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ABSTRACT

NCHRP Project 24-17 "LRFD Deep Foundation Design" is supported by the
USA National Cooperative Highway Research Program (NCHRP) under the
Transportation Research Board (TRB) of the National Academy of Science (NAS).
The project is aimed at rewriting AASHTO Deep Foundation Specifications for the
year 2001. The AASHTO specifications are traditionally observed on all federally
aided projects and generally viewed as a national code of US Highway practice, hence
influencing the construction of all the deep foundations of highway bridges throughout
the USA.

The new specifications are based on Load and Resistance Factor Design
(LRFD) principles with resistance factors obtained from probabilistic analysis of data.
This research report presents a review of methodologies, resistance factors calculation
and the application of it to the dynamic analyses of driven piles. A large database
(PD/LT2000) is the backbone of the dynamic methods' performance evaluation. This
database originated with the work presented by Paikowsky et al. (1994), Paikowsky
and LaBelle (1994), and additional information acquired since.

A review of design methodologies is presented and the application of LRFD to
Geotechnical Engineering is discussed. The process of data compilation is introduced
and methods to establish pile capacity based on static load test results are evaluated for
the determination of a reference static capacity. A summary and careful evaluation of
PD/LT 2000 database is presented, and the parameters that control the accuracy of the
dynamic predictions are analyzed. The data analysis indicates the importance of certain
mechanisms associated with the pile penetration and the dynamic simulations. The
most important parameters are shown to be those associated with the soil inertia,
namely driving resistance and pile geometry and those associated with change of pile
capacity with time, namely, time of driving, [e.g. End of Driving (EOD) and
Beginning of Restrike (BOR)].

The First Order Reliability Method (FORM) is introduced and applied for
LRFD of Deep Foundations. Target reliability and the associated probability of failure
levels are discussed. Analyses of PD/LT2000 provide statistical details for the
performance of the various dynamic methods when compared to static load testing to
failure. The controlling parameters and the statistical analyses along with the
recommended target reliability are then utilized for the development of the resistance
factors. The final resistance factors recommended for the new specifications are
extracted in a three level process; (i) detailed statistical evaluation of a wide range of
cases based on the identified controlling parameters, (ii) evaluation of the resistance
factors for the inclusive cases (out of the 1* stage) for three target reliability levels,
and, (iii) developing the final resistance factors for the most inclusive and critical cases
under the recommended target reliabilities. Two concepts are introduced for the
recommended resistance factors: (a) two levels of target reliability based on the
criticality of the foundation, classifying the piles as redundant and non-redundant
elements and, (b) efficiency evaluation of the method of analysis in conjunction with
the magnitude of the resistance factors.

The obtained parameters are evaluated against FOSM (First Order Second
moment method), and the actual probability of failure. Case histories allow an
evaluation of the recommended parameters in an absolute way and against WSD
factors of safety. The final recommendations are comprehensive and clear providing
factors for a variety of dynamic methods and means to evaluate their efficiency.
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CHAPTER 1

INTRODUCTION

1.1 OVERVIEW

An ongoing project supported by the USA National Cooperative Highway
Research Program (NCHRP) under the Transportation Research Board (TRB) of the
National Academy of Science (NAS), is aimed at rewriting AASHTO Deep
Foundation Specifications for the year 2001. The AASHTO specifications are
traditionally observed on all federally aided projects and generally viewed as a national
code of US Highway practice, hence influencing the construction of all the deep
foundations of highway bridges throughout the USA.

The new code is based on Load and Resistance Factor Design (LRFD)
principles with resistance factors obtained from probabilistic analysis of data. A large
database (PD/LT2000) is the backbone of the dynamic methods' performance
evaluation. This database originated with the work presented by Paikowsky et al.
(1994), Paikowsky and LaBelle (1994), and additional information acquired since.

A summary and careful evaluation of the large database is presented, detailing
the performance of various dynamic methods when compared to static load testing to

failure. The parameters that control the accuracy of the dynamic predictions are
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analyzed, suggesting the importance of certain mechanisms associated with the pile
penetration and the dynamic simulations.

The controlling parameters and the statistical analyses are then utilized for the
development of resistance factors to be recommended for the new specifications.
1.2 BACKGROUND

National Cooperative Highway Research Program, project, NCHRP 24-17,
"LRFD Deep Foundations Design" was initiated to: (i) Provide recommended
revisions to the driven pile and drilled shaft portions of section 10 of AASHTO
Specifications and (ii) Provide a detailed procedure for calibrating deep foundation
resistance factors. The current AASHTO specifications as well as other existing codes
based on Load and Resistance Factor Design (LRFD) principles were developed using
insufficient data, hence they utilized mostly back-calculated factors. The main
challenges of the project are therefore: (a) Compilation of large, high quality databases
and (b) Framework for a procedure and data management to enable: (i) LRFD
parameter evaluation and (ii) Future updates. These challenges include two
requirements: (i) Organization of the factors following the design - construction -
quality control sequence (i.e. independence in resistance factors according to the
chronological stage and the evaluation procedure) and (ii) Overcome the generic
difficulties of applying the LRFD methodology to geotechnical applications, i.e.
incorporation of indirect variability, (e.g. site or parameters interpretation), judgment

(e.g. previous experience), and other similar factors.
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The project team, headed by Samuel G. Paikowsky, is divided into three major
groups dealing with static analyses (University of Florida), probabilistic approaches
and structural analyses (University of Maryland), and dynamic analyses (University of
Massachusetts at Lowell). The present paper provides a background for design
methodologies and the LRFD. Database PD/LT2000 is presented and analyzed. The
state of practice and the selected dynamic methods are described, followed by an initial
evaluation of the signal matching technique and examination of the controlling
parameters. The performance of the dynamic methods is then provided, categorized
according to the controlling parameters. The obtained results are used for the
development of resistance factors to be recommended for the new specifications.

1.3 MANUSCRIPT LAYOUT

The following is a brief description of the contents of each chapter:
CHAPTER 2 presents a summary of the Working Stress Design (WSD) method and
the Load and Resistance Factor Design (LRFD) method as they apply to Geotechnical
Engineering. Also presented is a review of the recommended LRFD factors based on
many international codes.

CHAPTER 3 describes the processes that were used in compiling the data presented
in each of the databases for use in the present research. The actual data is presented in
Appendix A but will be discussed in detail in this chapter.

CHAPTER 4 discusses the methodology used to determine which method of

determining pile capacity based on the static load test curve should be used as the
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reference static capacity when comparing the dynamic pile capacity predictions to the
static load test results.

CHAPTER 5 presents the analysis used to determine the controlling parameters that
effect the pile capacity based on the dynamic methods. The controlling parameters that
are analyzed are the effects of soil type, time of driving (EOD — End Of Driving and
BOR — Beginning Of Restrike), and the soil inertia effects (driving resistance and pile
type).

CHAPTER 6 discusses the performance of the dynamic methods during the
construction phase. The performance of the dynamic methods is analyzed for two
cases, with dynamic measurements and without dynamic measurements. The analysis
that is presented for the case without dynamic measurements includes the WEAP
analysis and the dynamic equations. The CAPWAP method, the Energy Approach
method, and the Case Method are all presented in the case with dynamic
measurements.

CHAPTER 7 presents a comparison between the Energy Approach pile capacity
predictions at the EOD and the CAPWAP pile capacity predictions at the BOR based
on the controlling parameters presented in Chapter 5.

CHAPTER 8 briefly discusses the effects of pile capacity gain with time due to pore
water pressure dissipation.

CHAPTER 9 presents the methodology that was used to calculate the proposed

resistance factors for the dynamic methods, which are also presented in this chapter.
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CHAPTER 10 discusses the difficulty of comparing the pile capacities determined
using the LRFD method with the proposed resistance factors and previous codes. A
comparison is made although it is limited due to the discussed difficulties.

CHAPTER 11 presents the conclusions of the present research.
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CHAPTER 2

BACKGROUND

2.1 STATE OF STRESS METHODOLOGY
2.1.1 Overview

Working Stress Design (WSD) method, also called the Allowable Stress
Design (ASD) method, has been the traditional design basis in Civil Engineering since
it was first introduced in the early 1800's. In the 1950's the continued demand for a
more economical design of piles brought about the use of Limit States or Limit States
Design (LSD). The two types of limit states are the Ultimate Limit State (ULS) and the
Serviceability Limit State. Both limit states must be satisfied when using the Limit
States Design method. A more detailed description of the two limit states is presented
in the following sections. The material in the overview section is based primarily on
Becker (1996) and Allen (1994).

The latest method of pile design to be introduced is the Load and
Resistance Factor Design (LRFD) method. This method relies heavily on the use
of limit states and reliability theory, which is also known as Reliability Based
Design (RBD). The reliability theory introduced the determination of factors of
safety based on the combined probability of load and resistance looking into the
probability of pile failure or the probability of failure of the soil in bearing
capacity. The most recent methods of pile design, i.e. LRFD, RBD and LSD can

be utilized in a simple manner for a specific site or can be involved as need
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be for more complex subsurface conditions. “Regardless of the design philosophy and
approach used, the basic design criteria is that the capacity or resistance of the system must
be greater than the demand or loads on the system for an acceptable or required level of
safety” (Becker, 1996).
2.1.2 The Working Stress Design (WSD) Method

The Working Stress Design (WSD) method is aimed to ensure that when the
structure is subjected to the “working” or service applied load; the induced stresses are less
than the allowable stresses. The WSD method combines all of the uncertainties in the
loads and the soil and accounts for them by using one factor of safety, FS. The design
loads, Q, consist of the actual forces estimated to be applied directly to the structure,

(Becker, 1996 andAWithiam et al. 1998). This can be seen in the fundamental equation that

governs WSD:
’ R Q it
SOu=—s== 2.1
0<0. 7S FS 2.1)

Where: Q = Design load (kN)

Qai = Allowable design load (kN)

R, = Qui=Ultimate geotechnical pile force resistance of a pile; and

FS = Factor of safety

Equation 2.1 can also be written as:

R
n > ) 2.2
75220 22)
Where: R, = Nominal resistance
2Q; = Load effect
FS = Factor of safety
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The factor of safety is commonly defined as the ratio of the resistance of the
structure (R,)) to the load effects (Q) acting on the structure. The determination of the
factor of safety is the most difficult part of the design process. Rearranging Equation
2.2 to solve for the factor of safety (FS), the factor of safety can be expressed as a
variable or a constant. The factor of safety mostly depends on the level of control that
was used in the design and construction phases. For example, if data from a subsurface
exploration program is used, a static analysis is completed, and the results from a wave
equation analysis are used to determine the ultimate geotechnical resistance of a pile,
then the factor of safety must be greater than 2.75, (see Table 2.1). On the other the
hand, if more reliable methods for determining the ultimate geotechnical resistance of
a pile are used, then a reduced factor of safety can be incorporated. "Traditionally, the
factor of safety is applied to the resistance as in Equation 2.2. This method gives
sensible results when material strength (resistance) represents the greatest uncertainty
in design", (Simpson et al., 1981).

Table 2.1, after AASHTO (1997), provides different factors of safety that are
used in the analysis of the ultimate geotechnical resistance of a piles. Table 2.1 relates
to both design and construction phases and demonstrates that the WSD method allows
the factor of safety to vary depending on the level of control. When a more reliable and
consistent level of Construction Control is used, a smaller factor of safety can be
implemented, leading to a more economical construction.

Equation 2.1 can also be rewritten for structural design based on allowable

stress as:
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X0<0uAd = Pu (2.3)

Where: oa1 = Allowable axial stress in pile (kPa)
P.i = Allowable axial structural capacity (kN); and
A Cross sectional area of pile (m”)

Equation 2.3 can be rewritten so as to solve for the allowable axial load, P,:
Pur =204 (2.4)
The applied load is limited by the maximum allowable load. The maximum allowable
axial load that can be applied to the pile is obtained from Equation 2.4 by multiplying
the allowable stress (see Table 2.2) by the cross sectional area of the pile.

In addition to axial geotechnical and structural capacity evaluation, the design
of driven piles by WSD requires evaluations of pile displacements and comparisons
with deformation criteria using the following:

0:=0, (2.5)

Where: d; = Estimated displacement (mm); and
On Tolerable displacement established by designer (mm).

The tolerable displacement is typically associated with the structure type and
function, for example the allowable displacement of bridges depends on the structural
concept (e.g., simply supported versus integral), and the type of supports that are being
utilized for the superstructure.

2.1.3 The Limit States

Limit states are defined as the conditions under which a structure or its

component members can no longer perform their intended functions. Whenever a

structure or a part of it fails to satisfy one of its designated operational criteria, it is
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said to have reached a limit state. The two limit states that are checked in the design of
piles are the Ultimate Limit State (ULS) or Strength Limit State and the Serviceability
Limit State (SLS).

Ultimate limit states pertain to structural safety and define dangerous
conditions. The ULS involves the collapsing of the structure and in relation to piles the
event under which the ultimate bearing capacity of the soil is exceeded. Serviceability
limit states (SLS) represent the conditions that affect the function or service
requirements (performance) of the structure under expected service/ working loads.
These conditions can include excessive deformations and settlement or deterioration of
the structure pile(s). "The serviceability limit states are checked by using a partial
factor of unity on all specified or characteristic service loads and load effects",
(Meyerhof, 1994).

In WSD, the term "allowable soil bearing pressure" may be controlled by
either bearing capacity (ULS) or by settlement (SLS) considerations. WSD implicitly
accounts for these two key limit states, but generally does not do so explicitly,
(Becker, 1996). In other words, the WSD method does not require that the calculations
be made to check both of the limit states, instead, there are charts that are used to show
whether the designer needs to check the ultimate limit state or the serviceability limit
state. Figure 2.1 is an example of the type of charts used for determining whether
the design of spread footings is controlled by bearing capacity or settlement. The

LRFD method for piles checks both the ultimate and serviceability
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limit states explicitly. The calculations are done to insure that the design criteria have
been met for both; the ultimate and serviceability limit states.

When limit states were first introduced, the design method encountered
opposition because designers and engineers thought it to be too complicated for
practice. The limit state design calculations and analyses can however range from
estimates and back-of-the envelope calculations to three-dimensional finite element
analysis. "Simple calculations that capture the essence of the behavior and promote
thinking are preferred for preliminary design and checking, rather than complex
computer programs”, (Allen, 1994). Regardless of the complexity of the analysis and
calculations, all limit states designs are carried out to satisfy the following criteria:

Ultimate limit state (ULS):

Factored resistance > Factored load effects (2.6)

Serviceability limit state (SLS):

Deformation < Tolerable deformation to remain serviceable 2.7
(Becker, 1996)

According to Duncan et al. (1989) the SLS have a higher probability of
occurrence than the ULS. The allowable settlement of a structure generally controls
the design of shallow foundations rather than the ultimate bearing capacity of the soil.
"In geotechnical design, a serviceability condition or settlement criterion frequently
constitutes the primary limit state. Accordingly, the design would be based on specific
SLS; the ULS would be checked subsequently", (Becker, 1996). By and large, the

design of deep foundations is controlled by the ultimate limit state. However, O'Neill
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(1999) suggests that this is not always the case, deep foundations need to be checked
for settlement, therefore, it is required that their serviceability limit state be evaluated
as well. Examples for such cases are group settlement of driven piles in certain
soil/pile stiffness conditions and large diameter drilled shafts (say 4m), especially
when carrying a large portion of the load at the toe of the deep foundation.
2.2 LOAD AND RESISTANCE FACTOR DESIGN (LRFD) METHOD
2.2.1 Reliability Based Design - History and Background

The design of a pile depends upon predicted loads and the pile's capacity to
resist them. Both loads and capacity have various types and levels of uncertainty that
needs to be considered in design. Historically, engineering design methods and
processes have compensated for these uncertainties by experience and subjective
judgment. However, with reliability technology, these uncertainties can be considered
more quantitatively. Specifically, the use of probability-based design criteria, or safety
check expressions, has the promise of producing better-engineered designs with
consistent levels of reliability. The load and resistance factor design (LRFD) format is
a commonly used reliability-based format in many areas. It consists of the requirement
that a factored (reduced) strength of a pile is larger than a linear combination of
factored (magnified) load effects. In this format, load effects are increased, and
strength is reduced, by multiplying the corresponding characteristic (nominal) values
with factors, which are called strength (resistance) and load factors, respectively. The
characteristic value of some quantity is the value that is used in current design

practice, and it is usually equal to a certain percentile of the probability
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distribution of that quantity. The load and strength factors are different for each type of
load and strength. The higher the uncertainty associated with a load, the higher the
corresponding load factor. These factors are determined probabilistically so that they
correspond to a prescribed safety level. It is also common to consider two classes of
performance functions that correspond to ultimate strength (or simply strength) and
serviceability requirements. The difference between working stress and LRFD formats
is that the latter use different safety factors for each type of load and strength thereby
allowing to take into account uncertainties in load and strength, and to scale their
characteristic values accordingly in the design equation. Working stress formats cannot
do that as it uses only one safety factor. Relative to a conventional factor of safety
code, a probability-based design code has the promise of producing a betterengineered
structure. Experience has shown that adoption of a probability-based design code has
resulted in significant savings in materials and/or an efficient use of materials.
Reliability improvements are still under evaluation even though, the new codes are
specifically designed so that the reliability is equal to or better than the older codes
they replace. Experiences are not well documented at this time, but designers have
commented that, relative to the conventional working stress code, the new AISC-
LRFD (American Institute of Steel Construction) requirements are saving anywhere
from 5% to 30% steel weight, with about 10% being typical. This may or may not be
the case for other industries. Specific benefits in pile design include the following:

1. A more efficiently balanced design results in weight/cost savings and/or an
improvement of reliability.

2. Uncertainties in the design are treated more rationally and rigorously.
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3. An improved perspective of the overall design and construction process
(substructure and superstructure) and the development of probability-based
design procedures can stimulate advances in pile analysis and design.

4, The codes become a living document that can be easily revised to include new
information reflecting statistical data on design factors.

5. The partial safety factor format used herein also provides a framework for
extrapolating existing design practice to new foundation concepts and
materials where experience is limited.

The concept of using the probability of failure as a criterion for structural
design can be credited to the Russians N. F. Khotsialov and N. S. Streletskii who
presented the idea in the late 1920s. The first exposition of the idea in the United
States was made by A. M. Freudenthal in 1947. Considerable interest by many
industries and engineering disciplines has evolved in developing reliability-based
design codes. Reliability-based design codes using an LRFD format were developed
using first-order second-moment reliability methods (Ayyub and McCuen 1997) such
as by the American Institute of Steel Construction (AISC 1994, and Galambos and
Ravindra 1978) and by the American Concrete Institute (ACI). An effort was made by
the National Standards Institute (ANSI) to develop probability-based load criteria for
buildings (Ellingwood et al. 1982a and 1982b) that was published as ASCE 7-93
(ASCE 1993). The American Petroleum Institute (API) extrapolated LRFD technology
for its use in fixed offshore platforms (API 1989, and Moses (1985 and 1986)). Other
efforts which provide excellent and comprehensive summaries of implementation of

modern probabilistic design theory into design codes include those of Siu, et al. (1975)

for the National Building Code of Canada (1977), Ellingwood et
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al. (1980) for the National Bureau of Standards, and the CIRIA 63 (1977) report.
Ayyub et al. (1998) provide details on LRFD rules for naval surface ship structures
developed for the US Navy.

The AASHTO LRFD Bridge Design and Construction Specifications (1994)
as a result of NCHRP Project 12-33 by Nowak, (1993) provide design guidance for
girders. To enable uniform treatment of all bridge subsystems, this study is required to
provide design and construction specifications for piles that are consistent with the
AASHTO LRFD Bridge Design and Construction Specifications.

2.2.2 Development of the LRFD Method for General Geotechnical Engineering
The following section is based on a comprehensive review presented by Goble, (1999).
Figure 2.2 shows the probability density functions for the load effect, Q, and the
resistance, R. (The term load effect refers to the load calculated to act on the particular
element in question). The area where the two curves overlap illustrates the region
where the load effect is greater than the resistance indicating a scenario where there is
a high probability of failure. The shaded area under the probability density function for
the resistance represents the probability that the resistance will have a value between a
and b.

In probability-based design, a prescribed value that is based on previous case
histories similar to the one that is being evaluated is chosen for the probability of
failure. The probability of the failure for the specific case in question should be greater

than the prescribed value.
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In Figure 2.2, the probability density function for the load effect is narrower
than for the resistance because the loads are usually much more deterministic than the
resistances. In terms of probability and statistics, the load effect has much less

variability than the resistance. This is measured by the standard deviation, which is not
shown in Figure 2.2.6 and R as shown in the F igure 2.2 are the mean of the load

effect and the mean of the resistance, respectively. The strength or resistance that is
determined by the method, which is being used to evaluate the case history, is the
nominal strength, R,, shown in Figure 2.2. This strength is not necessarily the mean
strength or resistance. When the probability density functions are available for both the
load effect and the resistance the probability of failure can be determined directly.
There are two different approaches that are used to determine the probability
of failure and they are illustrated in Figure 2.3 and Figure 2.4. Figure 2.3 shows the

combined probability density function of R-Q. The probability of failure is the shaded

region that is shown to the left of the y-axis. The principle of the method is that R — Q

needs to be larger than R-Q = 0. Usually the mean value is used to define the
reference value and the distance of the mean above zero is taken as a multiple of the
standard deviation of the distribution. The multiple of the standard deviation, shown
in Figure 2.3 as P, is called the reliability index. Figure 2.4 shows the second
approach for determining the probability of failure and this is done by using the
natural log of R/Q (In R/Q). The limiting condition is when In R/Q = 0 or when R/Q

=1. The reliability index is defined the same for both approaches. The reliability
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index is defined in greater detail in a later section entitled LRFD Calibration using
Reliability Theory.
2.2.3 The Principle of the LRFD Method for Deep Foundations

The Load and Resistance Factor Design (LRFD) method takes into
consideration the variability in the loads placed on the structure by applying a load
factor (y). A resistance factor (¢) is applied to the resistance to take into account its
variability. According to O'Neill (1995), the intent of this design method is to separate
uncertainties in loading from uncertainties in resistance and to assure a prescribed
margin of safety. The load and resistance factors are present in the fundamental LRFD
equations used for checking the resistance and deformation of the supporting soil and
rock materials as well as the structural components. Following the 1999 AASHTO
LRFD Highway Bridge Design Specifications:

For the strength limit states:

R,=0R,>nZy,0; (2.8)

and for the serviceability limit states:
NZy.0,.<¢3, 2.9
Where: N =npNzN: > 0.95 (2.10)
n = Factors to account for effects of ductility (np), redundancy

(nr), and operational importance (1;) (dimensionless)

vi = Load factor (dimensionless);

Q; = Force effect, stress or stress resultant (F or F/A);
¢ = Resistance factor (dimensionless);

R, = Ultimate or nominal resistance (F or F/A);

R, = Factored resistance (F or F/A);

d; = Estimated displacement (L); and
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O, = Tolerable displacement (L).

The method for determining the ultimate geotechnical resistance (R,) of a
single pile is basically the same for both, the LRFD and WSD methods. The difference
between the methods is the resistance factors used in the LRFD method. The ultimate
axial geotechnical resistance of piles subjected to axial loading, R, is:

Ry=Qu=0pt Oy 2.11)

And the factored axial geotechnical resistance, Qg is:

Or =R, = Quir = OgpOp + §ps Oy (2.12)
For which:
Op=qpdy (2.13)
Os = q4; (2.14)
Where: dqp-Pqs = Resistance factors based on Barker et al. (1991), see Table
Qp, Qs = Izjl?timate pile tip and side resistance
gp» §s = Unit tip and side resistance

Ap, AS

Area of pile tip and side surface

(AASHTO, 1998)

The reduction multiplier factor A, as shown in Table 2.3 is to account for the
level of field capacity verification. As an example, a piles capacity is calculated using
the SPT-method for a site where the pile has end bearing and friction in sand, for
which the corresponding resistance factor is 0.45A,. If the ENR equation is used to

verify the calculated capacity without stress wave measurements during driving the
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corresponding reduction multiplier factor is 0.80, which results in a resistance factor of

0.36.

