtained from the DMT
whereas Fig. 4.9 shows the interpreted geotechnical parameters from the
DMT. The DMT test used was DMT85-2 (see Table 4.1 and Fig. 4.2). The
intermediate geotechnical parameters and the interpreted geotechnical
parameters are obtained by wusing correlations developed by Marchetti
(1980). Details of the computer program used to evaluate these parameters

can be found in MacPherson (1984).

4,2,.4 Other Methods

As shown in Table 4.1, a number of in-situ tests were performed at the
UBCPRS and the MOTHPRS. Due to space restrictions, only the test results
used to predict axial and lateral pile behaviour have been included within
this dissertation. However, the locations of all tests performed (see
Figs. 4.1 and 4.2) are included so that this study can be used as a guide

for those wishing to use the research sites in the future.
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The results for the Nilcon Field Vane Test (NFVT86-1) are presented
herein as this test was used indirectly in assessing the capacity of the
axiélly loaded test piles. Fig., 4.10 presents the results of NFVT86-1

along with an estimate of undrained strength from the CPT (CPT85-1) using:

S = -0 (4.1)

where: Nk = 15

It is apparent from Fig. 4.10, excepting the material above 5 metres
depth, that the undrained strengths estimated from CPT results agree well
with measured in-situ NFVT values. The discrepancy in the upper 5 metres
is due to the fibrous nature of the organics in this zone. These fibrous
organics will have little effect on the CPT values but will cause the NFVT
to record excessively high results., Also a spike in the NFVT profile at
13.5 metres is most probably due to a fine sand or silt lense not
encountered at the location of CPT85-1. The locations of CPT85-1 and

NFVT86-1 are shown in Fig. 4.2,

4.3 Summary

For this study, several in-situ testing methods were performed. In
most cases, to determine site homogeneity and ensure instrument repeat-
ability, test repetition has been performed. Only the results used in this
study for the prediction of axial and lateral pile behaviour have been

included in Appendix I,
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The collection of the data was greatly aided by the use of the UEC
Geotechnical Research Vehicle (see Campanella and Robertson, 1981, for a
detailed description of this vehicle). In all cases possible, ASTM
(American Society for Testing and Materials) standard designation testing
methods have been used. Where no standard designations were available,

testing methods standard to the local geotechnical community were used.
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CHAPTER 5

PILE INSTALLATION AND LOAD TESTING

In this chapter, the details of pile installation and the axial and
lateral pile testing performed will be presented. More emphasis will be
placed on describing the UBCPRS piles although a brief summary of work
performed on the MOTHPRS is included.

As mentioned previously, all of the pre-planning, pile driving and
pile load testing at the UBCPRS was done mainly by UBC personnel whereas

UBC had little direct involvement with these areas for the MOTHPRS.

5.1 Pile Installation

Six piles were driven (four 324 mm dia., 9.5 mm wall thickness; one
324 mm dia., 11.5 mm wall thickness; one 610 mm dia., 11.5 mm wall thick-
ness) at the UCBPRS. The five smallér (324 mm dia.) piles are the focus of
this study. The larger (610 mm dia.) pile (pile no. 6) has been left for
future instrumentation and testing. In addition, a seventh pile was driven
at the UBCPRS to investigate the dynamic pile capacity. This pile will be
discussed in Section 5.1.2.

At the MOTHPRS, one pile (915 mm dia., 19 mm wall thickness) was
driven. The relative embedments of the five UBCPRS piles and the MOTHPRS
pile are shown in Fig. 5.1. ©Note that pile no. 1 had a larger diameter
sleeve for the first 2.5 m to remove any frictional resistance in the upper

sand fill.

5.1.1 Driving Records

A summary of the driving records for the UBCPRS piles is shown in

Table 5.1. Complete driving records can be found in Appendix II. All
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Pile Total Depth Hammer Drop Height | Total No. Driving
No. Feet (m) Weight feet _of Blows Date
1 47' (14,33 m) 4,400 1b “vg! 42 19 AUG 85
2 45' (13,72 m) 6,200 1b 3! 69 16 AUG 85
3 55" (16.76 m) 6,200 1b 4! 84 .16 AUG 85
4 76* (23.17 m) 6,200 1b 5! 261 16 AUG 85
5 102' (31.10 m) 6,200 1b n6-7"' 364 15/16 AUG 85
6 | 103' (31.39 m) 6,200 1b "10' max. 1512 14/15 AUG 85
7 94' (28.65 m) 3,500 1b 8! 1457 19 NOV 86
Table 5.1 UBC Pile Research Site Pile Driving Records Summary

piles were driven with a steel drop hammer using a metal helmut and plywood
cushion. Piles 1,2,3 and 5 were driven closed-ended with the base-plate
flush with the diameter of the piles, pile no. 4 was driven open-ended.

Soil plug monitoring on pile no. 4 during driving was performed. After

final driving, the top of the soil plug was 8.07 m below ground surface;
thus the total length of the soil plug was 15.1 m.

No anomalies such as buckling, splitting or creasing of the piles were
encountered during driving. After pile driving, all piles (except no. 4)
were inspected for straightness and iﬁtegrity by lowering a light to the
bottom of the pile. In each case the piles were essentially straight and
no structural defects were observed.

A summary of the driving records for the MOTHPRS pile is given in
(1985).

Eisbrenner The pile was driven initially using a 3400 kg drop

hammer (average drop height 1.2 m) down to a depth of 19,9 m. Below this
depth, the pile was driven using a Delmag D-62-22 single acting diesel
hammer. The cap block used was alternating layers of aluminum and canvas
reinforced phenolic resin. The pile was driven open-ended and the soil
plug monitored. The pile was driven three times; initially to a depth of

67 m and later to 78 m and 94 m after axial load tests to failure had been
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performed. A more complete account of the MOTHPRS pile installation can be

found in Eisbrenner (1985).

5.1.2 Dynamic Measurements

On each of the five UBCPRS piles, pile head acceleration and full-
bridge strain gauge information was recorded during driving. This informa-
tion was recorded using a pile driving analyzer (P.D.A.), Model EBA from
Goble, Rausche and Likins (GRL) Associates, supplied by the B.C. M.O.T.H.

Significant difficulties were encoﬁntered during the collection of the
PDA data. On two of the five piles, the strain gauges and/or the acceleFo—
meters became separated from the pile in spite of valiant attempts to
protect this instrumentation. A general unfamiliarity with the equipment
by the UBC and M.O0.T.H. personnel contributed to the rather poor quality
data being collected. Studies performed later by Mr. B. Miner (1986) using
the data collected indicated a problem with the tape speed and instrument
flutter which led to signal distortion. Table 5.2 summarizes the results
of a visual review of the data during playback.

Upon further study of the data from pile nos. 2,3, and 4, no meaning-
ful wvalue of wultimate dynamic pile resistance could be calculated.
Attempting to remove the undesirable frequencies using a Fast Fourier
Transform did not improve the data sufficiently for successful analyses.

As mentioned earlier, an additional pile (pile no. 7) was ariven at
the UBCPRS. Table 5.1 provides a summary of the driving record. This pile
was monitored using a different PDA (Model GC from GRL Associates) than was
used for the original five piles. Again the PDA was supplied by the B.C.
M.0.T.H. but an engineer from GRL (Mr. B. Miner) was also present. Pile

no. 7 (324 mm dia., 11.5 mm wall thickness) was driven to 28.7 m closed
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Pile No. Remarks

1 some consistency in the data, force and velocity measure-
ments not proportional

2 useful data

3 useful data -

4 unreliable data

5 unreliable data

6 some consistency but generally unreliable data, force and

velocity measurements not proportional

Table 5.2 UBC Pile Research Site PDA Summary

ended and was intended as a model of pile no. 5. Unfortunately, this is

not the case because:

i) pile no. 7 was driven nearly 3 m short of the anticipated depth;

ii) the base plate was oversized and not flusH with the outside of the
pile.

During the time that pile no. 7 was driven, restrike data was also obtained

from pile nos. 2,3 and 5. The results and discussion of interpretation of

the restrike data on pile no. 5 can be found in Section 6.5.

For the MOTHPRS pile, dynamic monitoring was carried éut by Trow Ltd.,
Whitby, Ontario. In addition to the PDA, CAPWAP analyses were also
performed on the MOTH pile. A summary of the monitoring program can be
found in B.C. M.0.T.H. report project D470E. A summary of the results of

the PDA and CAPWAP analyses are also included within D470E.
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5.2 Axial Load Testing

5.2.1 Introduction

For the UBCPRS, the axial pile testing program is summarized in Table
5.3. The driving dates are also included in order to ilustrate the amount
of time between driving and pile testing. From the CPT pore pressure
dissipation data, the maximum time for 90% of the excess pore pressure to
dissipate (t,,) was equal to 30 minutes for measurements behind the cone
tip. Comparing the 36 mm diameter cone to the 324 mm diameter pile would
therefore yield t,, values of 2430 minutes (roughly 2 days) using the
method outline by Gillespie (1980). Therefore, the CPT pore pressure
dissipation data indicate that the time periods between pile driving and

pile testing were sufficient to allow all excess pore pressures to

dissipate.
Pile No. Pile Length (m) Driving Date(s) Testing Date(s)
1 14.3 19 AUG 85 09 NOV 85
2 13.7 16 AUG 85 01 MAR 85
3 16.8 16 AUG 85 09 NOV 85
4 23.2 16 AUG 85 01 MAR 85
5 31.1 15 AUG 85 22 SEP 85
16 AUG 85 06 OCT 85
6 31.4 14 AUG 85 NOT YET TESTED
15 AUG 85

. Table 5.3 UBCPRS Pile Driving and Testing Schedule

The MOTHPRS pile was tested axially to failure when the tip was at
depths of 67, 78 and 94 m below the ground surface (see Table 5.4).
Calculations by Robertson et al. (1985), based on CPT pore pressure

dissipation data, show that t,, for the 915 mm pile would be approximately



66

Test No. Pile Length (m) Driving Date(s) Testing Date
A 67.0 10,11,13,16, 09 MAY 84
17 APR 84
B 78.0 11 MAY 84 01 JUN 84
C 94.0 09 JUN 84 29 JUN 84

Table 5.4 MOTHPRS Pile Driving and Testing Schedule

20 days. This may indicate that the load test values may be slightly
affected by transient excess pore pressures as 21 days was taken as the
testing interval. The testing sequence was as follows:

i) drive pile to 67 m

ii)  wait 21 days

iii) kaxial load test to failure (Test A)

iv) drive pile to 78 m

V) wait 21 days

vi) axial load test to failure (Test B)

V) drive pile to 94 m

viii) wait 21 days

ix) axial load test to failure (Test C)

5.2.2 Methodology

For the UBCPRS, the "Quick Load Test Method" of axial loading (similar
to ASTM D1143-81 Section 5.6) was used with the axial load being applied in
roughly 5% increments of the anticipated failure load. The 'Quick Load
Test Method' was wused to minimize the time-dependent effects in the
cohesive soils. The axial load was measured using a 500,000 1b calibrated
electronic load cell. The reaction loads on the remaining piles were

measured with smaller load cells, Details on the loading system used (e.g.
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pump type) and calibration data for the 500,000 1b load cell are given in
Appendix III. The deflections were measured by multiple dial gauge
installations. A level survey was also conducted but proved to be less
sensitive than the dial gauges.

The load test set-ups used for testing the UBCPRS piles are shown in
Figs., 5.2 and 5.3. These figures show the set-up used for pile no. 5 and
for the four perimeter piles, respectively.

The MOTHPRS pile was also tested using the 'Quick Load Test Method".
The load test arrangement is shown schematically in Fig. 5.4. Further

details can be found in Robertson et al. (1985) and in Eisbrenner (1985).

5.2,3 Results

Analysis of the results from axially loaded vertical test piles is
more complicated than generally realized (Brierley et al., 1978). For a
pile (generally assumed to be stronger than the soil), the ultimate failu;e
load is reached when the pile plunges; rapid settlement under sustained or
only sligthly increased load. This definition, however, is often inade-
quate because plunging requires very large displacements and is often less
a function of the pile-soil system and more a function of the capacity of
the man-pump system (Fellenius, 1980). To be useful, a failure definition
should be based on a simple mathematical rule that can generate repeatable
results independent of the individual using the method and of the scale
relations chosen for plotting the load test data. For example Fig., 5.5
show the results of a hypothetical pile load test plotted to different
scales. The hypothetical test pile could be interpreted, bésed on a visual
inspection of results, as a predominately friction or 'floating' pile

(upper figure) or a predominately end bearing pile (lower figure). The
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method recommended by the Canadian Foundation Engineering Manual (1985,

Part 3, Subsection 22.5.1) is that by Davisson (1973) and involves a simple

graphical manipulation of the theoretical elastic compression line for the

pile in question, (the calculation of the theoretical elastic compression
for the UBCPRS piles is included in Appendix III). Davisson's method

(1973) has been used in this study to determine failure loads. Fellenius

(1980) studied nine commonly used failure criteria and found Davisson's

method to be among the most conservative.

Figs. 5.6 through 5.10 present the axial load-displacement test
results for the UBCPRS. For each of the five piles complete logd—
deflection-time records of the testing are shown. The pile top deflection
for each pile was taken as an average of two diametrically opposed dial
gauges at the pile head. The followiﬁg are some specific comments about
each. pile:

i) Pile no. 1 (Fig. 5.6) exhibits unexpected large deflection at low
loads such that the theoretical compression line is crossed beyond the
first load increment; One possible explanation of this behaviour is
that pile No. 1 is cased over the upper 2 m and therefore unrestrained
compression can occur near the pile head. But this would not explain
large movement at low loads. The "theoretical compression line" is
for a pile with no shaft resistance (i.e. a column). Possibly the
large movement was related to previous failure in tension, and there-
fore an unusual 1load distribution. The overall pile behaviour
indicates that it is predominantly a friction pile.

ii) Pile no. 2 (Fig. 5.7) is seen as a predominantly friction pile.

iii) Pile no. 3 (Fig. 5.8) is seen as having both friction and end-bearing

components to the total resistance. The slope of the unload-reload



—

DEPTH (metres

o) GROUND SURFACE
j SAND fill
5 —
soft organic
silty CLAY
10—
14.33m— ~ Telltale
15 — Closed
YA
20— .
medium dense
SAND
minor silty SAND
55 lenses

SSNNANANNANS AN

n.c.cloyey
SILT
with thin SAND

tayers to2150m

35—

FIG. 5.6.

1 | |

AXIAL LOAD (kN)

1 I

300

250

200

I1SO

100

NOTES:

_.P_oq,oam:_?o.uwha
N.io_::_or:omm“w.waa
u.Oo;al;:.._wbcmmm
b.,_.mm::oao*w"omzo<mm
5. Calculated fgilure

load (Davison 1972)

= | 70kN
6. 2 minutes to apply each load

increment assumed

AXlAL LOAD (kN)
50 10 15
_o LO Nn_uo N\wo

[ T
175 _m.o 125
ELAPSED TIME

minutes) — § -

m

E
104

n
L

N
o
{

AXIALL PILE TOP DEFLECTIO
o N
O w
l 1

D B

e

/o/
Theoretical Elasfic
Compression Line

——

UBC PILE RESEARCH SITE: AXIAL LOAD TEST RESULTS - PILE NO. 1

eL



—

DEPTH (metres

GROUND SURFACE
Ll VNS VAN N
SAND fill

soft arganic
silty CLAY

10—

13.72M— —Telltale

—m' Closed

SIS

20—
medium dense
SAND
minor silty SAND

ilenses
25—

I SNNNNNNANNANNN\

n.c.clayey
SILT
with thin SAND
layers to 2 i50m

35—

NOTES:

- 300

p~ |. Pile diameter: 0.324m

x-4250 2. Wall thickness: 9.5mm

Py 3. Date driven: 16 AUG 85

a4 4200 4. Testing date: OI MAR 86

S 5. Calculated failure

44150 load (Davison I972)

i = 275kN

=100 6. .N:::c:wm to apply each load

increment assumed
50 AXIAL LOAD (kN)
S0 100 150 200 250 300

1 A 1 L N I | 1 | 1 |_
180 140 100

ELAPSED TIME

AXIAL PILE TOP DEFLECTION (m

Theoretical Elastic
Compression Line

FIG. 5.7. UBC PILE RESEARCH SITE: AXIAL LOAD TEST RESULTS - PILE NO. 2

vL



DEPTH (metres)

NOTES:

S SANNANNN NN

n.c.cloyey

O
Q
—_

0 GROUND SURFACE 1900
PRTTESTRY g«aﬂgé: | |. Pile diameter: 0.324m
SAND fi - 2. Wall thickness: 9.5mm
Z2 14700 3 Dpate driven: 16 AUG 85
~ 4. Testing date: Q09 NOV 85
5 — > 1500 5. Calculated failure
2.,_*.. MSM_.,.«S m | _uomw_&A mufmo: 1972)
silty CL 2 |300 6.2minutes to apply each load
10— % increment ossumed
4100 AXIAL LOAD (kN)
rw 200 300 400 500 600 700 800
L J | ! ! ! ! | I B ! ! 1 ] 1 | J
15— 400 320 240 160 \_ -8~ |
\Mwu“.\. vV /S S ELAPSED TIME/"( minutes ) € )
16.76m~ Rﬁo_:oﬂ\\\\\\. ES
Closed Z Theoretical
Q04 Elostic
20 — . m noﬁ_u._w:..Mmm@o:
medium dense - 15
SAND :J
minor silty SAND o
lenses WNO[
25— o
w25
pt |
a
.|
g
x
q

SILT
with thin SAND
loyers to2150m

35—

FIG. 5.8.

UBC PILE RESEARCH SITE: AXIAL LOAD TEST RESULTS - PILE NO. 3

SL



76
curves are seen to be approximately parallel the theoretical elastic
compression line.

iv) Pile no. 4 (Fig. 5.9) could not be failed in axial compression
loading. The reaction frame could not supply the necessary axial
force before it began to buckle. The failure load was interpolated as
described later in this section.

v) Pile no. 5 (Fig. 5.10) failed predominantly as a friction pile. The

plunging nature of the failure is easily observed.

“Fig. 5.11(a) presents a summary of the five UBCPRS pile load tests to
the same scale. Fig. 5.11(b) presents a summary of the load-displacement
results for the three tests on the MOTHPRS pile. The results from the
MOTHPRS axial load tests indicate that the pile behaved predominantly as a
friction pile. The reduction in measured load observed occurred because,
with rapid axial deflections, the hydraulic jacks were unable to sustain
the load. Full details of the test program for the 915 mm (MOTHPRS) pile
is given by Robertson et al. (1985),.

Besides the pile head load-deflection data, extensive tell-tale data
was also obtained for the UBCPRS piles. By definition, a tell-tale is a
device used to measure the deflection at locations along the pile length
other than at the pile head. From tell-tale data it can be possible to
estimate the load distribution as well as to infer the load transfer
mechanism present, but the interpretation of this data is often difficult
because of the complex distribution of residual stresses after driving
(Fellenius, 1980). The location of tell-tale placements for the piles is
shown in Fig. 5.1. Fig. 5.12 presents a schematic outline of the tell-tale

system used for the five piles. Fig. 5.13 presents a schematic concept of
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typical load transfers for axially loaded piles. Note that the peak values
of shaft resistance and point resistance do not mobilize simultaneously as
many traditional static capacity formulae imply_ In other words before the
toe of the pile feels the effect of the applied axial load, significant
axial deflection must occur at the.pile head in most cases. ~“Also, as is
seen‘in Fig. 5.13, the load transfer mobilization relationships depend upon
the soil type(s) present. The tell-tale data obtained presented several
problems for interpretive purposes, possibly because of the complex loading
history for piles 1, 2, 3 and 4. The tell-tale data from pile no. 1 was
ultimately regarded as of being little use. Piles 2,3 and 5, however,
provided data froﬁ which interpretations could be made. Pile 4, because it
wasn't failed, provided only data on the soil plug behaviour. The ratio of
end bearing to skin friction for piles 2, 3 and 5 piles, as determined from
tell-tale data, is shown in Table 5.5. Fig. 5.14 shows a summary plot of

the tell-tale data for pile no. 5.

Pile Ratio of Toe: Shaft Resistance
2 30:70

3 50:50

5 20:80

Table 5.5 Summary of Tell-Tale Data for UBCPRS

As mentioned p;eviously, pile nb. 4 ﬁaé never failed under the
application of axial load. This was the only UBCPRS pile to be driven open
ended. Two methods have been used to extrapolate the failure load The
first method was the method developed by Chin (1970). Chin (1970) proposed

a computational method whereby the estimation of the ultimate load of piles
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not carried to failure can be made by plotting the trend of the normalized
load-deflection data. In order to test the method, the test data from pile
no. 5 was also analyzed. Fig. 5.15 shows Chin's method plotted for both
pile nos. 4 and 5. For pile no. 5 the method estimates 1100 kN, approxi-
mately 30 kN larger than the Davisson failure load (1070 kN) obtained from
load testing. For pile no. 4 Chin's method predicts 1100 kN,

The second method of estimating the failure load of pile no. 4 was by
using the shape of the load deflection curves from the other 4 piles. Each
pile, being of different lengths, has different components of resistance
due to the varying lengths. By assuming that the soil acted the same on
all .piles at any given depth, the load deflection technique' could be
applied. One assumption made is that pile no. 4 behaved as a closed-ended
pile under static loading. From the tell-tale data taken from the soil
plug this assumption appears valid. However, it must be noted that at
higher loads the pile may have unplugged. Calculations, however,bsuggest
that this would not be the case. For all calculations carried out for this
study, it was assumed that the pile would not unplug at loads up to
failure. This second method predicts the failure load of pile no. 4 to be
1250 kN, Therefore, roughly averaging both methods, the failure load of
pile no. 4 was assumed to be 1200 kN,

A summary of all calculated capacities from the axial load testing is

presented in Table 5.6.

5.3 Lateral Load Testing

5.3.1 Introduction

For the UBCPRS, the lateral pile testing program consisted of load

testing one of the 9.5 mm walled pile (pile no. 3) and the larger 11.5 mm
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Wall
Pile/Test| Length { Diameter | Thickness | L/D | Open/Closed | Capacity
No. (m) (m) (mm) Ended (kN)
1 14.3 0.324 9.5 44 C 170
2 13.7 0.324 9.5 42 C 220
3 16.8 0.324 9.5 52 C 610
4 23.2 0.324 9.5 72 0 1200
5 31.1 0.324 11.5 96 C - 1070
A 67.0 0.915 19 73 0] 7500
B 78.0 0.915 19 85 0] 7000
C 94.0 0.915 19 103 0 8000

Table 5.6 Summary of Axial Pile Load Testing at UBCPRS and MOTHPRS

walled pile (pile no. 5). The MOTHPRS pile had also been tested under

lateral loading.

5.3.2 Methodology

For the UBCPRS the lateral loading was achieved by jacking between
adjacent piles. In this manner two piles were tested at one time. The
lateral loads were applied in increments of 20 kN and held for approxi-
mately 15 minutes to allow time for readings to be taken. These readings
consisted of dial gauge and inclinometer readings. The dial gauge readings
were checked by the use of LVDTs (Linear Voltage Displacement Transducer)
on the two test piles (pile nos. 3 and 5). A schematic of the load set up
is shown in Fig. 5.16. A schematic of the inclinometer casing set-up is
shown in Fig. 5.17. The deflection of adjacent piles at ground surface was
also measured but, due to measurement resolution difficulties, these values
are not considered reliable. The lateral load was measured using a

calibrated load cell. Calibration data for the load cell used is given in
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Appendix 1IV. Stiffners were placed in both piles in order to prevent
possible buckling of the piles at the points of load application.

The MOTHPRS pile was loaded as shown in Fig. 5.18. Further details
can be found in Robertson et al. (1985) and in Eisbrenner (1985).

