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PREFACE

This research study presents a simplified field method for the capacity evaluation of
driven piles based on dynamic measurements during driving.

Dynamic analyses of piles are methods aimed at the prediction of pile behavior under
static loads based on the pile response during installation. These methods are based
upon the concept that pile penetration under each blow induces failure of the soil,
hence, an instantaneous load test is performed.

The reliability of these analyses is enhanced through data obtained by dynamic
measurements during driving. Two methods are currently employed for the analysis of
the measured data. Both methods are based on the solution of the one-dimensional
wave equation for the stress wave traveling through the pile following the hammer's
impact. One, an office analysis, utilizes a numerical solution of a mathematical model
for the pile-soil system under measured boundary conditions (e.g., the computer codes
CAPWAP or TEPWAP). The other, a field analysis known as the "Case Method," which
is based on a simplified closed-form solution and empirical correlations, provides an
instantaneous evaluation of the pile capacity following each hammer blow.

Substantial experience suggests the existence of major limitations to the field method. In
addition, no large-scale evaluation has been carried out for the office methods since their
development.

A simplified method based on energy balance is proposed as an alternative field method.
This method, entitled the Energy Approach, assumes elasto-plastic load displacement
pile-soil relations. Calculated transferred energy and maximum pile displacement from
the measured data, together with the field blow count, are used as input parameters for
the Energy Approach.

Two large data sets were gathered at the University of Massachusetts at Lowell. One,
PD/LT, contains 208 dynamic measurement cases on 120 piles monitored during driving,
followed by a static load test to failure. The data were obtained from various sources
and reflect variable combinations of soil-pile-driving systems. The other, PD, contains
data on 403 piles monitored during driving and was provided by Pile Dynamics, Inc. of
Cleveland, Ohio. All cases were examined and analyzed.

The results of the presented study invalidate the concept of a unique recommended
correlation between the viscous damping parameters and soil type in both wave-based
analyses. It is shown that energy losses should be attributed more to soil inertia rather
than soil damping. As such, energy losses are mostly pile-shape-dependent in addition to
the soil type and driving resistance influences.
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The Energy Approach method was found to provide excellent evaluations of pile
capacity. Therefore, the method is proposed to be used in the field for instantaneous
capacity determination. The predictions of this method were found, on the average, to
provide more accurate evaluations than the sophisticated office methods, especially for
records obtained at the end of initial driving. The Energy Approach is, therefore, also
proposed to be used as an independent tool to evaluate the office methods.

Through evaluation of the current dynamic analyses, pointing out their sources of
deficiencies and offering an alternative method, this study contributed to the increase in
safety and decrease in cost of driven-pile foundation systems.
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CHAPTER 1 • INTRODUCTION

1.1 OVERVIEW

The study of driven-pile foundations and their behavior under dynamic and static loads
dates back to the late 19th century. Until that time, the design of driven piles was mainly
based on experience. Dynamic equations were the first attempt at a theoretical
assessment of the static capacity of driven piles. The "general" dynamic equation was
developed based on the assumption that the pile and the hammer are two rigid bodies
and that the calculated resistance is equal to the static capacity of the pile (Poulos and
Davis, 1980).

The dynamic analyses are attractive as they attempt to predict the static capacity based
on the pile behavior during driving. As such, they utilize data that is readily available
during the construction operation. Moreover, they enable "real-time" capacity assessment
during installation.

Hence, recent centuries have seen an increasing demand on the foundation engineer to
further improve the dynamic methods of analysis. As a result, more research was
performed in this area and it was realized that pile driving was not accurately
represented by rigid-body mechanics (Newtonian impact), (Cummings, 1940). This
realization led to the development of analyses based on wave theory utilizing the one­
dimensional wave equation (Smith, 1960).

Stress-wave analyses consider the fact that each hammer blow produces an elastic stress
wave that moves down the length of the pile at the speed of sound. This indicates that
the entire pile is not stressed simultaneously (rigid-body mechanics), which is one of the
basic assumptions of the dynamic equations.

A major improvement was gained with the direct measurement of the pile response
under each hammer blow. Early large-scale studies (e.g., Michigan State Highway
Commission, 1965; Texas Highway Department, 1973; and Ohio Department of
Transportation, 1975) led to the development of an effective and reliable commercial
system (Goble et aL, 1970, 1975). This system, known as the PDA (Pile-Driving
Analyzer), enables complete and relatively easy acquisition of dynamic measurements
and their analysis during driving. Similar systems were later developed outside the
United States (FPDS-3-TNO, 1993; Reiding et al., 1988; and Iwanowski, 1987).

The obtained dynamic measurements are used in two ways. One is a field analysis
known as the Case Method (Goble et al., 1970 and Rausche et al., 1975). This analysis is
based on a simplified solution of the wave equation and provides a "real-time" capacity
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assessment during driving. The other is an office analysis that is based on the wave
equation solution utilizing the force and velocity signals at the point of measurement.
Several existing codes are based on this principle, for example, CAse Pile Wave Analysis
Program, CAPWAP, (Goble et aL, 1970); TEchnion Pile Wave Analysis Program,
TEPWAP, (Paikowsky, 1982 and Paikowsky and Whitman, 1989); and TNO (Middendorp
and van Wee~ 1986).-

These analyses enable evaluation of a variety of parameters in addition to the static
capacity. These evaluations include extreme stresses, pile-damage assessment, and load­
settlement relations to name a few. These advantages are offset, however, by the time
required to produce the results and the cost incurred during this time.

A large-scale assessment (100 or more piles) of the analyses utilizing dynamic
measurements has not been carried out since their initiation. Umited studies suggest
substantial limitations to the Case Method (e.g., Trow Repon, 1978; Paikowsky, 1982;
and Thompson and Goble, 1988). Mixed experiences were reported for the office
methods. These reports ranged from excellent predictions for very large offshore open­
pipe piles in sand (Paikowsky, 1982) to poor performance of concrete piles in clay and
till (Trow Report, 1978).

Based on the existing experiences, it was clearly evident that in order to improve the
state of the art it is necessary: (1) to develop an altemative method for capacity
evaluation in the field and (2) to assess the performance of the different dynamic
analyses and their underlying assumptions based on accumulating a large data set. Both
needs are addressed by the present research.

1.2 THE PRESENT RESEARCH STUDY

The present research study is based on the aforementioned needs and consists of three
major parts. The first part (chapter 4) presents an alternative field method known as the
Energy Approach. This method combines the basic principle of the energy balance
together with data provided through dynamic measurements. The method was first
proposed by Paikowsky (1982) based on experience gained during the construction of a
large offshore facility. The method was further examined on a limited scale in the
Boston area (Paikowsky, 1984, 1990). Preliminary evaluations were carried out by
McDonnell (1991) and Paikowsky and Chemauskas (1992).

The second part (chapters 5, 6, and 7) presents the buildup of two large-scale data sets.
One data set, PD/LT (Pile Dynamic/Load Test), comprises 208 dynamic measurements
on 120 piles monitored during driving, followed by a static load test to failure. All the
cases were monitored using the PDA (Pile-Driving Analyzer) and the various data
sources are outlined in the following section. The second data set, PD (Pile Dynamic),
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contains data on 403 piles monitored during driving. This data set was provided
exclusively by Pile Dynamics, Inc. of Cleveland, Ohio and was originally presented by
McDonnell (1991).

The third part (chapters 8, 9, and 10) presents the analysis and interpretation of the data
sets. The field and office methods are examined and analyzed. Possible mechanisms
underlying the different methods are suggested and the obtained results are evaluated in
light of these proposed mechanisms.

1.3 CONTRIBUTIONS

Advances in geotechnical engineering in general, and foundation engineering in
particular, may take place only through ultimate full-scale evaluations. Full-scale
observations are difficult to obtain and require collaboration and understanding between
the owner (the "client"), the designer, the contractor, and the researcher. In the
presented case, such understanding could have taken place through: (1) the vision of the
Federal Highway Administration, which realized the need to support and carry out
research; (2) the cooperative and research-oriented nature of GRL, Inc. and Pile
Dynamics, Inc. of Cleveland, Ohio; and (3) the many contributors outlined below that
realized the advantage of sharing their information for the benefit of all. Table 1
outlines the contributors to data set PD/LT. As previously noted, data set PD was
provided exclusively by Pile Dynamics, Inc. of Cleveland, Ohio.

As these data sets have been and will continue to be useful to several research areas, the
researchers at the University of Massachusetts at Lowell thank all of the contributors for
their cooperation in providing their data.

1.4 MANUSCRIPT LAYOUT

The following are short descriptions for each of the following chapters:

Chapter 2 - Provides a brief background of static analyses and static load tests.

Chapter 3 - Details the various dynamic analyses currently employed, including dynamic
equations, the Case Method, and CAPWAP/TEPWAP.

Chapter 4 - Develops the proposed Energy Approach.

Chapter 5 - Outlines the buildup and analysis of data sets PD/LT and PD.
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Chapter 6 - Outlines the tables presented in appendix A containing data set
PD/LT.

Chapter 7 - Outlines the tables presented in appendix B containing data set PD.

Chapter 8 - Discusses and presents the graphical and statistical results obtained
from analyzing data set PD/LT.

Chapter 9 - Discusses and presents the graphical and statistical results obtained
from analyzing data set PD.

Chapter 10 - Provides summary, conclusions, and recommendations.

Appendix A - Presents data set PD/LT, induding pile geometry, subsurface
conditions, dynamic measurements, dynamic parameters, static load
test results, CAPWAP/TEPWAP capacity predictions, and the
Energy Approach predictions.

Appendix B - Presents data set PO, including pile geometry, skin and toe soil,
dynamic measurements, and CAPWAP and Energy Approach predictions.
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Table 1. Data set PD/LT contributors.

Organization Persons in charge and/or contact Number Reference
people of cases

FHWA DynatT"IC Monrlonng and
Pile-Load Test Regorts-l=)rO!8ct 66:
Colorsco (1981), .owe. 119861.

U.S. Federal Highway Richard Cheney, Jerry DiMaggio, 126 KenluclCy !199J). Loul"aM (1990).

Administration Albert DiMillio, Chris Dumas, MaJne (l990). MI"nesota (1991),

and Carl Ealy
Missouri (19891. NecrUka (1e.e91.
Oklahoma (1969). Or&gon 119l17l.
Flennsylvania (19911, Ven""lont
(1991). Wasnlngton (H~S4).

Pile Dynamics, Inc. and George Goble, Garland Likins, 47 Abe, Likins. and Morgano 1'990).

GRL, Inc. Frank Rausche, and Mark Svinkin
Inhouse Reports.

Ontario Ministry of Betty Bennet, Murty Devata, P'lo-Load Capacity E,alualion HWY

Transportation John Pertruzzlello, and 14 404 Structures,Slto 33 (19781.
Foundallon E'JaJuation and Design

Mark Vasavithisaan Aopon·S"o :J5 Onlano MOT (1983),
Thomoson and Devala i1980) ,

n-,o Traot Rapo" (19761. Chong and

The Trow Group Limited Shaheen Ahmad, Steven Cheng, 35
Ahmed (1968), Thornoson and
Oe'oIala (1960). Inhouse ReClClns,

Tony Maini, and David Foundation Evaluation and Onlg"

Thompson <:1opon-Silo:J5 Ontario MOT (1983).

GZA GeoEnvironmental William BeioH and Steve Roy 15 Inhouse Reports

Gannet and Flemming James Langer and John Masland 10 Inhouse Reports

Law Engineering Kevin Kelt 6 Inhouse Reports

STS Consultants Patrick Hannigan 4 Inhouse Reports

Wagstaff Piling David Klingberg and 4 Inhouse Reports
Julian Siedel

Haley and Aldrich Inc. Christopher Snow, David 6 Inhouse Reports
Thompson, and James Weaver

Florida DOT William 'Bubba' Knight 59 Inhouse Reports

Oklahoma DOT Steve Jacobi 7 Inhouse Reports

Washington DOT Ralph Henning 4 Inhouse Reports

Iowa DOT Curtis Monk 4 Inhouse Reports

Oregon DOT Glen Thommen 2 Inhouse Reports

Louisiana DOT Mark Morvant 3 Inhouse Reports

Anna GeoDynamics, Bengt Fellenius 2 Eddo and FolionlUS (1990)

Inc.

Note: The total number does not add up to 208 pile cases as different
sources may have contributed information for the same pile case.
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C~R2-BACKGROL~D

2.1 GENERAL

The use of driven piles for foundation support for a variety of structures, such as bridges,
buildings, towers, and dams, is a practice that dates back to prehistoric times. l Piles are
used to transfer superstructure loads through soft soil layers and/or water. Pile
resistance is developed through the soil, as in the case of friction piles, or from
competent underlying soil or rock strata, as in the case of end-bearing piles. Most piles
incorporate a combination of both frictional resistance and end-bearing resistance.

In this chapter, the main difficulty with using piles as foundation systems is addressed.
Engineers have limited ability to predict the capacity and integrity of driven piles. As a
result, high factors of safety are used when designing deep foundations, which add
significant costs to projects. Pile capacity may be estimated using static or dynamic
analyses and may be confinned by static load tests. The following includes a brief
discussion of static analyses and static load tests. The alternative methods, namely
dynamic analyses, are outlined in chapter 3.

2.2 STATIC ANALYSIS

The initial design of pile foundations requires the evaluation of pile capacity via static
analysis. The Federal Highway Administration (FHWA) incorporates static formulas
(Tomlinson and Nordlund methods) for the analysis of driven piles in their pile analysis
program, SPILE (DiMaggio, 1991). Static formulas estimate driven-pile capacities on the
basis of soil-strength parameters obtained from subsurface exploration programs and
from pile-soil interaction relations. The predictions are simply a summation of the
estimated point and skin resistance of the pile. For a description of various methods,
see, for example, Bowles, 1988. There is, however, a great deal of uncertainty in these
analyses and their accuracy is highly questionable.

Briaud et al. (1988) examined the capacity predictions from 12 static analyses applied to
100 piles that were statically load tested to failure. They concluded that all methods
produced unsatisfactory results, especially in layered soil strata. Similar conclusions were
drawn when the best methods were averaged and used to predict the capacity of piles

lThe Neolithic inhabitants of Switzerland supported their homes 12,000 years ago on wooden poles driven in
shallow lakes. The ancient Egyptians depicted manpower pile-driving operations and failures. The Romans
supported many of their bridges over the Rhine River y,ith driven-timber piles.

7 Preceding page blank



driven in varying soil layers.

Unfortunately, the inaccuracy of static analysis results in the use of very high safety
factors leading to higher construction costs.

2.3 STATIC LOAD TESTS

Static load testing is the only method available to determine the actual static capacity of
piles. This method involves physically loading a pile at specified time intervals (see, for
example, ASTM D-1143) and monitoring the settlement of the pile top until failure. The
results of these tests are then plotted (load vs. settlement) and the failure load is
interpreted using various methods (outlined in chapter 5). These tests are expensive,
time-consuming, and, as a result, are not commonly performed.

Static testing is typically carried out as a "proof test" on piles to determine the pile's
performance in supporting a service load, usually !'Nice the design load (e.g.,
Massachusetts Highway Dept. (1989), Virginia DOT (1987), and Alabama State Highway
Dept. (1985) State highway codes). It is important to note that the proof test does not
provide tbe ultimate pile capacity and, therefore, does not contribute to the effort of
increasing accuracy and reducing foundation costs. Although the test is typically carried
out to twice the design load, the actual employed factor of safety may be much higher as
the actual pile capacity is unknown. Proof testing is less expensive than loading a pile to
failure and is therefore more frequently performed.

In spite of the difficulties in carrying out a load test to failure and the possible
inaccuracies of the data (see Fellenius, 1989), it remains as the only means to examine
actual pile capacity.

Data set PDILT, which is presented in chapter 6, contains cases of 120 piles load tested
to failure. The interpretation of the test results was carried out using a variety of
methods as outlined in section 5.2.1.
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CHAPTER 3 . D~AMIC A.'iALYSIS OF PILES

3.1 GENERAL

Dynamic analyses of piles are methods that predict pile capacity based on the behavior
of the hammer-pile-soil system during driving. Such methods are based on the idea that
the driving operation induces failure in the pile-soil system. In other words, pile driving
is analogous to a very fast load test under each hammer blow. The pile must, however,
experience a minimum permanent displacement, or set (approximately 0.1 inch [2.5
mm]), during each hammer blow to fully mobilize the resistance of the pile-soil system.
If there is very little or no permanent downward displacement of the pile tip, then the
pile-soil system experiences mostly elastic deformation. As a result, capacity predictions
based on measurements taken at this time would not be indicative of the full resistance
of the pile-soil system.

There are basically two methods of estimating the capacity of driven piles based on
dynamic driving resistance: pile-driving formulas (i.e., dynamic equations) and wave­
equation analysis.

3.2 DYNAMIC EQUATIONS

3.2.1 Review

For centuries (Cummings, 1940), quantitative analyses of pile capacity have been
performed using dynamic equations. These equations can be categorized into three
groups: theoretical equations, empirical equations. and those that consist of a
combination of the two. It is important to mention that 45 of the State highway
departments in the United States include a dynamic formula in their foundation
specifications for the determination of bearing value for single-acting steam/air
hammers. Of these 45 States, 30 use the Engineering ~ews Record (ENR) formula and
9 States use other variations of the rational pile formula. In general, all the pile
formulas, with the exception of the Gates formula. are derived from the rational pile
formula (Bowles, 1988). A reference will be made here only to theoretical equations
because:

Empirical and semi-empirical equations are restricted to the
conditions and assumptions of their original data set.

State highway building codes utilize theoretical equations.

9



3.2.2 The Basic Principle

The theoretical equations have been formulated around analyses that evaluate the total
resistance 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 1). The total work is computed as:

where

Q

=
=

=

yield resistance
pile set, denoting the permanent displacement (plastic
deformation) of the pile under each hammer blow
quake, denoting the elastic deformation of the pile-soil
system.

(1)

In general, dynamic equations are inaccurate (see for example Housel, 1965, 1966;
Flaate, 1964; and Olsen and Flaate, 1967) and a high factor of safety (F.S.) is therefore
required when using their estimated capacity (e.g., F.S. =6 for the ENR equation).
Dynamic equa:ions are largely inaccurate because:

Their parameters, such as the efficiency of energy transfer and
the pile/soil quake, are crudely approximated.

Some of the theoretical developments of the rational pile
formula, especially those relating the energy transfer mechanism
to a Newtonian analysis of ram-pile impact, are theoretically
invalid (see, for example, Cummings, 1940 and Taylor, 1948).

There is no differentiation between static and dynamic soil
resistances where it is known that such differences exist,
especially in cohesive soils (Taylor, 1948).

3.2.3 Energy Transfer

The theory of energy transfer analysis in many of the dynamic equations assumes that
the hammer-pile impact is consistent with Sir Isaac Newton's third law, Conservation of
Momentum. Newton's relationship applies to the impact of two free rigid bodies. In the
case of dynamic equations, these rigid bodies are considered to be the hammer and the
pile. This law of motion states that if no external forces are acting on the two rigid
bodies, then the total momentum of the system is conserved. The impulsive forces acting
during the impact are actually internal and, therefore, do not affect the total momentum
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Figure 1. Resistance vs. displacement at the top of the pile.

of the system (see Cummings, 1940). This is clearly not the case for driven piles, which
are elastic rather than rigid and experience end bearing as well as frictional resistance.
Newton is reported to have stated that his expression for the impact of two massive
bodies did not apply for "bodies ... which suffer some such extension as occurs under the
strokes of a hammer" (see Taylor, 1948).

The ENR formula, published in 1888, was originally developed for use with timber piles
and a drop hammer (Bowles. 1988). This formula further simplifies the assumptions
made by the rational pile formula by equating the efficiency of the ram-pile impact to 1.
This oversimplification does not consider three factors:

• Energy losses that occur in the pile-driving system during
impact.

• Work used in the elastic compression of the pile and soil.

Varying efficiencies of the wide range of hammers used
today.

These simplifications in the development and use of the ENR formula result in a
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(2)

necessary safety factor of 6 (Taylor, 1948). Briaud and Tucker (1988) checked the
prediction accuracy of the ENR equation in 68 pile cases. The static capacity was
determined based on a reference settlement equal to one-tenth of the pile diameter plus
the elastic compression of the pile. The mean of the ratio predicted over measured load
was 0.82 with a standard deviation of 0.38. Further reference to these results is made in
chapter 10. Overall, the low reliability of dynamic equations requires very high factors of
safety that make their use extremely uneconomical.

3.3 THE WAVE EQUATION

3.3.1 Formulation and Principles

1ssacs (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 side resistance
existed (Lowery et al.,1969). Fox (1932) proposed an exact solution to 1ssacs
formulation; however, without the aid of computers, many simplified assumptions were
necessary because of the complexity of his solution (Smith, 1960).

Stress-wave propagation in a pile during driving can be described by the follo~1ng one·
dimensional wave equation (after Paikowsky and Whitman, 1990) modified to include
frictional resistance along the pile:

E
(flu S (flu

- A
P Is = Pp ~2

P ax 2 UL
P

where Ep' Pp =
u~x,t) =
fs =

~,Sp =

modulus of elasticity and unit density of the pile material
longitudinal displacement of infinitesimal segment
frictional stress along the pile
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 the resistance developed in the soil. This displacement can be
determined with respect to time and location. The friction stresses (fs) are generated by
the movement of the pile. When the pile is subjected to free-wave motion (fs =0), the
stress propagation equation becomes the familiar one-dimensional wave equation:
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(3)

where

=
=
=

wavespeed of the pile material
modulus of elasticity of the pile
density of the pile material.

(4)

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 the 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).
The soil resistance is modeled via a spring, slider, and dashpot, which represent the static
and dynamic soil resistances (see figure 3). The elasto-plastic 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 place. The plastic deformation, or irreversible compression of
the soil, is denoted by the permanent set of the soil (see figure 3).

According to this model, point A represents the ground resistance buildup to the
ultimate resistance, Ru • 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
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Figure 2. Smith's model simulating the hammer-pile-soil
system for use with the one-dimensional wave equation (Smith, 1960).
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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 (~) and a slider, where W represents the mass of
the pile element. '

The dynamic component of the soil's resistance is assumed to be viscous (soil-type
related) and is, therefore, velocity-dependent. This dynamic resistance is modeled by a
dashpot (J) parallel to the spring (see figure 3). The resisting soil force (Rma..C>

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

(5)

where Rmax = total resistance
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=
=

static resistance
dynamic resistance.

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

3.3.2 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 (Le., 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.

3.3.3 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
4 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 5. The subscripts msd. and
cal. denote measured and calculated values, 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.

3.3.4 Wave Equation Analysis - Discussion

Post-driving analyses utilize the measured force and velocity waves, hence, the energy
delivered to the pile in these models is exact. The models can consider the "damping" at
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each depth by utilizing different damping parameters for each of the discrete units and,
therefore, account, to some degree, for different energy losses in the surrounding soils
and the various pile-type effects. Such analyses may result in a force distribution along
the pile that differs from the actual one, but by keeping the energy balanced, the
calculated total resistance may be accurate (a case study of large instrumented piles that
showed such results was presented by Paikowsky, 1982). A method that presents a
simplified solution for the wave propagation phenomenon (i.e., the Case method, see
section 3.5), with the attempt to correlate the energy losses to the soil type at the tip,
does not capture the actual phenomena and does not necessarily keep a balance of
energy. The resulting factor (Ie) is difficult (if not impossible) to correlate to the soil
type at the pile tip. A simple field method that predicts pile capacities in "real-time"
remains attractive, however, because of its ability to monitor pile capacity during driving.
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3.4 FIELD ANALYSIS A.~D THE PILE·DRIVING A1"lALYZER

Capacity evaluation in the field is attractive because of the potential to increase quality
control and to improve construction efficiency of deep foundation systems. The
procedure of monitoring pile driving by dynamic measurements is well established. Early
large-scale studies (e.g., Michigan State Highway Commission, 1965; Texas Highway
Department, 1973; and Ohio Department of Transportation, 1975; see also Highway
Research Record, 1967 and Goble et al., 1970) led to the development of commercial
systems that enable complete and relatively easy acquisition of dynamic measurements
and analysis during driving. These dynamic measurements include acceleration and
strain readings recorded at the pile top under each hammer blow. The most popular
acquisition and analysis system in the United States is the pile-driving analyzer (PDA)
(see Pile Dynamics Inc., 1990).

The PDA calculates a number of different physical quantities, including force (from
strain readings), velocity and displacement (from acceleration readings), maximum
delivered energy (to the pile top), and tension and compression stresses. These results
are used to predict the pile capacity, as well as to examine the hammer performance,
stresses in the pile, and pile integrity. The PDA predicts pile capacities in tbe field by
utilizing a simplified evaluation method, known as the Case method.

3.5 THE CASE METHOD

3.5.1 General

The Case method (see Goble et aI., 1970 and Rausche et aI., 1975), is a simple field
procedure used by tbe 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.

3.5.2 The Case Method Equation

The Case method calculates the total soil res iSIance (RTL) active during pile-driving,
using the following equation:
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[F(Tl) +F(Tl + 2L)]
KFL = C_+[v(Tl)_v(Tl ... 2L )] ",_M_C

2 C 2L

(6)

where F(T1) = measured force at the time TI
F(T1 +2L/C) = measured force at the time TI plus 2L/C
v(TI) = measured velocity at the time T1
v(T1+2L/C) = measured velocity at the time TI 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 TI as the time of
impact or modified to include a time delay constant allowing higher RTL values to be
obtained. The time T1 is defined, in equation form, as:

where TP
6

=
=

Tl :: TP+ a

time of the impact peak
time delay.

(7)

(8)

The time delay is required in soils capable of large deformations before achieving full
resistance (see figure 6). A time delay is also used in situations where the harrur..er
impact is uneven (PDA Manual, 1990).

The total resistance calculated is a combination of the static resistance (5) which is
displacement-dependent, and the dynamic resistance (D) which is velocity-dependent.
Therefore, the total resistance (Goble et al., 1975) is:

RTL :: S+D

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.

3.5.3 Case Damping Coefficient

The dynamic resistance D is considered to be viscous in nature, hence, a function of the
velocity at the pile toe (VIele) and a damping constant (J) where:

(9)

By applying the wave propagation theory, the pile toe velocity can be calculated as a
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Figure 6. Force arid velocity traces showing two impact
peaks indicative of driving in soils capable of large deformations.

function of the velocity at the pile top (Goble et ai., 1975):

L (10)V =2V --RTL
1M lOp Me

where L = pile length
M = pile mass
C = wave speed of the pile material
R = total resistance
Vrop = velocity at pile top.

V
IOP

is taken as the pile top velocity at the time Tl.
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According to Goble et ai. (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 (1) is proportional to the pile properties (EAjC) and, therefore, is represented
by a dimensionless coefficient (Ie) using the following equation:

where =
=
=
=

EAJ=J­
c C

dimensionless Case damping coefficient
elastic modulus of the pile material
pile cross-sectional area
wave speed of the pile material.

(11)

The recommended values for Je have changed since the initial estimates made by Goble
et ai. (1975) as a result of improvements to the PDA and continued research in this area.
In 1975, Goble et aL (1975) published recommended Je values for various soil types.
These recommendations have been revised in PDA Manual-Model GCPC (1990). Both
sets of recommended .lfe values are given in the following table:

Table 2. Recommended Je values according to the soil type at the pile tip.

Soil Type at Pile Tip Goble et aI., 1975 PDA Manual, 1990

clean sand 0.05 0.10 to 0.15

silty sand 0.15 0.15 to 0.25

sandy silt 0.2 .

silt 0.3 0.25 to 0.40

silty clay / clayey silt 0.55 .

silty clay - 0.40 to 0.70

clay 1.1 0.70 to 1.00

It is suggested that Je values less than 0.10 are unlikely. Large.lfe values result in more
conservative capacity predictions, and the range of Je = 0.5 to 1.0 can cause large
capacity differences (PDA Manual, 1990). Je can be back-calculated from static load test
results and applied to other piles nearby, provided they are driven in similar soil strata.
Negative damping coefficients are physically meaningless and are set to zero should they
occur. If load testing to failure is not conducted at a particular site, subsurface
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investigation of the underlying soil strata must be carried out to provide the necessary
information needed to estimate lc'

3.5.4 Case Method Variations

Several variations of the Case method have evolved for the analysis of different driving
situations and soil types. The variations are similar in that they all begin 'Nith the initial
total resistance prediction (RTL) of equation (6). Five distinct methods are used to
employ the predicted RTL: Damping Factor Method, the Maximum Resistance Method,
the Minimum Resistance Method, the Unloading Method, and the Automatic Method.
A brief review of each of these methods follow (for details, see the 1990 PDA Manual).

(a) The Damping Factor Method, RSP
The Damping Factor Method uses the velocity at the toe of the pile (V1OC ) of equation
(10), which may be rewritten as:

= V ~[F(Tl)-RTL]
cop MC

L

(12)

and the Case damping constant (Jc) is nondimensionalized by the pile impedance
(MC/L), to determine the static capacity (RSP) (PDA Manual, 1990). The equation,
which was discussed in the last section, utilizes damping constants empirically derived
from static load tests where:

MCRSP=Rn-}-*V
L tM

This expression is the standard Case method equation used for normal driving
conditions.

(13)

(b) The Maximum Resistance Method, RMX
The Maximum Resistance Method uses the RSP equation 'Nith 2L/C as a fixed quantity.
The time T1 used in the RSP equation is varied between the impact time (TP) and TP
+ 30 InS to find the corresponding maximum RSP value, denoted as RMX (see figure 6).

Originally (Goble et aL, 1967), it was proposed to choose the time T1 as the time when
the pile top velocity becomes zero (referred to (e), the automatic method, RAU). Time
delay methods were then developed (Goble et al., 1975). The most familiar one is
T1 =TP, the time of maximum velocity. This was then modified to T1 =TP + 0, where 6
is a time-delay constant required to enable full resistance to be developed. The
maximum resistance method (RMX) is a variation of this approach, where T1 will result
in the maximum static resistance (Rs)' This T1 is not necessarily the same one that 'Nill
produce the maximum total resistance RTL. RMX can be used in cases of large so:!
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quakes or short rise times where the full resistance is not mobilized by the time the
stress wave reaches the pile toe. This method is advantageous for large displacement
piles with substantial end-bearing. The RYiX resistance may not, however, develop until
unacceptably large displacements occur. Caution should be taken when using RMX in
silts and clays with high damping factors because over-predictions may result.

(c) The Minimum Resistance Method, R.\1N
Tension cracks, splices, and changes in cross-sectional area may vary the wave speed
along a single pile. To compensate for these changes, the Minimum Resistance Method
uses the first or second peak as the impact time (T1) in the capacity equation. The tip
reflection time, 1'2 or (T1 +2LjC), is varied through the 2LjC "window," which is
centered around 1'2 and is ::!:20 percent of 2L/C. 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 40 blows per foot (131 blows per meter) (PDA Manual, 1990).

(d) The Unloading Method, RSU
For long piles with high frictional resistance, the measured velocity can become negative
before a reflection from the tip is observed at time n. Under such 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 compensates for this by calculating the
total friction in the upper unloading layers from the force velocity difference. This
friction is then divided by two thus yielding the correction. The unloading resistance
(RSU) then is:

. MC
RSU=RTL+K-J[F(tl) +v(TJ) *- -RTL-K]

L
(14)

where K = the unloading correction coefficient.

The correction coefficient is calculated from:

[F( 1'3) - V(TJ)( MC) - F( TP) + V(TP)( MC)]
K= L L

2

(15)

where T3 = 2TP + 2ljC - TO and TO is the time of zero velocity (before 2L/C) (PDA
Manual, 1990).

(e) The Automatic Method, RAU
The Automatic Method computes the capacity (RAt.:) for the first time where the
computed pile toe velocity (VIae) is zero. This method, originally proposed by Goble et
aL (1967), does not select a damping coefficient because damping must be zero when
Vtae is zero; therefore, the resistance at this time is completely static. This method
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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. Another variation of
this method attempts to convert any skin friction into end-bearing resistance. This is
proposed for piles having moderate skin friction, but are unaffected by I (PDA Manual,
1990).

3.5.5 Evaluation

(a) Critical Discussion
Two fundamental questions should be addressed regarding the Case Method approach:

• What is the time (T1) that should be used to calculate the total
resistance (RTL)?

• What is the meaning and reliability of the Case damping factor?

Based on the various methods described in section 3.5.4, the Case method produces a
range of results according to the way in which it is employed. The "right" way and the
"correct" Tl are questionable, and depend on the driving system and soil and pile
conditions.

The Case damping coefficient Je is based on viscous damping in a dimensionless form.
Thus, the dynamic resistance is correlated to the calculated velocity at the tip of the pile,
and Ie is assumed to be related to the soil type at the pile's tip. To find the Ie to be
used for different soils, the damping coefficient was calculated to fit failure loads
obtained from static load tests. These damping coefficients were calculated for a range
of ±20 percent of the load test results, resulting in ranges of the Ie coefficient that were
then ascribed to each soil type (Goble et aL, 1975).

The correlation between Ie and soil type is questionable and mayor may not be feasible.
The following section evaluates the use of Ie and demonstrates that the pile's dynamic
resistance is influenced by several additional factors that cannot be appropriately
considered through the use of the Case damping factor. A detailed examination of the Ie
parameter is presented in section 8.2.1.

(b) Review of Existing Experience
The Case method has been the subject of different comparison studies attempting to
evaluate it's reliability. When static load testing is conducted on a pile, the
corresponding Case damping coefficient can be obtained through back-calculating. This
coefficient can then be compared to typical Ie values recommended to be used with the
given soil conditions. Such information enables the determination of the reliability of
the Case method for individual testing sites. Comparisons between the Case method and
CAPWAP analysis results (in place of static load testing) have also been conducted (see,
for example, Thompson and Goble (1988) or Riker and Fellenius (1988».
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The Trow Company (1978) examined 226 piles and 40 static load tests at 21 different
sites. Their report concluded that the Case Method was shown to be in closer
agreement with static load tests than dynamic formulas. For end-bearing piles, the range
of the applicable damping factor is narrow, and the use of Je values between 0 and 0.3
led to predictions within ± 25 percent of the load test results (excluding piles in till at
one site). However, for friction piles, the choice of damping values was critical for the
correct prediction of the capacity, and the tested pile's capacity was about twice the
predicted one.

Four full-scale static load tests were conducted offshore and analyzed by Paikowsky
(1979-1982). Open-ended pipe piles (48 in and 60 in [1219 mm and 1524 mm]
diameters) were dynamically monitored during driving in a predominantly calcareous
sand soil profile. The Case damping coefficient values (Je) for capacity predictions in the
range of ±20 percent from the load test results are presented in figure 7. In order to be
consistent with the data analysis of chapter 6, the Ie values of figure 7 are based on the
same data used for CAPWAP and TEPWAP analyses that were somehow different from
the one observed in the field. These values varied between Ie = 0.06 to 0.37, fitting the
load tests, and in different ranges for each of the individual cases (e.g., 0.18 :S Ie :S 0.52
for T-2/A and -0.20 :S Ie :S 0.31 for T-2/B).

Despite the Case method being used in only one of its forms, a significant scatter exists
in the "recommended" damping coefficient field values that are considered more accurate
than values from a general data set (see table 2).

A pile-testing study that began in 1980 was conducted in Milwaukee, WI, to establish
foundation design criteria, such as the most suitable pile type and driving depth (see
Riker and Fellenius, 1988). This project was undertaken because of the extensive pile
installation program required for the construction of a wastewater plant (3,000 to 4,000
driven piles). The test piles consisted of steel H-piles and closed-ended pipe piles, with
varying thicknesses, and were founded in glacial soil deposits. Approximately 40 piles
were monitored during initial driving and/or during restriking, using a pile driving
analyzer (PDA). All of these piles were analyzed using CAPWAP, and from these
results, a Je value was back-ealculated for each pile. This analysis allowed engineers to
correlate Je values for the remaining piles at the site, provided they are founded in
similar soils. Similarly, the Case method was performed on each test pile and capacity
predictions were obtained using the calibrated Je factors determined from the CAPWAP
analyses. The results of this comparison show that when using pile-site-calibrated Ie
factors for thick-walled steel pipe piles, the Case method predictions were within 20
percent of the CAPWAP results. Riker and Fellenius concluded that in light of the
consisten'!' of the Ie values at this site, the reliability of the Case method for rapid field
predictions was demonstrated. They also cautioned, however, that additional CAPWAP
analyses are necessary if other pile types are to be used at this site.

A comparison study between static load tests to failure and the Case method was carried
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Figure 7. Case damping (Ie) values for capacity prediction of offshore
piles in the range of ::20 percent from load test results (after Paikowsky, 1982).

out in Europe by Bustamante and Weber in 1983 (Bustamante and Weber, 1988). This
study consisted of dynamically monitoring six different shaped-steel H-piles using a PDA'
and load testing them to failure. The piles were tested at two different sites, and the
general soil profiles consisted of sandy and clayey soils, respectively. The study results
indicated that the predictions made by the Case method and CAPWAP were in
agreement with capacities determined by static load testing. However, the Case damping
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coefficients for the sandy site required calibration from CAPWAP results or static load
test results.

Thompson and Goble (1988) tested 25 piles at 9 different sites across the eastern regions
of Canada and the United States. All of the piles were founded in granular soils and
were dynamically monitored using the PDA. CAPWAP analyses had been performed at
the beginning of restriking (BOR). The results confirmed that the Case damping
constants required to match CAPWAP capacities were high compared to recommended
values. These high damping constants varied from 0.24 to 0.70 in the same soil on the
same site and from 0.24 to 0.85 for all nine sites. These values are in sharp contrast to
the Je = 0.05 that was recommended to be used in sand by Goble et al. (1975) and Je :=

0.10 to 0.15 recommended by the PDA Manual (1990). Higher damping constants than
expected will result in capacity over-predictions by the Case method. Thompson and
Goble pointed out that their wide-range data set eliminated the possibility of treating
these results as consequence of localized geographic or geologic conditions, and
suggested that since they could not find an explanation for these high values, every
project involving piles driven in sand should be calibrated for the correct J e value.

Paikowsky and Chernauskas (1992) examined nine piles that were monitored during
driving at the end of driving and/or at the beginning of restrike and were driven into
soils ranging from sandy-silt to rock and till. Their study included static load tests to
failure, whereby the failure loads were then employed to back-calculate Case damping
factors. The results indicated that there is no specific correlation between the damping
coefficient and the soil type. Thompson and Goble (1988) further concluded that it may
be necessary at some projects to incorporate CAPWAP analyses with every pile to
confirm the predictions by the Case method.

3.5.6 Capacity Predictions

The static resistance of the pile is predicted by subtracting the dynamic resistance from
the total resistance (equation 8). As the static resistance may be time-dependent, it is
often necessary to restrike piles and conduct dynamic analyses sometime after the end of
initial driving (EOD). Setup may cause the static capacity to increase, while relaxation
may cause the static capacity to decrease. Setup most often occurs in cohesive soils due
to either (1) dissipation of excess pore pressure in the vicinity of the pile after driving or
(2) thixotropy (an increase in strength with time without changing the water content) and
a variety of reasons not always well-understood that may be referred to as "aging"
(Scbmertmann, 1991).

Soil relaxation most often occurs when piles are driven into dense fine sand or silts,
shearing the soil beyond its peak resistance to residual strength. This results in smaller
long-term frictional resistance. Although relaxation occurs less frequently than setup, its
determination may be crucial. Restriking can lead to a more economical foundation
system in the event of setup, and can prevent major structural problems in the event of
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relaxation (Likins et ai., 1990).

When driving reaches refusal (e.g., a set of 0.1 in [2.5 mm] or less, most often regarded
as 12 blows per inch {0.47 blows per millimeter]), the Case method may under-predict
the static capacity of the pile. This is consistent with the concept that the driving
operation must induce failure in the pile-soil system. If the pile experiences a small
permanent set, or none at all, then the soil resistance is not fully mobilized (which
indicates that the pile-soil system is mostly within the elastic range). Under such
conditions, the predicted static capacity relates to the mobilized value only, often
resulting in an under-prediction (PDA Manual, 1990).