Various procedures can be used to determine the ultimate axial capacity of

driven piles. Whenever using a design method, the resistance factor that is associated

with (calibrated to) that particular design procedure, must be used. For example; when

using the AASHTO LRFD Specification, only those methods referred to in Table 2.3,

for which the calibrated ¢-factors have been developed, can be used (Withiam et al.,

1998). The methods commonly used in practice today are briefly described below:

e Static Methods of Analysis

o — method - A semi-empirical, total stress static method of analysis for
estimating the ultimate unit side resistance, qs, and the ultimate unit tip
resistance, q,, as a function of the undrained shear strength, S, of cohesive
soil (Drewry et al., 1977)

B — method - a semi-empirical, effective stress method of analysis for
estimating q; and q, in soil as a function of the effective overburden
pressure (Burland, 1973)

A — method - A semi-empirical, effective stress method of analysis for
estimating ¢s in soil as a function of the passive effective lateral earth
pressure (Vijayvergiva and Focht, 1972)

End-Bearing Pile on Rock - Semi-empirical method (Canadian
Geotechnical Society, 1992) for estimating g, as a function of the uniaxial
compressive strength of the rock, c, and the spacing of discontinuities

e In-Situ Methods of Analysis

SPT-method - Semi-empirical developed by Meyerhof (1976) which
correlates gs with the SPT blow count for cohesionless soils

CPT-method - Semi-empirical method developed by Nottingham and

Schmertmann (1975) which correlates qs and qp with CPT results for
cohesionless soils
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e Methods Based on Field Testing of Pile

e Dynamic Measurements - Methods based on data obtained during pile
driving for estimating total load capacity based on monitored performance
of driven piles and wave equation analyses. Several methods fall under
this category, among the field methods: (a) the Case method (see Goble et
al., 1970 and Goble et al., 1975) and (b) the Energy Approach (Paikowsky
et al. 1994) and the office method: CAPWAP (Goble et al., 1970).

o Static Load Test - A method for determining the total load capacity based
on quasi-static loading (ASTM, 1996) representative of pile, load and
subsurface conditions expected for the prototype piles (AASHTO, 1997).

The above procedures are used to determine the ultimate axial geotechnical
capacity of driven piles in soil using semi-empirical methods and in-situ testing, and
for piles bearing on or in rock using semi-empirical methods.

The load factors that are generally used in practice range from 1.25 for
structural loads (dead loads) to 1.75 for moving or live loads. AASHTO has conducted
an extensive testing program to determine the load factors that should be used for the
different types of loads and these general values can be found in the AASHTO manual.
When using Equation 2.8 for driven pile foundation design at the Strength Limit
States, the following values of | can normally be used:

e np=nr=1.00; and
e 1= 1.05 for structures deemed operationally important, 1.00 for typical structures
and 0.95 for relatively less important structures, (AASHTO, 1997)
The determination of the resistance factor (¢) is the challenging element when

using LRFD. The following sections describe in detail the calibration processes that

are used in conjunction with the LRFD method.
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2.2.4 Determination of Resistance Factors by Calibration

The resistance factor can be obtained via calibration utilizing the Working
Stress Design (WSD) method (in order to achieve approximately the same factor of
safety that WSD would provide) or using the Reliability Theory. The Reliability
Theory emphasizes the use of probability analysis via statistical parameters. The
following sections describe the calibration process using the WSD method and the
reliability theory, respectively.
a) LRFD Calibration via WSD

Calibration through fitting fo the WSD method is used when insufficient
statistical data does not allow the performance of a calibration process by
optimization, (Withiam et al., 1998). The method of calibrating by fitting with WSD
is a simple process in which the fundamental LRFD equation (Eq. 2.8) is divided by
the fundamental ASD equation (Eq. 2.2) to determine an equation for the resistance

factor (¢). If an average value of 1.0 is used for the load modifier n, then the equation

obtained is:

D Y0

> 2.15
= 2.15)
If only the dead loads and live loads are considered the equation becomes:
+
= _'_Y.D__QB__'Y_L_Q_L_ (2.16)
FES(Qp+ QL)

Dividing both the numerator and denominator by Q the equation becomes:
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YoQOp

+7vL )
(0))
o= ———Q;—— 217)
—+1
FS( o +1)
Where: o = Resistance factor
vo,y. = Load factors for dead and live loads, respectively
Op, O = Force effect for dead and live loads, respectively
FS = WSD method factor of safety

(After O’Neill, 1995)

Equation 2.17 can be used to determine the resistance factors that need to be used in
the LRFD equations in order to obtain a factor of safety equal to that of the WSD
method. “While the load and resistance factor design method represented by equation
8 as calibrated using Equation 2.17 provides the designer a clearer means of
visualizing uncertainty than the lumped factor of safety method, use of the current
load aﬁd resistance factors are not likely to result in improved design. Such can only
occur if the resistance factors are evaluated directly, rather than through calibration
with existing factors of safety”, (O’Neill, 1995). Table 2.4 presents values of the
resistance factors using Equation 2.17 for factors of safety varying between 1.5 to 4
and average dead and live load factors of 1.25 and 1.75 respectively. The table
presents the resistance factors that would be used to obtain a factor of safety of 1.5 to
4.0 (in 0.5 intervals) related to ratios of dead to live load of 1 to 9. The obtained
relations provide an important scale of values, but when using the resistance factors
calibrated via the WSD in the LRFD equation (2.8) it is no different from using the

WSD method.
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b) LRFD Calibration using Reliability Theory

Based on Withiam et al. (1998) the resistance factor chosen for a particular
limit state must take into account: (i) the variability of the soil and rock properties, (ii)
the reliability of the equations used for predicting resistance, (iii) the quality of the
construction workmanship, (iv) the extent of soil exploration (little versus extensive),
and (v) the consequence of failure. In order to take into account the inherent
uncertainties of the resistance and load in a consistent manner, first-order, second-

moment principles can be used to establish Equation 2.18 from Equation 2.8 with n =

1:
1+cov,’
A 0).|———2
R(ZY,Q,),/ 1+ Cov,
6= (2.18)
Qexp{B,/In[(1+COV,*)(1+COV," )]}
Where: AR = Overall bias for resistance
COVq = Coefficient of variation of the load
COVr = Coefficient of variation of the resistance
Br = Target reliability index

When just the dead and live loads are considered Equation 2.18 can be written as:

Y,0p (1+ COVQD2 + COVQLZ)
+Y.)

A
( 0, (1+Cov,?)
*onOs (2.19)
(———Q—L— +Ay) exp{BT\/ln[(l + COVR2 )1+ COVQD2 + COVQL2 K
Where: Aop, Aor Overall bias for the dead and live loads

o

COVop, COVgL Coefficient of variation of the dead and live loads

(After Barker et. al., 1991)
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Table 2.5 summarizes the calculated resistance factors for five different
methods of Axial Pile Capacity. The five methods are the a-method, the f-method, the
A-method, the CPT method and the SPT method. Both the a-method and the A-method
show a Type I and a Type II method of axial pile capacity estimation. Type I refers to
soils with undrained shear strength, S,, less than 50 kPa and Type II refers to soils with
Su greater than 50 kPa. The calculations allow the examination of the way the pile's
length affects the value of the resistance factor. The presented results indicate that the
resistance factor does not vary much for the different pile lengths. The selected values
of resistance factors for the five methods shown here are the recommended resistance
factors in the LRFD AASHTO Specification for the different methods. The selected
values of ¢ are all relatively close to the average value of ¢ that was determined, the
exception being the ¢ factor selected for the B-method. According to Withiam et al.
(1998) the ¢ factor for the B-method chosen in the LRFD AASHTO Specification is
much lower than the average value based on the limited number of reported cases
where the method had been used in conjunction with performance testing, and the
engineering judgment of the code developers.

The following paragraphs describe in detail the different statistical parameters
that are being used in the calculation of the resistance factor when calibrating utilizing
the reliability theory. The coefficient of variation, bias factors, and the reliability index

and its correlation with the probability of failure are described.
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The coefﬁcient of variation, COV, is a dimensionless measure of the
variability of the data. The COV is defined as the standard deviation (o) divided by
the mean value (x):

coefficient of variation, COV = % (2.20)
Where, for a given set of data, X; = (X1, X2, ..., Xn) the mean (x) is defined by:

x= Z"—A", @2.21)

for which N is equal to the total number of data values and the standard deviation (o)

_ 2
c= \/;(%—_-;)i (2.22)

The COV expresses the magnitude of the variabﬂity as a percentage or fraction of the

is determined by:

mean value. There can be many different types of coefficients of variation including
those related to the dead load, live load and the piles resistance.
The bias factor, (A), is defined as the ratio of the measured resistance to the

predicted or nominal resistance. In equation form it is:

R
Bias factor, A = R"' (2.23)

n

Where: R, = Measured resistance; and
R, = Predicted (nominal) resistance.

Bias factors are used for live loads, dead loads and the resistance, as can be seen in

Equation 2.19.
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The term P, the reliability index, is also determined using different statistical
parameters and is defined as the number of standard deviations, g, between the mean
value, :s,; , and the origin (i.e., B = E/Cg). Using this definition the reliability index, B,

can be expressed as:

. ( 5] 1+COo7,’
o\ (i+cor,?)
B= (2.24)

1+COV,’
In 5
1+COV,,

For further detail on the derivation of this equation the reader is referred to the
National Highway Institute Reference Manual and Participant Workbook, NHI Course
No. 13068 by Withiam et al. (1998).

There is a correlatioh between the reliability index and the probability of

failure for the pile or structure, presented in the following two equations:

p, =460e**» 2<B<6 (2.25)
(%%,
p _ §
B = —4‘—3f— 107 <p, <107 (2.26)

(Rosenblueth and Esteva, 1972)

Table 2.6a presents the normal PDF approximation generated using the two
equations above. Table 2.6a can be used to: (i) determine the target reliability index
for a prescribed maximum probability of failure in a design, and (ii) determine the

probability of failure for a certain target reliability index. Rosenbleuth and Estava
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base this relationship used by Withiam, Barker et al. (1991) and others, on an
approximation. Unfortunately, although they say that the approximation pertains to log
normal distributions (because they use the mean of the logs and the standard deviation
of the logs to calculate), the approximation is not so good below [ of about 2.5. Table
2.6b prepared by Greg Baecher provides the comparison between the "exact" numbers
to the approximation and suggests significant errors, especially in our zone of interest
(B =2 to 3). The "exact" numbers will be used in the presented research.

c) Reliability-Based LRFD Using Failure Point

The First-Order Reliability Method (FORM) is conveniently used to assess the
reliability of a pile according to a specified limit state. FORM also provides a means
for calculating the partial safety factors ¢ and vy; for a specified target reliability level
Bo. The simplicity of the FORM approach stems from the fact that this method, beside
the requirement that the distribution types must be known, requires only first and
second moments of the distribution, namely, the mean values and standard deviations
of the respective random variables.

In design practice, there are usually two types of limit states: ultimate limit
states and serviceability limit state. Each can be represented by a performance function
of the form,

g(X) = g(Xy, X, ..., Xp) (2.27)
in which X is a vector of basic random variables (X;, X5, ..., X,) for strengths and loads.

The performance function g(X) is sometimes called the limit state function. It
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relates the random variables for the limit-state of interest. The limit state is defined
when g(X) =0, and therefore, failure occurs when g(X) < 0. The reliability index p is
defined as the shortest distance from the origin to the failure surface at the most
probable failure point (MPFP).

As indicated earlier, the basic approach to develop a reliability-based strength
standard is to determine the relative reliability of designs based on current practice.
Therefore, reliability assessments of existing designs are needed to estimate
representative values of the reliability index p. FORM is well suited to perform such a
reliability assessment.

The following are computational steps for determining B using FORM:

1. Assume a design point x; and obtain its corresponding point, x;" in a reduced

coordinate system using the normalizing transformation:

W X —Hy
xr= 2 The (2.28)

i
GX:‘

mean value of the basic random variable X;, and

Where:  py
o 4, = standard deviation of the 'basic random variable.

The mean values of the basic random variables can be used as initial guesses

for the design points, to be later solved for iteratively. The notation x" and x" is
used respectively for the design point in the regular coordinates and in the reduced

(normalized) coordinates.
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2. Evaluate the equivalent normal distributions for the non-normal basic random

“variables at the design point using the following equations:

pY =x" -0 (R, )b (229)

and
-1 *
sy =\ FX*(" ) (2.30)
fxx) -
where p} = mean of the equivalent normal distribution,c § = standard deviation

of the equivalent normal distribution, F (x") = original cumulative distribution
function (CDF) of X; evaluated at the design point, fx(x") = original probability
density function (PDF) of X; evaluated at the design point, ®() = CDF of the

standard normal distribution, and ¢(-) = PDF of the standard normal distribution.

3. Set x" =—a, B ,in whichthe are direction cosines. Compute the directional

N * . - . .
cosines (a; , i = 1,2, ..., n) using the equations:

(a—gJ

) ox, ),

o =——— fori=1,2,..,n (231
n (_ai)
| i=l axl' *

Where: %) (%5 (2.32)
ox, ), \ox; ),

4. Witha ,py,andoy now known, the following equation can be solved for B:
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el —az0 B ), —aso ¥ B)]=0 (233)

5. Using the P obtained from step 4, a new design point is obtained from:

x| =pl —ajo)p (2.34)

6. Repeat steps 1 to 5 until a convergence of B is achieved. This reliability index /is
the shortest distance to the failure surface from the origin in the reduced
coordinates.

The first-order reliability method (FORM) can be used to estimate partial

safety factors such as those found in the design format. At the failure point

(R*,L;,..., L), the limit state is given by
g=R" -L —..—L,=0 (2.35)
or, in a general form
£(X) = 8051, ¥ ) =0 2.36)

For given target reliability index Po, probability distributions and statistics
(means and standard deviations) of the load effects, and the coefficient of variation of
strength, the mean value of the resistance, and the partial safety factors can be
determined by the iterative solution as previously presented. The mean value of the
resistance and the design» point can be used to compute the mean required partial

design safety factors as,
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6= 2.37)
Hr

y, =2 2:38)
My,

In developing design code provisions for piles, it is sometimes necessary to
follow the current design practice to insure consistent levels of reliability over various
pile types. Calibrations of existing design codes are needed to make the new design
formats as simple as possible and to put them in a form that is familiar to users or
designers. Moreover, the partial safety factors for the new codes provide consistent
levels of safety or reliability. For a given reliability index p and probability
characteristics for the resistance and load effects, the partial safety factors determined
by the FORM approach might be different for different failure modes for the same or
differing component. For this reason, calibration of the calculated partial safety
factors (PSF’s) is important in order to maintain the same values‘ for all loads at
different failure modes.

Normally, the calibration is performed on the strength factor ¢ for a given set
of load factors. The following algorithm can be used to accomplish this objective:

1. For a given value of the reliability index B, probability distributions and statistics
of the load variables, and the coefficient of variation for the strehgth, compute the
mean of the strength R using the first-order reliability method as outlined

previously.
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7. With the mean value for R computed in step 1, the partial safety factor ¢ can be

revised as follows:

Z'Y ity
o= = (2.39)
K

Where p, and pg are the mean values of the loads and strength variables,

respectively and y;, i =1, 2, ..., n, are the given set of load factors.

2.2.5 The Use of Limit States in LRFD

The design of driven pile foundations using LRFD requires evaluation of pile
suitability at various strength limit states and the service I limit state (Withiam et al., 1997).
The servige I limit state is défmed as the load combination relating to the normal
operational use of the bridge with a 56-mph (90 kfn/hr) wind. For driven piles supporting
bridges, two different strength limit states can be used depending on the type of loading
that is applied to the pile(s). If the loading is designed for vehicles without wind then the
strength I limit state is used and if the loading is a permit vehicle loading then the strength
II limit state is used. Table 2.7 shows the design.considerations that must be taken into
account for piles that are designed at the different limit states. There are many different
types of ultimate and serviceability limit states that are used in pile design with the LRFD

method.
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2.3 THE AVAILABLE AND CHOSEN DYNAMIC METHODS
2.3.1 General

The materials presented in this section are based on the review of the dynamic
methods by Paikowsky et al., 1994 and Paikowsky, 1995. Dynamic analyses of piles
are methods that predict pile capacity based on behavior during driving. The
evaluation of static cabacity from pile driving .is based on the concept that the driving
operation induces fai.lure in the pile-soil system — in other words, a very fast load test
is carried out under each blow. There are basically two methods of estimating the
ultimate capacity of driven piles on the basis of dynamic dﬁving resistance: pile-
driving formulas (i.e., dynamic equations) and wave-equation analysis.
2.3.2 Dynamic Equations
a) The Basic Principle

The theoretical equations have been formulated around analyses that evaluate
the total resistancé of the pile, based on the work done by the pile during penetration.
Observations of the hammer’s ram stroke and the pile set are used in determining this
work done by the hammer and the pile. These theoretical equation formulations

assume elasto-plastic force-displacement relations (see figure 2.5). The total work is

)

computed as:
W =R, (S +—§—) (2.40)
Where: R, = Yield resistance
S = Pile set, denoting the permanent displacement (plastic

deformation) of the pile under each hammer blow
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O = Quake, denoting the elastic deformation of the pile-soil
system.

b) Engineering News Record Equation

The Engineering New Record (ENR) Equation was developed for timber piles
using a drop hammer with a factor of safety of approximately 6. Since the equation
was first introduced it has been modified for different types of hammers and piles. The
ENR equation is based on Wellington (1892). The following overview is also

presented in Bowles, 1996 as follows (length units of s and # must be the same):

(2.41)
Where: P, = Ultimate pile capacity (F)
e, = Hammer efficiency
W, = Weight of ram (for double-acting hammers include weight
of casing) (F)
h Height of fall of ram (L)
s = Amount of point penetration per blow (L)
C = A single factor which contains all the elastic compression,

C=25 mm or 1 inch for drop hammers and C=2.54 mm or
0.1 inch for all other hammers

When using the ENR equation with SI units the weight of the ram should be in
kN and the set and height of fall of the ram need to be expressed in millimeters. When
expressing the ultimate pile capacity in English units the weight of the ram can be in
tons, kips or pounds, but the set and height of fall of the ram need to be expressed in
inches.

c) ates Equation
The Gates equation is empirical in nature (using sound relations of energy and

resistance) based on 130 static load tests to failure. Details are not provided but it is
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reasonable to assume that the data set represents different pile and soil conditions.

Recommended F.S. = 3, (Gates, 1957). The equation is presented as ‘follows:

B=—}7-x\/173x(1—logs) (2.42)
Where: B = Safe load-carrying capacity of pile, in tons
E = Gross energy of pile-driving hammer, in ft-Ib, times 75
percent for drop hammers, and 85 percent for all other
hammers unless otherwise stated by manufacturer
s = Setper blow, in inches

d) FHWA modified Gates Equation

The FHWA version of the Gates equation was derived through corrections
suggested by Olsen and Flaate, 1967 (using a small database) and then further
simplified by Dick Cheney of the FHWA (DiMaggio, 2000). The FHWA modified

Gates equation is presented as follows:

R, =1.75x+/E x1og 10N —100 (2.43)
Where: R, = Ultimate capacity (tons)
E = Gross energy of pile hammer, ft-1b
0.75E for drop hammers :
0.85E for all other hammers
N = Number of blows per inch

2.3.3 The Wave Equation
a) Formulation and Principles

Issacs (1931) concluded that many pile-driving formulas were incorrectly
based on Newtonian mechanics for the pile/hammer impact and he became the first
person to suggest the use of an analysis based on the one-dimensional wave equation

instead. This proposed solution assumed that the toe of the pile was fixed and that no
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side resistance existed (Lowery et al., 1969). Fox (1932) proposed an exact solution to
Issacs formulation; however, without the aid of computers, many simplified
assumptions were necessary because of the éomplexity of his solution (Smith, 1960).
Stress-wave propagation in a pile during driving can be described by the
following one-dimensional wave equation (after Paikowsky and Whitman, 1990)

modified to include frictional resistance along the pile:

o’u S o%u
E, - f=p, 5 (2.44)
p axZ Ap 14 atZ |
Where: E, pp = Modulus of elasticity and unit density of the pile
‘ material

u(x,t) = Longitudinal displacement of infinitesimal segment

f = Frictional stress along the pile

Ap Sp = Pile area and circumference, respectively

The displacement (u) causes strains in each pile element that can be used to
calculate pile stresses as well as tﬁe resistance developed in the soil.  This
displacement can be determined with respect to time and location. The friction
stresses (f;) are generated by the movement of the pile. When the pile is subjected to
free-wave motion (f; = 0), the stress propagation equation becomes the familiar one-

dimensional wave equation:

DL (2.45)

Where: c= |-+ (2.46)

Wavespeed of the pile material
Modulus of elasticity of the pile
Density of the pile material

'qu
o

Pp
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Among the assumptions implicit in the development of the one-dimensional
wave equation are prismatic shape and homogeneity. Also, it is assumed that under
loading, plane parallel cross sections remain plane and parallel and that a uniform
distribution of stress exists across each plane. The assumption of uniaxial stress does
not include uniaxial strain and, therefore, lateral expansions and contractions
(Poisson's effect) arise from the axial stresses associated with lateral inertia (Graff,
1975). The additional friction term (after Paikowsky and Whitman, 1990) was
included under the assumption that the soil is stationary (having no inertia effects), and
the action of the friction forces does not violate any of the previous assumptions.

The so-called "wave equation methods" are based on a numerical solution of
the one-dimensional wave equation. The numerical solution utilizes mathematical
models for the pile and pile-soil system. When the one-dimensional wave equation
numerical solution is used for pre-driving analysis, the driving system is also modeled.

In 1960, Smith developed a numerical model to simulate the dynamic behavior
of the hammer-pile-soil system during driving. This model is represented by a series
of discrete masses and springs used for solving the one-dimensional wave equation
(see Figure 2.6). The soil resistance is modeled via a spring, slider, and dashpot, which
represent the static and dynamic soil resistances (see Figure 2.7). The elastoplastic
soil model is employed for the static soil resistance in Smith's solution. The distance
traveled by the pile toe during the elastic deformation of the soil is represented
by the soil quake (Smith, 1960). As the elastic limit of the soil is reached

(represented by the slider in sequence with the spring), plastic deformation takes
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place. The plastic deformation, or irreversible compression of the soil, is denoted by
the permanent set of the soil (see Figure 2.7).

According to this model, point A represents the ground resistance buildup to
the ultimate resistance, R,. Plastic failure occurs as the ground resistance has reached
its maximum and the adjacent pile segment displaces, plastically, to point B.
Unloading the soil at point B produces an elastic rebound, equal to the quake, to point
C. The permanent set is, therefore, equal to the distance OC, which, in turn, is equal to
distance AB (Smith, 1960). The static soil resistance-displacement relationship, as
presented by Smith (1960), is modeled by a spring (K;) and a slider, where W
represents the mass of the pile element.

The dynamic component of the soil's resistance is assumed to viscous (soiltype
related) and is, therefore, velocity-dependent. This dynamic resistance is modeled by a
dashpot (J) parallel to the spring (see Figure 2.7). The resisting soil force (R,ux)

developed under each hammer blow is a combination of the static and dynamic soil

resistances:
Rmax = Rs + Rd (247)
Where: R,.. = Total resistance
R, = Static resistance
R; = Dynamic resistance

The wave equation formulation is used in two general ways: pre-driving analysis and

post-driving analysis.
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b) Pre-Driving Analysis

The so-called "wave equation analysis" utilizes the one-dimensional wave
equation to predict dynamic pile behavior before construction and models the pile-soil
system and the driving system (i.e., the hammer, cushion, and capblock), as suggested
by Smith (1960). This computerized solution is used for the evaluation of the
penetration resistance (i.e., blow count) and the driving stresses in the modeled pile
under given conditions. The static capacity is then determined by relating the
computed static capacity-penetration resistance relationship for a certain energy rating
to observed dynamic resistances during driving. Such analyses enable engineers to
determine a suitable pile-site-equipment combination.
c) Post-Driving Analysis - CAPWAP/TEPWAP

Post-driving analyses utilize the measured force signal (calculated from strain
readings) and the measured velocity signal (integrated from acceleration readings)
obtained near the pile top during driving. These analyses model the pile-soil system
as shown in Figure 2.8 with the element denoted as number 3 representing the point of
measurement. The velocity signal is used as a boundary condition at that point while
varying the parameters describing the soil resistance in order to match the calculated
and measured force signals. These parameters include the side and tip quake, side
and tip damping, the pile shaft resistance, and the pile tip resistance. Additional
parameters may be used to describe soil resistance and rebound ratio for unloading
different from that of loading. The process is described in the form of a flow chart in

Figure 2.9. The subscripts msd. and cal. denote measured and calculated values,
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respectively. Iterations are performed by changing the soil-model variables for each
pile element in contact with the soil until the best match between the force signals is
obtained. The results of these analyses are assumed to represent the actual distribution
of the ultimate static capacity of the pile.

This procedure was first suggested by Goble; Likins, and Rausche (1970),
utilizing the computer program CAPWAP. Similar analyses were developed by others
(see Paikowsky, 1982 and Paikowsky and Whitman, 1989) utilizing the program code
TEPWAP.