5.3.3 Results

Unlike the axial load case, no standard method of interpreting lateral
load test results exists. The effects of creep (time effects) can be very
pronounced during lateral pile testing. Until standardization of testing
is realized, it will remain difficult to compare results between different
researchers and hence, difficult to confidently use design methods based on
correlations with load test data.

The results of the UBCPRS lateral load tests are shown in Figs. 5.19
and 5.20. In Fig. 5.19 the ground surface deflection and deflected shape
versus depth profile is presented for pile no. 3. 1In each case, any creep
present driving any 15 minute load increment has been encorporated in the
plofs. A maximum deflection at the grﬁund surface of approximately 30 mm
is measured under the peak lateral load of 140 KkN. the that 30 mm is
nearly 20% of the pile radius and thus would probably be larger than most
maximum design deflections. The deflected shape profile for a load of 120
kN indicates that the depth of the first point of contraflexure is at a
depth of approximately 3 metres (approximately 9 pile diameters) and that
below this point almost no further deflection is evident. For pile no. 5,
as shown in Fig. 5.20, the maximum ground surface deflection, under the
lateral load of 140 kN, was approximately 22 mm. The deflected shape
profile for a load of 120 kN, also shown in Fig. 5,20, indicates that the

first point of contraflexure is at a depth of roughly 3.5 metres



762mm "\
Reoction Piles N

13

FIG. 5.18.

90

Beam

Qutline of Sand Trench

]

Slope Indicator

Hydraulic Jack Casing

Spherical Bearing
Plate
ya

[y

! !
I-Bcom/ -

[ e G GENE D G CRAE D TR D G D . C—

Reagction Internagl
Frame I-Beam

Shif

Shiffener
Wooden Beam Rests

N

Refarence — i

]

\

L

I

et —

- 915mm

TEST PILE

010! Gauges

™ Rafarance
Plats

o I

MOTHPRS LATERAL PILE LOAD TEST ARRANGEMENT

(After Robertson et al., 1985)



LATERAL LOAD (kN)

100- PILE DIMENSIDNS |
LENGTH 16.8 m
DIAMETER 324 mm
WALL 9.5 mm
] .
o T A T T

] ) 2 3 q S

LATERAL DEFLECTION AT GROUND SURFACE (cm)

LATERAL PILE DEFELCTION (cm)

=) 0 ! H 3 s

Py It 1 1 1 1

LATERAL LOAD : 120 kN

DEPTH (m)
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(approximately 11 pile diameters). Once again, below this point almost no
further deflection is apparent.

The ground surface deflection and deflected shape profile for the
MOTHPRS pile are both shown in Fig. 5.21. A maximum deflection at the
ground surface of approximately 150 mm occurred under an applied load of
1100 kN. The deflected shape profile, at a corresponding 1100 kN load,
indicates a first point of contraflexure at a depth of approximately 10
metres. Essentially, no significant deflection is recorded below this

depth.
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CHAPTER 6

PREDICTED VERSUS MEASURED AXTAL CAPACITY

6.1 Introduction

In this chapter, the various methods of predicting axial pile capacity
evaluated for this study are compared to the pile load test capacity values
obtained and described in Chapter 5. The prediction methods will be
separated into groups as follows:

i) Static methods - direct
- indirect

ii) Dynamic methods

" Static methods are defined as methods that wuse static pile capacity
formulae to predict capacity. For this study the term "direct method" is
applied to any static prediction method that uses CPT data directly without
the need to evaluate any intermediate values (coefficients of earth
pressure, bearing capacity factors, friction angle, etc.). An "indirect
method” is taken to refer to static prediction methods that require inter-
mediate correlations in order to predict pile capacity from CPT data. It
must be realized that, unlike the direct methods, most indirect methods
were not formulated specifically for use with CPT data. As such, any
discrepancies between the predicted and measured pile capacities using the
indirect methods may not be due solely to problems inherent to these
methods. The correlations between the CPT values and the intermediate
parameters may lack sufficient accuracy. This should be kept in mind when

comparisons are made between direct and indirect methods.
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Dynamic methéds are defined as methods that use either predicted or
measured pile driving stress wave data to predict pile capacity at the time
of driving.

In order to ensure that no bias in imparted to any one method, the
same input data set is used in each case. 1In general this input data set
is comprised of two CPT soundings, one for each of the UBCPRS piles
(CPTPR85-1) and the MOTHPRS pile (CPTPR84-1). - Details of the in-situ
testing data used in this chapter is given in Chapter 4. To predict the
capacity of the 915 mm diameter (MOTH) pile at depths greater than 75 m tﬂé
CPT profile was predicted assuming a continued linear increase. Available
borehole information supplied by the BCMOTH indicates that a linear
increase in parameters is a reasonable assumption.

Details of the dynamic measurements used in the dynamic methods are
found in Chapter 5.

For each method, two plots will be presented. One plot will compare
the predicted and measured pile capacities for the UBCPRS piles and the
other will show the predicted and measured capacities for the MOTHPRS pile.
In each case, the components of the predicted shaft resistance and total
resistance are presented, the end bearing component being the difference
between the two,

Detailed descriptions of each of the twelve prediction methods
evaluated, as listed in Table 6.1, will not be presented. However, Table
6.2 summarizes the formulation of the 12 static prediction methods
evaluated. Each method will also be briefly outlined in the appropriate
section. For a more detailed account of any method evaluated, is consult

the complete list of references given in Table 6.1. In addition to the 12



TABLE 6.1,

PILE CAPACITY PREDICTION

No. Method Reference(s) Test Data Type
1 |Schmertmann & Nottingham, Nottingham (1975}, " CPT Static-Direct
CPT Nottingham & Schmertmann (1975),
Schmertmann (1978)
2 |deRuiter & Beringen, CPT deRuiter & Beringen (1979) CPT Static-Direct
3 ]|Zhou et al. (1982), CPT Zhou et al. (1982) CPT Static-Direct
4 |Laboratoire Central des Bustamante & Gianeselli (1982) CPT Static-Direct
Ponts et Chausées (LCPC) CPT
5 |van Mierlo & Koppejan Van Mierlo & Koppejan (1952) CPT Static-Direct
"Dutch" CPT
6 |API RP2A American Petroleum Institute (1980) CPT Static-Indirect
7 |Dennis & Olson (Modified API) |Dennis & Olson (1983a,b) CPT Static-Indirect
8 |Vijayvergiya & Focht Vijayvergiya & Focht (1972) CPT Static-Indirect
9 |Burland Burland (1973) CPT Static-Indirect
10}{Janbu Janbu (1976) CPT Static-Indirect
11 |Meyerhof Conventional Meyerhof (1976) CPT Static-Indirect
12|Flaate & Selnes Flaate & Selnes (1977) CPT Static-Indirect
13jEngineering News Record Cummings (1940) Pile installation blow- |Dynamic-Rigid Pile
Dynamic Formula counts, hammer size, set
14 {WEAP86 Goble & Rausche (1986) Pile installation blow- {Dynamic-Wave Equation
counts, hammer size (Prediction)
15{Case Method Gravare et al. (1980) Dynamic measurements Dynamic-Case Method
16 |CAPWAP Rausche (1970) Dynamic measurements

Dynamic-Wave Equation
© (In-Situ)

L6



TABLE 6.2. DESIGN METHODS FOR CALCULATING
AXTAL PILE CAPACITY

METHOD*

FORMULATION

Shaft Resistance

End Bearing

1. Schmertmann and
Nottingham CPT

Nottingham (1975),
Nottingham and
Schmertmann (1975),
and Schmertmann (1976)

£, =K EED » £+ £]

SAND: f = most appropriate** from f,, SAND:

£,, £, | q

8D 2 L

P,

° 8D 8D
empirical coefficient

~
]

Func” (L/D, material, shape)

CPT sleeve friction value

(o)
[}

depth to fS considered
pile width

pile length

.12 MPa

* q,

empirical coefficient

2

N N0 O 9O eon
]

[

Func” (pile type)

CPT tip bearing value

0
]

= minimum of qp and
1

linear function of q above’and

below pile tip

15
10

C

CPT tip bearing value
30 MPa maximum cutoff

MPa clean sands

MPa v. silty sand

* Methods 1 to 5 are "direct" CPT methods.
Methods 6 to 12 are "indirect" CPT methods
** Most appropriate = minimum value where lack of local experience exists.
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TABLE 6.2. (cont'd)

FORMULATION
METHOD
Shaft Resistance End Bearing
1. (cont'd) CLAY: f = most appropriate* from f,, CLAY: = minimum of and g
£,, £, 9, = linear function of &c above and
£, = a' Sk ' below pile tip
a' = empirical coefficient qp = qp for NC and slightly OC clays
2

Func” (fs' material) a - qp for highly OC clays

Su = undrained shear strength a = Woddward's (1961) adhesion
£o= 2 (5, +25) ratio
2 u ** Schmertmann suggests using
- - 9. %0
p' = ave. o_ along pile length S = =
v u N
o “K
§u = ave, undrained shear strength where NK = 10-20, adjust to reflect
along pile length local experience.
A' = empirical coefficient
= Fun” (L)
8D 2 L
f,=a' [Z () £ +1 £
o 8D S gp S

2. de Ruiter and Beringen SAND: f = most appropriate* from f,, SAND: qp = minimum of qp and qp
1 2

CPT £,, £,, £, n
’ f, = 0.12 MPa (limit value) q = Func (q , OCR, D, L)
de Ruiter and Beringen f, = CPT sleeve friction, £, P1  OCR = ovSrconsolidation ratio
(1979) £, = qc/300 (compression) qu = 15 MN/m?
f, = q /400 (tension)
CLAY: CLAY: q = NC . S;**
f=ac- 53** Nc = bearing capacity factor for § = 0
a = 1 for N.C. clay =9 i

= 0.5 for 0.C. clay

* Most appropriate = minimum value where lack of local experience exists. .

***de Ruiter and Beringen suggest Su from CPT: Su = qc/NK where NK = 15-20 for North Sea clays. Use

appropriate values to reflect local experience.
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TABLE 6.2. (cont'd)

METHOD

FORMULATION

Shaft Resistance

End Bearing

3. Zhou et al (1982) CPT

Zhou,

Zie, Zuo, Luo

and Tang (1982)

£=10B"*1)
fs = average local CPT friction of

the "s" layer

empirical coefficient

Func"

B

(Es’ soil type)
soil type I: ac 2 2 MPa

f./q, < 0.014

a, -

a
qC

B

L ] qc

interpreted cone resistance
at toe level (computed over a
range of * 4B about toe
empirical coefficient

Func" (ac, soil type)

D = pile width

0.71 (ac)—o.zs

soil type II: other than I a, =
= -0.45 - ,-0.35
B, = 0.23 (f)) a - =1.07 (@)
B T 0.22 (£)705S H ©
1I ’ s
qp+a,
4, Van Mierlo and Koppejan|| f = I(0.4% of qc) qp ==
"Dutch" CPT
q, = average q_ 2xdiameter below
Van Mierlo and Koppejan pile tip
(1952) q, = average q_ 8xdiameter above

pile tip .

001



TABLE 6.2 (cont'd)

METHOD

FORMULATION

Shaft Resistance

End Bearing

. Laboratoire Central

des Ponts et Chaussées

(LCPC) CPT

Bustamante and
Gianeselli (1982)

*
o]
]

*limit

the limit skin friction at
the level of the layer i

qc/a
q. = cone resistance corres-
ponding to the given
level
a = empirical coefficient
= Func" (pile type, soil
type, qc)
values exist
Func" (pile type, soil type,

q.)

equivalent cone resistance

at the level of the pile
point

Func” (qc, a)

2p
penetrometer bearing capa-
city factor

Func” (pile type, soil type,

q.)

T0T



TABLE 6.2. (cont’'d)

METHOD

FORMULATION

~ Shaft Resistance

End Bearing

6. API RPZ2A

American Petrolum
Institute (1980)

SAND: f =K o; tan &

o
K = coefficient of lateral earth
pressure
= 0.5 to 1.0 for compressive axial
loading
ob = effective overburden pressure
o
8 = angle of soil friction on pile
wall .
Soil Type ¢ 8 Ng
clean sand 35° 30° 40
silty sand 30° 25° 20
sandy silt 25° 20° 12
silt 20° 15° 8
@ = angle of internal friction of
soil
CLAY: f =a * B, ovo; B, = (Su/ovo)

Su = undrained shear strength
(i) highly plastic (P.I.>25)
NC: a =1
OC: a = 1, but £ } the larger
of 1 Ksf or (Su)NC
(ii) low to medium plasticity clay

Su(st) a
< 0.5 1

0.5 - 1.5(1 - 0.5 (lin. var™
> 1.5 0.5

SAND: qp =g' °*N

V° q

bearing capacity factor

=
1]

Func® (') [see skin friction]

CLAY: qp =9 o Su

Note: - no defined method to obtain
]
Su or ¢

[40]1



TABLE 6.2. (cont'd)

METHOD

FORMULATION

Shaft Resistance

End Bearing

. Dennis and Olson

(modified API RP2A)

Dennis and Olson

(1983 a) and
Dennis and Olson
(1983 b)

SAND: f =F e Ko O; tan 8

—_— SD
FSD = empirical coefficzent
= 1/[0.6 exp (L/60°D)]
D = pile diameter
L = embedded length
K = empirical coefficient = 0.8

unless local experience dictates
otherwise

CLAY: f=a°*S *F *F
—_— u c L

Fc = empirical correction for strength

= obtain from local experience, or:
U.C.T. (high quality): F o= 1.1
U.C.T. (driven sampler): FC = 1.8
Field vane: FC = 0.7

U.C.T. = unconfined compression test

a adhesion factor

the adhesion factor varies
linearly as follows:
Sch(psf)I o |600|1200|5000| ®

a |1.0|1.0l O.Sl 0.3'0.3
Su'= average undrained shear

strength over pile length

FL = empirical correcton for depth
L(ft)| 0 | 100 l 175 | o
Foollollo0]1.81]1.8

N = [}
SAND: qp FD ovo Nq

FD = empirical coefficient
= 1/[0.15 + 0.008 L]
Nq = bearing capacity factor

Func” (9')

CLAY: qp =9 ¢ Su . Fc

FC = as per skin friction

Su = undrained shear strength near the
pile tip

Note: - no defined method to obtain
Su or ¢

£0T



TABLE 6.2. (cont'd)

METHOD

FORMULATION

Shaft Resistance

End Bearing

8. Vijayvergiya and Focht

Vijayvergiya and Focht
(1972)

SAND:
e recommend use of Dennis and Olson's
criteria (6.)

CLAY: f=Ax(o_ +2S )
_— vm um

A = empirical coefficient

SAND:
* recommend use of Dennis and Olson's

criteria (6.)

CLAY: qp =9 o Su

= Func” (L)
Sum = mean undrained shear strength Note: - no defined method to obtain Su
along pile
= i .
Oum = Mean o along pile
L = pile penetration
9. Burland SAND: SAND:

Burland (1973)

¢ recommend use of Dennis and Olson's
criteria (6.)

CLAY: £ =8 a}_
1. NC: B = (l-sin ¢')tan ¢'
¢' = effective angle of

internal friction
2. If ¢' not known:
B =0.25 - 0.40 (ave = 0.32)

* recommend use of Dennis and Olson's

criteria (6.)
CLAY: qp =9 » Su

Note: - no define method to dbtain '

or §
u

20T



TABLE 6.2. (cont'd)

FORMULATION
METHOD
Shaft Resistance End Bearing
. = * . = _ ]
10. Janbu SAND: f Sv (ovo + a) SAND: qp (Nq 1)(ovo+a)
= -3
Janbu (1976) §, = tan o' [F1 + p2 + 41 + r?] Nq = bearing capacity factor
# = tan ¢'/Irl = Func” (u,¥)

r = roughness number ¥ = angle of plastification

= Func" (L)

a = soil attraction
=c * cot ¢

c = cohesion

CLAY:
* as for SAND

Note: - no defined method to obtain ¢°'

CLAY:
* as for SAND

11. Meyerhof Conventional

Meyerhof (1976)

SAND: f =K ¢ o' ¢ tan 8 <f
—_— s v, 2

K average coefficient of earth

S

pressure on pile shaft
= Func" (¢', pile type, installa-
- tion)
0 = angle of skin friction
f, = limiting value of average unit
skin friction

= from local experience

SAND: qp = ovo . Nq <9,

bearing capacity factor
Func" (¢', D, L)
qq = limiting value of unit point

N
q

resistance
0.5 Nq tan ¢' (units = tsf)

[}

Note: - no defined method to obtain

L
¢' or Su

GOt



TABLE 6.2. (cont'd)

METHOD

FORMULATION

Shaft Resistance

End Bearing

11. (cont'd)

CLAY: f =B ol <5

n, ° !
NC: B = Func (L)
0C: B = 1.5 (1-sin¢') tan¢' VOCR
OCR = overconsolidation ratio

. = . ' .
CLAY: qp c NC+ o, Nq sq_

N & bearing capacity factor
¢ = Func" (¢', D, L)

c = ave, unit cohesion near pile point

usually taken as ¢ = S“ and Nq -0
limiting value of unit point

gQ

resistance

empiricial (local experience)

12. Flaate and Selnes

Flaate and Selnes
(1977)

SAND:

* recommend use of Dennis and Olson's

criteria (6.)

CLAY:

f = B {(0.3 - 0.001 Ip) * JfOCR cvo
+0.0081 =+ S ]
P u

or simplified

£=p (0.3 to0.5] ¢ YOCR oy

H = length function °
= (L+20)/(2L+20)
(L in metres)
Ip = plasticity index

SAND:
* recommend use of Dennis and Olson's
criteria (6.)

CLAY: qp =9 e Su

Note: - no defined method to obtain
$' or Su

901
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static prediction methods presented four dynamic prediction methods, also
listed in Table 6.1, are included.

In total, sixteen methods of predicting axiél pile capacity are
presented and compared with pile load test data from six different piles at
eight different depths.

A discussion of the sensitivity of the prediction methods to the input

parameters chosen is also included.

6.2 Use of Spreadsheets

Many pile prediction methods are relatively difficult and time consum-
ing to implement without the aid of a computer. This is especially true
when near continuous CPT data is used. For each of the prediction methods
used in this study a computer program was written using commercially avail-
Able spreadsheet software. The spreadsheet is seen as a powerful engineer-
ing computational tool that is well suited to geotechnical engineering
design. The spreadsheet is particularly well adapted for performing sensi-
tivity analyses and therefore rapid evaluation of input parameters.
Perhaps the greatest attraction of using spreadsheets, however, is that the
programmer/operator requires little computer programming background. It is
doubtful that the number of methods investigated could have been possible
within the required time frame without tﬁis computational assistance.
Davies et al. (1987) provide a more complete discussion on the use of
spreadsheets, specifically with CPT input data, for foundation engineering

design.

6.3 Direct Methods

In this section, five methods of directly predicting pile capacity

using CPT data are presented. As mentioned previously, all of these
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methods have been formulated specifically for use with CPT data .and can
therefore be expected to give better results than the indirect methods.
Direct methods apply CPT data directly by the use of theoretical
and/or empirical scaling factors without the need to evaluate any inter-
mediate values (coefficients of earth pressure, bearing capacity factors,
friction angle, etc.). The scaling factors, in all cases, resemble the
original work of de Beer (1963). As shown in Fig. 6.1, if a probe of zero
diameter penetrates into a soil layer, the penetration resistance would
follow the idealized curve ABCD. This is to say that the device would
"feel" the entire effect of the lower soil layer immediately upon penetra-
tion. However, if a large diameter pile were pushed into the layer, the
point resistance would not equal that of the zero diameter probe until the
pile reached a greater depth, at point E. This depth is often termed the
critical depth (DC). De Beer (1963) showed that it is reasonable to assume
that the pile resistance curve between points B and E varies 1linearly;
thus, the pile resistance at any intermediate depth could be determined if
the idealized penetration resistance curve and DC were known. Although it
is not possible to use a probe of 2zero diameter, the standard sized
electric cones (35.7 mm in diameter) can be assumed to approximate this
condition (curve ABC'D), especially for large diameter piles. Meyerhof
(1951), de Beer (1963), and others have shown that Dc is a function of
foundation size and soil stiffness. Therefore, it is more logical to
express critical depth as a ratio (D/B)there B is the foundation diameter.
This concept is complicated in highly layered materials where layer
thicknesses can be less than DC for the large diameter piles. In these
situations the full penetration resistance may be mobilized on the cone but

may not be realized for the pile before the influence of another layer is



109

PENETRATION RESISTANCE

™
e

A 5

[72]

h 4

[ §

w

- z

IDEAL q, CURVE
; (ZERO DIAMETER)
B c q
—r—— ' 1
LACTUAL 9. |°'
CURVE °©

X
[
o
w
(o]

o .

O

(7]

PILE ©

RESISTANCE 3

CURVE @

’_

w

NERE
| ) |

FIG. 6.1. DE BEER SCALE EFFECT DIAGRAM FOR CPT
PILE PREDICTIONS
(ADAPTED FROM NOTTINGHAM, 1975)



110

felt. The way in which the different direct methods define the critical
depth and layering effects for both sleeve friction and point resistance

is, for the most part, what separates the methods available.

6.3.1 Schmertmann and Nottingham CPT Method -

6.3.1.1 Outline

The Schmertmann and Nottingham CPT Method (Schmertmann, 1978) is a
summary of the work on both model and full-scale piles presented by L.
Nottingham (1975) in his doctoral dissertation at the University of
Florida. This method uses both CPT values of cone bearing and sleeve
friction.

Although seen as a direct method, an estimate of undrained shear
strength, Su, is required. Schmertmann (1978) suggests that the CPT-Su
relationship used should reflect local experience, Based upon local
experience and data obtained for this study (see Chapter 4), the undrained

strength was taken to be:

s = (ﬁ) (6-1)
u 15

where: Su = undrained strength
q, = cone bearing
Ou0 = in-situ vertical total stress

This formulation of undrained shear strength was used in all CPT methods
investigated for this study that required an evaluation of the undrained

strength profile.
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Being a combination of many previous works, precise limitations of the
Schmertmann and Nottingham method are difficult to ascertain. Various
researchers, Robertson et al, (1985), among others, have reported good
correlations with full scale pile load test results,

The Schmertmann and Nottingham method is relatively difficult to
implement with some of the procedures being open to interpretation. As can
be seen in Table 6.2, it requires a great number of calculations and,

therefore, without the aid of a computer, errors are likely.

6.3.1.2 Results

The results of predicted versus measured pile capacity for the UBCPRS
and the MOTHPRS pile are shown in Figs. 6.2(a) and 6.2(b) respectively.
For this method, and all subsequent methods, only piles 2,3,4 and 5 will be
plotted for the UBCPRS since, the predicted capacities include the shaft
resistance from the 2 m of sand £ill. Pile no. 1 and pile no. 2 behaved
essentially the same except that pile no. 1, being cased at the surface,
had no contribution to capacity from the upper 2 m of sand fill. Both the
skin friction and total resistance profiles are presented for each method.
The difference between these two components is the end bearing component of
the total resistance. Note that for the MOTHPRS pile below a depth of 78 m
the skin friction and total resistance were projected to depth using the
trend of the plot above 78 m. This seems justified due to the consistent
nature of the deposit as verified by deep drill hole testing carried out at
the site by B.C.M.0.T.H.

As shown in Fig. 6.2(a), the predicted capacity agrees very well with
the load test results at the UBCPRS. For pile nos. 3 and 4, the predic-

tions are almost identical to the measured capacities, For pile nos. 2 and
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5 there is some discrepancy but the error in prediction is of a
conservative nature,

Noting the scale changes to both axes in Fig. 6.2(b), the MOTHPRS also
shows good agreement between predicted and measured pile capacity. For
test A and B the results are very good with only slight discrepancies. For
test C, however, a larger degree of disagreement exists with a non-
conservative prediction resulfing. Nevertheless, the error is small (~25%)

and, it is suggested, within acceptable limits.