3.5.7 Summary

The dynamic analysis of pile driving is based on the one-dimensional wave equation that
describes the stress propagation through a slender elastic body. An additional term that
accounts for the external forces acting on that body is added to the equation in order to
consider the soil resistance. Traditionally, this resistance is considered to consist of static
and dynamic components, as previously described. Practically, however, the dynamic
component (even though represented by viscous damping) accounts for other energy
losses, such as radiation, soil inertia, true damping, and more (Paikowsky and Whitman,
1989). These factors are determined by the pile shape, the acceleration at the pile toe,
and the surrounding soil and, hence, cannot be correlated only to the soil type at the pile
tip, as suggested by the Case method. The wave equation type of solutions (including
CAPWAP) can consider the damping at each depth of pile penetration and, therefore,
account for the different surrounding soils <;lnd pile type. The Case method simplified
solution is not capable of this damping consideration. The correlation of the energy
losses to the pile tip velocity and the soil type at the tip oversimplifies the complex
phenomena; the resulting damping factor is difficult to correlate, leading to unreliable
predictions. The accuracy of the Case method as a means of analyzing driven piles in
the field will be further examined in chapter 8. based on the analysis of data set PD/LT
in appendix A
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CHAPTER 4 - THE ENERGY APPROACH

4.1 BACKGROUND

While the static soil resistance is represented relatively adequately by the elasto-plastic
soil model (see figure 3), the viscous damping accounts practically for various energy
losses such as radiation, soil inertia (at the pile tip in particular), true damping, and
viscosity in cohesive soils. As such, the model parameters (i.e., damping coefficients)
cannot be calibrated on the basis of soil type alone. If such a calibration was possible,
there would be no need to use different damping coefficients for the same soil next to
the toe or the skin.

This observation has three major implications:

1. The success of the soil model in correctly representing the physical
phenomena next to the pile is really controlled by its ability to
account for the energy losses (in particular, those due to dynamic
actions).

2. Calibration of the soil model parameters cannot be done on the
basis of soil type alone. The calibration requires consideration of
the combination of the pile and soil types (mainly small vs. large
displacement piles), driving resistance, and, in addition, awareness
of the installation details during construction (e.g., the use of jetting
or preaugering).

3. A byproduct of 1 and 2 can explain why one method of analysis
fails while the other succeeds (e.g., the Case method and
CAPWAP).

The prediction of static capacity from pile driving, either by dynamic equations or by the
one-dimensional wave equation, requires a balance of energy (i.e., the total energy that is
transferred to the pile through the driving system is equal to the work done by the
resisting forces during penetration).

Even tbough most of tbe theoretical and semi-empirical dynamic formulas were based on
the energy principle, their reliability is very low, for the following reasons (see section 3.2
for discussion):

Their analysis of Newtonian impact between the ram and the
cushion/capblock system is theoretically invalid and, therefore, it led
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to incorrect predictions of the amount of energy transferred to the
pile.

• The elastic soil-pile rebound (quake) was estimated or calculated
based on a static approach.

Analyses such as CAPWAP, on the other hand, utilize dynamic measurements and,
therefore, the transferred energy is known. With the appropriate pile and soil modeling,
the number of unknowns is limited and the different energy losses can be accounted for
indirectly through dynamic resisting forces based on viscous dampers, as previously
discussed.

4.2 UNDERLYING CONCEPT

The concept of the "Energy Approach," in which basic energy relations are used in
conjunction with dynamic measurements, was presented by Paikowsky (1982). limited
additional studies were carried out by Paikowsky (1984), McDonnell (1991), and
Paikowsky and Chemauskas (1992). The underlying concept of this approach is the
energy balance that is developed between the total energy delivered to the pile and the
work done by the pile/soil system. The required "real-time" prediction in the field calls
for a simplified solution and, therefore, does not consider the pmpagation process, while
distinguishing between:

• Energy loss from elastic soil/pile deformations.

• Work done by the static resistance on plastic soil deformations.

• Energy loss due to various combined factors associated with
the pile penetration (Le., damping, radiation, inertia, etc.).

4.3 TIlE ENERGY EQUATION

The energy delivered to the pile is:

where V(t) =
F(t) =

E. :: !V(t)F(t)dt

velocity signal at the pile top for the analyzed blow
force signal at the pile top for the analyzed blow.

(16)

The velocity signals are obtained by measurements of acceleration, acc(t), where:
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(17)

The force signals are:obtained by processing the measurements of strain, e(t), whereby:

where E
A

=
=

F (t) = e(t)EA

modulus of elasticity of the pile material
cross-sectional area of the pile.

(18)

These measurements and calculations are immediately processed by the data acquisition
system after each hammer blow.

The force/displacement relations of the pile/soil system are assumed to be elasto-plastic,
which is consistent with the basic dynamic equations and static resistance of soil models
in the wave equation analyses.

The total work done by such a system (elastic and plastic), therefore, will be (referring to
figure 1):

(19)

where

S

=
=

=

yield resistance
quake denoting the combined elastic deformation of the pile
and soil
set denoting the plastic deformation.

The quake is determined by finding the maximum displacement reduced by the plastic
deformation (permanent set) under each hammer blow, such that:

where Dmax =

Q = Drmx -8

maximum value of JV(t)dt.

(20)

The permanent set can theoretically be determined by Dfin = final value of fV(t)dt.
However, the displacement is the second integration of the measured acceleration. Any
offset in the acceleration measurement (e.g., due to DC voltage in the accelerometers)
will have a relatively small effect on Dmax, but a much greater effect on Dfin (for further
discussion, see experimental work by Bernardes. 1989). It is more practical to use the
field blow count, such that S = Set = 1/BPI (blows per inch) (see figure 8).

The maximum resistance under the above assumptions is obtained from En = W. and
becomes the proposed Energy Approach (uncorrected):
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En
R", = ---..;.;....,.--

(Dmu. -Set)
Set+-=-­

2

(21)

This resistance can be taken as the maximum possible resistance and can be correlated
to the predicted static capacity (Pu) by a correlation factor, such that:

where = "static pile" correlation factor accounting for all dynamic
energy losses.

(22)

The ~ factor is correlated to pile type (small vs. large displacement), soil type (mainly
granular vs. cohesive), and driving resistance.

4.4 ENERGY LOSSES AND SOIL INERTIA

4.4.1 General Considerations

Soil inertia is a major factor contributing to the energy loss during driving. As such, a
substantial portion of the dynamic resistance should be a function of two parameters:

Mass/volume of the displaced soil that is a function of the pile
geometry, namely, small vs. large displacement piles.

Acceleration of the displaced soil, especially at the tip that
conveniently can be examined as a function of the driving
resistance.

4.4.2 Soil Displacement

The volume of the displaced soil is identical to the volume of the penetrating pile,
excluding the cases in which pile plugging takes place (Paikowsky and Whitman, 1990).
The piles, therefore, can be classified as small (e.g., H and open pipe) and large (e.g.,
closed pipe and concrete) piles. Additional classification of open-pipe piles can take
place according to a tip-area ratio similar to that used for soil samplers (Paikowsky et al.,
1989).

As most of the soil displacement takes place at the tip area, the classification of piles can
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be better served by looking at the ratio between the piles embedded surface area and
the area of the pile tip:

where AR =
Askin =
~iP =

Asla"n

A cip

pile area ratio
pile's surface area in contact with soil
area of the pile tip.

(23)

According to this ratio, a pile that is traditionally referred to as a "large displacement"
pile can behave like a small displacement pile if it is driven deep enough. Because the
frictional resistance of a pile increases as the pile skin area in contact with soil increases,
the effect of the soil mobilized at the tip decreases. As the pile's embedded surface area
and the skin friction increases, the energy losses resulting from the mobilization of the
soil mass at the pile tip will decrease relative to the energy losses along the side of the
pile. For example, the area ratio for cylindrical (closed-end) piles is:

in which D
R

=
=

penetration depth
pile radius.

(24)

For the same pile diameter, this area ratio'increases linearly with depth, e.g., a 14-in
(356-mm) diameter pile will have an area ratio of 69 at the depth of 20 ft (6.1 m) and an
area ratio of 360 at the depth of 105 ft (32 m). It is clear that the effect of soil inertia at
the tip in the second case will be substantially smaller than that in the first case and the
pile may be classified as a "small displacement pile." A quantitative boundary between
"small" and "large" displacement piles on the basis of the area ratio is presented in
section 8.5.

4.4.3 Soil Acceleration

The energy loss through the work performed by the inertia forces at the displacement of
the soil mass at the tip is directly related to the acceleration of this mass. The direct
evaluation of these accelerations are beyond the scope of the present research. The
indirect evaluation of these accelerations can be performed through the driving
resistance, which is the measure of the pile's displacement under each hammer blow.
With low driving resistance there is high velocity (i.e., free-end analogy) and high
acceleration at the pile tip, hence, high inertia of the tip soil mass. This results in a soil
inertia "force" that, when multiplied by the pile displacement at the tip, produces a large
loss of energy. In the case of high driving resistance (hard driving), there is little, if any,
mobilization of the tip soil mass and the acceleration at the tip is very low. Therefore,
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the corresponding energy loss is small.

4.4.4 Expected Performance

In summation, according to the above hypothesis. the largest loss of "unknown" energy
occurs when large displacement piles experience easy driving (large tip displacement).
The smallest loss of "unknown" energy occurs with small displacement piles driven under
high blow counts (hard driving).

Considering the preceding criteria, the Energy Approach should theoretically produce
two distinct trends:

In the case of high "unknown" energy losses, i.e., in easy
driving of piles with small area ratios, the Energy Approach
predictions should yield a tendency of over-prediction.
Hence, Ru is expected to be higher than the actual resistance
as the large energy losses were not considered. As a result,
~ is expected to be smaller than unity (~ < 1.0).

In the case of small "unknown" energy losses, Le., hard driving
of piles with large area ratios, the Energy Approach
predictions should yield a tendency of under-prediction.
Hence, R u is expected to be smaller than the actual
resistance as there are only small energy losses and the full
capacity may not have been developed. As a result, ~p is
expected to be higher than unity (Ksp > 1.0).
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CHAPTER 5 - DATA BASE BUILDUP

5.1 GENERAL

In order to examine the dynamic analyses and calibrate the Energy Approach method,
extensive case study data was assembled. The information was divided into two major
categories describing two data sets: set PD/LT and set PD. Data set PD/LT contains
data for piles on which dynamic measurements, office analyses (CAPWAP or TEPWAP),
and a static load test to failure have been conducted. Data set PD contains data for
piles that were monitored by dynamic measurements during driving, followed by office
analyses and occasionally a static proof test (not to failure). Section 1.3 outlines the
source and/or reference of the obtained data. The following chapter describes the
procedures used for analyzing the case studies comprising the data sets.

5.2 DATA SET PD/LT

The piles of data set PD/LT were analyzed in two stages: a static load test analysis
followed by a dynamic measurements analysis. The static load test analysis was intended
to produce a representative static resistance (denoted by Rs) for each pile, using several
load test interpretation methods. The dynamic measurements analyses involved several
different methods, including the application of computer programs specifically developed
for the analysis of dynamic measurements taken during driving.

5.2.1 Static Load Test Analysis

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 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.
Figures 9 and 10 demonstrate this point by presenting the same load-settlement relations
using two different scales. Figure 9 shows a load-settlement curve indicating a pile
capacity of approximately 140 kips (623 kN) whereas the curve in figure 10 suggests that
the pile's displacement at 140 kips (623 kN) may still be based on the elastic
compression of the pile and that the pile capacity is approximately 170 kips (756 kN).
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Figure 10. Load-settlement curve of pile-case 9S with a scale that
does not consider the elastic compression of the pile (following Vesic, 1977).
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One solution to this problem is to implement a common scale, based on the pile's elastic
deformation. When plotting load-settlement curves, the elastic deformation of a fixed
end, frictionless pile is expressed as:

where 6
P
L
E
A

=
=
=
=
=

o=PL
EA

calculated elastic deformation of the pile
applied load
pile length
elastic modulus of the pile material
cross-sectional area of the pile.

(25)

The elastic compression line obtained by equation 25 is based on the assumption that all
of the load applied to the pile top is transferred to the pile toe. To implement a scale
proportional to all load settlement curves, the elastic compression line should be inclined
at an angle of about 20 degrees to the load axis (see figure 11).

In order to facilitate this scale, all of the load-settlement curves in set PD/LT were
digitized using the program DIGmZE, developed at University of Massachusetts-Lowell
by Chernauskas and Paikowsky. These curves were then replotted, using the graphics
software GRAPHER, to produce curves that were proportional to each pile's elastic
compression line inclined at 20 degrees.

After replotting, each load-settlement curve was analyzed using five different failure load
interpretation procedures: Davisson's Criteria, the Shape of Curve method, Limited Total
Settlement methods (011 = 1 in [25.4 mm] and A= O.lB), and DeBeer's method.

(a) Davisson's Criteria (Davisson, 1972), or offset limit, defines the failure load of a
pile as the load corresponding to the settlement that exceeds the elastic compression of
the pile (6) by an offset (X) equal to 0.15 in (3.8 rnm) plus a factor equal to the
diameter of the pile divided by 120. The offset is simply:

where B =

B
X = 0.15+-

120

diameter of the pile in inches.

(26)

The Davisson's Criteria line is parallel to the elastic compression line and predicts the
failure load at its intersection with the load-settlement curve. Figure 11 illustrates the
use of Davisson's failure criteria for load-settlement relations of pile-case 50, yielding a
capacity of 817 kips (3634 kN).

(b) The Shape-or-Curve Method is a failure load approximation that usually yields a
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range of values over which the pile is considered at or near failure. The bour:daries 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 11 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 11 illustrates the use of the shape-of-curve procedure, yielding an
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estimated capacity range of between 685 kips and 825 kips (3047 k.'I and 3670 kN) with
a representative average of 755 kips (3358 kN).

(c) The Limited Total Settlement Methods, ~ =1 in (25.4 mrn) and ~ =O.lB (Terzaghi,
1942), define the failure load as the load corresponding to settlements of 1 in and O.lB,
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
1 in (25.4 mm) and/or O.lB without inducing any plastic deformation in the soil. Figure
11 shows as an example, a load-settlement curve for pile-case 50, a 24-in (61O-mrn)
square concrete pile that experiences a plunging failure well before a displacement of 1
in (25.4 mrn). Also, it is obvious that a settlement of O.lB, or 2.4 in (61 rom) in this
case, does not represent the failure load of this pile and, therefore, is not applicable.

(d) 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 12 illustrates the use of DeBeer's criteria
for the load-settlement curve of pile-case 50, leading to an estimated capacity of 748 kips
(3327 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. 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.

(e) The Representative Static Capacity: :me 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. J-nd 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 50, presented in figures 11 and 12,
the considered criteria were: Davisson's = 817 kips (3634 kN), shape of curve = 685-825
kips (3047-3670 kN), 1.0-in settlement = 887 kips (3945 kN), O.lB settlement = NA., and
DeBeer's = 748 kips (3327 kN). Excluding the 0.1 B settlement method, which is not
applicable, and 1.0-in (25.4 mm) settlement, which is clearly beyond the failure, the
average of all the criteria led to a final static resistance assessment of Rs = 773 kips
(3438 kN).

5.2.2 Dynamic Measurements Analysis

The analyses performed on piles in data set POlLT 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
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Figure 12. Load-settlement data plotted on a logarithmic graph
for pile-case 50 to determine the failure load according to DeBeer's method.

penetration, the soil at the pile's tip and side, and the blow count) was known before any
type of analysis was initiated. The individual cases were divided into three distinct
groups:

(81) Group 1 - pile cases with complete CAPWAP summaries,
including Emu' Dmax, F1, and VI.
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(b) Group 2 -

(c) Group 3 -

pile cases with incomplete CAPWAP summaries,
such as those missing Emu' Omaxo F1, and/or V1.

pile cases that were analyzed using TEPWAP.

(a) GROUP 1 - Complete CAPWAP Analyses
Pile group 1 contains the complete cases available in data set PO/LT. The most
common adjustment necessary for the pile cases in this group was a ratio correction
between the force at impact (FI) and the velocity at impact (VI). 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:

where E
A
C

=
=
=

Fl

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

(27)

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 precompression of a diesel
hammer and hammer misalignment.

Precompression 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 (FI) and the impact velocity
(V1(EA/C)), as shown in figure 13. The force and velocity traces of pile-case 1, driven
with a Oelmag 30 diesel hammer, are shown in figure 13. The observed relations
indicate the need for a force reduction (.c1total)' which is equal to the difference between
.c1pk and .c1ps. Prior to a correction, the ratio (VI(EA/C)/FI) for pile-case I was 0.874.
The factor (4tota1) represents the number of units by which the force must be reduced in
order to produce an acceptable ratio according to equation 28. The magnitude of 4total
and the reduction of Fl are performed as follows:

4 .c1 4 2' 2 units x 250 kips
ror.al = pi - fJ$ = umts =~ 38.5 units
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Figure 13. Force and velocity (V-EA/C) traces of pile-case
1, a steellHPl2x74 that needed a force correction (lIlot to scale).

Fl = FlllllUrNdd-~1tJWl = 33S.4 kips-13 kips =Fl~ = 322.4 kips (1434 /eN) (29)

The corrected Fl yields a new VI(EA/C)/Fl ratio, an adjusted EllUlX' and a
corresponding uncorrected Energy Approach prediction (Ru) as follows:

VI(E.4)
__C_ = 0.909 (30)
F1CDn«#d

E_ = 18 kip-ftx 322.4 ~ps = 17.3 kip-ft => R. = 362 kips (1610 leN) (31)
335.4 bps

The procedure for correcting FI is also performed in a similar manner for adjusting VI
and the corresponding Dmut where Dmu = IV(t) dt. This is sometimes necessary when
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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(EAjC) also uses the factor alolal as
determined by the discrepancy in the F1 and V1(EAjC) measurements where alolal is
converted to units of force. Similarly, V1(EA/C) is decreased by:

EA
Vl (c )corrtcrtd

producing a corrected ratio:

EA
VI (C )lUICorrtcud - atoUJl

(32)

(Vi EA)C corrtctld

Fl

and an adjusted Dmu::

Dmaxcorrtcud = JVI COrrtCtlddt

The corresponding uncorrected Energy Approach prediction is calculated using the
adjusted Dmax as follows:

ErnaxRu=---------
Drnaxcorrtcrtd - Set

Set + -------
2

(33)

(34)

(35)

(see chapter 4 for Energy Approach details). 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 effec! on
the obtained Jc and Ru values.

After the static load test analysis and the dynamic analysis were completed, the Case
damping coefficient (Jc) was back-calculated using equation 6 as outlined by Goble et at.
(1980).

(b) GROUP 2 • Incomplete CAPWAP Analyses
The pile eases 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
Emu: (the maximum energy delivered to the pile top) and Dmax (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,
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BOR, and/or EOR, excluding the CAPWAP summary tables. The CAPWAP summary
tables include pile characteristics, Case method predictions and crucial dynamic
measurements (Vmax' Vfin' Vl*Z, Fl, Fmax' Dmax• Dfin , Emax, and Efin ). In order to
determine these missing dynamic parameters, a program was developed at UMASS­
Lowell called INTEGRATE (written by L. Chernauskas). This program was 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 correction, and produces an Energy
Approach prediction and a range of Case method predictions based on all the different
variations for different Jc values.

INTEGRATE processes digitized force and velocity (V*EA/C) traces (see figure 14 for
example) and, using the pile parameters as given by the user, produces the dynamic
measurements listed above. INTEGRATE also calculates the uncorrected Energy
Approach prediction and back-calculates the Case damping coefficient (Ie) using the
following relationship:

RTL - FINAL Rs
Jc =--------

VI .. EA - F1 - RTL
C

33P1 - BOA

(36)

800
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Cii'
Q,
;g
~ 400

If
200

T2

-- Measured Force

Measured V"EAlC

2l1C

1 kip = 4.448 kN

" -..J _
O-t""'r-r-,.,.T""'"'"T".....,..~---r-~~----r-"::O-"::::-r-~~==E=rla ~ '--,,-_ - - 50

Time (msecs)

Figure 14. Digitized force and velocity multiplied by the
impedance (EA/C) traces for pile-case 192 used for input into INTEGRATE.
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UMASS-LOWELL GEOTECHNICAL ENGINEERING

DYNAMIC PILE TESTING

SUMMARY OF INPUT PARAMETERS

FILE., , ,.,."" , , , ,., , ,:, 33P1BOR
PILE LOCATION " ' SITE 33
DATE OF ANALYSIS.,. " , " , 2·10-92
PILE DESIGNATION ,., __ ,., , 33P1·BOR
PILE TYPE __ ,., HP12x74
HAMMER TYPE , , :.,.,., " , ,.. B-4OO
NOMINAL ENERGY OF HAMMER (tt-kips) , , 46
PENETRATION DEPTH (tt) 114.4
2L/C (msees) , ,., ,.,.... 14.39
TIME INTERVAL (msecs) 1
PILE IMPEDANCE - EA/C (kip/sec/tt) 38.9
FINAL BLOW COUNT (bl/in) 16 ,
T2 (offset from T1) (msecs) 14.39

SUMMARY OF OUTPUT PARAMETERS

DMAX ,., .. , , ,.. ,., , ,., "'" 0.787
DFIN , , , , , , 0.164
HAMMER EFFICIENCY (%) 69.14
EMAX (kip-ft) ,.. , ,., , ,., .. 31.80
EFIN (kip·ft)., , ,., , , , , 25.55
VMAX (ft/sec) ,., ,........... 15.78
VFIN (ft/sec) ,., , 0.420
FMAX (kips) , ,., , 637.38
FFIN (kips) , , , ,., 42.02
J , ,., , , , ,.. , ,............. -0.017
F1 (kips) .. , , ,., ,., ", 637.38
F2 (kips)....................................................... , 192.tO
V1 (tt/sec) , , ,., ,., . 15.78
V2 (tt/sec) , ·359
(Vl·EA/Cl/Fl ,.. 0.963

PILE CAPACITY (kips)

DAVISSON'S CRITERIA , 800
SHAPE OF CURVE " 800
A =.1B , ".................................... 598
A=l inch 522
DEBEERS LOG METHOD "".., , 800
FINAL R, --......................... . .,,' , ' 800
CASE RTL , 792
CAPlNAP , , , ,. ", ', , ,., 715
ENERGY APPROACH Ru (uncorrected) , 898

Figure 15. INTEGRATE output of pile-case 192 showing the
back-calculated Case Ie value and the Energy Approach prediction.
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(Goble et aL, 1980). The static load test results are denoted FINAL ~, and must be
supplied by the user. An example of the results of an INTEGRATE analysis of the force
and velocity traces shown in figure 14 for pile-case 192 (33P1BOR) is shown in figure 15.
After reviewing the force and velocity (EA/C) traces for a given pile case and the
(V1*EA/C)/F1 ratio, calculated by INTEGRATE, any necessary corrections and
corresponding adjustments to Emax and Dmax can be made, as outlined in section 55.2(a);
and the uncorrected Energy Approach calculations can be performed.

(c) GROUP 3 - TEPWAP Analyses
Several pile cases in data set PO/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 (see section 3.3.3). 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 Chemauskas (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 16 and 17 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 18 for example), are necessary for TEPWAP
analyses. Iterations are performed, where the user is required to adjust the soil
properties (Le., side and tip damping and quake, and side and tip resistance) until an
acceptable force wave match is made. Figure 19 presents the comparison between the
calculated force at the top (obtained from the above procedure) to the measured force
at the top of pile-ease 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 oCCUlfS 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
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UNIVERSITY OF MASSACHUSETTS - LOWELL
GEOTECHNICAL ENGINEERING

TEPWAP ANALYSIS

*.*••*.***••• ****.**••••***** •• *** ••• ******••*.*.*.* •• ** •••••••**••••**

============================================
IDENTIFICATION DATA

==a=========================================

JOB NUMBER ,., .
JOB NAME ,..
DATE OF DRiViNG .
PILE DESiGNATION .
TYPE OF PiLE , , ,., , .
PILE LENGTH (ft.) , , ,., .. , .
TYPE OF HAMMER. , , .
NOMINAL ENERGY OF HAMMER (kips*ft) ..
DEPTH OF PENETRATION (ft.) .
ELEMENT LENGTH (ft.) .
DAMPING MODEL , ..
NUMBER OF BLOWS PER LAST THREE INCHES .
DATE OF ANALySiS ..
PDA BLOW # , , ..
ITERATION # ,., ..
TIME INTERVAL ..
OPTION NUMBER. , ..

TP1EOD
33P
10-28-77
H
HP 12x74
121
B-4OO
46
114.4
5.26
SMITH
13, 13, 12
9-16-92
2
1
0.200
2

Figure 16. Example of the pile identification information
of pile-case 191 used as input for the TEPWAP analysis.
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UNIVERSITY OF MASSACHUSETIS - LOWELL
GEOTECHNICAL ENGINEERING

TEPWAP ANALYSIS

~*** ••**.*****************.**.*.*.*******.*.************ ••• *****

==================================
SOIL AND PILE PROPERTIES ALONG PILE ELEMENTS

element
no.

3

•
5

8

8

9

10

II

12

13

I.

17

18

19

20

21

22

23

24

lip

diS!
from

gaug..
1fI)

5.3

10.5

15.8

21.0

26.3

31.8

36.8

42.1

47.3

~.e

57.9

83.1

88.•

73.8

78.9

84.2

89.4

84.7

1l9.8

10&.2

110.5

115.7

121.0

area

(sq.ln)

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

21.8

weighl

(Ibt.)

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

390.1

.tilln

['iinl

10J84

'0384

'0J84

10J84

'0384

10364

10384

10384

103114

10J84

10J84

10384

103114

, 03114

10384

103114

'0J84

10J84

10384

103114

o

re~ust

I,jps)

0.0

5.0

5.0

5.0

5.0

5.0

0.0

0.0

00

0.0

0.0

5.0

5.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

SO.O

'00.0

'60.0

9umo'
resist

(killli

439.0

434.0

428.0

424.0

419.0

414.0

414.0

4'4.0

4'4.0

414.0

414.0

409.0

404.0

396.0

3aS.0

380.0

372.0

384.0

356.0

348.0

340.0

2600

'60.0

00

damp

('ift)

.000

.020

.020

020

.020

.020

.010

.010

ala

010

.010

.010

.010

.010

.010

.010

-010

.0'0

.010

.010

.0'0

.090

.080

.080

quake

lin.)

0.000

O.:lOO

O.:lOO

O.:lOO

O.:lOO

O.:lOO

O.:lOO

0.300

O.:lOO

0.300

0.300

O.:lOO

O.:lOO

O.:lOO

0.300

O.:lOO

O.:lOO

O.:lOO

O.:lOO

O.:lOO

0.300

.0.150

0.1~

0.1~

qulWt
rebnd
ratio
('llo)

0.0

100.0

100.0

100.0

1000

100.0

100.0

100.0

'00.0

'00.0

100.0

100.0

'00.0

'00.0

'00.0

100.0

100.0

100.0

100.0

100.0

100.0

100.0

100.0

100.0

upwrd
r8'9l,.

ratio
('If>l

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

·~.O

'50.0

·50.0

-~o

-50.0

-50.0

-50.0

-50.0

Figure 17. Example of the soil and pile properties used along
the pile elements of pile-case 191 as input for the TEPWAP analysis.
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Figure 18. Measured force and velocity multiplied by the
impedance (EAjC) traces of pile-case 191 used by the TEPWAP analysis.
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Figure 19. Comparison between measured force near the top
of pile-case 191 and the calculated force from TEPWAP analysis.
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UNIVERSITY OF MASSACHUSETTS - LOWELL
GEOTECHNICAL ENGINEERING

TEPWAP ANALYSIS

.******.**.** ••*****.**.**••••• *••• ***.**********•••••*********

=======================================

SUMMARY OF FINAL RESULTS
=======================================

END RESISTANCE
SIDE FRICTION
TOTAL CAPACITY

PERCENT IN FRICTION -

TOP QUAKE
SET AT TIP

160.0 kips
279.0 kips
439.0 kips

63.6%

0.79 inches
0.32 inches

THE SET CORRESPONDS TO 3 Blows Per Inch.

MAXIMUM CALCULATED ENERGY­
MAXIMUM MEASURED ENERGY·

32.362 kip·ft
32.674 kip·ft

================================

ENERGY DIFFERENCE (CALC - MEAS) • {).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/sq in.
THE MINIMUM STRESS IS - -6.38 kips/sq in.

Figure 20. Summary of the final results
from TEPWAP analysis performed on pile-case 191.
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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 2LjC and again at 4LjC by TEPWAP as shown in figure 14.

The final summary of results from TEPWAP analyses are produced for each case (see
figure 20 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 in chapter 6. The Case damping coefficients for these cases were calculated as
part of the INTEGRATE output as previously stated.

5.3 DATA SET PD

Data set PD contains information related to 403 piles; the vast majority were sorted from
information related to 428 piles provided by Pile Dynamics, Inc. of Cleveland, Ohio, as
part of their support of the Energy Approach method research. Large portions of the
PD data set analysis were performed by McDonnell (1991). The data set contains the
following information:

Pile identification, which also refers to the time of measurement, e.g., end
of driving (EOD) or beginning of restrike (BOR).

Soil type on the side and at the tip of the piles.

Pile type, geometry, material, and modulus of elasticity.

Hammer type and blow count.

Resistance obtained by CAPWAP analysis.

All parameters pertinent to the CAPWAP analysis, e.g., damping factors
and quake values.

Maximum energy, force, velocity, and displacement of the analyzed blow.
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Resistance obtained from different Case method evaluations.

The data set is subgrouped according to pile and soil types, as shown in table 3.

Table 3. Subgrouping of the piles in data set
PD (indicating the number of piles in each group).

Pile Type/Soil Type Sand Clay Rock N/A* Total
and Silt and Till

Small Displacement 26 21 29 . 76

Large Displacement 92 50 78 22 242

Miscellaneous" 40 21 19 5 85

Total 158 92 126 27 403.
- Soil type not available.

# • Miscellaneous piles include timber monotube, pipe with H beams etc.

The large size of data set PD provides an excellent basis for the examination of any
possible parameter relations. The complete summarized data set is presented in table
24. Correlations between the Energy Approach vs. CAPWAP predictions for the various
pile/soil combinations shown in table 3 are presented in chapter 9. The total number of
correlations is 15 (see table 3 for number of cases in each category).
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CHAPTER 6 - DATA SET PD/LT

6.1 GENERAL

This chapter summarizes the pile cases in data set PD/LT. Four tables are used to
group the information into four categories (see appendix A). The groups are as follows:
site and pile information (table 20), pile driving and dynamic measurements (table 21),
parameters of dynamic analyses (table 22), and pile capacity based on static load test
results and dynamic analyses (table 23). The following sections discuss the breakdown of
these tables and provide:

Details of where the information was gathered for each
column.
Methods used to produce the information.
Definitions of any symbolism used.

For a list of references and contributors to data set PD/LT, see section 1.3.

6.2 SITE AND PILE INFORMATION - TABLE 20

(a) Columns 1-4
The first four columns of table 20 list the case number for each case in data set PD/LT
(208 total), the pile-case number, the site reference number, and the site location,
respectively. A number is assigned to each pile-case in column 1 for all four tables to
provide easier transition from one table to another. The next column lists the pile-case
number that corresponds to the pile number as labeled in individual site plans and
repons. Included in the pile-case numbers are extensions that designate the time of
driving when measurements were taken (e.g., EOD=end of driving, BOR=beginning of
restrike, EOR=end of restrike, DD=during driving, and BORL=BOR after load test).
A reference number is assigned to each pile-case depending on which project the
particular pile was driven and the location column lists the general area where the
driving site is located (e.g., county, state, province, or country).

(b) Columns 5-8
The next four columns of table 20 provide pile information, including the pile geometry
and the depth to which the pile was driven at the time of analysis. Column 5 briefly lists
the pile type according to its material and its cross-sectional dimensions. For example,
the notation HP, CEP or CP, and OEP represent a steel H-pile, a steel closed-end pipe
pile, and a steel open-end pipe pile, respectively, whereas PSC, VC, and RC represent a
pre-stressed concrete pile, voided concrete pile, and simply reinforced-concrete pile. Any
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timber piles listed refer to those that were treated prior to driving. Following the pile
type notations are the dimensions of the pile. For the closed-end and open-end pipe
piles, the wall thickness dimensions can be back-calculated from the piles cross-sectional
area listed in column 6. Typically, the pile length below gauges and its penetration
depth, shown in columns 7 and 8, were taken from the field driving records (when
available) as reported by the field engineer. Many times, the length below gauges is
reported as a general value for several piles at one site (e.g., length below gauges = pile
length - 3 ft [0.91 mD. There are some cases in which there is no indication as to exact
lengths and, instead of assuming the field conditions, the length below gauges according
to the CAPWAP results is used.

(c) Columns 9 and 10
The soil type at the side and tip of each pile-case are listed in the final two columns of
table 20. This information is obtained from subsurface investigation reports and boring
logs and it is considered essential to all pile-cases in data set PD/LT. The soil
descriptions listed under side and tip are generalized according to the basic nature of the
soil. For example, a pile that is reported to have a sandy silt with traces of clay is listed
as sandy-silt. Also, soil types listed in the following manner, cl-sa-silt, for instance, refer
to a clayey sandy silt with the most predominant soil listed at the end of the
classification. Several abbreviations are used to condense the soil descriptions, these
include: sa =sand, si = silt, cl = clay, ti = till, gr =gravel, d. =dense, I. =loose,
clcr =calcareous, and eacb =carbonious.

6.3 PILE DRIVING AND DYNAMIC MEASUREMENTS - TABLE 21

The pile driving and dynamic measurements information of each pile-case are
summarized in table 21.

(a) Columns 1 and 2
In accordance with table 20, the first and second columns in this table list the case
number and the pile-case number of each pile-case.

(b) Columns J.S
The following three columns provide relevant hammer information for each case, such as
the hammer type, the rated hammer energy, and the maximum energy delivered to the
pile top. The letter abbreviations used denote the manufacturers name, for instance:
B=Bermingham, D=Delmag, K=KC=Kobelco, Con=CN=Conmaco, LB= Unk Belt,
ICE =International Construction Equipment, KB =Kobe, Vul =Vulcan,
M =MH = Mitsubishi, and DE = MKT. The abbreviations are followed by the model size
(Le., B-400 refers to a Bermingham 400 diesel hammer). The rated hammer energies
are shown according to the manufacturers recommendations. The energy delivered
refers to the maximum. delivered energy, which is based on the dynamic measurements
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and was usually determined from office analyses (Le., CAPWAPlTEPWAP). It should
be noted that often some discrepancy exists between the measured energy in the field as
calculated by the PDA to the one reported by CAPWAP. This may be a result of
several reasons:

• "Correction" of the waves for better proportionality before carrying out the
office analysis.

• Older PDA models require the storage of data in an analog form on
magnetic tapes. The data retrieval in those cases always contains some
error.

• Field analysis may provide an average value while the office analysis refers
to one particular blow. For reasons of consistency, whenever possible, the
delivered energy value refers to the one reported by CAPWAP as the
maximum energy (Emu).

(e) Column 6
The blow count (reported in blows per inch, BPI) is listed in the sixth column of table
21. Several times the blow count records were only in blows per foot and it was,
therefore, necessary to convert these values to blows per inch. This conveniently allows
the pile set to be derived in units of inches (set = 11blows per inch). An asterisk follows
each blow count that was converted from blows per foot to blows per inch.

(d) Columns 7-10
Following the blow count is the pile impedance, velocity at impact (Vimp), force at impact
(Fimp), the ratio [(V1*EA/C)/F1], and the maximum pile displacement (DmaJ. As
mentioned in chapter 5, the pile impedance is used to examine the ratio between the
velocity and the force waves. The impedance is calculated using:

where

EA
C

E = modulus of elasticity of the pile material at the point of
measurement

A = cross-sectional area of the pile at the point of measurement
C = wave speed of the pile.

(37)

The impedance is reported in kips per foot per second. The velocity at impact, Vim
(ft/s); the force at impact, Fiml' (kips); and the maximum displacement of the pile, Dmu
(in), are obtained from dynamic measurements (see chapter 4). These values were
typically taken from CAPWAP summaries and/or INfEGRATE results. The ratios
between velocity and force [(V1 *EA/C)/F1], reported in table 21, were those corrected
when necessary, as discussed in chapter 5.
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6.4 PARAMETERS OF DYNAMIC ANALYSES - TABLE 22

The parameters associated '.'lith dynamic analyses (i.e., quake and damping) are listed in
table 22.

(a) Columns 1 and 2
The first two columns of table 22 list the case numbers and pile-case reference numbers
consistent with tables 20 and 21.

(b) Column 3
The Case damping coefficient (Jc) reported in column 3 was back-calculated using the
static load test results (Rs) as the "predicted capacity" for each particular pile and the
"standard form" of the Case method utilizing equation 36.

(c) Columns 4 and 5
Columns 4 and 5 present the pile impedance and the calculated 2L/C, respectively. The
magnitude 2L/C is the time that it takes for a wave to reach the pile tip and reflect back
to the pile top. This term is reported in milliseconds; L represents the pile length below
gauges (feet) and C represents the wave speed of the pile material (feet per second).

(d) Columns 6-9
The last four columns list the tip and side quake and the tip and side damping,
respectively. These values are used as input into CAPWAP or TEPWAP analyses and
were obtained from their summaries. Those values that were used in TEPWAP analyses
are denoted with an asterisk. The quake values are reponed in inches and the damping
is reported in units of seconds/feet.

6.5 PILE CAPACITY: STATIC TESTS AND DYNA1\1IC ANALYSES· TABLE 23

The static load test results for each pile in data set PD/LT were analyzed using five
different failure load interpretation procedures: Davisson's Criteria, Shape-of-Curve
method, the Limited Total Settlement methods (A = 1 inch and A = O.lB), and DeBeer's
method. These procedures are discussed in detail in chapter 5.

(a) Columns 1-3
The case numbe:-, pile-case reference number, and load test type are listed in the first
three columns. The load test types have been abbreviated: S=standard, Q=quick,
SM = slow maintained, LLT = Louisiana load test, FQ = Florida modified quick, and
CRP = constant rate of penetration.
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(b) Columns 4-8
Following the load test type column are the five load test interpretation methods used
(all results are given in kips). The abbreviation NA refers to methods that were not
applicable.

(c) Column 9
The static resistance (Rs) represents the average of the resistances given by the five
methods (see chapter 5 for discussion).

(d) Columns 10-12
The last three columns report the capacity predictions from CAPWAP or TEPWAP, the
Energy Approach, and the Energy Approach correction factor (~p). The predictions
based on TEPWAP analyses are denoted with an asterisk. The CAPWAP/TEPWAP
and Energy Approach predictions are reponed in kips.
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CHAPTER 7 - DATA SET PD

7.1 PILE/SOIL AND DYNAMIC MEASUREMENTS OF DATA SET PD - TABLE 24

The information of data set PD was provided by Pile Dynamics, Inc. of Cleveland, Ohio,
as part of their support of the Energy Approach method research. Table 24 in appendix
B summarizes the information describing the pile geometry, skin and toe soil, and
dynamic measurements of the piles comprising data set PD (403 in all). Initially, this
data set consisted of 428 pile-cases, however, 25 cases were removed because they were
either duplicates or they were missing information. Table 24 categorizes the PD pile­
cases according to pile type and soil type. A summary of these categories is presented in
table 3. The correlations between the Energy Approach and CAPWAP are presented in
chapter 9.

(a) Columns 1 and 2
The first two columns in table 24 list the reference number and the pile name according
to designations made by Pile Dynamics, Inc.

(b) Columns 3 and 4
The side and toe soil are abbreviated in a similar manner to table 20, however, there are
several additional soil types included: alluv = alluvial, clayston = claystone,
coopermar = coopermarl, limestn = limestone, sastone = sandstone, overburd = overburden,
dolom=dolomite, cobbl=cobbles, til=till, tilall=alluvial till, and sigr=silty gravel.