2.3.4 The Case Method
a) General

The Case method (see Goble et al., 1970 and Rausche et al., 1975), is a simple
field procedure used by the PDA to estimate pile capacities. Analysis by the Case
method is based on the assumptions of a uniform elastic pile, ideal plastic soil
behavior, and a simpliﬁed wave propagation formulation. Employed are force and
velocity measurements taken at the pile top and a correlation between the soil at the
pile tip to a damping parameter.
b) The Case Method Equation

The Case method calculates the total soil resistance (R7TL) active during pile-

driving, using the following equation:

[F(T1)+ F(Tl S

¢ H +[V(T1)_V(T1+%)]XM—C (2.48)

RTL =
2L

2
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Where: F(Tl) = Measured force at the time T1

F(TI+2L/C) = Measured force at the time T1 plus 2L/C
w(Tl) = Measured velocity at the time T1

vWTI1 +2L/C) = Measured velocity at the time T1 plus 2L/C
L M = Length and mass of the pile, respectively

C = Speed of wave propagation in the pile

Different variations of the Case method have been developed taking 7/ as the
time of impact or modified to include a time delay constant allowing higher RTL

values to be obtained. The time 7/ is defined, in equation form, as:

T1=TP+5% (2.49)
Where: TP = Time of the impact peak
) = Time delay

The time delay is required in soils capable of large deformations before
achieving full resistance (see Figure 2.10). A time delay is also used in situations
where the hammer impact is uneven (PDA Manual, 1999).

The total resistance calculated is a combination of the static resistance ()
which is displacement-dependent, and the dynamic resistance (D) which is
velocitydependent. Therefore, the total resistance (Goble et al., 1975) is:

RTL=S+D (2.50)

Several factors that influence the pile-soil system must be considered when the
total predicted resistance is evaluated. These factors include the damping coefficient,
time-dependent soil strength changes, and refusal driving when the soil's resistance is

not fully mobilized under a single hammer blow.
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c) Case Damping Coefficient
The dynamic resistance (D) is considered to be viscous in nature, hence, a

function of the velocity at the pile toe (V},.) and a damping constant (J) where:
D=Jx%V,, (2.51)

By applying the wave propagation theory, the pile toe velocity can be calculated as a

function of the velocity at the pile top (Goble et al., 1975):
_ L
Vioe =2V -~ = RIL (2.52)

Where: = Pile length

Pile mass

Wave speed of the pile material
Total resistance

= Velocity at pile top

sxqgh
=
Il

Viop 1s taken as the pile top velocity at the time 7'/.

According to Goble et al. (1975), remolding effects cause the majority of the
damping resistance to be concentrated near the pile tip. Consequently, the damping
constant is determined according to the soil type at the pile tip. In most cases, the
damping constant (J) is proportional to the pile properties (EA/C) and, therefore, is

represented by a dimensionless coefficient (J,) using the following equation:

J=J, — (2.53)

The recommended values for J, are based on soil type. These recommended values can

be found in the PDA Manual.
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d) Case Method Variations

Variations of the Case method have evolved for adopting the analysis to
different driving situations and soil types. The variations are similar in that they all
begin with the initial total resistance prediction (R7L) of equation 2.48. Five distinct
methods are used to employ the predicted R7TL: Damping Factor Method (RSP), the
Maximum Resistance Method (RMX), the Minimum Resistance Method (RMN), the
Unloading Method (RSU), and the Automatic Method (RAU), PDA Manual (1999).

The Damping Factor Method (RSP) uses the standard Case method equation
for normal driving conditions. The method ustilizes damping constants empirically
derived from static load tests.

The Maximum Resistance Method (RMX) is useful for short rise time impacts
or large soil quakes where the full toe resistance is not activated by the time the stress
wave first reaches the pile toe. RMX is often helpful for displacement piles with large
end bearing. RX# can be used for J = 0.# (i.e., RX6 is RMX with J. = 0.6). With a
fixed 2L/C, time T1 is varied from T, to T, + 30 msec to search for the maximum
resistance RMX. This method is advantageous for large displacement piles with
substantial end bearing (PDA Manual, 1999).

The minimum capacity (RMN) is determined using the tip reflection time.
This method can be used with confidence if the blow count is less than 131 blows per
meter (PDA Manual, 1999).

For long piles with high frictional resistance, the measured velocity can

become negative before a reflection from the tip is observed at T2. Under such
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conditions, the upper portion of the pile experiences decreasing displacement or
rebounding. This results in an unloading of the upper soil layers resistance and the
computed capacities are under-predicted. The Unloading Method (RSU) compensates
for this by calculating the total friction in the upper unloading layers from the force
velocity difference.

The Automatic Method computes the capacity (RAU) for the first time where
the computed pile toe velocity (Vi) is zero. This method, originally proposed by
Goble et al. (1967), does not select a damping coefficient because damping must be
zero when V. is zero; therefore, the resistance at this time is completely static. This
method provides an exact solution for the end bearing for piles with no skin friction
and is recommended for use on piles with very little frictional resistance.

2.3.5 The Energy Approach

This review of the Energy Approach method was taken from Paikowsky and
Stenersen (2000). The Energy Approach uses basic energy relations in conjunction
with dynamic measurements to determine pile capacity; the concept was presented by
Paikowsky (1982) and was examined on a limited scale by Paikowsky and
Chernauskas (1992). Extensive studies of the Energy Approach method were carried
out by Paikowsky et al. (1994), and Paikowsky and LaBelle (1994). The underlying
concept of this approach is the energy balance between the total energy delivered to
the pile and the work done by the pile/soil system. The basic Energy Approach

equation is:
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R, = e (2.54)
" — Set
Set + ————————(D'““" et)
2
Where: R, = Maximum pile resistance
Emne: = Measured maximum energy delivered to the pile
Dpax = Measured maximum pile top displacement

Set = permanent displacement of the pile at the end of the analyzed
blow, or 1/measured blow count

For further details regarding the Energy Approach method see Paikowsky et al. (1994)
and Paikowsky (1995). |
2.4 REVIEW OF RECOMMENDED LRFD FACTORS FOR PILE DESIGN
2.4.1 Resistance Factors Recommended by AASHTO

Table 2.3 presents the recommended resistance factors (¢) AASHTO (1998),
related to the methods employed for determining the ultimate axial pile capacity,
described earlier. The resistance factors shown in Table 2.3 are for the ultimate
bearing resistance of single piles and are additionally multiplied by a factor A, as
specified in the table. This factor is accounting for the method that was used to
control the pile’s installation and to verify the pile’s capacity during or after driving.

2.4.2 Resistance Factors for Dynamic Load Testing using the Case Method

The majority of the piles installed by the Florida Department of Transportation
(FDOT) require dynamic load testing using Pile Driving Analyzer (PDA) monitoring.
The FDOT Standérd Specifications for Road and Bridge Construction Section A455
recommends that a factor of safety of 2.5 be used for all dynamic pile capacity
evaluations based on the PDA. The piles are generally monitored throughout the

entire driving but the static capacity is usually evaluated for the end of driving (EOD)
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and beginning of restrike (BOR) cases only. McVay et al. (1998) stated that the pile
bearing capacity for the EOD case is generally underestimated when compared with
the static load test results due to the freezing (set-up) effect with time. This will result
in a low probability of failure for the Case method EOD case. The Case method BOR
analysis usually gives a prediction that is closer to the static load test results because at
the time of the restrike sufficient time has passed to allow for set-up (freezing effects)
to occur. Therefore, the Case method BOR analysis will generally result in a higher
probability of failure.

The dead and live load factors that are recommended in the AASHTO LRFD
Bridge Design Specification (1994) are 1.25 and 1.75, respectively. Barker et al.,
(1991) recommended the following values be used for the bias factors for dead and
live loads 1.05 and 1.15, respectively and for the coefficients of variation for dead and
live loads 0.1 and 0.18, respectively. Resistance factors based on the Case method
using the maximum resistance method predictions were predominantly for piles driven
in Florida and were analyzed and reported by McVay et al. (1998). The pile-cases that
were provided by McVay are related to different damping factors. The influence of this
damping factor on the predicted static capacity depends on the reflected wave from the
pile's tip, and hence on the driving resistance. It needs to be noted that because of
the different damping factors that were used the presented data is not entirely
reliable. Table 2.8 shows the back-calculated reliability index for a WSD factor of
safety of 2.5 and the statistical parameters defined above. The reliability indices for the

Case method EOD and BOR cases ranged from 3.04 to 3.14 and from
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2.40 to 2.50, respectively, for dead to live load ratios from 1 to 9. The reliability
analysis showed that the medians of the reliability index for the Case method EOD and
BOR cases are 3.09 and 2.45, respectively. These values relate to a probability of
failure of approximately 7.8 x 10 and 1.2 x 1072, respectively.

Table 2.9 shows the resistance factors that were calculated for both the Case
method EOD and BOR cases for target reliability indices of 2.0, 2.5, 3.0 and dead to
live load ratios from 1 to 9. Using the target reliability index of 2.5 as an example, the
resistance factors ranged from 0.70 to 0.63 for the Case method EOD analysis and
from 0.55 to 0.50 for the Case method BOR analysis. From Table 2.4 it can be seen
that for a factor of safety of 2.5 and calibrating directly with the WSD the resistance
factors ranged from 0.60 to 0.52 for dead to live load ratios from 1 to 9. As a general
rule, the dead to live load ratios are in the order of 2 to 4 for the majority of highway
bridges. Based on the results of the calibration by reliability analysis and ASD fitting
in conjunction with the engineering judgements, a resistance factor of 0.65 is selected
for using the Case method EOD condition of dynamic load test to estimate the axial
compression capacity of driven pile, and 0.55 for the Case method BOR condition
(McVay et al., 1998).

Table 2.8 shows the bias factor for the BOR case as 1.052, which indicates
that for the average BOR condition an accurate prediction of the pile capacity is
provided. The bias factor for the EOD condition was calculated as 1.552, which
indicates that the Case method EOD analysis underestimates the pile capacity. A
higher resistance factor was calculated for the EOD condition as compared with the

BOR condition,
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0.65 and 0.55, respectively. A higher risk is posed when using the Case method BOR
condition than when using the Case method EOD condition because of the high
uncertainty of the pile freeze effect. As a result, the recommendation by McVay et al.,
1998 is that for the general procedure of piling control, the Case method EOD
condition be used with a resistance factor of 0.65. The Case method BOR condition
can be used with a resistance factor of 0.55 in special cases where the pile freeze effect
is well documented.
2.43 International LRFD Codes
a) Australian Standard, Piling-Design and Installation

A review of the "Australian Standard, Piling-Design and Installation" (1995) is
provided by Goble (1999). Table 2.10 presents the resistance factors recommended in
the Australian Standard and Table 2.11 is used to determine the final value of the
resistance factor to be used from the recommended range of resistance factors given in
Table 2.10. In traditional structural design specifications, a nominal value is given and
the value used is based primarily on engineering judgement and cannot exceed the
nominal value. The Australian Standard is therefore a unique code providing a guide
for assessing which resistance factor to use for piles. It is noted that no
recommendations are given in regard to the dynamic measurements for the use of EOD
or BOR and the method by which the resistance factors were generated is not provided

in the code.
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b) 1992 AUSTROADS Bridge Design Code

Table 2.12 presents the resistance factors specified by AUSTROADS (1992)
for different methods used to determine the axial pile capacity. The range of
resistance factors in Table 2.12 is quite large and the resistance factor that is provided
for the static load test is larger than those provided by other modern codes. No
explanation as to how the resistance factors were obtained is given in the specification.
Goble (1999) states that the resistance factors were probably calibrated via the WSD
method.
(] Eurocode 7, Geotechnical Design

Given in this section is the method that is used to determine the ultimate axial
geotechnical resistance using Eurocode 7 (1993) and its partial factors (y). Eurocode 7
uses the LRFD method of design with one major difference, the factors used for the
resistance are greater than unity and the resistances are divided by the Eurocode partial
factors. Eurocode 7 also uses different symbols to describe the different terms in the

resistance equations. “The design bearing resistance, Req, of a pile shall be found from:

R,=R, +R, (2.55)
Rbk
Where: R, =— (2.56)
Y
R, =R 2.57)
¥s
In which: R, =q,.4,,and (2.58)
Ry =D dud, (2.59)
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Where the following symbols are used:

Ry and Ry, the characteristic values of the base and shaft resistances

Ay the nominal plan area of the base of the pile

Ay the nominal surface area of the pile in soil layer I

Jok the characteristic value of the resistance per unit are of the
base

Jsik the characteristic value of the resistance per unit area of the

shaft in layer i (Eurocode, 1993)
Table 2.13 provides the equivalent load and resistance factors for Eurocode 7
in comparison with the factors provided by the Canadian Geotechnical Society and

AASHTO.

Table 2.14 presents the partial factors for Eurocode 7 that are to be used in
Equation 2.55. The partial factors that are to be used are constant and independent of
soil types or soil tests that are performed on the piles to check their ultimate capacity.

The comparison between the recommended resistance factors of Eurocode 7,
the Canadian Geotechnical Society and AASHTO, (presented in Table 2.13) suggest
that the load factors recommended by AASHTO, are more conservative than those of
the Canadian Geotechnical Society and Eurocode 7. "It is observed that the AASHTO
resistance (¢) factors tend to be higher than those for the other codes because they have
been calibrated to generally higher load factors (O'Neill, 1995)". Fellenius (1994)
reports that foundation engineers espousing LRFD have generally accepted the load
factors for the superstructure and have focused on establishing resistance factors.
Neither Eurocode 7 nor the Canadian Geotechnical Society provide resistance factors

for bored piles. Eurocode 7 does not differentiate between resistances that ares
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determined using load tests or SPT tests and do not use a different resistance factor for
compression and tension load tests.
d) Danish Code of Practice for Foundation Engineers

The Danish Code (see Goble, 1999) is similar to Eurocode 7, where partial
factors are used instead of resistance factors. For easy comparison with the AASHTO
parameters Table 2.15 presents the inverse of the partial coefficients from the Danish
Code. In the code the use of static analysis based on soil properties as well as the use
of static load tests to determine the axial pile capacity are discussed. Also discussed in
the Danish Code is the Danish Formula for dynamic analysis.

The resistance factors (inverse of the partial coefficients) shown in Table 2.15
were calibrated to provide the same level of safety existing in the current practice and
do not rely on actual data and its analysis.

e Ontario Bridge Code

Table 2.16 presents resistance factors for deep foundations recommended by
the Ontario Highway Bridge Code. No differentiation exists between the various static
analysis methods and the provided resistance factors seem to be very small compared
to those recommended by other codes. No information is given as to the way in which
the resistance factors were obtained.

/) Canadian Bridge Code

The Canadian Bridge Code is brief in its design requirements for deep

foundations. The three categories that are dealt with for the soil limit state in the

Canadian Bridge Code are routine static load testing, dynamic testing and the
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geotechnical formula (static analysis). For routine static load tests a resistance factor of
0.5 is to be used while for high-level static load tests a resistance factor of 0.6 is
recommended. The two types are defined but only qualitatively. For dynamic load
testing a resistance factor of 0.4 is recommended for routine testing and when the
analysis is based on parameters obtained from dynamic field measurements a
resistance factor of 0.5 is recommended.

In the Canadian Bridge Code the static analysis is defined as the geotechnical
formula, the particular formula that is used is not given but whatever formula a
designer chooses to use must be approved. When soil properties are used to determine
the axial pile capacity such as the cohesion or the friction angle the resistance factors
used are 0.5 and 0.8, respectively. The resistance factors presented in Table 2.17,
based on pile type, are then multiplied by the pile capacity that was obtained using the
soil properties modified by the resistance factors for the particular soil property. The
code states that the calculated capacity shall not be greater than EAp/C or the structural
nominal resistance, where E is the modulus of elasticity of the pile and C is the
velocity of the stress wave propagation. The other two terms, p and A, are not defined
in the code but represent the density of the pile's material and it's average cross-
sectional area, respectively. The basis for determining the resistance factors was not
provided in the code.

2 Japanese Specifications for Highway Bridges
The Japanese Design Standards are in the process of being revised to a more

generically performance based design, such as LRFD, in conformity to other
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international design standards. The presented limited review is based on a report
entitled "Foundation Design Standards in the World - Toward Performance-Based
Design" written by Kusakabe, 1998. The current specifications for highway bridges are
based on two design concepts, the allowable stress design method and the ductility
method. Three limit states are considered for the allowable stress design: (i) normal
conditions, (ii) at the time of a medium scaled earthquake and (iii) during the time of a
storm. At the time of a large scaled earthquake the ductility design method is used. The
acceptance criterion for a static load test is based on the "Standard for vertical loading
of test piles (JGS, 1811)" Japanese Geotechnical Society.
2.4.4 Evaluation of Recommended Resistance Factors

A detailed test pile case history was used to evaluate the AASHTO
recommended resistance factors. The relevant calculations and a summary of results
are presented in Table 2.18. The test pile is part of a research test program conducted
in Newbury, Massachusetts by the Geotechnical Engineering Research Laboratory at
the University of Massachusetts - Lowell. Detailed reports about the site and the piles
are provided by Paikowsky and Chen, (1998) and Paikowsky and Hajduk, (1999),
respectively. The ultimate capacity, Qyi, and the factored axial capacity, Qg, of the pile
were evaluated using the CPT, SPT, static load test results, the traditional methods
based on soil properties, and a computer program, Driven 1.0, which an a windows
based update to the program S-Pile.

The information presented in Table 2.18 suggests that the factored axial

capacity, Qg, for all methods is relatively equal with the exception of the results from
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Driven 1.0. Driven 1.0 uses the Nordlund method to determine the static pile capacity
and resulted in conservative values. A resistance factor of 0.55 was used for Driven 1.0
based on a recommendation by Withiam et al. (1998).

The designated pile capacities in Table 2.18 under the category "traditional
methods" refer to calculations using soil properties to evaluate the skin friction and end
bearing resistance of a pile. The designated ultimate loads under this category are an
average of the ultimate loads based on a combination of many different methods. The
subsurface profile for test pile # 2 consists of both sand and clay layers. For the clay
layers the designated skin resistance is the average of the one obtained using the o
and the A-methods. An average of the skin resistance found using four different
methods was used as the designated skin resistance for each sand layer (refer to
Appendix B for details). The methods that were used are the General Values after
Mansur and Hunter (1970), the API (1989) charts, the McClleland method
(McClleland et al., 1969), and Meyerhof's method using the SPT values (Meyerhof,
1956). The average skin resistance found for each of the layers was summed and
this value was used as the total side friction for the pile. To determine the tip resistance
the methods used were the General Values after Coyle and Castello (Coyle and
Castello, 1981), the API (1989) charts, Meyerhof's method using the SPT values
(Meyerhof, 1956), the Vesic-Simplified method (Vesic, 1965), the Vesic-Advanced
method (Vesic, 1977), the Berezantzev method (Berezantzev et al., 1961), and the
simplified SPT method (Meyerhof, 1976). The values determined by each of these

methods were summed and an average was taken and this average value was used as
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the tip resistance for the traditional methods. AASHTO (1997) recommends resistance
factors for some of these different methods individually, but not for the case when they
are combined and averaged, such as was done here. Due to the large variability of the
subsurface and for illustration purposes a resistance factor of 0.35 was used. This
resistance factor is translated to a factor of safety of approximately three in the
Working Stress Design method.

The proposed resistance factors from AASHTO (1997) provide parity between
the factored axial pile capacities when the ultimate capacity is calculated using the
SPT method, CPT method, and the load test data. The problem arises when the
ultimate pile capacity is calculated using the computer programs (Nordlund method),
because the proposed resistance factor does not give a factored axial pile capacity that
is comparable with that calculated using the other methods. Many more case histories
will have to be reviewed before any conclusions can be made whether the resistance
factors provided by AASHTO and the FHWA are acceptable for practice today.

2.4.5 Evaluation of Calculated Resistance Factors

Contained in this section are the resistance factors that were calculated by
calibrating to the ultimate load that was determined from the static load test results,
assuming that the resistance factor for a static load test is 1.00. The calculations were

done using the following equations.

Or= Ok (2.60)

If the resistance factor for end bearing and skin friction are equal then:

Or = Quih (2.61)
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Quuab 4= Ousds (2.62)

Where: Quia = Ultimate Load calculated from static load test results
Qui = Ultimate Load for the method that is being analyzed
da = Resistance Factor for the static load test = 1.0 (assumed)
ds = Resistance Factor to be calculated for the method that is being

analyzed

Rearranging Equation 2.62 to solve for ¢p, Equation 2.63 is obtained:

=L 2.63
v Ous - | @69

Equation 2.60 is a fundamental equation that can be written for the LRFD method of
driven pile design. The equation basically states that in the theoretical aspect of LRFD the
factored axial capacity calculated using the different methods should be equal. Equation
2.62 is obtained by making the assumption that the resistance factors for both the end
bearing and skin ﬁicﬁon resistances are equal for the different methods being analyzed.
Looking at Table 2.3 it can be seen that this is not an entirely incorrect assumption
according to the resistance factors as recommended by AASHTO. Equation 2.63 is
obtained by rearranging Equation 2.62 to solve for the resistance factor for the method that
is being analyzed. |

Table 2.19 shows the resistance factors that were calculated for the SPT method,
the CPT method, the Nordlund method (Driven 1.0), and the traditional methods using
Equation 2.63. Four different test piles were analyzed to calculate an average resistance
factor for each of the four different methods shown in the table. These test piles case
histories come from two different project sites, the Newbury Site Project in Newbury,

Massachusetts and the West Bay Project in Bay County, Florida. These are two projects in
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which the soils data and load test data were well documented, enabling for detailed
calculations as presented in Appendix B. The calculations that were done to obtain the
resistance factors shown in Table 2.19 are presented in Appendix C.

Table 2.19 shows that for the CPT method there is no consistency between the
resistance factors calculated for the different test piles. The resistance factors that were
calculated for the SPT method are approximately the same for the two test piles of
each site. The problem is that there is a substantial difference between the resistance
factors for the test piles of the Newbury Project and the resistance factors for the test
piles of the West Bay Project. For both the Nordlund method and the traditional
methods the resistance factors that were calculated for the different test piles are
approximately the same.

Again referring to Table 2.19 it can be seen that the calculated resistance
factor for the CPT method, for test pile # 9 at the West Bay Project is incorrect because
it is greater than one (1.38). This is saying that the engineer has so much confidence in
the CPT method that instead of reducing the calculated ultimate load it is increased.
The resistance factors that are used for the Load and Resistance Factor Design method
are all less than one, which states that an ultimate load can never be increased to obtain
a factored load. A major problem arises when a resistance factor is greater than one
because it essentially shows that a factor of safety that is less than one can be used in
the Working Stress Design method.

A direct comparison between the recommended resistance factors and the average
calculated resistance factors as well as the average calculated resistance factors multiplied

by the AASHTO recommended resistance factor for a static load test of 0.80 are presented
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in Table 2.20. This table shows that the average calculated resistance factors were
higher (except for the Nordlund method) when compared with the recommended
resistance factors. This is reasonable, as by and large the recommended resistance
factors need to provide safe design capacities. The fact that the calculated resistance
factor for the Nordlund method is lower than the recommended suggests that using the
AASHTO specification would result in less than anticipated safe design.

Based on the presented case history calculations and keeping in mind that the
resistance factor for the traditional methods is just an assumed resistance factor that
provides a factor of safety of approximately three, the statement can be made that there
needs to be some research done which looks into the basis for the AASHTO
recommended resistance factors. The AASHTO recommended resistance factors need
to be founded on large high quality databases.

2.5 DIFFICULTIES OF THE EXISTING LRFD CODES
2.5.1 Overview

All existing codes suffer from two major difficulties. One is the application of
LRFD to geotechnical problems due to uncertainties in resistance principally
manifested in site characterization, soil behavior, and construction quality. The other
problem is lack of data. None of the reviewed codes and associated resistance factors
were developed based on databases enabling the calculation of resistance factors from
case histories.

The current AASHTO specifications encounter additional difficulty due to the

irrational multiplication of the resistance factor by the modifier A, This procedure
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requires the interaction of two independent evaluations (e.g. static analysis and
dynamic methods) and results in unnecessary and confusing conservatism. A clear
separation of the resistance factors on the basis of design and construction is required.
2.5.2 Construction Difficulties

a) General

In geotechnical practice, uncertainties in resistance principally manifest in site
characterization, soil behavior, and construction quality. The uncertainties have to do
with interpreting site conditions, understanding soil behavior, and accounting for
construction effects. Uncertainties in external loads are small compared with
uncertainties in soil and water loads and the strength-deformation behaviors of soils.
The approach for selecting load and resistance factors developed in structural practice,
though a useful starting point for geotechnical applications, is not sufficient. Work is
needed to incorporate in the LRFD formulation factors that are unique to geotechnical
design.

Philosophically, the selection of load and resistance factors need not be made
probabilistically, although in current structural practice a reliability-theory-based
calibration is commonly used. This approach focuses more on load uncertainties than
resistance uncertainties, and does not include many subjective factors unique to
geotechnical practice. An expanded approach is needed if the full benefits of LRFD are
to be achieved for foundation design.

The initial LRFD specification for driven piles uses uncertainties associated

with pile capacity equations in calibrating resistance factors. In practice, engineers
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use more than just the equations in designing piles. Load test results provide additional
information, and quality assurance procedures are implemented on the construction
process. These other factors intend to reduce uncertainty, and thus by not including
them the LRFD design is more conservative than needed. The 1997 specification
attempts to address this issue by introducing a parameter A to be multiplied by the
resistance factor, ¢. These A factors are typically less than 1.0. Unfortunately, this adds
a further level of conservatism, rather than giving credit to the additional information
provided by load tests and construction controls.