6.3.2 de Ruiter and Beringen CPT Method

6.3.2,1 Outline

The de Ruiter and Beringen (1979) method is based upon experience
gained in the North Sea by Fugro Consultants International. The original
development of the method can be found in de Ruiter (1971) and de Ruiter
(1975). It is also commonly referred to as the "European Method" by North
‘American Engineers.

The de Ruiter and Beringen CPT Method is an empirical method that, as
can be seen in Table 6.2, utilizes both CPT cone bearing and sleeve
friction. This method, as was the case with Schmertmann and Nottingham's,
requires correlating CPT data to undrained shear strength, The inaccura-
cies introduced by this correlation are discussed in Section 6.6.

de Ruiter and Beringen make no comment as to the method of validation
for their method and therefore it is difficult to note specific limita-
tions.

The de Ruiter and Beringen method is relatively simple to implement as
it is well explained by the authors. However, the method requires a great
number of computations and is therefore best suited for use with the aid of

a computer.
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6.3.2.2 Results

For the UBCPRS, as shown in Fig. 6.3(a), the measured axial capacity
was predicted extremely well by the deRuiter and Beringen method. For pile
nos. 2,4 and 5 there is essentially no difference between predicted and
measured capacity. For pile no. 3 a slight overprediction exists.

For the'MOTHPRS, the predicted versus measured capacities yield good
agreement a shown in Fig. 6.3(b). Tests B and C had their capacities'
slightly overpredictd but by less than 20 percent in each case. For test

A the measured capacity was almost identical to the predicted value.

6.3.3 Zhou, Zie, Zuo, Luo and Tang CPT Method

6.3.3.1 Outline

The Zhou et al. (1982) CPT Method is based upon Chinese experience
gained using the cone bearing and the sleeve friction from the CPT to
predict axial pile capacity. This experience consists of empirically
relating the CPT values with 96 full scale pile load tests in various
stratigraphic profiles. The majority of this work was performed by the
China Academy of Railway Sciences in Beijing.

As can be seen in Table 6.2, the Zhou et al. (1982) method is rela-
tively simple to understand and it is simple to implement. A limitation,
noted by Zhou et al. (1982), is that neither debris fill or loess has yet
been validated with this method. Another limitation is that the only piles
to have been used for validation were driven precast concrete piles. The
size of the piles used ranged form 0.25 to 0.55 m in diameter and were from

6.5 to 31.25 m in length.
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6.3.3.2 Results

As can be seen in Fig. 6.4(a), the predicted pile capacities agreed
quite well with the measured capacities for the UBCPRS'piles. This is
especially true of pile nos. 2,3 and 4. Pile no. 5 had its capacity over-
.predicted by approximately 30 percent. -

The MOTHPRS results, also shown ih Fig. 6.4(b), show relatively poor
agreement between predicted and measured behaviour. In fact, test C is

overestimated by nearly one hundred percent.

6.3.4 Van Mierlo and Koppejan "Dutch" CPT Method

6.3.4.1 Outline

The Van Mierlo and Koppejan "Dutch" Method represents what was
probably the first comprehensive CPT pile capacity method to be formulated
in the Netherlands, Van Mierlo and Koppejan (1952) did their studies in
conjunction with Delft Laboratories, Holland.

This method is based upon purely empirical observations comparing CPT
results with static pile load tests. As can be seen in Table 6.2, this is
an extremely simple method to use and has the advantage of only needing CPT
bearing values. This advantage 1s important as obtaining accurate sleeve
friction values from CPT data is often an area of concern.

Oné major limitation of this method is that it was developed solely
with mechanical cone data. Using electric cone data, as in this study, is
not completely wvalid but acceptable for comparative purposes. For
commercial désign using this method it may be advisable to use equivalent
mechanical cone values are determined from the electric cone data using the

method outlined by Schmertmann (1978).
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6.3.4.2 Results

From Fig. 6.5(a)’it can be seen that the Van Mierlo and Koppejan
method predicted the actual capacities of the UBCPRS piles quite well. The
capacities were somewhat underpredicted for pile nos. 2 and 5 and over-
predicted for pile nos. 3 and 4. | -

The predicted behaviour for the MOTHPRS, shown in Fig. 6.5(b), is such
that all three load test results are underpredicted. Test A was under-
predicted by approximately twenty-five percent whereas the measured capaci-

ties of tests B and C were within ten percent of the predicted values.

6.3.5 Laboratoire Central des Ponts et Chausées (LCPC) CPT Method

6.3.5.1 OQutline

The LCPC CPT Method (Bustamante and Gianeselli, 1982) is a result of
experimental work by the French Highway Department to validate the original
French CPT pile prediction method (which can be found in the FOND72 (1972)
document). The experimental data, consisting of a large number of full-
sale loading tests, resulted in the re-adjustment of the original French
method and the formation of the LCPC CPT method.

The LCPC CPT method has the same advantage as the original Dutch
methods in that only CPT bearing values are needed (except to define soil
type). This method is based on a series of 197 full-scale static pile
loading (or extraction) tests. The tests involved 96 deep foundations
" distributed on 48 sites containing materials such as: clay, silt, sand,
gravel, weathered rock, mud, peat, weathered chalk, and marl. The types of
piles included driven, bored, grouted, barrettes and piers. The sizes used

for the driven piles were 300 to 640 mm in diameter and 6 to 45 m in
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length. However, it is interesting to note that very few of the piles were
driven pipe piles.

The LCPC CPT Method is very simple to use and understand and offers no
ambiguities. The validation of the method is well documented by Bustamante

and Gianeselli (1982). -

6.3.5.2 Results

The comparison between predicted and measured capacities by the LCPC
method for the UBCPRS piles is shown in Fig. 6.6(a). Excellent agreement
between predicted and measured pile capacity is evident fér all piles. The
capacities for pile nos. 2,3 and 5 are all slightly underpredicted whereas
pile no. 3 is slightly overpredicted.

Excellent agreement between predicted and measured pile capacity also
‘exists for the MOTHPRS as shown in Fig. 6.6(b). The capacity of test A is
slightly underpredicted while the capacities of tests B and C are slightly

overpredicted.

6.4 Indirect Static Prediction Methods

In this section twelve methods commonly used by foundation engineers
are presented. In each case, all of the input parameters required have
been obtained from in-situ testing (usually using the CPT unless otherwise
specified) using appropriate correlations. Several of the methods (e.g.
Vijayvergiya and Focht) have originally been formulated for use solely in
cohesive soils. In these cases, the cohesionless soil contribution to the
pile capacity has been obtained using thé Dennis and Olson method (Section
6.4.2). The justification of this is that many of these "cohesive soil"

methods suggest using the API RP2A (Section 6.4.1) cohesionless soil
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recommendations. The Dennis and Olson method is a modified API RP2A method
and 1s seen by many as a preferred method to the original API RP2A. As
well, in engineering pratice this combination of methods can be used for
comparison purposes and to define critiéal input parameters.

This section wil also briefly examine empirical design-methods for
penetration tests not as common as the CPT or SPT (e.g. Becker Hammer

test).

6.4.1 American Petroleum Institute (API) RP2A Method

6.4.1.1 Outline _

The API RP2A (1980) method was created by the American Petroleum
Institute for piled offshore drilling platforms. This method is used
extensively for- onshore design and is considered by many as the major
offshore prediction method.

As can be seen in Table 6.2, this method requires an estimation of the
angle of internal friction (¢) for cohesionless soils and an estimation of
undrained shear strength (Su) for cohesive soils. The values of ¢ can be
obtained from CPT data using the correlation proposed by Robertson and
Campanella (1983). This correlation is used throughout this study for
indirect CPT methods requiring friction angle values. The wundrained
strength is determined as described in Section 6.2.1.1.

The API RP2A method has been used for design in many offshore piling
projects, The major limitation of this method, and all of the indirect
methods used in this study, is that the accuracy of the parameters used in
the implementation of the method (e.g. ¢, Su) are highly dependent upon the

accuracy and reliability of the empirical relationships used to obtain the

parameter from the in-situ test data.
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The API RP2A method is simple to use and computer assistance is not
necessary. However, the method is subject to different levels of interpre-

tation and therefore no unique answer is possible between individual users.

6.4.1.2 Results -

As shown in Fig. 6.7(a), the API RP2A method was sémewhat successful
in predicting the capacity of the UBCPRS piles while pile no. 2 had its
measured load slightly underpredicted, the measured capacities for pile
nos. 3,4 and 5 were all overpredicted.

For the MOTHPRS (as seen in Fig. 6.7(b)), the predicted pile capacity

was considerably overpredicted when compared to the measured test results.

6.4.2 Dennis and Olson Method

6.4.2.1 OQutline

The Dennis and Olson Method (Dennis and Olson, 1983a and 1983b) is a
modification of the API RP2A method.

From Table 6.2, it is seen that the main difference between the Dennis
and Olson and API RP2A method is the use of empirical correction factors by
the former. These correction factors are functions of pile embedment for
both cohesive and cohesionless soils, and of undrained shear strength for
cohesive soils. For cohesionless soils, the value of the angle of soil
friction on the pile wall (8) is obtained as outlined for the API RP2A
method.

The validation of this method consisted of comparing the results of 84
full-scale pile load tests in cohesive soils and 66 full-scale pile load

tests in cohesionless soils with those predictd by the method. All of the
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piles tested were steel pipe piles with pile diameters ranging from 0.3 m
to 1.0 m and test embedments up to 83 m.

The Dennis and Olson method is simple to use and not open to interpre-

tation like the API RP2A method.

6.4.2.2 Results

As can be seen in Fig. 6.8(a), Dennis and Olson's method under-
predicted the measured capacity of all the UBCPRS piles except pile no. 3.
The'capaéity of pile no. 3 was slightly overpredicted. Still, all four
predictions are quite good. |

For the MOTHPRS, as shown in Fig. 6.8(b), all three test results are
overpredicted by a large amount. 1In particular, tests B and C are over-
predicted by more than 100%. This is somewhat surprising since the method

was developed and validated for large diameter, long steel pipe piles.

6.4.3 Vijayvergiya and Focht Method

6.4.3.1 Outline

The Vijayvergiya and Focht method (Vijayvergiya and Focht, 1972) was
the first widely used method to encorporate two concepts now considered
essential to pile design in cohesive materials.

Firstly, the prediction of pile capacity was not solely based upon
undrained shear strength but upon effective vertical stress as well.
Vijayvergiyva and Focht realized that, under static 1loading, drained
friction will govern pile capacity. Secondly, this method encorporates a
term (A) which is a dimensionless coefficient dependent upon pile penetra-
tion. In effect, a term to address scale effects is included.

Unfortunately, pile diameter was excluded from the original formulation of
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the method. Schmertmann (1978), among others, suggests that A be evaluated
as a function of pile length and pile diameter.

The Vijayvergiya and Focht method is based upon 47 full-scale pile
load tests on piles ranging in length from 2.5 to 100 m in length and in
capacity from 27 to 7800 kN. ©No mention of pile diameter is included. As
shown by Table 6.2, this method has been developed for cohesive soils only
and therefore Dennis and Olson's method has been used for the cohesionless
soils,

The Vijayvergiya and Focht method is both simple to understand and to
implement. A large advantage of the method is that it is straightforwgrd

and hence different users should obtain approximately the same results.

6.4.3.2 Results

For the UBCPRS, as shown in Fig. 6.9(a), this method did a reasonable
job of predicting the measured pile capacities. Pile nos. 2,3 and 5 were
all ovérpredicted but never by much more than 25 percent. Pile no. 4 was
slightly underpredicted.

As can be seen in Fig. 6.9(b), the MOTHPRS measured capacities were
all greatly overpredicted. Tests B and C were overpredicted by more than
100%. The performance of this method on these tests is very poor, and

worse than the method by Dennis and Olson.

6.4.4 Burland Method

6.4.4.1 OQutline
The Burland Method (Burland, 1973), like the Vijayvergiya and Focht

method, was originally déveloped only for cohesive soils (see Table 6.2).
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This method formulated an expression to determine shaft resistance in
terms of effective stress. An empirical factor, B, was defined to be equal
to the ratio of the unit skin friction over the effective overburden
pressure. Burland found that B ranged from 0.25 to 0.40 (average = 0.32)
for driven piles and that it is approximately independent of clay type.

This method was validated using reults from 41 full-scale load tests.
The size of the piles used is not reported. Pile types included steel,
concrete and timber.

This method is simple to use but the range of B given can cause a
variation in results of up to 60%. For this study the recommended value of

0.32 was used.

6.4,4,2 Results

The results for the prediction of pile capacity at the UBCPRS using
the Burland method are shown in Fig., 6.10(a). Good agreement between
predicted and measured behaviour is seen, especially for pile no. 5.

For the MOTHPRS, shown in Fig. 6.10(b), the predicted results grossly
overpredict the measured capacity. For all three tests the predicted
capacity 1is generally at least 100% too large. These results were the

poorest obtained for any method applied to the MOTHPRS.

6.4.5 Janbu Method

6.4.5.1 Outline
The Janbu method (Janbu, 1976) uses an effective stress analysis. As
seen in Table 6.2, both the skin friction and end bearing formulations are

in terms of effective overburden stress level. Janbu (1976) makes no
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reference to any validation of his method. In addition, no specific
limitations of the method are noted.

o Although computationally straightforward, this method requires the
evaluation of several uncommon parameters (e.g. Y = angle of plastifica-
tion). Janbu (1976) is somewhat vague about how to obtain these parameters

and no direct references are supplied. For this reason unique answers

between individual users of this method are unlikely.

6.4.5.2 Results

As shown in Fig. 6.11(a), the Janbu method overpredicted all of the
measured capacities for the UBCPRS piles. This overprediction ranged from
15 to nearly 100 percent. The method predicted very large end bearing
capacities in the sand (15 m to 30 m).

For the MOTHPRS, larger overpredictions result. As shown in Fig.
6.11(b), the predicted pile capacity is greater than 200% larger the actual

measured capacity for test C.

6.4.6 Meyerhof Conventional Method

6.4.6,1 Outline

The Meyerhof conventional method is as presented in 1976 as the
eleventh Terzaghi lecture to the American Society of Civil Engineers
(Geotechnic;1 Engineering Division). This method, as can be seen in Table
6.2, is similar to that of the American Petroleum Institute (API RP2A).
The main difference is that Meyerhof suggests the use of limiting skin
friction and end bearing values based upon field observations.

Meyerhof's method is validated by comparing measured field results
from many authors. Unfortunately, MeYerhof_offers no mention as to the

size range of the piles involved in the field load tests.
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This method is simple to wuse and, unlike the API RP2A method,
recommended values for parameters such as the coefficient of lateral earth

pressure are clearly presented.

6.4.6.2 Results B
As shown in Fig. 6.12(a), the Meyerhof conventional method predicted

the capacities for the UBCPRS piles quite well. The capacity of pile no. 2

was almost precisely predicted whereas the capacities of the other three

piles were only slightly overpredicted.

For the MOTHPRS, large overpredictions of measured capacity result.

As shown in Fig. 6.12(b), the predicted pile capacity is in the order of

200-300% of the measured capacity for tests A, B and C.

6.4.7 Flaate and Selnes Method

6.4.7.1 Outline

The Flaate and Selnes method (Flaate and Selnes, 1977), 1like the
Vijayvergiya and Focht and Burland methods, was originally developed only
for cohesive soils (see Table 6.2).

This method formulated an expression to determine shaft resistance in
terms of effective stress, plasticity and overconsolidation ratio. An
empirical factor, Mp» was defined as a factor to relate the above para-
meters and the pile length., Pile length was included so that the reduction
in mobilized side friction with increased pile length could be included.

This method was validated using results from 44 full-scale load tests.
The piles were mainly timber pies up to 200 mm in diameter and ranging in

length from 7 to 24 metres. In addition several concrete and steel pipe
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piles, up to 470 mm in diameter and 23 metres in length, were also
investigated by the authors.

This method 1is simple to use but requires obtaining wvalues of
plasticity index and overconsolidation ratio; two quantities that cannot

yet be determined confidently with CPT. , -

6.4,.7.2 Results

The results for the prediction of pile capacity at the UBCPRS using
the Flaate and Selnes méthod are shown in Fig. 6.13(a). Good agreement
between predicted and measured behaviour is seen, especially for pile no.
5.

For the MOTHPRS, shown in Fig. 6.13(b), the predicted results greatly
overpredict the measured capacity. For all three tests the predicted
capacity is generally at least 100% too large. These results were almost
as poor as for the Janbu method, which was considered the worst method

evaluated.

6.5 Dynamic Methods

6.5.1 Introduction

As discussed in Chapter 2, dynamic methods can be divided into
"prediction" and "in-situ" classes. For this study the prediction methods
used were the Engineering News Record (ENR) dynamic formula and the wave
equation. WEAP86, is an interactive wave equation program to simulate the
soil-pile system. The "in-situ" measurements used for dynamic prediction
were the Case Method (using Goble, Raushe and Likens Ltd. PDA) and CAPWAP.
In all cases, pile no. 5 from the UBCPRS was used. A summary of the

calculations performed for all methods are presented in Appendix VI.



OEPTH (m)

o LEGEND i
—...shaft
——total
104 -
.\\vPIIe No. 2
154 ) -
\
L .
\ 2
2. \ ]
\\
\
K Pile No. 4
25 .
20 J
Pile No. S
25+ i
o 500 1000 1500 2000 2500
PREDICTED PILE CAPACITY eN)
UBC PILE RESEARCH SITE
Floote and Selnes Method
(a)
FIG. 6.13.

204

30

DEPTH (m)

100

LEGEND

~—--.Shaft
. T total

Test p

Test B

Test C b \ \

T T T T

5000 10000 15000 20000
PREDICTED PILE CAPACITY )

MOTH PILE LOAD TEST SITE
Flaote ond Selrnes Method
(b)

FLAATE AND SELNES METHOD

9¢T



137

6.5.2 Results

The ENR formula has the following form:

(6.1)

where: R = capacity under working conditions (kips)
WH = weight of hammer (kips)
H = hammer drop height (feet)
S = set (inches)

In the above equation a factor of safety of 6 is recommended. Therefore to
get the predicted ultimate capaéity the result obtained must be multiplied
by 6. For the initial driving of pile no. 5 the predicted ultimate
capacity was 1944 kN. During restrike, when the result should be more
indicative of the static capacity, the predicted ultimate capacity was 3114
kN.

The results of the wave equation analysis on pile no. 5, using WEAPS86,
are presented in Figs. 6.14 and 6.15. In Fig. 6.14 the effect of varying
hammer efficiency 1is illustrated, Depending upon whether a hammer
efficiéncy of 60% or 70% is chosen (typical ranges for drop hammers), a
different dynamic capacity will result. The other problem that arises is
that a tip resistance to shaft resistance ratio must be chosen. As can be
seen in Fig. 6.15, the influence of the value of this ratio chosen has a
significant effect on the result. From the static analysis using CPT, an
approximate tip resistance to shaft resistance ratio of 20:80 for pile no 5
was determined. Using initial restrike hammer blowcount data it is

justifiable to assume that this ratio can be used to calculate dynamic
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capacity. Also, during initial restrike the effects of pile set up are
reflected in the measured blow count, therefore it appears reasonable that
this will approximate a static capacity prediction. Thérefore, assuming
that the efficiency of the hammer is 60% and that the tip resistance:shaft
resistance ratio is 20:80, a capacity can be predicted. From initial
restrike data on pile no. 5 the blowcount was 80 blows per metre. This
results in a predicted capacity (using Fig. 6.15) of 1230 kN. Note that
all other input values (damping, quake, etc.) used were as suggested by the
WEAP86 manual.

Using in-situ data, the Case Method and CAPWAP capacities were also
obtained fof pile no. 5 wusing a pile analyzer (PDA). The case met£od
provided predicted results of 1903 kN and 1080 kﬁ depending upon the
damping value, Jc’ used (see Appendix VI) for calculation details). Using
a J, value of 0.70, the 1903 kN (and overpredicted) result is obtained.
The value of 0.70 was suggested by a Goble, Rausche and Likens (GRL)
representative present during the dynamic measurements upon the restriking
of pile no. 5. A value of Jc equal to 1.07, as suggested by static load
test results using the GRL PDA manual (see Appendix VI) yields the 1080 kN
{and highly accurate) result. As will be discussed further in section
6.6.2, the choice of JC is the single largest factor affecting accurate
predictions of static pile capacity using dynamic methods. A CAPWAP
capacity of 1646 kN (50% overprediction) was predicted using Jc = 0.70.
Unfortunately, CAPWAP program results using a more appropriate damping

value were not available for inclusion within this dissertation.
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6.6 Sensitivity to Input Parameters

6.6.1 Static Methods

The accuracy of the results for any prediction method will always
depend not only upon the method used but upon the "quality" of the input
parameters used in that method. A pile capacity prediction method cannot
be expected to perform well (give accurate predictions of measured
behaviour) wunless input parameters representative of the existing
subsurface conditions are wused. For the indirect methods, estimates of
parameters such as undrained strength, angle of internal friction, and
others are required by each method. For the direct methods only the
accuracy of the CPT is of concern (except for the de Ruiter and Beringen,
and Schmermann and Nottingham methods where both require undrained shear
strength estimates).

For thig study, only CPT data has been used to estimate (directly or
indirectly) input parameters. To ensure the accuracy of the actual CPT
results, careful field techniques and properly calibrated equipment is
essential. Regardless of the CPT data being assumed. accurate (i.e.
repeatable and representative), the correlations wused to estimate
parameters using CPT data must be accurate as well or non-representative
results will result. Most of the CPT parameter correlations are empirical
and cannot therefore be expected to be universal. Local correlations will
almost always be preferred (unless the method used indicates otherwise).
As an example, the value of undrained shear strength (Su) has been
calculated using three different CPT correlafions. These results have then
been used to check the sensitivity of the de Ruiter and Beringen method
(assumed to be a direct method as explained in Section 6.3) to the value of

S .
u
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Figure 6,16 presents the results of the de Ruiter and Beringen method .

using:

S ==F (6.2)
This is the value (where local correlations are unavailable) proposed by
de Ruiter and Beringen (1979) but is based upon North Sea data. As can be
seen in Fig. 6.16, non-conservative predictions generally result. However,
if a value that 1is more appropriate for local conditions is used, the

result is much better. Figure 6.17 shows this method using: .

S = —— (6.3)

This value was chosen from field vane correlations obtained in similar
soils at the UBCPRS (Greig, 1985) and in comparison with vane results at
the UBCPRS as described in Chapter 4. With Eqn. 6.3 used as an estimate of
undrained shear strength this method predicts the measured pile capacity
very well, It was this value of undrained strength, as noted earlier, that
was used for this study wherever an wundrained strength estimate was
required. Finally, Fig. 6.18 presents the de Ruiter and Beringen method

using yet another formulation for Su:

§ = —— Y= (6.4)

Once again, as with Eqn. 6.2, a significant descrepancy between predicted

and measured pile capacity is evident (non-conservative predictions).
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This simple example illustrates the importance of performing
sensitivity analyses when performing pile capacity analyses. This is
especially true when, as is the case using CPT data, correlations that may

not reflect local conditions are to be used.

6.6.2 Dynamic Methods

As was shown in Section 6.5.2, using damping values obtained from
correlations with full-scale load test results, the Case Method can provide
an excellent prediction of static axial capacity when initial restrike data .
is analyzed. It was also shown that choosing a value without the advantage
of load test results can lead to significant error. For accurate dynamic
analyses of piles, the damping characteristics of the soil must be properly
evaluated. Unfortunately, 1little improvement in the manner by which
damping values are chosen can be noted in published literature over the
past 10-15 years. Damping values are also important input parameters for
other wave equation analysis of piles (e.g., WEAP86 or CAPWAP). In
addition, wave equation methods reéuire accurate assessments of soil quake
and skin friction distrbution profile along the pile length if accurate
predictions are to result. Unfortunately, these values are seldom
determined on a site specific basis and "recommended" values from opera-
tions manuals are usually wused. These values are generally quoted in
ranges such that over 100% in variation can result from using extreme
values. In addition, these recommended values may not reflect at all the
actual site charateristics of interest.