(c) ColuDlDs 5-9
The pile type and geometry are given in column 5 and are abbreviated in a similar
fashion to table 20. The length below gauges, cross-sectional area, and modulus of
elasticity are listed in columns 6, 7, and 8, respectively, and their units are as shown.
Hammer type is listed in column 9 and abbreviations are consistent with those in table
20. Additional abbreviations include RAY = Raymond and mc=me Hydrohammer.

(d) ColuDlDs 10-14
The dynamic measurements are reported in columns 10 through 13 and are listed as
follows: FMX=maximum force at the pile top (kips), EMX=maximum energy delivered
to the pile (kip-ft), VMX=maximum velocity at the pile top (ft/s), and DMX=the
maximum displacement of the pile top (in). Column 14 contains the blow count for each
pile-case reported in blows per inch.

(e) Columns 15 and 16
The last two columns list the CAPWAP predictions (in kips) and the corresponding
Energy Approach predictions (in kips) for each pile-case, respectively.

63 Preceding page blank



7.2 SIDE/TIP QUAKE AND DAMPING PARAMETERS OF DATA SET PD - TABLE 2S

Table 25 in appendix B summarizes the quake and damping parameters used for both
the side and tip of each PD pile-case. The first five columns are identical to table 24,
however, the pile-cases are listed in ascending order according to the reference numbers
in column 1.

(a) Columns 6 and 7
The quake parameters used for the side and tip soil are listed in columns 6 and 7,
respectively. These values are reported in inches.

(b) Columns 8 and 9
The last two columns of table 25 list the damping parameters used for the side and tip
soil of each pile-case (reported in seconds per foot).
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CHAPTER 8 - AL'JALYSIS OF DATA SET PD/LT

8.1 OVERVIEW

8.1.1 Purpose

The aim of this chapter is to present the analysis of the pile-cases in data set PD/LT in
two forms by using:

Graphical correlations, e.g., between static load test results and dynamic
predictions (i.e., CAPWAP/TEPWAP and the Energy Approach),
considering different factors such as pile and soil type, time of driving, and
driving resistance.

Statistical analyses in combination with the graphical correlations in order
to establish conclusions and recommendations.

8.1.2 Outline

Three different types of correlations were investigated for the pile cases of data set
PD/LT. The three categories and their rationales are presented below.

(a) Damping Parameters-Soil Type Correlations
One of the basic concepts presented in this research is that the different damping
parameters fulfill the need for absorbing energy rather than truly representing either the
soil or the physical phenomena it is subjected to. As such, correlations were built
between the different damping parameters (Smith side and tip and the Case damping)
and soil type, in order to examine the existence or nonexistence of such relations. The
correlations of this category are presented in section 8.2.

(b) Prediction Methods-Load Test Capacity
Three dynamic analysis methods are examined throughout this research: (1) the office
analyses (CAPWAP/TEPWAP), the field analysis (the Case method), and the proposed
Energy Approach. Correlations were built between the predictions of
CAPWAP/TEPWAP analysis and the Energy Approach analysis to the actual capacity
based on the load test results. No correlations were built between the Case method
predictions and the load test results, due to the following reasons:

The method has a variety of shapes in which it can be implemented (see
section 3.5), hence, no "unique" value would be valid.

Previous studies (see section 3.5.5) suggested limited accuracy.
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The method is based on the notion of an existing correlation between the
Jc damping parameter and the soil type at the tip. This was proven not to
exist in the correlations described in group (a) above (see section 8.1.2).

In order to examine the influence of different factors (e.g., pile shape, driving resistance,
time of driving, soil type, etc.), these correlations were built from the most generic cases
(e.g., CAPWAP vs. load test results for all piles) to the private cases (e.g., CAPWAP
predictions vs. load test results for small displacement piles in sand).

The correlations of this category are presented in sections 8.3.2 and 8.3.3 for different
pile and soil types and in section 8.3.4 for different driving times. Their statistical
analyses and interpretations are presented in section 8.4.

(c) Office Method/Field Method Predictions
Data set PD/LT contains information that is difficult to obtain. In general, very few
load tests are carried out and, of those, only a small portion are carried out to failure. A
considerably smaller portion is monitored dynamically during driving. As such, a strong
correlation between the dynamic methods themselves may prove beneficial where load
test data is not available. Correlations between the different predictions can therefore
be compared to those obtained for data set PO for which static resistance is not
available. These correlations are presented as part of sections 8.3 through 8.6 and are
compared to those of data set PO in chapter 9.

8.2 DAMPING PARAMETERS AND SOIL lYPE GRAPHICAL CORRELATIONS

As previously discussed in chapter 4, viscous damping accounts practically for different
energy losses, including radiation, soil inertia, and viscosity in cohesive soils. Tne
damping parameters and their calibrations based on soil type have therefore been
questioned.

8.2.1 Case Method Damping

The Case damping coefficient (Jc) is based on viscous damping in a dimensionless form,
and is assumed to be related to the soil type at the pile's tip. Figure 21 presents the
back-calculated Case damping coefficients for data set POlLT vs. soil type at the pile
tip. Jc was calibrated using the static capacity Rs and the "standard" Case method, as
outlined by Goble et aL (1975) (see equations 6 and 36). It is shown that for the 208
pile-cases reponed, no specific correlation exists between the soil type and the damping
coefficient. Moreover, the obtained negative damping coefficients have no physical
meaning and should be reviewed only for the purpose of illustrating the limitations of
the Jc coefficient.
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8.2.2 Smith Damping

Figures 22 and 23 compare the Smith damping coefficients (side and tip) used by
CAPWAP/TEPWAP to the soil type at the side and tip of the pile, respectively.
Corrections were not made to the office analysis, hence, the capacities obtained by the
presented analysis reflect the predicted capacity and not the actual static capacity. A
large variation of the damping parameter values can be observed for each soil type.
Consequently, no specific correlation was made between the damping coefficients and
soil type. These relations are further examined for the pile-cases of data set PD in
chapter 9 and for all combined cases (581) in chapter 10.

8.3 DYNAMIC PREDICTION·STATIC CAPACIlY GRAPHICAL CORRELATIONS

8.3.1 Correlations Breakdown

The graphical relationships between CAPWAP/TEPWAP and the Energy Approach to
the static load test results were produced for all PD/LT pile-cases. These relationships
are shown in the form of scatter plots (scattergrams). These plots were necessary as no
statistical analysis can provide the actual observed information. The scatter plots were
further divided into subgroups based on:

Pile type (i.e., large and small displacement), presented in section 8.3.2.

Soil type at the pile tip, presented in section 8.3.3.

Time of driving (i.e., EOD = end of driving, BOR = beginning of
restrike), presented in section 8.3.4.

The scatter plots for each different subgroup are shown in a consistent order: (1) static
load test vs. CAPWAP/TEPWAP predictions, (2) static load test vs. Energy Approach
predictions, and (3) CAPWAP/TEPWAP predictions vs. Energy Approach predictions.
A flow chart illustrating the breakdown of all cases is presented as table 4. Each
correlation graph includes a first-order best-fit line through zero (shown as the solid
line), the corresponding coefficient of determination (r2

), and a set of dashed lines
representing the ratio between the actual capacity over the predicted one to allow the
assessment of over- and under-predictions. For example, points falling on a dashed line
labeled 0.80 designates an over-prediction, where the actual static capacity is 80 percent
of the predicted capacity. It should be noted that this ratio is a direct multiplier, hence,
the ratio represents the value that when multiplied by the prediction will give the
"correct" capacity. This is the inverse to the ratio of the predicted over measured
capacity used, for example, by Olson and Dennis (1989) or Briaud et aL (1988). The
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Table 4. Breakdown of all PD/LT categories.
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breakdown of the best-fit line (using linear regression) for all cases is presented in tables
5,6, and 7.

8.3.2 Pile Type Correlations

(a) All Piles
The following graphs compare static load test results, CAPWAP/TEPWAP, and the
Energy Approach, based on the pile type and the soil type at the pile tip.

Figures 24, 25, and 26 present all PD/LT pile-cases in all types of soil. As indicated
earlier, all relationships are shown in the following sequence:

(1) CAPWAP/TEPWAP vs. Static Capacity (figure 24).
(2) Energy Approach vs. Static Capacity (figure 25).
(3) CAPWAP/TEPWAP vs. Energy Approach (figure 26).

The information in figure 24 indicates that a large scatter exists when comparing the
predicted capacity of the office analyses to the actual static capacity. The predicted
capacity ranges from over-predictions of about 0.6 (predicted over actual::::: 1.7) to a
maximum under-prediction of 4.4, with most cases falling within the under-prediction
ratio of 2.5 (predicted over actual ::::: 0.4). Overall, the tendency is of under-prediction,
with the best-fit line (forced through zero) indicating a ratio of 1.265.

Figure 25 also exhibits a scatter when comparing the Energy Approach predictions to the
actual load test results. The predictions range from under-predictions of 1.67 (predicted
over actual ::::: 0.6) to over-predictions of 0.45, with most cases falling within the over­
prediction ratio of 0.50 '(predicted over actual ::::: 2.0). The best-fit line indicates an
overall over-prediction with a ratio of 0.839.

It is important to note that the range of under-prediction to over-prediction of the office
analyses is about twice that of the Energy Approach. The maximum over-prediction of
CAPWAP is 0.57 and the under-prediction is 4.41, compared to the Energy Approach
method that ranges between 0.45 and 1.74. These numbers indicate a range of under- to
over-prediction of 7.74 for the office analyses, compared to 3.88 for the Energy
Approach. This important observation becomes clearer when scattergrams are built as
the relationships between the ratio of the actual capacity over the predicted capacity (the
slopes in figures 24 and 25) versus the predicted capacity. These relationships are
presented in figures 27 and 28 (for the office method and the Energy Approach method,
respectively) and clearly demonstrate the large scatter in the prediction ratios in the
office methods when compared to that of the Energy Approach. The linear best-fit lines
of the data in figures 27 and 28 are:

K- = 1.4867 - 0.00024Ru

~ = 1.0259 - O.OOO13Qu
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Table 5. Linear-regression analysis of~ for selected PD/LT pile-cases.

Ksw :0 Stalic L.oad Test Resuns I CAPWAP or TEPWAP predictions

Pile- Linear Regression
Case Number Best Fit Forced through Zero

Group x~oefficient y-intercept r squared x-coefficient r squared

AAA 206 1.127 97.3 0.707 1.265 0.692

AAS 141 1.128 112.2 0.767 1.272 0.749

AAC 51 1.057 140.7 0.413 1.319 0.383

AAR 14 0.937 -14.0 0.581 0.908 0.580 I

I

AEA 97 1.065 151.7 0.779 1.248 0.740
I

ABA 109 1.344 -36.2 0.616 1.284 0.614

LAA 162 1.315 32.2 0.555 1.372 0.554 ;

LAS
I

118 1.360 3.6 0.595 1.366 0.595I

LAC I 43 1.164 118.3 0.411 1.391 0.393
I

LEA 68 1.450 37.2 0.530 1.529 0.528

LBA 94 1.385 -48.3 0.598 1.307 0.596

SAA 44 1.074 38.8 0.934 1.108 0.932
I

SAS 23 1.048 138.4 0.968 1.142 0.952

SAC 8 0.854 104.8 0.688 1.021 0.653

SAR 13 0.980 -35.4 0.378 0.908 0.376

SEA 29 1.073 52.2 0.936 1.113 0.933

SBA 15 0.922 76.3 0.812 1.069 0.785

Pile-case legend: xxx - first letter denotes pile type: A = all piles, L=large
displacement, and S=small displacement.

- second letter denotes time of measurement: A=anytime
E=end of driving, and 8=beginning of restrike.

- third letter denotes soil type: A=all soils, S=sand and
silt, C=clay and till, and R=rock.
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Table 6. Linear-regression analysis of~ for selected PD/LT pile-cases.

Ksp ::I Static Load Test Results I Energy Approach predictions

Pile- Linear Regression
Case Number Best Fit Forced through Zero

Group xo(:oefficient y-intercept r squared xo(:oefficient r squared

AAA 208 0.736 111.5 0.723 0.839 0.703

AAS 141 0.721 130.3 0.725 0.831 0.700

AAC 53 0.789 74.2 0.675 0.872 0.666

AAR 14 0.864 -18.3 0.745 0.830 0.744

AEA 98 0.791 126.6 0.830 0.900 0.804

ABA 110 0.677 111.8 0.597 0.786 0.578

LAA 164 0.668 160.8 0.579 0.832 0.534

LAS 118 0.634 184.2 0.548 0.816 0.489

LAC 45 0.784 88.4 0.669 0.882 0.656

LEA 69 0.787 145.2 0.648 0.966 0.603

LBA 95 0.669 119 0.569 0.780 0.550

SAA 44 0.816 58.2 0.920 0.856 0.916

SAS 23 0.795 129.3 0.930 0.863 0.916

SAC 8 0.767 28.1 0.713 0.804 0.711

SAR 13 0.935 -57.5 0.628 0.829 0.619

SEA 29 0.809 73.2 0.922 0.851 0.917

SBA 15 0.914 -7.1 0.737 0.902 0.737

Pile-case legend: xxx - first letter denotes pile type: A = all piles, L=large
displacement, and S=small displacement.

- second letter denotes time of measurement: A=anytime
E=end of driving, and B=beginning of restrike.

- third letter denotes soil type: A=all soils, S=sand and
silt, C=clay and till, and R=rock.
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Table 7. Linear-regression analysis of Kew for selected PD/LT pile-cases.

Kew II CAPWAP or rEPWAP predictions I Energy Approach predictions

Pile- Linear Regression
Case Number Best Fit Forced through Zero

Group ll<oefficient y-intercept r squared x<oefficient r squared

AM 206 0.573 73.1 0.782 0.641 0.766

AAS 141 0.592 54.3 0.810 0.637 0.802

AAC 51 0.479 121.8 0.607 0.624 0.539

AAR ! 14 0.720 96.8 0.783 0.901 0.730

AEA 97 0.675 26.1 0.861 0.698 0.859

ABA 109 0.424 173.6 0.693 0.593 0.553

LAA 162 0.420 163.9 0.701 0.589 0.554

LAS 118 0.415 172.1 0.732 0.586 0.571

LAC 43 0.423 150.3 0.567 0.600 0.446
;

LEA 68 0.406 158.7 0.611 0.612 0.407

LBA 94 0.411 181 0.670 0.581 0.549

SAA 44 0.742 32.1 0.939 0.764 0.937

SAS 23 0.751 -1.4 0.942 0.750 0.942

SAC 8 0.876 -75.3 0.986 0.779 0.971

SAR 13 0.552 189.4 0.557 0.900 0.329

SEA 29 0.736 35.4 0.940 0.757 0.939

SBA 15 0.971 -80.2 0.871 0.834 0.851

Pile-case legend: xxx - first letter denotes pile type: A = all piles, L=large
displacement, and S=smaH displacement.

- second letter denotes time of measurement: A=anytime
E=end of driving, and B=beginning of restrike.

- third letter denotes soil type: A=all soils, S=sand and
silt, C=clay and till, and R=rock.
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in which ~ and 0" are the predicted capacities (in kips) by the office method and the
Energy Approach method, respectively. These best-fit linear-regression lines indicate
that:

• Predictions are not a function of the load, although both equations
indicate a reduction in the ratios (K- and ~) with the increase of the
load. This increase is very small for both prediction methods.

• Average ~-value with load is 1.03, where the average~ with load is
1.49.

A few additional general observations can be made regarding the trends shown in figures
24, 25, 27, and 28:

• No specific correlations seem to exist between accuracy in
prediction and soil type.

• Small displacement piles seem to have significantly less scatter
than the one observed for the large displacement piles.

The relationship between the predicted capacities of the office methods and the Energy
Approach is shown in figure 26. The information demonstrates consistent correlation
within the range of 1.00 to 0.40. The best-fit line forced through zero is the ratio of
0.641, which means that the Energy Approach predictions are about 1.56 times those of
the office predictions. This ratio is close to: (1) the ratio between the mean prediction
ratio of the office methods (1.367) and the Energy Approach (0.925), which leads to 1.48;
and (2) the best-fit ratio of the office methods (1.265) and the Energy Approach (0.839),
which leads to 1.51.

In observing figure 26, it can also be noted that the scatter of the small displacement
piles is much smaller than that of the large displacement piles. Moreover, the ratio of
best fit for the small displacement is 0.764 (see figure 34) with a mean value of 0.796
(see table 5). This observation has a special meaning as it indicates that in the cases
where small soil inertia takes place, both methods are in much better agreement. with
the Energy Approach prediction only about 1.3 times that of the office methods.

(b) Large Displacement Piles
The relationships pertaining to large displacement piles for all soil types are shown in
figures 29 through 31.

The relationship between the office analyses and the actual static capacity for large
displacement piles shows significant over-predictions. The best-fit line yields an increase
from 1.265 - obtained for all piles in figure 24 - to 1.370. The prediction ratios range
from 4.41 to 0.57 with most cases in the range of 2.50 to 0.80 (actual over-prediction).
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This emphasizes the outlined notion that energy loss takes place mainly due to soil
inertia. Hence, the signal matching techniques using viscous damping models can not
correctly represent the actual mechanism and, as a result, under-predict the actual pile
capacity. It can also be mentioned in this context that the best-fit line ratio for all small
displacement piles (to be presented in figure 32) is 1.108.

The information in figure 30 yields similar results to those in figure 25, with a
considerable scatter between Energy Approach predictions and actual load test results.
No significant changes can be seen from figure 25 through 28 as the best-fit ratio for
large displacement piles is consistent at 0.832.

Figure 31 indicates a high correlation between the methods, similar to that presented in
figure 26 with the CAPWAP/TEPWAP over Energy Approach ratio ranging from about
1.00 to 0.40. The best-fit line through zero produced a prediction ratio of 0.589
(CAPWAP/TEPWAP over Energy Approach).

(c) Small Displacement Piles
The relationships pertaining to small displacement piles for all soil types are shown in
figures 32 through 34.

The correlation between the office method predictions and the actual static capacity for
small displacement piles is shown in figure 32. The general trend indicates a relatively
good agreement with a best-fit line forced through zero producing a ratio of 1.108, much
closer to the desired ratio of 1.0 than that for the large displacement piles. The scatter
is substantiallly smaller than that for the large displacement piles. The prediction ratios
range from an over-prediction of about 2.5 to an under-prediction of 0.6 (actual over­
prediction) with the majority of data falling between 1.25 and 0.60. While no clear trend
can be seen on the basis of soil type, the capacity of all piles driven in rock seem to be
over-predicted by the office method. This distinction seems to be more related to
driving resistance as all of these cases present high driving resistance of over 10 BPI.

The Energy Approach predictions vs. the actual load test results for small displacement
piles are presented in figure 33. The presented relationship indicates a small scatter with
ratios ranging from about 1.67 to 0.60, with the majority of the data falling between 1.10
and 0.60. The best-fit line through zero yields a ratio of 0.856, which is only slightly
higher than the ratios in figures 25 and 30. It should be noted that the scatter of both
methods, the Energy Approach predictions in figure 33 and the office methods in figure
32, are very small when compared to that observed for the large displacement piles, as
indicated by the coefficients of determination.

The information in figure 34 indicates that a distinct trend has developed between the
two methods of analysis. The data shows very small scatter with ratios ranging between
1.00 and 0.60, with the best-fit ratio through zero equal to 0.764.
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(d) Intermediate Conclusions
See tables 5 through 7 for statistical data. Different correlations have been investigated
on the basis of pile type.

• A relatively large scatter appears in the predictions of both dynamic
methodS, the office methods and the Energy Approach, for all cases
(AAA). While the office methods under-predict on the average
(~= 1.265), the Energy Approach over-predicts (~=0.839). Both
scatters are reflected through:

(1) Relatively low coefficient of determination for the best-fit line through
zero (r=0.692 and 0.703 for the office methods and the Energy Approac~

respectively).

(2) High intercept for unforced best-fit lines (y-intercept = 97.3 kips and
111.5 kips [432.8 kN and 496 kN] for the office and Energy methods,
respectively).

Much better correlations and a smaller scatter appear for both methods
when predicting the capacity of small displacement piles compared to
large displacement piles. For the office methods, the best-fit ratios and
coefficients of determination are 1372, r=0.554 and 1.108, r=0.932 for
large and small displacement piles, respectively. For the Energy
Approac~ the best-fit ratios and coefficients of determination are 0.832,
r=0.534 and 0.856, r=0.916 for large and small displacement piles,
respectively.

• As a result of the above, both methods seem to correlate very well to each
other in all cases. A similar ratio is produced for the relationship between
the predictions of CAPWAP/TEPWAP and the Energy Approach,
regardless of pile type. This ratio varies between 0.641 for all piles to
0.589 for large displacement piles and 0.764 for small displacement piles.
The coefficient of determination for the best-fit line through zero,
however, is the highest for the sm.all displacement piles (~=0.937),

compared to 0.554 for the large displacement piles. This may imply that
both methods encounter the same difficulties under the same conditions in
spite of the fact that the Energy Approach does not consider any dynamic
resistance while the office methods consider dynamic resistance through
viscous damping.

• No clear trends in the predictions appear on the basis of soil type at the
tip, whereby predictions in all types of soil exist throughout, without any
panicular order. This conclusion is observational only and requires a
quantitative evaluation that is presented in the following section.
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8.3.3 Pile-Soil Type Correlations

The PD/LT pile-cases were subgrouped according to the different tip-soil types in an
effort to investigate possible trends developing according to end-bearing soils. The
correlations follow the sequence outlined in section 8.3.2 for three tip-soil conditions:
sand and silt, clay and till, and rock.

(a) Sand anell Silt
Figure 35 shows the correlation between the office method predictions and the actual
static capacity for a PD/LT pile-case in sand and silt. The results remain consistent with
figures 24 and 27 as they continue to under-predict. The best fit through zero shows an
under-prediction ratio of 1.272. The scatter is, however, smaller for predictions in sand
and silt, with the ratio ranging from 2.5 to 0.80 (load test over-prediction) and the
coefficient of determination is 0.749.

The correlation between the Energy Approach predictions and the actual static capacity
in sand and silt is shown in figure 36. The scatter is consistent with that of figure 25,
with a best fit ratio very similar at 0.831. The ratio range is unchanged and it is difficult
to see any different trends based on the sand and silt subgroup. It is noticeable,
however, that all predictions pertaining to small displacement piles are contained within
a narrow range approximately between 0.80 and 1.60.

The information in figure 27 indicates a good agreement between the office analysis
predictions and the Energy Approach predictions for piles driven in sand and silt. The
best-fit line forced through zero yields a ratio of 0.639, which is very consistent with the
correlations of figures 26 and 31. The range of ratios remains between 1.00 and 0.40,
with the majority of the points falling between 1.00 and 0.60. These results suggest that
the sand and silt end-bearing soil has little effect on the overall trend of the prediction
ratios.

(b) Clay and Till
The relationships in figure 38 between the office analysis predictions and the actual load
test results for clay and till result in a similar best-fit line to the one obtained for the
relationships in sand and silt. Considering the difference in the number of data points,
however, it seems that the 51 cases of piles in clay and till are scattered much more
relative to the 139 cases of piles in sand and silt. As a result, the coefficient of
determination of the cases in sand and silt is much higher than that of clay and! till (0.749
compared to 0.383 for the best-fit line through zero). The best-fit line yielded a ratio of
1.319, which far exceeds the best-fit ratio of figure 24 in which the small displacement
piles were included. It is also interesting to note that the best-fit line resulted in a ratio
of 1.057 with an intercept of 141 kips (627 kN). Time effects have not been considered
in figure 38 and the data represents all states of EOD and BOR. Time effects will be
addressed in section 8.3.4.
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The relationships between the Energy Approach predictions and the actual static
capacity is shown in figure 39. This information indicates a similar scatter (see figures
25, 30, 33, and 36) among the predictions, with the best-fit line remaining nearly
unchanged at 0.872 (actual over-prediction). Based on figures 36 and 39, it appears that
soil type, alone, has little effect on the overall performance of the Energy Approach.

Figure 40 demonstrates the consistency that has been evident in figures 26, 31, 34, and
37. The correlation between the office analysis predictions and the Energy Approach
remain within a range of 1.00 and 0.40, with a distinct trend developing around the 0.80
line. The best-fit ratio (forced through zero) is 0.624 and a comparison with the sand
and silt best-fit ratio (figure 37) shows a similar value. The coefficient of determination
for the clay and till cases is substantially lower, however, and is approximately 0.539,
compared to 0.802 for the best-fit line through zero for the pile cases in sand and silt.
This shows that although, on the average, the ratio is unchanged, the agreement between
the methods is more scattered for piles in clay.

(c) Rock
The correlation between the office analysis predictions and the actual static capacity for
piles end-bearing on rock showed a considerably better prediction ratio with a
considerable scatter. The best-fit line in figure 41 yielded an under-prediction ratio of
0.908 with all points falling almost exclusively in the range of 1.25 and 0.60 (actual over­
prediction), yielding a poor coefficient of determination of 0.580. These results may be
attributable to three reasons: (1) all the piles driven into rock are small displacement
piles (except for one), (2) the driving resistance in the majority of cases (13 out of 14)
ranges between 10 and 44 blows per inch (0.394 and 1.73 blows per mm), and (3) the
presented subset contains only 14 pile-cases.

The information in figure 42 for the correlation between the Energy Approach
predictions and the actual static capacity in rock produced very good results, showing
excellent agreement that is consistently within a range between 1.00 and 0.60. The best­
fit line shows a ratio of 0.823 with a coefficient of determination of 0.744, which is
consistent with the other correlations between the Energy Approach and the actual static
capacity previously mentioned.

Figure 43 indicates a very good correlation between the office analysis predictions and
the Energy Approach predictions. The best-fit line forced through zero yields a ratio of
0.901 and all data points fall within ±20 percent of the best-fit line.

(d) Intermediate Conclusions
See tables 5, 6, and 7 for statistical data.

Different correlations have been investigated on the basis of soil-type conditions at t~le

tip.

77



The office analysis relationships seem to be less scattered for the
predictions of piles in sand compared to those in clay. Both best-fit line
coefficients indicate a similar ratio for both soil types, 1.272 and 1.319 for
sand arid clay, respectively. Their coefficients of determination differ
substantially however, r2 = 0.749 and 0.383 for sand and clay, respectively.
The "free" trend best-fit line for both cases show an intercept of 112 kips
and 141 kips (498 leN and 627 k~) for sand and clay, respectively. The
coefficients of determination of these lines are similar, however, to those
for the lines forced through zero.

The relationships of the Energy Approach analyses seem to be consistent
for both clay and sand pile-cases. The best-fit ratios through zero and
coefficients of determination are 0.831, r=0.700 and 0.872, r2=0.666 for
sand and clay, respectively.

The relationships between the predicted capacity of piles in rock and the
static capacity is different for both methods. The Energy Approach shows
consistency in the best-fit coefficient and the coefficient of determination
when compared to the sand and clay cases. The office analyses present
a much better best-fit line with a relatively high scatter. The presented
relationships for rock have been discussed separately and represent a
separate case due to the small number of piles and the fact that all of
them are small displacement piles driven in a high driving resistance.

Less scatter appeared for the' small displacement piles under all categories
of soil types. This is in agreement with the previous section's conclusion
that examined the pile-type case.

A consistent ratio appears between the predictions of both methods and
pile types. Higher scatter exists for the predictions in clay compared to
sand (r=O.539 in clay vs. r =0,802 in sand).

8.3.4 Correlations of Pile and Soil Type for DitTerent Driving Time

Further relationships were developed to examine any trends that may take place as a
direct result of the time during driving for which the predictions were made. The
subgrouping includes pile type (large displacement and small displacement) and time of
driving (EOO = end of driving and BOR = heginning of restrike).

Two comments made in regard to these comparisons are:

• The EOD condition is of great importance as ideally we would like to
accurately find the pile capacity at the end of driving state, which also
enables us to control driving according to our real-time predictions.
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The BOR records consist of different driving times after the initial EGO.
These records were lumped together as one group. As such, the actual
setup time and stage in which the driving took place was not considered.
For the cases that were examined independently, consistent improvements
were observed with each elapse of time since EOO.

(a) All Piles - EOD
Figure 44 presents the relationship between the office analysis predictions and the actual
static capacity for all PO/LT piles in all types of soil at the end of driving (AEA). The
results show a scatter with the prediction ratio ranging from 4.41 to 0.57, consistent with
the best-fit lines produced in figure 24 for predictions at anytime during driving (AAA).
The best-fit line forced through zero produced an under-prediction ratio of 1.248, or
about +25 percent of the actual static capacity. The coefficient of determination
improves somewhat from ~=0.692 for all cases to 0.740 for the EOO conditions.
Moreover, it seems that the under-prediction can be mostly attributed to the large
displacement piles, whereas the predictions for the small displacement piles seem to
concentrate within a zone of lower and more accurate load test over-prediction ratios.
With regard to the best-fit line of the relationships in figure 44, it should be noted that
the presented best-fit line is the one forced through zero (origin of axis). In most other
cases, the slope of the forced best-fit line does not differ much from that of the unforced
minimum square best-fit line. For the data presented in figure 44 the situation is
different. The unforced best-fit line has a slope of 1.065 (see table 6) with a y-intercept
of 152 kips (676 leN). This, again, implies some consistent under-prediction for the office
methods in analyzing the EOO records.

The information in figure 45 indicates a prediction range from 1.67 to 0.60 for the
correlation between the Energy Approach and the actual static capacity at EOO (AEA).
The general scatter is substantially smaller than that of the office methods in figure 44,
with a coefficient of determination of r =0.804. The best-fit prediction ratio increases
substantially from the correlation for all cases (figure 25, ratio of 0.839) to 0.901
(prediction over actual ::= 1.11).

It is important to note that for all the cases where substantial under-predictions took
place in the office analyses, reasonable predictions were achieved by the Energy
Approach. Observing figure 44, it can be seen that in many cases, the predictions exceed
the line denoted by 1.67 (load test 67 percent higher than the prediction) up to a ratio of
4.4. All these cases are within the 1.67 line of the Energy Approach. Although not
easily explained, in many cases in which improvement in prediction of the office method
was observed with time, more accurate predictions were obtained by the Energy
Approach at the EOD.

Figures 46 and 47 present the same data as that presented in figures 44 and 45, in the
form of scattergrams of the actual over-prediction ratio versus the predicted capacity.
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The aforementioned observations are enhanced by the data presentations of figures 46
and 47, emphasizing the relatively good predictions of the Energy Approach.

Figure 48 presents the correlation between the predictions of the office methods to the
Energy Approach. As in previous similar correlations, the scatter between the methods
is much smaller !han that between the individual methods and the actual static capacity.
It is interesting to note that the majority of the small displacement piles concentrate in a
narrow band approximately between 0.7 and 1.0. This means that both methods produce
very similar results for small displacement piles. From figures 44 and 45, it can also be
concluded that both methods produce relatively accurate predictions for the small
displacement piles.

(b) All Piles· BOR
The correlation between the actual static capacity and the office analysis predictions
based on measurements at the beginning of restrike (ABA) is shown in figure 49. The
range of predictions is between 2.5 and 0.80, with a best-fit prediction ratio of 1.284.
The majority of the predictions reside within the 1.28 to 0.80 range with a general scatter
higher (r = 0.614) than that observed in figure 44, where predictions were based on end­
of-driving measurements (r =0.740).

Figure 50 indicates that a much greater scatter exists for Energy Approach predictions at
the beginning of restrike than for predictions made at the end of driving (see figure 45).
The tendency is to over-predict more for restrikes with the prediction ratios ranging from
1.25 to 0.40. Consequently, the best-fit prediction ratio (0.786) is lower than that of
figure 45 and the coefficient of determination is r=0.578, compared to 0.804 for EOD
conditions.

The results presented in figure 50 are in sharp contrast to those shown in figure 45.
While the Energy Approach provided much better predictions for the EOD condition
compared to the office methods, it resulted in a larger scatter at the BaR state. In
many cases, where improvement was observed with additional restrikes with time for the
office methods, no such improvement (or, in many cases, worse predictions) were
obtained by the Energy Approach.

Figure 51 exhibits a substantial scatter when compared to figure 48 for EOD predictions.
The correlation between the two prediction methods is, however, considerably better
than that observed in figures 49 and 50. The scatter exists mainly between 1.00 and 0.40
(CAPWAP/TEPWAP over Energy Approach) with a ratio of 0.593 for the slope of the
best fit through zero (CAPWAP/TEPWAP over Energy Approach).

(c) Large Displacement Piles· EOD
Figure 52 shows the correlation of the office analysis predictions and the actual static
capacity for large displacement at EOD (LEA). There is a significant scatter (r = 0.528)
ranging between 4.41 and 0.74, with most data between 2.50 and 1.00. The best-fit line
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prediction ratio is 1.529. The data in figure 52 indicates the difficulties in analyzing
records of large displacement piles and the shortcoming of the office methods for the
EOD state.

The information in figure 53 indicates relatively good agreement of the Energy Approach
and the actual static capacity for large displacement piles at EOD. Although the scatter
ranges from 1.67 to 0.60 and the coefficient of determination, r =0.603, the majority of
points lie within ± 20 percent of the actual static capacity, whereby the best-fit line yields
a prediction ratio of 0.966. The relative accuracy of the Energy Approach for those
cases is surprising and not yet well understood.

The relationship of the prediction methods large displacement piles at EOD is shown in
figure 54. In general, the tendency appears to be within the 1.00 and 0.60 range, with a
best-fit ratio of 0.612. This ratio meets the substantial under-prediction of the office
methods and the relatively high accuracy of the Energy Approach.

(d) Large Displacement Piles - BOR
Figure 55 presents the correlation of the office analysis predictions and the actual static
capacity for large displacement piles at BOR (LBA). The correlation demonstrates
improved accuracy of the office analyses for BOR compared to the results obtained in
figure 52 for EOD. In general, most of the data points fall between 2.0 to 0.80, with the
best-fit line as a ratio of 1.307 and a coefficient of determination, r =0.596. Figure 55
shows improved predictions for large displacement piles relative to the EOO state, but
poor predictions relative to those obtained for small displacement piles.

The information in figure 56 indicates a significant scatter for the correlation of the
Energy Approach and the actual static capacity for large displacement piles at BOR.
This is in contrast to the results obtained in figure 53 for the predictions of large
displacement piles at EOD. The prediction ratios range from 1.53 to 0.40, with a best-fit
ratio of 0.780 and a coefficient of determination, r =0.550.

The correlation shown in figure 57, between the prediction methods at BOR, remains
consistent with previous findings. The ratios range from 1.00 to 0.40, with very few
predictions outside of this :-ange.

(e) Small Displacement Piles· EOD
Figures 58, 59, and 60 present the relationships between the load test results and the
office predictions, load test results and the Energy Approach predictions, and the
relationships between the prediction methods for small displacement piles at EOD
(SEA). Based on previous observations: (1) predictions for small displacement piles (see
figures 32, 33, and 34) were much better than those for large displacement piles, and (2)
predictions for end of driving (see figures 44, 45, and 46) were better than those at the
beginning of restrike, especially for the Energy Approach. Therefore, the combined
criteria resulted with very good relationships, as expected.
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Figure 58 shows that the office method best-fit line is ~ = 1.113 and r2 =0.933. The
relationships have the second best coefficient of determination of all combination cases
examined in table 5. The other similarly high correlations and accuracy were obtained
for all small displacement piles (SAA) and their subgroup (SAS).

Figure 59 indicates a similar trend for the Energy Approach, yielding a best-fit line with
a Km-ratio of 0.851 and y2 = 0.917. These results are similar to those of all small
displacement piles (SAA) and those in sand (SAS).

Figure 60 reflects the outcome of figures 58 and 59, with a best-fit correlation of
Kew=0.757 and r2=0.939.

(I) Small Displlacement Piles· BOR
Figures 61 and 62 present the relationships between the predictions of the dynamic
methods and the load test results for a small subgroup (12 cases in the figures and 15
cases in the statistical analysis) of small displacement piles at the beginning of restrike in
all soils.

The obtained coefficients are ~= 1.069, r=O.785, and ~p=0.9G2, r2=0.737, which
indicate the following:

The predictions for the BOR state are more scattered than for the EOD
state, even for small displacement piles only.

• Out of the entire BOR group, the predictions for the small displacement
piles are much better than those for the large displacement piles.

Figure 63 presents the relationships between the two prediction methods for 12 small
displacement PD/LT piles in all types of soil at BOR (SBA), indicating a good
correlation between them.

(g) Intermediate Conclusions
See tables 5, 6, and 7 for statistical data. Different correlations have been investigated
based on the time of driving.

Based on the data of figures 44 (46), 45 (47),49, and 50, it is evident
that both dynamic methods perform better for the end of driving (EOD)
condition than for beginning of restrike (BOR). This is especially true for
the Energy Approach method, which shows excellent predictions for all
cases of EOD condition (AEA). The conclusions regarding the office
method are different. On one hand, there is an improvement for EOD
when compared to the overall cases (AAA); on the other hand, the BOR
cases, as shown in figure 44, do not reflect correctly the accuracy of the
method.
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As mentioned earlier, a closer look at the time of driving showed
consistent improvement of the office methods with time. The data of
figure 49 may, therefore, not correctly represent the accuracy of the
method, which may improve when examined, for example, for only the last
BOR of each case.

• Based on the data of figures 52, 53, 55, and 56, it is clear that the
capacity predictions for large displacement piles are problematic for both
dynamic analyses, CAPWAP/TEPWAP, and the Energy Approach.
CAPWAP/TEPWAP seem to produce, however, similar results at BOR
than at EOD (see figures 44 and 49) subjected to the aforementioned
comments. The Energy Approach, on the other hand, produces more
accurate results at the end of driving than at the beginning of restrike (see
figures 45 and 50). The relationships between the prediction methods,
CAPWAP/TEPWAP, and the Energy Approach, show strong correlation
between the methods regardless of the time of driving (see figures 43 and
48).

• The above conclusion becomes more clear when comparing the
performance of the large displacement piles and small displacement piles
for the same driving time. For example, the office method, when
comparing AEA (figure 44) to LEA (figure 52) and SEA (figure 58),
clearly shows that the predictions for large displacement piles at EOD is
very poor compared to that of the small displacement piles at EOD. The
same conclusion holds true for beginning of restrike, demonstrating again
the importance of the pile type. Similar conclusions are obtained by
checking ·the Energy Approach method for AEA (figure 45), LEA
(figure 53), and SEA (figure 59).

8.4 STATISTICAL ANALYSIS OF DATA SET PD/LT

A statistical analysis of the correlations of data set PO/LT was performed in order to
quantify the accuracy of both the office analysis and the Energy Approach predictions as
well as the correlation between them. The statistical analysis was performed in three
stages:

(I) Determination of the first-order best-fit lines (forced through zero and y­
intercept) by linear regression, in combination with the sample coefficient
of determination (r) to measure the accuracy of the best fit (note that the
coefficient of determination is a square of the coefficient of correlation
(r».
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(II) Examination of the fitness of the data to known probability distribution
functions (PDF).

(III) Determination of the mean and the standard deviation of the individual
ratios (e.g., load test to Energy Approach) as a measure of variability.

8.4.1 linear-Regression Analysis

The results of the lineal[' regression analysis performed on selected subgroups of table 4
and the presented graphical relationships of section 8.3 are summarized in tables 5, 6,
and 7.

The tables summarize the different subgroups for the ratios between: (1) the static
resistance to the office method predictions (K-) in table 5, (2) the static resistance to
the Energy Approach predictions (K.m) in table 6, and (3) the relationship between the
predictions of the office methods ana those of the Energy Approach in table 7.

The first two columns of each of the tables list the pile-case subgroup and the total
number of cases considered in that group. The number of cases shown in the tables may
be equal or greater than the numbers shown in the figures for the same correlations.
This occurs when some of the data points exceed the dimensions of the plots. Linear
regression was preformed for each group to determine: (1) the best-fit line ratio, (2) the
best-fit line ratio forced through zero, and (3) the coefficient of determination for each
analysis. The results are listed in columns 3, 4, and 5 for the best-fit line and 6 and 7 for
the best-fit line through zero, in each table. For example, the best-fit line forced through
zero for the Ksp coefficients calculated for the subgroup ABA (all piles, at EOD, for all
soils) was found to have a slope of 0.900 with a coefficient of determination, c2 =0.804.
The sample coefficient of determination (c2) for each subgroup was determined to
measure the representativeness (accuracy) of the best fit and the best fit through zero.