The current specifications in the dynamic evaluation of pile capacity area are
completely disassociated from (a) common design and construction procedures and (b)
the understanding and utilization of the instruments and methods of analyses employed
for dynamic evaluations. The specified numbers can neither be used to write
specifications (i.e. contract documents) nor can they be used by a practicing engineer
as a design guideline. Such critical statements call for (a) a detailed review of these
specifications and (b) suggested revisions. This chapter has provided the review and
suggested revisions are given in this manuscript.

b) Observations

The following observations are made regarding the review of the current
specifications:

(a) The provided information seems not to be founded on actual data (database)

assuming unavailability at the time of the original code development.
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b)

(©)

(d)

The specifications provided for the dynamic evaluation of driven piles are by
and large unrelated to the actual design / QA process used in practice (see for
example Figure 2.11). The methods referred to are by no means absolute (or
just do not exist). For example: the performance of a wave equation analysis in
the design stage requires the modeling of the pile, soil and the driving system.
The obtained results can be varied markedly based on the input parameters and
hence cannot be referred to as 'a' specific method without a guideline.
Moreover, the reference to the pile driving analyzer (PDA) is not clear. This is
an instrument that acquires data. These data can be analyzed in different ways.
One method employed by the PDA most commonly used in the USA
(manufactured by Pile Dynamics Inc. of Cleveland, Ohio) in analyzing the
data is the Case Method (Goble et al., 1970, Rausche et al., 1975, and PDA,
1999). This method has many (at least five!) variations and is often highly
dependent (related to the driving conditions) on a 'Case damping' parameter
that is assumed to be associated with soil conditions, (Paikowsky, 1982,
Paikowsky et al. 1994, Paikowsky and LaBelle, 1994, Paikowsky 1995,
Paikowsky and Chernauskas, 1996).

The specifications seem to be concerned mostly with the structural integrity
aspect of the driven piles. While being one important aspect of the
construction process, the specifications provide only a qualitative unclear
guideline for monitoring pile driving, (e.g. severe driving, good driving).

The methodology lumps together multiple sources of uncertainties. The

oversimplification in the geotechnical approach results in a crude procedure of
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questionable calibration ability. This is true for all parameter sources;
superstructure loading, soil conditions, design procedure and field-testing.

(e) A limited use of databases in conjunction with the aforementioned crude
procedure results in recommended parameters that by and large mimic or
parallel the WSD. As such, the LRFD approach looses its effectiveness and
becomes a burden to the practicing engineer.

2.5.3 Deficiency in Current Geotechnical Reliability Practice for LRFD
While the use of LRFD for the design of structures enjoyed a deep evolvement

of professionals in the probability area (Ellingwood et al. 1980; Ravindra and

Galambos 1978), geotechnical applications of reliability in the US lag behind their

counterparts in structural engineering (Meyerhof 1994). Earlier work performed in

Europe as the preparation for Eurocode 7 (Baecher 1982; Standardization 1993) has

been slow to make its way into American practice, and the "design point" approach to

calibrating partial factors based on advanced second-moment methodology (the basis
for most load factors in current LRFD codes) has yet to replace the mathematically
inconsistent first-order second-moment approach in geotechnical applications. The
current project presents unique opportunities to bring geotechnical implementations of

LRFD into align with more advanced structural implementations.

The current literature on LRFD for deep foundations is inconsistent on the
definition of reliability index as used in calibrating resistance factors, either against

ASD or statistical data. FHWA publications (Barker et al. 1991; Withiam et al. 1997)

define reliability index, B, on the logarithms of load and resistance; in other places in
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the literature B is defined on arithmetic values (O'Neill 1995). These two definitions
give different answers. A reliability index calculated on arithmetic values of
logNormally distributed parameters is not consistently related to probability of failure,
ps, and the same is true of converse is true with B calculated on the logarithms of
Normally distributed parameters. In fact, geotechnical design methods for pile
resistance confound multiplicative and additive sources of uncertainty. This is
especially obvious in static formulas that add tip and shaft resistance, while
multiplying uncertainties having to do with soil conditions and construction effects.
While current procedures incorporate extensive knowledge of geomechanics, they do
not incorporate the state-of-practice in reliability analysis of data.
2.5.4 Calibrations Based on State-of-Practice Reliability Methodology

It is important that the calibrations of resistance factors for piles and shafts
make use of modern methodology consistent with procedures used to calibrate load
factors. If it is not based on the current approach, the calibrated resistance factors,
which result run the risk of being inconsistent with corresponding load factors for
bridge superstructures. Also of being internally inconsistent with respect to the
statistical assumptions of distributional form, uncertainty structure, and correlation
among variables on which they are based (Nowak 1999).
In the proposed work, calibrations will be performed in two, redundant ways and
compared to obtain appropriate resistance factors:
(D) Using the first-order second-moment, one-dimensional formulation discussed

in current FHWA publications (Withiam et al. 1997).
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2) Using "design-point" methodology of current reliability theory, incorporating
both resistances and loads (see for example Ayyub and McCuen 1997, and
Melchers 1987). By comparing and contrasting results obtained, the objective
will be to take advantage of the more modern and mathematically consistent
approach of advanced second-moment reliability, while at the same time
attempting to ensure continuity with past practice. This redundant approach
also contributes to quality assurance in the analysis.

The first-order second-moment approach reflected in current geotechnical
documents combines the many sources of uncertainty that contribute to error in
resistance predictions into a single variable, and then calculates a coefficient of
variation for that single dimension. This approach is straightforward, and produces
accurate results when the probabilistic models are sufficiently well known and simple
that approximations are not required. This is, however, not the case in most predictions
of pile and shaft resistance. In these cases the calculation is usually an approximation,
the first order approach implicitly takes that approximation at the joint means of the
uncertain qualities. This introduces well-known inaccuracies in which, for example,
mechanically equivalent definitions of failure may yield different reliability indices
based on the same parameter uncertainties.

Current practice in reliability theory is to represent each limiting state as a
surface in the space of uncertain parameters, and to center approximations at the point
(R*,Q*) along the limiting state surface which has the highest probability with respect

the uncertain parameters. This point is called the "design point," and is solved for
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iteratively (Ayyub and McCuen 1997, Madsen et al. 1985; Melchers 1987; Thoft-
Christensen and Baker 1982). Using this approach, the reliability index B can be
defined geometrically as the vector distance between the design point in the joint
means (mR,mQ) of the uncertain parameters [Hasofer, 1974 #19]. The partial factors
on loads and resistances can be found the ratio of the coordinate of the design point on
each parameter access divided by the respective mean of the parameter (i.e., $=R*/mg;
v=Q*/mq, and so forth for resistance and load components).

The design-point methodology provides greater internal consistency among
the load resistance factors calculated, better consistency with load factors (which is a
not uncommon concern at the state level), and an efficient way for dealing with
correlations among parameters. Uncertainties in geotechnical parameters typically
exhibit substantial correlations with one another, and significant errors can be made if
these are ignored, as they usually have been in past practice using the first-order
second-moment approach. An important additional benefit of design-point
methodology is that it allows partial factors to be calculated on the individual
components of geotechnical uncertainty, providing greater insight on how the
uncertainties combine (Cf., (Taylor 1948) on the appropriateness of separate factors of
safety for cohesion and friction angle). One example of this is the relative
contributions of uncertainty in tip resistance and skin friction in static formula
calculations.

Most LRFD calibration work for resistance factor ¢ addresses total pile

resistance, ignoring the possibly differing uncertainties attending the components of
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resistance (e.g., end bearing vs. side friction). The reasons are understandable. Only a
small fraction of pile load tests have sufficient instrumentation to discriminate among
resistance components, and more advanced data analysis procedures than those based
on equation 2.63 are required to evaluate the data.

A sufficient number of test results exist in the database to analyze partial
resistance factors for static design formulas. An analysis of these data will be made
using advanced second-moment reliability to separate out partial factors on end
bearing and side friction. The separately calibrated partial factors will be compared to

total resistance factors calibrated using the first-order second-moment equation.
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Table 2.1. Factor of Safety on Ultimate Axial Geotechnical Capacity
Based on Level of Construction Control (AASHTO, 1997).

Basis for Design and Type of
Construction Control

Increasing Design/Construction Control

Subsurface Exploration X X X X X
Static Calculation X X X X X
Dynamic Formula X

Wave Equation X X X X
CAPWAP Analysis X X
Static Load Test X X
Factor of Safety (FS) 3.50 2.75 225 | 2.00" 1.90

™ For any combination of construction control that includes a static load test, FS = 2.0.

Table 2.2. Allowable Stresses in Piles (AASHTO, 1997).

Pile Type

Maximum Allowable Stress, 6, (kPa)

Steel
e Driving Damage Likely
e Driving Damage Unlikely

0.25 F,
033 F,

Concrete-Filled Steel Pipe

0.25 F, +0.40 £,V

Prestressed Concrete

0.33f,-0.27 f,.*)

Round Timber
Douglas-Fir - Coast
Douglas-Fir - Interior
Lodgepole Pine

Red Oak

Southern Pine
Western Hemlock

8.3
7.6
5.5
7.6
83
6.9

Applied over cross-sectional area of steel pipe and cross-sectional area of concrete;
Applied over gross cross-sectional area of concrete; F, = Yield strength of steel (kPa); f.' = Concrete

compressive strength (kPa); and f,. = Concrete compressive strength due to prestressing (kPa).
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Table 2.3. Resistance Factors for Geotechnical Strength Limit State for
Axially Loaded Piles (AASHTO, 1998).

Method/Soil/Condition Resistance
Factor, ¢
Skin Friction: Clay
a-method 0.70A,
-method 0.502,
A-method 0.55\,
End Bearing: Clay and Rock
Ultimate Bearing E(i)ac)l,( ggg}”"
Resistance of Single — S0hy
Piles Skin Friction and End Bearing: Sand
SPT-method 0.45\,
CPT-method 0.55A,
Wave equation analysis with assumed driving
resistance 0.65\,
Load Test 0.80%,
Block Failure Clay 0.65
a-method 0.60
B-method 0.40
Uplift Resistance of | A-method 0.45
Single Piles SPT-method A 0.35
CPT-method 0.45
Load Test 0.80
Group Uplift Sand 0.55
Resistance Clay 0.55
Method of controlling installation of piles and verifying their capacity during | Value of A,
or after driving to be specified in the contract documents
Pile Driving Formulas, e.g., ENR, equation without stress wave 0.80
measurements during driving
Bearing graph from wave equation analysis without stress wave 0.85
measurements during driving
Stress wave measurements on 2% to 5% of piles, capacity verified by 0.90
simplified methods, e.g., the pile driving analyzer
Stress wave measurements on 2% to 5% of piles, capacity verified by 1.00
simplified methods, e.g., the pile driving analyzer, and static load test to
verify capacity
Stress wave measurements on 2% to 5% of piles, capacity verified by
simplified methods, e.g., the pile driving analyzer, and CAPWAP analyses to 1.00
verify capacity
Stress wave measurements on 10% to 70% of piles, capacity verified by 1.00
simplified methods, e.g., the pile driving analyzer
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Table 2.4. Resistance Fsactors Calibrated by Fitting with WSD for

vp = 1.25 and y. = 1.75 (After McVay et al., 1998).

e Resistance Factor, ¢
FS=1.5 | FS=2.0 | FS=2.5 | FS=3.0 | FS=3.5 | FS=4.0
1 1.00 0.75 0.60 0.50 0.43 0.38
2 0.94 0.71 0.57 0.47 0.40 0.35
3 0.92 0.69 0.55 0.46 0.39 0.34
4 0.90 0.68 0.54 0.45 0.39 0.34
5 0.89 0.67 0.53 0.44 0.38 0.33
6 0.88 0.66 0.53 0.44 0.38 0.33
7 0.88 0.66 0.53 0.44 0.38 0.33
8 0.87 0.65 0.52 0.44 0.37 0.33
9 0.87 0.65 0.52 0.43 0.37 0.33
Median 0.94 0.70 0.56 0.47 0.39 0.34
Recommended 0.90 0.65 0.55 0.45 0.35 0.30

Table 2.5. Resistance Factor for Driven Piles for Estimating the Axial Geotechnical Pile
Capacity Using Reliability-Based Calibration (modified after Barker, et al., 1991).

Pile ¢ Values by Method of Axial Pile Capacity Estimation
Length Br a by

(m) Typel | Type Il P Typel | Type Il CPT SPT
10 2.0 0.78 0.92 0.79 0.53 0.65 0.59 0.48
30 2.0 0.84 0.96 0.79 0.55 0.71 0.62 0.51
10 2.5 0.65 0.69 0.68 0.41 0.56 0.48 0.36
30 2.5 0.71 0.73 0.68 0.44 0.62 0.51 0.38
Average ¢ 0.78 0.74 0.56 0.55 0.43
Selected ¢ 0.70 0.50 0.55 0.55 0.45

Type I refers to soils with Su < 50 kPa; Type II refers to soils with Su > 50 kPa
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Table 2.6a. Relationship Between Probability of Failure and Reliability Index for
Lognormal Distribution (After Withiam et al., 1997).

Reliability Probability of Probability of Reliability
Index, B Failure, p¢ Failure, p¢ Index, B
25 0.99x:107 1x;10™ 1.96
3.0 1.15%;107 1x;107 2.50
3.5 1.34x;10™ 1x;107 3.03
4.0 1.56x;107 1x;10™ 3.57
4.5 1.82x;10° 1x;107 4.10
5.0 2.12x;107 1x;10° 4.64
55 2.46x;10° 1x;107 5.17

Table 2.6b. Comparison Between Rosenbleuth and Estava's Approximation
and Series Expansion (Labeled "exact").

Rosenbleuth and
§ Estavas' pr "exact" pe Percent Error
2.0 8.4689E-2 2.2750E-2 272.3%
2.5 9.8649E-3 6.2097E-3 58.9%
3.0 1.1491E-3 1.3500E-3 -14.9%
3.5 1.3385E-4 2.3267E-4 -42.5%
4.0 1.5592E-5 3.1686E-5 -50.8%
4.5 1.8162E-6 3.4008E-6 -46.6%
5.0 2.1156E-7 2.8711E-7 -26.3%
5.5 2.4643E-8 1.9036E-8 29.5%
6.0 2.8705E-9 9.9012E-10 189.9%
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Table 2.7. Strength and Service Limit States for Design of Driven Pile Foundations
(After Withiam et al., 1997).

. Strength Limit Service I Limit
Performance Limit State(s) State
Bearing Resistance of Single X
Pile/Group
Pile/Group Punching X
Settlement of Pile Group X
Tensile Resistance of Uplift-Loaded X
Piles
Lateral Displacement of Pile/Group X
Structural Capacity of X
Axially/Laterally-Loaded Piles
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Table 2.8. Reliability Index of Case Method Prediction (After McVay et al., 1998).

Qv/QL COVr o COVap o COVqr M ASD FS
EOD BOR EOD BOR EOD BOR
1 3.04 2.40 0.325 0.318 1.355 1.052 0.1 1.05 0.18 1.15 2.5
2 3.08 2.44 0.325 0.318 1355 1.052 0.1 1.05 0.18 1.15 2.5
3 3.10 2.46 0.325 0.318 1.355 1.052 0.1 1.05 0.18 1.15 2.5
4 3.11 2.47 0.325 0.318 1.355 1.052 0.1 1.05 0.18 1.15 2.5
5 3.12 2.48 0.325 0.318 1.355 1.052 0.1 1.05 0.18 1.15 2.5
6 3.13 2.49 0.325 0.318 1355 1.052 0.1 1.05 0.18 1.15 2.5
7 3.13 2.49 0.325 0.318 1.355 1.052 0.1 1.05 0.18 1.15 2.5
8 3.13 2.49 0.325 0.318 1.355 1.052 0.1 1.05 0.18 1.15 2.5
9 3.14 2.50 0.325 0.318 1.355 1.052 0.1 1.05 0.18 1.15 2.5
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Table 2.9. Resistance Factor for Case Method Prediction (After McVay et al., 1998).

O/QL Resistance Factor, ¢
EOD BOR

p=2.0 p=2.5 B=3.0 =2.0 p=2.5 B=3.0
1 0.85 0.70 0.58 0.66 0.55 0.46
2 0.81 0.67 0.56 0.64 0.53 0.44
3 0.79 0.66 0.54 0.62 0.52 0.43
4 0.78 0.65 0.54 0.61 0.51 0.42
5 0.77 0.64 0.53 0.61 0.51 0.42
6 0.77 0.64 0.53 0.60 0.50 0.42
7 0.77 0.63 0.53 0.60 0.50 0.41
8 0.76 0.63 0.52 0.60 0.50 0.41
9 0.76 0.63 0.52 0.60 0.50 0.41
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Table 2.10. Range of Values for Resistance Factors for Piles
(Standard Association of Australia, 1995).

well established in-house formulae

Range of

Method of Assessment of Ultimate Geotechnical Strength Values of
Og

Static load testing to failure 0.70-0.90
Static proof (not to failure) load testing’ 0.70-0.90
Dynamic load testing to failure supported by signal matching® 0.65-0.85
Dynamic load testing to failure not supported by signal matching 0.50-0.70
Elzz;alﬁﬁg II,)erOf (not to failure) load testing supported by ségnal | 0.65-0.85
gzgzalﬁg; lproof (not to failure) load testing not supported by signal 0.50-0.70
Static analysis using CPT data 0.45-0.65
Static analysis using SPT data in cohesionless soils 0.40-0.55
Static aﬁalysis using laboratory data for cohesive soils 0.45-0.55
Dynamic analysis using wave equation method 0.45-0.55
Dynamic analysis using driving formulae for piles in rock 0.50-0.65
Dynamic analysis using driving formulae for piles in sand 0.45-0.55
Dynamic analysis using driving formulae for piles in clay Note 2
Measurement during installation of proprietary displacement piles, using 0.50-0.65

Notes:
1¢g should be applied to the maximum load applied.

’Signal matching of the recorded data obtained from dynamic load testing should be undertaken on

representative test piles using a full wave signal matching process.

3Caution should be exercised In the sole use of dynamic formulae (e.g., Hiley) for the determination of
the ultimate geotechnical strength of piles in clays. In particular, the dynamic measurements will not
measure the ‘set up’ which occurs after completion of driving. It is preferable that assessment be first
made by other methods, with correlation then made with dynamic methods on a site-specific basis if

these latter are to be used for site driving control.

For cases not covered in Table 10, values of ¢, should be chosen using the stated values as a guide.
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Table 2.11. Guide for Assessment of Resistance Factors for Piles
(Standard Association of Australia, 1995).

Circumstances in Which Lower End of
Range May be Appropriate

Circumstances in Which Upper End of
Range May be Appropriate

Limited site investigation

Comprehensive site investigation

Simple method of calculation

More sophisticated design method

Average geotechnical properties used

Geotechnical properties chosen
conservatively

Use of published correlations for design
parameters

Use of site-specific correlations for design
parameters

Limited construction control

Careful construction control

Less than 3 percent of piles dynamically
tested

15 percent or more piles dynamically
tested

Less than 1 percent of piles statically
tested

3 percent or more of piles statically
tested

Table 2.12. Material Resistance Factors for Piles
(AUSTROADS, 1992).

Routine proof load tested 0.8
Load tested to failure 0.9
Piles analyzed by dynamic formulae or wave equation methods based on 04 -0.5%
assumed driving system energy and soil parameters o
Piles subjected to closed-form dynamic solutions, e.g., Case method 0.5
Piles subjected to closed-form dynamic solutions correlated against static

load test or dynamic load tests using measured field parameters in a wave 0.6
equation analysis (e.g., CAPWAP)

Piles subjected to dynamic load tests using measured field parameters in a 0.8
wave equation (e.g., CAPWAP) :

* Note: A value of 0.4 should be used for cohesive soils and structures where permanent loads dominate.
In noncohesive soils and for structures where transient loads dominate, values up to 0.5 may be used.
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Table 2.13. Typical Load and Resistance Factors for Axially Loaded Piles in
Compression on Land for ULS (modified after Meyerhof, 1994).

Code Eurocode 7 Gg;‘;iﬁfi‘;al AASHTO
Factor (1993) Society (1992) (1994)
Dead Load 1.1 1.25 1.3
Live Load 1.5 1.5 2.17
Resistance (driven
pile with load 04-0.6 0.5-0.6 0.80
tests)
Resistance (driven
piles from SPT - 0.33-0.5 0.45
tests)
Resistance (bored
piles with load o o 0.80
tests)
Resmtance (bo.red . . 0.45 - 0.65
piles from static
analysis

Table 2.14. Partial Factors from Eurocode 7 and the Equivalent Resistance Factors
(After Eurocode 7, 1997).

Component factors Yo Vs
Driven piles 1.30 1.30
Bored piles 1.60 1.30
CFA (Continuos flight auger) piles 1.45 1.30
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Table 2.15. Piles and Anchors' (From the Danish Code).

Safety Class
Partial Coefficient
Normal High
Y1 Without test loading 0.50 0.45
Yoo With test loading 0.63 0.57
Y3 for piles and anchor actually
subjected to test loading 0.71 0.65

" The y-values are inverted here to more easily compare with United States practice.

Table 2.16. Resistance Factors for Deep Foundations
(From Ontario Bridge Code).

Axial Load Factor
Static analysis, compression 0.4
Static analysis, tension 0.3
Static test, compression 0.6
Static test, tension 04
Dynamic analysis, compression 0.4
Dynamic analysis, compression field measurements and analysis 0.5
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Table 2.17. Resistance Factors (From the Canadian Bridge Code).

Type of Unit Resistance Factor
Precast reinforced concrete 0.4
Cast-in-place concrete 0.4
Expanded-base concrete 0.4
Prestressed concrete 0.4
Steel H-section 0.5
Unfilled steel pipe pile 0.5
Concrete-filled steel pipe pile 0.4
Wood 0.4
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Table 2.18. Summary of Ultimate and Factored Loads, Test Pile # 2, Newbury Site.

Method Qp (tons) Qs (tons) | Qult (tons) ¢-factor Qr (tons)
SPT 61 71 132 0.45 59
CPT 50 50 100 0.55 55
Traditional

Methods 77 86 163 0.35 57
Driven 1.0

(Nordlund) 48 119 167 0.55 92
Static Load Test 28 46 74 0.80 59
Average 53 74 127 | - 64
Standard 18 30 FT R — 16
Deviation
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Table 2.19. Calculated Resistance Factors Assuming that the Resistance Factor

for a Static Load Test is 1.0.

Newbury Site West Bay
Project Project Average ¢-
factor for
Test Pile Method
#2 #3 #9 #15
Method
SPT 0.56 0.51 0.79 0.75 0.65
CPT 0.74 0.62 1.38 0.88 0.91
Driven 1.0
(Nordlund) 0.44 0.33 0.42 0.40 0.40
Traditional
Methods 0.45 0.41 0.53 0.51 0.48

Table 2.20. Comparison of Recommended and Calculated Resistance Factors.

Calculated ¢- Recommended ¢- | 0.80 * Calculated ¢
factors factors -factors

SPT 0.65 0.45 0.52

CPT 0.91 0.55 0.73
Driven 1.0

(Nordlund) 0.40 0.55 0.32
Traditional

Methods 0.48 0.35 0.38
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Allowable Soil Pressure

fr(R), £o(Q)

Design controlled
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Figure 2.1. Design Basis for Spread Footings in Sand (after Peck et al., 1974).
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Figure 2.2. An [llustration of Probability Density Functions
for Load Effect and Resistance (Goble, 1999).
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Figure 2.3. An Illustration of a Probability Density
Function for R - Q (Goble, 1999).
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Figure 2.4. An Illustration of a Probability Density
Function for In(R/Q) (Goble, 1999).
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Figure 2.5. Resistance vs. Displacement at the Top of the Pile.
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Figure 2.6. Smith’s model simulating the hammer-pile-soil system for use
with the one-dimensional wave equation (Smith, 1960).
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Figure 2.7. Soil-pile model (left) and the corresponding elasto-plastic soil
resistance-displacement relationship (after Smith, 1960).
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in TEPWAP Analysis (Paikowsky,
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Figure 2.9. Flow Chart Describing the analysis process
using TEPWAP (Paikowsky, 1982).
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Figure 2.10. Force and Velocity Traces Showing Two Impact Peaks Indicative
of Driving in Soils Capable of Large Deformations.

B-88



Field Exploration

& Testing
Geomaterial Strength & | - Static Analysis of Dynamic Analysis Superstructure
Deformation Parameters Deep Foundation of Driven Piles Loading
Evaluation
T L} Deep Foundation
Type/Construction
Laboratory \ Y Method Y
Testing Superstructure
Deformation Bearing Capacity Loading
- and S Vertical and Requirement
Settlement Lateral Resistance Y
Single/Group Design
*Geometry -
3| *Configuration
eInstallation <
Criteria
No
: \ Y
Comtoted Testing Design
omplete * material i i >
<] < QC < Construction ——>{ Verification/
Substructure . pe.rff)n'nance Monitoring on n Modification
. fierlng * dynamic testin
* integrity » static testin

T

Figure 2.11. Deep Foundation Design Process.