In-situ testing methods, particularly the CPT, have the potential to
vastly improve the accuracy of input pérameters such as soil damping, soil

quake and skin friction distribution. For the soil damping, a simple
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empirical correlation between the case damping constant, JC, and the ratio
between cone resistance (qc) and friction ratio (FR,%), qC/FR,%, can be
proposed as shown in Fig. 6.19, The data used for JC is after Rausche et
al. (1985). Note that Fig. 6.19 should be adjusted to reflect local
experience. It is interesting to note that for UBCPRS pile no. 5, the
(qC/FR,%) ratio near the pile tip ranges from 7 to 11, Thus, using a
conservative upper bound trend line, Fig. 6.19 yields a case damping value
of approximately 1.,0. This is in close agreement with the Jc value
computed from static load test results,'as was shown in Section 6.5.2.

Soil quake, or the elastic ground compression, is a concept based on a
simplistic elasto-plastic soil model proposed by Chellis (1951). The
quake, Q, is the displacement at which the soil becomes plastic as shown in
Fig. 6.20. Note also in Fig. 6.20 that a determination of ultimate static
soil resistance, Ru’ is also required. Traditionally a standard quake
value of 0.1 inch (2.5 mm) is generally used for all soils, based on the
original work of Smith (1960). However, real soil does not behave in such
a simplistic manner. Using either CPT data, to develop parameters for a
more representative soil model, or modified PMT curves seems a more logical
approach of evaluating the stress—strain soil behaviour necessary for wave
equation analysis.

Finally, the shaft resistance distribution profile for the pile-soil
system must be estimated in order to perform a wave equation analysis.
Usually either a constant value with depth or a triangular distribution is
chosen with little regard for the prevailing stratigraphy. Using the CPT

sleeve friction values, scaled from 0 to 100, provides a profile (with
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appropriate scaling) of pile-soil interaction. These values of CPT sleeve
friction should only be used, however, for analyzing the start of restrike
condition when approximately static resistance is measured. This is
because the CPT value will generally not accurately model the dynamic pile-
soil condition. However, this is not strictly correct because the CPT is
not a truly static penetration test but must be considered a 'quasi-static"
penetration test. This is especially true in soft clays where the CPT
penetration will cause large excess pore pressures to be generated.

All of the above is presented to demonstrate that careful selection of
input parameters for dynamic pile analysis is crucial. The use of p?le
dynamics, particularly in-situ dynamic measuring methods, will increase if
the methods can be shown to provide accurate results. At present, this
accuracy is inhibited by the poor quality of the soil input parameters.

More representative soil parameters and soil models must be adapted.

6.7 Discussion of Axial Pile Capacity Prediction

Figure 6.21 summarizes the results of all the static methods evaluated
in the form of bar charts for each method. Note that, with few exceptions,
both the direct and the indirect methods provided reasonable predictions of
the meaéured capacities of the smaller piles. The direct methods, the Zhou
et al, (1982) method to a lesser extent, also predicted the capacity of the
larger pile quite satisfactorily. Howevef, without exception, the indirect
methods had predictions that were significantly in error and non-
conservative when compared to the measured results for the large pile.
Since the indirect methods generally did reaéonably well in predicting the
capacity of the smaller piles, and since the piles are all in the same

deltaic soil deposits, the results suggest that scale effects are extremely
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important for the large diameter pile. Most of the indirect methods are
empirical in nature and based upon observed results from piles considerably
smaller than 915 mm in diameter and 100 m in length. The direct methods,
on the other hand, while also themselves generally empirical, all have
scaling factors in their make-up (as described in Section 6.3) that allow
the problem of pile size to be addressed in a consistent fashion.

When the bar charts are drawn for each pile (Fig. 6.22, see Table 6.1
for the prediction method corresponding to each number listed) the effect
described above becomes even more apparent.

In Chapter 5, when the tell-tale data was analyzed, the calculated
raito of shéft resistance to total resistance was shown to be approximately
80%. To further evaluated the twelve static predictions methods, Tables
6.3 and 6.4 present the predicted shaft resistance ratios versus measured
and predicted total resistance respectively. It is interesting to note
that, as shown in Table 6.3, the average ratio for all twelve methods is
quite close to the calculated value (93% vérsus 80%). The.method that was
closest to the actual shaft resistance/total resistance ratio was the
Schmertmann and Nottingham CPT method. This method ws also shown earlier
to predict very well the cabacities of all the piles investigated. Tabie
6.4 shows that, with only two exceptions, the predicted shaft resistance to
predicted shaft resistance to predicted total resistance ratios were all
greater than 90%. Tables 6.3 and 6.4 demonstrate that while many methods
were shown to predict the total resistance of pile no. 5 quite well, few
actually predicted the assumed correcf (as calculated by tell-tale data)
ratio 6f resistance between the shaft resistance and end bearing

components.,
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TABLE 6.3 PREDICTED SHAFT RESISTANCE AS A PERCENTAGE OF
TOTAL MEASURED AXIAL CAPACITY FOR PILE NO. 5

Method
Schmertmann & Nottingham CPT
deRuiter & Beringen CPT
Zhou et al, CPT
Van Mierlo & Koppejan CPT
LCPC CPT
API RP2A
Dennis & Olson
Vijayvergiya & Focht
Burland
Janbu
Meyerhof Cénventional

Flaate & Selnes

Predicted Shaft Resistance/
Measured Total Resistance (%)

Ave:

Sd:

82

95

120

49

86

108

75

102

95

86

123 7

90

92.6

20.1
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TABLE 6.4 PREDICTED SHAFT RESISTANCE AS A PERCENTAGE OF
TOTAL PREDICTED AXIAL CAPACITY FOR PILE NO. 5

Predicted Shaft Resistance/
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Method Predicted Total Resistance (%)

Schmertmann & Nottingham CPT
deRuiter & Beringen CPT
Zhou et al. CPT

Van Mierlo & Koppejan CPT
LCPC CPT

API RP2A

Dennis & Olson
Vijayvergiya & Focht
Burlénd

Janbu

Meyerhof Conventional

Flaate & Selnes

Ave:

sd:

96

95

93

77

91

95

94

96

95

76

97

94

91.6

7.2
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The dynamic methods, only considered for UBCPRS Pile no. 5, also
showed a considerable scatter of results. With the dynamic methods it was
shown that the in-situ measurement methods (such as the -Case Method). can
only be expected to give results as accurate as the simpler predictive
analyses (such as a Wave Equation Analysis) if appropriate values of

parameters such as soil damping are used.
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CHAPTER 7

PREDICTED VERSUS MEASURED LATERAL BEHAVIOUR

7.1 Introduction

In this chapter, methods of predicting lateral pile behaviour will be
compared to pile load test values obtained as described in Chapter 5.

The two in-situ test methods used are the full-displacement pressure-
meter test (FDPMT) method and the flat plate dilatometer test (DMT) method.
The former meth&d is only briefly described here. Full details are given
by Robertson et al. (1986). The DMT methods is a new method proposed in
this study. Both of these methods use the nonlinear discrete Winkler
spring approach (P-y curves) described in Chapter 2. In each case, the P-y
curves obtained were analyzed with the program LATPILE (Reese and Sullivan,
1980). This program is briefly described in this chapter.

The two methods of predicting the lateral behaviour of driven dis-
placement piles are presented and the results obtained compared with pile
load test data from 3 different piles (piles 3 and 5, UBCPRS, and the
MOTHPRS pile). In each case predicted versus measured results are included
for both pile head deflection and deflected shape versus depth profiles.
In addition, other available and potential methods of predicting laterally

loaded pile behaviour are briefly discussed.

7.2 Program LATPILE

The P-y curves developed as described in the following sections are
used as input data for the program LATPILE. Reese (1977) developed COM622
which was the original program. Reese and Sullivan (1980) then created the

first version of LATPILE. The version of LATPILE used for this study is a
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microcomputer version modified at UBC to be used with IBM-PC and compatible
microcomputers.

- LATPILE is a finite difference program that can handle up to 20
different P-y curves. The program can analyze any one of three boundary
conditions at the pile top along with any combination of 1) lateral deflec-
tions along the free field, 2) lateral loads along the pile, 3) a lateral
load at the pile top, and 4) axial load. Soil response is interpolated
between P-y curves. Full details of the system documentation, operating
documentation and governing difference equations can be found in Reese
(1977).

The use of LATPILE is straightforward and a minimum of input data is
required. There are some disadvantages to using this program in lieu of a
finite element program. The finite element method can permit realistic
three-dimensional effects and computation of stresses and deformations in
and around the piles. LATPILE, however, is seen as adequate for this study
as only load-deflection behaviour is of interest. Reese and Desai (1979)
have shown that no major differences of pile deflection are seen when
comparing the finite difference method to the finite element method with

comparable input data.

7.3 Lateral Pile Behaviour

As mentioned previously, two methods of predicting lateral pile
behaviour are compared with lateral load test results from three diffefent
piles. The DMT and the PMT methods are presented. In addition, other
possibilities of using in-situ data to predict lateral pile behaviour are

briefly discussed.
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7.3.1 Full Displacement Pressuremeter Test P-y Curve Method

The method proposed by Robertson et al. (1983) for obtaining P-y
curves from FDPMT results is used. This method is briefly outlined and the
results presented. Robertson et al. (1986) document four case histories
where this method has been shown to provide very good preditions of

measured behaviour.

7.3.1.1 Outline
The method by which FDPMT curves are developed into P-y curves is
shown in Fig. 7.1. From the original data, o, (radial pressure) and AR/R

(cavity strain), three steps are necessary in order to obtain a P-y curve:

i) . The pressuremeter curve must be corrected for the lift-off pressure.

~This is done to remove the effects of the in-situ lateral soil

pressure present upon the pressuremeter before expansion. This value

(lift-off) is subtracted in order that the lateral stresses around the
pile, the vector sum of which are zero, can be accurately modelled.

ii) The presuremeter curve must then be converted into the units of a P-y

curve. The radial pressure (or) is converted to a lateral load (P)

per unit length of pile by multiplying the radial pressure by the pile

diameter, D, To convert the cavity strain (AR/R) to displacement

units (y), the cavity strain is multiplied by the pile radius.

These two steps in themselves create a P-y curve, However, when the
resulting curves have been compared with measured pile behaviour,
discrepancies have been noted. The main reason for these discrepancies is
that it requires a difference force to expand a pressuremeter than it does

to deflect a pile laterally. Therefore a third step becomes necessary:
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iii) Due to the reason noted above, a soil multiplication factor, a, must
be applied. Based upon field observations, Robertson et al. (1983)
suggest soil multiplication factors of 2.0 for cohesive soils and 1.5
for cohesionless soils (see Figure 7.2). The a factor chosen is then

multiplied by the P value obtained in step (ii). -

The values of a for cohesive and cohesionless soil suggested above are
shown to be appropriate by finite element pressuremeter modelling
(Atukorala and Byrne, 1984), This modelling found soil multiplication
factors of between 1.9 and 2.6 for cohesive soils and of between 1.4 to 1.7
for cohesionless soils. The range in values is due to changes in the radial
strain level assumed for the pressuremeter test.

As was discussed in Chapter 2, an understanding of the concept of a
critical depth for lateral pile response is important for a correct predic-
tion of lateral behaviour under loading. Above the critical depth, the
free (ground) surface will allow a vertical component of movement to exist
in the soil in front of and behind the pile. The influence of the free
~surface thus reduces the lateral resistance that the soil applies to the
pile. Fig. 7.2 shows the variation of the soil multiplication factor, a,
with relative depth (depth = z, pile diameter = B) proposed by Robertson et
al. (1986). The reduction of lateral resistance is reflected in reductions
in a below a relative depth of 4, The reduction values presented in Fig.
7.2 are similar to those proposed by Briaud et al. (1983). Thus when a
pressuremeter test is performed within four pile diameters of the ground
surface the soil multiplication factor is to be reduced as shown in Fig.
7.2, otherwise no reduction is applied. Note that this.method does not

consider variations in pile stiffness. However, Briaud et al. (1983) offer
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a method that encorporates pile stiffness but this was not used for this
study.

In addition to correcting the pile P~y curve for a critical depth, the
pressuremeter test results themselves must be corrected for surface
effects. The critical depths (zc) for a pressuremeter were proposed by

Baguelin et al. (1979), as follows,

zc = 15 DPMT for cohesive soils
2z, = 30 DMPT for cohesionless soils .
where: D = diameter of unexpanded pressuremeter.

PMT

The pressuremeter curve is then corrected using:

(7.1)

[t}

where: P! corrected pressure

w
[}

reduction in mobilized pressure at all strains
Fig. 7.3 presents the values of B suggested by Briaud et al. (1983).

7.3.1.2 Results

The results of computed versus measured lateral pile behaviour using
the FDPMT method are shown in Figs. 7.4 to 7.6. In Fig. 7.4 the MOTHPRS
pile's deflection at ground surface and deflected shape versus depth

profile both show very good agreement between mesured and predicted
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behaviour. The predicted deflection at the pile head is within 20% of the
measured values. Any discrepancy in prediction is generally shown as being
conservative in nature,

For the UBCPRS, Figs. 7.5 and 7.6 show that good agreement between
predicted and measured behaviour is again evident with the predictions of
pile head deflection generally being within 30 to 50% of the measured
values. The predicted values for pile no. 3 (Fig. 7.5) were closer to the
measured results than those for pile no. 5 (Fig. 7{6).

For both the UBCPRS and MOTHPRS piles, the predicted versus measured

depths of contraflexure agree very well.

7.3.2 Flat Plate Dilatometer P-y Curve Method

Several methods of determining P-y curves from in-situ testing methods
exist using the pressuremeter. One approach, using the FDPMT to model
driven piles, has been outlined in the previous section and shown to
provide good results. However, in general, several problems exist in using
the pressuremeter to obtain P-y curves. Some of these difficulties can be
stated as follows: the PMT is a difficult and costly test to perform, the
pressuremeter has a large installation size and therefore it is difficult
to assess the results close to the ground surface (where lateral pile
response is most influenced); there are usually only a small number of test
results; and there are differences in the soil failure mechanisms during
loading between laterally loaded piles and the PMT (symmetric versus non-
symmetric).

The flat plate dilatometer test (DMT) is seen as avoiding many of the
problems that exist with the PMT. Because of this, the use of DMT data to

derive P-y curves is postulated. Being a new method, both the theoretical
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development and a detailed description of how to implement it are

presented,

7.3.2.1 Theoretical Development

Cohesive Soils -

Matlock (1970) performed lateral load tests on a steel pipe pile, 324
mm in diameter, wusing 35 pairs of electric resistance strain gauges
installed along the 12.8 metre embedded portion., Using both data from
these tests and existing data, Matlock proposed the use of a cubic parabola

to predict P-y curves in the form

P/P = 0.5 (y/y )1 (7.2)

ratio of soil resistance

where: P/P
u

y/yc ratio of soil deflection.

This cubic parabola is only valid for short-term, one-way static loading
and for soils that behave in a strain hardening manner under this loading.
Fig. 7.7, shows the cubic parabolic P~y curve. This curve is in non-
dimensional form with Pu to be obtainedAas described later. The horizontal
coordinate is the pile deflection divided by the deflection at a static
resistance equal to one-half of the ultimate resistance, Pu. The form of
the pre-plastic portion of the static resistance curve, up to point 2 on
Fig. 7.7, is based on semilogarithmic plots of the experimental curves
which Matlock found to fall roughly along straight lines at slopes yielding

the exponent 1/3.
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The value of pile deflection at point 1 in Fig. 7.7 (y=yc) is based

upon a concept proposed by Skempton (1951). This concept combined
elasticity theory, wultimate strength methods, and laboratory soil
properties and showed that the strain € related to Yoo is that which
occurs at 50% ultimate stress from the laboratory unconfined- compression
stress strain curve., From the work of Skempton, Matlock (1970) proposed

his "Soft Clay Method" which had the form:

y =Ae*se D (7.3)

where: D = pile diameter

b
i

empirical coefficient

6.35 for pile diameter in cm and Yo in cm,

An important consideration when using empirical relationships is the
scale effect. Piles commonly in use for supporting offshore structures are
up to 15 times larger than those upon which Matlock based his linear "Soft
Clay Method", (Stevens and Audibert 1979). It is not reasonable to expect
this linear relationship to exist over such a large range of pile dimen-
sions. Studies by Stevens and Audibert (1979) among others, suggest that
in cohesive soils the reference deflection, Yo is not linearly dependent

upon pile diameter but is instead approximately defined as:

I . n0:5
Yo = B €. D (7.4)
where: B = empirical coefficient
= 14,2 for cm
D = pile diameter in cm,
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However, Stevens and Audibert (1979) compared Matlock's linear method
with their nonlinear approximation on several full-scale lateral load tests
with varying pile diameter and showed that their method agreed more closely
with observed results (see fig. 7.8). Therefore, Stevens and Audibert's
equation has been used for this study to determine Y. for cochesive soils.

The value of €. (or €,,) must be evaluated from a stress-strain curve
for the soil in question. Using the hypobolic curve fitting expression
proposed by Duncan and Chang (1970), the following relationship can be

derived (see Appendix VII):

1 °f
€. = (2_R ) B (7.5)
f 1
where:R.f = ratio of deviatoric failure stress over deviatoric
ultimate stress (take equal to 0.8)
0 = deviatoric failure stress
£
= 2°Su for cohesive soil
Su = undrained shear strength
Ei = initial tangent modulus
which simplifies to:
1.67 -« Su
€50 = TTF (7.6)
i

The initial tangent modulus, Ei’ can be estimated from the DMT as:
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Ei = Fc . ED , (7.7)
where: FC = empirical stiffness factor
ED = dilatometer modulus (Marchetti, 1980)

From experience gained within the UBC In-Situ Testing Group (e.g. by
McPherson, 1985) a FC value of approximately 10 is suggested and this value
is supported by this study. fhe undrained strength of the soil, Su’ can be
obtained from DMT results using the correlation proposed by Marchetti
(1980). Therefore, combining Egs. 7.4, 7.6 and 7.7 yields:

23.71 + 5 » D°°°
_ u

c FC . ED

(7.8)

y

where: Yo = in cm.
D in cm

Fc = 10 (cohesive soils)

The evaluation of the static ultimate resistance, Pu , is based uponA
plasticity theory. 1In clay, soil is confined so that plasti¢ flow around a
pile (at depth) occurs only in horizontal planes (Matlock, 1970). This may
be expressed as follows: |

P =N ¢S +D (7.9

where: N = non-dimensional ultimate resistance cdefficient
S, = undrained soil strength (from DMT)
D = pile diameter.
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At considerable depth it is generally accepted that the coefficient, Np’
should be equal to 9. Near the surface, due to the lower confining stress
level, the value of Np reduces to the range of 2 to 4, Matlock (1970),

among others, proposed the following equation to describe this variation:

<9 (7.10)

(] -3

where: N <9
P

x = depth
O&o = effective vertical stress level at x
J = empirical coefficient.

Eq. 7.10 closely resembles that presented by Reese (1958). Reese, however,
proposed a value of 2.8 for J which does not agree with experimental
results, Matlock (1970) proposed values for J as shown in Table 7.1. It

is these values that have been used for this study.

Cohesionless Soils

It has been suggested that for cohesionless soils the continuous
hyperbolic tangent function is to be used to describe P-y curves (0'Neill
and Murchison, 1983). This, however, requires a determination of the
modulus of lateral soil reaction, Kr' Preliminary studies into determining
Kr from DMT data have been presented (Marchetti, 1980; Motan and Gabr,
1984) but sufficient validation does not exist and therefore, for this
study, the simpler cubic parabolic P-y curve (Eq. 7.2) function has been
used. This, however, probably isn't fundamentally correct as the use of an

ultimate pressure, Pu , in cohesionless soils is not supported by recent
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research using nonlinear finite element analyses (Yan, 1986). Yan (1986)
found that the P-y curves for cohesionless soils closely approximate the
bilinear model proposed by Scott (1980); and, in fact, can be represented

by a simple power function in the form:

= a(Yyb
=p = 2@ (7.11)

where: E = elastic deformation modulus
a = power function mutliplier = 0.4
b = power function exponent = 0.5

It is suggested that future refinements of this DMT method should attempt
to include either the continuous hyperbolic tangent function and/or a form
of the above power function so that critical comparisons with the cubic
parabolic function can be made.

As for cohesive soils, the values of Pu and Y must be determined in
terms of values obtained from DMT test data. The lateral ultimate soil
resistance, Pu’ is determined from the lesser value given by the following

two equations:

o~ ]
]

Yy * x [D(Kp—Ka) +x Kp * tan¢ * tanP] (7.12)

or

rd
]

Y+ D e x (K3+ 2K +KEe tang - K) (7.13)

where: x depth below the ground surface

unit weight of soil (buoyant or total, as appropriate)

-~
[}
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D = pile diameter
¢ = angle of internal friction
Ka = Rankine active coefficient
_ 1-sin¢
l+sing
Kp = Rankine passive coefficient -
= l/Ka
Ko = coefficient of earth pressure at-rest

B = 45° + ¢/2

Egs. 7.12 and 7.13 are after Reese et al, (1974) and Murchison and O'Neill
(1984). The value ¢ can be estimated by correlation from DMT inflation
results (Marchetti, 1980). However, experience gained at UBC (e.g.
Robertson, 1982 and McPherson, 1985) suggests increasing the friction angle
determined using Marchetti's original correlation from the DMT by some
value between 3 and 9 degrees. An increase of 5 degrees was used for this
study. It is recognized that the friction angle could also have been
determined more accurately using Durgunoglu and Mitchell's bearing capacity
theory (Schmertmann, 1982) but the DMT pushing force needed for this method
was not recorded. The coefficient of earth pressure at-rest, Ko’ was taken
to be 0.5. Further refinements of this method could include using the Ko
value obtained from DMT results by correlation.

The reference pile deflection, Yer for cohesionless soils is evaluated
from:

y. =2.5% e, *D (7.14)

o]

where: Y. = in cm

o
1}

pile diameter in cm.
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The value of €,, is evaluated, as for cohesive soils, using Eq. 7.5. The

failure deviatoric stress, Ors is taken to be (Duncan and Chang, 1970):

o, = (28ind, o, (7.15)

l-sin¢’ “v

The value of ¢ (with the 5° increase) is estimated from the DMT test. As

for cohesive soils, R_ is taken to be equal to 0.8, The initial tangent

f

modulus, Ei’ can be determined from the DMT as:

Ei =FS » E (7.16)

where: FS = empirical stiffness factor

Ep

dilatometer modulus (Marchetti, 1980)

From experience gained at UBC (e.g. by McPherson, 1985), a FS value of
approximately 1 is suggested. However, for the prediction of lateral pile
response, the use of an FS value of 2 is supported by this study (Section

7.3.1.3). Therefore, combining Eqs. 7.14 through 7.16 yields:

) 4,17 » sing o o,

c Ej ¢ FS ¢ (I1-sin¢)

y (7.17)

where: Yo = in cm.