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 nx"
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 (c2 = 1) is
a perfect match where all the points fall on the best-fit, least-squares line. For example,
c2 =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 c2~0.80, which coincides with psO.OOl1; p is the probability of obtaining an F-value
as or larger than the calculated value. This value of c2=O.8 may be rigorous relative to
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correlations in geotechnical engineering. The results, therefore, may be reviewed in the
following ranges (Veneziano, 1993):

r2 2: 0.80
0.60 s r < 0.80
TJ. < 0.60

good correlation
moderate correlation
poor correlation.

Table S presents the results of the~ analysis and the best correlation of all subgroups
was found to be for all small displacement piles in all soils (SAA) and in sand and silt
(SAS). Reasonable correlation was found for all piles based on the end of driving
records, especially for the small displacement piles. Poor correlations were found for all·
piles at BOR in all soils (ABA) and for all large displacement piles (1AA), both at EOD
(LEA) and at BOR (LBA).

The coefficients of table 6 indicate that the Energy Approach presents slightly better
correlation overall for all cases (AAA) than that of the office methods, where both
methods show moderate correlation according to the above coefficient of determination
standards. The Energy Approach method shows very high accuracy for small
displacement piles in all soils at all times (SAA), mostly due to its excellent performance
in sand and silt (SAS). The Energy Approach prediction shows excellent correlation for
all piles at EOD in all soils (AEA), producing a best fit through zero sample coefficient
of distribution of 0.804, mostly again due to the high accuracy for the small displacement
piles (SEA). Low accuracy was also determined for all piles at BOR in all soils (ABA),
similar to that of the office methods.

Table 7 enables the examination of under what conditions both methods predict similarly
or differently, indicating that, in general, the correlation between the methods is stronger
than the correlation between the individual methods and the actual capacity with
especially strong correlations in the cases where both methods predict well, namely small
displacement piles and end of driving.

8.4.2 Actual Distributions or the K Coefficients and their Probabilistic Models

The K coefficients are defined as follows:

ActualstaticcapacityK
IW

= -----_...:..._~-
CAPWAPI TEPWAPprediction

Aetualstaticcapacity
K. = -----~~---=:...-

EnergyApproachprediction

8S

(38)

(39)



K = CAPWAP/TEPWAPprediction
ftI EnergyApproachprediction

(40)

These ratios are equivalent to the ratios marked and denoted by the straight lines on the
scatter plots of sections 8.3.2, 8.3.3, and 8.3.4.

The distributions of the individual IK coefficients for all PO/LT pile-cases are presented
in figures 64, 66, and 68 in the form. of histograms. The cumulative frequency
distribution of K.w and~ are presented in figures 6S and 67, respectively. The
histograms were plotted for K coefficients ranging from 0.0 to >3.0 in 0.1 intervals and
include all the available information. The left y-axis shows the total number of K
coefficient occurrences, whereas the right y-axis shows the frequency (normalized number
of occurrences).

The common parameters most often used to evaluate prediction methods are the mean
and standard deviation of the normal distribution. The normal distribution best
represents occurrences ranging from 4l to +ao with the highest probability at the mean.
The ratio between the actual capacity to the predicted one (or its inverse) is limited
between 0 to + em and, hence, its distribution is not symmetrical. Even though, in many
cases where the data is "normally" distributed, the normal distribution will represent it in
a reasonable fashion (e.g., see figure 68). In many other cases, the normal distribution is
incapable of correctly reflecting the accuracy (represented by the mean) and the
precision (represented by the standard deviation) of the predicting method. A beuer
probability distribution function for cases ranging from 0 to +ao is the log-normal
distribution. A simple transformation can be performed from the mean and standard
deviation of the normal distribution to the log-normal distribution parameters (see, for
example, Benjamin and Cornell, 1970), which allows plotting of the log-normal
distribution. Both distributions, normal and the corresponding (transformed) log-normal
distributions, were plotted for the ratios between actual capacity to the predictions of the
office methods (~ figure 64) and the actual capacity to the Energy Approach
predictions (~ figure 65). In any case, the actual data must be reviewed as scatter
graphs (section 8.32, 8.3.3, and 8.3.4) and histograms before the establishment of any
conclusions.

The information presented in figure 64 for the K- coefficients (actual capacity over
CAPWAP/TEPWAP predictions) indicates a concentration of cases (about 50 percent of
all cases) between 0.9 and 1.3, with a significant scatter of the other 50 percent of the
cases across a wide range of K values from 0.57 to 4.41. A normal distribution curve was
added to the actual data based on the analysis results presented in table 8. The actual
data seems to differ from the normal distribution and explains the relatively large
standard deviations of the Ksw- The "transformed" log-normal distribution seems to
better represent the actual data, but yet, falls short of representing it accurately. An
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attempt to improve the log-normal distribution representation of the actual data was
carried out by decreasing the standard deviation parameter (lnox' note: not that of the
standard deviation). The results are shown in the form of a log-normal distribution and
plotted using dashed lines that seem to represent the peak and over-prediction side
better, but do not seem to represent the under-prediction side as well. Figure 65
presents the cumulative frequency distribution of the I<sw ratio. Due to the large range
of values, a gradual increase in the cumulative frequency distribution takes place for
values of Ksw greater than 1.3.

Figure 66 shows the distribution of the Ksp values for all PO/LT pile-cases and the data
fits reasonably well with the normal distribution description. The "transformed" log­
normal distribution seems to fit the data even better, allowing good representation of the
data skewness. About 75 percent of the cases fall in the range between 0.6 and 1.2, with
the mean at 0.925. An attempt to improve the log-normal distribution was carried out by
decreasing the standard deviation (lnox)' The results, again, are better only for part of
the data, showing better agreement with the peak and the underestimation, and worse
representation for the overestimated capacities. Figure 67 presents the cumulative
frequency distribution of the ~ ratio. A moderate increase exists for about 50 cases
between 0.4 and 0.7, followed by a sharp increase of about 150 cases between 0.7 and
1.2. The distribution ends with a moderate slope of about 10 cases, up to about 1.7.

The distribution of the Kew coefficients is presented in figure 68. The results of this
distribution indicate excellent correlation between the office analysis predictions ami the
Energy Approach predictions (CAPWAP/TEPWAP over Energy Approach), represented
well by the normal distribution.

8.4.3 Mean and Standard Deviation Analysis

Table 8 presents the statistical analysis for all PD/LT correlations listed in table 4 (see
chapter 6 and tables 20 through 23 in appendix A for details). The first column of table
8 lists the pile-case group according to the abbreviation system shown in table 4. The
table reports the normal distribution mean and standard deviation for each subgroup in a
similar sequence mentioned in section 8.3.2. The subcolumns for each K coefficient list
the total number of pile-cases analyzed, the mean value determined, and the
corresponding standard deviation. It should he emphasized that even for cases in which
better representation is given through the log-normal distribution, the mean and the
standard deviation remain a powerful tool for the evaluation of the accuracy, through the
mean, and for the precision, through the standard deviatlon.
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8.5 INTERPRETATION OF THE CONTROLLING PARAMETERS

8.5.1 Overview

Section 4.4.4 outlined the expected performance of the dynamic analyses based on the
hypothesis that the majority of the energy is lost through soil inertia. This hypothesis
was partially confirmed by the results presented in the previous sections. A closer
examination of the controlling parameters and their influence on the accuracy of the
dynamic analyses follows.

8.5.2 Dynamic Predictions - Pile Area Ratio Graphical Correlations

To investigate a possible relationship between the office analysis, the Energy Approach
predictions, and pile geometry, K.sw and ~ values were correlated with the pile area
ratio (see sections 4.4.2 and 4.4.3).

Figures 69 and 70 present the correlation between the I<w-values and the pile area ratio
(A0. The data are presented using two scales (linear and logarithmic) to allow the
assessment of the many cases for which AR varies between approximately 90 to 300,
which create a "'spot" when presented in a linear scale. For pile area ratios less than 350,
a significant scatter can be observed with Ksw-values exceeding 2.0. In general,
~-values closer to unity appear as AR increases. Some scatter appears, however, at
very large AR ratios that may indicate the influence of additional parameters on the
~-values (e.g., driving resistance).

Figures 71 and 72 present the correlation between~ and the pile area ratio.
Significantly smaller scatter appears in the ~-values compared to that of the Kw,.·values.
The general trend is similar to that of figure 69 - most scatter appears within a zone in
which the pile area ratio is smaller than 350.

The pile area ratio seems to enable the quantification of the definition of large
displacement and small displacement piles. The information from figures 69 through 72
suggest that considerable consistency is developed for pile area ratios > 350. From
these correlations, it was concluded that large displacement piles can be defined as those
with pile area ratios < 350 and small displacement piles defined as those with pile area
ratios > 350. The following section examines the relationship between the prediction of
the dynamic analyses and the driving resistance, as the complementary factor to the pile
type in controlling the soil's inertia (see section 4.4 for background).

8.5.3 Dynamic Predictions • Driving Resistance Graphical Correlations

Figure 73 presents the ratio between the load test results over the office method
predictions (K.w) vs. blow count at the time of measurement for all PD/LT pile-cases
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(AAA). As indicated in chapter 6, the blow count per inch was often calculated based
on records of blows per foot.

There is considerable scatter for all driving resistances (especially at the two extremes.
namely, verylow blow count (less than 10 BPI) and very high blows) at refusal (no set).
It also can be noted that the predictions for the small displacement piles present, on
average, much better performance than that of the large displacement piles, including
the area of low driving resistance.

Figure 74 presents the ratio between the load test results to the Energy Approach
predictions (~), in the same format as that of figure 73. Considerably less scatter
appears in the figure compared to that of figure 73. A large range of~ (from over­
prediction of~ ::::s 0.4 to under-prediction of about~ ::::s 1.7) appears at the range of
small resistance to driving of about 0 to 10 BPI. A few additional observations can be
made in relationship to figure 74:

• In the majority of the cases. the Energy Approach over-predicts, however,
there is improvement with the increase of driving resistance.

• Most of tile significant under-predictions exist in the low-resistance zone.

• Very good performance appears at very high driving resistance, when
actually no displacement takes place under each blow.

8.5.4 Dynamic Predictions - Driving Resistance and TIme of Driving Graphical
Correlations

Additional subdivision of the dynamic analyses prediction ratios vs. driving resistance was
conducted based on the time of driving. namely. end of driving (EOD) and beginning of
restrike (BaR).

(a) All Piles at EOD
Figure 7S presents the correlation between driving resistance and~ coefficient for all
piles at EOD (AEA) and the results indicate a scatter similar to the results shown in
figure 73. A major scatter remains at low driving resistances when the full resistance of
the soil is mobilized.

The correlation between the~ coefficients for all piles in all soil types at EOD (AEA)
and driving resistance is presented in figure 76, and the results are similar to those of
figure 60. This is consistent with the findings of sections 8.3 and! 8.4 for piles at the end
of driving. with the emphasis on under-prediction cases at the low-resistance zone. Most
of the under-prediction cases observed in figure 74 for the low blow count seem to be a
result of the EOD cases as shown in figure 76. These cases are confined, however,
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mostly within a zone of blow count between 0 to 6 BPI, which may, as a result, be
defined as "easy driving."

(b) All Piles at BOR
Figure 77 represents the relationship of. driving resistance and Ksw-values for all piles at
BOR (ABA). A scatier among the predictions for driving resistances ranging from 0 to
25 blows per inch (0.98 blows per nun) is observed. The scatter appears, however, to be
substantially smaller than that observed for EOD in figure 75, with lower under­
predictions.

In both cases (EOD and BOR), the office analysis predictions produced a scatter. At
the BOR, however, a large concentration of cases appear around the Ksw= 1 and the
~-values are lower cases than those observed in figure 75.

Figure 78 presents the relationship of driving resistance and ~-values for all piles at
BOR (ABA). A major scatter, mostly to the over-prediction side, appears in figure 78.
When comparing figures 76 and 78 to figure 74, it appears that:

The Energy Approach tends to over-predict at the low driving resistance
for BOR cases and under-predict at the EOD cases. It should be
emphasized that both under-prediction and over-prediction at the low­
resistance zone appears in both EOD and BOR. The extreme over­
predictions, however, exist only at the BOR and the extreme under­
predictions exist only at the EOD.

• On the average, the performance of the Energy Approach at EOD is better
than that at BOR, especially for piles with driving resistances greater than
6 BPI (0.24 blows per nun).

8.5.5 Dynamic Predictions· Driving Resistance and Pile-Type Graphical Correlations

Section 8.5.2 examined the relationship between the dynamic predictions and the pile
area ratio and concluded that small displacement piles can be referred to as piles with
AR >350. Section 8.5.3 examined the relationship between the dynamic predictions and
the driving resistance and determined the effect of the driving resistance on the accuracy
of the predictions of both dynamic analyses.

The subdivision of the dynamic predictions vs. driving resistance to small and large
displacement, based on the pile area ratio definition, _is presented in this section.

(a) Small Displacement Piles
The relationship between K- and the driving resistance for small displacement piles with
AR >350 is presented in figure 79. The office analysis, in general, appears to perform
better for small displacement piles than for the large displacement piles. When
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comparing the data in figure 79 to that of 69 and 70, a relatively good agreement exists
between the predicted and observed capacity with the exception of very low and very
high driving resistances. This agreement suggests that the relatively high under­
predictions of the office methods for the small displacement piles are associated with
either very low driving resistances (which result in high inertia of the soil mass) of less
than 6 BPI (0.24 blows per mm), or a very high driving resistance (which results in a lack
of full-capacity mobilization). In relationship to figure 79 and the following figures, it
should be clear that the criteria for distinguishing between small and large displacement
piles is the area ratio of AR - 350. As such, the open symbols in those figures refer to
piles that, by observation, would be considered as large displacement piles (e.g., square
concrete pile), however, their area ratio of AR>350 would categorize them as small
displacement piles as explained in section 4.4 and concluded in section 8.5.2.

Figure 80 presents the relationship between driving resistance and Km for piles with
AR >350. Excellent agreement exists between the predictions of the Energy Approach
and the observed static capacity for all driving resistances. Two major conclusions can
be made regarding the data in figure 80:

• The influence of the pile type on the performance of the dynamic methods
is evident. The mean~ for figure 80 is 0.938 with a standard deviation of
0.239, which indicates an excellent performance.

• The highest scatter and over- and under-predictions occur at the lower
resistance zone of less than 6 BPI (0.24 blows per nun).

In reference to figures 79 and 80, it should be noted that with the new definition of
small/large displacement piles based on the pile area ratio of 350, the piles that were
previously considered as large displacement (Le., open symbols) fit well into the general
trend of the small displacement piles.

(b) Large Displacement Piles
Figures 81 and 82 present the relationships between~ and~ to the driving resistance
for large displacement (pile area ratio <350), respectively. The data in figure 81
indicates that substantial scatter appears in the predictions of the office method. Over­
prediction takes place especially for the low blow count (figure 79) and under-predictions
appear to exist for all driving resistances. When compared to predictions of the small
displacement piles (figure 79), the existing scatter and under-prediction seem to be much
more significant.

Figure 82 indicates that much larger scatter and inaccuracy in prediction exists for the
large displacement piles when compared to the small displacement piles (figure 80). The
inaccuracy is, however, highly related to the driving resistance with a decrease in scatter
(mainly due to 1the decrease in the under-prediction) and an increase in accuracy with
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the increase in the driving resistance. The predictions above approximately 10 BPI (0.39
blows per nun) seem to be much better than those below that resistance.

8.5.6 The Effect of the Combined Major Controlling Parameters on the Accuracy oil' the
Dynamic Predictions

(a) Breakdown of Combinations
The previous correlations that were presented throughout chapter 8 indicated the
following factors as the major controlling parameters:

Pile type, according to the pile area ratio, distinguishing between large
displacement piles with AR <350 and small displacement piles with
AR >350.

Time of driving, distinguishing between end of driving (EOD) records to
analyses on records obtained at some time later at the beginning of restrike
(BOR).

Driving resistance, distinguishing between easy driving of less than 6 BPI
(0.24 blows per mm) to intermediate driving resistance between 6 and 12
BPI (0.24 and 0.47 blows per mm) with high driving resistance above 12
BPI (0.47 blows per mm).

Type of soil, distinguishing between predictions of piles predominately in
clay vs. those driven in granular materials.

Different combinations of these factors are presented in the following sections with a
summary of their statistical data presented in table 9.

(b) Combinations of Pile Type and Driving Resistance
The previously mentioned criteria for pile type and driving resistance assisted in
establishing the following combinations:

(1) Small displacement piles with easy driving; A R > 350 and blow count < 6
BPI (0.24 blows per mm) shown in figures 83 and 84 for ~ and ~P'

respectively. .

(2) Small displacement piles with hard driving; AR > 350 and blow count > 6
BPI (0.24 blows per mm) shown in figures 85 and 86 for ~ and ~P'

respectively.

(3) Large displacement piles with easy driving; AR < 350 and blow count < 6
BPI (0.24 blows per mm) shown in figures 87 and 88 for ~ and ~P'

respectively.
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Table 9. Stllltistical analysis of the area ratio, resistance, and time of driving combinllltion.

. 1 BPI - 0.039 blows per mm

Pile Driving Time Ksw Ksp
Area Resistance of No. Mean Standard No. Mean Standard

Ratio Driving Deviation Deviation

<350 all piles anytime 144 1.427 0.543 146 0.920 0.317

<350 0-6 BPI anytime 64 1.374 0.512 64 0.962 0.347

<350 :> 6 BPI anytime 80 1.469 0.567 82 0.887 0.288

<350 all piles EOD 56 1.643 0,654 57 1.068 0.345

<350 0-6 BPI EOD 36 1.545 0,569 36 1.102 0.349

<350 > 6 BPI EOD 20 1.820 0.769 21 1.026 0.340

<350 all plies BOR 88 1.290 0.407 89 0.825 0.257

<350 0-6 BPI BOR 28 1.155 0.319 28 0.783 0.254

<350 > 8 BPI BOR 60 1.352 0.430 61 0.844 0.258

>350 all piles anytime 57 1.247 0.502 57 0.938 0.239

>350 0-6 BPI anytime 16 1.542 0.595 16 1.031 0.259

>350 > 6 BPI anytime 41 1.133 0.414 41 0.902 0.224

>350 all piles EOD 39 1.151 0.408 39 0.902 0.240

>350 0-6 BPI EOD 12 1.476 0.492 12 1.021 0.291

>350 > 6 BPI EOD 27 1.161 0.473 27 0.928 0.214

>350 all plies BOR 18 1.225 0.530 18 0.897 0.240

>350 0-6 BPI BOR 4 1.740 0.901 4 1.062 0.154

>350 >6BPI BOR 14 1.078 0.274 14 0.850 0,243
-

Pile-case legend: <350
>350

0-6 BPI

> 6 BPI

• pile area ratio definition of large displacement piles.
- pile area ratio definition of small displacement piles.
- low driving resistance, resulting In full mobilization of the
soi~ resistance.

- intermediate (6 to 12 BPI) and high driving resistance
of more than 12 BPI.
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(4) Large displacement piles with hard driving; AR < 350 and blow count> 6
BPI (0.24 blows per mm) shown in figures 89 and 90 for~ and ~,
respectively. .

The above four combinations clearly suggest (with the limitation of the small number of
pile-cases for some combinations):

Small displacement piles with high driving resistance present very good
prediction conditions for the dynamic methods.

• These conditions are followed by the predictions for small displacement
piles with easy driving resistance (especially for the Energy Approach).

• Less favorable conditions result from the predictions of large displacement
piles with high resistance (especially for the office methods).

The worst conditions are presented for the large displacement piles with
easy driving where both dynamic methods predict poorly with a high
scatter.

(c) -Combinations of Pile Type, Driving Resistance, and Time of Driving
The above combinations were further investigated, incorporating the time of driving into
the above criteria as follows:

(I) Small displacement piles with easy driving at the end of driving; AR > 350
and blow count < 6 BPI (0.24 blows per mm) shown in figures 91 and 92
for Kw, and~ respectively. .

(II) Small displacement piles with hard driving at the end of driving; AR > 350
and blow count > 6 BPI (0.24 blows per mm). shown in figures 93 and 94
for Kw, and~ respectively.

(III) Large displacement piles with easy driving at the end of driving; AR < 350
and blow count < 6 BPI (0.24 blows per mm) shown in figures 95 arid 96
for~ and~ respectively.

(IV) Large displacement piles with hard driving at the end of driving; AR < 350
and blow count> 6 BPI (0.24 blows per nun) shown in figures 97 and 98
for Kw, and ~, respectively.

(V) Small displacement piles at the beginning of restrike for all driving
resistances; AR > 350 shown in figures 99 and 100 for Kw, and ~,
respectively.
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(VI) Large displacement piles at the beginning of restrike for all driving
resistances; AR < 350 shown in figures 101 and 102 for ICsw and~
respectively.

These combinations again suggest the following trends (with the limitation of the small
number of pile-cases for some combinations):

• Small displacement piles at the end of driving (EOD) with high driving
resistance present very good prediction conditions for the office methods
and even better conditions for the predictions of the Energy Approach.

• The office methods present a considerable scatter for large displacement
piles at the end of driving, especially in the cases with high driving
resistance. The Energy Approach presents very good predictions under
these conditions as can be observed for the 20 pile-cases shown in figure
98.

• The predliction conditions for small displacement piles at EOD with low
driving resistance presented difficulties for the office methods, while good
predictions were obtained by the Energy Approach. Again, this conclusion
may be affected by the limited number of pile-cases for this combination.

• The least favorable prediction conditions for the end of driving state for
the office methods occur for large displacement piles with high driving
resistance.

• The predlictions conditions for small displacement piles at BOR with all
driving resistances yield good results for the Energy Approach and a
moderate scatter for the office predictions. This conclusion should once
again be subjected to the limited number of pile-cases for this combination.

• Small variation was observed between easy and hard driving resistances
that may have been the result of the scatter produced in both methods.
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CHAPTER 9 - ANALYSIS OF DATA SET PO

9.1 INTRODUCTION

9.1.1 Purpose

This chapter presents the graphical and statistical analysis of the pile-cases of data set
PD. Graphical relationships in the form of scattergrams considering pile type and soil
type are presented. A statistical analysis was performed in combination with the
graphical relationships in an effort to correlate the results of chapter 8 with pile-cases
that were not load tested to failure.

9.1.2 Overview

Two different types of correlations were examined for the pile-cases of data set PD.
These can be summarized as follows:

(a) Damping Parameters - Soil-Type Correlations
Smith damping parameters (side and tip) obtained from CAPWAP results were
correlated to the soil type at the side and tip of the pile, respectively. These graphical
relationships are presented in section 9.2.

(b) Office Method - Field Method Predictions
The relationship between the office analysis predictions and the Energy Approach
predictions of data set PD were obtained. These relationships can be compared to the
correlations of data set PD/LT that were presented in the form of the coefficient~
the ratio of CAPWAP or TEPWAP predictions over the Energy Approach predictions.
Strong correlations between the two prediction methods may prove beneficial where load
test data is not available. This approach can be especially useful since piles are
dynamically monitored far more often than they are load tested to failure; hence, large
data sets can be accumulated. The subgrouping of these correlations is consistent with
table 3.

9.2 SMITH DAMPING PARAMETERS AND SOIL-TYPE CORRELATIONS

Figure 103 presents the relationship between Smith side damping parameters and the
soil conditions along the pile shaft for 378 pile-cases analyzed by CAPWAP. The
parameters shown are those obtained directly from the CAPWAP analyses performed on
the pile-cases of data set PD. No corrections were performed on these parameters. A
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substantial scatter exists in figure 103 with no clear correlation between the damping and
the soil type at the pile shaft.

The information in figure 104, presenting the relationship between Smith tip damping
parameters and tip soil conditions, indicates that no specific correlation can be made.
These results are similar to those obtained in figures 22 and 23 for data set PD/LT.

9.3 CAPWAP AND THE ENERGY APPROACH CORRELATIONS

The following graphs compare CAPWAP and Energy Approach predictions based on
pile type and soil type at the pile tip. The pile-type subgrouping includes large and small
displacement piles, as well as miscellaneous piles (see table 3). The indicated slopes of
the lines are identical to the parameter~ which is the ratio of CAPWAP predictions
to the Energy Approach predictions.

9.3.1 All Piles· All Soils

The relationship between the predicted capacities of CAPWAP and the Energy
Approach for 398 PO pile-cases is shown in figure 105. The information indicates a
good agreement between the two types of analyses. with the majority of data points in
the ratio range of 1.00 to 0.60. The best-fit line through zero yields a ratio of Kew =
0.695 (CAPWAP over Energy Approach) with a coefficient of determination r = 0.699.
It can be seen that the small displacement p'iles (solid symbols) are concentrated in a
narrow band, indicating a very good correlation of the two prediction methods for these
pile-cases.

9.3.2 Large Displacement Piles

The following graphs compare the CAPWAP results to that of the Energy Approach
predictions for large displacement piles.

(a) All Cases
Figure 106 presents all 238 large displacement pile-cases in all types of soil. The data
points range from approximately 1.10 to 0.20. Overall, good agreement is presented with
the best-fit line through zero at 0.676 (CAPWAP over Energy Approach) and a general
trend between 1.00 and 0.60. The coefficient of determination is r = 0.650.

(b) Sand and Silt
The information in figure 107 indicates excellent correlation between CAPWAP
predictions and Energy Approach predictions for cases of large displacement piles in
sand and silt. Most of the data points lie within the range of 1.00 to 0.60. The best-fit
line is at 0.669 with r = 0.812.
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(c) Clay and Till
Figure 108 shows the correlation of CAPWAP and Energy Approach predictions for 50
large displacement pile-cases in clay and till. The majority of data points fall on or near
the 0.80 line, with other cases reaching 0.40 and slightly below. The best-fit line through
zero is at~ = 0.600 with y2 = 0.404.

(d) Rock
The relationship between CAPWAP and the Energy Approach for 78 cases of large
displacement piles found in rock is shown in figure 109. The information indicated a
general scatter with the majority of data points falling between 1.00 and 0.60. The best­
fit line through zero yielded I<ew = 0.652 with r2 = 0.572.

(e) Unknown Soil Type
The correlation of the prediction methods for the 22 cases of large displacement piles in
unknown soil types is presented in figure 110. It can be seen that regardless of soil type,
good agreement is generally observed in these cases between the CAPWAP and Energy
Approach predictions. The obtained best-fit line through zero is~ = 0.844 with y2 =
0.589.

(tj Intermediate Conclusions

Generally good agreement exists between the predictions of CAPWAP to
those of the Energy Approach for large displacement piles. The obtained
relationship for all large displacement piles, at all times and in all types of
soil (242 cases), is similar to that obtained for the corresponding cases in
data set PO/LT.

The breakdown of the piles to the different soil types shows that the
highest correlation between the methods exists for piles driven in sand and
silt. The worst correlation is obtained for piles driven in clay and till.

No subdivision was made regarding the time of driving. The analysis of
data set PO is, therefore, equivalent to all time of driving cases in data
set PO/LT.

9.3.3 Small Displacement Piles

The correlations of the two dynamic analysis predictions for small displacement piles in
all soil types are presented in figures 111 through 114.

(a) All Cases
The information in figure 111 indicates an outstanding correlation between the
CAPWAP and Energy Approach predictions for 76 small displacement pile-cases in all
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soil types. The data points are almost exclusively within the range of 1.00 and 0.60 with
the best-fit line at I<ew = 0.800 and ~ = 0.826.

(b) Sand and Silt
The correlation for 26 small displacement pile-cases in sand and silt is shown in figure
112. A very well-defined relationship is observed with all data points within the range of
1.00 and 0.60. The best-fit line forced through zero is shown with a ratio of ~w = 0.807
and ~ = 0.922.

(c) Clay and Tm
Figure 113 presents the correlation between CAPWAP and Energy Approach predictions
for 21 small displacement pile-cases in clay and till. These data points are also
indicating a relatively good correlation with the best-fit line at Kew = 0.723 and ~ =
0.736. The data points are within the range of 1.00 and 0.60, however, there is a larger
scatter than that observed in sand and silt. This is also indicated by the reduction in the
value of the calculated coefficient of determination.

(d) Rock
Figure 114 presents the comparison of the dynamic prediction methods for 29 small
displacement pile-cases on rock. The relationship yields similar results to those of
figures 111 through 113, with an excellent correlation between the prediction methods.
The best-fit ratio is equal to Kew = 0.838 with r = 0.797.

(e) Intermediate Conclusions

• A better agreement with better correlation was found between the office
method and the Energy Approach for small displacement piles when
compared to large displacement piles. As both data sets contained a large
number of cases (242 large displacement and 76 small displacement pile­
cases for all soil types at all driving times), the findings reflect the
importance of pile type in the accuracy of the predictions.

• The predictions for small displacement piles in sand were found to match
and correlate better than those in clay. In both cases, a better fit was
found when compared to the large displacement pile-cases \'lith the
respective soil type. These results indicate that the soil type is secondary
to the pile type as factors shaping the prediction results.

9.3.4 Miscellaneous Piles

The relationships of CAPWAP and Energy Approach predictions for miscellaneous piles
for different soil conditions are presented in figures 115 through 119.
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(a) All Cases
The correlation between the two prediction methods is presented in figure 115 for 85
miscellaneous pile-cases in all soil types. It is shown that there is excellent agreement
between these predictions, with the majority of data points falling in the range of 1.00 to
0.60. The best-fit ratio is I<ew = 0.763 (CAPWAP over Energy Approach) with
r = 0.873.

(b) Sand and Silt
Figure 116 shows similar agreement between the two prediction methods for 40
miscellaneous pile-cases in sand and silt. The best-fit ratio equals 0.787 and most of the
data points are within ± 20 percent of the 0.80 line with r = 0.857.

(c) Clay and TIll
The correlation of the predictions for 21 miscellaneous pile-cases in clay and till are
shown in figure 117. Very good correlations are obtained with a best-fit ratio of
Kew = 0.735. The majority of data points lie within the 1.00 to 0.60 range, with a
coefficient of determination of r = 0.783.

(d) Rock
The information of figure 118 indicates a very good agreement between the CAPWAP
and Energy Approach predictions for 19 pile-cases of piles found in rock. The best-fit
ratio is 0.742 with r = 0.899.

(e) Unknown SOU Type
Figure 119 presents the correlation results for five cases of miscellaneous piles driven in
unknown soils. Good correlation is obtained from this small and non-specific data set.

9.4 STATISTICAL ANALYSIS OF DATA SET PD

In order to quantify the correlations obtained from the graphical relationships of section
9.3, a statistical analysis was performed as follows:

(1) Determination of the first-order best-fit lines (forced through zero and
y-intercept) by linear regression along with the sample coefficient of
determination (r) to measure the quality of the best-fit line.

(2) Determination of the mean and standard deviation of the Kew ratio
(CAPWAP over Energy Approach) as a measure of the accuracy (through
the mean) and precision (through the standard deviation) of the calculated
ratio distribution.
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Table 10. linear regression analysis of Kew for PO pile-cases.

Kew = CAPWAP predictions I Energy Approach predictions
Pile- Linear Regression
Case Number Besl Fit Forced lhrough Zero

Group X-coefficienl y-inlercepl r·squared X-coefficienl r.squared

AA , 403 0.603 75.4 0.723 0.695 0.699

LA 242 0.593 77.0 0.667 0.676 0.650

LS 92 0.580 81.8 0.841 0.669 0.812

LC 50 0.407 142.4 0.570 0.600 0.404

LR 78 0.563 89.7 0.591 0.652 0.572

LN 22 0.814 31.5 0.590 0.844 0.589

SA 76 0.751 22.7 0.830 0.800 0.826

SS 26 0.774 13.0 0.924 0.807 0.922

SC 21 0.651 32.2 0.747 0.723 0.736

SR 29 0.728 56.3 0.817 0.838 0.797

MA 85 0.678 51.8 0.892 0.763 0.873

MS 40 0.705 42.5 0.871 0.787 0.857

MC 21 0.640 46.6 0.807 0.735 0.783

MR 19 0.652 76.8 0.924 0.742 0.899

MN 5 0.816 61.3 0.933 0.955 0.898

Pile-case legend: xx - first letter denotes pile type: A = all piles,
L=large displacement, S=small displacement,
and M=miscellaneous piles.

- second letter denotes soil type: A=all soils,
S=sand and silt, C=clay and tiJl, R=rock,
and N=not available.
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9.4.1 Linear Regression Analysis

The results of the linear regression analysis performed on the subgroups of data set PO
are presented in table 10. The first two columns of table 10 report the pile-case
subgroups and the total number of pile-cases included in the analysis, respectively. This
analysis is similar to that which was performed in section 8.4.1 for data set POjLT. The
results of the best-fit linear regression performed for each subgroup are listed in columns
3, 4, and 5. Column 3 shows the first-order best-fit ratio, and the corresponding
intercept is presented in column 4. Column 5 shows the sample coefficient of
determination (~) for each subgroup. The coefficients for the best-fit ratio forced
through zero are listed in columns 6 and 7. Column 6 presents the first-order best-fit
sample coefficient and column 7 presents the corresponding coefficient of determination.

Table 10 indicates a relatively consistent best-fit ratio (forced through zero) for all pile
types and soil types. It can be seen that pile type is the controlling factor in the resulting
best-fit ratio as very little change is seen for large or small displacement piles in different
soils. For example, considering small displacement piles, the most extreme best-fit ratios
range from 0.723 for piles found in clay and till to 0.838 for piles found in rock.
Similarly, for large displacement piles in sand, clay, and rock, the best-fit ratios range
from 0.676 to 0.600. Excellent coefficients of determination are reported for all small
displacement piles (~ = 0.826) and, in particular, in sand (r =0.922). This is in
comparison to all large displacement piles (~ = 0.600) that improve in sand only to ~ =
0.812, compared to clay with ~ = 0.404.

9.4.2 Mean and Standard Deviation Analys'is

Table 11 presents the results of the statistical analysis, evaluating the mean and standard
deviation of the PD subgroups outlined in table 3. The first two columns are consistent
with table 10 and they report the pile-case subgroup and the total number of pile-cases
included in each analysis, respectively. The mean of all cases was found to be 0.774 with
mean values obtained for the subgroups in the range of 0.701 to 0.863 (with the
exception of miscellaneous piles in unknown soil types, which represent a subgroup of
only five piles). Overall, the values obtained are very consistent with very good standard
deviations compared to those obtained for the relationships between the predictions and
the actual capacity. This suggests that the prediction methods may be similar in their
analysis and, based on the mean values, it appears that soil type has a lesser effect on
the correlation between CAPWAP and the Energy Approach predictions.

9.5 SUMMARY AND CONCLUSIONS

Data set PD contains information that allows capacity predictions to be conducted on
403 pile-cases, based on dynamic measurements. As no comparison can be made to the
actual static resistance, the results serve two purposes:
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Table 11. Statistical analysis of Kew for PD pile-cases.

Pile- Kew" CAPWAPI Energy Approach

Case Number Mean Standard

Group Deviation

AA 403 0.774 0.2099

LA 242 0.742 0.2359

LS 92 0.754 0.1753

LC 50 0.701 0.2093

LR 78 0.722 0.2202

LN 22 0.860 0.4528

SA 76 0.813 0.1255

55 26 0.815 0.0862

SC 21 0.741 0.1396

SR 29 0.863 0.1229

MA 85 0.827 0.1734

M5 40 0.861 0.1410

MC 21 0.806 0.2297

MR 19 0.821 0.1544

MN 5 1.022 0.1233

Pile-case legend: xx -first letter denotes pile type: A=all piles,
L=large displacement, S=small displacement,
and! M=miscellaneous piles.

- second letter denotes soil type: A=all soils,
S=sand and silt, C=clay and till, R=rock,
and N=not available.
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They can be compared to the pile-cases of data set PD/LT to allow
assessment of trends found in that data set.

They indirectly serve as an excellent indicator for the controlling
parameters through the conditions in which the different prediction
methods are close to each other or different from each other.

The following conclusions are based on the scattergrams presented in figures 103 through
119:

1. No correlations seem to exist between soil type and damping parameters
for either Smith damping at the pile side or the pile tip.

2. General comparisons between the best-fit linear regression of the different
subgroups in data set PO/LT (tables 5 through 7) and in data set PO
(table 10) indicate a reasonably good agreement between the two
independent data sets. Some of the major parameters are summarized in
table 12 below.

Table 12. Linear regression summary of selected PO/LT and PO subgroups.

Pile- K_ Coefficient
Case

PO/LT POGroup
number x-coefficient r2 number x-coefficient r2

AAA 206 0.641 0.766 403 0.695 0.699

LAA 162 0.589 0.554 242 0.676 0.650

LAS 118 0.571 0.586 92 0.669 0.812

LAC 43 0.446 0.600 50 0.600 0.404

SAA 44 0.764 0.937 76 0.800 0.826

SAS 23 0.750 0.942 26 0.807 0.922

SAC 8 0.779 0.971 21 0.723 0.736

For many of these cases, r can serve as a good indicator of the agreement
as mentioned above. The assigned x-coefficient refers to the slope of the
best-fit line forced through zero. A more realistic comparison may be
obtained through the slope of the natural best-fit line.
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3. General comparisons between the parameters of the normal distribution of
the different subgroups in data set PD/LT (table 8) indicate a reasonably
good agreement between the two independent data sets. Some of the
major parameters are summarized in table 13.

4. Based on the data, it seems that both methods predict fairly similarly in the
case of small displacement piles and, in particular, in sand. The small
displacement piles present higher mean values, higher x-coefficients, higher
coefficients of determination, and smaller standard deviation ratios. This
conclusion verifies the fact that when small soil inertia and soil damping
exist, both methods give similar results.

5. The cases related to the large displacement piles exhibit lower x­
coefficients. lower coefficients of determination, and lower mean values,
while having higher standard deviation values. This indicates that, in the
case of large displacement piles, the dynamic methods differ from each
other as the damping modeling has an active role in the CAPWAP analysis
of these cases.

6. The consistent pattern of better agreement in the predictions for piles in
sand compared to those in clay indicates the relative importance of the soil
type. This, however, is secondary to the importance of pile type.

Table 13. Statistical analysis summary of selected PD/LT and PD subgroups.

Pile Kew Coefficient
Case

PD/LT POGroup
number mean standard number mean standard

devlatlo deviatlo
n n

AAA 206 0.712 0.182 403 0.n4 0.210

LAA 162 0.689 0.176 242 0.742 0.236

LAS 118 0.693 0.171 92 0.754 0.175

LAC 43 0.670 0.184 50 0.701 0.209

SAA 44 0.796 0.180 76 0.813 0.126

SAS 23 0.746 0.203 26 0.815 0.086

SAC 8 0.738 0.085 21 0.741 0.140
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Figure 103. Side soil conditions vs. Smith side
damping based on CAPWAP results for 372 PD pile-cases.
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Figure 104. Tip soil conditions vs. Smith tip
damping based on CAPWAP results for 377 PD pile-cases.
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CHAPTER 10 • SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

10.1 SUMMARY

Two methods are currently employed for the analysis of dynamic measurements obtained
during pile driving. Both methods are based on the solution of the one-dimensional
wave equation for the stress wave traveling through the pile following the hammer's
impact. The first method, an office analysis, utilizes a numerical solution of a
mathematical model for the pile-soil system under measured boundary conditions (e.g.,
the computer codes CAPWAP or TEPWAP). The other method, a field analysis known
as the Case Method, which is based on a simplified closed-form solution and empirical
correlations, provides an instantaneous evaluation of the pile capacity following each
hammer blow.

Substantial experience suggests the existence of major limitations in the field method. In
addition, no large-scale evaluation has been carried out for the office methods since their
development.