B-89



CHAPTER 3

COMPILATION OF THE DATA BASES

3.1 GENERAL

This chapter presents the databases that were compiled to allow for the
statistical analyses required in this research. Each section briefly describes the method
that was used to obtain the data and the purpose for which the data were used. The five
databases that were used in the presented research are the PD/LT2000 database, the U-
MASS LOWELL/UKRAINE database, the GRLWEAP database, the PD2000
database, and the PD/LTT2000 database. The PD/LT2000 database is used for the
majority of the dynamic analyses while the other databases are used to examine
specific issues such as the influence of the type of static load test procedure on the
pile's capacity, the performance of the WEAP method, the comparison of the Energy
Approach End Of Driving (EOD) predictions in relation to the CAPWAP/TEPWAP
Beginning Of Restrike (BOR) predictions, and the optimum time to perform a restrike
to obtain the most accurate prediction of the pile's capacity.
3.2 PD/LT2000 DATABASE
3.2.1 Overview

The data found in the PD/LT2000 database is widely used throughout this

thesis for analyzing the dynamic methods. In this section a detailed description of the
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processes used to obtain this data will be described. Table 3.1 presents a brief
summary of the types of data that make up the PD/LT2000 database. The data was
sub-grouped according to pile type, geographical location, soil type along the side of
the pile and at the tip of the pile, soil inertia properties based on the blow counts and
area ratios, time of driving, i.e., End Of Driving (EOD and Beginning Of Restrike
(BOR), and the pile capacity as determined by the static load test results. The table
shows that the data was obtained from many different areas of the United States as
well as from many countries around the world. The data was taken from approximately
77 different project sites around the world. A full table presenting all of the data found
in PD/LT2000 is in Appendix A.
3.2.2 Static Load Test Analysis

Each pile-case that was incorporated into PD/LT2000 was required to have a
static load test to failure. The methodology used to analyze the load-settlement curves
for each pile will be described in detail in sections 4.3.1 and 4.3.2 and therefore will
not be discussed in this section.
3.2.3 Dynamic Measurement Analysis
(a) Overview

This section is based on previous research completed by Paikowsky et al.
(1994). The text, tables and figures were taken directly from the previous report
therefore the units that are used in this section are English units with SI units in

parentheses were applicable.
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The analyses performed on piles in data set PD/LT employed office analysis
(i.e., CAPWAP or TEPWAP) as well as several computer programs developed to
process and manage force and velocity signals, including DIGITIZE, PDAP,
INTEGRATE, and FILECHNG.

The dynamic analyses were performed in different ways depending on the
completeness of each pile-case. In all cases, the pile geometry (i.e., type, material,
length of penetration, the soil at the pile’ tip and side, and the blow count) was known
before any ftype of analysis was initiated. The individual cases were divided into three
distinct groups:

(@) Group 1 - pile-cases with complete CAPWAP summaries, including Epay,
Dmax, F1, and V1.

(b) Group 2 - pile-cases with incomplete CAPWAP summaries, such as those
missing Emax, Dmax, F1, and/or V1.

(c) Group 3 - pile-cases that were analyzed using TEPWAP.
b) GROUP 1 — Complete CAPWAP Analyses

Pile group 1 contains the complete cases avail;ble in data set PD/LT. The
most common adjustment necessary for the pile cases in this group was a ratio
correction between the force at impact (F1) and the velocity at impact (V1).
Theoretically, the force and velocity multiplied by the pile impedance are identical
under a passing disturbance, as long as no other external forces act. The ratio between

these values is:

(3.1)




= modulus of elasticity of the pile material
cross-sectional area of the pile
= wave speed of the pile

Where:

E
A
C
and should be equal to unity. An acceptable ratio was considered to be 1.0 £ 0.1.
Beyond this ratio, a linear multiplier was applied to either or both parameters (force,
velocity, or both) and to their byproducts, e.g., displacement and energy. The ratio
between force and velocity may also be influenced by the pre-compression of a diesel
hammer and hammer misalignment.

Pre-compression in a diesel hammer occurs as the air-fuel mixture is
compressed by the ram just prior to combustion. This results in a force that is applied
to the pile top. However, as the force is applied relatively slowly and before the actual
impact between the ram and the pile top, there is not a corresponding velocity wave.
This scenario results in a discrepancy between the impact force (F1) and the impact
velocity (V1(EA/C)), as shown in Figure 3.1. The force and velocity traces of pile-
case 1, driven with a Delmag 30 diesel hammer, are shown in Figure 3.1. The
observed relations indicate the need for a force reduction (Agtar), Which is equal to the
difference between Ak and As. Prior to a corrgction, the ratio (V1(EA/C)/F1) for pile-
case 1 Was 0.874. The factor (Aswtar) represents the number of units by which the force
must be reduced in order to produce an acceptable ratio according to Equation 3.2.

The magnitude of Aga and the reduction of F1 are performed as follows:

2 units

A =D e = Ay =2 units = x 250 kips =13 kips (58 kN) (3.2)

total

38.5 units

Fl=Fl,_  —A,, =3354kips—13 kips = F1,,.., =322.4 kips (1434 kN) (3.3)
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The corrected F1 yields a new VI1(EA/C)/F1 ratio, and adjusted Enax, and a
corresponding uncorrected Energy Approach prediction (R,) as follows:

EA

(%)

corrected

322.4 kips

173 kip— fi= R. =362 kips 1610 kN) (3.5
335.4 kips p-fi=R, ips ( ) 63

Emas =18kip_ﬁx

The procedure for correcting F1 is also performed in a similar mannér for
adjusting V1 and the corresponding Dpax, Where Dmax = [V(t) dt. This is sometimes
necessary when either there is a significant hammer-pile misalignment that creates
disturbance in the force and velocity measurements or there is a discrepancy in the

measurement itself. The correction procedure for decreasing V1(EA/C) also .uses the
factor Aswotal as determined by the discrepancy in the F1 and V1(EA/C) measurements

where Aotal 1S converted to units of force. Similarly, V1(EA/C) is decreased by:

EA
Vl(———) = Vl(—Eﬁ) —A (3.6)
C Corrected C uncorrected

producing a corrected ratio:

( v %)
corrected 37
1 (3.7
and an adjusted Dpax:
D max(corrected) = I 4! corrected dt (3 8)

The corresponding uncorrected Energy Approach prediction is calculated using the
adjusted Dmax as follows:
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Emax
R, = D Set 3.9)
Set +

max(corrected)

2

It should be noted that it is sometimes necessary to correct both the force and the
velocity measurements given the proper circumstances. In general, very few pile-
cases required correction, the majority of which needed very small adjustments.
These corrections usually had an insignificant effect on the obtained J. and Ru values.

After the static load test analysis and the dynamic analysis were completed, the
Case damping coefficient (J;) was back-calculated using equation 6 as outlined by
Goble et al. (1980).
(9  GROUP 2 - Incomplete CAPWAP Analyses

The pile cases categorized in group 2 include piles from data set PD/LT that
were analyzed via CAPWAP. Difficulties associated with retrieving and accumulating
complete pile data cause pile-cases to require more analysis in order to produce
missing information essential for the study. Typical information missing from pile
cases included Epa (the maximum energy delivered to the pile top) and Dpax (the
maximum displacement of the pile top). A typical pile-case in group 2 includes a
static load test plot, subsurface site information, blow count records, and CAPWAP
predictions at EOD, BOR, and/or EOR, ex.cluding the CAPWAP summary tables. The
CAPWAP summary tables include pile characteristics, Case method predictions and
crucial dynamic measurements (Vmax, Viin, V1*Z, F1, Frax, Dmaxs Dfin, Emax, and Eg).
In order to determine these missing dynamic parameters, a program was developed at

UMASS-Lowell called INTEGRATE (written by L. Chernauskas). This program was
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specifically developed to calculate the uncorrected Energy Approach and the Case
method similar to a more extensive and versatile program called PDAP (Pile Driving
Analysis Program), which was developed by Paikowsky (1984). The program PDAP
uses recorded field data from the PDA, enables it's manipulation and correétion, and
produces an Energy Approach prediction and a range of Case method predictions
based on all the different variations for different J values.

INTEGRATE procesées digitized force and velocity (V¥*EA/C) traces (see
Figure 3.2 for example) and, using the pile parameters as given by the user, produces
the dynamic measurements listed above. INTEGRATE aiso calculates the uncorrected
Energy Approach prediction and back-calculates the Case damping coefficient (J;)
using the following relationship after (Goble et al., 1980):

_ RTL-FINAL R,

V1%+F1—RTL

(3.10)

The static load test results are depoted FINAL R;, and must be supplied by the
user. An example of the results of an INTEGRATE anal}.f}sis of the force and velocity
traces shown in Figure 3.2 for pile-case 192 (33P1BOR) is shown in Figure 3.3. After
reviewing the force and velocity (EA/C) traces for a given pile case and the
(VI*EA/C)/F1 ratio, calculated by INTEGRATE, any necessary corrections and
corresponding adjustments to Emax and Dpmax can be made, aé outlined in section

3.2.2(a); and the uncorrected Energy Approach calculations can be performed.
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d) GROUP 3 - TEPWAP Analyses

Several pile cases in data set PD/LT were lacking the CAPWAP office
analysis and, therefore, required wave match analysis to be performed. These pile
cases were categorized in group 3 and all of them were analyzed using a computer
program called TEPWAP. TEPWAP (Paikowsky, 1982; Paikowsky and Whitman,
1990; and Chernauskas, 1993) utilizes a procedure somewhat similar to the CAPWAP
analysis described by Goble et al. (1970). This program allows the input of the
measured velocity at the pile top as a function of time, solving for a set of parameters
describing the soil resistance (dynamic and static) along the pile. Adjustments of the
matches are made until the calculated force at the top matches that measured. A good
agreement between CAPWAP and TEPWAP analyses was presented by Paikowsky
(1982) and further confirmed by Chernauskas (1993).

The pile cases in group 3 were initially analyzed in the same manner as those
in group 2, whereby their force and velocity traces were digitized with respect to time
using the program DIGITIZE and processed using INTEGRATE. After these steps
were successfully completed, three data files were created for each case: an input file,
an identification file, and a pile/soil file. An input file for TEPWAP is created using
the program DIGPWAPE that processes digitized force and velocity traces and
prepares them in the same manner as the PDA. Figures 3.4 and 3.5 show the
identification file and the pile/soil file for pile-case 191, respectively. These files,
along with the digitized force and velocity traces (see Figure 3.6 for example), are

necessary for TEPWAP analyses. Iterations are performed, where the user is required
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to adjust the soil properties (i.e., side and tip damping and quake, and side and tip
resistance) until an acceptable force wave match is made. Figure 3.7 presents the
comparison between the calculated forces at the top (obtained from the above
procedure) to the measured force at the top of pile-case 191.

This particular pile case appears to be exhibiting pile plugging near the tip as
indicated by the sudden observed force "jump" near 2L/C and again near 4L/C. Pile
plugging is most commonly associated with open-pipe piles or H-piles. It usually
refers to the phenomenon that occurs when soil enters the open-pipe pile during
driving until the inner-soil cylinder develops sufficient resistance to prevent further
soil intrusion (see Paikowsky et al., 1989; Paikowsky and Whitman, 1990). The
development of friction along the web of an H-pile can also develop enough resistance
to prevent soil intrusion, causing the H-pile to become "plugged." When an H-pile
becomes plugged, it then assumes the penetration characteristics of a large
displacement pile (i.e., with a closed rectangular tip). Pile plugging is shown to have
the following marked effects: significant contribution to the capacity of piles driven in
sand; delay in capacity gain with time for piles driven in clay; and changes in the
behavior of piles during installation, causing it to differ from that described by the
models commonly used to predict and analyze pile driving (Paikowsky and Whitman,
1990). Further investigation into pile-case 191 shows that the H-pile is embedded over
114 ft (35 m) into silty sand. These conditions are ideal for pile plugging to occur and,
therefore, plugging can be attributed to the force match disagreement at 2L/C and

again at 4L/C by TEPWAP as shown in Figure 3.2.
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The final summary of results from TEPWAP analyses is produced for each
case (see Figure 3.8 for example). These summaries allow the user to investigate the
compressive and tensile stresses developed in the pile during driving (e.g., concrete
piles) as well as the side and tip resistance and the measured and calculated energy
delivered to the pile. All of the pile-cases that were analyzed using TEPWAP are
footnoted in the data set tables found in Appendix A. The Case damping coefficients
for these cases were calculated as part of the INTEGRATE output as previously stated.

It should be noted that the additional pile-cases that were added to the PD/LT
and PD/LT2 databases (Paikowsky et al., 1994 and Paikowsky and LaBelle, 1994) all
fell into Group 1 as described above. For each pile-case of the added data there was a
complete CAPWAP analysis as well as a static load test to failure.

33 U-MASS LOWELL/UKRAINE DATABASE

The U-Mass Lowell/Ukraine database consists of static load test data compiled
by Dr. Operstein from the Research Design Institute at Dniepropetvosk, Ukraine. Dr.
Operstein, currently with the Technion, Israel Institute of Technology, revisited the
research Design Institute in 1997 and obtained data and graphical results for about 176
full-scale pile cases carried out to failure. The piles were tested under the
conventional static load-test method (Standard test) and the static cyclic test. The
reader is referred to the research report entitled "Express Method of Pile testing by
Static Cyclic Loading" by Paikowsky et al., (1999) for more detailed analysis of this

database. The data from the U-Mass Lowell/Ukraine database was used to evaluate
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the effect of the type of static load test that is completed on the static pile capacity that
is determined from the static load test results. A total of 81 piles that had both a
standard static load test completed as well as static cyclic load test were used in this
analysis. The analysis of the effect of the type of static load test that is completed on
the static load test results is presented in section 4.5.3. The database is presented in its
entirety in Appendix A as well as in the above referenced report.
34 GRLWEAP DATABASE

The GRLWEAP database was compiled for the sole purpose of analyzing the
performance of the WEAP method for determining pile capacity at the EOD using
default values. Therefore, each of the pile-cases obtained contain a static load test to
failure as well as a WEAP analysis at the end of pile driving. The data were obtained
from GRL Inc. and consists of 99 pile-cases that have a static load tests to failure that
were analyzed using Davisson's criterion, as well standard and corrected WEAP
analyses at the EOD and BOR. The evaluation of the performance of the WEAP
method is presented in section 6.2.1. Table A.3 in Appendix A presents the data in the
GRLWEAP database.
3.5 CASE METHOD DATABASE

Similar to the GRLWEAP database the Case method database was compiled to
evaluate the performance of the Case method at the EOD. The data found in this
database was obtained from Mike McVay of the University of Florida. All of the piles
found within the database were driven in Florida. A total of 40 piles with a Case

method evaluation at the EOD and a static load test to failure are contained within the
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Case database. Also found in the Case database are 37 piles with a Case method
analysis at the BOR as well as a static load test to failure. The evaluation of the Case
method is presented in section 6.3.4 and a table showing all of the data in the Case
database is presented in Appendix A.
3.6 PD2000 DATABASE

The PD2000 database was compiled by Kevin O'Malley and was compiled in
such a manor that the Energy Approach results at the EOD could be compared to the
CAPWAP/TEPWAP results at the BOR. The database includes pile-cases for which
dynamic analysis was completed both at the EOD (Energy Approach) and the BOR
(CAPWAP/TEPWAP). There was no record showing that a static load test to failure
was completed on any of these piles. Chapter 7 presents the comparison between the
Energy Approach predictions at the EOD and the CAPWAP/TEPWAP predictions at
the BOR. A presentation of the data found in the PD2000 database is shown in
Appendix A.
3.7 PD/LTT2000 DATABASE

The PD/LTT2000 database consists of driven piles that had a static load test to
failure as well as dynamic measurements taken at the EOD and on two or more
restrikes. The data contained in this database was taken directly out of the PD/LT2000
database; it also contains two test piles that were analyzed by Edward Hajduk of the
Geotechnical Engineering Research Laboratory at the University of Massachusetts
Lowell (Paikowsky and Hajduk, 1999 and Paikowsky and Hajduk, 2000). The

database presents the phenomenon of pile capacity gain over time for piles driven into
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cohesive soils. The database was also used to evaluate the optimum time to perform
restrikes on driven piles to obtain the most accurate prediction of pile capacity. The
analyses that were completed using this database are presented in chapter 8. All of the

data found in the PD/LTT2000 database is presented in Appendix A.
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Table 3.1. Summary of the Data in the PD/LT2000 database.

Pile Types Geﬁg::gl;:lcal Soil Types Soil Inertia Type of Data | Pile Capacities
Pile Type | No. | Location | No. TS;’[')L Side | Tip | Criteria | S | Ax | Time | No. lt;“Nﬁe No.
H —Pile 37 NE USA 44 >16 EOD & 92 0-445 2
OEP 10 SE USA 69 | Clay 67 | 61 blows 272 | ----- BOR 445-890 6
CEP 61 | North USA | 24 | & Till per 10cm EOD & 30 890-1334 17
Voided Conc. | 35 | South USA | 10 <16 BOR’s 1334-1779 | 44
254 | 9 | NWUSA | 3 blows 112 | - EOD | 135 | 1779-2224 | 27
305 | S SW USA 14 Rock 0 11 per 10cm 2224-2669 | 25
356 | 8 Australia 2 BOR | 239 2669-3114 | 15
Sq. 406 1 Brunswick | 3 >350 | -—--- 134 3114-3559 | 10
Conc. | 457 8 Holland 4 EOR 1 3559-4003 13
508 | 8 | HongKong | 4 | Sand 140 | 137 4003-4448 | 13
610 | 16 Israel 4 | & Silt <350 | ---- 255 DD 2 4448-4893 11
762 5 Ontario |. 22 4893-5338 6
Octagonal 3 Sweden 1 DR ) 5338-5783 5
Concrete NA 6 NA 3 1 Unknown 5 |- 5783-6228 4
Timber 2 6228-6672 6
Monotube 2 , ALT ! >6672 6
Total 20 — 210 | — 210 | 210 | — 389 | 389 | — 38 | 210
Notes: 1. OEP - Open Ended Pipe Pile 7. DR - During Restrike 13. North USA - FHWA Regions 5,7 & 8
2. CEP - Close Ended Pipe Pile 8. ALT - Alternate measurement 14. South USA - FHWA Region 6
3. EOD - End of Driving 9. Ar - AreaRatio 15. NEUSA - FHWA Regions 1,2 & 3
4. BOR - Beginning of Restrike ~ 10. No. - Number of Piles/Cases 16. SE USA - FHWA Region 4
5. EOR - End of Restrike 11. NA - Non-Applicable/Unknown 17. NW USA - FHWA Region 10
6. DD - During Driving 12. USA - United States of America 18. SWUSA - FHWA Region 9
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Figure 3.1. Force and velocity (V*EA/C) traces of pile-case 1,
a steel HP12x74 that needed a force correction (not to scale).
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Figure 3.2. Digitized force and velocity multiplied by the impedance
(EA/C) traces for pile-case 190 used for input into INTEGRATE.
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UMASS-LOWELL GEOTECHNICAL ENGINEERING
DYNAMIC PILE TESTING

SUMMARY OF INPUT PARAMETERS

FILE oottt e ettt se e e et et bbb s ea s en et e nans 33P1BOR
Pile LOCAION ......oeeveeriereeereneesienece et ssesicstes e ssneeese s snesannsananns Site 33
Date 0f ANALYSIS ....voveueeieerreceeirereiicesie s s 2-10-92
Pile DeSigNnation ............ccoevimiiimricmnmereninieienieresseesieet e 33P1-BOR
PilE TYPE «.cueeuireerrieierereeereecnietiestesie ettt st sa st nesnens HP12x74
Hammer TYPE ....cocereeriiriiriiieeciinieiite et s B-400
Nominal Energy of Hammer (ft-Kips)......c.ccoovererieinenieiniineiceae, 46
Penetration Depth (ft).......cooveeniinninneee s 114.4
2L/C (INSECS) ..eveerveverrerievereeenrsessesissessesssssesessesaesessasssessasassnssaeses 14.39
Time Interval (INSECS) ....coveeveverrerereeerureirieriesiisieriereeseeeseenesneseessessaneas 0.1

Pile Impedance — EA/C (Kip/sec/ft) .....cccoveumrmrinieeininieiieeeee 38.9

Final Blow Count (blows/inch)...........ccccooveivininnnnnicicceceneene, 16

T2 (offset from T1) (INSECS)...ccevvrrierirvirirreiiinirtesteeetereeessenanans 14.39

SUMMARY OF.OUTPUT PARAMETERS

Dhinax «+eseerenserensesereressensesestssenstsseseseesesessesessasssssiststenssstsssesssssnessssesesas 0.787
Doifinalcvevvereererrassecsesseressessesesssessssessensenseseesessessorsessssassassesessennsseesassnesaeses 0.164
Hammer Efficiency (%6) ....cccooevevenninniiiininieninnreietereie e 69.14
Enmax (KIPTE) 1veerrrerereeerieeeeeseerc et ene s eaeas 31.80
Efinal (KIP-FE) evvvvvereeereeieersiesseeseseese s cesessessessesensesssesssssessssassasssssannes 25.55
RV 1771 ) oL SO SUU OO 15.78
Viinal (FSEC) ettt ettt 0.420
Finax (KIPS)-euvvveuenemeentrereemeneetrereeseemmssssssssesesassssesesssssanassnesssessasasass 637.38
Fﬁna] (klpS) ......................................................................................... 42.02
OO OO PT PP -0.017
F1 (KIPS) cveveereriereeesiesesrenienesessesesescssencsssasssssesssssssssesenssesessessnsessasens 637.38
F2 (KIPS) c.eveueereeernererueeiereeseeeeseresissiessesnssessesseessssnsnassesanns tereeereesseaene 192.10
V1 (f/SEC) ittt rereeeereesianas 15.78
V2 (FUSEC) ceeereieteeeeeeresteetenee st sns sttt st sassassnnnenns -3.59
(VIFEA/C)/ FL.uooiieeeeeeeiieeeee et stssssssssssassssssssssneesenees 0.963
PILE CAPACITY (kips)
Davisson’s Criteria........ccocereeerrerrerrermcenectiniiiisinissesseseeineseesnesseseeses 800
Shape Of CUIVE........ccovemeuecceeeiiiciciiniteee et 800
D =0.1B.cceeeet ettt et 598
D = 1IN0t 522
DeBeers log method..........cccoecviiiiiirinniteeeeceee e 800
FINAL R ..ottt seeenee et st se s sasasenensan 800
CASE RTL....oeeeetetetetetrec e stetesesnessessssassresssassssnssnnsnsennens 792
CAPWAP ...ttt et st srs st sbe s sbesansnaennens 715
Energy Approach Ry (uncorrected) ........ooveverivieeinnenininiereneccnes 898

Figure 3.3. INTEGRATE output of pile-case 190 showing the back-calculated Jc
value and the Energy Approach prediction.
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~ IDENTIFICATION DATA

JOD NUMDET .......oveeiieieerceercree ettt sa st ae s nees TP1EOD
JOD NAME.....ccviiirteieeee ettt et e a s 33 P
Date Of DIVING .....oecvrivereevececeecieeteseesssess st seessesesesesseseseseaesenans 10-28-77
Pile DeSIZNAtion ..........cceveeveoeeermucirnciineciieteeeee e H

TYPE OF Pile ...ttt HP 12x74
Pile Length (£t) ....ccoeeeeneeerreereneneiereciietce st 121

Type of HAMMET .......c.ccovieiiiiriiiciiiccieecne st enas B-400
Nominal Energy of Hammer (ft=Kips).......covveeermnimnicininciiniciiinan 46

Depth of Penetration (ft) ..........cocoveeeeeiiininnniniineeeeececieeenns 114.4
Element Length (ft).....ccccooeevieininneceninnennn. rreereeeeeete et st e et saene 5.26
Damping Model ...........coeeumvniiinciiiiniiiiiieieeere e Smith
Number of Blows per last three inches ........c.ccccooevvieieninrnnnnnne. 13,13, 12
Date of Analysis.............cc...... e 9-16-92
PDA BIOW # ...t ssaenne tetrerereee e 2
TEETAtION # ...ttt s et st ssnsat s eben e 1

Time INterval.......oocueomieieeeeee et 0.200
Option NUMDET ......ccucoeueeereeiricreeeriiineiietec e eaeas 2

Figure 3.4. Example of the pile identification information of
pile-case 189 used as input for the TEPWAP analysis.
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SOIL AND PILE PROPERTIES ALONG PILE ELEMENTS

no.

element  dist. area weight stiffn resist sum damp quake
from of
gauges resist

—_
N - - IEN - NV RN )

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

tip

(f) (@) (bs) (Kin) (kips) (kips) (s/ft) (in)