7.3.2.2 Programs LATDMT.UBC
Programs LATDMT.UBC refers to a series of four FORTRAN programs that

are required for the DMT method. These four programs are:
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1) DMT.UBC
2) PU-YC.UBC
3) PY.UBC

4) LATPILE.UBC

The program DMT.UBC is a program to interpret " dilatometer data based
upon the correlations of Marchetti (1980). This program was originally
written by John Schmertmann but has been updated at UBC by Ian McPherson.
LATPILE.UBC is an available program that has been modified at UBC (see
Section 7.2). The other two programs, PU-YC.UBC and PY.UBC, were developed
by the writer. PU-YC.UBC takes DMT.UBC output and creates semi-continuous
(every 20 cm) profiles of both Pu (ultimate resistance) énd Yo (reference
deflection) with depth (see Fig. 7.9). From these continuous profiles,
average value (trend) lines must be chosen and the profiles discretized as
LATPILE can only accept up to 20 P-y curves. Once this discretization is
complete, program PY-UBC can be used to generate P;y curves based upon the
cubic parabola. Both PU-YC.UBC and PY.UBC listings are appended to this
dissertation (Appendix VII). Once the P-y curves have been generated,
LATPILE.UBC is then used to generate the preaicted pile behaviour. A
flowchart describing the steps involved in producing P-y curves using DMT
data and then predicting lateral pile behaviour using LATPILE is presented
in Fig. 7.10. In Fig. 7.10 it cn be seen that engineering judgement is
necessary to discretize the results of PU-YC.UBC into a maximum of 20

layers.

7.3.2.3 Results
As described earlier, the averaged Pu and Yo values must be chosen

from those computed for the DMT data (DMT85-2, see Chapter 4). Figure 7.11
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shows the average values chosen from the Pu’ Ye profiles for the data used.
These values were used as input P-y curves as calculated according to the
equations presented earlier.

A summary of the calculated and measured load deflection curves is
shown in Fig. 7.12 and Figs; 7.13 and 7.14 for the MOTHPRS and UBCPRS
respectively. The three piles in question are all of differing sizes as
noted. In each case two values of FS (1 and 2) are used in the evaluation
of both the pile head and deflected shépe deflection profiles. This is to
show that while previous work with the DMT suggested an FS value of close
to 1, the results of this study suggest that a value of 2 may be more
appropriate. Studies showed that the value of FC was, as was predicted by
previous work, about equal to 10.

The results in Fig. 7.12 for the MOTHPRS pile show that the predicted
deflection agrees well with the measured deflection. Not much difference
was seen here between FS=1 and FS=2, especially a higher loads. The curve
for FS=1, however, resembled the measured load deflection curve shape
better than did the curve for FS=2. For both modulus factors (FS=1 and 2),
the 4predicted deflection is approximately 25% larger than the measured
deflecton at thebpile head under large load (1100 kNO and agreement is
generally closer at lower loads. The deflected shape versus depth profiles
at a load of 1100 kN also agree closely with the points of contraflexure
both occurring at about a depth of 1l metres.

The results in Fig. 7;13 for the smaller (pile no. 3) of the two
UBCPRS piles tested again show excellent agreement between predicted and
measured deflection. This is particularly true for the curve corresponding
to the modulus factor FS=2. For the FS=2 curve, thg difference between the

predicted and measured results is generally never more than 25% for the
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entire range of loads with the predicted values being higher. The
deflected shape versus depth profiles for 120 kN load are of similar good
agreement with all three curves showing essentially the same depth of
contraflexure.

The results in Fig. 7.14 for UBCPRS pile no. 5 showed poorer
agreement between predicted and measured deflection. However, with the
value of FS=2 (the better prediction) being used, the pile head deflection
predictions were generally only 35% larger than the measured results. This
must still be regarded as fairly good agreement. The deflected shape
versus depth profiles also show similar good agreement between predicted

and measured behaviour, .

7.3.3 Other Methods

Other in-situ methods are available for predicting laterally loaded
pile behaviour. However, these are mainly pressuremeter methods. Besides
the FDPMT method present, methods using self-boring pressuremeter test data
(e.g. Baguelin, 1982) or pre-bored pressuremeter test data, using a Ménard
type pressuremeter, (e.g. Briaud et al., 1983) also exist. Schmertmann
(1978) has‘attempted to correlate CPT data with the Ménard PMT and then use
the values obtained for an appropriate PMT design method. Schmertmann's
method was briefly examined but meaningful results could.not be obtained
and therefore none are presented. Schmertmann (1978) readily admits that
this method should only be used for the most preliminary of design.

Potential exists for using DMT; PMT and CPT data in new methods for
predicting laterally loded pile behaviour. Beyond the traditional two data
points obtained with the Marchetti dilatometer, a research DMT that
supplies a continuous load—deflection. curve is available (Tsang, 1987).

From this continuous curve, which resembles a FDPMT curve, a method of
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constructing a P-y curve is possible. This method would probably not be
unlike the current FDPMT method.

Both the PMT and CPT could be used to predict laterally loaded pile
behaviour using the method presented for the DMT in the previous section.
This method requires estimates of undrained strength, frictiom angle, and
initial tangent Young's modulus. Both the CPT and PMT offer several means
by which these parameters can be obtained. The value of performing this
exercise with PMT data seems small, however, due to the more direct and
proven methods available,. On the other hand, this would be of great
interest as far as the CPT is concerned. Being the preferred in-situ test-
ing instrument for predicting axial pile capacity, having the capability of
also estimating lateral behaviour would mean that a single instrument for
pile foundation design would be available. The CPT has shown good ability
in estimating drained friction angle and unrained shear strength. However,
the accuracy of modulus estimates from CPT data are highly affected by the
stress and strain history of the soil (Baldi et al., 1985).

Other methods of predicting lateral pile behaviour from in-situ
testing methods, using not only the previously mentioned tests but other
in-situ testing methods are possible. As in-situ testing becomes more
commonly used in geotechnical practice for foundation'design, many of these

methods will be realized.

7.4 Discussion of Lateral Pile Behaviour Predictions

Both the FDPMT and the DMT methods performed well in predicting the
measured lateral behaviour of the three piles investigated. The FDPMT
method, as proposed by Robertson et al. (1983), is a proven method that was

further validated by this research. The DMT method, however, is a new
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method proposed by this study. Further field studies are necessary in

order to evaluate the DMT method for other soil profiles and pile types.
Overall, this study has shown that in-situ testing is a reliable

method of accurately predicting laterally loaded pile behaviour in the soil

types as investigated.
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CHAPTER 8

RECOMMENDED CORRELATIONS

8.1 Axial Pile Capacity

As was shown in Chapter 6, due mainly to their ability to deal with
the scale differences between piles of differing size, a preference for
using the direct static prediction methods is apparent. Based upon the
results presented in Chapter 6 the following three direct methods are
preferred:

1. LCPC CPT (Bustamante and Gianeselli, 1982)

2. de Ruiter and Beringen CPT (1979)

3. Schmertmann and Nottingham CPT (1978)

For the piles tested, these three methods supplied a maximum error of 52%
and an average error of 5% when compared with measured axial pile
capacities. The LCPC (French) method is shown to be the best method with a
maximum error of 25%, an average error of 0%, and a standard deviation (Sd)
of 15%. In addition, the LCPC method does not directly require the CPT
sleeve friction value other than to define soil type. This is a desirable
feature since the cone bearing is generally obtained with more accuracy and
confidence than the sleeve friction.

.The results of this study indicate that indirect CPT methods to
predict axial pile capacity may significantly overpredict the capacity of
large diameter, long piles (L/D > 75) supported in deltaic soils.

No preference was seen between the dynamic methods briefly evaluated
however the dynamic formula investigated (Engineering News Record) was

shown to easily be the most unreliable,
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8.2 Lateral Pile Behaviour

Both the full-displacement pressuremeter and the flat plate
dilatometer methods were shown to be very effective in predicting the
measured lateral pile behaviour. The dilatometer method, being a new
method, needs further validation and hence this method must be used with
caution. At this time it is therefore felt that a preference must be shown

for using the pressuremeter method.

8.3 Limitations and Precautions

Any emprical prediction method (axial or lateral pile behaviour) can
be expected to yield accurate results only if the conditions under which it
is applied resemble those in the data bank used to formulate the method.
When determining the suitability of any empirical design method, the
intended application should be compared with the method's data bank
conditions such as: |

i) pile installation technique

ii) pile material type

iii) pile shape

iv) pile size (diameter and embedment)

v) soil conditions

vi) special considerations

Designers should use any empirical method with caution,
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CHAPTER 9

SUMMARY AND CONCLUSIONS

The major objective of this study was to evaluate methods of
predicting axial and lateral pile behaviour as measured from full-scale
pile load tests. The following sections present a sumary of the

significant findings from this research.

9.1 Pile Installation and Load Testing

The "Quick Load Test Method" of axial loading (similar to ASTM
D1143-91 Section 5.6) was used for axial pile load testing. The "Quick
Load Test Method" was used to minimize time-dependent effects. This method
was found to work well with an average testing time of 4 to 6 hours per
pile.

To calculate the axial pile load test failure load, the method by
Davisson (1973) was found to be repeatable.

The tell-tale data obtained at the UBCPRS, other than for pile no. 5
(which ws load tested first) presented several problems for interpretive
purposes. This is possibly because of the complex loading history for the
other piles.

Unlike with the axial load case, no standard method of interpreting
lateral load test results exists. The effects of creep (time effects) can
be very pronounced during lateral pile testing. .Until standardization of
testing is realized, it will remain difficult to compare results between

researchers.
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9.2 Axial Pile Capacity Prediction Methods

This thesis compared twelve static axial pile capacity prediction
methods with the results from eight full-cale pile load tests on six
different piles. The piles were steel pipe piles driven into deltaic soil
deposits. The length to diameter ratios (L/D) for the piles ranged from 40
to 100. The measured axial capacities ranged from 170 kN to 8,000 kN in
soils that included o;ganic silt, sand and clay.

CPT data was used for the prediction of pile capacity for the twelve
methods evaluated. The direct methods; which incorporate CPT-pile scaling
factors, provided the best pfedictions for the piles and méthods evaluat?d.
Based on the results of this research the following three direct methods
are preferred:

1. LCPC CPT

2. de Ruiter and Beringen CPT

3. Schmertmann and Nottingham CPT

The results of this research indicate that indirect CPT methods used
to predict axial pile capacity may significantly overpredict the capacity
of large diameter, long piles (L/D > 75) supported in clayey silt soils.

The main conclusion from the brief evaluation of dynamic prediction
methods is that the accuracy of the prediction is extremely dependent on
the input parameters chosen. Unfortunately, systematic and reliable

~methods for choosing these input parameters are not yet available,

9.3 Lateral Pile Behaviour Prediction Methods

Both the full-displacement pressuremeter and the £flat plate
dilatometer are seen as useful tools for assesing laterally loaded pile

behaviour.



198

The pressuremeter method is an existing method (Robertson et al,,
1983) with significant validation. The results of this fesearch are seen
as further validation of this method.

Further field studies are necessary in order to evaluate the
dilatometer method for other soil profiles and pile types. The proposed
method must be used with caution until further validation has taken place.
However, due to both the ability of the dilatometer to obtain a near
continuous profile of soil response and to its small size, the DMT offers
an excellent means of obtaining considerable data even at shallow depths
below the ground surface. This is very important for the design of
laterally loaded piles since very little deflection occurs below a depth of
approximately five pile diameters under typical design loads (Poulos and

Davis, 1980).

9.4 Recommendations for Further Research

The areas listed below are some of those which the author believes
additional research could improve the ability to make accurate predictions
of axially and laterally loaded pile behaviour from in-situ testing data.
i) Development of a standard method of performing‘lateral pile load tests

so that data between researchers can be easily compared.

ii) Further validation of the preferred direct axial pile capacity
prediction methods. Local correlations would be especially
beneficial.

iii) Development of a systematic and repeatable method of obtaining
parameters for pile dynamic analyses from in-situ tests,

iv) Further validation of tﬁe proposed DMT method for predicting lateral

pile behaviour.
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v) Continued development of equipment like UBC's cone pressuremeter from
which axial and lateral pile behaviour can be predicted from one

test.
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REDUCED IN-SITU TEST DATA



Listing of DMT-PR-85-1 at 12:21:40 on SEP

1 DMT PR 8
2 QUEENSBOROUGH, LULU ISLA
3 23-08-85

4 0.08 0.55 0.0 2.00

5 0.060

6 34.600

7 ()

8 0.40 1.40 7.40
9 0.60 1.70 4.20
10 0.80 1.70 6.00
14 1.00 1.60 6.40
12 1.20 1.90 8.50
13 1.40 1.90 9.00
14 1.60 1.80 5.80
15 1.80 1.50 5.50
16 2.00 1.50 §.90
17 2.20 1.00 4.20
18 2.40 1.10 2.30
19 2.60 0.80 2.00
20 2.80 1.3% 2.20
21 3.00 1.35 2.10
22 3.20 1.10 2.10
23 3.40 1.35 2.20
24 3.60 1.40 2.20
25 3.80 1.50 2.40
26 4.00 1.50 2.40
27 4.20 1.50 2.40
28 4.40 1.40 2.20
29 4.60 1.55 2.30
30- 4.80 1.60 2.40
31 5.00 1.40 2.30
32 5.20 1.50 2.30
a3 5.40 1.40 2.10
34 5.60 1.40 2.20
35 5.80 1.50 2.20
36 6.00 1.60 2.30
37 6.20 1.70 2.40
38 6.40 1.60 2.30
39 6.60 1.70 2.50
40 6.80 1.80 2.55
41 7.00 1.75 2.55
42 7.20 1.80 2.55
43 7.40 1.80 2.60
44 7.60 1.80 2.50
45 7.80 1.90 2.70
46 8.00 1.80 2.70
47 8.20 2.05 3.00
48 8.40 2.10 2.90
49 8.60 2.00 2.80
50 8.80 2.10 2.90
51 9.00 2.05 2.90
52 +« 9.20 2.20 3.10
53 9.40 2.20 3.10 .,
54 9.60 2.10 3.00
55 9.80 2.30 3.20 .
56 10.00 2.30 3.10
57 10.20 2.20 3.00
58 10.40 2.30 3.10

1,

1985 for CCid=SITU Page

1
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FILE NAME:DMT-PR-85-1




U.B.C.INSITU TESTING RESEARCH GROUP. H

File Name:DMT-PR-85-1 Record of Dilatometer test No:DMT PR 85-[
; . Location:QUEENSBOROUGH, LULU ISLAND Date:23-08-85 )
3w B TN EEE AR *
; it calibration Information:DA= 0.08 Bars DB= 0.55 Bars ZM= 0.0 Bars ZW= 2.00 metres
TR R Sy s . ot :
- Gamma=Bulk unit weight INTERPRETED GEOTECHNICAL PARAMETERS
flig o Luve i 4 SV =Effective over.stress . Ko =lnsitu earth press.coeff.
L . Uo sPora pressure . . ~ OCR=0Overconsolidation Ratio
) Id =Material index M =Constrained modulus
i Ed - =Dtlatometer modulus . ' Cu =Undrained cohesion(cohesive)
i Kd =Horizontal stress index PHI=Friction Angle(cohesionless)
2 -PO . PH . Ed Uo Id Gamma Sv Kd  OCR Pc KO Cu PHI M Sotl Type Description 4 :
(m) .(Bar) (Bar) (Bar) (Bar) (t/CM) (Bar) (Bar) _(Bar) (Deg) (Bar) . ) (m) i
0.40, 1.21 6.85 -195. 0.0  4.65 1.80 0.060 20.2 ***** 8.69 2.79 40.6 607. SAND CEMENTED 0.40 : '
.0.60.1.69 3.65. 68. 0.0 1.16 1.70 0.094 17.9 30.65, 2.88 2.61 207. SILT - LOW DENSITY 0.60 "
0.80 1.60 . 5.45 . 133. 0.0 . 2.41 1.80 0.130 12.3 56.00 7.28 2.09 33.6- 359.  SILTY SAND LOW RIGIDITY 0.80 -
. 4.00 1.47 5.85: 151, 0.0 2.98 1.80 0.166 8.9 30.05 4.99 1.70 . 34.2 363. SILTY SAND LOW RIGIDITY 1.00 :
1.20 1.68 , 7.95 : 217. 0.0. 3.73 1.80 0.202 8.3 26.65 &.38B 1.64 35.9 508. SAND LOW RIGIDITY t.20
1.40 . 1.66 ' 8.45 235, 0.0 . 4.10 1.80 0.238 7.0 18.93 4.51 1.46 36.2 514. SAND LOW RIGIDITY 1.40 H
1.60 1.71 65.25 122, 0.0 . 2.07 1.80 0.274 6.2 15.40 4.22 1.36 30.5 253. SILTY SAND LOW RIGIDITY 1.60
1.80. 1.41  4.95 122. 0.0 2.51 1.80 0.310 4.6 8.42 2.61 1.09 30.7 249. SILTY SAND LOW RIGIDITY 1.80
2.00 1.39 5.35 137. 0.0 2.84 1.80 0.346 4.0 6.64 2.30 0.99 31.1 233. SILTY SAND LOW RIGIDITY 2.00
2.20 0.95 3.65: - 93. 0.02 2.80. 1.70 0.360 2.6 2.86 1.03 0.69 . 29.8 123. SILTY SAND LOOSE 2.20 :
2.40  1.15 . 1.78% 21. 0.04 0.54 1{.60 0.372 3.0 1.87 0.70 0.78 0.14 26. SILTY CLAY SOFT 2.40
2.60 0.85 1.45: 21. 0.06 .0.76 1.60 0.384 2.1 1.05 0.40 0.56¢ 0.08 . 19. CLAYEY SILT COMPRESSIBLE 2.60
2.80 ' 1.42: 1.65 8. 0.08 0.17 1{1.50 0.394 3.4 2.29 0.90 0.87 0.17 11. MUD 2.80
3.00  1.42  1.55 4. 0.10 0.10 1.50 0.404 3.3 2.16 0©0.87 0.84 0.16 6. MUD 3.00 i
3.20 - {.16 1.55 13. 0.12 0.37 - 1.60 0.416 2.5 1.42 0.59 0.67 0.12 © 15, SILTY CLAY SOFT 3.20 ;
3.40 - 1.42 1.65 8. 0.14 0.18 1.50 ©0.426 3.0 1.88 0.80 0.79 O0.16 10. MUD 3.40
3.60: 1.47 . 1.65 6. 0.16 0.14 1.50 '0.436 3.0 1.89 0.82 0.79 0.16 ) - 8. MUD 3.60° :
3.80: 1.57: 1.85 10. 0.18 0.20. 1.50 0.446 3.1 1.99 0.89 0.81 0.17 13. MUD 3.80 i
4,00 1.57 - 1.85 10.°0.20 0.21 - 1.50 ©0.456 3.0 1.88 0.86 0.78 0.17 12. MUD 4.00 i
4,20 1.57 1.85 {0. 0.22 0.21 1.50 0.466 2.9 1.78 0.83 0.76 O0.16 . 12. MUD 4.20 b
4.40 - 1.47 1.65 6. 0.24 0.14 1.50 0.476 2.6 1.49 0.71f 0.69 0.14 7. MUD 4.40
~4.60 1.62 .1.75 4. 0.26 0.09 1.50 0.486 2.8 1.70 0.82 0.74 0.16 5 MUD 4.60

4.80 - 1.67 1.85 6. 0.28 0.13 1.50 0.496 2.8 1.70 0.84 0.74 0.17 7 MUD 4.80

§.00 - .47 {.7S5 10. 0.30 0.24 1.0 0.506 2.3 1.25 0.63 0.62 0.13 10 MUD 5.00

5§.20 1.57 - 1.75 6. 0.32 0.14 t.50 0.516 2.4 1.3%5 0.70 0.65 0.14 6. MUD 5.20 )

5.40 1.48 1.55 3. 0.34 0.06 1.50 0.526 2.2 1.13 0.59 0.59 0.13 2. MUD 5.40

5.60 t.47 1.65 6. 0.36 0.16 1.50 0.536 2.1 1.06 0.57 0.56 0.12 5 MUD 5.60

5.80 1.58 1.65 3. 0.38 0.06 1{1.50 0.546 2.2 1{1.15 0.63 0.60 0.13 2 MUD 5.80

6.00 1.68 1.75 3. 0.40 0.06 1.50 0.556 2.3 1.24 0.69 0.62 0.15 3 MUD 6.00

6-20 1.78 1.85 - 3, 0.42 0.05 1.50 0.566 2.4 1.33 0.79 0.65 O0.16 3 MUD 6.20 1
'6.40 1.68 1.75 3. 0.44 0.06 1.50 - 0.576 2.1 1.12 0.64 0.58 0.14 2 MUD , 6.40

6.60 1,77 1.95%5 6. 0.6 0.14 1{.50 0.586 2.2 1{.19 0.70 0.61 0.15 6 MUD 6.60 *
_____________________________________________________________________________________________________________ o

z PO P1 Ed Uo Id Gamma Sv Kd OCR Pc KO Cu PHI M Soil Type Description 2
(m) (Bar) (Bar) (Bar) (Bar) (t/cM) (Bar) (Bar) (Bar) (Deg) (Bar) (m)




I : P - P , :
Gamma Sv Kd OCR Pc KO Cu PHI " * M Soll Type Description

Ed. Uo
(Bar) (Bar) (t/cM) (Bar) (Bar) (Bar) (Deg) (Bar)
48 0.09 t.50 0.596 2.3 1.28 0.76 0.63 O0.t6 4. MUD
50 O0.14 1.50 0.606 2.2 t.14 0.69 0.59 0.15 6. MUD
.52 0.09 1.50 0.616 2.2 1{1.16 0.71 0.60 O0.15 4. MUD
.54 0.13 1.50 0.626 2.1.- 1,10 0.69 0.58 0.15 6. MUD
.56 ~0.06 1.50 0.636 2.1 1.06 0.67 0.56 0.15 2. MUD
.68 0.13 1.50 0.646 2.2 1.12 0.73 0.59 -0.16 6. MUD
.60 '0.13 1.50 0.656 2.1 1.07 0.70 0.57 0O.1%5 6. MUD
.62 0.22 1.50 0.666 2.2 1.20 0.80 0.61 0.17 :‘ 11. MuD
.64 O0.12 1.50 0.676 2.3 1{.21 0.82 0.61 0.17 i' 6. MUD
66 0.13 1.50 0.686 2.1 1.0 0.72 0.56 O0.16 R - T MUD
68 0.12 1.50 . 0.696 2.1 1.1 0.78 0.58 0.17 g i 6. MUD
.70 0.16 1.50 : 0.706 2.0i_1.01' 0.71 0.55 0.16 ﬁ Y MUD
.72 0.18 1.50 ' 0.716 2.2 1,13 . 0.81 0.59 0.17 9. MUD
.74 0.19 1.50  0.726 2.1 1,08 0.78 0.57 0.17 9. MUD
.76 0.20 1.50 . 0.736 1.9° 0.93 0.69 0.52 0.15 8. MUD
78 . 0.18 -1.50 0.746 2.1 1,10 0.82 0.58 0.18 ! 9. MUD
80 O.11 1.50 0.756 2.1 1.06 0.80 0.57 0.17 5. MUD
.82 0.12-.1.50 0.766 1.9 0.92 0.70 0.%52 0.6 5. MuD
.84 ~0.12 1.50 0.776 2.0 0.98 0.76 0.54 0.17 5. MUD
.86 0.19 ''1.50 0.786 1.9 0.94 0.74 0.52 0.16 B. MUD - :
‘88 0.25 .1.60 0©0.798 2.0 0.99 - 0.79 0.54 0.17 11. CLAY ’ SOFT
.90j 0.20 -1.50 0.808 2.1 1.05 0.85 0.56 0.18 10. MUD ' :
.92 "0.16 : 1.50 0.818 2.1 1.11: 0.91 0.58 0.20 9. MUD
.94 0.16 1.50-°0.828 2.2 1.147 0.96 0.60 O.21 9. MUD
.96 0.1 1.50. 0.838 2.3 1.22 1.02 0.62 0.22 10. MUD : !
.98 0.26 ;1.60 0.850 2.7 1.57 1.3 0.71 0.27 24. CLAY . o SOFT
.00 0.26 1.60 0.862 3.1 2.0t 1.73 0.81 0.33 ' 32. CLAY : SOFT
.02- 0.26 ;1.70 0.876 3.6 2.46 2.16 0.90 0.40 ~ 40, CLAY . LOW CONSISTENCY
.04 0.20! 1.60 0.888 3.4 2.28 2.02 0.87 0.38 29, CLAY 1‘2 " SOFT
.06 0.211 1.60 0.900 3.1 .1.98 1.78 0.81 0.34 ) 27. CLAY B . SOFT
.08 0.28: 1.60 0.912 2.4 .31 1.20 0.64 0.25 21, CLAY : : SOFT .
.10 -0.28 1.60 0.924 2.8 1.65 .52 0.73 0.30 29. CLAY ) SOFT
12 -0.28 {.70 ©0.938 3.1 2.00 1.87 0.81 0.36 ) 36, CLAY LOW CONSISTENCY
' t4 . 0.20 1.60 0.950 2.5 1.46 1.38 0.68 0.28 - 19, CLAY SOFT
Zz : = s+t U - 1d Gamma. Sv ~ Kd OCR : Pc KO @ Cu PHI M Soil Type . Description
) (Bar); (Bar) (Bar) (t/CM) (Bar) (Bar) ;(Bar) (Deg) (Bar) o

g -NOTES° . For O 9>Id>1 2 neither cu nor Phi calculated; P
i 2. 1B8ar=100KPa . ‘ ﬁ% !
3. »-1mm Deflection not reached R ' . . ’
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Listing of DMT-PR-85-2 at 12:22:26 on-SEP 1, 1985 for CCid=5ITU Page 1

Codmt- 85-2 i
" queensborough

'29-08-85 ... .. ., '
0.14 0.13.,0.0.52.00
0,100 [EEEE T .