A simplified method, based on the energy balance between the total energy delivered to
the pile and the work done by the pile/soil systems, is proposed as an alternative field
method. This method, entitled the Energy Approach, assumes elasto-plastic load
displacement pile-soil relations. Calculated transferred energy and maximum pile
displacement from the measured data together with the field blow count are used as
input parameters for the Energy Approach. The method does not consider the
propagation process and is aimed at providing a real-time pile capacity prediction in the
field. The Energy Approach simplified analysis considers the energy loss from elastic
soil/pile deformations and the work done by the static resistance due to plastic soil
deformation.

The stress-wave-based solutions represent the external forces acting on the penetrating
pile as a stationary soil resistance. Traditionally, this resistance consists of static and
dynamic components. The static component is usually considered to be elasto-plas~ic

and the dynamic component is represented by viscous damping.

It was presented and argued (in this research) that this type of formulation does not
correctly represent the physical phenomena associated \\lth pile driving. The dynamic
resistance component needs to stand for phenomena such as soil inenia, wave radiation,
and true damping. These factors are determined by the pile shape, penetration depth,
acceleration at the pile toe, and the surrounding soil and, hence, cannot be correlated
through viscous damping parameters to soil type alone.
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The energy loss due to various combined factors associated with the pile penetration,
such as damping radiation and inertia, are not considered directly by the Energy
Approach. As such, the method serves as an excellent indicator for pointing out the
physical phenomena that should account for dynamic energy losses during driving.

Two large data sets were gathered at the University of Massachusetts at Lowell. One,
PD/LT, contains 208 dynamic measurement cases on 120 piles monitored during driving,
followed by a static load test to failure. The data were obtained from various sources
and reflect varying combinations of soil-pile-driving systems. The other, PD, contains
data on 403 piles monitored during driving and was provided by Pile Dynamics, Inc. of
Cleveland, Ohio. All cases were examined and analyzed.

Data set PD/LT was analyzed for the static resistance, dynamic measurements, office
analysis predictions, Case damping coefficient, and the Energy Approach predictions.
Data set PD was analyzed for CAPWA.P analysis and the Energy Approach predictions.

The results of this study invalidate the concept of a unique recommended correlation
between the viscous damping parameters and soil type in both wave-based analyses. It is
shown that energy losses should be attributed more to soil inertia rather than soil
damping. As such, energy losses are mostly pile-shape-dependent, in addition to the soil
type and driving resistance influences.

A pile-shape parameter denoted as area ratio (AP) was introduced as a quantitative
measurement for the pile shape. The area ratio allows one to distinguish between large
and small displacement piles on the basis of their soil mobilization at the pile tip relative
to their skin-friction contact area.

The accuracy of the dynamic methods, when compared to the actual static capacity, and
the relations between the predictions themselves, provided insight into the controlling
mechanisms and the preferable conditions for these methods. It was found that best
results are obtained for small displacement piles (with area ratio AR >350). The worst
analysis conditions are for large displacement piles in clay under low driving resistance
( <6 BPI [0.24 blows per rom]).

The Energy Approach method was found to provide excellent evaluations of pile capacity
under all conditions. The method is, therefore, proposed to be used in the field for
instantaneous capacity determination. The predictions of this method were found, on the
average, to provide more accurate evaluations than the sophisticated office methods,
especially for records obtained at the end of lnitial driving. The Energy Approach is,
therefore, also proposed to be used as an independent tool to evaluate the office
methods.
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10.2 CONCLUSIONS

The research investigated four general correlations:

(1) Damping parameters vs. soil type.

(2) load test results vs. office methods (CAPWAP/TEPWAP) predictions
using the parameter~ = load test capacity/office method prediction.

(3) load test results vs. Energy Approach predictions using the parameter
~ = load test capacity/Energy Approach prediction.

(4) CAPWAP/TEPWAP vs. Energy Approach using the parameter~ = office
method prediction/Energy Approach prediction that is also equivalent to
~ = I<sp/~

The conclusions based on the graphical and statistical analyses presented in the
preceding chapters are summarized as follows:

1. Viscous damping does not truly represent the physical phenomena through which
energy is lost and, hence, cannot be viewed as intrinsic to soil type.

Figure 21 presents the relationship between the back-calculated case-damping
parameter, Je (which was required to provide the actual measured static
resistance), to the soil type at the tip. No correlation can be observed in this
figure. Moreover, in many cases, the obtained damping parameters are negative,
which has no physical meaning.

Figures 120 and 121 present the relationship between soil conditions and Smith
side and tip damping for all PD/LT and PO pile-cases combined (581 cases
combining figures 22 and 104, 23 and 105, respectively). Figures 120 and 121
present the damping parameters that were used in the analyses in order to obtain
the best signal match between the calculated and measured signals. No
correlation was found between the damping parameter used in these analyses and
soil type.

2. The capacity predictions for small displacement piles resulted in higher accuracy
and substantially lower scatter for both dynamic methods when compared to the
predictions and the scatter obtained for large displacement piles. (See, for
example, figures 29 and 30 compared to figures 32 and 33).
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Small and large displacement piles can be defined according to area ratio
(AR>350 for small displacement piles and AR <350 for large displacement), as
presented and discussed in sections 4.4 and 8.5.4 (see figures 70 and 72).

3. The above conclusion is reinforced by the excellent correlations that were
obtained between the prediction methods for the small displacement pile cases
(see tables 12 and 16). These observations show that energy is lost mainly due to
soil inertia as a result of the mobilization of the soil mass at the pile tip. The
correlations of section 8.3 (see tables 5 and 8) indicate that soil type has very little
effect on the accuracy of the Energy Approach predictions. As such, correlations
were examined based on pile type, driving resistance, and time of driving (see
section 8.5).

4. Correlations between driving resistance and dynamic predictions do not lead to
definitive conclusions (see table 9). Figures 73 through 102 and reanalysis of the
prediction coefficients on the basis of blow counts between 0 to 10 BPI (0.39
blows per m.m) and over 10 BPI indicate the following trends:

• Small displacement piles with high driving resistance will result in a small
loss of energy due to soil inertia and, therefore, more accurate predictions,
as the actual pile resistance is similar to the maximum resistance during
driving. The results of both methods of analysis performed well for that
category. For example, the mean and standard deviation for 25 small
displacement piles (AR>350) driven in the range of 0 to 10 BPI (0.39
blows per nun) is I<sw = 1.360, ax = 0.5581 and ~ = 0.939, ax = 0.2788,
compared to the 32 pile-cases driven under resistances higher than 10 BPI
(0.39 blows per m.m) that resulted in I<sw = 1.159, ax = 0.4422 and ~ =
0.929, ax = 0.2185.

• Large displacement piles with low driving resistance will result in a large
loss of energy due to soil inertia and less accurate predictions, as the actual
pile resistance is the difference between the maximum pile resistance
during driving and the large energy loss. (For this category, the Energy
Approach predicts well for EOD and over-predicts for BOR while the
office methods seem to under-predict for EOD and improve with time.)
For example, the mean and standard deviation for 101 large displacement
pile cases (AR<350) driven at the range of 0 to 10 BPI (0.39 blows per
mm) is K- = 1.353, ax = 0.4879 and I<sp = 0.906, ax = 0.3257, compared
to the 43 pile-cases driven in resistances higher than 10 BPI (0.39 blows
per m.m), which resulted in K- = 1.601, ax = 0.6279 and I<sp = 0.951, ax =
0.2961.
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5. The End of Driving (EOD) condition is of special interest as it represents the
ability of the methods to predict the capacity during driving and to evaluate for
the most common state. The predictions for EOD were examined, in particular,
in figures 44 (and 46), 45 (and 47), 75, 76, and tables 5, 6, 8, and 9. The data
clearly indicate very good predictions and correlations of the Energy Approach
under all categories with better performance for small displacement piles. Fo::­
example, 97 piles at EOD resulted in~ = 1.478, ax = 0.6167 and ~ = 1.023,
ax = 0.3073. These numbers improved for the subgroup of 29 small dIsplacement
piles showing K- = 1.252, ax = 0.5616, and ~ = 0.935, ax = 0.2616. The large
mean and standard deviation ratios for the ~-coefficient suggest limitations of
the office analysis methods for all piles at the end of driving, but, in particular, for
large displacement piles.

10.3 RECOMMENDATIONS

10.3.1 General

The recommendations are comprised of three parts. One pan (sections 10.3.2, 10.3.3,
and 10.3.4) describes the major prediction parameters and their statistical evaluation for
the different pile-cases. The statistical evaluation is shown in the form of:

Determination of the first-order best-fit line forced through zero (x­
coefficient) and the measure .of its accuracy through the coefficient of
determination (~). Section 8.4.1 reviewed these parameters, mainly
indicating that good correlation exists for r ~ 0.8 and that 0.6 ~ ~ < 0.8
indicates a moderate correlation only.

Mean and standard deviation of the normal distribution. The mean
represents the accuracy of the prediction (the ability to predict the
measured ultimate static capacity) and the precision of the method refers
to the scatter, which is represented by the standard deviation (the smaller
the scatter, the lower the standard deviation).

In examining a certain pile-case category, it is advised to check both the x-coefficient and
the mean as measures of the prediction accuracy and check the coefficient of
determination and the standard deviation as measures of the scatter. It is also advised to
look at the actual data presented in the scattergram associated with the particular case.

The second part of the recommendations refers to a discussion regarding the factors of
safety that are associated with the predictions of the office methods and the Energy
Approach. The third part lists several recommendations for the implementation of the
methods and potential future improvements.
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10.3.2 The Performance of the Office Methods (CAPWAP/TEPWAP)

Table 14 summarizes the major numerical parameters obtained through the analysis of
data set PD/LT, concerning the performance of the office analyses. Only the pile-cases
that contained a significant number of cases and/or could indicate an important
influence were included. Table 14 indicates the following:

• For all piles at any time of driving in all soils, the office method under­
predicts the actual static capacity by about 30 percent with a relat~vely

large scatter. The scatter is mostly due to low aCClJracy in the prediction of
cases involving large displacement piles (see l.AA compared to SAA) and
dr.ving in clay (see AAC compared to AAS). It must be emphasized that a
separate observation (not presented in this study) shows a clear
improvement of the office method predictions with time. The accuracy of
the method when analyzing records close to the time of load testing is,
therefore, not evident in the data.

• The major single parameter ·controlling the accuracy of the method is the
pile type. The accuracy of the method and its scatter reduces substantially
for small displacement piles at any time of driving in all soils. It is further
evident with the accuracy of the small displacement piles at the end of
driving for which the office method presented excellent results with a mean
and x-coefficient close to 1 and r2 =0.95.

10.3.3 The Performance of the Energy Approach

Table 15 summarizes the major numerical parameters obtained through the analysis of
data set PD/LT concerning the performance of the Energy Approach. Only the pile
groups that contained a significant number of pile-cases and/or could indicate an
important influence were included. The Energy Approach was proposed as the field
method and, hence, the performance at the end-of-driving condition is emphasized.
Table 15 indicates the following:

• For all piles at any time of driving in all soils, the Energy Approach over­
predicts the actual static capacity by about 8 percent with a noticeable
scatter that is, however, significantly smaller than that of the office method.
As in the prediction of the office methods, the scatter is mostly due to
lower accuracy in the prediction of cases involving large displacement piles
(see LAA compared to SAA) and driving in clay (see AAC compared to
AAS).
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• Good correlation exists for predictions related to end of driving and small
displacement piles. This is evident through the high coefficients of
determination (r) and small standard deviations for these cases.

The mean prediction ratio for all cases at the end of driving (AEA) is 1.0.
Higher accuracy is obtained for small displacement piles (SEA) compared
to large displacement piles (LEA).

10.3.4 The Correlation Between the Office Methods and the Energy Approach

Tables 16 and 17 summarize the correlations obtained between the two methods under
the different pile cases. Table 16 has a similar format to that of tables 14 and 15 and is
based on the PO/LT data set. The parameters in table 16 referring to the end-of-driving
conditions present excellent correlations between the methods, except for predicting
large displacement piles for which each of the methods encountered its own difficulties.

Table 17 is based on the data combined in both data sets (PO and PO/LT) and, hence,
refers to 609 pile-cases. The low correlations were again obtained for large displacement
piles (LAA), especially when driven in clay (LAC).

The obtained relationships of tables 16 and 17 can perform as excellent guidelines when
comparing the results of the office methods to that of the Energy Approach.

10.3.5 Factors of Safety and Risk Analysis

(a) General
Factor of safety in the current common use is the factor that we apply to our prediction
in order to come up with an allowed capacity for which we would feel freedom from
meaningful risk.

Risk is defined (see, for example, Briaud and Tucker, 1988) as the probability (P) that
the predicted ultimate capacity (Qp) divided by the factor of safety (F.S.) exceeds the
measured ultimate load (Qm):

R ;:: P[< Qp
) > Qrnl

F.S.
(41)

The calculated K-values (~ and ~ ) as presented throughout this research study are
the ratio of K = Qm/Qp, using the above notation. The risk can therefore be rewritten
in the following format:
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where K = Kw or ~.

R = P[K·F.S.< 1] (42)

As the construction cost is directly related to the factor of safety, we are interested in
several forms of that factor:

• What is the minimum factor of safety that will allow us absolute safety?

• What is the risk associated with any factor of safety?

• What is the actual factor of safety when consideril:g the inaccuracy of the
prediction method?

These aspects are discussed in the following section.

(b) Absolute Safety Based on Data Set PD/LT
The data sets were searched for the worst over-prediction ratio. The absolute factor of
safety was defined as the one that should have been used in this case in order to make
certain that the allowed capacity would not exceed the ultimate capacity. The results of
the analysis based on this approach are summarized in table 18 in the following manner:

Columns 1 through 3 detail the method of analysis, pile-case category, and number of
cases related to that category.

Column 4 indicates the minimum K-factor (K- or ~) in the related data set. The Kwn­
value is associated with the maximum over-prediction ratio.

Column 5 is the inverse ratio of Kmm, indicating the absolute factor of safety that would
have been needed in this case in order to guarantee that the allowed capacity would not
exceed the ultimate static capacity.

Column 6 takes into consideration the average built-in risk or safety that exists in each of
the methods. The office methods under-predict on the average, such that the mean l<­
for the AAA category is 1.367. Using, in addition, a factor of safety of 1.75 means that
the actual mean factor of safety is 1.367 x 1.75, which results in 2.40. The Energy
Approach is over-predicting on the average. The mean~ for the AAA category is
0.925, which means that when employing a factor of safety of 2.44, the actual mean
factor of safety is 0.925 x 2.44 = 2.26.

Column 6 indicates that although the Energy Approach requires somewhat higher factors
of safety in order to cover the worst over-prediction case, the actual factor of safety that
is used when considering the accuracy of the method is smaller than that of the office
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methods. This situation is especially clear for the end-of-driving cases where a factor of
safety of 2.0 actually means an average factor of safety of 2.0 for all cases.

Column 7 examines the maximum factor of safety that will be employed for the worst
under-prediction ratio, using this approach. Since the maximum under-prediction ratio
for the office method is Kswmax = 4.42, the maximum actual factor of safety that will
result from using an F.S. of 1.75 is 1.75 x 4.42 = 7.74.

The small scatter for the Energy Approach is again demonstrated for all the end-of­
driving predictions where the use of a factor of safety of 2.0 will result in a maximum
conservative factor of safety of only 4.24.

Table 18. Absolute factor of safety based on data set PO/LT.

Pile- No. Factor of
Method of Analysis Case of !<mIn Safety F.S. x mean K F.S. x !<max

Group Cases (F.S.)

CAPWAP/TEPWAP AAA 206 0.57 1.75 2.40 7.74

CAPWAP/TEPWAP AEA 97 0.57 1.75 2.59 7.74

Energy Approach AM 208 0.41 2.44 2.26 5.28

Energy Approach AEA 98 0.51 1.96 2.01 4.24

(c) Factor of Safety and the Associated Risk Based on the Actual Data
The PO/LT data set was used to prepare the relationships between the applied factor of
safety and its associated risk as defined earlier. The procedure was described by Briaud
and Tucker (1988) and contains the following steps:

1. Select an arbitrary F.S. (factor of safety).

2. Calculate the risk of failure as the ratio between the number of piles in the
data set for which QiQm > F.S. over the total number of piles in that
data base.

3. Repeat steps 1 and 2 for different F.S. values.

4. Plot the obtained relations between the applied factor of safety and the
associated risk.

This analysis was carried out for three pile group cases (AAA, ABA, and SEA) for each
of the two prediction methods. Figures 122, 124, and 126 are related to the office
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method predictions and figures 123, 125, and 127 are related to the Energy Approach
predictions. An accurate prediction occurs when the predicted value is equal to the
failure value and, hence, associated with a risk of 100 percent for a factor of safety of 1.
A smaller risk with F.S. = 1 reflects on under-prediction. For example, according to
figure 122, 77.7 percent of the piles (AAA cases) will be safe using CAPWAP and F.S. =
1 as the method under-predicts in most cases. In order to include the bias of the
prediction method itself, the relationships between the applied factor of safety and the
mean over-prediction ratio (or the mean actual factor of safety) were added in each
chan. For example, figure 122 indicates that using a factor of safety of 1.2 for all cases
of the office method, will result in a risk of 5.8 percent. This factor of safety, however, is
actually equivalent to a factor of safety of 1.64 when considering the mean of I<.sw =
1.367 for the AAA pile-case group.

Table 19 summarizes numerically, based on figures 122 through 127, a few representative
factors of safety and their associated risks. The numerical values show the accuracy and
reliability of the Energy Approach, especially for the end-of-driving analysis. The use of
a factor of safe~ of 1.6, for example, will be associated with an actual F.S. of 1.6 and a
risk of 2.1 percent for the Energy Approach, while the same factor of safety means an
actual F.S. of 2.3 and risk of 1.1 percent for the office method.

(d) Factor of Safety and the Associated Risk Based on the Probability Distribution
Function

The risk associated with the factor of safety can also be evaluated based on the
probabilistic models. The models associated with the distribution of the predictions were
presented in section 8.4.

The use of these evaluations can be done in the following way:

R = P[KxF.S.<l]=P[K<_l_]
F.S.

using x = I/F.S.

for a normal distribution

x-m x-m
P[K<x] = P[U~(__x)] = F

Il
(--%) = FIl(u)

ax ax

for a log-normal distribution

P[K<x] = prInK ~ lnx] = F (In(x/mx ))
Ij a

m.l:

224

(43)

(44)

(45)



where Fu is obtained directly from the standard tables of the normal distribution
function.

For example, using the log-normal distribution for ~ for AAA pile-cases (see figure
66):

IDx = 0.8818, 0lnx = 0.3094

F.S. 1/F.S. U FlI R = P[K< 1/F.S.] R (table 19)

1.0 1 0.4066 0.6591 65.9% 67.8%

1.6 0.625 -1.2517 1-0.8944 10.6% 14.4%

1.8 0.556 -1.4932 1-0.93189 6.8% 7.7%

2.0 0.500 -1.8337 1-0.96712 3.3% 4.8%

2.5 0.400 -2.5549 1-0.996 0.4% 0%

These numbers fit very well with the risk presented in figure 123 and table 19.

10.3.6 Recommendations for Implementation

I. The simplicity of the Energy Approach formulation together with its high accuracy
at the end of driving makes it an ideal method of analysis to be used in the field
and as a check for the office methods.

The following factors of safety are recommended to be used with the Energy
Approach predictions:

•

•

F.S. = 2.50 for all piles in all cases (AAA, mean~ = 0.93).

F.S. = 2.00 for all end-of-driving cases (AEA, mean~ = 1.00).

F.S. = 2.00 for all small displacement piles (AR > 350) in all cases (SAA,
mean~ = 0.94).

The following recommendations are made for improving the use of the
Energy Approach method:

1. Implement the Energy Approach as part of the Pile-Driving Analyzer
(PDA) routine analysis. This will ensure more accurate field predictions
that may be further enhanced by using~ correction factors based on the
pile group cases as shown in the previous section.
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2. The limited accuracy of the displacements obtained from acceleration
measurements brought the use of the blow count for set evaluation. It was
found that, in many cases, blows are counted along a distance of a foot
rather than an inch, even during the final penetration. Whenever records
of blows per foot were replaced by measurements along 1 in (25.4 mm), a
significant improvement was obtained for the estimated set and, as a result,
in the accuracy of the Energy Approach predictions. It is proposed to
remediate the problem by measuring blows along 1 in (25.4 mm) of
penetration together with the following recommendations.

3. The Energy Approach can be improved by analysis based on average blows
per inch, average EMAX, average DMAJ" and average capacity for the last
inch during driving rather than for a single blow.

II. Both methods of analysis, the simple Energy Approach and the stress-wave-based
formulation, require the recording of the pile displacement with time. Currently,
we either double integrate the acceleration measurements to obtain displacement
with time, or integrate once, using the velocity in the numerical solution of the
wave equation. Direct and accurate displacement measurements can be currently
obtained, instead of using accelerometers. Such measurements based, for
example, on laser devices will enhance substantially the accuracy of all dynamic
methods.
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Table 19. Factor of safety and associated risk.

Prediction CAPWAP/TEPWAP Energy Approach
method

Pile Case AAA AEA SEA AAA AEA SEA

No. 01

I
206

I
95

I
39

II
208

I
96 I 39

ICases

F.S. 1.00 1.00 1.00 1,00 1.00 1.00

Actual F.S.~ 1.37 1.44 1.15 0.92 1.00 0.90

Risk (%) 22.3 16.8 41.0 67.8 60.4 41,0

F.S. 1.20 1.20 1.20 1.20 1.20 1.20

Actual F.S: 1.64 1.73 1.38 1.11 1.20 1.08

Risk (%) 5.8 7.4 25.6 42.3 31.3 25.6

F.S. 1.40 1.40 1.40 1.40 1.40 1.40

Actual F.S: 1.91 2.02 1.61 1.30 1.40 1.26

Risk (%) 2.4 3.2 5.1 22.6 9.4 5.1

F.S. 1.60 1.60 1.60 1.60 1.60 1.60

Actual F.S: 2.19 2.31 1.84 1.48 1.60 1.44

Risk (%) 1.0 1.1 2.6 14.4 2.1 2.6

F.S. 1.80 1.80 1.80 1.80 1.80 1.80

Actual F.S: 2.46 2.59 2.07 1.67 1.80 1.62

Risk (%) 0 0 0 7.7 1.0 0

F.S. 2.00 2.00 2.00 2.00 2.00 2.00

Actual F.S: 2.74 2.88 2.30 1.84 2.00 1.80

Risk (%) 0 0 0 4.8 0 0

F.S. 2.5 2.5 2.5 2.5 2.5 2.5

Actual F.S." 3.43 3.60 2.88 2.30 2.50 2.25

Risk (%) a a a a 0 a
Actual F.S. - .S. x mean OPR

mean aPR = mean Over-Prediction Ratio
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mean = 1.367

CAPWAP/TEPWAP Risk Analysis
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Figure 122. Risk analysis of CAPWAP/TEPWAP
predictions for 206 PD/LT pile-cases in all types of soil.

228



Energy Approach Risk Analysis
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Figure 123. Risk analysis of Energy Approach
predictions for 208 PD/LT pile-cases in all types of soil.
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CAPWAP/TEPWAP Risk Analysis
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Figure 124. Risk analysis of CAPWAP/TEPWAP
predictions for 95 PD/LT pile-cases in all types of soil at EOD.
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Energy Approach Risk Analysis
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Figure 125. Risk analysis of Energy Approach
predictions for 96 PD/LT pile-cases in all types of soil at EOD.
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CAPWAP/TEPWAP Risk Analysis
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Figure 126. Risk analysis of CAPWAP/TEPWAP predictions for 39
small displacement (AR >350) PD/LT pile-cases in all types of soil at EOD.
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Energy Approach Risk Analysis
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Figure 127. Risk analysis of Energy Approach predictions for 39
small displacement (AR >350) PD/LT pile-cases in all types of soil at EOD.
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APPENDIX A· DATA SET PD/LT

Table 20, Site and pile information for PD/LT,

No. PlIe-Caae ReIer. l.ocalIon I'IIe I'IIe lang"', I'llnelr SOlI Type
Number No. Type Nell Il8IOW DepUl

Gauga SIde np
(ln2) (ft) (ft)

1 FN1·EOO I-t8O 0rnar1a NE HPlOX42 12.40 72.0 72.0 SIlly clay w

2 FN1·BOR1 1--480 omana NE HPlOX42 12.40 72.0 72.1 silly clay un

3 FN1·80R2 1-480 omana HE HPlOX42 12.40 72.0 73.0 silly clay UII

4 FN2·EOD 1-480 omana NE PSC12"sq 144.00 62.0 65.0 silly clay nil

5 FN2·BOR 1-480 Omaha NE PSC12"&q 144.00 62.0 85.0 silly clay till

8 FN3-EOO 1-480 Omaha HE PSC14'sq 196.00 82.0 56.0 SIlly clay UII

7 FN3-BOR 1-480 0rnar1a NE PSC14'sq 198.00 82.0 56.0 silly clay U11

8 FN+EOO 1-480 Omaha NE CEPl2.7S' 19.20 68.0 68.0 &lily clay tin

9 FN+BOR I-t8O Omaha HE CEPl2.7S' 19.20 68.0 68.0 silly clay un

10 FlA-EOO SIte 1 IOwa HPl4x89 28.10 117.5 114.1 Clay6y sancl sancl

11 FlA-BOR SIt. 1 IoWa HPl4lC89 28.10 117.5 114.1 dayf1f sancl I8IICl

12 AB-EOO SIt. 1 IOwa CEP 14' 21.20 97.5 94.1 clayey sancl I8IICl

13 AB-BOR sn.1 IOwa CEP 14' 21.20 97.5 94.1 Clay6y sancl I8IICl

14 FOl·EOO Clm $01 Oklahoma CEP28" fi1.70 60.3 60.2 silly sancl silly sancl

15 F01·80R CIm $01 Oklahoma CEP 28" 67.70 60.3 60.2 silly lI8nd silly sancl

18 F02-EOO Clm $01 Oklahoma PSC24'od 470.90 61.5 83.0 silly sancl silly sancl

17 F02·BOR CIm $01 QIclanoma PSC24'ocl 470.90 61.5 83.1 silly sancl IIlIly sancl

18 F03-EOO CIm $02 DkIaI10ma HPl4xl17 34.40 110.0 63.7 sa-Sk:IIIY ~sancl

19 F04-EOD CIm &-2 Oklahoma RC24'sq 576.00 60.3 45.0 sa-sI-day day8y I8I1Cl

20 F04-80R CIm &-2 QIclanoma RC24'sq 576.00 60.3 55.6 sa-sI-day clayey sancl

21 FOR1·EOD AIIell Oregon PSC2O'sq 393.00 131.0 125.5 sancl & alii sllISlone

22 FOR1·BOR AlselI Oregon PSC2O"sq 393.00 131.0 125.6 sancI & alii lIIIsIone

23 FMS-EOO SIt. A MIIJne CEP 18' 27.SO 117.3 99.0 clay & sancl sand

24 FMS-BOR SIte A M8In8 CEP 18' 27. SO 101.0 99.1 c:Iay & sancl sand

25 FM17·EOD SlteB MaIne CEP 16' 27.SO n.6 71.1 un IIU

28 FM17·BOR SIleB MaIne CEP 18' 27.SO n.8 71.3 tin :Ill

27 FM23-EOO SIte B MaIne CEP 18' 27.SO 56.8 SO. 7 un 1111

28 FM23-BOR saeB MaIne CEP 18' 27. SO 56.8 SO.8 un lin

29 FC1·EOO CI'OoIc CoIoraOo CEPl2.7S' 9.82 33.5 33.5 sancl II8f1d

30 FC1·80R CI'OoIc Colorado CEPl2.7S' 9.82 33.5 33.9 sancl sancl

31 FC2·EOO Crooil Colorado CEPl2.7S' 9.82 27.5 26.5 sand sand
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Table 20, Site and! pLe information for PD/LT (continued),

No. ~ 1ReIer. Loc8lIon PII8 PIIiI I.8IIgIII P&:I8lr SOIl TY?8
NumDer No. Type AnNI BeloW DepIn

GIIuge8 SIde TIp
on1 (II) (Il)

32 FC2·BOR Crook Colorado CEP12.75· 9.82 27.5 26.9 sand sand

33 FMll-EOD RL 115 MlSSOUn CEP 14" 16.10 83.0 83.0 sandlllllYel sand

34 FMI1·BOR RL 115 MlSSOUn CEP 14' 16.10 83.0 83.1 sand1IllIYeI sand

35 FMI2-EOD RL 115 Missoun CEP 14' 16.10 61.5 61.0 sand1IllIYeI sand

38 FMI2-BOR RL 115 Mlsaoun CEP 14' 16.10 61.5 61.0 sand1IllIYeI sand

37 FW.....EOD 3'" lake W&&nlngln CEP 48' 111.3 152.0 24.6 UlllIllIYeI ttll

38 FW.....BOR 3rd lake Wastllngtn CEP 48' 111.3 152.0 24.9 UUllravel tiM

39 FWB-EOD 3'" lake Wastllngtn CEP 48' 111.3 140.0 109.0 U1l-gravel UII

40 FWB-BOR 3rd lake Wastllngln CEP 48' 111.3 140.0 109.3 Uililravel IlII

41 FA1·EOD 1-165 AIabaITIa PSC 18'sq 324.00 83.0 64.0 IIIIly sand IIIIly sand

42 FA1·BOR1 1-165 AlaDIUT1a PSC 18'sq 324.00 63.0 64.5 lilly sand IIIIly sand

43 FAI-BOR2 1-165 AielbIImlD PSC 18'sq 324.00 63.0 64.& IIIIly sand BIlly lI8IlCl

oW FA2-EOO 1-165 Al8barnII PSC 18'sq 324.00 73.0 75.0 IIIIly sand lilly sand

45 FA2-BOR1 1-165 AI8bIIm!I PSC 18'sq 324.00 73.0 75.3 silly sand silly sand

48 FA2-BOR2 1-165 AIebamB PSC l&'sq 324.00 73.0 75.5 lilly sand silly sand

47 F.t3-EOO 1-165 AII!IlIIm8 PSC 24'&q 489.00 63.0 64.0 lilly sand lilly sand

48 F.t3-BORl 1-165 AI8bBmlI PSC 24'sq 489.00 83.0 64.1 SIlly sand silly sand

49 F.t3-B0R2 1-165 Alabama PSC 24'sq 489.00 63.0 64.5 lilly sand silly sand

50 FM-EOD 1-165 Alabama PSC 24'sq 489.00 73.0 75.0 IIIIly sand silly sand

51 FM-BOR1 1-165 AI8bama PSC 24'sq 489.00 73.0 75.1 SIlly sand silly sand

52 FM-BOR2 1-165 Alabama PSC 24'sq 489.00 73.0 75.2 IIIIly sand lilly sand

53 FA5-EOO 1-165 Alabama PSC36"sq 898.00 70.0 73.0 IIIIly sand silly sand

54 FA5-BOR 1-165 AI8bama PSC 36"sq 898.00 70.0 73.1 Silly sand Silly sand

55 FVl5-EOC WPoI Vennord HP14x73 21.40 92.0 75.0 sl~-4.sand sand gravel

58 FV15-BOR WP.J Vennont HP14x73 21.40 92.0 75.8 1II~-4.sand sand glllYel

57 FV1G-EOC WP.J Vennonl HP14x73 21.40 92.0 SO.O IIIn-4.sand 88I1d gravel

58 FVlo-BOR WP.J Vennord HP14x73 21.40 92.0 SO.4 sl~-d.sand sand gravel

59 FMN2-EOD RL 18 MIMeSOla HP14x73 21.4 97.0 96.0 Sll-8kI8y hit clIIy

60 FMN2-BOR RL 1& MInnesota HP14x73 21.4 97.0 96.1 sa'8kI8y hltcllly

81 FP5-EOO Tloga F8nn. Monolube 7.00 34.5 23.11 sandy gNl sandy gNl

82 FP5-BOR Tloga Penn. Monolube 7.00 34.5 23.& sandy gNl sandygNl
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Table 20. Site and pile information for PO/LT (continued),

No. ~ Refer. l.ocIIIJon PIle PIle Length Penetr SolI Type
Number No. Type Area Below 0epI1I

(In~
Gauga SIde TIp

(Il) (Il)

83 F1(HOD 11.27 KentuckY PSC14'sq 196.00 72.0 34.7 son cI8Y den80

84 FKG-BOR 11.27 KentUCky PSC14'sq 196.00 72.0 34.7 soli Clay der8e

65 FLa-EOD 11.415 LouIaI8na PSC24'sq 463.00 100.0 84.3 Billy CI8Y silly sand

68 FLa-BOR1 11.415 Louisiana PSC24'sq 463.00 100.0 84.3 BIlly Clay BIlly sand

87 FLa-BOR2 11.415 L.ouISI8II8 PSC24'sq 463.00 100.0 84.3 BIlly cI8Y silty sand

88 CA1·EOD SIte CoL 0.5. Onl CEP9.S" 15.42 172.0 154.3 BI'88-Qiy Sl-88-IJ1I

89 CA1·BOR SIte CoL 0.5. On! CEP9.S" 15.42 172.0 154.3 sl-sa<lay sl-sa-IJII

70 ~·BOR SIte CoL 0.5. On! CEP9.S" 15.42 112.5 110.1 sl-88-Q8y sl-SlKIBy

71 ~BOR1 SIte A N.Y. On! CEP11.73' 11.98 87.0 83.2 M-sand sancl

72 ~80R2 SIte A N.Y. On! CEP11.73' 11.98 87.0 85.8 nll·sand 88IlCl

73 CA3/6-80R MalIna Bar. On! CEP10.24' 8.74 73.8 84.4 BIIlId-BlI 811

74 CA24-80R SIteD Tor. On! CEP12.75' 14.54 38.8 38.8 sand lI8IId

75 CHl-BOR1 SIte E Ham. Onl CEP12.75' 14.54 60.2 54.0 sa·al-till BllloWl

76 CHl-BOR2 SlteE Ham. On! CEP12.75' 14.64 60.2 64.0 sa-sl-IllI 1IJt-ltlt

77 CHl-EOR SIte E Ham. Ont CEP12.75' t3.55 60.2 54.0 88-al·un BlIl-l:U

76 WC3-EOD White FlorIda PSC24'sq 578.00 48.4 27.3 Ia.-<I.sancl denEle

78 WC3-BOR1 WhIte FlorIda PSC24'sq 576.00 48.4 27.5 1a.-<I.88I1O elen!Ie

80 WC3-BOR2 WhAe FlorIda PSC24'sq 576.00 37.5 27.5 Ia.-<I.sancl elen!Ie

81 WC6-EOD Whle FlorIda PSC24'sq 576.00 39.5 28.3 Ia.-<I.sancl dense

B2 WC6-BOR1 WhIle FIoncia PSC24'sq 576.00 39.5 28.5 IS. -<I.88IlCl deI1lIe

63 WC6-BOR2 Whle FlorIda PSC24'sq 576.00 28.0 27.5 Ia.-<I.88IlCl clense

84 WB9-BOR well FlorIda PSC3O"sq 845.50 130.0 126.5 etIrM 88IlCl ~

B5 WBl5-BOR well FlorIda PSC3O"sq 845.50 105.0 103.6 sand a1n-day

86 T1/A-EOD 0lISII0nI IanIIIl DEP6O' 212.00 138.5 52.8 CIcr sand S8IlCl

87 T1/A-ALT oIIsnore Iaraet OEP 60' 212.00 173.9 53.8 CICr lIalld san<I

88 T1/B-EOD 0lISII0nI IarlI8I OEP 60" 212.00 216.2 101.7 dcr san<I san<I

69 T2/A-EOD oIIsnore Iaraet OEP 48' 111.33 117.1 52.5 dcr sand 88110

90 T2/B-EOD oftshore Iaraet OEP 48' 111.33 250.5 162.1 CIcr sand san<I

91 35-1-BOR C.N.A. ToronlO HP12X74 21.80 60.1 48.5 d-sa·1Il1T Silty Band

92 35-4-BOR C.N.A. Toronto CEP12.75' 9.80 52.2 48.2 d-aa-1Il1T IIlIty oend

93 35-5-BOR C.N.A. Toronlo HP12x74 21.80 100.2 90.5 c1-sa-911 Silty oend
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Table 20, Site and pile information for PD/LT (continued),

No. F\'..e- R81er. LocBIIon PIle PIle L.engIh P8netr SolI Type
Numb« No. Type Area B8IOW DepIJ1

GaugeI Side np
pn2) (ft) (ft)

94 36-8-BOR C.N.R. TOIOI'Ilo CEP,2.7S' 9.80 106.4 90.0 d-88-lIn lilly sand

96 3S-7·BOR C.N.R. TOC'OI1IO T.TJmDel' 157,00 40404 41.8 d-88-91n lilly sand

98 35-1G-BOR C.N.R. TOIOI'Ilo PSC 12'sq 1......00 50.0 408.0 d-88-9IIl lilly sand

97 E2·80R OR RaJelgIl PSC 12'sq 1......00 43.5 ......5 d-88-9IIl d-sa-91n

98 83S-BOR lWlonlg Penn. HP,2X53 15.50 88.8 86.0 sancl-sln 9IIl

98 UI21-BOR SIle A NA PSC 2O'sq 400.00 38.0 38.0 sln·sand sln·sand

100 LJI2O-BOR SIleB NA PSC 2O'sq 400.00 51.0 55.0 IIlIIld IIlIIld

101 LC3-BOR SIleC NA PSC 2O'sq 400.00 115.0 86.0 d-88-sln d-sa-slll

102 UN16-BOR SIleO NA PSC 2O'sq 400.00 155.0 94.0 d-88-llIJl d-sa-911

103 lEl7-BOR SIleE NA PSC 10'sq 100.00 60.0 50.0 d-sa-sla lImeSlone

104 LE64-BOR sneF NA PSC 1O'sq 100.00 80.0 58.0 d-lIlI-lIIIl SlKI-91a

I

106 ST1·EOO SIleH FlorIda PSC 18'sq 324.00 86.0 ......0 - cartl sand

108 ST2·EOO SIleP FlorIda PSC 18'sq 324.00 82.0 40.0 . cartl IIlIIld

107 ~BOR HJll4 Virginia PSC 54'sq 770.00 131.0 109.0 1II/l-d8y

108 ST~EOO C88lIeln NewYClI'k CEP 10' 5.80 40.0 38.0 IIln·sand Sla·sand

1011 ~EOO CMc ProII.R1 CEP,3.38' 20.30 1403.0 125.5 Sln·sand gr'88-9111

110 GZAS-EOO CMc ProII.R1 CEP9.7S' 15.50 138.0 93.8 sin-sand IIJI-sh&Ie

111 GZM-EOO CMc ProII. RI CEP9.7S' 15.50 171.0 158.0 lIIft·sand gr'88-1lIIl

112 GZBBC-EOO CMc ProIt.RI CEP 10' 18.40 118.0 99.5 Sln·sand SIll

113 GZ&~·EOO ClYIc ProIt. AI CEP,3.38' 20.30 143.7 106.0 IIln-sancl gr·88-SlR

114 GZE8-EOO CMc ProII.AI CEP,3.38' 20.30 97.0 92.3 Sln·sand III-sa-tlll

115 GZZS-EOO Deer II. BoIllon MA CEP 14' 21.20 87.0 87.0 WI-cIay U/I

118 GZ05-EOO Deer" IIOIIOn MA CEP 14' 21.20 87.0 54.0 UlI-cI8y till

117 GZCC5--EOD Deer" Boslon MA CEP 14' 21.20 117.0 80.0 UII-cI8y WI

118 GZL2·EOO Deer II. lloIton MA CEP 14' 21.20 117.0 83.0 IJIJ.day UII

119 GZJ>1: ....EOO Deer II. BOIIlon MA CEP 14' 21.20 105.0 80.5 WI-cI8y un

120 GZP11·EOO Deer II. Iloslon MA CEP 14' 21.20 105.0 56.5 IJII·-day UII

121 GZF'12·EOO Oller II. BOIIlon MA CEP 14' 21.20 115.5 69.0 UII-d8y UN

122 GZB22·EOO NWS Col Ned! OEP36' 54.00 138.0 118.0 II8I»-d8y 1II/l-dBy

123 GZW1·EOR Water vermont CP12.7S' 14.60 126.0 99.5 silly sand sand

124 A54-EOO HICC Au8tnIlIa RCl0.8'sq 117.22 67.9 67.6 silty claY claY
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Table 20. Site and pile information for PD/LT (continued).