53 21.8 390.1 10364 0.0 439.0 0.000 0.000
10.5 21.8 390.1 10364 50 434.0 0.020 0.300
15.8 21.8 390.1 10364 50 429.0 0.020 0.300
21.0 21.8 390.1 10364 5.0 4240 0.020 0.300
263 21.8 390.1 10364 5.0 419.0 0.020 0.300
31.6 21.8 390.1 10364 5.0 414.0 0.020 -0.300
38.8 21.8 390.1 10364 0.0 414.0 0.010 0.300
42.1 21.8 390.1 10364 0.0 4140 0.010 0.300
473 21.8 390.1 10364 0.0 4140 0.010 0.300
52.6 21.8 390.1 10364 0.0 414.0 0.010 0.300
579 - 21.8 390.1 10364 0.0 414.0 0.010 0.300
63.1 21.8 390.1 10364 5.0 409.0 0.010 0.300
684 21.8 390.1 10364 5.0 404.0 0.010 0.300
73.6 21.8 390.1 10364 80 396.0 0.010 0.300
789 21.8 390.1 10364 8.0 388.0 0.010 0.300
842 218 390.1 10364 8.0 380.0 0.010 0.300
894 21.8 390.1 10364 8.0 372.0 0.010 0.300
947 21.8 390.1 10364 80 3640 0.010 0.300
999 21.8 390.1 10364 8.0 3560 0.010 0.300
1052 21.8 390.1 10364 80 348.0 0.010 0.300
110.5 21.8 390.1 10364 8.0 340.0 0.010 0.300
1157 21.8 390.1 10364 80.0 260.0 0.090 0.150
121.0 21.8 390.1 10364 100.0 160.0 0.080 0.150
' 160.0 0.0 0.080 0.150

quake

rebnd
ratio
(%)

0.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0

upwrd
resist
ratio
%)

0.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0
-50.0

Figure 3.5. Example of the soil and pile properties used along the pile
elements of pile-case 189 as input for the TEPWAP analysis.
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Figure 3.6. Measured force and velocity multiplied by the impedance
(EA/C) traces of pile-case 189 used by the TEPWAP analysis.
1 33P1-EOD
4 Measured Force
] [ ———— - Calculated Force
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Figure 3.7. Comparison between measured force near the top of pile-case

189 and the calculated force from the TEPWAP analysis.
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SUMMARY OF FINAL RESULTS

End Resistance - 160.0 kips
Side Friction - 279.0 kips
Total Capacity - 439.0 kips
Percent in Friction - 63.6%

Top Quake - 0.79 inches
Set at Tip - 0.32 inches

The Set Corresponds to 3 Blows Per Inch. -

Maximum Calculated Energy - 32.362 kip*ft
Maximum Measured Energy - 32.674 kip*ft

Energy Difference (Calc — Measured)

- -0.312 kip*ft
Maximum Compression force is - 636.49 kips
in element #3 on iteration 32
Maximum Tension force is - -139.18 kips
in element #19 on iteration 181
The Maximum Stress is - 29.20 kips/in®
The Minimum Stress is - -6.38 kips/in®

Figure 3.8. Summary of the final results from TEPWAP
analysis performed on pile-case 189.
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CHAPTER 4

REFERENCE STATIC CAPACITY

4.1 OVERVIEW

Different methods of analysis are used for the interpretation of load-settlement
curves obtained from static load tests of piles. Many of the methods are subjective,
resulting in a different static capacity from method to method and from engineer to
engineer for the same static load test curve.
4.2 OBJECTIVES

The aim of the work presented in this chapter is to determine statistically if
there is one method for analyzing pile capacity based on the static load-settlement
curve that provides consistent and "correct" results. The main purposes in assigning
one method for use in analyzing pile capacity are; (a) that there will be consistency in
the pile capacity determination in general and (b) in the present LRFD parameter
determination, predictive methods are compared to the "correct" capacity and one
uniform approach is required.
4.3 PILE FAILURE / CAPACITY DETERMINATION
4.3.1 Background

A universal criterion capable of establishing the ultimate capacity of a pile is

essential in improving the accuracy of static load test interpretations. Various ultimate
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load criteria have been proposed and used by researchers and design organizations
(see for example Vesic, 1977 and Fellenius, 1989). Significant disagreements remain
among these methods as they are based on different principles and produce different
values under varying pile types and sizes, load test procedures, and surrounding soils.
Vesic (1972) pointed out that interpreting a pile’s ultimate load based solely on
a visual examination of its load-settlement curve (i.e. shape of the curve) may be
misleading and can result in different pile capacities depending on the scale used to
plot the curve. Figure 4.1 and 4.2 demonstrate this point by presenting the same load-
settlement relations using two different scales. Figure 4.1 shows a load-settlement
curve indicating a pile capacity of approximately 4430 kN whereas the curve in Figure
4.2 suggests that the piles displacement at 4430 kN may still be based on the elastic
compression of the pile and that the pile capacity is approximately 4800 kN. One
solution to this problem is to implement a common scale, based on the pile's elastic
deformation. When plotting load-settlement cﬁrves, the elastic deformation of a fixed

end column, (i.e., frictionless pile) is expressed as:

elastic modulus of the pile material
cross sectional area of the pile.

PL
) i 4.1)
Where: 8 = the calculated elastic deformation of the pile
P = the applied load
L pile length
E
A

The elastic compression line obtained by Equation 4.1 is based on the assumption that

the entire load applied to the pile top is transferred to the pile toe. To implement a
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scale proportional to all load settlement curves, the elastic compression line should be
inclined at an angle of approximately 20 degrees to the load axis (see Figure 4.3).
43.2 Method of Approach

In order to facilitate the aforementioned uniform scale, all of the load-
settlement curves in the dataset PD/LT were digitized using the program DIGITIZE,
developed at UMASS-Lowell by Chernauskas and Paikowsky. These curves were
then replotted, using the graphics software GRAPHER, to produce curves that were
proportional to each piles elastic compression line inclined at 20 degrees.

After replotting, each load-settlement curve was analyzed using five different
failure load interpretation procedures: Davisson's Criterion, the Shape of Curve
method, Limited Total Settlement methods (A = 25.4 mm (1 inch) and A = 0.1B), and
DeBeer's method.

4.3.3 Davisson's Criterion

The Davisson Criterion, (Davisson, 1972), or offset limit, defines the failure
load of a pile as the load corresponding to the settlement which exceeds the elastic
compression of the pile, by an offset, X, equa} to 3.8} mm plus a factor equal to the
diameter of the pile divided by 120. The offset is simply:

X=381+52 (4.2)
120

Where: B = the diameter of the pile in mm.
The Davisson’s Criterion line is parallel to the elastic compression line and predicts

the failure load at its intersection with the load-settlement curve. Figure 4.3 illustrates
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the use of Davisson's failure criterion for load-settlement relations of pile-case 344,
yielding a capacity of 4235 kN.
4.3.4 The Shape of Curve Method

The Shape of Curve method is a failure load approximation, which usually
yields a range of values over which the pile is considered at or near failure. The
boundaries of this range can be determined by examining the minimum curvature in
the load-settlement curve through lines drawn tangent to the load-settlement curve
(similar to the method proposed by Butler and Hoy (1977)). The failure range is
relatively easy to define for load-settlement curves that exhibit general failure or
plunging failure (rapid settlement with slightly increased loads) (see Figure 4.3 for
example). Piles that experience local failure, or non-plunging failure, are difficult to
analyze using the shape of curve method because of the uniform changes in slope of
lines drawn tangent to the curve. Figure 4.3 illustrates the use of the ‘shape of curve'
procedure yielding an estimated capacity as a range between 4060 kN and 4800 kN.
4.3.5 The Limited Total Settlement Methods

The Limited Total Settlement methods, A = 25.4 mm and A = 0.1B (Terzaghi,
1942), define the failure load as the load corresponding to settlements of 25.4 mm and
0.1B, respectively, where B is the diameter of the pile. These methods are not
applicable in many cases. For example, the elastic compression for a very long steel
pile often exceeds 25.4 mm and/or 0.1B without inducing any plastic deformation in
the soil. Figure 4.3 shows as an example a load-settlement curve for pile-case 344, a

16" square concrete pile, that experiences a plunging failure before a displacement of
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25.4 mm. Also, it is obvious that a settlement of 0.1B, or 40.64 mm in this case, does
not represent the failure load of this pile and therefore is not applicable.
4.3.6 DeBeer's log-log Method

DeBeer (1970) defines the failure load as the load corresponding to the
intersection of two distinct slopes created by the load-settlement data plotted using
logarithmic scales. Figure 4.4 illustrates the use of DeBeer's criteria for the load-
settlement curve of pile-case 344 leading to an estimated capacity as a range between
3960 kN and 4800 kN. The two slopes are especially visible for piles that experience
plunging failures, yet when using DeBeer's method piles that undergo local failures,
the result may be a range of values, such as illustrated here. As mentioned earlier, each
load-settlement curve was digitized from the standard linear plots that they were
presented on and the data was stored. This data was later plotted in logarithmic scales
to utilize DeBeer's method.
4.3.7 The Representative Static Capacity

The capacity results for each method were reviewed independently based on
the load-settlement curves for each pile. After considering the pile type, soil type, size
of each pile and the load test procedure, unrealistic results were eliminated, and the
acceptable values were averaged, yielding a final static capacity, Rs. For example, for
pile-case 344 presented in Figures 4.3 and 4.4 the considered criteria were: Davisson's
= 4235 kN, shape of curve = 4060 - 4800 kN, 25.4 mm settlement = 4800 kN, 0.1B

settlement = NA, and DeBeer's = 3960 - 4804 kN. Excluding the 0.1B settlement
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method, which is not applicable, the average of all the criteria led to a final static
resistance assessment of R, = 4462 kN.

4.4 PERFORMANCE EVALUATION OF THE DIFFERENT FAILURE
CRITERION METHODS

4.4.1 Method of Approach

Each of the methods described above was evaluated by comparing the
capacity determined by that particular method to the representative pile capacity. The
analysis was completed using 196 piles from the database PD/LT2000. The analysis
used a Ksx value, which is the ratio of the representative capacity to the capacity
determined by the method being analyzed. The subscript S in the K value corresponds
to the representative static capacity. The X value is substituted for different letters
depending on the method that was being analyzed. The subscripts were used as
follows; D is used for the Davisson's criterion, B is used for the DeBeer method, L is
used for the method of limiting the total settlement to A = 0.1B, T is used for the
method of limiting total settlement to 25.4 mm, and C is used for the Shape of Curve
method. As an example, if the ratio is labeled Kgp it is the representative pile capacity
divided by the Davisson's criterion capacity. A mean and standard deviation of the Kgx
value were calculated for each of the five methods of pile capacity analysis. To
evaluate each method a graph was generated presenting the normal and lognormal
distributions as well as the actual data distribution in the form of a bar chart. The bar
charts were generated by graphing the total number of Kgx values within a 0.02
interval versus that range of Kgx values. The graphs for all methods of analysis were

plotted at the same scale so that comparisons could be made between them.
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Conclusions could then be drawn, by comparing the figures, as to which method
should be used in the analysis of static load test curves if the analysis is limited to one
method. The following sections present the results of these analyses.
4.4.2 Davisson's Criterion

Figure 4.5 shows the normal and lognormal distributions of the Kgsp value,
which represents the ratio of the representative pile capacity to the capacity determined
by Davisson's criterion. A total of 186 piles were used in the evaluation of the
Davisson's criterion. For 10 piles, Davisson's criterion could not be applied. In nine (9)
of these piles, the maximum settlement was less than the failure criterion and for the
tenth pile; the pile capacity according to Davisson's criterion was below the the range
of load in which the failure took place. The mean Kgp is 1.018 with a standard
deviation of 0.1010 while the mean using the lognormal distribution is 1.013 with a
standard deviation of 0.0892. The coefficient of variation, which is the ratio of the
standard deviation to the mean, is 9.9%; statistically indicating that Davisson's
criterion is a good method for use in analyzing static load test curves as it matches well
the designated representative capacity. The bar chart, which shows the actual data for
the Kgp values compares relatively well with the normal and lognormal distributions,
the major exception being the large number of Ksp values, (40 and 36), concentrating
in the ranges from 0.970 to 0.990 and 0.990 to 1.010, respectively, (total of 41%
between 0.970 and 1.010). Figure 4.6 shows that there is no clear correlation

between the Kgp value and the pile diameter. From the presented results the
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Davisson's criterion method is an adequate method to use in the analysis of static load
tests.
4.4.3 The Shape of Curve Method

The normal and lognormal distributions of the Kgc value, which is the ratio of
the representative pile capacity to the capacity determined by the Shape of Curve
method, are presented in Figure 4.7. A total of 193 piles were used in the evaluation of
the Shape of Curve method. There were three cases for which the Shape of Curve
method could not be applied; as the load settlement relationship was a gradual
consistent curve without a clear point of failure. The mean Kgc for the 193 piles is
1.019 with a standard deviation of 0.0661 while the mean for the lognormal
distribution is 1.017 with a standard deviation of 0.0596. The bar chart shows a good
comparison between the actual data and the normal and lognormal distributions. The
ranges from 0.990 to 1.010 and 1.010 to 1.030 show a large number of Kg¢ values, 57
and 38, respectively, (total of 49.2% between 0.990 and 1.030), which are close to the
calculated mean values. This shows that for the majority of the cases the performance
of the method is actually better than what is shown by the means and standard
deviations. The relationships presented in Figure 4.8 suggest that there is no
correlation between the Kgc value and the pile diameter. The obtained results indicate
that the Shape of Curve method is an excellent method to use in the analysis of static

load tests, with the only drawback being that the method is subjective.
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4.44 Limiting Total Settlement to 25.4 mm

The Kgr value is the ratio of the representative pile capacity to the capacity
determined by the load that relates to the settlement of the pile equal to 25.4 mm.
There were 161 piles that met the failure criterion of A = 25.4 mm. There were 35 piles
for which the limiting total settlement to 25.4 mm could not be applied, as the
maximum settlement of the piles was smaller than the failure criterion. The normal and
lognormal distributions of the Kgr values are shown in Figure 4.9 with a mean and
standard deviation of 0.971 and 0.0981, respectively, for the normal distribution and
0.967 and 0.0959, respectively, for the lognormal distribution. There is a superior
match between the bar chart, which shows the actual data, and the calculated normal
and lognormal distributions. There are 4 ranges that have the highest and
approximately the same number of Kgr values, 18 and 19, and the ranges are from
0.910 to 0.990 in 0.02 intervals, (total of 46.6% between 0.910 and 0.990). Figure 4.10
shows that there may be a correlation between the Kgr value and the pile diameter but
there is not enough data to allow for conclusive observations. These results suggest
that limiting the total settlement to 25.4 mm provides a good method to use in the
analysis of static load tests, the drawback being that there are a significant number of
piles that have failed before the failure criterion is reached, hence, the criterion maybe
associated with the pile geometry and type of failure.
4.4.5 Limiting Total Settlement to One Tenth of the Pile Diameter

Figure 4.11 shows the normal and lognormal distributions of the Kg value,

which is the ratio of the representative pile capacity to the capacity determined by
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taking the pile capacity as the load at a settlement equal to one tenth of the diameter of
the pile. There were only 90 piles for which this method could have been applied. For
106 piles this failure criterion could not have been applied because the maximum
settlement of the piles did not reach ten percent of the pile's diameter. The mean Kg
value for the normal distribution is 0.938 with a standard deviation of 0.1144 while the
mean for the lognormal distribution is 0.932 with a standard deviation of 0.1215. The
match between the bar chart, which shows the actual data, and the normal and
lognormal distributions is not very good because the actual data is erratic. The highest
number of Kg; values, 17, is in the range from 0.970 to 0.990, (total of 18.9% between
0.970 and 0.990), which is slightly higher than the mean of 0.938. Figure 4.12 in
general shows that as the pile diameter increases this criterion shows more and more
higher results than the designated static capacity (lower K ). These results show that
the limiting total settlement to one tenth of the pile diameter is not a good method to
use in the analysis of static load tests because over half of the piles have failed before
the failure criterion is reached and the statistical data is not very supportive of the
method.
4.4.6 DeBeer's log-log Method

The normal and lognormal distributions of the Kgg value, which is the ratio of
the representative pile capacity to the capacity determined by the DeBeer's method, are
shown in Figure 4.13. A total of 187 piles were used in the evaluation of DeBeer's
method of analysis for static load test curves. There were 9 piles for which the method

could not have been applied because the load settlement relationship on a log-log scale
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did not result in an identifiable change in orientation. The mean Kgg value for the 187
piles is 1.033 with a standard deviation of 0.0877 while the mean for the lognormal
distribution is 1.030 with a standard deviation of 0.0816. These statistics show that this
is a good method of analysis as the coefficient of variation is approximately 8.5%. The
bar chart shows a good comparison between the actual data and the normal and
lognormal distributions, the exception being the two peaks with a high number of Kgg
values, 39 and 29, in the ranges from 0.990 to 1.010 and 1.010 to 1.030, respectively,
(total of 36.4% between 0.990 and 1.030). Figure 4.14 shows that there is no
correlation between the Kgg value and the pile diameter. The obtained results suggest
that the DeBeer method is an excellent procedure to be used in the analysis of static
load tests. The drawback of the DeBeer method is that it is by and large a subjective
method that provides a narrow band of possible capacity outcome under the conditions
of a clear general failure.
4.4.7 Intermediate Conclusions

The analyses and their graphical representation as provided in the previous
section allows for an educated evaluation of the load test interpretation methods and
the possible selection of a single method of analysis rather than a representative pile
capacity. Table 1 provides a complete summary of the mean and standard deviation of
the Kgx value for each of the methods as well as some other significant information for
comparison purposes. Figure 4.15 shows a comparison of the normal distribution

curves for the five methods used to determine the pile capacities.

B-120



The Shape of Curve and DeBeer methods show a good correlation between the
normal and lognormal distributions to the actual data. The mean Kgx value for each of
the methods is close to one with a small standard deviation. For the majority of the
pile-cases using the Shape of Curve method, 179 of 193 pile-cases, the Kgc values fall
within the range of 0.90 to 1.10. For most of the pile-cases using the DeBeer method
(153 of 187 pile-cases) the Kgg values fall within the range of 0.90 to 1.10. According
to these statistics alone the conclusion can be drawn that the Shape of Curve and
DeBeer's methods are preferable methods for evaluating static load tests. The problem
with these two methods (in particular the Shape of Curve) is that they are both
subjective, the results can vary greatly from engineer to engineer, and therefore they
cannot be recommended for evaluating static load test capacity under conditions that
require objectivity and repetitiveness.

The method of determining the pile capacity using a total settlement (A = 25.4
mm) seems to perform well judging by the mean and standard deviations as well as the
number of Kgr values that fall in the range of 0.90 to 1.10, 120 of 161 pile-cases. The
method is objective, but 35 piles out of the examined 196 piles did not meet the failure
criterion. The method of determining pile capacity by limiting the total settlement to
25.4 mm is therefore not recommended because of the above stated disadvantage.

The method of determining the pile capacity using the failure criterion of A =
0.1B seemed to perform well judging by the mean and standard deviation. The
number of piles that have Kgt values that fall within the range of 0.90 to 1.10 is also

very small (59 of 90 pile-cases) compared to the other interpretation methods. These
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disadvantages as well as thé fact that the method could be applied to only 90 of the
196 piles that were evaluated lead to the conclusion that this method of analysis
should not be used by itself (stand alone).

The intermediate conclusion of this analysis is that the one method to use in
evaluating the pile capacity based on the static load test results is the Davisson’s
criterion. This method has a mean Kgp value that is close to one and the standard
deviation is relatively small. In addition; for 160 of 186 pile-cases the Ksp value falls
within the range of 0.90 to 1.10, which is satisfactory by itself. The method’s major
additional advantage is its objectivity so the results from the analysis should not vary
much from one engineer to another. Based on the minimum and maximum Ksp values
it is clear however that the method must be examined and judgment needs to be
applied.

4.4.8 Evaluation of a Modification for Davisson’s Criterion
a) The Proposed Modification

Davisson’s Criterion as concluded above is the method that should be used to
analyze static load test curves if only one method of analysis needs to be used. Static
load tests on large diameter piles require iarger ;ettlements to develop the toe
resistance, therefore, Kyfor et al., (1992), propoéed that for large diameter piles
(diameter greater than 610 m), the offset to be used for Davisson’s criterion should

be:

X== (4.3)
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Where B is the pile diameter in the units consistent with the calculated elastic
deformation. The following section presents an evaluation of the proposed criterion.
b) The Performance of the Proposed Modification

Thirty-one (31) piles of database PD/LT2000 belong to the large diameter pile
category, for which the load-settlement curves were reanalyzed based on the modified
criterion and new pile capacities were determined. Figure 4.16 presents the normal and
lognormal distributions of the Ksp and Kg p values for the large diameter piles in
PD/LT2000. K¢ p represents the ratio of the representative pile capacity to the capacity
determined by the Davisson's criterion method using the offset given in Equation 4.3
for the large diameter piles. Of the 31 piles that fall into the large diameter pile
category only 20 meet the Davisson's failure criterion using the modified offset. Using
the original offset there was only one pile that did not meet the Davisson's failure
criterion. Using the modified offset caused ten additional cases (out of the 31) to be
excluded from the Davisson's failure criterion. These were excluded because the
settlement of the pile did not reach the failure criterion. This information alone raises
doubts about the applicability of the modified offset for large diameter piles as it
significantly decreases the number of piles that meet the failure criterion. As shown
in Figure 4.16 for the thirty-one large diameter piles, the mean Kg; p is 0.920, while
the mean Kgp i1s 0.994, which is much better. The standard deviation of the Kgp
values is 0.0714, which is slightly better than that of the standard deviation for the
Ksp values, 0.0749. The lognormal distribution statistics also show that the original

offset gives better results than the modified offset based on the 31
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large diameter piles. The bar chart, which shows the actual data for the Kg p values
compares relatively well with the normal and lognormal distributions, with the
exception being the two ranges from 0.970 to 0.990 and 0.990 to 1.010 with large
numbers of Kgip values, 36 and 31, respectively. Figure 4.17 shows that there is no
correlation between the Kg p value and the pile diameter. The results of this analysis
has lead the authors to the conclusion that the single method of choice for analyzing
static load test results is the Davisson's criterion method and the correction for large
diameter piles should not be used.
4.5 STATIC LOAD TEST PROCEDURE
4.5.1 Overview

This section reviews common procedures used when performing a static load
test in the United States. The ASTM, Massachusetts Highway Department,
Massachusetts Building Code, and the Texas Quick Test procedures are described and
briefly analyzed. Detailed comparisons are held between two methods; the slow
maintained and short duration load tests as well as the static cyclic test. The influence
of creep on the static load test results when using two different static load test
procedures is examined and some new research data are presented. The material
presented in this section is based on the Paikowsky et al., (1999).
4.5.2 Load Test Procedures
a) ASTM Procedures

The American Standard for Testing and Materials (ASTM) provides four static

load test procedures, which include the standard loading procedure, cyclic loading,
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quick load test, and constant rate of penetration. These procedures are described briefly
below, for more details refer to ASTM (1998).
Standard Loading Procedure

The standard ASTM method calls for piles to be loaded to 200% of the
anticipated design load, unless failure occurs first. The pile shall be loaded in
increments of 25% of the total test load. Each load increment will be held until the rate
of settlement is not greater than 0.25 mm/hr (0.01 inches per hour) but no longer than
two hours per increment. In the event the pile has not failed, hold the total load on the
test pile between 12 and 24 hours until the butt settlement is not greater than 0.25
mm/hr (0.01 inches per hour). After the settlement rates have been satisfied, remove
the load in decrements of 25% of the total test load with one hour between decrements.
Cyclic Loading

The pile is loaded in a series of four cycles. The first cycle is loaded in
increments of 25% of the total design load up to 50% and each load increment is held
for one hour. At 50% the pile is unloaded in decrements of 25% until the entire load is
removed from the pile with 20 minutes between decrements. Cycles two, three, and
four are loaded to 100%, 150%, and 200%, respectively in increments of 50% of the
total design load. Each load increment is held for one hour during each cycle. Once the
maximum load is reached per cycle, the pile is unloaded to zero in decrements of 50%

of the maximum applied load with 20 minutes between each unloading.
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Quick Load Test Method for Individual Piles

The load is applied in increments of 10 to 15% of the design load with a
constant time interval of 2.5 minutes between loading increments. Load increments are
added until continuous jacking is required to hold the test load or until the specified
capacity of the loading device is reached. After one of these criteria is reached, the
load is held for five minutes and the full load is removed from the pile.
Constant Rate of Penetration

The pile is loaded at a constant rate of penetration 0.3 to 1.3 mm/min (0.01 to
0.05 in/min) for cohesive soils or 0.8 to 2.5 mm/hr (0.03 to 0.1 in/min) for granular
soils. The pile is continually loaded until no further increase in load is necessary for
the constant rate of penetration of the pile under the predetermined rate or the capacity
of the pile is reached. If the pile continues to settle under the constant load, the load is
held until the pile has moved at least 15% of the pile diameter and then the pile is
unloaded completely. If maximum capacity of the pile is reached before failure, the
total load is released.
b) Massachusetts Highway Department Procedures