8. .
1.90-
240 -
. .2.80. 2.30:
.3.00:1.40 2.20":
4,00 1.40 2.20: .
5.00:1.40.2.10, ,
6.00 .1.80 2,60. .
7.00.1.80 2.60:
8.00 1.90 2.80.
9.00 2.00 2.70
"10.00 2.40 3.20
11.00 2.50 3.20
12.00 3.40 4.60.
13.00 3.60 4.60:
14.00 3.20.4.00: !
14,20 3.50 4.30: -
14.40 4.00 5.00. . :
14.60:3.20.4.20:
14.80.3.20 4.00-
15.00:3.2075.560:"
15.20 2.80 4.00
15.40 4.00 7.60~

" 16.60 8.0022.00

16.80 7.8022.80
"17.00 9.0020.20"
17.20 4.6010.80 : .
"17.40 9.6021.60° o ' ' _ o - -

17.60 6:6013.40:. : ~ : ' »

17.8011.0024.00¢ "

18.0010.2023.00:

18.2010.2023.60+

18.40 8.4019.00% o : . . _ A

18.60 7.8017.80° 5 ' ' .

18.80 7.1016.80" : '

19.00 6.9016.60"

19,20 7.5017.80

19.40 7.5018.20 . :

19.60 7.8018.80 ' R




‘Listing of DMT~PR-85-2 at 12:22:26 on SEP 1, 1985 for CCid=SITU Page 3 . : ) . | -

117 .31.40 5.40 7.00 i !
118 . 31.60 8.7017.00° - 1 . L 3
118 . +31.80 5.80 7.30 . : . o
120 ., 32.00 6.20 7.30 . . . aE
121 32.20 8.0013.00 ~© - ‘
122 . 32.40 7.7013.40 .
123 | 32.60 8.9015.70 . S
124 7 32.80 6.2010.20
125 © 33.00 7.1011.30
126 ° 33.20 5.70 8.00
127 ‘' 33.40 6.60 8.00
128 . 33.60 8.8014.40

|




FILE NAME:dmt-pr-85-2 - . ' ' : , »

LOCATION: queensborough DATE :29-08-85 TEST NUMBER:dmt 8%5-2 : ; o i
INTERMEDIATE DILATOMETER PARAMETERSFROM O.60M T033.60M. S P R
NUMBER OF DATA POINTS: 121 , : S
ZW= 2.00M. DA= 0.14 DB= 0.13 - IM= 0.0 : B T
. DEPTH A . B PO Pt ED =
0.6. 3.5:14.2 3.1 .14.1 378.9. '
0.8 4.5:13.8: 4.2:13.7 328.1 . !
1.0, 2.5 9.7} 2.3: 9.6 251.8. o
. 1.2° 2.3%7144.4{ 2.0: 11.3 320.8 . R
‘1.4 3.6:11.2: 3.4 "11.1 266.3 !
1.6 1,3: 6.7 1.2. 6.6 186.4 . -
2.0- -2.7: 11.0.. 2.4 10.9 291.7 ;
2.2. 3.1 8.8: 3.0 8.7 197.3 i
2.4 1.2% 1.9. 1.3 1.8 15.6: R
. 2.6. 1.0: 2.4. 1.1 2.3 41.1. ;
©2.8: 1.,3: 2.3 1.4: 2.2 26.5: . i
3.07 1.4 2.2° 1.5 2.1. 19.3 !
4.0 {1.4% 2.2: 1.5% 2.1..19.3. ;
5.0 1.4% 2.1 1,5, 2.0 15.6: :
6.0 1.8: 2.6% 1.9: 2.5:19.3. {
7.0: t.8: 2.6; .1.9: 2.5 19.3" M
8.0: 1.9% 2.8: 2.0: 2.7:22.9;
9.0 2.0: 2.7 2.t: 2.6: 15.6. :
10.04° 2,4% 3.,2°% 2.5: 3.1: 19.3: i
11,0+ 2.5~ 3,2 2.6: 3.17 15.6 :
12.0' 3.4 4,6 3.5: 4.5 33.8 .
13.0° 3.6- 4.6- 3.7 4.5 26.5 .
14.0° 3.2° 4.0 3.3 3.9 19.3. !
14.2: 3.5, 4.3. 3.6: 4.2} 19.3, i
14.4. 4.0: 5.0 4.t 4.9: 26.5. ‘
14.6- 3.2. 4.2: 3.3. 4.1:26.5 "
14.8°.3.2: 4.0 3.3. 3.9:19.3"
15,0 3.2¢{ 5.5- 3.2. 5.4 73.8.
15,27 :2.87 4.0° 2.9 - 3.9: 33.8
15.4¢Y 4.0 7.6 4.0 7.5 121.0
15.6+ 9.6 - 24.2 - 9.0 24.1 520.6 -
15.8° 8.8° 20.4- 8.4 20.3 411.6 "
16.0° §5.8% - §.6 12,7 244.5
16.2° 5.4 5.1 13.7 295.4 X
16.4° 9.0° 8.4 24.7 564.2 -
16.6° 9.0 8.5 21.9 462.5 .
16.8 7.8 7.2 22.7 535.1
17.0 9.0 . 8.6 20.1 397.1
17.2° 4.6 4.4 10.7 215.4 :
17.4° 9.6’ 9.2 21.5426.2 .
17.6' 6.6° 6.4 13.3 237.2 :
17.8° 11.0° 0.5 23.9 462.5 {
18.0° 10.2" 9.7 22.9 455.2° A
18.2° 10.2°% 8.7: 23.5 477.0 " g
18.47 B8.4° 8.0 18.9 '375.3° S
18.67 7.8% 7.5 17,7 °353.5° :
18.8° 7:1" - 6.8° 16.7 342.6° ,
19.0% "6.97 6.6° 16.5'342.6~ L
19.2° 7.5 717 17.7 364.4" \ Y s
19.4 7.5° 7.1 18,1 378.9" ' = { i
18.6° 7.8° 7.4° 18.7 2389.8 : i
19.8 8.3 7.8 20.3 429.8 ;
20.0 9.5 8.9 23.7 508.7 ° i
20.2 11.8 1.0 30.1 658.7 !



2
(m)

(m)

U.B.C.INSITU TESTING RESEARCH GROUP.

File Name:dmt-pr-85-2
Locat ion:queensborough

Calibration Information:DA=

Gamma=Bulk uni{t weight °
zEffaective over.stress
=Pore pressure

Sv
Uo
Id
Ed
Kd
PO P1
(Bar) (Bar)
3.12 14.07
4.19 13.67
2.29 9.57
2.00 11.27
3.37 11.07
1.18 6.57
2.44 10.87
2.97 8.67
1.32 1.77
1.08 2.27
1.40 2.17
1.5¢ 2.07
1.9 2.07
1.52 1.97
1.91 2.47
1.91 2.47
2.01 2.67
2.12 2.57
2.51 J3.07
2.62 23.07
3.49 4.47
3.70 4.47
3.31 3.87 .
3.61 4.17
4.10 4.87
3.30 4.07
3.31 3.87
3.24 5.37
2.89 3.87
3.97 7.47
9.02 24.07
8.37 20.27
PO Pt

(Bar) (Bar)

=Material

index

=Di{latometer modulus
z=Hor {zontal stress" tndex

Ed Vo
(Bar) (Bar)
379. 0.0
328. 0.0
252. 0.0
321. 0.0
266. 0.0
186. 0.0
292. 0.0
197. 0.02
16. 0.04
41. 0.06
27. 0.08
19. 0.10
19. 0.20
i16. 0.30
19. 0.40
19. 0.50
23. 0.60
i6. 0.70
19. 0.80
16. 0.90
34 1.00
27. 1.10
19. .20
19. 1.22
27. 1.24
27. 1.26
19. {1.28
74. 1.30
34. 1.32
1214 1.34
521. 1.36
412. 1.38
Ed Uo

(Bar) (Bar)

I1d Gamma Sv
(t/CM) (Bar)
3.51 1.90 0.100
2.26 1:90 0.138
3.17 1.90 0.176
4.64 1.90 0.214
2.28 1.90 0.252
4.55 1.80 0.288
3.46 1.90 0.364
4.93 1.90 0.382
0.35 1.60 0.384
1.16 1.60 0.406
0.58 1.60 0.418
0.39 1.60 0.430
0.42 1.60 0.490
0.37 1.60 0.550
0.37 t.60 0.610
0.389 1.60 0.670
0.47 1.60 0.730
0.32 1.60 0.790
0.32 1.60 0.850
0.26 1.60 '0.910
0.39 1.70 0.980
0.29 1.60 1.040
0.26 1.60 1.100
0.23 1.60 1.112
0.27 1.70 1.126
0.38 1.60 1.138
0.27 1.60 1.150
1.0 1.70 1.164
0.62 1.60 1.176
1.33 1.70 1.190
1.96 2.00 1.210
1.70 1.95 1.229
Id Gamma Sv

(t/cM) (Bar)

0.14 Bars

0B=

Kd OCR Pc
(Bar)
31,2 ***** 33 21
30.4 **x*%x 43 52
13.0 62.72 11.04
9.3 33.19 7.10
13.4 66.03 16.64
4.1 6.92 1.99
6.7 17.60 6 .41
7.7 21.13 8.07
3.2 2.13 0.84
2.5 1.43 0.58
3.2 2.05 0.86
3.3 2.17 0.93
2.7 1.%58 0.77
2.2 1.17 0.65
2.5 1.40 0.85
2.1 1.09 0.73
1.9 0.95 0.69
1.8 0.85 0.67
2.0 1.0t 0.86
1.9 0.91 0.83
2.5 1.46 1.43
2.5 1.42 1.48
1.9 0.94 1.03
2.2 1.12 1.25
2.5 1.45 1.64
1.8 0.85 0.96
1.8 0.83 0.95
1.7 ©0.75 0.87
1.3 0.53 0.63
2.2 1.28 1.53
6.3 15.11 18.28
5.7 9.06 t1.14

Kd OCR Pc
(Bar)

0.13 Bars

Record of Dilatometer test No:dmt 85-2

Date:29-08-85

M=

0.0 Bars

2=

2.00 metres

INTERPRETED GEOTECHNICAL PARAMETERS
Ko =Insitu earth press.coeff.
OCR=0Overconsolidation Ratio

M =Constrained modulus

"Cu =Undrained cohesion(cohesive)
PHI=Friction Angle(cohesionless)

KO Cu - PHI
(Bar) (Deg)

3.56 38.8

3.51 35.3

2.16 35.9

1.76 38.4

2.20 33.4

1.01 35.0

1.42 34.5

1.56 30.7

0.84 0.16

0.68

0.82 0.16

0.85 0.18

0.71 0.16

0.60 0.14

0.67 0.18

0.57 0.16

0.53 0.15

0.49 0.15

0.55 0.19

0.51 0.19

0.68 0.29

0.67 0.30

0.52 0.23

0.58 0.27

0.68 0.33

0.49 0.22

0.48 0.22

0.45

0.35 O0.16

0.60 26. 1

1.37 30.2

1.27 29.1

KO Cu PHI

(Bar) (Deg)

M
(Bar)

Soi) Type

SAND
SILTY SAND
SILTY SAND

SAND
SILTY SAND

SAND

SAND
SILTY SAND
SILTY CLAY

SILT
SILTY CLAY
SILTY CLAY
SILTY CLAY
SILTY CLAY
SILTY CLAY
SILTY CLAY
SILTY CLAY

CLAY

CLAY

CLAY
SILTY CLAY

CLAY

cLay

CLAY

CLAY
SILTY CLAY

CLAY

SILT
CLAYEY SILT
SANDY SILT
SILTY SAND
SANDY SILT

Soil Type

Description

CEMENTED
CEMENTED
CEMENTED
CEMENTED
MEDIUM RIGIDITY
LOW RIGIDITY
MEDIUM RIGIDITY
MEDIUM RIGIDITY
SOFT
COMPRESSIBLE
SOFT
SOFT
SOFT
SOFT
SOFT
SOFT
SOFT
SOFT
SOFT
SOFT
LOW CONSISTENCY
SOFT
SOFT
SOFT
LOW CONSISTENCY
SOFT
SOFT
L.OW DENSITY
COMPRESSIBLE
LOW DENSITY
RIGID
DENSE

Description



PO
(Bar)

P1
(Bar)

386.
426.
386.
361.

Ed Uo
(Bar) (Bar)
245. 1.40
295. 1.42
564. 1.44
462. 1.46
535. 1.48
397. 1.50
215. 1.52
426, 1.54
237. 1.56
462. 1.58
455. 1.60
477. 1.62
375. 1.64
353. 1.66
343. 1.68
343. 1.70
364. 1.72
379. 1.74
390. 1.76
430. 1.78
510. 1.80
659. 1.82
771. 1.84
630. 1.86
528. 1.88
499. 1.90
433. 1.92
274. 1.94
448. 1.96
390. t1.98
201. 2.00
259. 2.02
444, 2.04
415. 2.06
364. 2.08
372. 2.10
546. 2.12
877. 2.14
779. 2.16
811. 2.18
61t. 2.20
'528. 2.22

2

2

2

2

Id Gamma  Sv
(t/cM) (Bar)

1.68 1.80 1.245
2.30 1.90 1.263
2.36 2.00 1.283
1.90 2.00 1.303
2.70 2.00 1t.323
1.62 1.95 1.342
2.13 1.90 1.360
1.62 1.95 1,379
1.49 1.80 1.395
1.50 1.95 1.414
1.62 1.95 1.433
.71 1.95 1.452
1.70 1.95 1.471
1.76 1.95 1.4380
1.95 2.00 1.510
2.03 2.00 1.530
1.94 2.00 1.550
2.04 2.00 1.570
2.00 2.00 1.590
2.05 2.00 1.610
2.06 2.00 1.630
2.07 2.15 1.653
2.08 2.15 1.676
1.38 2.10 1.698
2.03 2.00 1.718
{.5¢ 2.10 1.740
1.49 1.95 1.788
1.5¢ 1.95 1.778
1.83 2.00 1.798
1.70 1.95 1.817
{.10 1.80 1.833
t.30 1.95 1.852
1.43 1.95 1.871
2.92 2.00 1.894
1.38 1.95 1.910
1.75 1.95 1.929
1.58 2.10 1.951
2.13 2.15 1.974
1.69 2.10 1.996
1.92 2.15 2.019
1.59 2.10 2.04t%
1.38 2.10 2.063
1.56 1.95 2.082
1.81 2.00 2.102
1.48 1.95 2.121
1.82 2.00 2.14t

Ed Uo
(Bar) (Bar)

Id Gamma Sv
(t/CM) (Bar)

e —y

NUONLLAELDDUNRDIONNNNNO =-WWW
©
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- . .
NMWWWUNW=-DODQWNAON-ANAO®
(3
4]

Pc KO
(Bar)
4.37 0.86
4.61 0.77
14.94 1.23
13.51 1.23
10.10 1.05
9.71 1.214
2.73 0.58
10.76¢ 1.24
4.02 0.89
12.07 1.36
11.73 1.27
12.72 1.25"
8.21- 1.05
7.30 0.96
6.79 0.86
6.50 0.82
7.45 0.89
7.68 0.87
8.29 0.90
9.45 0.94
12.74 1.05
20.48 1.25
27.09 1.38
17.69 1.57
13.46 1.06
11.88 1.24
9.31 1.13
4.22 0.77
9.62 0.97
7.45 0.92
3.22 0.76
4.02 0.81
9.35 1.13
3.87 0.59
6.71 0.99
6.50 0.82
12.80 .18
28.37 1.32
23.67 1.42
26.50 1.33
156.07 1.23
11.71 1.22
6.74 0.88
7.72 0.83
6.74 0.90
5.60 0.71
Pc KO
(Bar)

Cu
(Bar) (

Cu
(Bar) (

PHI M
Deg) (Bar)
27.9 358
29.0 408
30.8 1094
29.6 889
31.0 940
28.7 1750
27.9 232
28.8 823
27.3 350
28.8 950
28.9 890
29.1 925
28.5 640
28.4 567
28.5 507
28.6 491
28.6 552
28.8 569
28.7 597
29.0 684
29.4 883
30.1 1289
30.6 1609
28.9 1420
29.3 914
28.5 958
28 .1 775
27.2 360
28.6 725
28.1 600.
254
26.7 351
27.9 1795
29.4 484
27.4 586
27.9 524
28.%5 1013
30.5 {7814
29.5 1645
29.9 1647
28.7 11714
28.0 1001
27.6 569
28.1 610
27.%5° 578
27.7 453
PHI M
Deg) (Bar)

Sotl Type

SILTY SAND
SANDY SILT
SANDY SILT
SANDY SILT
SILTY SAND
SANDY SILT
SILTY SAND

Soil Type

Description

MEDIUM DENSITY
MEDIUM RIGIDITY
RIGID
RIGID
RIGID
DENSE
MEDIUM RIGIDITY
DENSE
MEDIUM DENSITY
DENSE
DENSE
DENSE
DENSE
DENSE
RIGID
RIGID
RIGID
RIGID
RIGID
RIGID
RIGID
VERY RIGID
VERY RIGID
VERY DENSE
RIGID
VERY DENSE
DENSE
DENSE
RIGID
DENSE
MEDIUM DENSITY
DENSE
DENSE
RIGID
DENSE
DENSE
VERY DENSE
yERY RIGID
VERY DENSE
VERY RIGID
VERY DENSE
VERY DENSE
DENSE
RIGID
DENSE
RIGID

Description

8T¢



4
(m)

PO

(Bar)

NOTES:

P1 Ed
(Bar) (Bar)
18.87 346
16 .57 306.
16.97 292
8.27 a8t
20.67 401.
26 .97 550
29.37 564
24 .27 455
21.87 390
23.67 426.
26.27 517
27.87 571
33.37 662
31.87 619
30.47 640
36.07 702.
18.27 339.
14.47 201.
15.87 288
18 .47 332
20.87 386
15.87 303.
8.67 114
15.17 263
14 .07 223
12.17 179
12.47 2014,
8.07 70.
11.97 168

7.27 41,
6.97 45,
6.87 48 .
16 .87 292,

7.17 45,
T7.147 30.
12.87 172
13.27 197
15.57 237
10.07 136
t1.17 143

7.87 74

7.87 41
14 .27 194
Pt Ed
(Bar) (Bar)

Uo
(Bar)

1d Gamma Sv
(t/CM) (Bar)
1.3 1.95 2.160
$4.65 1.95% 2.1%179
1.6 1.95 2.198
0.66 1.80 2.214
1.73 1.95 2.233
1.83 2.00 2.253
1.3 2.10 2.275
1.52 1.95 2.294
1.39 1.95 2.313
1.39 1.95 2.332
$1.70 1.95 2.351%
1.87 2.15 2.374
1.64 2.10 2.396
1.57 2.10 2.418
1.98 2.15 2.441
1.54 2.10 2.463
1.68 1.95 2.482
0.97 .1.95 2.501
1.71 1.95 2.520
1.5 1.95 2.539
1.60 1.95 2.558
2.00 1.80 2.576
1.25 1.70 2.%590
1.58 1.80 2.606
1.33 1.80 2.622
1.24 1.80 2.638
1.52 1.80 2.654
0.64 1.70 2.668
1.15 1.80 2.684
0.37 1.70 2.698
0.47 {1.70 2.712
0.6 1.70 2.726
1.54 1.95 2.745
0.45 1.70 2.7%8
0.26 1.70. 2.773
1.02 1.80 2.789
1.26 1.80 2.805
1.21 1.95 2.824
1.27 1.80 2.8B40
1.05 1.80 2.856
0.8 1.70 2.870
0.33 1.70 2.884
1.02 1.80 2.900
Id Gamma Sv

(t/CM) (Bar)

{.For 0.9>1d>1.2 netther Cu nor Phi calculated.

2. 1Bar=100KPa
3.4

={mm Deflection not reached.