No. fIlIe.CaM RlICer. I..lJClIlIOfl flIIe PIle Leng\h Penelr SOlI Type
Number No. Type AreII Beiow Deplh

Gauges Side TIp
(In2) (II) (Il)

125 A54-BOR HICC AlJ8lralla RCl0.8'sq 117.22 87.9 87.8 aiRy clay clay

128 AI47-EOD HICC AusIraIIlI RCl0.&'sq 117.22 87.9 87.& aiRy cIIry cIIry

127 A147-8OR HICC Au8IJaJIlI RCl0.8'sq 117.22 87.9 87.6 aiRy clay clay

128 GFl9-EOD SIte 1 Pgll. PA HP1OX42 12.30 58.5 49.5 gNl-sncI-sI\ IY'.aIe

129 GFl1~EOD SIte 1 Pgll. PA HP12x74 21.70 57.0 49.7 gNl-sncI-sI\ sIlaIe

130 GF222-EOO SIte 2 Pgll. PA HP12x74 21.70 87.0 61.1 gNl-sncI-llII sIlaIe

131 GF224-EOD SIte 2 Pgll. PA Monolube 9.70 53.0 29.6 gNl-IIIId-llII gNl-llnd-sIl

132 GF312·EOD sae3 Pgll. PA HP12x74 21.70 33.0 28.2 ~lV\-lItlt sIlaIe

133 GF313-EOD SIte 3 Pgll. PA HP10X57 16.70 35.0 31.5 sncIlINl-ahl cIay8lone

1301 GF412·EOD SIte 4 Pgll. PA HP12x74 21.70 48.5 33.8 gNl-sncl.sI\ d8ySIone

136 GF413-EOD SIte 4 Pgll. PA HP10X57 16.70 34.2 34.6 grvHn<l.sI\ clIIySlone

138 GF414-EOO SIte 4 Pgll. PA HP10X57 16.70 47.5 34.7 grvI-sncI-B11 cl8ylllone

137 Gf.415-EOD SIte 4 Pgtl. PA HP12X74 21.70 47.5 34.1 gNl-snc:I.sI\ cl8yStone

138 EF62-EOD oa- CanaCe CP9.625' 15.54 62.3 II-Illl-d lUI

139 EFI67·8OR oaawa canaaa CP9.625' 15.54 66.9 II-I8-d un

140 A3-EODI ApaIact1 florida VC 24'sq 462.90 94.0 63.4 e'BM aancI sand

141 A3-8OR1 ApaIact1 FIortda VC 24'sq 462.90 94.0 63.4 e'BM sand II8fld

142 A3-EOO2 ~ FlorIda VC 24'sq 462.90 94.0 90.3 clIJy&y sand sand

143 A$-B0R2 ApaIacIl florida vC 24'sq 462.90 94.0 90.4 di¥IY sand sand

144 A3-B0R3 ApaIBI;fI FlorIda VC 24'sq 462.90 89.3 90.6 dS'M sana dS'Msana

145 AI4-OO1 ApaIBI;fI FlorIda VC 24'sq 462.90 107.0 45.0 sandy clay 5Ilnd

148 AI4-OO2 ApaJ8dl FlorIda VC 24'sq 462.90 107.0 47.0 BlIIldy clay sand

147 Al4-BOR1 ~ florida VC 24'sq 462.90 107.0 58.5 clIJy&y sand sand

148 Al4-B0R2 ~ FlorIda VC 24'sq 462..90 75.0 58.& e'BM 88Ild oancl

149 A25-EOD ApaIacIl FlorIda VC 24'sq 462.90 106.0 55.1 clayey aancI oancl

150 A2S-BOR1 ~ FlorIda VC 24'sq 462.90 106.0 55.2 clIJy&y sand oancl

151 A2S-8OR2 ApaIacIl FlorIda VC 24'sq 462.90 59.3 55.4 clIJy&y S8I1CJ sana

152 A2S-B0R3 ApaIacIl FlorIda VC 24'sq 482.90 59.3 55.5 clIJy&y sand aand

153 Al8-EOD ApaIach FlorIda PSCl&'sq 324.00 650 60.6 BlIIldy clay aand

154 Al~BOR1 ApaIacIl FlorIda PSC1&'sq 324.00 65.0 60.6 BlIIldy clay sand

156 Al8-8OR2 ApaIact1 FlorIda PSC18'sq 324.00 62.2 81.0 aandy clay sand
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Table 20" Site and pile information for PDjLT (continued).

No. PIIe-Case RllI.... LOCIIlIon PIle PIle L.engI/1 P9neIJ' SolI Type
Numb8r ~. Type Area Below Depth

on2)

Gauges SkJe TIp
(ft) (ft)

158 .... ,-EOD ~ FIor1da VC 24"sq 462.90 91.0 52.0 clay sand

157 ....,·BORl ~ Ror1da VC 24"sq 462.90 91.0 52.0 clay sand

158 ....,·BOR2 ~ FIor1da VC 24"sq 462.90 81.5 52.8 clay I8I'Id

15G Al01·EOD ~ FIor1da VC 24"aq 482.90 88.0 81.8 clay clayey I8I'Id

180 Al0l-BORI ~ FIor1da VC 24"sq 462.90 88.0 81.8 clay clayey sana

181 A101-BOR2 ~ FIor1da VC 24"aq 462.90 71.5 82.1 clay clayey sand

182 AI33-EOD ~ FIor1da VC 24"sq 462.90 130.0 103.9 ciayey sand sandy clay

183 AI33-BOR ~n FIor1da VC 24"sq 462.90 115.7 IOU ciayey I8I'Id sandy clay

164 A14>EOO .-.pal8CIl FIor1c:1a VC 24"sq 462.90 132.0 102.9 clayey sand sand

185 AI4>BORI ~ FIor1c:1a VC 24"sq 462.90 132.0 102.9 clayey sand sand

188 AI4>BOR2 ~ FIor1da VC 24"sq 462.90 115.1 103.0 clayey sand I8I'Id

187 CB3-BOR Choclw FIor1c:1a PSC24"sq 576.00 77.9 77.0 d8yey sand sand

188 CB3-BORl Choclw FIor1da PSC24"aq 576.00 19,9 77.8 clayey I8I'Id sand

188 CBS-BOR Choclw FIor1c:1a VC 3O"sq 645.53 87.0 53.1 clayey I8I'Id sand

170 CBS-BORl Choclw FIor1da VC 3O"sq 645.53 61.1 54.0 clayey sand sandycIaV

171 CB11·BORL Choclw FIor1c:1a VC 3O"sq 645.53 97,6 85.7 dayey sand clayey sand

172 CB11·EORl Choclw FIor1da VC 3O"aq 645.53 97.6 85.8 dIJyey sand clayey sand

173 CB17·BOR1 Choclw FIor1da VC 3O"sq 645.53 97.0 77.7 c!Byey sand clayey sand

174 CB17·BOR2 Choclw FIor1da VC 3O"sq 645.53 97,0 77.8 c!Byey sand clayey sand

175 CBI7·BORl Choclw FIor1da VC 3O"aq 645.53 90,0 77.9 c'BIeY sand clayey sand

178 CB17·0Rl Choclw FIor1da VC 3O"sq 645.53 90.0 78.2 c18V8V sand clayey sand

177 CB23-BOR Choclw FIor1da VC 3O"sq 645.53 98.0 80.3 d8yey sand sand

178 CB23-BORL Choclw Ror1da VC 3O"sq 645.53 98,0 82.7 clayey sand sand

179 CB29-BORL Choclw Ror1da VC 3O"sq 645.53 95.1 64.5 d8yey sand clayey sand

180 CB29-EORl Choclw Ror1da VC 3O"sq 645.53 95.1 64.5 clayey sand Clayey sand

181 CB3S-BORl Choclw FIor1da VC 3O"sq 645.53 97.1 76.5 ClBVey sand clayey sand

182 CB35-B0R2 Choclw FIor1da VC 3O"sq 645.53 97.1 76.9 clayey sand clayey sand

183 CB3S-BORL Choclw FIor1da VC 3O"sq 645.53 89.1 19.1 clayey sand clayey sand

184 C841-EOR Choclw FIor1da VC 3O"sq 645.53 102.3 64.7 sandy clay sandy cIaV

185 C841·BOR Choclw Ror1da VC 3O"aq 645.53 101.3 64.7 sandy cIaV sandy cIaV

188 C841·BORl Choclw FIor1da VC 3O"sq 645.53 79,0 85.4 sandy cIaV sandy Clay
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Table 20, Site and pile information for PD/LT (continued),

No. ~ R8t81'. L.oc:atIon PIle PIle LengIIl PlIolItr SOlI Type
NllrnD8r No. Type Area Below Deplr1

Gauges SicIe TIp
(In2) (ft) (ft)

187 CB26-EOO Choctw RorIda PSC24'8q 578.00 80.1 82.5 ~sand sand

188 CB26-BOR CIlodw FIorlda PSC24'8Q 576.00 80.1 82.6 ~sand sand

169 CB26-EOR Choctw RortaIl PSC24'aq 576.00 80.1 &4.6 cI/rffrY sand IlII1dy c:Iay

190 CB26-BOR2 Choctw FlorIOa PSC24'sq 576.00 65.0 65.0 sandy clay IlII1dy clay

191 33P1·EOO SIleP 0nlar10 HP 12x74 21.&0 120.9 114.4 C1-..&lll alIty sand

192 33P1·BOR snaP 0nlar10 HP 12x74 21.80 120.9 114.4 d·sa-sllI a1ny se.ncI

193 33P1·EOR sneP 0nlar10 HP 12x74 21.60 120.9 114.4 cl-88-51/1 81ny IIMCI

194 33P2-EOO sneP 0nlar10 CP 12.75' 9.80 149.6 107.2 C1-sa-s1n a1ny sand

195 33P2·BOR snaP ontarIO CP 12.75' 9.60 111.0 107.2 cI·aa·a1n alIty sand

196 33P2-EOR SltaP 0nlar10 CP 12.75' 9.80 111.0 107.2 cl-sa-sllI 81ny sand

197 33P4-EOD sneP 0nlar10 PSC 12"sq 144.00 65.0 54.2 cI·aa·sIII cl-s1I1-l11l

198 33P5-EOD SIle P 0nlar10 '14 TImber 144.9 43.0 28.4 cl-sa-8111 cl-s1I1-l11l

199 TRD22·EOD SIleR 0nlar10 HP 12x74 21.80 22.5 20.1 sand tHJ

200 TR022·BOR SItaR 0nlar10 HP 12x74 21.80 22.5 20.1 sand 111

201 TR£22·EOD SIleR 0nlar10 HP 12x74 21.80 30.0 25.7 sand lOCk

202 TR£22·BOR SltllR onlllrlo HP 12)(74 21.80 30.0 25.7 sancI lOCk

203 TRP5X·EOD SItaR ontal1o HP12X53 15.60 25.0 25.2 sand rock

204 TRP5X·BOR SlIeR Cln1ar1o HP12x53 15.60 25.0 25.2 sancI lOCk

205 TR131·BOR SlIeR ontal1o CP 7.063" 7.90 26.8 NA sand lOCk

208 TlWi-EOR SIIeS 8nJnswIck HP12x69 26.50 138.0 126.0 ~8111 sandy gnN81

207 TRBK-BOR snes Brun8wIck HPI2x89 26.50 114.3 102.1 ~81n sandy gl1Mll

208 TRBP-EOR SIleS BrunswIc:k CP 12.75' 12.40 110.0 104.0 ~8Ift sandy gl'lMll

1 in =25.4 mm
1 inz = 645.2 mmz

1 ft = 0.305 m
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Table 21. Pile driving and dynamic measurements for PD/LT.

No. PIIlI-Ca84I Hammer Ralec1 DeUvere<l Blow ImpeclenQl V,mp F'mp ~ DIMk
Number Type Hammer Energy Count EA/C F

Energy
(kIp-II) (kIp-ft) (BPI) (kIPS/ft/B) (nIB) (kips) (In)

1 FNl·EOD D-3O 54.2 17.30 2.83 22.13 13.24 322.4 0.91» .793

2 FNl·BORl D-3O 54.2 18.42 8.00 22.13 13.24 315.2 O.~ .813

3 FNl·BOR2 D-3O 54.2 20.15 15.00 22.13 13.04 308.9 0.934 .837

4 FN2-EOD D-3O 54.2 12.70 3.50 60.49 7.35 462.0 0.963 .444

5 FN2-BOA D-3O 54.2 12.35 5.00 60.49 8.38 508.9 0.154 .408

8 FN3-EOD D-3O 54.2 9.90 9.17 85.89 8.14 558.0 0.948 .388

7 FN3-BOR D-3O 54.2 18.20 8.00 85.89 7.88 691.1 0.979 .459

8 FN4-EOD D-3O 54.2 15.55 2.50 34.28 12.97 478.5 0.929 .531

9 FN4-BOR D-3O 54.2 17.40 5.00 34.26 13.23 475.8 0.953 .517

10 FlA-EOD 1<·25 51.5 23.38 3.33 46.60 14.90 667.8 1.039 .886

11 FlA-BOR 1(-25 51.5 18.88 1.83 46.60 15.00 657.8 1.082 .558

12 AB-EOD 1<·25 51.5 25.40 5.83 37.80 15.10 555.3 1.l127 .889

13 AB-BOR 1<-25 51.5 22.47 2.50 37.80 15.30 548.2 1.054 .875

14 F01-EOD DE110 93.5 18.08 5.87 120.80 5.40 788.7 0.827 .413

15 F01-BOR DEl10 93.5 37.47 5.00 120.80 8.90 1223.8 0.8n .541

18 F02·EOD DEl10 93.5 18.28 5.08 199.10 3.90 805.9 0.963 .453

17 FQ2.BQR DEl10 93.5 31.37 12.00 199.10 5.70 1114.0 1.018 .450

18 F03-EOD DEll0 93.5 18.40 18.87 81.40 8.60 489.5 0.828 .825

19 F04-EOD DEll0 93.5 9.81 11.87 214.60 2.50 575.3 0.933 .289

20 F04-BOR DEll0 93.5 22.73 '1.00 214.60 4.70 1011.7 0.997 .382

21 FORl·EOD ~23 105 30.11 9.17 159.00 8.10 948.0 1.025 .838

22 FOR1-BOA ~23 105 23.n n.33 159.00 5.80 918.1 1.001 .462

23 FMS-EOD I(~ 92.8 27.00 1.29 49.08 10.73 550.5 0.957 1.033

24 FM5-BOR1 I(~ 92.8 40.20 3.00 Ml.08 13.30 658.2 0.Q92 .981

25 FM17-EOD I(~ 92.8 39.50 1.42 49.08 11.14 590.8 0.926 1.105

26 FM17-BOR I(~ 92.8 36.50 3.00 Ml.08 13.17 897.7 0.926 .788

27 FM23-EOD K~ 92.8 33.30 1.33' 49.08 11.37 559.0 0.998 1.190

28 FM2S-BOR K~ 92.8 31.00 2.00 49.08 10.57 SOB.l 1.021 1.247

28 FCl·EOD 1<e-25 51.5 15.47 3.50' 17.54 13.40 272.8 0.882 .799

30 FC1·BOR Ke-25 51.5 16.19 3.60' 17.54 13.40 278.2 0.851 .606

31 FC2-EOD Ke-25 51.5 18.07 3.87' 17.54 14.90 290.0 0.901 .606

• - DcIlOtCS blow counl (BPI) based 00 blows per foot.
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Table 21. Pile driving and dynamic measurements for PD/LT (continued).

No. PIIe-CaM Hammer RBIed DeI/Yere(l Blow 1mpedenc8 Vlm~ FImP ~ Dmu
Number Type Hammer Energy Count EA/C F

Energy
(kl~) (kl~) (BPI) (klPS/ll/I) (II/I) (kips) (In)

32 FC2·BOR Ke-25 51.5 13.66 4.00· 17.54 13.10 268.1 0.857 .680

33 FMI1·EOD ICE~ 40.0 11.00 3.00' 28.73 8.10 250.3 0.919 .738

34 FMll·BOR ICE~ 40.0 12.00 3.00 28.73 8.80 304.5 0.830 .832

36 FMI2·EOD ICE~ 40.0 11.86 1.42· 28.73 7.10 230.1 0.888 ,881

36 FMI2·BOR ICE~ 40.0 13.58 3.00 28.73 9.00 285.7 0.905 .834

37 FW....EOD Con3OO 90.0 44.90 47.00 198.82 9.80 1925. 1.011 .920

38 FW....BOR Con3OO 90.0 33.30 7.00 198.82 8.80 1708. 1.023 .550

311 FW&EOD Con3OO 90.0 47.20 30.00 198.82 8.SO 1715. 0.990 .630

40 FW&BOR Con3OO 90.0 311.30 15.00 198.62 7.60 1516. 0.ll96 .670

41 FA1·EOO K~ 92.8 17.53 1.SO· 145.72 4.37 828.7 1.013 .727

42 FA1·BOR1 K~ 92.8 9.19 7.00 145.72 3.60 547.9 0.957 .335

43 FA1·BOR2 K~ 92.8 21.84 7.00 145.72 7.30 1074. 0.990 .481

44 F,tI\2·EOD K~ 92.8 21.22 3.so· 145.72 3.98 639.0 0.906 .a11

45 FA2·BOR1 K~ 92.8 22.67 7.00 140.52 6.90 1024. 0.948 .430

46 FA2·BOR2 K~ 92.8 20.80 5.00 145.72 6.70 1025. 0.952 .~

47 FA3-EOO K~ 92.8 22.79 2.83· 221.53 3.31 729.1 1.006 .648

46 FA3-BOR1 K~ 92.8 15.22 8.00 219.99 3.41 782.4 0.959 .324

49 FA3-BOR2 K~ 92.8 18.31 5.00 221.53 5.30 1199. 0.979 .274

SO FM-EOO K-45 92.8 19.06 6.42· 221.53 3.58 782.4 1.007 .437

51 FM-BOR1 K-45 92.8 18.82 8.00 219.93 5.19 1108. 1.030 .255

52 FM-BOR2 K-45 92.8 20.42 18.00 219.93 6.76 1488. 1.013 .283

53 FA5-EOD D-Q·22 153.2 37.06 7.67· 403.86 5.10 2106. 0.978 .446

54 FA5-BOR D-Q-22 153.2 45.51 5.00 403.86 7.40 :lO18. 0.991 .286

56 FVl&-EOO MKT-358 22.0 10.00 4.17· 38.19 10.40 403.2 0.985 .475

58 FVl&-BOR MKT-358 22.0 12.23 9.00 38.19 14.20 522.8 1.037 .643

01 FVlo-EOO MKT-358 22.0 10.98 2.67· 38.19 10.70 417.6 0.976 .490

58 FV1o-BOR MKT-35B 22.0 13.96 2.00 38.19 18.30 609.1 1.022 .675

Sll FMN2·EOO ICE-90S 90.0 28.29 1.83· 38.19 15.00 627.6 0.913 .679

60 FMN2·BOR ICE·90S 90.0 29.14 25.00 38.19 18.SO 675.6 0.932 .802

61 FPS-EOD [).12 22.0 7.58 5.42· 12.49 13.80 177.4 0.972 .677

82 FPS-BOR [)'12 22.0 7.55 13.00 12.49 14.90 192.5 0.967 .570

•• DeDOtCi blow couot (BPI) ba&cd 00 blows per root.
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Table 21. Pile driving and dynamic measurements fOJ[" PD/LT (continued).

No. PIIe-e- Hammer Rated DeUYered Blow Impedence VimI> Fimp ~ Dmu
NuInt8' Type Hammer Energy Counl EA/C F

Energy
(klp-n) (l<Ip-n) (BPI) (kIps/n/s) (Il/s) (ldps) (In)

83 FKG-EOO l8-52O 31.0 8.31 23.25· 80.23 4.28 353.5 0.971 .466

84 FKG-BOR l8-52O 31.0 7.76 18.00 80.23 4.55 373.3 0.978 .407

85 FL3-EOO VuI-02O 80.0 14.80 1.87' 203.74 3.28 878.3 0.965 .757

6lI FL3-BOR1 VUI-(l2() 80.0 17.03 4.00 203.74 3.70 811.4 0.929 .433

~ FL3-BOR2 VUI-02O 80.0 14.43 11.00 203.74 3.70 795.4 0.948 .297

68 CAl-EOD IB-4OO 46.0 20.32 21.33 27.87 15.75 432.2 1.016 1.051

69 CAl·BOR IB-4OO 46.0 16.96 40.00 27.87 14.44 <'27.9 0.941 1.025

70 CA2-BOR IB-4OO 46.0 16.74 14.00 27.87 15.09 424.1 0.992 .863

71 CAS-BOR1 35IUlrop 38.7mln 30.46 25.00 21.38 15.09 341.8 0.944 1.312

?2 CA5-BOR2 49kdrop 54,2mln 31.44 11.00 21.38 13.45 307.3 0.936 1.298

73 CA3/8-BOR ICE 40S 40.0 19.03 4.23 15.80 15.42 275.6 0.873 1.001

74 CA24-BOR 1>-12 24.0 8.83 50.00 13.44 14.11 215.7 0.879 .500

75 ~BOR1 1>-30-13 ee.o 41.23 10.00 25.93 17.33 494.4 0.909 1.185

78 ~BOR2 1>-3M3 86.0 42.68 6.67 25.93 17.91 502.7 0.924 1.230

n ~EOR 1>-30-13 ee.o 37.80 8.00 25.93 16.83 417.7 1.045 1.156

78 WC3-EOO Delmag 105.0 17.50 9.33 268.75 4.23 1122.8 1.013 .452

79 WC:J.-BOR1 Delmag 105.0 16.90 9.33 268.75 4.25 1179.6 0.968 .412

80 WC:J.-BOR2 Delmag 105.0 17.89 6.87 268.75 3.47 1042.4 0.895 .403

81 WC8-EOO Delmag 105.0 17.60 5.00 265.88 4.47 1191.0 0.996 .506

82 WC8-BORl Delmag 105.0 18.24 8.00 265.88 4.50 1224.8 0.9n .489

83 WC6-BOR2 Delmag 105.0 26.28 6.87 265.88 5.04 1330.1 1.007 .667

84 WB9-BOR Con3OO 90.0 39.87 6.87 271.52 6.42 1748.2 0.997 .383

85 WBl~BOR Con3OO SO.O 34.70 5.00 269.50 5.84 1533.7 1.025 .375

88 Tl!A-EOO o-ss 125.0 44.99 7.37 378.57 8.01 2967 1.022 .260

87 T1/A-AlT 1>-55 125.0 151.50 2.?9 378.57 12.50 4423 1.070 .830

88 T1/IHOO M-2500 NA 172.73 2.03 378.57 12.70 4787 1.004 .870

88 T2/A-EOO o-ss 125.0 60.62 4.83 198.75 9.40 1891 0.988 .570

SO T2/B-EOO M-2500 NA 168.68 5.08 198.75 13.60 2814 0.961 1.169

91 35-1-BOR B-4OO 46.0 13.10 1.83. 38.93 10.20 423.0 0.939 .600

92 :J5.4.BOR B-4OO 46.0 23.20 5.56' 17.50 17.94 3n.0 0.833 1.010

Q3 ~BOR B-4OO 46.0 17.70 10.31' 38.93 14.50 584.0 0.967 .590

, • Denotes blow count (BPI) based on blows per foot.
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Table 21. Pile driving and dynamic measurements for PD/LT (continued).

No. ~ H8mInIII R8I8O Deltver8d BloW Impedence vimI> F1mp ~ DIMK
NumDer Type Har!lI'Il8I' Energy COUIll EA/C F

Energy
(k4Hl) (kl~) (BPI) (kIps/n/l) (ft/s) (kips) (In)

94 35-6-BOR B-4OO 48.0 26.10 16.87' 17.SO 18.80 372.0 0.875 1.130

95 35-7·BOR 8-225 29.0 9.90 2.53' 18.97 10.70 217.0 0.935 .910

98 36-1l>-BOR B-4OO 48.0 11.10 8.00 80.56 9.10 522.0 1.055 .460

97 E2.BQR Conm65 26.5 15.01 10.00 84.20 7.96 527.7 0.968 .392

98 83S-BOR ICE-&40 40.0 12.13 4.SO 30.34 10.85 327.1 1.006 .597

99 lB21·BOR VUl·510 50.0 13.47 4.00' 169.40 4.60 821.7 0.948 .373

100 LB2O-BOR VUl-510 SO.O 14.n 8.00 181.80 5.90 966.0 0.988 .311

101 lC3-BOR D-48-23 107.0 39.40 7.00 181.90 8.30 1437.0 0.935 .666

102 UNl8-BOR D-48-23 107.0 28.00 10.00' 181.90 5.90 1087.0 0.879 .579

103 LE37-BOR VUl-Dl 15.0 5.40 10.00 38.80 5.74 22e.3 0.9n .434

104 lEll4-BOR VUl-D1 15.0 8.90 5.50 38.80 8.10 247.2 0.957 .422

105 ST1·EOD 0-36-13 84.0 33.13 2.42' 123.00 8.30 103S.4 0.988 .848

106 ST2·EOD D-36-13 84.0 33.03 3.42' 132.20 8.33 881.1 0.973 .899

107 S~BOR CN5300 lSO.0 45.70 7.88' 338.10 8.10 2078.0 0.996 .442

108 ST48-EOD VUl·l 15.0 5.SO 2.67' 10.35 10.00 102.5 1.010 .790

109 GZA3-EOO ICE-&40 40.0 18.12 20.00 36.20 10.80 3ll2.1 1.079 .884

110 GZAS-EOO ICE-&40 40.0 17.38 6.00 27.80 10.20 300.9 0.942 1.062

111 ~EOD ICE-&40 40.0 13.40 15.00 27.70 8.10 219.8 1.021 1.076

112 GZBBC-EOO ICE-340 40.0 17.87 20.00 37.80 8.90 382.2 0.929 .888

113 GZBP2-EOO ICE-340 40.0 9.57 20.00 36.20 8.110 258.7 0.952 .710

114 GZB8-EOO ICE-640 40.0 15.91 11.00 27.70 10.90 344.5 0.878 .834

115 GZZS-EOO ICE1070 72.8 28.73 4.20 37.80 13.30 533.8 0.942 1.000

118 GZQ5.EOO ICE1070 72.8 23.71 4.20 37.80 14.20 568.1 0.945 .878

117 GZCC5-EOO ICE1070 72.8 34.05 5.40 37.80 14.80 S90.8 0.934 1.180

118 GZl2-EOO ICE1070 72.8 25.81 9.00 37.80 12.90 500.8 0.974 .984

119 GZP14-EOO ICE1070 72.8 25.68 5.00 37.80 11.40 502.3 0.858 .882

120 GZP11·EOO ICE1070 72.8 18.13 5.30 37.80 11.20 471.5 0.898 .782

121 GZP12-EOD ICE1070 72.6 34.84 12.80 37.80 12.70 499.5 0.961 1.155

122 GZB22-EOO MH72B 135.0 55.17 8.SO 111.00 11.60 1328.1 0.971 .859

123 GZW1·EOR K-25 47.0 12.79 12.00 26.10 12.21 339.3 0.939 .ne

124 A54-EOO 8llnul~ 34.72 21.05 3.83 SO.82 8.73 407.0 1.090 .862

•• DeD0te5 blow count (BPl) based on bloM; per fool
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Table 21. Pile driving and dynamic measurements for PD/LT (continued).

No. ~ H8IMMI' FlaIed Deltver8d Blow ImpeclencI Vimp Fimp ~ 0......
Number Type Hammer Energy Count rwc F

Energy
(k1p-n) (kIp-ft) (BPI) (kIPS/ft/B) (nIB) (kips) (In)

125 A54-BOR Banul 34.72 25.67 18.14· 50.82 10.40 491.0 1.0n .827

126 A147-EOO Banul 34.72 19.69 1.95· 48.44 8.14 404.2 0.976 .880

127 A147·BOR Banul 34.72 25.30 8.88· 47.20 9.14 437.3 0.987 .780

128 GFl&-EOO LB-52O NA 9.40 20.00 29.80 10.55 342.8 0.918 .470

129 GF11G-EOD LB-52O NA 10.18 'l4.m 38.73 10.43 449.0 0.900 .380

130 GF222·EOO ICE-640 NA 18.60 2000 38.73 12.59 503.0 0.989 .590

131 GF22(,.EOO ICE-640 NA 21.00 5.00 17.31 15.70 258.9 1.050 .900

132 GF312·EOD LB-52O NA 6.86 18.00 38.73 9.16 398.1 0.899 .285

133 GF313-EOO LB-52O NA 10.05 20.00 29.80 10.81 352.1 0.915 .403

134 Gl'412·EOO L&-520 NA 8.49 39.00 38.73 9.81 408.8 0.9H .359

135 Gl'41:l-EOD l8-520 NA 9.07 39.00 29.80 10.74 360.4 0.888 .418

136 Gl'414-EOO ICE-640 NA 16.47 48.00 29.80 11.32 372.0 0.907 .607

137 GF415-EOO ICE-640 NA 12.25 28.00 38.73 10.39 442.8 0.900 .456

138 EF62-EOO 030-32 52.0 27.29 6.10 27.95 17.01 532.8 0.886 .866

139 EF167·BOR 030-32 52.0 25.81 8.10 27.99 15.29 479.8 0.892 .827

140 A3-EOOl V~ 60.0 18.74 8.00 209.88 3.52 743.8 0.D9:2 .5048

141 A3-BOR1 VuI-02O 8Cl.0 17.36 7.00 209.88 2.87 822.5 0.967 .488

142 A3-EOO2 VuHl20 60.0 18.85 3.42 209.88 3.40 788.8 0.904 .538

143 A3-BOR2 Vul-()2O 60.0 18.87 4.00 2'09.68 3.09 870.8 0.966 .412

144 A3-B0R3 V~ 60.0 21.93 30.00 209.86 3.83 753.4 1.010 .337

145 Al4-oo1 COI1-3OO 90.0 29.81 8.75 291.07 3.52 1028.3 0.998 .614

146 Al4-OO2 Con-3OO 90.0 30.91 10.83 291.07 4.33 1216.8 1.034 .597

147 Al4-BOR1 Con-3OO 90.0 40.67 3.00 291.07 8.26 1679.8 1.085 .544

148 A14-BOR2 Con-3OO 90.0 22.83 20.00 291.07 3.16 962.9 0.955 .318

149 A25-EOO Vul-()2O 60.0 22.52 4.00 207.40 3.81 726.3 1.031 .735

150 A25-BDR1 VuI-02O 60.0 19.08 8.00 207.40 3.12 651.2 0.994 .583

151 A25-BOR2 VuI-()2O 60.0 22.20 20.00 207.40 3.82 787.2 1.033 .499

152 A25-BOR3 Vul-()2O 60.0 22.13 20.00 207.40 3.78 753.8 1.040 .521

153 Al8-EOO VuHll0 32.5 11.52 3.17 150.55 3.98 571.0 1.049 .598

154 Al8-BOR1 VuHll0 32.5 10.78 8.00 150.55 3.60 534.0 1.015 .457

155 Al8-B0R2 VuHl10 32.5 9.04 7.67 150.55 3.19 457.0 1.051 .29ll

• - DcootCli blow count (BPI) based OIl bJoq per foot.
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Table 21. Pile driving and dynamic measurements for PD/LT (continued).

No. ~ HIIrnIner RIMel DelIwrecI Blow IrnpedenQI Vimp Fimp ~ 0 ......
Numtler Type HlII11mlII' Energy Count ENC F

Energy
(Idp-ft) (Idp-ft) (BPI) (Idpe/ll/I) (n/I) (Idps) (In)

158 MI·EOO Vu~ 110.0 21.94 4.18· 205.97 3.74 788.8 0.9n .804

157 M1-BOR1 VuHl2Q 110.0 25.41 5.00 205.97 4.31 828.1 1.012 .853

158 Ml·BOR2 VUI-02O 110.0 21.62 8.00 205.97 4.22 865.8 1.004 .497

169 "'01·EOO VUl-02Q 110.0 20.95 2.91· 208.34 3.68 704.4 1.088 .718

1110 A101·BOR1 VUI-02O 110.0 21.20 8.00 208.34 3.89 744.3 1.1)89 .538

181 A101·BOR2 VlII-02O eo.O 14.74 24.00 208.34 3.08 843.9 0.997 .3110

182 Al~EOO VlJI.Q2O 110.0 18.04 5.25 212.62 4.29 832.0 1.098 ,1154

183 Al~BOA VUI-02O 110.0 15.42 110.00 212.62 3.47 758.1 0.978 .354

164 AI4S-EOO VUl-02Q 110.0 18.87 5.25 212.71 3.12 n1.0 1.026 .828

165 A14S-BOR1 VUI-02O 110.0 17.50 13.00 212.71 3.01 852.0 0.982 .487

188 AI4S-BOR2 VUI-02O eo.O 18.52 48.00 212.71 3.59 748.8 1.020 .411

187 CB3-BOR Vu~ 110.0 18.55 10.00 255.08 3.08 786.8 1.025 .308

168 CB3-BORI.. Vul-02O 110.0 15.85 10.00 255.08 3.37 808.4 1.0113 .281

leG CBS-BOA 1CE200S 100.0 15.34 12.00 291.95 3.31 897.8 1.0n .282

170 CB5-BORL ICE200S 100.0 24.97 18.00 291.95 4.25 1288.2 0.962 .451

171 CBll·BORL 1CE200S 100.0 28.38 18.00 318.10 5.10 1634.8 0.992 .322

172 CB11·EORl 1CE200S 100.0 29.12 18.00 318.10 5.07 1630.5 0.989 .320

173 CBI7-BOR1 1CE200S 100.0 29.19 16.00 297.18 4.95 1483.8 0.991 .332

174 CB17·B0R2 ICE200S 100.0 311.58 15.33 297.18 8.15 1822.5 1.003 .418

175 CBI7·BORL 1CE200S 100.0 20.50 38.00 297.18 4.21 1258.9 0.995 .300

178 CBI7·0RL ICE200S 100.0 28.85 18.50 297.18 4.64 1518.1 0.908 .332

In C823-BOfl 1CE200S 100.0 14.07 8.00 309.73 2.64 842.0 0.971 .288

178 C823-BORl 1CE200S 100.0 22.88 12.00 309.73 4.45 1407.5 0.97V .337

17V CB2&-BORl 1CE200S 100.0 8.89 28.00 288.28 2.11 639.3 0.951 211

1110 CB2&-EORl 1CE200S 100.0 18.92 20.00 288.28 3.51 1018.4 0.994 .330

181 CB35-BOR1 1CE200S 100.0 31.33 8.73· 293.99 5.14 1394.8 1.084 .837

162 C835-BOR2 ICE200S 100.0 22.70 20.00 293.99 4.78 1340.4 1.048 .333

183 CB35-BORL 1CE200S 100.0 19.60 13.00 293.99 4.19 1232.11 0.1199 .288

184 CB41·EOR 1CE200S 100.0 32.18 15.17 302.20 5.03 1503.8 1.011 .558

185 CB41·BOR ICE200S 100.0 27.09 24.00 302.20 5.23 1555.1 1.018 .489

188 CB41·BORl 1CE200S 100.0 21.50 8.70 302.20 4.62 1450.5 0.963 .329

•• DcDOtCl blow COWIt (BPI) ba&cd on blows per foot.
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Table 21. Pile driving and dynamic measurements for PD/LT (continued).

No. F'lIe-Caae HIImIn8f Paled DeUverec:I Blow Impedence "Imp F1mG> ~ Dmu
Numtler Type Hammet' Energy Counl ENe F

Energy
(Id~fI) (Id~) (BPI) (Idps/fl/s) (III/s) (Idps) (In)

187 C820-EOD VuHl20 60.0 15.53 4.75 261.84 2.87 754.2 0.996 .461

188 CII26-BOR VuI-02O 60.0 22.67 5.45 261.84 3.62 947.4 1.001 .507

189 C820-EOR VUHl20 60.0 25.40 10.00 261.84 3.83 1034.1 0.910 .537

190 CB26-B0R2 VuJ.<l2O 60.0 20.93 12.00 261.84 3.50 937.9 0.9n .368

191 33P1·EOO B-4OO 46.0 :0- 32.e7 12.00 38.90 15.38 615.4 0.97'2 1.110

192 33P1·BOR B-4OO 46.0 31.80 16.00 38.90 15.78 637.4 0.963 .787

193 33P1·EOR B-4OO 46.0 32.50 no'" 38.90 18.60 856.0 0.* .845

194 33P2·EOD B-4OO 46.0 32.84 39.00 17.54 18.44 281.3 1.025 1.859

196 33P2·BOR B-4OO 46.0 30.97 76.00 17.54 16.66 317.0 0.922 1.416

lY8 33P2·EOR B-4OO 46.0 31.24 no 881 17.54 17.28 337.8 0.885 1.374

197 33P4-EOO B-4OO 46.0 24.47 5.00 65.68 10.92 789.3 0.96(, .885

lll18 33PS-EOD 8-225 29.0 8.41 10.67 24.56 8.75 240.9 0.692 .527

198 TR022·EOD 0-12 22.5 9.78 30.00 38.10 10.50 394.7 1.005 .391

200 TR022·BOR 0-12 22.5 7.83 20.00 38.70 9.62 410.3 0.886 .323

201 TRE22·EOD 0-22 40.0 15.19 22.00 38.70 13.33 502.5 1.003 .461

202 mE22-BOR 0-22 40.0 15.18 10.00 38.70 14.28 601.7 0.896 .415

203 TRP5X·EOD 0-12 22.5 9.\7 38.00 27.80 12.99 376.1 0.96C .409

204 TRP5X·BOR 0-12 22.5 9.70 25.00 27.80 12.13 361.5 0.933 .435

206 m131·BOR 0-12 22.5 7.10· 4.00 14.10 11.10 158.0 0.981 .759

206 TfWi-EOR 8-225 29.0 9.50 no 181 46.70 10.30 489.0 0.990 .404

207 TRBH-BOR 8-225 29.0 12.50 2.50 46.80 11.10 532.0 0.974 .7'27

206 maP-EOR 8-225 29.0 8.60 4.87 21.80 12.90 306.0 0.919 .488

• - Denote blow COUDt (BPI) baled on blows per Cool.

1 kip-fi = 1.36 kN-m
1 BPI = 0.039 blows per mm

1 kip/fils = 14.59 kN/m/s
1 fi/s = 0.305 m/s

1 kip = 4.448 kN
1 in = 25.4 mm
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Table 22. Parameters of dynamic analysis for PD/LT.