The Massachusetts Highway Department uses a set of load test procedures
similar to the ASTM methods. The procedures described by the Massachusetts
Highway Department encompass the short duration test, maintained load test, and the
quick load test. The procedures are described in detail by the Massachusetts Highway

Department (1995) and briefly reviewed below.
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Short Duration Test

Massachusetts Highway Department requires the load to be applied up to
200% of the design load in increments of 25%. Each load increment is held for half an
hour. Once the maximum applied load is achieved, it is held for one hour and until the
settlement rate is less than 25 mm/hr (1 inch per hour). After both of the above criteria
are met, the load is removed in decrements of 25% of the design load every 15 minutes
until zero load is reached. Finally, zero load is held for one hour to complete the test.
Maintained Load Test

The pile is tested under load increments equal to 50, 100, 150, 175, and 200%
of the design load and maintained for a period of two hours. Once the maximum load
is achieved, it is held until the settlement does not exceed 0.02 inches (0.5 millimeters)
in a 12-hour time frame. After completion of the loading, the unloading is conducted in
decrements not exceeding one quarter of the total test load and maintained for a period
of four hours each.
Quick Load Test

The test shall be applied in increments of 50 to 100 kN (11 to 22 kips) and
maintained for 2.5 minutes until continuous jacking is required to maintain the test
load. The final load increment shall be held for no more than five minutes and then

unloaded in four equal decrements.
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c) Massachusetts Building Code Procedure

Massachusetts Building Code (5™ Edition, 1996) requires the pile to be loaded
to 200% of the design load in increments of 25% and each increment is held for half an
hour. Once the maximum applied load is achieved, it is held for one hour or until the
settlement rate is less than 25 mm/hr (1 inch per hour). After both of the above criteria
are met, the load is removed in decrements of 25% of the design load every 15 minutes
until zero load is reached. Finally, zero load shall be held for one hour to complete the
test.
d) Texas Quick Test Procedure

The Texas quick test (Butler and Hoy, 1977) is a modification of the Constant
Rate of Penetration Test (CRP). The CRP test advances a pile into the ground at a
constant penetration rate while the force required to sustain the rate is continually
adjusted. Engineers at the Texas State Department of Highways and Public
Transportation simplified the CRP test. The new test requires that load be applied in 44
to 89 kN (5 to 10 ton) (or 10-15% of the design load) increments while recording the
load and settlement data immediately after each load increment. Each load increment
is held for 2.5 minutes before the next load increment is applied. Once the maximum
load is achieved, it is held for 2.5 minutes before complete removal of the load from
the pile.
e Static-Cyclic Load Test Procedure

The static-cyclic approach is based on a methodology developed by Dr. Valery

Operstein during her work as the Chief Engineer at Ukrspetssroiproekt, a soils and
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foundations research design institute in Dniepropetvosk, Ukraine. A pile is loaded to
failure by applying a load at a high constant rate of approximately 150 kN/min and
then unloaded at a fast rate of approximately 325 kN/min. Typically a series of three
load-unload cycles is performed within a time period of less than one hour. The
method enables the unique determination of the ultimate pile capacity based on the
load-settlement relations in the load-unload cycle, which is closely related to the
fundamental physical mechanism of soil/pile interaction.
P Summary

The static load test procedures discussed in the above sections are compiled in
Table 4.2. The table summarizes the loading and unloading increments and hold times
associated with each test. Figure 4.18 displays the ASTM procedures in a graphical
format. The figure depicts the duration in minutes vs. percent of design load for each
test and testing stage. Figure 4.19 shows the MHD procedures using the same format.
The loading procedure (MBC) and standard tests are not displayed on any graph
because they replicate the short duration test (MHD) and maintained load test (MHD),
respectively. General hold times were used to complete each graph and it should be
noted that the hold times for each test would vary depending on the soil conditions.
4.5.3 Performance Evaluation of the Load Test Procedures
a) Comparison of the Short Duration, Slow Maintained and Static Cyclic Tests

To evaluate the influence of creep on static load test results two pile case
histories were analyzed. The two piles were part of a research project conducted by the

University of Massachusetts Lowell Geotechnical Engineering Research
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Laboratory at a bridge reconstruction site in Newbury, Massachusetts. The two test
piles were labeled test pile # 2 and test pile # 3; both of these piles were tested under
slow maintained, short duration and static cyclic load test procedures. The load test
curves for both the slow maintained and short duration static load test types were
reduced for creep and compared for both test piles.

Figure 4.20 and Figure 4.21 present the static load test curves, using the
original data, for the short duration, slow maintained and static cyclic tests for test
piles # 2 and # 3, respectively. In both figures it is seen that a significant creep takes
place during the holding times for both the slow maintained and short duration load
test types. The figures show that, even with the large settlements due to creep, the pile
capacity determined by Davisson's criterion is approximately equivalent for both load
test types. The static cyclic capacities, which is the load equivalent to the intersection
of the load and unload curves on the load displacement graph, is approximately the
same load that was determined using Davisson's criterion for both load test piles. Static
cyclic load test results will be compared to pile capacities determined using Davisson's
criterion on slow maintained static load tests in the following section. Theses two test
piles load-displacement curves show that there is an insignificant influence on the load
test results from the type of static load test that is completed.

To evaluate the effect of creep on the results of the load test analysis the load
test curves for both test pile # 2 and # 3 were replotted using the original data reduced
for creep. The new load-settlement curves are shown in Figures 4.22 and 4.23 for test

piles # 2 and # 3, respectively.
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Figure 4.22 presents the original short duration and slow maintained static load
test curves for test pile # 2 as well as the curves that were reduced for creep. When
reducing both static load test curves for creep it was apparent that the significant
amount of settlement at a load of approximately 700 kN could no longer be attributed
to creep but the pile had began to plunge. The pile capacity based on Davisson's
criterion for both types of static load test is approximately the same. The analysis of
test pile # 2 suggests that there is no influence of the static load test results (designated
failure) based on the type of static load test performed.

Figure 4.23 presents the slow maintained and short duration static load test
curves using both the original data and the data reduced for creep for test pile # 3. The
presented load-settlement relations suggest that test pile # 3 begins to fail by plunging
at approximately 1200 kN. The settlement at this load is too large to be attributed to
creep. Evaluating this pile's capacity based on Davisson's criterion and the two types of
static load tests; results in a pile capacity of approximately 1200 kN with little or no
influence of the load test type.

b) Comparison between the Static-Cyclic Load Testing and Slow Maintained

Tests Using Davisson's Capacity

In order to further evaluate whether the static load test capacity is influenced
by the static load test procedure, a comparison between results obtained using the
static cyclic and slow maintained load tests was made. A database compiled by Dr.
Valerie Operstein and the University of Massachusetts - Lowell presented by
Paikowsky et al., (1999) was used. The database contains 81 piles, which were

statically load tested using both methods, but there were 6 piles for which the
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Davisson's criterion did not apply to the slow maintained test. Figure 4.24 shows a
comparison between the pile capacity determined using Davisson's criterion for the
slow maintained load test and the static cyclic capacity. The mean Kgcyc of 0.930 and
standard deviation of 0.136 show that the results determined using each load test
method are very similar and there is no significant difference. A few of the cases
shown on the graph do show a fairly large discrepancy between the results from each
of the load tests. This is due to limiting the analysis of the slow maintained test to a
single method. As shown in Table 4.3 the statistics, the mean of 1.023 for the ratio
between the representative pile capacity for the slow maintained test and the static
cyclic results and its standard deviation, 0.057, show that when a representative pile
capacity is used the two load test methods give almost identical results. The results of
this analysis show that the load test results are not significantly influenced by the
procedure of the static load test.
c) Intermediate Conclusions

The influence of the static load test procedure on the chosen pile capacity
based on the above two analyses is insignificant. As only a small number of pile-cases
exist for which multiple types of static load tests to failure were completed the above
analysis of the two piles at the Newbury site is rare but it has lead the authors to the
above conclusion. The extensive research on the static-cyclic load testing procedure
that was recently completed (Paikowsky et al., 1999) also shows that the static load

test procedure has little to no influence on the pile capacity.
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4.6 CONCLUSIONS FOR REFERENCE STATIC CAPACITY

It is recommended that the traditional Davisson's criterion will be used for
determining the pile capacity based on static load-settlement curves. The correction for
the large diameter piles suggested by Kyfor et al., 1992 did not prove to be
worthwhile. The static capacity used for the evaluation of the dynamic methods will
make use of the static pile's capacity as evaluated based on Davisson's criterion

regardless of the load testing procedure.
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Table 4.1. Summary of the Interpretation Methods applied to the Static Load Test Curves in PD/LT2000.

| Number Mean Max | Min I\(I:umbe; of I\éumbe; of
Interpretation of . | Standard | Value | Value ases for ases for Non-Applicable Cases and Reason
. Ratio o the Range | the Range .
Method Valid Deviation | of of why they are non-applicable
Cases Ksx K K of Ksx from | of Kgx from | .
SX | PSX 10,9510 1.05 | 0.90 to 1.10
. > o 9 - max settlement less than failure
Dgif:g‘; 1 18 |1.018| 0101 |1.7340.766 111 161 criterion
1 - load below the failure range
9 - no clear failure point on log -
DeBeer 187 1.033 | 0.088 1.429 | 0.750 119 153 log graph of load settlement
curve
A=0.1B 9 [0938| 0114 |1367|0647| 39 s9 | 106-maxsettlement less than
failure criterion
A=17 161 0971 0098 |1538 0714 73 120 |32 - maxsettlement less than
failure criterion
Shapeof 1193 |11019| 0066 |1.600]|0833| 145 179 |3 -load settlement curve did not
Curve have a clear failure point
Representative | 156 11000 | 0.000 |1.000 | 1.000 196 196 0
Pile Capacity
Notes:

Ksx — The ratio between the representative pile capacity to the capacity obtained by the examined method.
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Table 4.2. Summary of Static Load Test Procedures (after Paikowsky et al., 1999)

Loading Hold Time Unloading Hold time
Code Test Name at Max. at Zero
Increments | Hold Time Load Increments Hold Time Load
Standard Loading Procedure 25% 0.01 in/hr 12-24 hr 25% 1 hr & .01 in/hr 1 hr
Cvelic Loadin 50% 1 hr 0 hr 50% 0.33 hr 1 hr
ASTM 4 g 50% 033hr | 12-24hr 25% 1 hr 0 hr
Quick Load Test 10-15% 2.5 min 5 min 1 step Instantaneous 0 hr
Constant Rate of Penetration | .01 - .1 in/min 0 hr - - - -
Short Duration 25% 0.5 hr 1 hr 25% 0.25 hr 1 hr
MHD Maintained Load Test 50% 2 hr 12-24 hr 25% 4 hr 4 hr
Quick Load Test 50-100kN 2.5 min 5 min 25% of max. 2.5 min 15 min
MBC Loading Procedure 25% 0.5 hr 1 hr 25% 0.25 hr 1 hr
9T Quick Load Method 10-15% 2.5 min 2.5 min 1 step Instantaneous 2.5 min
Static-Cyclic Test 150 kN/min 0 hr 0 hr 325 kN/min 0 hr 0 hr
Notes:
1. ASTM - American Standard for Testing and Materials.
2. MHD - Massachusetts Highway Department.
3. MBC — Massachusetts Building Code.
4. TQT — Texas Quick Test.
5. All percentages are in percent of total design load of the pile.
6. The loading increment for the standard test is based on the assumed bearing capacity of the pile.
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Table 4.3. Summary of the Statistical Data Comparing the Slow Maintained Load
Tests Results using Davisson's Criterion and the Static Cyclic Load Test Results from
the UMass Lowell / Ukraine Database.

Represenative Load Test Results
Static Cyclic Capacity

Davissons Capacity
Static Cyclic Capacity

Mean Kgc 1.023 0.930
Standard 0.057 0.136
Deviation
Number of ]1 75
Cases
Maximum 1.216>1.215
I<SC
Minimum 0.893 0.577
KSC
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Figure 4.1. Load-settlement curve of pile-case 344 with the
elastic compression line inclined at 20 degrees.

35

Figure 4.2. Load-settlement curve of pile-case 344 with a scale
that does not consider the elastic compression of the pile.
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Figure 4.3. Load-settlement curve of pile-case 344 with the
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Figure 4.4. Load-settlement data plotted on a logarithmic graph for pile-case
344 to determine the failure load according to DeBeer's method.
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Figure 4.5. Histogram and frequency distributions of K,
for 186 PD/LT2000 pile-cases in all types of soils.
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for 193 PD/LT2000 pile-cases in all types of soils.
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Figure 49 Histogram and frequency distributions of K
for 161 PD/LT2000 pile-cases in all types of soils.
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Figure 4.11. Histogram and frequency distributions of K
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B-146

0.64

0.6

0.56

0.52

0.48

0.44

0.4

0.36

0.32

0.28

0.24

0.2

0.16

0.12

0.08

0.04

Relative Frequency



. 1.8
E

£ 1.6
ol8

9=
=
S|1& 14
7]

(8
8|F 12
Sl<

8

5 1
1~

I

g” 0.8

0.6

‘! ________ _l__ ________ ________ Number of data points used =90 | ___
: : : : : : : | | Mean Ky =0.938
! ' ; . 5 ! l + | Standard Deviation = 0.114
T s O U R U R
L | E
E Optimum Kg
o ' *oox
! ! ! * ! ! :i
o | : . *x X R
EERRE R momrmeTremees EER et S AERRE HRR R x VT
. = o x =
llllillllillll’il.lll"illfl;lllllillllllllll;llliilll‘lil|lTillllillll

50 100 150 200 250 300 350 400 450 500 550 600 650

Pile Diameter (mm)

1in=254mm"

Figure 4.12. K values vs. Pile Diameter for all
- PD/LT2000 pile-cases, all types of soils.

B-147



Number of Pile-Cases

60

55

50

45

40

35

30

25

20

15

10

-------------------------------------------------------------------------

log-normal .
L __ | distribution | ____| |

i, = 1.030

-1 6, = 0.0816 |-

IIII'IIIl'lIIj'IIIIlIlIllIIll'IIIIIIlIIIIIII

_______________________________________

-------------------------------------

__________________

06 07 08 09 1 1.1 12 13 14 15 16 1.7 1.8

Ratio of Representative Pile Capacity over the Pile
Capacity based on the DeBeer Failure Criterion

Figure 4.13. Histogram and frequency distributions of K¢
for 187 PD/LT2000 pile-cases in all types of soils.
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Figure 4.15. Distrubution Function Curves for the Five methods used for analysis
of Static Load Test Curves based on 196 piles from PD/LT2000.
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Load Tests, Reduced for Creep, for Test Pile # 2 at the Newbury Site.
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CHAPTER 5

CONTROLLING PARAMETERS OF THE DYNAMIC METHODS

5.1 OVERVIEW

The performance of the dynamic methods has been assumed to depend on the
type of soil (cohesive or cohesionless) the pile is driven into, the time of driving (End
of Driving - EOD or Beginning of Restrike - BOR), and the soil inertia effects (type of
pile and difficulty of driving). The controlling effect of each these parameters on the
dynamic predictions vary for each pile-case. In this chapter the parameters will be
analyzed using the data from PD/LT2000 in an attempt to determine the significance
of each parameter. The performance of the dynamic methods can then be evaluated
according to the controlling parameters.
5.2 METHOD OF APPROACH
5.2.1 General

The first parameter to be analyzed is the effect of the soil type on the accuracy
of the dynamic prediction. This factor has been traditionally assumed to be a major
controlling parameter on the accuracy of the dynamic methods. The second controlling
parameter to be evaluated is the time of driving. When a dynamic test is completed at
the EOD no time has been given to allow for pile setup (freeze effects) to take place,

hence, the pile resistance at the time of the measurement differs from that

B-160



exhibited at the time of a static load test. If a dynamic test is conducted, during a
restrike, generally, a reasonable amount of time after driving has passed and the freeze
effects are accounted for. The final parameter that is analyzed is that of the soil inertia
effects. In this category are the effects contributing to the soil motion, i.e., the type of
pile (small or large displacement) and the driving resistance (easy or hard driving). The
analysis in this chapter will evaluate the soil inertia effect and will determine what
constitutes a small vs. large displacement pile and hard vs. easy driving.
5.2.2 Nomenclature

The nomenclature that is used throughout this manuscript and extensively in
this chapter is based on a method we will label the XXX method. The first letter
denotes the pile type, where A = all piles, L = large displacement piles and S = small
displacement piles. The second letter denotes the time at which the dynamic
measurements were taken, A = all times, E = End Of Driving (EOD) and B =
Beginning Of Restrike (BOR). The third letter denotes the soil type along the side of
the pile, where A = all soils, S = sand and silt, C = clay and till and R = rock. As an
example, pile-cases labeled LES are large displacement piles with dynamic
measurements taken at the EOD where the pile was driven into a sand and silt material
or AAA would be all types of piles at all times of driving in all types of soils.
5.2.3 Interpretation of Statistical Results

The relationship between the predicted static pile capacity and the actual
measured static pile capacity (based on Davisson's criterion from the load-settlement

test curves) is presented as a scatter-gram of the two values. The best-fit line (forced
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through the origin) was plotted on each of the graphs comparing the actual and
predicted static pile capacity. The best-fit line was forced through the origin of the
axes as the predicted pile capacity is expected to be zero when the actual capacity is
zero. The coefficient of determination values (1) were found to be only slightly
affected (lower) due to the forced best-fit line through zero, compared to those passing
through the y-intercept (Paikowsky et al., 1994).

The following review of the coefficient of determination follows that
presented by Paikowsky et al., (1994). The coefficient of determination (r*) represents
the proportion of the sum of squares of deviations of the y-values about their mean,
and it is a measure of the contribution of "x" in prediction "y". By definition, a scatter
at higher x-values will influence this coefficient more than a scatter close to the origin
of axes. The coefficient of determination varies between 0 and 1; the first indicating no
correlation or contribution and the last (* = 1) is a perfect match where all the points
fall on the best-fit, least-squares line. For example, r* = 0.6 means that 60 percent of
the sum of squares of deviations of the observed y-values about their mean is attributed
to the linear relations between y and x (actual vs. predicted). In other words, 60 percent
of the variability in y is explained by the regression equation. According to Ryan
(1989), a meaningful correlation is obtained with r*>0.80, which coincides with p <
0.0011; p is the probability of obtaining an F-value as or larger than the calculated
value. This value of r* = 0.80 may be rigorous relative to correlations in geotechnical
engineering. The results, therefore, may be reviewed in the following ranges

(Veneziano, 1993):
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r* >0.80 good correlation

0.60 <1°<0.80 moderate correlation

> <0.60 poor correlation

A second parameter that can be used to determine whether there is a good or

poor correlation between data is the coefficient of variation (COV), which was defined
in section 2.2.4b as the ratio of the standard deviation over the mean. Based on
previous geotechnical experience the results will be reviewed in the following ranges:

COV <0.30 very good correlation

0.30<COV <045 good correlation

0.45 <COV <0.60 moderate correlation

COV > 0.60 poor correlation
53 THE CONTROLLING PARAMETERS
5.3.1 Soil Type
a) General

The soil type sub-groupings are based on a research report submitted to the

Federal Highway Department by Paikowsky et al., 1994. The soil groupings, which
refer to the soil type along the side of the pile, are as follows; clay and till, sand and
silt, and rock. During the soil type analysis the question arose whether the soil
groupings should not follow a more conventional sub-grouping of cohesive soils, non-
cohesive soils and rock. This would lead to the sub-groupings of sand and gravel, clay
and silt, and till and rock. The analysis was done comparing both sets of sub-groupings
and it was found that no matter what the soil groupings were the effect of soil type on

the dynamic predictions is minimal. The analysis was therefore continued using the

original soil sub-groupings.

B-163



The figures used in evaluating the effect of the soil type on the performance of
the dynamic predictions present the data sub-grouped according to small and large
displacement piles. This is based on the definition of small displacement piles being H-
piles and open-ended pipe piles (OEP) and large displacement piles being categorized
as all piles that are not H-piles or OEP piles.

Figures 5.1 and 5.2 show the relationship between the static load test results
compared to the CAPWAP/TEPWAP predictions and the Energy Approach
predictions, respectively. The data shown are sub-grouped into soil types and type of
pile as described above. Based on the r* values of 0.542 and 0.521 the figures show
that there is a poor correlation between the static load test results and the
CAPWAP/TEPWAP predictions or Energy Approach predictions for both types of
piles in all types of soils. The poor correlation is also shown by the large amount of
scatter in both figures. To further analyze the effect of the soil types each sub-grouping
was plotted separately to better see if there is any relationship between the static load
test results and the dynamically predicted results.

b) Sand and Silt

Figure 5.3 presents a comparison between the static load test results and the
CAPWAP/TEPWAP predictions. The r* value of 0.679 for the best-fit line forced
through zero shows that a moderate correlation exists between the actual and predicted
pile capacities for piles that are embedded into sand and silt. A poor correlation is
shown by the COV of 0.715. The change in the mean and standard deviation is

minimal when compared to the mean and standard deviation for all soil types (1.452 +
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0.985 for all cases compared to 1.517 £ 1.085 for cases in sand and silt). The best-fit
line forced through zero shows an under-prediction ratio of 1.260 for pile-cases in sand
and silt compared to 1.161 for all pile-cases. There are some cases where
CAPWAP/TEPWAP under-predicts the pile capacity by as much as 90 percent, which
is an under-prediction ratio of 10.

A correlation between the static load test results and the Energy Approach
predictions are shown in Figure 5.4. As is shown in the figure there is a significant
amount of scatter, which is also shown by the 1* value of 0.879, which shows a poor
correlation between the actual and predicted results based on the sub-grouping by soil
type to sand and silt. The COV of 0.518 shows a moderate correlation between the
actual and predicted values. The mean and standard deviation (0.968 + 0.501) has not
changed significantly from that shown for all soil types in Figure 5.2 (0.936 + 0.485).
The graph shows that the Energy Approach over-predicts the actual static capacity of
the pile by an over-prediction ratio of 0.790, this is the slope of the best-fit line forced
through zero. There is no significant change here, either, from the over-prediction ratio
for all cases in all types of soils. The majority of the data points do fall within the
ratios of 0.40 to 2.50 (load test results over the prediction). The scatter is still fairly
large and has not changed significantly from that shown in Figure 5.2 for all of the
Energy Approach predictions in all types of soils.
¢ Clay and Till

The data shown in Figure 5.5 is a comparison between the static load test

results and the CAPWAP/TEPWAP predictions for those piles embedded in clay and
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till. The figure shows a poor correlation between the actual and predicted results based
on the * value of 0.141, while based on the COV of 0.535 there is a moderate
correlation. The mean and standard deviation for the piles in clay and till (1.352 +
0.723) has not notably changed from that for all the piles in all types of soils (1.452 +
0.985). The under-prediction ratio changed slightly from that for all the piles in all
types of soils (0.988 from 1.161) but the change is insignificant when evaluating the
soil types as a controlling parameter. The majority of the extreme cases where
CAPWAP or TEPWAP under-predicted the pile's capacity do not fail into the category
of piles in clay and till.

Figure 5.6 shows the comparison between the static load test results and the
Energy Approach predictions. A poor correlation exists between the load test results
and the predicted results based on the r* value of 0.320 and a moderate correlation
exists based on the COV of 0.527. The mean, 0.873, and standard deviation, 0.460, for
the piles which are embedded in clay and till has not changed considerably from the
mean, 0.936, and standard deviation, 0.485, for all piles embedded in all types of soils.
The figure does show that there is a slight decrease in the over-prediction ratio for the
piles that are in clay from the piles that are in all types of soils; the ratio decreases
from 0.744 to 0.660. The upper end of the ratios, load test results over the predictions,

meaning the amount that the method under-predicts, did decrease from 2.50 to 1.67.
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d) Rock

The results that are presented in this section show a significant increase in the
performance of each of the dynamic analysis methods, the CAPWAP/TEPWAP and
the Energy Approach methods. It should be noted that there is a significant less
number of pile-cases for which the piles are embedded in rock compared to the number
of piles that are embedded into sand and silt and clay and till. The small number of
pile-cases accounts for the increased performance as well as the fact that with the
exception of one pile all 15 have a driving resistance that is greater 16 BP10cm and
two thirds of the piles have area ratios greater than 350. These two parameters are
determined to have a significant effect on the performance of the dynamic methods
and are discussed later in this chapter.