-—h
~NOAOBRN a2 LA

N

-

3

KO ' Cu PHI
(Bar) (Deg)

0.79 27.3

0.66 27.2

0.74 26.7

0.43 0.37

0.78 27.8

0.96 28.5

1.114 28.2

0.94 27.7

0.89 27.2

'0.95 27.4

0.94 28. 1

0.93 . 28.6

1.14 28.6

1. 414 28.3

0.95 28.9

1.22 28.5

0.64 27.2

0.65

0.53 26.9

0.66 26.9

0.73 27.3

0.46 27.2

0.23 25.0

0.50 26.5

0.50 25.7

0.43 25.0

0.38 25.7

0.30 0.31

0.42

0.29 0.31

0.23 0.26

0.20 0.23

0.54 26.5

0.25 0.27

0.30 0.32

0.48

0.44 25.0

0.55 25.3

0.26 25.0

0.36

0.19 0.24

0.3t 0.35

0.52

KO Cu PHI

(Bar) (Deg)

Sotl Type

SANDY SILT
SANDY SILT
SANDY SILT
CLAYEY SILT
SANDY SILT
SILTY SAND
SANDY SILT
SANDY SILT
SANDY SILT
SANDY SILT
SANDY SILT
SILTY SAND
SANDY SILT
SANDY SILT
SILTY SAND
SANDY SILT
SANDY SILT
SILT
SANDY SILT
SANDY SILT
SANDY SILT
SILTY SAND
SANDY SILT
SANDY SILT
SANDY SILT
SANDY SILT
SANDY SILT
CLAYEY SILT
SILT
SILTY CLAY
SILTY CLAY
SILTY CLAY
SANDY SILT
SILTY CLAY
CLAY
SILT
SANDY SILT
SANDY SILT
SANDY SILT
SILT
SILT
SILTY CLAY
SILT

Description

MEDIUM DENSITY
DENSE
RIGID
VERY DENSE
DENSE
DENSE
DENSE
DENSE
VERY RIGID
VERY DENSE
VERY DENSE
VERY RIGID
VERY DENSE
DENSE
DENSE
DENSE
DENSE
DENSE
MEDIUM RIGIDITY
LOW DENSITY
MEDIUM DENSITY
MEDIUM DENSITY
MEDIUM DENSITY
MEDIUM DENSITY
LOW DENSITY
MEDIUM DENSITY
LOW CONSISTENCY
LOW CONSISTENCY
LOW CONSISTENCY
DENSE
LOW CONSISTENCY
LOW CONSISTENCY
MEDIUM DENSITY
MEDIUM DENSITY
DENSE
MEDIUM DENSITY
MEDIUM DENSITY
LOW DENSITY
LOW CONSISTENCY
MEDIUM DENSITY

6T¢C




UB.C. INSITU TESTING. Test No.
Location: QUEENSBOROUGH PILE RESEARCH SITE Fr’g; 805813 220
INTERMEDIATE GEOTECHNICAL PARAMETERS|2s-08-85
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UB.C. INSITU TESTING. Test No.
Location: QUEENSBOROUGH PILE RESEARCH SITE ?:STT 80';5
INTERPRETED GEOTECHNICAL PARAMETERS. |29-08-85
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/SoMmY

SUPPLEMENTARY . DMT DATA
UBC PILE RESEARCH SITE, QUEENSBOROUGH, LULU ISLAND

222

DMT-PR-85-1 DELA=0.08 DELB=0.55 22Aug8S

Depthi(m) A B C Time(min)
3.4 ' 1.35 )
1.1 ‘ 7
1.0 17
1.0 2.0 0.4 36
4.0 1.5 2 i}
1.2 5
1.1 10
1.1 15
1.05 2.0 0.6 20
5.0 1.4 )
1.2 5
1.1 11
1.1 2.0 0.65 16
6.0 1.6 ) '
1.4 2.25 0.8 5
7.0 1.75 )
1.5 2.4 0.9 5
8.0 1.9 0
1.7 5
7 2.8 0.8 7
5.0 2.95 7
1.8 2.75 1.0 5
10.0 2.3 )
1.75 10
1.6 20
1.65 2.8 9.8 31
11.0 - 0
2.1 3.2 1.4 5
12.0 - )
2.75 4.0 1.9 20
13.0 : - : )
3.2 4.6 2.4 5
DMT-PR-85-2 DELA=0.14 DELB=0.13  25AunB85
Depth(m) A B C Time(min)
33.2 5.7 2
5.0 13
4.9 24
4.9 40
4.8 50
4.7 7.6 2.5 B2



Total Pressure (kPa)

200

180

160

140

120

100

80

60

UBC Seismic Cone Pressuremeter—3/4/87
Annacis Pile Site—Depth=0.17m

1 3 5 7 9 11 13 15 17

Average Strain -(%)
Natural Strain
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Corrected Pressure (kPa)

UBC Seismic Cone P'ressuremeter—~3/4-/87

Annacis Pile '.Site-Depth=1 .Om

400 - /«V/fw

300 - i

200 - / . /

100 -
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0 2 4 6 8 10 12 14 16 18

Average Strain (%)
—- - -- Compliance removed *
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Corrected Pressure (kPa)

1000

900

800

700

600

500

400

300

200

100

UBC Seismic Cone Pressuremeter—3/4,/87
Annacis Pile Site—Depth=2.0m

Average Strain (%)
—— Compliance removed
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Corrected Pressure (kPa)

200
190
180
170
160
150
140
130
120
110
100
%0
80
70
60
50
40
30
20
10

UBC Seismic Cone Pressuremeter~3//4/"'87

Annacis Pile Site—Depth=3.0m

. /
i . P ;
5 »vaw T
e j |

- //V |
- J |
4 / i
/ 3
4/
B e (R S ws Sy s St By S SR S U B R BN S S B J1
0 2 4 -6 8 10 12 14 16 18 20

Average Strain (%)
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Corrected Pressure (kPa)

300
280
260
240
220
200
180
160
140
120
100

80

60

40

20

e bbb L]
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UBC Seismic Cone Pressuremeter—3/4,/87

Annacis Pile Site--Depth=4.0m
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Corrected Pressure'(kPo)

300
280
260
240
220
200
180
160
140
120
100

80

60

40

20

UBC Seismic Cone Pressuremeter--3/4 .87
Annacis Pile Site—Depth=4.8m |
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Corrected Pressure (kPa)

UBC Seismic Cone Pressuremeter—3/4,/87
Annacls Plle Site—Depth=6.35m

260 e T T e e e e mimmnm anime e s e
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Average Strain (%)
— -~ Corrected
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Corrected Pressure (kPa)

300
280
260
240
220
200
180
160
140
120

UBC Selsmic Cone Préssuremefer-—S/ 4/87

Annacis Pile Site—Depth=7.9m

|

2 6 10 14

Average Strain (%)
——— Corrected

26

0tc



Total Pressure (kPaq)

400
350
300
250
20_0
150
100

50

UBC Seismic Cone Pressuremeter—3/4/87
Annacis Pile Site—~Depth=9.4m

4 8 12 16 20 24

Average Strain (%)
Corrected
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Corrected Pressure (kPa)

500

400

300

200

100

UBC Selsmic Cone Pressuremeter—3/4/87

Annacis Pile Site—Depth=10.4m

Average Strain (%).
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Corrected Pressure (kPa)

600

500

400

300

200
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APPENDIX II

PILE DRIVING RECORDS FOR UBCERS



.| PILE PENETRATION DIAGRAM 236
- DATE \q Al 8 5 TECHNICIAN f\‘s PILE NO. ___ '
DEPTH ar:qoov'vs DEPTH BLNoov;/s DEPTH e:qoovlzs DEPTH BLNoOv;/s
- PENETRATION RESISTANCE — BLOWS/FT.
SameT | o1 |] 200 v | 4] 3 |6 0 20 s 60
; !
¥ aAm | 1 2| ] || 2 |e !
B 3 ; il 23 I 43 3 63
4 “ . o _F +
" f‘.u( 10 ISR
. ' 25 45 65
3 luv"-i ' 2’ ; J
£ 6 26 | | 46 | 3 66 o
1
b4 o ] \
‘”& e Dl 7 |2 [¢v] 27 [ 47 | 2 67
wt .
X 20 ;
WX w 8 28 \ 48. €luoce 68 :
,\l N f> 1 ?‘\LE t :
» ) .___%
«(""M{ N3
it S92 129 0| 49 |Sam | 69
(,c-)""'}
TGN IR A 31 | | 51 71 30
* 12 5 |32 52 72
13 | | 33 (3 | 53 73 T
i
14 | 34 ] 54 74 40Pk
15 | | 35 | | 55 75
: 16 | | 36 | 2 | S6 76 i
f 17 [ 37 2 57 77
. , 50 -
‘ 18 \ | 38 ] 58 78 I 1
. ' B
. o | 39 | 59 79 }
7
20 | 1 40 | 2 60 80
: PILE DATA 60
N ELEVATION GROUND ~ L ?t{- (22
TYPE HAMMER broe ] nEn
WT. HAMMER d4coib BN SN NSNS ER
, 70 ek
HT. DROR 4 {A 4
» —
TYPE PILE CVQSQD CWpeP P)P: ‘ 1 W‘L
* 7 w o g . - r '
DIMENSIONS PILE__\& "4 " t0 x B o adl o
i . tau i RN
REMARKS 4 - Qo A" avaie 6oL H T
Lo Bl 2399 JOB No. TECH. =2
| THE UNIVERSITY OF PROJECT UL C PiLp Rey e ARCH
> BRITISH COLUMBIA ) LOCATION GUEENS B Ruuie+  Lulu T
IN-SITU HOLE No. PIvE \
UB c TESTING e
* DATE ' A\\e & PLATE




PILE PENETRATION DIAGRAM

THE UNIVERSITY OF
BRITISH COLUMBIA

(0]
UBC|

IN-SITU
TESTING

237
pate_ L6 AUWG &F TECHNICIAN AS PILE NO. 2 o
DEPTH BLNOOV.V$ DEPTH ssoo\}vs DEPTH s:‘oox:;'s DEPTH a:JQOv‘vs
PENETRATION RESISTANCE — BLOWS/FT.
0-1| 2 21 | 41 2 61 0 ] 20 40 60
-2 | 2 2 | 2| 2 | e ]
3 2 23 | 43 | 3 63 RSN
e
4 3 24 44 64 L
\ i > 10 T T
5003 25 | 45 | 2 | 65 | 1. ‘ e
= R ! i T | T
. LND 2 e N N ,
6 3 26 | 46 | &0 01 66 o q- T 1
: 2-50pm i
7 | 2 210 2 | AT [ Fn e -
20 f
8 | i |28y |48 68 H T
9 | | 29 | 49 69
10 | | 30 i 50 70
11 n 31 | 51 71 30
12 2 32 | 52 72
13 | 33 | 2 53 73
14 | 34| 54 74 40
15 { 35 2 55 75
16 | & |36 | 2 | 56 76 -
T !
17 | | 37 | | 57 77 1,
50 —
18 | | 38 | 2 | 58 78 o
19 | 2 39 | 2 59 .79
20 | | 40 | 2 60 80
PILE DATA 60
i
3 1
ELEVATION GROUND A 183w J[ }
TYPE HAMMER PRw P R 1.
WT. HAMMER Laroo b ! s
3 70 -
HT. DROP 4 -
TYPE PILE CLuST €i¥vgEY Piec (AN
b YERT kY
DIMENSIONS PILE __t & /¢ 0D » /" wall !
REMARKS 3":*:!”‘”2"‘"" cnsnion (1) i J 1
JOB No. TECH. AS

PROJECT wLi3<C Pt RESEAR(H

LOCATION QUEENS BeRouGH, Litlu 15

HOLE No.

PiLe 2

DATE

{6 AuG §5 PLATE




N b

PILE PENETRATION DIAGRAM 238
pate_ 6 BuG €T TECHNICIAN AS PILE NO. ____ > _
NO. NO. NO. NO.
DEPTH | g ows | PEPTH | aiLows | PEFTH | glows | PEPTH I glows
R _ PENETRATION RESISTANCE — BLOWS/FT.
ijM‘T 0-1 | 2.4+ 21 | 41 | 2 61 0 20 40 60
1.01 e~ |
- 12 2 |20 | (42 ( |6 ]
!
3| 2 23 | | 43 | 5 | 63 ] | I
4 | 3 24y 4] 2 | 64 :
- 10
. 5 1 3 25 | | 45 | 2 | 65 1
! |
6 | 2 |20 1 46| 2 | 66 BRSSESaNE
- ,
N 7 | | 270 | |47 ] 2 | 67
" 20
8 | | 28| 2 |48 | 3 | 68
5 N
9 | | 29 | 49 | 2 | 69
10 | | 30 | | 50| 3 | 70
. 1| 2 3t | | 51 g 71 . 30
12 ) 32 | I 521 7 | 72 w
13 \ 33 | 2 53 | to | 73 w
~ L
14 | 34 | | s |9 | 74 40
15 | 2 35 | 55 | 7 75 |
16 | \ |36 | 2 | 56 5] ] SR
. [\l pm ; 4 ’
; 17 \ 37 | | M By 77 - s mam
18 | | 38 | | | s8 78 0 ? !
F_‘T -
19 | | 39 1 1.1 59 79 w '
20y L4 | | | 60 80 °
- PILE DATA 60 a
£ — < l |
ELEVATION GROUND "~ \- g% m - H -+
‘ TYPE HAMMER PRSP vaAMMmer .
WT. HAMMER brew (b B
& r 70 — et
HT. DROP Y .
- TYPE PILE___LeoSE ENpED P e priE - o7 el -
- 1 AL Ll . N / i +
DIMENSIONS PILE M wp x 35wt e . =
REMARKS f le ro 4%{(({ P /;la\- (loiby' d‘umq KJ.”V;\J'/I.»: ' K 1 g Gk p [ 5 p\{ §id) L“’
| | JOB No. TECH. AS
. THE UNIVERSITY OF PROJECT UuBC C€ILE RESEAR(H
> BRITISH COLUMBIA (o) . LOCATION QUEENSBCROIGH , LUt IS
UBCIm-snu HOLE No. Pl\.-E 3
TESTING
. DATE \G AUG &S PLATE

F-12



PILE PENETRATION DIAGRAM 239
paTe. Lk AU K5 TECHNICIAN___ Al PILE NO. ,_v,ﬂ__,__ﬁ_______
DEPTH BLNOOV‘VS DEPTH B,:"oov;,s DEPTH e:oo\}vs DEPTH B&Tg)v‘vs
-, _ PENETRATION RESISTANCE — BLOWS/FT.
v AR ‘ .
pavs | 28|l a2 e |7 0 20 40 60
1 .
1.2 0 3™ 22 | 2 x | 6|7
3 12 "J 23 | 43 | 2 63 | G
4 24 I 4 | 2 64 | & ¥
) /e 101
/0" . .
s 1yl 2 45 | 2 65 | & H
6 | 26 | | 46 L2125 66 |} ot €
i 7 e N B
72 27 | 2 47 | 5 67 | 9 ‘L.'»f"“‘"’
N rz}*"‘"‘%o
8 | i 28 | 2 48 | 3 | 68 | 10 | (576
; i ” 29 Fy g 9/” 7
5 , .
\ % | s il
10 J 30 | 50 | 4 70 | |o
. 1 31 | | 51 G 71 Q . 30
12 || 21 {216 |72 o w
13 | 2 33 | 3 53 | & 73 | 1O W
M [N
14 ) 34 { 4 | 6 74 | 9 40l
15 | | 35 | | 55| 75 | {O |
16 | 36 | 2 56 | & 76 | 1 .
———— I
17 | 37 | 57 77 | E4%,k
7 0 PILE F 50
Zlé T
18 \ 8 | 2 58 | 6 78 |k e
19 | | 39 i 59 | 7] 79 y
20 | | 40| 3 |60 ¢ 80 S
NS 60
* PILE DATA w & !
ELEVATION GROUND ~ l-lq ™M §
3 ; PO
TYPE HAMMER DRO f 1P e NE
. G 5 " :
WT. HAMMER LLov b ‘,’\-:\;70 / ,
|~ A’ AL N ;
HT. DROP. > 4/ X3 ; h
’ TYPE PILE OFCtN guoeo Prpe frre \\7‘3;
- \13/41; Ty 300 wa i ‘\\::\t\
DIMENSIONS PILE () ¢ R, ii ]
REMARKsS_ L e * Yy phyv o 4 L etd Ay " piga 4 LS 28 —
JOB No. TECH. AS
THE UNIVERSITY OF PROJECT AR3C PILE RESCARCH
v ~ BRITISH COLUMBIA (o) o LOCATION QUEERNST ool Lulu I
UB C| IN-SITU 1 HOLE No. Phwe 4
DATE | AUG $S PLATE

F-12
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PILE PENETRATION DIAGRAM 240
DATE (g AL((T 85 TECHNICIAN A ‘S PILE NO. . 5 SM/
DEPTH Foov.v DEPTH a:‘oov-vs DEPTH an’.\‘oov-vs DEPTH BFOOWS
? ° PENETRATION RESISTANCE — BLOWS/FT.
0-1 | 4 _;,l 21 I 41 2 61 | & 0 \° 20 40 60
droy . ol
12| "y 22 42 | | 62 | 7] : LIS e
3|6, 23] ) 31 | | 63]|8R 1
dlsan 2] ) |42 | |8 o e
5 [arkedo2s | 45 | 2 | 65 | 1O
6 | 2l 26| | | 46| ) 66 | O 1
/ T
7 2 27 ‘ 47 ] 67 11 A
8 | 28 48 ),/ S mp 2568 20 SRamEy
- S mprS
2 A hﬁw_ﬁ;/:u 9
oSl e bl | 6/
4 o
9 | x 29 R o ¢
10 2 30 | 50 | § 70 | \O
1| | 31 I 5117 71| 10 30
12 | > 32 . 2
2 | 5 6 72 ﬁ
13 | | 33 | 530 S 73 12
14 |} 34 | 54 | 3 74 | 4y 40
15| Vded 35| 1 | 55| 9 75 | 1y 1
16 | | vl 36 | 56 | S 76 | 17
7 37 57 77 -3 F b pacd | @& 1 1/ ) r
1 l I S 13 50 t ol SRS
P, rt ol o g3 ed
4 [ -2 Beb AN
18 { 38 | 58 | 6 78 | \6 TIE LT "'fl
y/:"" 3 ST NIA oy Eisvimn
19 | 39 2 59 ) 79 13 /3" o
20 1+ |40 | ; | 60| g | 8|S e
PILE DATA 601
ELEVATION GROUND = (84 L6 I* 1 %J] 1 {
13 )
TYPE HAMMER DROP T;j
WT. HAMMER 62rolb 70 —
HT. DROP e te ] 44 § ' i
TYPE PILE LL‘OSED—C}"‘DLD P[\Pt (.SC»-V\\;/ S) | %
31, n '/ ' —
DIMENSIONS PILE__L2 Ty O.D. « 7 At 4 j
REMARKS__ A&~ tyunetsr Was tordomin 4 5o SRS
by gk Then JELASTIE JOB No. TECH. AU
t TsE ARCH
THE UNIVERSITY OF PROJECT URC PILE RESEA |
LOCATION G\WEENS ROROCUCH ulu 1§
BRITISH COLUMBIA © =
UBc TNeSTU HOLE No. \D\L_E S
TESTING DATE \S - 16 AUCESPLATE | ¢f 2

4



PILE PENETRATION DIAGRAM 241

DATE (€ Aness TECHNICIAN A PiLE NO. A_,,S,,-__U Shat 2
DEPTH es_bloov;/s DEPTH BLNoov;/s DEPTH BISJOO\;VS DEPTH Bsoo\)vs
PENETRATION RESISTANCE — BLOWS/FT.
gogl | S |ler ] 9 41 61 20 20 40 60
2 12 (e | i 42 62
3 CNo oF 1 i
8 | \y | |G 4 63 R isRasanas
) '3‘;'43,1,‘1 : ke
54 21 24 7t b 44 64 30 1 Li
3 # B
35 | 2L | &5 45 65 I j
‘ |
g6 | \7 | 26 46 66 i
37 |\ | 27 47 67
1Q0
{8 PR 28 48 68
g9 | 19 | 29 49 69
W 119 | 30| g0 preng B | whs o
|
U 1g | 31| oSty ordrT Err |~ 0 ’
92 | (| 32| pur ke Hab Feroendy M }
V1]
V10 | 3B 7o |0Relp ( #7P40rE
'S
U | o | 34 54 74 40
45 | |> | 35 55 75 I :
96 | i3 36 56 76 I I IV
7 012 | 37 57 77
q F 50 !
1
9 {10 | 39 59 79 i R
|
o | R | 40 60 80 ° ane
PILE DATA 75 Y yyl w,;;lso
R gw b
ELEVATION GROUND i {
- "‘-_____.1-1 . W] )
TYPE HAMMER ‘ BCENLALEY |
WT. HAMMER L -
. 70 I A
HT. DROP drtef L 8| i e
Lo -
TYPE PILE : , — —
DIMENSIONS PILE._70F €F FiLE S o s 7o RIS g e
Poarriin ¢ DA(Virtc OF ADTACEN) %
REMARKS @, s [y PP NOoT pado L —

JOB No. TECH. A
PROJECT WR(C P Lk REYEARCH

THE UNIVERSITY OF

BRITISH COLUMBIA (6) LOCATION QUEENS BeR OWG1s  Lvilvw 1

IN-S1TU
TESTING

HOLE No. Pi1LE S
DATE 15-t¢ AU $S PLATE L of »-

UBC

-~




Sra<x
. Bt -

7I; 15 hy

:‘) X "/\'” P‘\1\~

Cinyg hlt‘ukN'

. .‘5‘/&” wh d
sonp sterX

]
d
o j 0L

winf
ek

17 4

PILE PENETRATION DIAGRAM 242
paTe_ 4 AMAG 85 TECHNICIAN__DAtMixA |, TO PILENO. % Shat
DEPTH s:qoov;'s DEPTH B:g)v;/s DEPTH s:‘oov'vs DEPTH B:oov;/s
N PENETRATION RESISTANCE — BLOWS/FT.
\ N !
3 , i ) i
2| 3l |22 |92 43 ||S 5 n TP
TR 5 1
4 yi 5;; 24 | § 44 ,{,.1 64 | |7 f B 7
5 T oas BI4 L as ®l 65 0 IS Snnua nua
4 20e" R4S | £ o 15 RESEESR A
Y < AT g
6 | 9 L 26 | 2 [ 46 | 4 3 66 | 20O ] iaRERASS J;
AR CAFNENES TIES RaEa
bIN o i i T
Y ™ - 201 ; =+
8 2? 28 3 qﬁ{r i[LZ" 68 3::3 i 1 : I +
i ' T h
9 2: 29 | 9 | 49 5‘<‘L69 4| 1
N \
‘ ~
100 2 13| 2 |50} &3l 3e |
Y 30 o
iy 2 |33 st | 7% il es i
121 2 (3212 [s21 1547212 ] I T
g " 1\'5 " / ] * s 1 W
13 | i) 33 ) 3 53&1,/‘?& PR A (EEPUEEREL D 2kl s
i 1. 1, J I 1
e S B 77 o el L wff '
M ipLiiagt o~ . 4
15 35 551 75 | ! i
3 3 24 ‘, ‘4 :\(‘;’ I | T H
16 | 2 |36 | 3 56 3] K RSN
—e- % B o
17 | 2 37 3 57 RISH B N b =
o750 N SR R
18 3 58 27 |5 1 R R
% 8 l/’ Sl > Y EREN ;f"'rja. ‘n
1/ W N i AP Spliid o)
940 | 39 3 59 3/ AT Fits
20 | 3 40 | 3 60 S — i NANER
{ 3 alals
PILE DATA SOy A ;
- !
. |
ELEVATION GROUND -~ 1188 m | REERRREN
TYPE HAMMER___PRT P ' u 1# : S 5 X .
WT. HAMMER bLrocth o W ; * LJ
HT. DROP 10 (A _maf. i I ; I
TYPE PILE 14"(}5 « A watt cluged : ]
bimMEnsions Pie___endud e pe ple . ‘
SR | 4
REMARKS ! L
JOB No. TECH. PW ., To
THE UNIVERSITY OF PROJECT \iRBC enE RESEARCEL
BRITISH COLUMBIA aﬂ ©) LOCATION Queewspezsnei, b T
UB clm_mu HOLE No. fiLE G
DATE V4 -1S AUG &S PLATE (+f 2




PILE PENETRATI

ON DIAGRAM 243

DATE_ 'S BUGRS TECHNICIAN___ ) © Pie no. . O Shad 2
DEPTH aFooWs DEPTH BFOOWS DEFTH BLNOOV;‘S DEPTH FHT‘C(WH
PENETRATION RESISTANCE — BLOWS/FT.
. 0 20 4(
§041 |24 |et |23 | 41 61 8 T T
RN
N2 | Dq w2 20 | 42 62 ]
, T - 1]
B 23w | 2]l L.l e | EENEEE H EH
8 | 2¢ 24 [ENY TRl 44 1 55 64 11 FL,;, iiﬁl‘
~ i_ plLt{; ?() i ; L i T
1055 el 4& 5 I ! v
A EEBEIERE z SRR :SERIIReE
56 | — 26 46 66 HES RO .
/ SO S Ll L 'Tﬁ*jj‘j
T T
§7 | — | 27 47 67 B s L A S
‘ 160 ISR
88 | RG | 28 48 68 1 ST
D ] BN i
9 43| 29 49 69 i T } }
T T
0 5 R
% |37 | 30 0 70 e
q1 | 2| 31 51 71 B0 T
2 |27 3 52 72 " EREEAREERENE
0 O A O
93 12 | 33 53 73 “ T I ;
. | ; . ! I
b i i i B 111
44 | 2¢ | 34 54 74 i , R i
| - i
1Pl RN R
95 | L6 | 35 55 75 l SEAREN ‘ EERSN
g | | f | P
Tl it L BEERRER
q6 25 36 56 76 i} —‘H TWI i }‘LI ]i
L | 1
q7 | 3| 37 57 77 ! { : oo b
>0 e
98 3' 38 58 78 o RS S
NSRS NSRRI
SC W NN EERERERE
39 |29 | 39 59 79 F N RS
o - A T
W00 (277 | 40 60 80 ; RN
T
PILE DATA #0 .
I T
ELEVATION GROUND e :
é:/\lf,l c e Prigl A o= R - S -
TYPE HAMMER 7] T ! e 1 i
Y 7 /e N RS R B
WT. HAMMER SR N4 20 j EEEN S SNENEE
T T T
HT. DROP } s ]
s L e fvl 2 I AN
TYPE PILE Cav b ¢ 10¢ 4 L j,lj %
DIMENSIONS PILE je. Jm el G L T %
. Nl i A 4 Gt - bt
REMARKS HETEN; o #AAEr PRop (FRony SE 77 (§Z T S t ‘L i RN ] ]l | |
JOB No. TECH. Dwi , T

THE UNIVERSITY OF
BRITISH COLUMBIA

.