No. PIIe-Cue C8Ie we 2L/C TIp SkSe TIp Side
Numbet' Jc Quake 0uaIIe Dampl"'i! Damping

(IdPS/s/lll (msl (In) (In) (s/II) (s/II)

1 FNl-EOO 0.8&4 22. I:! 8.57 .200 .100 .070 .170

2 FNl-BORl 1.564 22.13 8.57 ,100 .100 .400 .130

3 FNl-BOR2 2.217 22.13 8.57 .100 .100 .5130 .110

4 FN2-EOO 0.356 60.49 9.55 .200 .220 .050 .270

5 FN2·BOR 0.837 60.49 9.55 .080 .150 .100 .330

8 FN:}-EOO 0.066 85.89 9.55 .120 .060 .290 .600

7 FN3-BOR 0.283 85.89 9.55 .210 .070 .340 .310

8 FN4-EOO 0.3n 34.26 7.65 .150 .120 .050 .150

9 FN4-BOR 0.703 34.26 7.65 ,100 .110 .050 .180

10 FlA-EOO -0.454 46.60 13.98 .300 .170 .479 .049

11 FlA-BOR -0.453 46.60 13.98 .050 .100 .597 .055

12 AB-EOO 0.147 37.80 11,59 .200 .150 .066 .059

13 RB-BOR -0.025 37.80 11.59 .150 .100 .129 .068

14 FOl·EOO 0.133 120.80 7.17 .280 .100 .139 .136

15 FOl·BOR 0.720 120.60 7.17 .280 ,100 .092 .092

18 F02·EOO -0.150 199.10 9.41 .230 .100 .049 .165

17 F02·BOR 0.285 199.10 9.41 .250 .100 .039 .168

18 F03--EOO -0.826 81.40 13.08 .050 .080 .675 .082

18 FOHOO -1.855 214.110 10.46 .130 .100 .115 .127

20 F04-BOR -0.570 214.60 10,48 .200 .120 .24-4 .193

21 FOR1·EOO -0.578 159.00 20.96 .380 .250 .060 .179

22 FOR1-BOR -0.503 159.00 20,98 .220 .220 .248 .185

23 FMS-EOO 0.022 49.08 13.98 .320 .100 .041 .088

24 FMS-BOR a.an 49.08 12.02 .390 .100 .097 .074

25 FM17·EOO 0.438 49.08 9.26 .530 .090 .on .076

26 FM17·BOR 0.8n 49.08 9.26 .200 .100 .050 .142

ZT FM23-EOO 0.259 49.08 8.75 .400 .080 .041 .454

28 FM23-BOR 0.148 49.08 8.75 1.000 .210 .045 .090

29 FC1·EOD -0.226 17.54 3.98 .300 ,157 .036 .038

30 FC1-BQR -0.278 17.54 3.98 .330 .140 .030 ,032

31 FC2·EOO -0.229 17.54 3.27 .330 .148 .041 .026

• - Determined from TEPWAP analysis.
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Table 22. Parameters of dynamic analysis for PD/LT (continued).

No. PlIe-CaM e- WC 2L/C TIp SIde TIp SIde
NumDoN J. Quake Quake Damping Damping

(klpe/sf1ll (ma) (In) (In) (s/n) (s/n)

32 FC2·BOR ~.393 17.54 3.14 .330 ,150 .029 .024

33 FMll·EOO ~.010 28.73 9.87 .100 .100 .051 .047

34 FMI1·BOR 0.113 28.73 9.87 .150 ,100 .096 .017

36 FMI2·EOD 0.198 28.73 7.32 .140 .100 .030 .080

38 FMI2-BOR 0.348 28.73 7.32 .150 .100 .056 .030

37 FW....EOD 0.125 198.82 18.08 .500 .260 .095 .303

38 FW....BOR 0.213 198.82 18.08 .301 .251 .189 .137

3Sl FWB-EOD 0.272 198.62 18.88 -
40 FWB-BOR 0.141 198.82 16.88

41 FA1·EOD 0.043 145.72 9.40 .100 .100 .123 .234

42 FA1-BQR1 0.241 145.72 9.07 .200 .080 .388 .387

43 FA1-BOR2 0.373 145.72 9.07 .250 .100 .363 .322

44 FA2·EOD ~.108 145.72 10.51 .420 .100 .098 .215

45 FA2-BOR1 0.207 140.52 10.90 .250 .100 .262 .205

48 FA2·BOR2 0.5n 145.72 10.51 .170 .130 .323 .3Z1

47 FA3-EOD ~.199 221.53 9.10 .350 .100 .183 .329

48 FA3-BOR1 0.085 219.99 9.08 .200 .070 .513 .398

49 FA3-BOi'l2 0.313 221.53 9.00 .205 .080 .309 .395

50 FM-ECD ~.204 221.53 10.43 .250 .100 .153 .297

51 FM-BOR1 0.331 219.93 10.51 .120 .080 .334 .390

52 FM-B0R2 0.567 219.93 10.51 ,150 .100 .282 .356

53 FAS-EOD 0.133 403.88 10.07 .330 .120 .395 .302

54 FA5-BOA 0.414 403.88 10.45 .240 .070 .398 .395

55 FV15-EOD 0.085 38.19 10.95 .300 .100 .140 .102

56 FV15-BOR O.DOll 38.19 10.95 ,300 .100 .424 .089

57 FV1C>-EOD 0.478 38.19 10.95 .300 .100 .3n .202

58 FV1C>-BOR 0.143 38.19 10.95 .340 .125 .276 .164

59 FMN2-EOD ~.223 38.19 11.19 .500 .160 .079 .104

60 FMN2-BOR 0.025 38.19 11.19 .150 .152 .085 .114

61 FP5-EDD 0.183 12.49 4.10 .200 .040 .037 .091

62 FP5-BOR 0.356 12.49 4.10 .190 .045 .030 .088

• - Determined from TEPWAP analysis.
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Table 22. Parameters of dynamic analysis for PDILT (continued).

No. PlIe-Cau e:- EA/C 2L/C TIp SIde TIp SIde
NumtMIt J

G
QuaIl8 QuaIl8 Damping Damping

(kIPS/S/ft) (ms) (In) (In) (I/ft) (s/n)

83 F1<G-EOO -<1.286 80.23 11.39 .250 .090 .104 .256

84 F1<G-BOR -<1.189 80.23 11.39 .140 .060 .113 .282

86 Fl.3-EOO -<1.119 203.74 15.04 .400 .100 .248 .269

ee Fl.3-BOR1 0.149 203.74 15.04 .250 .1SO .378 .392

~ Fl.3-BOR2 0.394 203.74 15.04 .250 .124 .523 .S07

88 CA1-EOO -<1.120 27.B7 20.47 .140 .140 .089 .083

1I8 CA1-BOR -0.108 27.B7 20.47 .130 .130 .089 .075

70 CA2-BOR 0.556 27.B7 13.39 .100 .100 .097 .1OS

71 CA5-BOR1 -0.354 21.58 7.97 .362 .100 .012 .088

72 CA5-BOFl2 -<I.4OlI 21.58 7.97 .327 .217 .035 .024

73 CA3/8-BOR 0.766 15.60 B.78 .374 .278 .098 .11B

74 CA24-BOR 0.295 13.44 4.58 .1n .118 .113 .on

75 CM-BOR1 0.040 25.93 7.16 .364 .278 .048 .050

78 CM-BOFl2 -<1.006 25.93 7.16 .394 .256 .047 .052

n CM-EOR -0.347 25.93 7.16 .335 .256 .037 .062

78 WC3-EOO -0.083 268.75 6.80 .400 .100 .188 .088

7'9 WC3-BOR1 -0.056 268.75 6.80 .350 .130 .036 .198

80 WC3-BOFl2 -0.042 268.75 5.36 .320 .080 .087 .137

B1 WC8-EOO -0.038 265.88 5.54 .420 .100 .118 .143

82 WC8-BOR1 -0.044 265.88 5.54 .471 .080 .127 .212

83 WC8-B0R2 -0.005 265.88 3.93 .610 .100 .048 .311

B4 WB9-BOR 0.455 271.52 20.00 .260 .050 .433 .251

85 WB15-BOR 0.457 269.SO 16.28 .225 .060 .242 .488

88 T1/....eOO 0.265 378.57 16.49 .1SO .050 .070 .115

87 T1/.trN.T 0.257 378.57 20.70 .200 .100 .157 .079

88 T1/B-EOO 0.153 37B.57 25.74 .060 .060 .021 .047

89 T2/....EOO 0.346 198.75 13.94 .150 .040 .235 .087

90 T2/B-EOO 0.057 198.75 31.01 .070 .070 .154 .033

91 35-1·BOR 0.088 38.93 7.15 .250 .100 .114 .043

92 35-4-BOR 0.315 17.SO 6.21 .300 .100 .024 .033

93 35-5-BOR 0.382 38.93 11.93 .040 .040 .042 .063

•• Determined from TEPWAP analysis.
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Table 22. Parameters of dynamic analysis for PD/LT (continued).

No. PMe-CaN Cue WC 2L/C 11p SIc» 11p SIde
NuII1bel' Jc Quake Quake DaInpIng DlImpItIg

(kIPS/8/ft) (me) (In) (In) (s/n) (8/ft)

114 35-6-BOR 0.268 17.50 12.55 .100 .060 .001 .083

95 35-7-BOR 0.007 18.97 8.88 .200 .100 .040 .047

98 35-1G-BOR .0.182 ll().56 7.89 .250 .040 .019 .083

ff7 E2-BOR 0.589 84.20 8.31 .200 .100 .120 .175

98 83S-BOR 0.755 30.34 8.19 .280 .100 .027 .284

89 LB21-BOR 0.129 189.40 5.50 .310 .100 .128 .168

100 LS2O-BOR 0.184 181.80 7.91 .230 .120 .211 .211

101 LC3-13OR 0.389 181.90 20.31 .360 .250 .192 .137

102 UN1&-BOFl 0.787 181.10 24.50 .220 .120 .293 .337

103 LE37·BOR 0.082 38.80 10,00 .140 .080 .181 .1160

104 L.E64-BOR 0.218 38.80 10.00 .105 .070 .148 .132

106 ST1·EOO 0.242 123.0 11.52 .300 .080 .054 .081

108 S1'2·EOO .0.102 132.3 9.98 .800 ,080 .017 .020

107 ST9-BOR 0.500 339.1 24.19 .220 .100 .322 .148

108 ST48-EOO 0.010 10.35 4.52 .400 .150 .033 .042

109 GZA3-EOO .0.240 38.20 17.00 .330 .150 .053 .050

110 GZA!>-EOD 0.000 27.80 18.50 .320 .150 .030 .050

111 GVo&-EOD .o.1ao 27.70 20.37 .250 .125 .118 .053

112 GZBBCEOO .0.234 37.80 13.79 .058 .050 .091 .075

113 GZBP2EOD 0.381 38.20 17.08 .040 .050 .051 .129

114 GZB8-EOD 0.174 27.10 11.58 .240 .120 .081 .084

115 GZZS-EOD 0.281 37.80 10.34 .450 .360 .171 .238

118 GZ05-EOD 0.481 37.80 10.34 .580 .100 .059 .810

117 GZCC5EOO 0.471 37.80 13.91 .430 .220 .029 .117

118 GZL2-EOO .0.038 37.80 13.91 .530 .320 .137 .244

119 GZP14-EOD 0.457 37.80 12.48 .450 .100 .on .102

120 GZP11-EOD 0.2118 37.80 12.48 .100 .100 .083 .178

121 GZP12·iEOO 0.247 37.80 13.73 .110 .170 .038 .188

122 GZB22-iEOO 0.812 111.0 18.71 .065 .065 .207 .128

123 GZW1·EOR 0.094 28.10 15.02 .170 .100 .118 .142

124 A54-EOD .0.785 50.82 12.07 .138 .099 .189 .101

• - Determined from TEPWAP analysis.
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Table 22. Parameters of dynamic analysis for PDjLT (continued).

No. PIIe-CaM e- ENc 2L/C TIp SIde TIp SIde
Numller Jc Quake Quake Damping Damping

(kIps/s/ft) (ms) Qn) Qn) (s/ft) (S/ft)

125 A54-BOR ~.148 50.82 12.07 .100 ,343 .088 .109

126 A147·EOO ~.59Q 48.44 11.18 .669 .100 .058 .112

127 AI47·BOR 0.310 47.20 10.89 .219 .100 .075 .100

128 GF19-EOO 0.280 29.80 9.045 .110 .100 .035 .082

129 GF11l>EOO ~.117 38.73 8.79 .180 .110 .034 .117

130 GFZ!2·EOO 0.221 38.73 7.97 .140 .130 .065 .078

131 GF224-EOO 0.008 17.31 8.30 .080 .030 .048 .023

132 GF312·EOO 0.830 38.73 3.93 .120 .080 .115 .057

133 GF31~EOO 1.124 29.80 4.18 .150 .080 .133 .043

134 GF412·EOO 1.356 38.73 5.78 .120 .120 .058 .028

136 GF413-EOO 1.058 29.80 4.07 .100 .120 .064 .029

138 Gf'414-EOO 1.390 29.80 5.85 .120 .110 .043 .012

137 GF<C15-EOO 0.822 38.73 5.88 .130 .100 .058 .027

138 EF62·EOO 0.093 27.95 .

138 EF1t!7·BOR 0.835 27.99 . . .

140 A3-E001 -0.382 209.88 13.43 .330 .120 .110 .230

141 A3-BOR1 ~.714 209.88 13.43 .270 .100 .130 .180

142 A3-EOD2 ~.329 209,88 13.43 .250 .150 .180 .180

143 A3-B0R2 ~.464 209.68 13.43 .020 .080 .150 .260

144 A3-BOR3 0.209 209.68 12.78 .170 .100 .260 .220

145 A14-001 ~.130 291.07 15.35 .390 .100 .130 .280

148 A14-0D2 ~.009 291.07 15.35 .370 .140 .110 .280

147 A14-BOR1 0.213 291.07 15.35 .100 .120 ,220 .220

148 A14-B0R2 0.402 291.07 10.78 .200 .150 .120 .230

148 A25-EOO ~.287 207.40 15.31 .350 .120 .080 .120

150 A25-BOR1 -o.19tl 207.40 15.31 .320 .100 .100 .110

151 A25-BOR2 0.010 207.40 15.31 .380 .270 .310 .100

152 A25-BOR3 ~.008 207.40 15.31 .380 .250 .260 .190

153 A1G-EOO 0.064 150.55 9.05 .230 .100 .150 .100

154 A1G-BOR1 0.103 150.55 9.05 .330 .100 .160 .100

155 A18-BOR2 0.332 150.55 8.66 .240 .080 .650 .160

•• Determined from TEPWAP analysis.
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Table 22. Parameters of dynamic analysis for PO/LT (continued).

No. PlIe-CaM Cue fAtC 2L/C TIp SlOe TIp SkJ8
Number Jc Quake Quake Damping DlImplng

(kips/sift) (ma) (In) (In) (s/1I1 (s/II)

Hill Ml·EOO -0.027 205.97 13.24 .290 .080 .150 .080

157 A41-BOR1 0.034 205.97 13.24 .370 .090 .140 .090

158 A41-B0R2 0.090 205.97 8.95 .350 .100 .130 .100

158 A101-EOO ~.375 208.34 12.65 .400 .120 .040 .310

180 A101·8OR1 -0.142 208.34 12.65 .120 .080 .120 .180

181 Al01-BOR2 0.273 208.34 10.28 .100 .090 .200 .210

182 AI33-EOD -0.196 212.82 18.31 .360 .180 .260 .210

183 AI33-BOR 0.217 212.82 18.30 .130 .130 .210 .1110

184 AI45-EOO -0.454 212.71 18.59 .1110 .090 .150 .240

185 AI4S-1lOR1 .a.338 212.71 18.59 .170 .170 .170 .270

188 AI45-BOR2 .a.019 212.71 18.21 .IEO .140 .210 .210

187 CB3-BOR 0.847 255.08 11.38 .190 .100 .563 .317

188 CEl3-BORl. 0.520 255.08 11.87 .190 .110 .527 .379

HIli CBs-BOR -0.395 291.95 12.45 .140 .100 .314 .929

170 CB5-BORl. -0.188 291.95 8.74 .300 .100 .'227 .405

171 CB11-BORl 0.363 318.10 12.81 .140 .180 1.335 .249

172 CB11-;;;ORL 0.259 318.10 12.81 .120 .170 .880 .538

173 C817·I3ORl 0.029 297.18 13.83 .130 .210 .413 .258

174 C817.18OR2 0.128 297.18 13.63 .250 .180 .318 .2n

175 CBI7·BORl. -0.092 297.18 12.65 .220 .030 .350 .125

178 CBI7-DRl 0.024 297.18 12.85 .250 .010 .328 .031

In CB23-BOA 0.312 309.73 12.95 .140 .130 .858 .284

178 C823-BORl 0.408 309.73 12.95 .050 .170 1.674 .535

179 C829-BORl .a.213 288.28 13.78 .090 .100 .707 .483

180 C829-EORl. 0.017 288.28 13.78 .200 .100 .129 .812

181 C836-BOR1 -0.311 293.99 13.79 .240 .100 .113 .095

182 C836-B0R2 -0.187 293.99 13.79 .180 .100 .113 .4.:13

183 C836-BORl -0.029 293.99 12.88 .090 .170 .700 .228

184 CB41-rEOR .a.181 302.20 14.14 .280 .100 .141 .209

165 CB41-30R 0.118 302.20 14.00 .280 .110 .127 .198

188 C841-BORL -0.117 302.20 10.92 .140 .130 .351 .392

• - Determined from lEPWAP IIJIlIlysis.
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Table 22. Parameters of dynamic analysis for PD/LT (continued).

No. PlIe-Cae cae EA/C 2L/C Tip SIde Tip SIde
Number J c Quake Quake DarrIpIng Damping

(kiPS/lift) (1TIll) (In) On) (s/ft) (s/1\)

187 CB26-EOD -0.408 261.84 11.40 .210 .120 .076 .105

188 CB2&-BOR -0.137 261.84 11.40 .270 .110 .099 .059

188 CB26-EOR -0.096 261.84 11.40 .330 .DQO .058 .058

190 CIl2&-BOR2 -0.184 261.84 9.25 ,230 .100 .176 .738

191 33P1·EOD -0.141 38.110 14.39 .1SO' .300' .080' .010'

182 33P1·BOR -o.C)17 38.90 14.39 .060 .040 .0:30 .038

1113 33P1-EOR -0.240 38.90 14.39 .100 .100 .012 .028

33P2·EOD -0.182 17.54 17.81
, ,

.ISO' .020'li4 .400 .200

195 33P2-BOR -0.125 17.54 13.21 .300 .300 .048 .048

196 33P2·EOR -0.096 17.54 13.21 ,300 .300 .010 .033

197 33P4-EOD 0.152 67.30 10.045 .100' .025' .100' .05IJ'

198 33P5-EOD 0.509 21.21 6.IM .DQO' .100'
,

.lMO'.lMO

199 TRD22·EOD 0.371 38.70 2.68 .150 .100 .015 .224

200 TRD22-BOR 0.157 38.70 2.68 .160 .100 .106 .218

201 TRE22·EOD 0.881 38.70 3.53 .100' .100' .100' .100'

202 TRE22·BOR 0.411 38.70 3.53 .250 .100 .018 .136

203 TRP5X·EOD 0.418 27.80 2.IM .150 .100 .020 .111

204 TRP5X-BOR -0.058 27.80 2.1M .150 ,100 .013 .128

205 PR131-BOR 0.162 14.10 3.15 .300 .300 .O:W .235

206 lRAH-EOR -0.310 48.70 16.24 .200 .100 .025 .753

207 TRBH-BOR 0.138 48.80 13.40 .05IJ .05IJ 1.lMO .206

206 TRBP-EOR -0.730 21.80 12.IM .025'
,

.200' .100'.100

• - Determined from TePWAP~

1 kip/sift = 14.6 kN/s/m
1 in = 25.4 mm

1 sift = 3.281 s/m
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Table 23. Pile capacity based on static load test and dynamic analysis for PD/LT.

No PIIe-e- lO8d oavtuon'. SII&p8 ".1' "-0.18 DeBeer SlalIc r:.AP'IJNJ Energy K..,
NumlllIr T" CrlIena 01 Re8IIl TEPWNJ Appr.

Type CUIW '\ Ru
~(ldps) (ldps) (ldps) (ldps) (kIpa) (ldps) (ldps) (I~ps)

1 FNl-EOO Q 304 300 304 304 300 300 230 362 0.829

2 FNl·BOR1 a 304 300 304 304 300 300 375 484 0.620

3 FNl-B0R2 a 304 300 304 304 300 300 431 S35 0.561

4 FN2-EOO a 358 354 362 366 356 354 228 418 0.847

5 FN2-BOR a 358 354 362 366 358 354 305 487 0.727

8 FN3-EOO a 378 370 382 393 366 374 179 480 0.779

7 FN3-BOR a 378 370 382 393 366 374 297 621 0.602

8 FN4-EOO a 284 280 288 292 282 280 244 (hi 0.698

9 FN4-BOR a 284 280 288 292 282 280 288 582 0.461

10 FJ.A.EOO a 928 934 m 910 920 930 387 5119 1.634

11 FJ.A.BOR a 928 934 m 910 920 930 731 689 1.349

12 FlB-EOO a eso 480-640 650 NA 843 650 511 708 0.918

13 FIB-BOA a eso 480-640 eso NA 843 650 521 696 O.S:W

14 FQ1-EOC a 598 500-560 872 NA 544 557 498 718 0.811

15 FOl-BOR Q 598 500-580 872 NA 544 557 700 1169 0.478

18 F02-EOO a 7110 750 780 800 754 750 530 648 1.181

17 F02-BOR Q 7110 750 780 800 754 750 731 1156 0.843

18 F03-EOO a T18 7lJO.85O 816 862 820 820 568 584 1.404

19 F04-EOO Q 1700 1400 1718 1800 1664 1650 858 763 2.163

20 F04-BOR Q 1700 1400 1718 1800 1664 1650 767 12611 1.300

21 FOR1-EOO a 13l1O 1350 1168 1600 1400 1380 559 839 1.651

22 FOR1-BOR a 13l1O 1350 1188 1600 1400 1380 72ll 1207 1.143

23 Ail!H:OO a 440 3IlO-4J4O 52ti NA 481 420 348 357 1,178

24 ~BOR Q 440 360-440 52ti NA 481 420 499 734 0.572

25 FM17-EOO Q 40lI 375-440 541 NA 430 447 424 524 0.853

28 FM17·BOR Q 40lI 375-440 541 NA 430 447 52e 781 0.572

27 FM23-EOO Q 342 29G-33O 378 NA 356 340 323 412 0.825

28 FM23-BOR a 342 29G-33O 378 NA 356 340 340 428 0.798

29 FC1-EOO a 318 320-360 370 372 358 340 270 342 0.994

30 FCl-BQR Q 318 320-380 370 372 358 340 265 363 0.937

31 FC2-EOO a 388 350-400 442 NA 338 378 375 402 0.935

• - Determined rrom TEPWAP ualysis.
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Table 23. Pile capacity based on static load test and dynamic analysis for PD/LT
(continued).

No PlIe-ca. I..08ll DIMuon'. ~ ".1' ".0.18 DeBeer SIalic Cl>PNN' Energy ~
NumDer T" CrIerIIl 01 ResIaI TEPWN' ~.

TW» Curve '\ '" ~(lOps) (Wps) (Wps) (kips) (Wps) (lOps) (lOps) (kips)

32 FC:!-BOR Q 368 350-400 442 NA 336 378 340 353 1.l166

33 FMI1·EOO Q 330 288-317 333 NA 320 310 285 246 1.260

34 FMll·BOR Q 330 288-317 333 NA 320 310 319 308 1.013

36 FMI2·EOO Q 209 180 NA NA 126 180 184 179 0.894

36 FMI2·BOR Q 209 180 NA NA 126 160 217 279 0.573

37 FWA-EOO 8M 1300 1300 1300 NA 1150 1300 295 1145 U35

38 FWA-1lOfI aM 1300 1300 1300 NA 1150 1300 ll52 1154 1.127

39 FWB-EOO 8M 1000 1200 1000 NA 1497 1225 plug 1708 0.717

40 FWB-BOR SM 1000 1200 1000 NA 1497 1225 plug 1280 0.957

41 FA1·EOO S 370 32>350 419 NA 334 345 205 302 1.142

42 FA1·BOR1 S 370 325-350 419 NA 334 345 'l!i1 482 0.747

43 FAl-80R2 8 370 32>350 419 NA 334 345 382 840 0.411

44 FA2·EOO 8 550 ~ 588 NA 541 535 428 56B 0.942

45 FA2·BORl S 550 4S().55O 588 NA 541 535 469 950 0.563

46 FA2·BOR2 S 550 480-550 588 NA 541 535 5119 896 0.597

47 FA3-EOO S 825 500-640 879 NA 648 .814 340 547 1.122

48 FA3-BOR1 8 825 500-640 879 NA 848 814 'JtJ7 744 0.825

48 FA3-BOR2 S tI25 500-640 879 NA 848 814 587 ll28 0.743

50 FM-EOO S 817 88S-82S 887 NA 748 n3 448 772 1.001

51 FM-BOR1 S 817 88S-82S 887 NA 748 n3 604 1062 0.728

52 FM-B0R2 S a17 88S-82S 887 NA 748 n3 852 1448 0.534

53 FA5-EOO S 1140 1050 1188 NA 939 1074 862 1543 0.898

54 FM-BOR S 1140 1050 1188 NA 939 1074 945 2238 0.4«1

56 FV15-EOO Q 315 300-350 372 440 248 315 194 336 0.936

58 FVl5-BOR Q 315 :JOO.3!ill 372 440 246 315 198 389 0.810

57 FVl().EOO Q 345 2:lO-:JOO 400 464 240 313 159 'JtJS 1.026

58 FV1()'BOR Q 345 23G-300 400 464 240 313 179 285 1.098

59 FMN2EOO Q 785 720-740 722 752 724 740 342 478 1.555

80 FMN2BOR Q 785 720-740 722 752 724 740 852 831 0.890

81 Fl'S-EOO Q 243 220-235 NA NA 211 227 210 211 '.078

82 Fl'S-BOR Q 243 220-235 NA NA 211 227 239 280 0.811

• - Determined from TEPWAP lIl1a1ysis.
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Table 23. Pile capacity based on static load test and dynamic analysis for PD/LT
(continued).

No ~ l.D8l:I DlMIIon'. SI\splt "-1' "-0.18 Delle« SlalIc CI>PN~ Energy ~
NumOef Teal CrIlerla of ReIIIl TTEPW~ Appr.

Type CuM! '\ '" ~(kips) (kips) (kips) (kips) (kips) (kips) (kIpe) (kips)

83 FKG-EOO a 388 4W-520 S30 NA 475 465 288 392 1.188

84 FKG-BOR a 388 4aO-52O S30 NA 475 465 295 403 1.154

66 FL3-EOO LlT 400 400 NA NA 400 400 136 258 1.550

86 FL3-BOA1 LlT 400 400 NA NA 400 400 272 588 0.669

87 FL3-BOR2 UT 400 400 NA NA 400 400 350 893 0.448

lIB CAl·Eon 8 540 500-560 390 390 530 533 410 444 1.200

89 CAl·BOR 8 540 500-560 390 390 530 533 500 433 1.231

70 CA2-BOR 8 388 32O-4Oll 370 370 355 380 342 43:l 0.884

71 ~BOR1 8 468 460-500 500 NA 460 480 409 540 0.888

72 ~BOR2 8 468 4eO-5OO 500 NA 480 480 489 543 0.883

73 CA38-BOR a 189 200-230 271 271 '227 230 241 369 0.623

74 CA24-BOA S 242 220-260 NA NA 248 243 207 403 0.595

75 CM-BOR1 8 660 620-660 590 650 640 660 610 782 0.844

76 CM-B0R2 8 6IllO 620-660 590 650 840 660 584 742 0.889

n ~OR s 6IllO 620-660 590 650 840 &ell 558 704 0.1l38

78 WC3-EOO FQ 610 550-850 NA NA 620 ~o 509 751 0.812

79 WC3BORl FQ 610 550-660 NA NA 620 610 S06 781 0.781

80 WC3BOR2 FQ 810 550-660 NA NA 620 610 536 7n 0.785

81 wceEOO Fa 453 445-545 NA NA 537 495 450 597 0.829

82 wce8OR1 FQ 4S3 445-545 NA NA 537 495 480 713 0.694

83 WC6B0R2 Fa 4S3 445-545 NA NA 537 495 443 m 0.841

84 WB9-BOR FQ 900 830-880 925 NA 8SS 884 941 1769 0.500

85 WB15BOl'1 FQ 820 740-190 833 NA 767 786 805 1448 0.529

86 T1/.....EOO 8M 1884 1884 1884 NA 1808 1984 lns 2729 0.728

87 T1/.....N..T SM 1884 1884 1984 NA 1808 1884 1800 2870 0.690

as T1/B-EOO SM 2866' 2425 NA NA 1852 2646 2368 3042 0.871

89 T2/....EOO 8M 1345 1323 NA NA 1654 1470 1252 1872 0.785

90 T2/B-EOO 8M 326S >2204 NA NA NA 3080' 2n8 2964 1.040

III 35-1-BOR 8 322 320-350 354 366 318 325 260 27(, 1.164

92 35-4-BOR 8 330 3Oll-33O 334 342 314 320 360 466 0.684

93 35-5-BOR : 8 612 580-620 800 eoe 800 600 650 616 0.971

• - Daviison's reduced for CRep.
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Table 23. Pile capacity based on static load test and dynamic analysis for PD/LT
(continued).

No PIIe-CaM I..oIId Dav!uon', Shape 4-1' 4-0.18 DeBeer SlsIIc ~AP Energy t<.,
Number Teat Q'lIer1a ~ ResIIl TEPWAP Appr.

TWle Q.lI\I8 ~ I\. ~(IdpI) (kIPI) (kips) (kips) (kIPI) (kips) (kips) (kips)

94 36-6-BOR 5 eoo 500-550 530 54a 526 530 580 526 1.007

116 35-7·BOR 5 122 120-170 152 146 144 142 138 183 Oon8

98 35-1G-BOR S 402 370-420 432 444 378 400 334 425 0.941

97 E2·BOR Q 415 37~ NA NA 369 390 420 732 00533

98 83S-BOR CRP 284 250-2n 292 NA 258 288 279 320 0.838

9ll l821·BOR S 3BO 360 NA 484 280 360 381 519 0.694

100 L820-BOR S sea 480 NA NA 480 530 474 813 0.652

101 LC3-BOR S 820 eoo 680 NA 560 840 812 1169 0.547

1lJ2 UNl6-BOR S eoo eoo eoo NA 600 600 582 985 00609

103 LE37-BOR S 250 240 270 NA 230 250 197 241 1.037

104 LE84-BOR S 270 240 NA NA 220 260 232 274 0.949

105 ST1-EOO 5 344 280-320 NA NA 300 344 505 830 0.548

108 51'2·EOO S 510 540 NA NA 500 540 818 885 0.812

107 s,.BOR S 920 720-840 920 NA 800 900 807 1927 0.467

108 ST46-EOO S NA 104 NA NA 104 104 82 113 0.920

109 ~EOO Q 440 500 480 520 480 480 385 424 1.132

110 GZAS-EOO Q 256 180-210 320 314 270 298 293 339 0.873

111 G2A6-EOO Q 188 350 316 308 350 326 275 281 1.180

112 GZBBCEOO Q 440 500-560 500 590 560 530 413 453 1.169

113 GZB~EOO Q 280 340 340 324 290 320 317 302 1.059

114 GZB8-EOD Q 380 420 456 530 380 390 341 413 0.944

115 GZZS-EOO Q 4&4 420-470 540 NA 410 440 214 557 0.790

118 G2Q5.EOO Q 480 440-480 eoo NA 490 4B8 205 511 0.951

117 GZCC5EOD Q 450 4lIO-52O 520 750 NA 490 492 599 0.818

118 GZl2-EOO Q 840 llOO-66O 890 780 530 860 287 566 1.187

119 GZP14-EOO Q 380 380-400 440 500 480 420 305 570 0.737

120 GZP11-EOD Q 250 340-420 380 440 430 386 239 399 0.987

121 GZP12-EOO Q SOlI 600 630 NA NA 560 520 874 0.831

122 GZB22-E00 Q 1120 1120 1040 NA 840 1080 1109 1357 0.781

123 GZW1·EOR Q 360 335-400 404 418 353 380 250 357 1.084

124 A64-EOO CAP 852 830-852 818 638 639 63B 383 4&4 1.437

•• DetermiDed from TEPWAP M&lysiL

259



Table 23. Pile capacity based on static load test and dynamic analysis for PD/LT
(continued).

No ~ lOIId DavIIaon'. Shape " -1· "-0.18 DeIlMr SlaUc
I

CAPWAP Enefgy ~
NuInblW Tell Cr1terIa 01 Re8III I TEPWAP Appr.

Type CuIw F\ 1\ ~(kIpI) (kips) (kIptI) (kips) (kIptI) (kIptI) (kIptI) (kips)

125 A54-BOR CAP 652 630-652 618 638 638 638 611 698 0.914

128 AI 47-EOO CAP 558 547 555 seo 540 562 2S9 339 1.628

127 AI 47-BOA CAP 558 547 555 seo 540 552 564 653 0.845

128 GFI9-EOD Q 330 4OO-4eO 380 380 325 397 398 434 0.915

129 GFllG-EOO Q 500 5OO-eOO seo seo 450 550 457 605 0.909

130 GF222-EOD Q 580 54O-«lO 590 590 540 570 512 823 0.918

131 GF224-EOD Q NA ~70 NA NA 485 483 419 458 1.011

132 GF312·EOO Q 340 300-310 NA NA 280 310 405 483 0.642

133 GF313-EOO Q 334 32G-33O NA NA 334 330 4-48 53:! 0.8:20

134 GF412·EOD Q 240 240-280 294 294 200 272 455 530 0.513

135 GF413-EOO Q 300 280-320 350 350 270 300 428 491 0.611

136 GF414-EOO Q 360 360-420 420 420 320 390 524 630 0.619

137 GF41S-EOD Q 480 480-520 540 540 440 500 581 S99 0.835

138 EAI2·EOO Q S02 440-510 488 458 410 4n 522 836 0.750

139 EFI67·BOR Q 271 2ff1 279 2n 287 2n 479 lI2S 0.438

140 A3-EOOI FQ 958 ~lMO 9llO NA 958 939 4n 829 1.493

141 A3-BOR1 FQ 958 850-940 9llO NA 958 939 538 880 1.423

142 A3-EOO2 FQ 958 ~ 9llO NA 958 939 388 545 l.m

143 A3-B0R2 FQ 958 ~940 9llO NA 958 939 462 812 1.534

144 A3-BOFl3 FQ 958 ~940 960 NA 958 939 925 1421 0.661

145 AI4-oo1 FQ NA 660-945 NA NA 908 905 684 982 0.922

1441 AI4-DD2 FQ NA 660-945 NA NA 908 905 741 1078 0.841

147 A14-BOl't1 FQ NA 66O-94S NA NA 908 905 604 1118 0.809

148 AI4-B0R2 FQ NA 660-945 NA NA 908 905 982 1478 0.813

149 A2S-EOO FQ 715 750-840 840 NA 845 800 4S9 S49 1.457

150 A2S-BOR1 FQ 715 750-840 840 NA 845 800 555 886 1.203

151 A2S-BOR2 FQ 715 750-840 840 NA 845 800 4S2 970 0.825

152 A2S-B0R3 FQ 715 750-840 840 NA 845 800 442 930 0.860

153 Al&-EOD FQ 315 27s-315 350 NA 2n 308 224 303 1.017

154 AI8-BOR1 FQ 315 27s-315 350 NA 2n 308 282 415 0.742

155 AI8-B0R2 FQ 315 275-315 350 NA 272 308 298 50S 0.810

•• DetermiDcd from TEPWAP ualysia.
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Table 23. Pile capacity based on static load test and dynamic analysis for PD/LT
(continued).

No PlIe-CMe l..OlId D8vI88on'. Shape A-l· A-0.1B DeBeer SlatJc CA1'WAP Energy ~
NumIl8r Teal cmena of ResIlIl TEPWAP /lfJrJI.

Type CuM! '\ '" ~(kips) (kips) (kips) (kips) (kips) (kips) (kips) (kips)

158 Ml-EOO Fa 524 ~ 540 NIt. 536 530 431 824 0.849

157 Ml·8OR'1 Fa 524 500-525 540 NIt. 538 530 503 715 0.741

158 Ml-B0R2 Fa 524 500-525 540 NIt. 538 530 585 834 0.835

159 A101·EOO Fa 812 l1OO-84O NIt. NIt. BOO 810 517 474 1.709

160 A101·BOR1 Fa 812 l1OO-84O NIt. NIt. BOO 810 669 722 1.122

181 Al0l-BOR2 Fa 812 l1OO-84O NIt. NIt. BOO 810 803 881 0.919

182 Al33-EOO Fa BOB 780-860 810 NIt. B68 828 311 513 1.610

183 Al33-BOR Fa B08 780-860 810 NIt. B68 828 780 998 0.828

164 Al45-EOO Fa 978 ~950 975 NIt. 913 940 353 549 1.712

165 Al45-BOR1 Fa 978 ~950 975 NIt. 913 940 841 745 1.282

166 Al45-BOR2 Fa 978 ~950 975 NIt. 913 940 761 918 1.024

167 CB3-BOR Fa 500 488-500 470 NIt. 472 484 584 978 0.495

188 CB3-BORl Fa 500 488-500 470 NIt. 472 484 502 998 0.485

Hl8 CII5-BOR Fa 1250 1240 1325 NIt. 1170 1248 588 1008 1.238

170 CB5-BORL Fa 1250 1240 1325 NIt. 1170 1248 584 1167 1.088

171 C811·BORl Fa 1435 1370 1430 NIt. 1364 .1400 814 1803 0.776

172 CBll-EORL Fa 1435 1370 1430 NIt. 1364 1400 839 1827 0.788

173 CB17-BOR1 Fa 1515 1400 1500 NIt. 1400 1453 B20 lne 0.818

174 CB17·BQR2 Fa 1515 1400 1500 NIt. 1400 1453 749 1824 0.797

175 CB17·BORl Fa 1515 1400 1500 NIt. 1400 1453 683 1501 0.968

178 C817-ORL Fa 1515 1400 1500 NIt. 1400 1453 845 1641 0.885

In C823-BOR Fa 843 640-810 732 NIt. 758 702 819 864 0.813

178 CIl23-BORl Fa 843 640-810 732 NIt. 758 702 444 1306 0.538

179 C82&-BORL Fa 917 870-960 9BO NIt. 910 928 776 855 1.083

180 CB:5-EORL Fa 917 870-960 960 NIt. 910 928 449 1069 0.868

181 CIl3&-BOR1 Fa 1483 1400 1490 NIt. 1400 1437 812 1001 1.436

182 CB35-B0R2 Fa 1483 1400 1490 NIt. 1400 1437 949 1422 1.011

183 CB35-BORL Fa 1483 1400 1490 NIt. 1400 1437 909 1289 1.115

184 CB41-EOR Fa 1410 1380 1435 NIt. 1357 1398 857 1238 1.128

186 CB41·BOR Fa 1410 1380 1435 NIt. 1357 1398 B50 1225 1.140

188 CB41·8ORl Fa 1410 1380 1435 NIt. 1357 1396 485 1182 1.201

• - Determined from TEPWAP analysis.
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Table 23. Pile capacity based on static load test and dynamic analysis for PD/LT
(continued).

No ~ l.oIId DllYIuon'. Shape 6-1' 6-0.18 DeBew SlaIk; CN'WN' Energy K.,
Numb8I' T'" CrIteria 01 ReaIsl TEPWAP ~.

Type Curw '\ '\
~(Idps) (kips) (kips) (kips) (Idps) (kips) (kips) (kips)

187 CB2I&-EOO Fa llllO 85C>95O 1000 NA 1000 965 488 555 1.739

188 CB26-BOR Fa llllO 85().95() 1000 NA 1000 985 619 788 1.225

188 C~OR Fa llllO 850-950 1000 NA 1000 965 716 957 1.008

190 CB26-B0R2 Fa llllO 850-950 1000 NA 1000 965 583 1113 0.887

191 33P1-EOO S >800 800 520 800 800 800 438 657 1.218

1112 33Pl-BQA S >800 BOO 520 600 800 800 715 896 0.891

183 33P1-EOR S >800 BOO 520 800 800 800 650 lI23 0.887

11M 33P2·EOO S 490 45l>5OO 450 490 480 490 2!iItO" 418 1.172

196 33P2·BOR S 490 45l>5OO 450 490 480 490 356 520 0.942

198 33P2·EOR S 490 450-500 450 490 480 490 401 548 0.897

197 33P4-EOO S 468 350-500 568 5112 470 500 400" 625 0.800

198 33P5-EOO S 184 160-200 244 284 200 200 143" 248 0.808

199 TRD22-EOO S 364 350 NA NA 356 350 432 553 0.833

200 TRD22-BOR S 364 350 NA NA 356 350 294 504 0.8IM

201 TRE22-EOD S 568 570 NA NA 570 570 fiT5" 1'20 0.792

202 TRE22-BOR S 568 570 NA NA 570 570 618 707 0.808

203 TftP5X·EOO S 410 5OlHi5O 510 560 400 475 484 506 0.939

204 TRP5X-BOR S 410 5OlHi5O 510 560 400 475 395 490 O.lIOlI

205 TR131-BOR S 140 160-200 210 200 200 150 168 169 0.888

208 TlW+EOR S 730 860-700 800 650 840 650 218 564 1.152

'2fJ7 TRBI+8OR S 325 275-300 337 362 304 300 100 288 1.128

208 TRBP-EOR S 340 >300 340 340 325 330 248" 306 1.078

• - Detcrmilled from TEPWAP 8JIAIysiI.