Figure 5.7 shows the comparison between the static load test results and the
CAPWAP/TEPWAP predictions, there is a good correlation between the actual and the
predicted results as the mean and standard deviation have decreased from 1.452 +
0.985 for all piles in all types of soils to 0.930 = 0.172 for those piles embedded in
rock. The r* value of 0.790 shows that there is a moderate to good correlation between
the actual and predicted pile capacities, while the COV of 0.185 shows a very good
correlation between the data. The mean over-prediction ratio is 0.879, which has
changed from an under-prediction ratio of 1.161 for all pile-cases. All of the data
points fall within a fairly narrow band of ratios (load test results over the predictions);
the ratios range from approximately 0.60 to 1.25 showing that there is minimal scatter

when comparing the actual and predicted results for piles that are embedded in rock.
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Presented in Figure 5.8 is the comparison between the static load test results
and the Energy Approach predictions for all pile-cases that are embedded in rock. As
is shown the Energy Approach method also performs very well for piles that are
embedded in rock with a mean of 0.744 and a standard deviation of 0.154; this is a
decrease from a mean of 0.936 and a standard deviation of 0.485 for all pile-cases in
all types of soils. The over-prediction ratio has also decreased from 0.744 for piles in
all types of soils to 0.620 for piles that are driven into rock. Again as seen in the figure
the data points fall with a narrow range of ratios (load test results over the predictions);
the range is from an over-prediction ratio of 0.40 to 1.00.

e Intermediate Conclusions

Tables 5.1 and 5.2 summarize the statistical data for the sub-groupings
according to soil types for the wave matching methods (CAPWAP/TEPWAP
predictions) and the field evaluation method (Energy Approach predictions),
respectively. The tables also present a summary of the statistics for the sub-groupings
by time of driving and the driving resistance. The above analyses show that the soil
type does not have a significant effect on the results of the dynamic analyses excluding
the small pile group that are driven into rock. Later in this chapter it will be seen that
the soil inertia effects (the driving resistance of the pile and the type of pile that is
driven) control the performance of the dynamic methods in rock and not necessarily

just the fact that the pile is driven into rock.

B-168



5.3.2 Time of Driving

The time of driving (EOD versus BOR) has a significant effect on the results
of the dynamic analyses. This section does not detail the effect of the time of driving
on each one of the dynamic methods, but establishes the need for the time of driving to
be considered in any further analyses that are done. As shown in Tables 5.1 and 5.2 the
statistics for the CAPWAP/TEPWAP and Energy Approach predictions drastically
improve from the end of driving cases to the beginning of restrike cases. To further
evaluate the effect of time of driving on the performance of the dynamic methods, the
wave matching predictions and the Energy Approach predictions will be compared to
the static load test results for both EOD and BOR cases.

The wave matching predictions (CAPWAP/TEPWAP) are shown in Figure 5.9
compared to the static load test results for all pile-cases with the exception of the 5
extreme pile-cases (refer to section 6.3.1 for explanation). The mean and standard
deviation of the ratio of the static load test results to the CAPWAP/TEPWAP
predictions are 1.368 and 0.620, respectively. The wave matching predictions under
predict the pile capacity by a mean ratio (load test results over the prediction) of 1.160.

Figures 5.10 and 5.11 present the CAPWAP/TEPWAP predictions compared
to the static load test results for the end of driving and beginning of restrike pile-cases,
respectively. A comparison between the means and standard deviations for all cases,
the EOD cases and the BOR (last) pile-cases reveals that the time of driving has a
major influence on the performance of the CAPWAP/TEPWAP methods. The mean

for the EOD pile-cases is 1.626 with a standard deviation of 0.797 while the mean for
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the BOR (last) pile-cases is 1.158 with a standard deviation of 0.393. The BOR (last)
pile-cases have a significant less amount of scatter compared to all of the pile-cases
and the EOD pile-cases. The under-prediction ratio decreases from 1.284 for the EOD
pile-cases to 1.104 for the BOR (last) pile-cases. The above statistics and analysis of
the wave matching methods reveals that any further analysis that is completed should
take into consideration the time of driving.

Figure 5.12 presents a comparison of the static load test results and the Energy
Approach predictions for all pile-cases, with the exception of the 7 extreme pile-cases
(refer to section 6.3.1 for details), at all driving times. The mean and standard
deviation all pile-cases is 0.894 and 0.367, respectively. The scatter is fairly significant
(" = 0.542) and the ratios (load test results over the predictions) range from
approximately 0.40 and 2.50. The Energy Approach over-predicts the pile capacity by
an average ratio of 0.743, which is the slope of the best-fit line through zero.

Presented in Figures 5.13 and 5.14 are the graphs comparing the static load
test results and the Energy Approach predictions for the EOD and BOR (last) pile-
cases. A comparison between the statistics for all pile-cases, the EOD pile-cases, and
the BOR (last) pile-cases shows that there is a significant improvement from the EOD
pile-cases to BOR (last) pile-cases. The mean for the EOD pile-cases is 1.084 with a
standard deviation of 0.431, while the mean for the BOR (last) piles-cases is 0.785
with a standard deviation of 0.290. The scatter improves slightly for the BOR (last)
pile-cases from the EOD pile-cases. The range of ratios (load test results over the

predictions) for the BOR (last) pile-cases is 0.40 to 1.67 while for the EOD pile-cases
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the range is from 0.40 to 2.50. The mean over-prediction for the EOD pile-cases is
0.926 while for the BOR (last) pile-cases it is 0.695, this shows that for the BOR (last)
pile-cases the Energy Approach over-predicts by a significant amount but it
consistently over-predicts so it can be corrected with a multiplying factor. The
statistics for the Energy Approach also show that any further analysis that is completed
needs to take into consideration the effects of the time of driving. The time of driving
effects are not as obvious for the Energy Approach predictions as for the
CAPWAP/TEPWAP predictions.

Table 5.3 summarizes the statistics of the data that were presented in Figures
5.9 through 5.14 for the comparison of the static load test results and the
CAPWAP/TEPWAP predictions as well as the Energy Approach predictions. Based
on these statistics it can be seen that the time of driving has a major influence on the
performance of the dynamic methods and needs to be considered in any further
analysis.
5.3.3 Soil Inertia Effects
a) Overview

Paikowsky and Chernauskas (1996) had shown that the stationary soil
assumption, under which the soil/pile interaction models were developed, does not
reflect the physical phenomenon that occurs during pile driving. The use of pseudo
viscous damping serves as a mechanism to absorb energy, but, as it does not reflect the
actual phenomenon, its correlation to physical properties (e.g. soil type) or time of

driving cannot be achieved. If the motion of the displaced soil is a major factor
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contributing to the energy loss during driving, a substantial portion of the dynamic
resistance should be a function of two parameters: (i) mass/volume of the displaced
soil that is a function of the pile geometry, namely, small vs. large displacement piles,
and (ii) acceleration of the displaced soil, (especially at the tip) that can be
conveniently examined as a function of the driving resistance (Paikowsky and
Stenersen, 2000). |

The soil inertia effects consist of the driving resistance of the pile, hard or easy
driving, and the type of pile that is used, small or large displacement. This section will
first show the controlling effect of the driving resistance and then present the method
used to determine the dividing point between hard and easy driving.

Through analysis previously done by Paikowsky et al. 1994 it was determined
that small and large displacement piles are not defined only by the type of pile (e.g. H-
piles and OEP piles are small displacément) but rather they are defined by the area

ratio. The area ratio is defined by Paikowsky et al., 1994, as follows:

A, _ Surface area in contact with the soil

T é.Y
A Area of the pile tip

Ag =

tip
Paikowsky et al. (1994) proposed that piles that have an area ratio above 350 are small
displacement piles and piles w1th an area ratio less than 350 are classified as large
displacement piles. The controlling effect of the type of pile driven will be shown in
this section, as well as a statistical analysis used to verify the area ratio boundary

between small and large displacement piles.
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b) Effect of Driving Resistance

The initial analysis in this section shows that there is a controlling effect due to
driving resistance. The initial boundary between hard and easy driving is based on
research by Paikowsky et al. (1994). A blow count boundary between hard and easy
driving of 16 blows per 10 cm (4 blows/inch) is used in Figures 5.15 through 5.18 to
show the controlling effect of driving resistance. Paikowsky et al. (1994) suggested to
use 6 BPI (Blows Per Inch), (24 blows/10cm) as the boundary between easy driving
and hard driving. A later study by Paikowsky and Chernauskas (1996) found that 4
BPI (16 blows/10cm) is a better indicator of that boundary. A 3 BPI (12 blows/10cm)
boundary is used by GRL for such differentiation (Rausche, 2001).

Shown in Figures 5.15 and 5.16 are the comparisons between the static load
test results and the CAPWAP/TEPWAP predictions for the pile-cases that fall into
the categories of easy and hard driving, respectively. The mean and standard
deviation of ratio of static load test results to the wave matching predictions for the
easy driving case is 1.874 and 1.580, respectively, which shows that for low blow
counts the wave matching methods do not perform very well. As seen in Figure 5.16
the mean ratio of the static load test results to the CAPWAP/TEPWAP predictions is
1.285 with a standard deviation of 0.528, representing a significant improvement in
the performance of the wave matching methods. The scatter for both the easy and
hard driving pile case is approximately the same with the ratios (load test results over
the predictions) ranging from 0.60 to 2.50. The mean under-prediction for the easy

driving pile-cases is 1.308 and the mean under-prediction for the hard driving pile-
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cases is 1.130, which is consistent with the improvement in the mean and standard
deviations. The analysis comparing the static load test results to the
CAPWAP/TEPWAP predictions for the easy and hard driving pile-cases shows that
the effect of driving resistance needs to be considered in any further analysis that is
completed.

Figures 5.17 and 5.18 show the comparisons of the static load test results and
the Energy Approach predictions for the easy and hard driving pile-cases, respectively.
The figures show an improvement in the performance of the Energy Approach method
from the easy driving pile-cases to the hard driving pile-cases. This is seen in the
improvement of the mean and standard deviation, which for the easy driving pile-cases
are 1.173 and 0.693, respectively, and for the hard driving pile-cases are 0.840 and
0.324, respectively. The scatter for both the easy and hard driving cases are similar
ranging from a ratio (load test results over the predictions) of 0.40 to 2.50. The mean
over-prediction decreases from 0.871 for the easy driving pile-cases to 0.720 for the
hard driving pile-cases, this is consistent with the decreasing in the mean Kgp value.
The results from analyzing the Energy Approach predictions based on blow count
show that driving resistance is a parameter that controls the performance of the
dynamic methods.

A summary of the above mentioned statistics analyzing the effect of the
driving resistance on the performance of the dynamic methods is presented in Table

5.4. The table shows the sub-grouping of the PD/LT2000 database into the dynamic
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methods according to the CAPWAP/TEPWAP predictions and the Energy Approach
predictions, as well as by the blow count according to easy and hard driving.

The continuation of the analysis reexamines the boundary between easy and
hard driving using a statistical analysis of the data found in PD/LT2000. Figures 5.19
and 5.20 present the method that was used to determine this boundary. The figures
show the relationship between the Kgw and Kgp values, which are the ratios of the
static load test results to the CAPWAP/TEPWAP and Energy Approach predictions
respectively, and the blow count. From these graphs it can be seen that at low blow
counts there is larger scatter between the blow count and the Kgw and Kgp values.

To determine the blow count boundary at which the CAPWAP/TEPWAP and
the Energy Approach methods perform poorly for blow counts below that boundary
and better for blow counts above that boundary, the means and standard deviations
were taken for all Kgw and Kgp values within ranges of 8 BP10cm (2 BPI). The mean
Ksx (the ratio of the static load test results to the CAPWAP/TEPWAP or Energy
Approach predictions depending on which method is being analyzed) values for each
range of blow counts were plotted versus the midpoint blow count of that specific
range. Shown on the bottom graphs for each of the figures are these relationships as
well as the mean for all pile cases and their standard deviations. The figures show that
at blow counts less than 8 BP10cm the Energy Approach and signal-matching methods
have a mean that is approximately one standard deviation (for all pile-cases) larger
than the mean for all pile-cases. The mean for the pile-cases that are within the range

of 8 to 16 BP10cm is approximately equal to the mean for all cases (1.472 vs.
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1.368 for CAPWAP/TEPWAP and 0.975 vs. 0.894 for the Energy Approach) but the
standard deviation is still large compared to that of the means for the pile-cases in the
ranges above 16 BP10cm (0.765 vs. 0.528 for CAPWAP/TEPWAP and 0.478 vs.
0.324 for the Energy Approach). The standard deviations for the ranges of 8 BP10cm
above a blow count of 16 BP10cm are all fairly consistent and are significantly smaller
than the standard deviations for the two ranges below 16 BP10cm. The boundary
between easy and hard driving is therefore taken as 16 BP10cm (4 BPI) and will
subsequently be used in all analyses.

¢ Effect of Pile Type

The second aspect of the soil inertia effects is the volume of the displaced soil,
i.e., the pile type (small or large displacement piles). The preliminary analysis to
determine the pile size effect on the dynamic predictions was presented by Paikowsky
et al., 1994, suggesting that the boundary between small and large displacement piles
is an area ratio of 350. Figures 5.21 through 5.24 use the area ratio of 350 as the
boundary between small and large displacement piles demonstrating that there is a
controlling effect based on the size of the driven pile.

Figures 5.21 and 5.22 show the comparisons between the static load test
results and the wave matching techniques (CAPWAP/TEPWAP) for pile-cases with
area ratios below and above 350, respectively. The mean and standard deviations for
the two sub-groupings show that there is a significant increase in the performance of
the wave matching techniques from large displacement (area ratio < 350) piles to small

displacement piles (area ratio > 350). The mean and standard deviation decreases
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from 1.536 + 1.137 to 1.295 £ 0.582. There is a minimal decrease in the mean under-
prediction ratio from the pile-cases with area ratios less than 350 to those with area
ratios above 350; the mean decreases from 1.168 to 1.150. There are a significant
number of pile-cases with area ratios less than 350 for which the wave matching
techniques under-predict the pile capacity by more than sixty percent. The number of
pile-cases for which the wave matching techniques under-predicts the pile capacity by
more than sixty percent for pile-cases with an area ratio greater than 350 is
significantly less than those for pile-cases with area ratios less than 350. Based on the
predictions of the wave matching techniques there is a significant effect of the pile
type on the predicted pile capacity.

The comparisons between the static load test results and the Energy Approach
predictions are shown in Figures 5.23 and 5.24 for pile-cases with area ratios less than
350 and greater than 350, respectively. There is no significant difference between the
mean and standard deviations for these two sub-groupings, 0.914 + 0.473 for the pile-
cases with an area ratio below 350 and 0.980 + 0.508 for pile-cases with an area ratio
above 350. There is a slight improvement in the mean over-prediction from the pile-
cases with an area ratio less than 350 to the pile-cases with an area ratio greater than
350 (0.712 to 0.832). The scatter for both sub-groupings is very similar and the
prediction ratios range from approximately 0.40 to 2.50. Based on the Energy

Approach predictions there is little to no effect on the predicted pile capacity due to the

pile type.
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The statistics that were shown in the above analyses for the effect of pile type
on the pile capacities based on the wave matching techniques and the Energy
Approach are summarized in Table 5.5. The conclusion from the analysis is that there
is an effect on the pile capacity determined using the dynamic methods due to the pile
type, which is based on the area ratio, especially for the CAPWAP/TEPWAP
predictions. The continued analysis to determine the area ratio boundary, which
differentiates between small and large displacement piles, will show that even for the
Energy Approach method the results are affected by the pile type.

The data presented in Figures 5.25 and 5.26 is similar to the approach that was
used to determine the boundary between easy and hard driving (refer to Figures 5.19
and 5.20). The top portion of each of the figures (5.25 and 5.26) presents the
comparison between the Ksx values (the ratio of the static load test results to the
CAPWAP/TEPWAP or Energy Approach predictions depending on which method is
being analyzed) and the area ratio for the CAPWAP/TEPWAP and Energy Approach
predictions, respectively. The data is sub-grouped by soil type and it can be seen that
there is no real correlation between the Kgx values and the area ratio. The bottom
portions of the figures were created by plotting the mean Kgx values and the standard
deviations for the pile-cases within a range of area ratios of 175 versus the mid-point
area ratio for that specific range. As is shown in Figures 5.25 and 5.26 for both the
wave matching techniques and the Energy Approach predictions the mean Kgx value
for the range of area ratios from 0 to 175 is approximately equal to the mean for all

pile-cases (1.382 vs. 1.452 for CAPWAP/TEPWAP and 0.864 vs. 0.936 for the
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Energy Approach) and the standard deviations are within the standard deviation for all
pile-cases (0.569 vs. 0.985 for CAPWAP/TEPWAP and 0.326 vs. 0.485 for the Energy
Approach). The range in which the standard deviations become drastically larger than
the standard deviations for all pile-cases is from 175 to 350 (1.425 vs. 0.985 for
CAPWAP/TEPWAP and 0.563 vs. 0.485 for the Energy Approach). The majority of
the means and standard deviations for the ranges above 350 fall within the range of the
standard deviations of all pile-cases. The boundary between small and large
displacement was therefore taken at an area ratio of 350. Piles having an area ratio
greater than 350 are classified as small displacement and pile having an area ratio less
than 350 are classified as large displacement piles.

In an effort to examine the true influence of the area ratio three things needed
to be done. The first is to isolate, to the extent possible, the influence of the
acceleration on the inertia from that of the mass on the inertia, i.e., look on blow
counts greater than 16 BP10cm. The second is to look at the data when the soil inertia
effects most likely exist during driving, i.e., EOD, whereas, it may not be mobilized at
BOR. The final thing is the method of analysis to evaluate, the CAPWAP (wave
matching techniques) were chosen because of the easier influence on the method as a
full analysis of the phenomenon is done. The conclusion is that in order to look closely
at the influence of the area ratio the pile-cases related to the wave matching techniques

at the EOD for blow counts greater than 16 BP10cm needed to be evaluated.
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Figure 5.27 presents the analysis that was completed to isolate the
CAPWAP/TEPWAP pile-cases at the EOD for blow counts greater than 16 BP10cm.
The top portion of the figure is a comparison between the Kgyw values and their
corresponding area ratios. This graph shows that there is a point in which the Kgw
values begin to go asymptotically towards a Ksy value of 1.0. The bottom graph of the
figure presents the actual analysis used to verify the boundary between small and large
displacement piles. The mean Kgyw values as well as the standard deviations for a range
of area ratios were plotted versus the midpoint area ratio for that range. The ranges for
these pile-cases varied due to the lesser number of pile-cases compared to all of the
wave matching technique pile-cases. As is shown the means for the first two ranges of
area ratios, (0 - 175 and 175- 350), are slightly higher than the mean for all cases in the
specific sub-grouping being analyzed. It is apparent by the standard deviations for
these two ranges that the dynamic methods performance will be less accurate for piles
that have an area ratio less than 350. The means for the ranges above an area ratio of
350 are significantly smaller than the mean for all pile-cases in this sub-grouping but
they are approximately one as is shown in the figure. The standard deviations are
relatively small for the pile-cases that have an area ratio greater than 350 compared to
the overall standard deviation for all pile-cases in this sub-grouping.

The conclusion from this analysis is that there is a significant effect on the
performance of the dynamic methods due to the type of pile that is driven. The

boundary between poor performance (large displacement piles) and good performance
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(small displacement piles) of the CAPWAP/TEPWAP and Energy Approach
predictions is taken at an area ratio of 350. The analysis that is done from this point
forward will incorporate the effect of the pile type.
5.4 INTERMEDIATE CONCLUSIONS

The above analyses show that the controlling parameters that have a
significant effect on the pile capacity predictions are, in order of importance, the time
of driving, the driving resistance and the type of pile (small or large displacement) that
was driven. The analyses showed that the effect of soil type is minimal when
compared to the other controlling parameters. The boundary between easy and hard
driving will be taken at a blow count of 16 BP10cm (4 BPI) and the boundary between

small and large displacement piles will be taken at an area ratio of 350.
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Table 5.1. Summary of the Ksw Values for the Different Soil Types used for the Soil Inertia Analysis.

Clay & Till Sand & Silt Rock
Mean 1.352 1.517 0.930
Standard
Deviation 0.723 1.085 0.172
Number
of Cases 100 265
EOD BOR(last) EOD BOR(last) EOD BOR(last)
Mean 1.634 1.133 2.068 1.193 0.968 0.925
Standard 0.899 0.444 1765 0.391 0.132 0.203
Deviation
Number 45 40 77 116 7 7
of Cases
<5 >5 <5 >5 <5 >5 <5 >5 <5 >5 <5 >5
BPcm | BPcm | BPcm | BPem | BPcm | BPem | BPem | BPem | BPem BPem | BPem | BPem
Mean | 1.725 | 1315 | 1.254 | 0985 | 2.191 | 1.458 | 1.126 | 1.283 | 1.070 | 0.952 | 0960 | 0.879
Standard | 007 | 1160 | 0489 | 0340 | 1901 | 0512 | 0386 0355 | - 0.136 | 0209 | 0.230
Deviation
Number { 10 2 | 18 64 13 74 40 1 6 4 3
of Cases
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Table 5.2. Summary of the Kgp Values for the Different Soil Types used for the Soil Inertia Analysis.

Clay & Till Sand & Silt Rock
Mean 0.873 0.968 0.744
Standard
Deviation 0.460 0.501 0.154
Number
of Cases 260
EOD BOR(last) EOD BOR(last) EOD BOR(last)
Mean 1.037 0.717 1310 0.821 0.778 0.729
]S)“"?d?"l 0.588 0.231 0.670 0.314 0.092 0.207
eviation
Number 46 40 81 107 7 7
of Cases . , ‘
<5 >5 <5 >5 <5 >5 <5 >5 <5 >5 <5 >5
BPcm | BPecm | BPem | BPem | BPem | BPem | BPem | BPem | BPem | BPem | BPecm | BPem
Mean | 1.127 | 0.750 | 0.686 | 0.751 | 1.345 | 1.122 | 0.789 | 0.863 | 0.645 | 0.801 | 0.772 | 0.671
Standard | o0 | 0041 | 0235 | 0229 | 0716 | 0292 | 0330 | 0267 | - 0.077 | 0249 | 0.163
Deviation
Number | ., 11 21 19 68 13 ) 34 1 6 4 3
of Cases
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Table 5.3. Summary of the Statistics showing the Importance of the
Time of Driving as a Controlling Parameter.

Dynamic
Method

CAPWAP

Energy Approach

Mean

1.368

0.894

Standard
Deviation

0.620

0.367

Number of
Cases

377

371

Time of
Driving

EOD

BOR (last)

EOD

BOR (last)

Mean

1.626

1.158

1.084

0.785

Standard
Deviation

0.797

0.393

0.431

0.290

Number of
Cases

125

162

128

153

Table 5.4. Summary of the Statistics showing the Importance of the Driving
Resistance as a Controlling Parameter.

Dynamic
Method

CAPWAP

Energy Approach

Mean

1.368

0.894

Standard
Deviation

0.620

0.367

Number of
Cases

377

371

Driving
Resistance

<16 BP10cm

>16 BP10cm

<16 BP10cm

>16 BP10cm

Mean

1.874

1.285

1.173

0.840

Standard
Deviation

1.580

0.528

0.693

0.324

Number of
Cases

108

274

109

269
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Table 5.5. Summary of the Statistics showing the Importance of the
Area Ratio as a Controlling Parameter.

Dynamic
Method

CAPWAP

Energy Approach

Mean

1.368

0.894

Standard
Deviation

0.620

0.367

Number of
Cases

377

371

Area Ratios

<350 > 350

<350 =350

Mean

1.536 1.295

0.914 0.980

Standard
Deviation

1.137 0.582

0.473 0.508

Number of
Cases

250 132

250 128
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Figure 5.1. Static Load Test Results vs. CAPWAP or TEPWAP predictions
for 382 PD/LT2000 pile-cases in all types of soils (AAA).
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Figure 5.2. Static Load Test Results vs. Energy Approach predictions
for 378 PD/LT2000 pile-cases in all types of soils (AAA).
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Figure 5.3. Static Load Test Results vs. CAPWAP or TEPWAP
predictions for 265 PD/LT2000 pile-cases in sand & silt (AAS).
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Figure 5.4. Static Load Test Results vs. Energy Approach
predictions for 260 PD/LT2000 pile-cases in sand & silt (AAS).
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Figure 5.5. Static Load Test Results vs. CAPWAP or TEPWAP
predictions for 100 PD/LT2000 pile-cases in clay & till (AAC).
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Figure 5.6. Static Load Test Results vs. Energy Approach
predictions for 101 PD/LT2000 pile-cases in clay & till (AAC).
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Figure 5.7. Static Load Test Results vs. CAPWAP or TEPWAP
predictions for 15 PD/LT2000 pile-cases in rock (AAR).
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Figure 5.8. Static Load Test Results vs. Energy Appraoch
predictions for 15 PD/LT2000 pile-cases in rock (AAR).
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Figure 5.9. Static Load Test Results vs. CAPWAP or TEPWAP predictions

for 377 PD/LT2000 pile-cases in all types of soils (AAA).
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Figure 5.10. Static Load Test Results vs. CAPWAP or TEP WAP predictions
for 125 PD/LT2000 pile-cases at EOD in all types of soils (AEA).
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Figure 5.11. Static Load Test Results vs. CAPWAP or TEPWAP predictions
for 162 PD/LT2000 pile-cases at BOR(last) in all types of soils (ABA).
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