UBC|:::

TESTING

PROJECT UB¢ P LE RESTARCH
: LOCATION QUEENSBSROMGH , Lulu TJ]
HOLE No. FPivE b

DATE 14-tS AUG 8S PLATE 2 «{ 2




D

1S &

o~

~ v

\

PILE DYNAMICS, INC., 4423 EMERY INDUSTRIAL PARKWAY, WARRENSVILLE HEIGHTS, OHIO 44128
TELEX: 985662 PILE DYN CLHS _

TELEPHONE :

(216) 831-6131

. SAXIMETER NO. BLOW COUNT/STROKE PILE DRIVING RECORD 244 i
PILE NO. .=z ~JFfre DRIVING ORDER NO. DATE -
PROJECT _wvin—r o0/ Den0 oo LOCATION priz pooi - - T =% .
PILE TYPE/SIZE >~ <7 — LENGTH ~'T -] BATTER _5- I
EVATION: GROUND - =~ PILE TIP CUTOFF
CONTRACTOR _ ;- el i), FOREMAN cc .oz OBSERVER h
Depth Blows Stroke § Depth Blows Stroke | Depth Blows Stroke] Depth Blows Stroke !
ft foot ft foot 1 ft foot ft foot
1T ov | e o l2s-26| s 50-511 4 |- |75-76{ 4 [~io !
1-2 s vo’ f26-27] 5 51-52) 25 | ~=’ }76-77 | 14
2-3 B 27-28 | 5 52-53| 7 77-718 | 2
3-4 - 28-29 | 5 53-54 | 2 78-79 | 152 > '
4-5 B \ 29-30| S 54-55| = ~ - 179-80 | '® .
5-6 6t | 8 30-31} 6 |~&° 55-56.| %o | .a ©380-81 ) 12 |~ '
6-7 5 31-32| 5 56-57 | 46 | ~s’ |81-82 TR
7-8 2 32-33 & 57-58 | =0 | ~*-0  |82-83 = - i
8-9 2 33-34| S 58-59 1 3! |~ }83-84 S Rt
9-10| Z 38-35 | & 59-60 | 27 o' 184-85 | 32 l
e 7 ] a7 fs-36| F 60-61| 23 |- . |es-86 | 34 [ *<
(123 36-37 {- 5 | i 61-62| 27+ | -0’ ]86-87 | 4~ |[~- | g
12-13 2 37-38| 4 |~ 62-63| 23 | ~n’' |87-88 | 2z | ... t
13-14| 2 38-39| 4 oo |e63-6a| 33 |~ |88-89 | 5o |-
14-15] 3 39-40 | ¥ ~% 168-65| 38 |~ o [89-90 | [
15-16| 3 40-41 | + 65-66.| o < ., |90-91 o -
J16-17] 2 n-421 6 66-67 | v | ~o |91-92 [ 22 ' !
17-18| 4 ~e' 142-43| ¢ 67-68 | A2’ 192-93 | 40
18-19( " 3 43-44 | F A’ L 6B-B9 | 1z |~ 93-94 | , [
19-20] = 44-45 | # 69-70| § |~:= 94-95
- 20-21] 2 45-46 | & 70-71 | 3 95-96 -
st2r-22| 3 46-47 | S 71-72 | 10 96-97 ‘
22-23p |5 - A 4748 F |- 72-73 | ¢ |~ |97-98
23-24| -~ 48-49 | o 73-74 | 1o | 98-99 E
l2s-25) < e/ 4950 | 7 e 7875 5 [0 |99-100
& 4é.3-5, ) ~ ! ;
REMARKS:xZ o oo » o - TSoT— TIMEOF START  5:-( r°v  STOP
e — L i [DEPTH MIN. INTERRUPTION REASON -
:'— ZJE AYE - . g PR :.f/;,‘ e 5 . T, g l
- Xt:)r [ [ oYoYe ) R o
*-2) f R e o £ !
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APPENDIX III

AXTAL PILE LOAD TESTS FOR UBCPRS
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UBCPRS : ELASTIC COMPRESSION CALCULATIONS

PILE NO. 1

0.D = 0.32385 metres I.D. = 0.3048 metres 8
Length = 14.326 metres Elastic Modulus, E = 2.065 x 10 kPa

PL P = applied axial load during load testing
Delta = --= . .
AE A = cross-sectional area of pile
L = pile length -
E = elastic modulus of pile material
Delta = P ( 14.326 metres) (1000 millimetres/mgtres)

(0.32385% - 0.3048") PI/4 (2.0565 x 10 KN/ metres squared)

Delta (mm.) = P(KN) (7.4063 x 10> mm. /kN)

similar calculations for piles 2 to 5

PILE NO. 2 -3

Delta (mm.) = P(kN) (7.0910 x 10 mm./kN)
PILE NO. 3 -3

Delta (mm.) = P(kKN) (8.6667 x 10 mm. /kN)
PILE NO. 4 -2

Delta (mm.) = P(kN) (1.1976 x 10 mm. /kN)
PILE NO. 5 -

Delta (mm.) = P(kN) (1.3862 x 10 mm. /kN)
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Emerpac Model P4E2
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N ,'\/!{, ¢ : i DATA SHEET TEST PicE H
’ . 2| EXTENSOMETER _LEVEL
. ﬁ?tJ Zga_ ‘;2 '_%.; READINGS
juq?gj Eﬂm = QS [joe | 0 REMARKS
oY x* { > PILE | ,, ¢ | PILE A |
e & (s |t TP SETTLE. e
® O iz 7% | beoo, 4.0 li
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APPENDIX V

DYNAMIC AXIAL CAPACITY PREDICTION METHODS
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A. Engineering News Record (ENR) Dynamic Formula

S + 0.1

- see Section 6.5.2 for explanation of symbols.

i) Pile no. 5 original driving

- end of driving: set = 1.09 inches

Wy

H

6.2 kips

7 feet

2 (6.2 . ..
R=-"009 +0.1) - /3 kips

factor of safety = 6
ultimate capacity = 478 kips

= 1944 kN

ii) Pile no. 5 restrike data

- beginning of restrike: set = 0.5 inches
WH = 3.5 kips
H = 10 feet
R = 2+ (3.510) _ 117 kips

(0.5 + 0.1)

factor of safety = 6

ultimate capacity = 700 kips

3114 kN
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WERPAL : MAVE EQUATION ORALYSIS OF DILE FODOT IO
1ERE, VERBION . 004

HEMMTE ODEL OF @ URD MODE BY: UBRC

ELEMENT WEIGHT STIFFNESS C‘"‘F”"F’ o D-Ni.. CAR DAMPG
{Hh) LAY ESTITUTION {rifs {HRNSMAS Y

i 12,77
P 13,730 90anE. B 1o 0 G D480
TP/ REH 3. 560 483. 4 v SO0 3. 0000 33,0

HAMMER OPTIONG: |
HAMMER NO. FUIL SETTG. STROME OFT. HAMMER TYPE DAMPENG-HAMR
2i1 1 o : N

HAMMER PERFORMANCE DRATA
RiAM WEIGHT RAYM LENGBTH MAX STROME STROKE EFFICIENDY
TN (MM (M) (M)
=758 1220. 00 &2, 13 & 13 o 700

"RTD FRESE. ACT PRESS. EFF. RAREA IMPACT VEL.
Ay (KPR (CHED (M/ &)
OO . 00 . 00 =41

HAMMER CUSHION AREA E-MODUL LIS THITCHNESS STIFFNESS
(M) (MBa) (i) (KN /M3
ZO0. 00 =053. 6 38. 100D 485. 8
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APPENDIX VI

LATDMT.UBC PROGRAMS LISTING
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DERIVATION OF e€,, RELATIONSHIP FROM
HYPERBOLIC STRESS-STRAIN RELATIONSHIP
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E (cf/Rf)
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Listing of PU-YC.UBC at 19:24:09 on JAN 18, 1987 for CCid=DMPY

OO BWN -

C********#*****t***k*********t*********tt***t*********************
c UBC IN-SITU TESTING GROUP *
C********t*******************i************************************
C******i**********t*********t*********i**#***t***********#********

C*** PROGRAM FOR CALCULATON OF PU-YC FROM DILATOMETER RESULTS ***x

(C %k % sk ok ok ok ok e sk sk sk ok ok e ke e ke ke sk ok A e K sk ok ok ok sk ok ke sk ok ok ok ok ok Kk e ok sk ok ko ook ok ke ok ok ok koK ok ke ok ok ok ok ok

c *
Cc WRITTEN BY MICHAEL P. DAVIES, OCTOBER, 1986 UPON *
C ADAPTATION FROM PROGRAM BY TSO TIEN-HSING *
C FORMAL DEVELOPMENT OF ALL EQUATIONS USED CAN BE *
C FOUND IN M. A.Sc. THESIS BY PROGRAM AUTHOR *
c »
(3K K o ok oK K K ok oK ok K oK KK K KR Kk R K KK K K KK K K K ok K ok K ok K K ok K K ok ok K Ok K K R K
c *
(o] RUNNING INSTRUCTIONS: *
C *
Cc RUN *FORTRANVS SCARDS=PU-YC.UBC SPUNCH=-0QUT *
C RUN -0OUT 1{=DMT DATA FILE S5=FACTOR FILE 6=-DMT ECHO *
C 7=(PU,DEPTH) 8=(YC,DEPTH) ¥
C *
o T R T T T s

REAL KO,M,ID,KD,MU

COMMON /L1/X,D,ESV,PHI,SNPH

COMMON /1.4/PU,KO

COMMON /L5/CU

COMMON /L&6/ED

COMMON /L7/EPS50,.EIC,FACC

COMMON /L8/U

COMMON /L15/PUt,PU2

COMMON /L22/PO,P4,RK{,RK2,EISY,EIS2,SF

3 3k ok 3k ok ok ok %k sk ok sk ok ok ok ak sk Kk ok ok 3k ok sk ok ok ok ok % ok sk ko ok ak ok sk K ok ok ok ok ok ok K ok sk ok ok ok ko ko

*  FEC, FES=CORRECTION FACTORS TO DILATOMETER MODULII *
A Sk A ke e sk ok ke sk ok Xk ke ok ok K ko ko K Sk ok ko ok ok ok ek ok ke sk sk ok ok ok ok ok ok sk ok ok ok e ok ok ok ok ok ok ok ok koK ok ko
READ(5, *)FEC,FES
PRINT *, ‘FEC= ,FEC,'FES= ' FES
e ok ok de ok de ok ok ok ok ke ok ok ok ok ke ok ok ok o sk ok ok ok K Ok ok ok ke e sk ok ok Sk ok ok ok ok kol ok ok ok ok ok ok ok ok Kk K K ok R
* READ IN OUTPUT FROM DMT.UBC (DMT DATA REDUCING *
*  PROGRAM) *
%k ok ak ok ok sk sk sk K 3k dk ok ok ok sk ok sk ok i ok ok ok ok % ok ok ke sk ok ok ok ok ok ok ok K sk k ko kX ok ok ok sk ok sk ok sk ok ok ok %k ok
100 READ(1,*,END=111)X,PO,P1,ED,U, ID,GAMMA, ESV,KD,OCR

* ,PC,KO,CU,PHI .M
WRITE(6,299)X,PO,P1,ED,U, 1D,GAMMA ,ESV,KD,OCR

* ,PC,KO,CU,PHI ,M
B ok Kk ok ok ok ok ok ok sk ok sk sk sk ok ok ke ok ok ok ok sk ke ok sk sk o Rk 3k sk sk sk ok ke ke ok o sk ke ok ok ok ok ok ok ok ko
* D=PILE DIAMETER IN CM *
* NOTE: ENSURE THAT THIS IS CHANGED APPROPRIATELY *
* FOR THE PILES BEING USED *

ok 3k ok ek ok ok R sk ok ok ok sk ok ok ok ok ok ok e ok ok ok ok ko ok sk kA e oKk ok ok Ak ok ok ok ok ok ok ok

D=91.5
F ok ok ok ok ok sk ok ke sk sk ok sk ok ek ok ok ok ko ok sk ok ok ok sk sk sk ook ok ok ok kK K ok sk ok k
x*++%  CHANGE UNIT TO KN-CM, XX=DEPTH,M ****
*x%x+  PU=KPA-M, YC=CM *Hox

ok ok ok ok ok ok Sk ok ok ok ko K gk ok sk ok sk kb sk sk ok sk ke ok sk ok ok ok Sk sk sk sk ok ok ok ok ok ko k ok

[sNeXe)

[eNoNeNe]

OO0 [sNeNeNeoRe]

FA=0.01035986
PO=PO*FA
P1=P1%FA
ED=ED*FA
U=U*FA
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Listing of PU-YC.UBC at 19:24:09 on JAN 18, 1987 for CCid=DMPY

116

[eNeNe] e NeNe]

a0oo

99
189
299

111

ESV=ESV*FA

PC=PC*FA

CU=CU*FA

M=M*FA

XX=X

X=X*100.

RPH=PHI

e s o o ok ok o Ok ok ko ok sk sk Ok K ok ok ok oK ok K ok K ok ok ok ok ok ok ok

* PHI IS INCREASED BY 5 DEGREES *

% ok 3k sk ok Kok ok ok ok ok ok Kk e ok ok % ok ok o ok ok ok ok ok ok ok ok ok ok k&

PHI=PHI+S.

M sk o ok sk ok sk ok ok Ak ke ok kA sk e sk sk dk ok ok e sk ok ok ko ok A ke sk ke sk ke ok ok ok
kkkokk DU CALCULATION kodkokokok sk & & o s sk ok ok ok ok ok

ok K K ok Sk ok K K K K ok ke kK sk ok ok ok ok ok ok ok ok ok oK K K K K ko %
IF(RPH.EQ.O. )THEN
CALL PUCLAY
ELSE
CALL PUSAND
END IF
PPU=PU

Tk ek kkkkhkokkkkokk ks kkkkkhkhkkhkhkkrrkkkkkkk

* % YC CALCULATIONS * Aok K

sk A ok Sk ok ok X %k ok ok ok gk gk ok ok dk K sk ok ok ok ok ok ke ok sk ok ko e e ok o ok ok ok ok %k

RF=0.8

MU=0.4

RD=0.6

IF(RPH.EQ.O. ) THEN
SF=2,*CU
EIC=FEC*38.2*(P1-PO)
EPS50=(SF/EIC)/(2.-RF)
YC=14 . 2*EPS50*(D**0.5)
ELSE
SF=(2*SNPH/(1.-SNPH) ) *ESV
EIS=FES*38.2*(P1-PO)
EPS50=(SF/EIS)/(2.-RF)
YC=2.5*EPS50*D

END IF

WRITE(7,99)PPU, XX

WRITE(8,99)YC, XX

FORMAT(2F15.4)

FORMAT(4F15.4)

FORMAT(7F7.2,F7.3,7F7.2)

GO TO 100

STOP

END

(€% ok ke s ok ok ok ok ok ok ek ok ok ok ok ok ke Sk ok K Ok sk ok sk sk ek ok ok ok ok K ok ok ok ok ok ok ok K

[pNo Kol

SUBROUTINE PUCLAY
REAL NP, J

COMMON /L1/X,D,ESV

COMMON /L4/PU

COMMON /LS/cCU

J=0.5

S ok ok % ok ok ok ok sk ok ok ok sk A %k sk oK Ok e ok sk i ok ok e ok sk ok ok ke ok ok ok ok ok ok sk ok ok ok ok Xk ok o % ok ok ke sk ke ok ok o ok

* NOTE THAT J SHOULD BE REDUCED TO O.25 FOR STIFF CLAYS *
3k sk ok sk ok ok ok ok ok ok ok ek ok ok ok ke sk ok ok ok ok ok ok sk sk ok ok ok ok ok ok ok ok ok ok sk ok ok ok sk ok ok ok R sk ok ok ok K ke ok ok ok
NP=(3.+(ESV))/CU+(J*X/D)
IF(NP.GT.9.)THEN

NP=9.

Page
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Listing of PU-YC.UBC at 19:24:09 on JAN 18, 1987 for CCid=DMPY

117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
138
140
141
142
143
144
145
146
147
148
149
150
151
152
163
154
155

END IF

PU=NP*CU*D

RETURN

END

(€ ok ok s ok o ok o o K KK ok ko R R KK K K KR Rk R kR R Rk Rk Rk

SUBROUTINE PUSAND
REAL KA, KP

COMMON /L1/X,D,ESV.PHI, SNPH
COMMON /L4/PU,RKO
COMMON /L15/PU1,PU2
PH=PHI/180.*3.141593
A=PH/2.
B=3.141593/4.+A

C e % ok sk ok ok sk ok %k ok ok A ok ok ok ok ok sk ok sk ok vk ok ke ke sk ok i ok ke ok ok ok sk ok ok sk ok sk ok ok ok
C * *
C * CHECK IF KO FROM DILATOMETER QUTPUT = RKO *
C * *
C A s ok ok ¥k sk ok sk ok ok ke ok ok ok e ol Sk ok ok ok sk ke sk ke K ok ok ok ke ko ok sk ok o sk ke ok ok ok ok ok Xk ok ok

RK0=0.5

TNPH=TAN(PH)

TNB=TAN(B)

SNPH=SIN(PH)
KA=(1-SNPH)/( 1+SNPH)
KP=1./KA
R=D* (KP-KA )+X*KP*TNPH*TNB
T=(KP**3,)+2 . *RKO* (KP**2 . ) *TNPH+TNPH-KA
PU1=ESV*R
PU2=ESV*D*T
IF(PU1.GT.PU2)THEN
PU=PU2
ELSE
PU=PU1
END IF
DD=4.*D
IF(X.LE.DD)THEN
PU=PU/DD*X
END IF
RETURN
END
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Listing of P-Y.UBC at 19:24:19 on JAN 18, 1987 for CCid=DMPY

OGN EWUN -

NOOOOOOOOOO

€ % % ok ok sk ok ok ok A ke sk ok ok ok sk ok ook ok sk ok ok sk ok o ok e e ok ke e ke sk ok sk o ok o ok e ok sk ok ok ok ok K ke ok ok ok ko ok ok ok

(G % ok ok kKK K K UBC IN-SITU TESTING GROUP ek ok kR KRk R Rk
C PROGRAM FOR THE CALCULATION OF P=Y CURVES USING *
Cc A CUBIC PARABOLA FROM PU=YC DATA DERIVED FROM *
C DILATOMETER RESULTS *
(C % % o s sk ok Ok sk ok ok o sk skok ok kK K Ok ok ok ok ok Rk R Rk ok sk o ok R ki ok kR K ok K ok R Rk KOk Ok
c *
C WRITTEN BY MICHAEL P. DAVIES, DECEMBER 1986 *
C UPON ADAPTATION FROM TSO TIEN-HSING *
C *

0% % ok sk o ok ok ok sk ok ke sk e sk ke ok e ok e sk ok sk ok ok ok ok sk sk sk sk ke sk i ok ke sk ok ko sk ok ok ok ok sk Kok ok ok sk ok ok ok ok ok ok ok ok K
DIMENSION Y(50),P(50)

COMMON/L1/X,PU,YC,K,RK

COMMON/L2/Y,P,D

* LATPILE INPUT DATA. CAN CHANGE ‘PRINT’ VALUES

* LATPILE

[sNeNoNe Nyl

PRINT *, ‘LATERAL LOAD PILE(DATA-NEW)’
PRINT *,’'5,3°
PRINT *,’1100 ,0, 91.5,100,0.05,30,1,1,0,0,0, 1’

% ok ok %k ok ok ok kK K ok ok ok ok ok o ok ke ok ok ok sk ko k k %

*  N=NO. OF P-Y CURVES *

ok ok ok ok ok ok ok sk sk o e ok ok e ok sk ok ok ok ko ok ok ok ok

N=10

PRINT *,’9,12’

% 3k % ok ok ok ok ok sk sk ok k& ok Ak sk ok ok ok ok

* *

* RK=0. FOR CLAYS *

A ok ok e ok e ok 3k ok dkook ok sk ok & A ok sk ok ok ok ko

3 3k o e ok sk ok ok ok ok ok sk sk sk A ok ok ok ok ok sk sk ok ok ok ok ok e o ok ok Xk ok ok ok ok
* X=0(USING RK=0,PU=0.001,YC=0.01) *
* X(CM), PU(KN/SQ.CM-CM), YC(CM)  *
* RK(KN/CU.CM), RK=O(CLAY) *

* *
3k ke ok ok Ak ok ek ok ok ok e sk ok A ok sk ok ok ok ke ok kK ok ok ok ok ok ok ke ok ok k ke ok

22 READ(S, *,END=88)X,PU,YC
X=X*100.
D=91.5
CALL PARAB
WRITE(6,99)X
WRITE(6,99)((Y(I),P(I)),I=1,K)
99 FORMAT(2F20.4)
GO TO 222
C e e o ok e ok ok Ak e ik e e ok sk ok sk e ke sk dk ok ok ke sk gk ol ok ok sk sk ke ke o e K oK ke ok K
*  MORE LATPILE DATA TO CHANGE HERE OR =
*  FROM P-Y.UBC OUTPUT *
ok ok ok ok sk ok ok sk 3k ok ok ok ok ok ok ok ok ko ok ok ok ok ok ok ke i ok sk ok ok ok ok ke ok ok ok Xk
88 PRINT *,/1°
PRINT *,‘11134180000.,30’
STOP
END
C****************k*******t***t*********t************t***#*
SUBROUTINE PARAB
DIMENSION Y(50),P(50)
COMMON/L1/X,PU,YC, K
COMMON/L2/Y,P.D

o000

A sk e ok ok sk ok dk sk ke sk ok ko sk sk ok ok ok ok ok e ok e gk sk ke ok e o i ke ke ok 3k ok ke ok ok ok ok K & ok ok

*

* HERE OR LATER FROM P-Y _UBC OUTPUT BEFORE RUNNING *

*

o ok ok 3 ok Ak ok ok ok ok ke ok ok ok Kk sk ok ok sk A ok ok ok ok sk sk ok ok ke ok ok ok K ok ok ok ok K sk ok ok K ok ok K ok K
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Listing of P-Y.UBC at 19:24:19 on JAN 18, 1987 for CCid=DMPY

59 Wy=8_ *yC

60 YY=0.

61 DO 100 I=1, 100

62 K=1

63 A=(YY/YC)**(1./3.)
64 PP=0.5*PU*A

65 Y(K)=YY

66 P(K)=PP

67 IF(YY.GT.WY)THEN
68 GO TO 5

69 ELSE

70 YY=YY+WY/10.
71 END IF

72 100 CONTINUE

73 5 YY=YY+D

74 Y(K)=YY

75 P(K)=PU

76 RETURN

77 END
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