1 kip = 4.448 kN
1 in = 25.4 m.m
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Table 25. SideJtip quake and damping parameters of data set PD.

SIDE TIP SIDE TIP

REF PILE SKIN TOE PILE QUAKE QUAKE DAMPING DAMPING

NO. NAME SOIL SOIL TYPE (In) (in) (sift) (sift)

1 EOD PN6 SA SICL MONO 11 0.100 0.390 0490 0070

2 RES PN6 SA CLSI MONO 11 0.100 0.530 0600 0.100

3 BOR PA35 SASI SASI PSC 20 0.100 0.300 0200 0170

4 BOR PM24 SASI SASI PSC 20 0.100 0.200 0616 0.249

5 EOO PA8 NA SA PSC 18 0.100 0.2ao 0.040 0.340

6 EOO PN165 NA NA CEP 12.75 0105 0265 0.394 0.175

7 EOO PN210 NA NA CEP 12.75 0.110 0.230 0.270 0.200

8 EOO PN15E NA SAGR CEP 10.75 0.090 0.1ao 0299 03SO

9 PHl NA SA CEP16 0100 0.420 0.3SO 0.473

10 BOR TP6 SASI CLSI PSC12 0.070 0.070 0.091 0.773

11 EODTP6 SASI CLSI PSC 12 0100 0.133 0.037 0.651

12 EOD TP12 SA CLSI MONO 0080 ooao 1200 0.050

13 BOR 0418 CLSHALE DOLOMITE OEP96 0060 O.OSO 0.458 0.473

14 BOR J3 CLSHALE DOLOMITE OEP 96 0.100 0.080 05SO 0.600

15 EOD 0205 CLSHALE DOLOMITE OEP96 0.100 0.080 1.025 0.555

16 EOD 0418 CLSHALE DOLOMITE OEP 96 0100 0.080 0.514 0.971

17 EOD J1 CLSHALE DOLOMITE OEP96 0100 0.100 0.700 0.550

18 EODJ8 CLSHALE DOLOMITE OEP 9.6 0100 0.120 0.481 0.510

19 RES TN12 AGDITE AGDITE PeC16 0.140 0.170 0.513 0.470

20 BORCT AGOITE AGDITE PeC 16 0110 0.110 0.466 0.345

21 BORTN AGOITE AGDITE PeC 16 0.160 0.190 0.296 0500

22 EOD PNl NA NA PSC 24 NU 0.100 0.350 0.338 0.225

23 BOR PN9 SASI SASI HP 1074 0096 0.080 1.439 0.194

24 DO PN83 SASI SASI HE' '263 0050 01SO 0.620 0.051

25 DO PN83 SASI SASI HP 1263 0040 0.040 0.486 0.042

26 x PN71 SASI SASI HP 1263 0050 OOSO 0.447 0035

27 X PN80 SASI SASI HP 12x53 0040 0.1SO 0270 0.101

28 X PN80 SASI SASI HP 12x53 0060 0.060 1.201 0.052

29 BOR Tel SASI SASI TIMBER 0100 0.860 0.500 0.030

30 BOR TP114 SASI SASI PSC 12 0100 0600 0.547 0.065

31 BOR TP2 SASI SASI PSC 12 0130 O.lSO 0991 0.210

32 BOR TP26 SASI SASI PSC 12 0100 0350 0887 0109

33 EOD TP114 SASI SASI PSC 12 0100 0.370 0.159 0039

34 EOOTP28 SASI SASI PSC 12 0100 0.200 0.250 0.037

35 EOO PN1 CL TILL CEP 10 7~ 0080 0.300 0.400 0.300

36 DDPN25 NA NA PSC JO NU Q 100 0.200 0.1SO 0300

37 EOO PN25 NA NA PSC JO NU 0080 0.120 0256 0282

38 EOR PNJO NA NA PSC 30 o 143 0255 0.011 0.354

39 BOR D12N CL CL HP lOx42 0100 0.115 0571 0638

40 EOO 018E CL CL HP lOx42 0100 0.130 0.292 0.574

41 EOR 01105 CL TILL HP 1Ox42 0140 0.140 0.770 0.7SO

42 EOR 0112E CL TILL HP 10)(42 0100 0.120 0.722 0.646

43 EOR D6IN CL TILL HP 1Ox42 0.130 0.200 0.164 0.607

44 BORA213 CLSI SASI OEP12 0100 0.150 0.439 0.112

45 EOD E18 CLSI SASI OEP12 0100 0.950 0.103 0.064

46 EOD J210 eLSI SASI OEP12 0100 0.520 0.252 0.053

47 RES PN125 SI SI PSC 24 0060 0.4SO 0.481 0.162

48 RES PN125 51 51 PSC 24 0091 0.400 0.182 0.011
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Table 25. Side/tip quake and damping parameters of data set PO (continued).

SIDE TIP SIDE TIP

REF PILE SKIN TOE PILE QUAKE QUAKE DAMPING DAMPING

NO. NAME SOIL SOIL TYPE (in) (In) (sift) (sift)

49 EOD pN12 CL ROCK HI" 10X57 0060 0050 0.300 1100

50 EOD 8611 CL TILL PSC 16 0130 0.400 0385 0169

51 EOD PIT6NW CL TILL PSC 14 0.120 0.460 0.295 0306

52 EOD pNl0 CL TILL PCC 14 0120 0.320 0.140 0250

53 RES PN9 CL TILL PeC 14 0.120 0.320 0.272 0.181

54 RES PN20 CL TILL PeC 14 0.153 0.199 0.150 0.287

55 RES pN50 CL TILL PeC 14 0.167 0211 0.500 0268

56 DO TP15 ClSI CLSI PSC 18 0.100 0.420 0.150 0100

57 DD TP15 ClSI CLSI PSC18 0.100 0.350 0.150 0100

58 DD TP16 ClSI ClSI PSC 14 0060 0.200 0.140 0.030

59 DO Tp16 CLSI CLSI PSC 14 0070 0220 0500 0.054

SO DD TP16 CLSI ClSI PSC 14 0.100 0.150 0.650 0.200

61 RES Tp15 ClSI CLSI PSG 18 0.080 0.090 0.641 0.133

62 RES pN119R24 SI COOpERMARL pse 24 0070 0.100 0.510 0.040

~ RES pN122823 SI COOpERMARL PSC 24 0.120 0500 0.404 0061

64 BOR PN120R9 SI COOpERMARL PSG 24 0100 0.450 0350 0.050

65 BOR pN121R9 SI COOpERMARL PSC 24 0100 0.450 0360 0060

66 BOR PN280 GlSA CCOpERMARL HI" 14x73 0080 0090 0.995 0.134

67 BOR pN225 ClSI eoopERMARL pse 18 NU 0100 0120 0.820 0.141

68 BOR TP3 ALLUVIAL Cl CEp 12xO.18 0.100 0180 0.696 0.550

69 DDTP2 ALLUVIAL eL eEl" 12:rll 18 0091 0.650 0.355 0.300

70 EOD pN392 CLSI SA PSC 20 0090 0300 0.111 0.433

71 EOD PN396 CLSI SA PSC 20 0160 0.330 0.320 0250

72 EOD pN39a CLSI SA PSC 20 0120 0300 0.212 0390

73 EOD PNEll SI SHALE CEP11x04 0100 0.320 0359 0.859

74 BOR pN3 SIGR SASI CEP 12xO 6 o 1SO 0300 0.254 0.198

75 BOR pN4 SIGR SASI OEp 12xO 6 0100 0.170 0.2SO 0.500

76 BOR Tp11 SASI SA PSC 38 0160 0.330 0.2n 0.370

n BOR Tp11 SIGR SASI pse 38 0.140 0330 0.280 0.344

78 BOR TP21 SMI SA PSC 38 0125 0.300 0.388 0.300

79 EOD pNl SIGR SASI HI" 12x74 0100 0.150 0.250 0300

80 EODpN2 SIGR SASI HI" 1Ox42 0100 0520 0.257 0250

61 EODpN2 SIGR SASI HI" lOx42 0100 0.550 0.180 0180

82 EOO pH3 SIGR SASI eEl" 12xO a o 1SO 0250 0.170 0.220

83 EOD PN4 SIGR SASI OEp 12xO 6 C 120 0.230 0.2SO 0.300

84 EOO TP11 SIGR SASI PSG 36 0'30 0250 0.312 0.415

85 EOO Tp13 SIGR SASI PSC 38 o 1SO 0.230 0.300 0.430

86 EOD TP21 SASI SA PSG 36 0170 0300 0.360 0.321

87 EOO TP23 SIGR SASI PSC 54 0150 0.200 0.300 0.650

88 EODPN7E3 NA NA PSG 30 0108 0.254 0030 0.311

89 BOR pNPE28 NA NA PSG 30 0073 0.143 0572 0500

90 EODTp4 NA NA PIPE 1075 0100 0410 0300 0.451

91 BOR SHDI ClSA LIMESTONE HI" 12x53 0.100 0300 0.319 0042

92 EODSHDI ClSA liMESTONE HI" 12x53 0080 0.450 0.323 0.067

93 EODsn ClSA LIMESTONE PIPE 14 0100 0250 0.323 0.154

94 EOR ST1 eLSA liMESTONE PIPE 14 0100 0.250 0.178 0.076

95 80R PST1 SASI ROCK PIPE 12.75 o OBO O.OBO 0.200 0500

96 EOD 1"3:1 SASI ROCK PIPE 1275 0080 0200 0.120 0400
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Table 25. Side/tip quake and damping parameters of data set PD (continued).

SIDE TIP SIDE TIP

REF PilE SKIN TOE PilE QUAKE QUAKE DAMPING DAMPING

NO. NAME SOil SOil TYPE (in) (in) (sift) (sift)

97 EOO P4T1 SASI ROCK PIPE 1275 0100 0250 0030 0330

98 BOR PN123 SI COOPERMARl PSC 24 0.050 0700 0070 0099

99 BOR PN123R7 SI COOPERMARl PSC 24 0.050 0500 0.106 0012

100 EOD TP23 SA ClSI MON014NU 0150 0500 0300 0250

101 BOR TP1 SA SA HP 14x73 0.100 0.330 0250 0050

102 BOR TP23 SA ClSI MON014NU 0.110 0.300 0.637 0.044

103 BOR TP24 SA ClSI MON014NU 0.130 0.400 0.589 0.069

104 BOR PN608 ClSA SA PIPEJPSC14 0.098 0.244 0250 0.350

105 BOR PN705 ClSA SA PIPEJPSC14 0.100 0220 0.196 0.480

106 BOR PN795 ClSA SA PIPEJPSC14 0.100 0.260 0.200 0.530

107 BOR PN833 ClSA SA PIPEJPSC14 0.100 0.110 0.146 0.400

108 BOR PN834 ClSA SA PIPEJPSC14 0.100 0.120 0156 0.500

109 BOR PN83S ClSA SA PIPEJPSC14 0.080 0.100 0200 0.400

110 BOR PN836 ClSA SA PIPEJPSC14 0080 0080 0350 0.500

111 BOR PN11 ClSA liMESTONE PSC 12 0.100 0220 0.100 0.520

112 BOR PN115 ClSA liMESTONE PSC 12 0.100 0.150 0.125 0.700

113 EODTP2 SASI SA HP 12x179 0.112 0.391 0040 0.240

114 BOR PN2 SI SASI HPIPSC24 0.120 0.080 0504 0.001

115 EOO PN22SE SA SANDSTONE PSC 30 0090 0250 0.172 0.250

116 BOR ET2 ClSI COOPERMARl HPIPSC24 0.092 0043 0230 0.100

117 BOR ET2 ClSI COOPERMARl PSC 24 0.082 0.425 0362 0.148

118 EODTP1 SASI ROCK PSC 12 0470 0240 0200 0.540

119 EODTP2 SASI ROCK PSC 12 0050 0.290 0120 0650

120 BOR PN11B1 ClSA COOPERMARl HPJPSC NU 0.128 0.120 0480 0021

121 BOR ET3 ClSI COOPERMARl PSC 0096 0350 0150 0350

122 BOR ET4 ClSI COOPERMARl HPIPSC 0091 0080 0250 0150

123 RES PN120 ClSI COOPERMARl PSC 0.080 0360 0.497 0.057

124 EOD PN6 NA NA PSC 0.100 0260 0160 0.180

125 EOO PN7 NA NA PSC NU 0.070 0.100 0100 0.130

126 EOD PN16 ClSI SAGR PIPE 14 0.060 0.300 0400 0.550

127 RES TP2 ClSI SAGR PIPE 12 0.080 0.310 1.100 0070

128 BOR PN17 ClSI SAGR PIPE 14 0.071 0.160 0.610 0.605

129 BOR PN26 ClSI SAGR PIPE 14 0.050 0.100 0.749 0.425

130 BOR PN7E SA SASTONE PSC 30 0090 0.080 0.200 0.628

131 BOR PN7N6 SA SASTONE PSC 30 om6 0.070 0.507 0.625

132 EOD PN6E25 SA SASTONE PSC 30 NU 0.100 0.240 0.175 0200

133 EOD PNSE18 SA SASTONE PSC 30 NU 0.100 0.270 0.160 0220

134 BOR PN5E19 SA LIMESTONE PSC 30 0.060 0.190 0681 0.336

135 BOR PN5E22 SA liMESTONE PSC 30 0.070 0.170 0.800 0.320

136 BOR PN5E25 SA liMESTONE PSC 30 0060 0.100 0.527 0.253

137 BOR PN5 SA SASTONE PSC 30 0053 0.260 0.161 0305

138 EOD PN4 SA SASTONE PSC 30 0.100 0.250 0.060 0.260

139 EODTP28 SA SI MONO NU 0100 0.600 0.410 0062

140 EODTP27 SA SI MONO NU 0090 0.700 0.451 0042

141 BOR PN12 SA SA CEP16 0060 0.100 0.462 0.759

142 EOD PN12 SA SA CEP16 0060 0.160 0.620 0348

143 EOD PN3 SASI SA HP 12x74 0.170 0.250 0.120 0.420

144 BOR R1 ClSI Cl HP 14.73 0.110 0.110 1.644 0.198
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Table 25. Side/tip quake and damping parameters of data set PD (continued).

SIDE TIP SIDE TIP

REF PILE SKIN TOE PILE QUAKE QUAKE DAMPING DAMPING

NO. NAME SOIL SOIL TYPE (in) (in) (sift) (sift)

145 BOR R10 CLSI CL HP 14x73 0.150 0.100 1669 0.050

146 BOR Tl CLSI CL HP IOx42 0086 0.100 2.058 0.301

147 BOR T2 CLSI CL PSC12 0150 0.200 1.400 0080

148 BOR T3 CLSI CL PSC 14 0069 0.360 0700 0.400

149 BOR T4 CLSI CL PIPE 12.75 0.110 0.100 1.298 0.055

150 EODRl CLSI CL HP 14x73 0140 0.120 0.898 0.196

151 EOD Rl0 CLSI C~ HP 14x73 0160 0.100 1.508 0052

152 EOD T1 C~SI C~ HP lOx42 0.100 0.270 1631 0.047

153 EODT2 CLSI Cl PSC 12 0.220 0.200 0838 0032

154 EODT3 CLSI Cl PSC 14 0.060 0.310 0.750 0.247

155 EODT4 CLSI Cl PIPE 12.75 0.120 0.180 0950 0.025

156 BOR PN104Q CLSI SA PSC 14 0.060 0.100 0.404 0231

157 BOR PN1056 CLSI SA PSC14 0.100 0.360 0.311 0.400

158 BOR PN896A SA LIMESTONE PIPE 9.6 0200 0310 0.220 0.634

159 BOR PNB98B SA LIMESTONE PSC 14 0.050 0050 1.347 0.213

160 EOD PNBl TILL ROCK CEP18 0100 0280 0.2SO 0.200

161 EOD PNB4 TILL ROCK CEP18 0.100 0.320 0080 0.701

162 EOO PN010 ClTILl ROCK OEP18 0.100 0.320 0.279 0.492

163 EODB12 NA NA PIPE 14 0250 0.330 0349 0.319

164 EOO B24 NA NA PIPE 14 0.140 0380 1.300 0.283

165 x: TP7 SA SA MONO 0.050 0.120 0.993 0.027

168 EODTP12 SA SI MONO 0.040 0.040 1.200 O.lSO

167 EODTP2 SA SI MONO 0.050 0.050 0.800 0.120

168 EODTPS SA SI MONO 0.050 0050 0.749 0.093

169 EOD PN2 5A SI MONO 0.050 0.170 0800 0.080

170 x: PNA17.5 SA SA PIPE 16 0.060 0.230 0.150 0.453

171 BOR PNH218 51 CooPERMARL HP/PSC 0.150 0.150 0.300 0.450

172 EOD PN7 ClSA liMESTONE HP lOx57 0.106 0090 0.350 0.534

173 EOR PN1056 SASI SA PSC 14 0.080 0250 0.313 0.095

174 EOOTPS SI GR PIPE 12 0.150 0.220 0.600 0.3SO

175 RES TP2 SI GR PIPE 12 0150 0.170 0.751 0436

176 RES TPJ SI GR HP lOx12 0100 0.165 0.600 0.220

In EODTPl CLSA ClSA HP lOx42 0098 0.200 0.250 0150

178 EOD PN38 CL TILL HP 12X74 0.128 0.100 0900 0.450

179 EOD PN40 Cl TILL HP12x74 0.130 0.100 1.000 0.500

180 BOR PNl17 SASI COOPERMARL HP 14x89 0.089 0.100 1.494 0.254

181 BOR PN224 SASI CooPERMARL HP 12x53 0.090 0.250 1.010 0.154

182 TP2 BOR SIICL SA PSC 12 0.120 0.250 0.250 0.210

183 BOR TP1235 SA ClSA PSC 14 0100 0.150 0.355 0.748

184 BOR TP1259 SA CLSA PSC 14 0.100 0.160 0.514 0.530

185 DD PN355E6 SASI LIMESTONE HP lOx42 0100 0.210 0320 0.430

186 DD PN375Pl SASI LIMESTONE HP IOx42 0100 0.210 0.297 0.492

187 EOD PN375D2 SASI LIMESTONE HP IOx42 0.100 0.160 0320 0618

188 x: TPJ CLSA LIMESTONE CEP 0.099 0.070 0.450 0630

189 BOR PN14 SASI SA PSC 14 0.070 O.OSO 1.009 0.211

190 BOR PN24 SASI SA PSC 14 0.070 0.050 0.820 0.100

191 C-41 BOR CooP.MAR CooP.MAR PSC 18 0.059 0.150 1.026 0.289

192 RES PN810 CLSA COOPERMARl PSCfHP 0338 0.349 0.2SO 0200
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Table 25. Side/tip quake and damping parameters of data set PD (continued).

SIDE TIP SIDE TIP

REF PILE SKIN TOE PILE QUAKE QUAKE DAMPING DAMPING

NO. NAME SOIL SOIL TYPE (in) (in) (sift) (sift)

193 x PN2 CLSI COOPERMARL PSCIHP 0.157 0.186 0.264 0.042

194 X PNB141 NA NA PIPE 12.75 0.100 0.200 0.010 0400

195 X PND161.1 NA NA PIPE 12.75 0.100 0.260 0.008 0.582

196 PN8B43BO COOP MAR COOP MAR 18·OCT. 0.160 0.400 0.390 0.050

197 PN25BOR COOP MAR COOP MAR 24 OCT. 0.275 0.340 0.833 0.211

198 BOR 14Bl COOP MAR COOP MAR PPC240CT 0.250 0.300 0.620 0.140

199 PN9B BOR MARK MARK 24 OCT. 0.250 0.400 0.720 0.122

200 BOR21B12 COOP MAR COOP MAR PPC240CT 0.320 0.370 0.414 0.149

201 00 PN69 CLSI SA PSC 12 0.100 0.200 0.020 0.554

202 EOO PN232 CLSI SA PSC12 0.100 0.250 0.105 0.369

203 EOD PN244 CLSI SA PSC 12 0.100 0.340 0.012 0.256

204 EOO PN318 CLSI SA PSC 12 0100 0.190 0.086 0.516

205 EOO PN332 CLSI SA PSC 12 0.100 0.460 0.075 0.1SS

208 EOD TPI CLSI SA PSC 12 0.096 0.190 0.040 0.398

207 BORPS SACL SA PPC 14 0.098 0.150 0.120 0.407

208 EODP7 SACL SA PPC 14 0060 0.310 0.250 0.340

209 EODP7 SACL SA PPC14 0.060 0270 0.250 0340

210 EOO P 10 SACL SA PPC 14 0.080 0.180 0.255 0.400

211 EOD P11 SACL SA PPC 14 0.100 0.100 0.670 0.200

212 EODP9 SACL SA PPC 14 0.100 0.265 0.300 0.150

213 EODP8 SACL SA PPC 14 0080 0.200 0.300 0.200

214 EOIO P6 SACL SA PPC14 0.060 0.110 0.350 0.250

215 BOR PN110 SACL CLSI PSC 16 0.080 0.090 0.920 0.540

216 BOR PNll1 SACL CLSI PSC 16 0.100 0.110 1.100 0.100

217 EODPN110 SACL CLSI PSC 16 0.070 0.140 0.550 0150

218 EOD PN111 SACL CLSI PSC16 0044 0.072 0.640 0.170

219 EOR PN12 SA SA/COBBL HP14x89 0.100 0.145 0.782 0.483

220 EOO PN2 SA SA/COBBL HP14x69 0.125 0.200 0.563 0.433

221 PILE 6 B CUSI ROCK HP141117 0.100 0.100 0.700 0.150

222 K7EOD SA/SI SA/SI HP14x73 0.050 0.250 1.400 0.200

223 K2BOR SIISA SIISA HP14x73 0.047 0.100 1.800 0.220

224 BOR Tf>13 SA LIMESTON HP14x74 0.060 0.055 0.218 0.650

225 EOD A-5- CLAY LIMESTON HP1Ox57 0.060 0.060 0.700 0.720

226 7S.ABUT SAlSIIGR SA/SIIGR CEP 10.7 0100 0250 0.105 0.456

227 BOR L-a SIICL CL SI PPC12 0140 0210 0.150 0.490

228 BOR38 CLAY L1MESTON PPC 0.140 0150 1.050 0.550

229 BOR TP2 CL SA TIM. 12 0.040 0.040 1.117 0.350

230 BOR TP2 SACL SACL TIMBER 0040 0.040 1.400 0.416

231 TP2 BOR SA SA TIMB.12. 0.050 0.100 1.043 0.215

232 A2 EOID CL CL TIMBER 0.200 0.200 0620 0.021

233 E2 BOR CL CL TIMBER 0045 0.130 1.200 0.200

234 PN'2 EOO SA SA/GR TIM 14 0.100 0350 0680 0.029

235 EODTP3 CLSI CLSI HP 14173 0060 0.170 0.374 0.240

238 TP3 20FT CL CL HP14x73 0.050 0.250 0.340 0200

237 TP4 EOD CL CL HP 14x73 0.060 0.200 0.330 0090

238 TP4 BOR CL CL HP 14173 0.050 0.350 0.400 0.150

239 TP22 BOR SI/CL SI/CL MONO 0.070 0.100 1.700 0.204

240 PN28EOD CL ROCK HP1Ox57 0.095 0.060 0.310 1.0s0
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Table 25. Side/tip quake and damping parameters of data set PD (continued).

SIDE TIP SIDE TIP

REF PilE SKIN TOE PILE QUAKE QUAKE DAMPING DAMPING

NO. NAME SOil SOil TYPE (in) (in) (sift) (sift)

241 EOD4DI Cl ROCK HP 12x53 0.080 0.060 0648 0.765

242 EOD J31 CUSI ROCK PP14 0090 0.385 0359 0.081

243 BOR J31 CUSI ROCK PP14 0078 0.229 o 5SO 0.2SO

244 DO J31 CLAY Til CLAY Til CEPIPE 1 0.100 o 5SO O.ISO 0.316

245 BOR PN20 SA/SI llMESTON PSC 14 O.OSO 0.130 0.240 0.280

246 B1P26BOR SA llMESTON PSCI8"Sa 0.145 0.215 0.193 0.215

247 Bl1PSOBO SA LIMESTON PSC1S"SQ 0.044 0.246 0.120 0.320

248 EODP26 SANDSTON llMESTON PSC1S"Sa 0080 0.130 0.190 0.380

249 BI3P4SBO SA L1MESTON PSC18"Sa 0044 0.246 0.120 0.320

2SO EOD258 AllUVIUM TILL ALL CEPIPE 1 0.185 0.300 0.531 0.406

251 BOR 174 AllUVIAL ALLUVIAL CEPIPE 1 0.114 0.100 0.800 0.570

252 BOR PN1 CLSI SAGR PIPE 12.75 0.100 0.220 0.578 0.n5

253 DO PN10 CLSI SHALE PIPE 7 0.080 0.120 0.550 0.150

254 DO PN18 ClSI SHALE PIPE 7 0080 0.100 0.982 0050

255 EOD PN10.375 ClSI SHALE PIPE 7 0080 0.800 0.284 0020

256 EOD IP1 SASI SASI PSC 12 0100 0.242 0.550 0.240

257 EOD IPJ SAS) SASI PSC 12 0094 0.364 0.416 0.156

258 199.EOD SA/SISA SA 12"PSPC 0055 0320 0.382 0.075

259 293.BOR SA/SASI SA 12"PSPC 0083 0.141 1.849 0161

260 1n.EOD SCORIA CLAYSTON HP10>c57 0090 0.207 0.964 0265

261 59.EOD SCORIA CLAYSTON HP1Qlc57 0090 0.303 0.705 0.281

262 BOR TP2 CL-sA Cl-SA HP14 0070 0.230 0.350 0.250

263 BOR PNF2 ClSA ClSA PSC 12 0100 0.350 0.522 0.134

264 BOR PNH20 ClSA ClSA PSC 12 0150 0160 0.509 0115

265 EOD PNH20 ClSA ClSA PSC 12 0500 0620 0.258 0.059

268 BOR K521C2 NA NA PSC14 0110 0.110 1.084 0.381

267 BOR M27A1 NA NA PSC 14 0100 0.150 1.065 0237

288 BOR M29C3 NA NA PSC 14 0170 0.160 1.164 0.105

269 BOR 1lA29C3 NA NA PSC 14 0080 0.275 0532 0.275

270 DDS091 ClSA ROCK PSC 10 NU 0080 0.100 0.400 1.000

271 EODAB34S ClSA ROCK PSC 10 0060 0.100 0.173 0.273

272 BOR PNA4W ClSA liMESTONE PSC 14 0090 0.090 0.184 0.438

273 EODTPJ ClSA liMESTONE PSC 10 NU 0100 0.110 0.202 0.750

274 BOR TP2 ClSA SA PSC 14 0058 0.350 0.120 0.200

275 EOR TP1 ClSA SA PSC 14 0098 0.450 0.020 0.180

278 BOR PN2304A3 SASI COOPERMARl PSC 18 0100 0.500 0.106 0.062

2n BOR TP1 SA Cl MONO 12 0078 0.050 1.316 0.107

278 RES PN1 SA SA MONO 12 0119 0.080 1.962 4.2n

279 RES PN2 SA SA MONO 12 0038 0.020 1.250 0.250

280 RES PN3 SA SA MONO 12 0105 0.172 1.130 0.242

281 RES PN4 SA CL MONO 12 0090 0.060 1.801 0297

282 RES PN5 SA CL MONO 12 0047 0.025 7.500 0393

283 RES PN8 SA CL MONO 12 0056 0.030 1241 0443

284 RES PN6 SASI SASI PSC 14 0060 0.060 1.430 0.138

285 EODTP9 SASI SASI PSCIS 0080 0.240 0.294 O.ln

288 RES 858 SAS) SAS) PSC 14 0090 0.165 1.082 0.410

287 RES F14 SASI SASI PSC 14 0090 0.240 0.623 0.147

288 RESG37 SASI SASI PSC 14 0110 0.300 0482 0.105
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Table 25. SideJtip quake and damping parameters of data set PO (continued).

SIDE TIP SIDE TIP

REF PILE SKIN TOE PILE QUAKE QUAKE DAMPING DAMPING

NO. NAME SOIL SOIL TYPE (In) (in) (sift) (sift)

289 RES PN2 NA NA PCC 18 0100 0240 0.287 0.115

290 RES PN7-61 NA NA PCC 18 NU 0164 0.300 0.367 0.022

291 BOR TP1 SA SANDSTONE PSC 14 0120 0.100 1621 0.049

292 BOR TP10 SA SANDSTONE PSC14 0100 0.116 1.473 0.138

293 BOR TPJ SA SANDSTONE PSC 18 0134 0.118 0965 0,172

294 BORT~ SA SANDSTONE PSC 14 0186 0200 0.841 0,183

295 BOR TPe SA SANDSTONE PSC18 0.130 0224 0.530 0.250

296 BOR TP7 SA SANDSTONE PSC14 0,140 0140 0.999 0.143

297 BORTP8 SA SANDSTONE PSC14 O.ISO 0140 0,927 0.208

298 BORTP9 SA SANDSTONE PSC 14 0080 0114 1.447 0,4SO

299 EODTPl SA SANDSTONE PSC 14 0.100 0,500 0.157 0065

300 EOD TPJ SA SANDSTONE PSC 18 0.100 0.260 0,102 0.254

301 EODTP8 SA SANDSTONE PSC 14 0,100 0.340 0,311 0.135

302 815T EOD SAiCY SA MONOTUBE 0100 0.070 1,594 0.684

303 B9PJBOR SAiCY SAiCY 18·PCP 0.080 0125 1,167 0.098

304 S4PC N20 CL CL 30PPe 0.110 05SO 0,373 0.023

305 PJ Pl.R SI/SA SI/SA HIPPe 0.050 0,100 2,049 0.022

306 8JE 2 RE CL CL 18 PPC O.ISO 0.400 0156 0063

307 B 70 P5 CL SA 24 PPC 0.110 0.106 0,099 0454

308 PIER 7 P SI/SA SliSA 18 PPC 0,080 0.220 1,103 0,035

309 X PN201E2 SASI COOPERMARL PSC 18 o ISO 0.670 0.040 0,040

310 X PN205E3 SASI COOPERMARL PSC 18 0200 0.7SO 0.080 0,080

311 X PN209E3 SASI COOPERMARL flSC 18 0,120 0.700 0.060 0.110

312 X PN213E2 SASI COOPERMARL PSC 18 0,200 0.900 0.080 0,090

313 EODTP1799 SASI CL PPC 0040 0,620 0.2SO 0,080

314 RES TP1799 SASI CL PPC 0100 0.100 0580 0,330

315 X TP1799 SI SA PPC 0050 0.450 0.250 O.lSO

316 151.EOD CUSA SA 12 PPC 0085 0.179 0.3SO 0,350

317 X PN258K NA NA CEP 20x0 5 0140 0.140 0.600 0.650

318 X PN29K NA NA CEP 20x0 5 0260 0210 0.3SO 0.5SO

319 X PN30K NA NA CEP 20xO 5 0200 O.ISO 0300 0.3SO

320 X PN2031 SASI SAROCK PSC '2 0100 0.320 0.207 0261

321 BOR TP4 SASI SA CEP'275 0100 0.2SO 0,183 0,707

322 EOD TFl4 SASI SA CEP 12 75 a D60 0320 0.320 0.481

323 BOR PN13 CLSI SASI PSC 12 oD60 0.400 0.470 0.Q25

324 BOR PN1S CLSI SASI PSC 12 0050 0.330 0.450 0,050

325 BOR PN21S CLSI SASI PSC 12 0210 0.180 0.300 0.220

326 BOR FlN28 CLSI SASI PSC 12 O,ISO 0.170 1.000 0.050

327 BOR PN31 CLSI SASI PSC 12 0130 0,300 0.700 0.2SO

328 BOR PN31 CLSI SASI PSC 12 0180 0.180 0.400 0.440

329 BOR PN43 CLSI SASI PSC 12 0130 0.5SO 0.550 0,040

330 BOR PN49 CLSI SASI PSC 12 0100 0.100 0.6SO 0.200

331 EOO PN13 CLSI SASI PSC 12 0080 0.300 0.2SO 0.030

332 EOD PN213 CLSI SASI PSC 12 0050 0400 0.150 0.050

333 EOO PN26 CLsa SASI PSC 12 0070 0.300 0.180 0.070

334 EOO FlN49 CLSI SASI PSC12 0.150 0.500 0200 0030

335 EOR PN310 CLSI SASI PSC 12 0.130 0.145 0.250 0,550

336 XPNAJ CLSA TILL CEP 14xO 5 0070 0.070 0.700 0.500
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Table 25. Side/tip quake and damping parameters of data set PO (continued).

SIDE TIP SIDE TIP

REF PilE SKIN TOE PilE QUAKE QUAKE DAMPING DAMPING

NO. NAME SOil SOil TYPE (in) (in) (sift) (sift)

337 XPN~ ClSA Till CEP 14xO.5 0.030 0.050 0.952 0.400

338 XPNG3 ClSA Till CEP 14xO.5 0.200 0.120 0.750 0.200

339 BOR PN12e Cl TILL PSC 14 0.326 0.218 0.350 0.530

340 BOR PN1n Cl Till PSC 14 0318 0.174 0.320 0.650

341 EOD PN128 Cl TilL PSC 14 0.366 0.331 0.300 0.514

342 EOD PN177 Cl TilL PSC 14 0.120 0.340 0.100 0.500

343 BOR TP1 ClSA Cl PSC 18 0.060 0.170 0.580 0.130

344 BOR TP2 ClSA Cl pse 24 0.120 0.180 0.500 0.336

345 BOR TP3 ClSA SA PSC 18 0062 0.090 0.650 0.400

348 BOR TP4 CLSA Cl PSC 18 0.065 0.200 0.950 0.080

347 BORTPS ClSA Cl PSC24 0.130 0.369 0.350 0.116

348 BOR PN243 51 SAGR CEP 141lO.37 0.144 0.130 0800 0.700

349 BOR PN317 SI SAGR eEP 141lO.37 0.134 0.153 0800 0.735

350 EOD PN317 SI SAGR eEP 141lO.37 0.150 0.430 0.550 0.180

3!1 RES TP13 51 51GR CEP 141lO.37 0,095 0.060 0.950 0.150

352 RE5 TP8 51 SIGR CEP 141lO,37 0.050 0.050 1,100 0.090

353 RES TP1 SA Cl PIPE 12 0.120 0.120 1.150 0.500

3504 RES TP2 SA Cl PIPE 12 0.200 0,160 0.700 0.700

355 RES TP3 SA Cl PIPE 11 NU o.on 0.069 0400 0.270

356 RES TP4 SA Cl PIPE 12 0.150 0.150 1.000 0.539

357 0.18-1.8 CUSA SA PIPE 10 0,100 0.152 0.550 0.872

358 151-BOR CL,se,S SA 12 PPC 0085 0.142 0.380 0.385

359 NA NA ppc 12 0,075 0.150 0.360 0.380

360 A4-21·EO Cl Cl 26 PIPE 0.150 0.100 0.700 0.500

381 EOD PN3)1011 ClSI liMESTONE PIF'E 0.167 0.196 0.250 0.400

362 EODTP ClSI LIMESTONE PIPE 0.140 0200 0.353 0.6n

363 TP8 SA SA OCT16.5 0.160 0.225 1.150 0.450

3&4 BORTP1 SI 51 HP305MMX 0.080 0.300 1.800 0.100

38! BOR 643P OOPERMAR COOPERMARL 18 OCT. 0.140 0.220 0.865 0.234

366 BOR B12P SA/SI llMESTON PSC 18 0.035 0.080 0.174 0.798

367 EORPN20 SA L1MESTON PSCI8"Sa 0110 0.150 0.400 0.137

368 EODPN23 SA llMESTON PSe18"Sa 0,110 0.150 0.400 0.137

369 EODTP1 SAND SAT SAND SAT CEF'IPE 1 0.100 0.250 0640 0.440

370 BOR TP1 SA SATUR SASATUR EICEPIPE 0.080 0.080 1265 0.348

371 BORPN50 SA/SI SA PP12.75 0.044 0,048 1.800 0.700

3n EOOo'So:S SAS' WwlESTON PSC10 0.060 0.100 0.201 0.463

373 BOR·TP.. SASI SASI HF'14xl1 0.050 0060 0.720 0.030

374 BOR·PN43 SA Cl MONO 11 0.075 0.150 3.800 0.400

37! EOOoTP1 SAsr SASI CEF'16 0,090 0.240 0.157 0.974

378 BOR·E~4 Cl llMESTON PSCl6"Sa 0,080 0.100 0.465 0.395

377 BOR2r:me NA NA F'PC24 0100 0.160 0.254 0.643

378 1R8.120 SASI SASI COMPOSIT 0197 0.180 0,500 0.090

379 EOR 027 SACl SACl PPl4' 0,080 0.450 0.457 0.313

380 B.2P.1SB SACl llME5TON 24"5a. 0,090 0.300 0.270 0.200

381 EODTP2 NA SHALE HP10lt57 0.083 0,185 0330 0.707

382 BOR 13. OVERBURD MARL 24-oc:t 0274 0.200 0.545 0.141

383 BOR 58.! MARL MARL 18 OCT. 0,180 0.180 1.208 0.071

384 F20SMI 51 llME5TON 24 PPC 0.100 0.180 0.058 0.244
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Table 25. Side/tip quake and damping parameters of data set PD (continued).

SIDE TIP SIDE TIP

REF PILE SKIN TOE PILE QUAKE QUAKE DAMPING DAMPING

NO. NAME SOIL SOIL TYPE (in) (in) (sift) (sift)

~ EODFHAS SA SA TILL CEP18 0.100 0.320 0.250 0.170
388 BOR PN248 CLSA COOPERMARL HP 14.73 0.080 0.080 1,010 0.316
387 TP4EOO SA ROCK HP12.74 0.080 0.340 0.100 0,480

388 PN8 EOO SA SHALE HP1OX57 0,090 0.127 0.234 0851
389 PN7 EOO SA SHALE HP1OX57 0.090 0.127 0.234 0.651

390 EOO PN7 CLSA CLSA CEPIPE24 0.075 0.330 0,240 0,116

391 BOR PN7 CL51 CL 51 CEpIpE24 0075 0.330 0.240 0,116

392 BOR PN3 CL CL 24 PI" 0.147 0.672 0.200 0.087

393 BOR pN3 CL CL 24 PI" 0,170 0.340 0.186 0250

394 EOO PN1 SA LIMESTON lapsc 0,075 0220 0.281 0.133

395 BOR Tp4 SA SA 12 PI" 0.250 0.340 0.550 0.450

398 BOR2J59 MARL MARL pPC180CT 0.110 0.110 0.720 0.102

397 BOR4I58 MARL MARL PPC180CT 0.120 0.200 0.800 0.103

398 TP2 BOR 5ASI 5ASI 24PSPC 0.140 0.140 1.200 0.285

399 Tp1 EOO SACL SACL HP14x73 0.080 0.280 0.250 0.750

400 BOR Tp1 SACL 5ACL HP14x73 0.080 0.170 0.550 0.838

401 pN B EOO SA LIMESTON 24 PSC 0.100 0.150 0.250 0.290

402 EOOTP2 CLSI CL SI Hp14.73 0090 0.320 0.240 0.208

403 BOR TP2 CLSI CL 51 Hp14.73 0.100 0.320 0.400 0.278

1 in- 25.4 mm

1 sift. 3.281 slm
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