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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.



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 tocl 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 19" 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 er 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-TNQ, 1993; Reiding er 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 er al., 1975). This analysis is
based on a simplified solution of the wave equation and provides a "real-time" capacity



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 er al, 1970); TEchnion Pile Wave Analysis Program,
TEPWAP, (Paikowsky, 1982 and Paikowsky and Whitman, 1989); and TNO (Middendorp
and van Weel, 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. Limited studies suggest
substantial limitations to the Case Method (e.g., Trow Report, 1978; Paikowsky, 1982;
and Thompsen 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 ¢lay 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 alternative 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 Chernauskas (1992).

The second part (chapters S, 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),

2



contains data on 403 piles monitored during driving. This data set was provided

exclusively by Pile Dynamics, Inc. of Cleveland, Ohio and was originaily 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.

13 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.



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, including 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 PD, including pile geometry, skin and toe soil,
dynamic measurements, and CAPWAP and Energy Approach predictions.



Table 1.

Data set PD/LT contributors.

Organization

Persons in charge and/or contact
people

Number
of cases

Reference

FHWA Dynamric Manilaring anda

File-Load Test Repons-Proect 56;
Colorgao {1987, .owa (1988},

Inc.

U.S. Federal Highway Richard Cheney, Jerry DiMaggio, 126 Wenlucky (1999), Louisiana {1980),
Administration Albert DiMillio, Chris Dumas, Mare {1990}, Minnesata (1991),
Missoun (1989), Nacraska (1989,
and Caﬂ Ealy Qxlahoma (1588, Cregon |1347),
Pernsylvania (1991}, Vermeont
(1997), Wasrington {1984},
Pile Dynamics, Inc. and Geerge Goble, Garland Likins, a7 Aba, Liking, ang Morganc {1990,
GRL, Inc. Frank Rausche, and Mark Svinkin inhouas Reparts.
Qntario Ministry of Betty Bennet, Murty Devata, F‘"ﬂ';ﬂﬂ Gapactty Evaluation HWY
Transportation John Pertruzziello, and 14 gnd:ﬁ:r:j:;ﬂ‘:?gwgn
Mark Vasavithisaan Ragon-Site 35 Cniano MOT (1543),
Thampson ang Devata {1980).
Tha Trow Repon {1878), Chang and
The Trow Group Limited | Shaheen Ahmad, Steven Cheng, 35 B R o o,
Tony Maini, and David Foundatign Evaluation and Design
Thompson Rapor-Sits 33 Oraric MOT (1583},
GZA GeoEnvironmental William Beloff and Steve Roy 15 Inhouse Reports |
Gannet and Flemming James Langer and John Masland 10 Inhouse Reports
Law Engineering Kevin Kett 6 Inhouse Reports
STS Consuitants Patrick Hannigan 4 Inhouse Reports
Wagstaff Piling David Klingberg and 4 Inhouse Reparts
Julian Siegel
Haley and Aldrich Inc. Christopher Snow, David 6 Inhouse Reports
Thompson, and James Weaver
Florida DOT William "Bubba® Knight 59 Inhouse Reports
Oklahema DOT Steve Jacobi 7 Inhause Repons
Washington DOT Ralph Henning 4 Inhouse Reports
lowa DOT Curtis Monk 4 Inhouse Repaons
QOregon DOT Glen Thommen 2 Inhouse Reports
Louisiana DOT Mark Morvant 3 Inhouse Reports
Anna GeoDynamics, Bengt Fellenius 2 Edda and Faiisnius (1990)

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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CHAPTER 2 - BACKGROUND

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.! 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. Asa
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 confirmed 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

The 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 with driven-timber piles.
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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 twice 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 the 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 PD/LT, 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.



CHAPTER 3 - DYNAMIC ANALYSIS 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 ¢lastic 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., dvnamic 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 tormula in their foundation
specifications for the determination of bearing value for single-acting steam/air
hammers. Of these 45 States, 30 use the Engineering News 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-empincal equations are restricted to the
conditions and assumptions ot their original data set.

. State highway building codes utilize theoretical equations.



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:

W= R,(s+9) (1)
2
where R, = yield resistance
S = pile set, denoting the permanent displacement (plastic
deformation) of the pile under each hammer blow
Q = quake, denoting the elastic deformation of the pile-soil

system.

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 equations 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).

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

32.3 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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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.

1.3 THE WAVE EQUATION

3.3.1 Formulation and Principles

[ssacs (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 Issacs
formulation; however, without the aid of computers, many simplified assumptions were
necessary because of the complexity of his solution (Smuth, 1960).

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

Pu

S
f-p Zu @)

2
Pt A TP

where 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.

E, p,
ufx,t)
£

Ay S,
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 (f;) are generated by

the movement of the pile. When the pile is subjected to free-wave motion (f,=0), the
stress propagation equation becomes the familiar one-dimensional wave equation:
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praCA N (3)

where

C=\J—p (4)

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

m
1

Pp

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 s0il 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, R,. Plastic failure occurs as the ground resistance has reached its
maximum and the adjacent pile segment displaces, plastically, to point B. Unloading the
soil at point B produces an elastic rebound, equal to the quake, to point C. The
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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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Resistance

Figure 3. Soil-pile model (left) and the corresponding elasto-
plastic soil resistance-displacement relationship {after Smith, 1960).

permanent set is, therefore, equal to the distance OC, which, in turn, is equal to distance
AB (Smith, 1960). The static soil resistance-displacement relationship, as presented by
Smith (1960), is modeled by a spring (K,) and a slider, where W represents the mass of
the pile element. '

The dynamic component of the soil’s resistance is assumed to 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 (R,,)
developed under each hammer blow is a combination of the static and dynamic soil
resistances:

Rnnx = R1+Rd (5)

where Ruax = total resistance
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The wave equation formulation is used in two general ways: pre-driving analysis and
post-driving analysis.

3.32 Pre-Driving Analysis

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

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 mode! 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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Figure 5. Flow chart describing the analysis process using TEPWAP (Paikowsky, 1982).

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 (J_) is difficuit (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 AND THE PILE-DRIVING ANALYZER

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 the 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 Gable et al., 1970 and Rausche er al., 1975), is a simple field
procedure used by the PDA to estimate pile capacities. Analysis by the Case method is
based on the assumptions of a uniform elastic pile. ideal plastic soil behavior, and a
simplified wave propagation formulation. Emploved 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 resistance (RTL) active during pile-driving,
using the following equation:
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LF(TD) » F(T1 + 25y

2L,y MC (6)
RTL = > +[v(T1)-v(T1 +?)]-2—L
where F(T1) = measured force at the time T1
F(T1+2L/C) = measured force at the time T1 plus 2L/C
v(T1) = measured velocity at the time T1
v(T1+2L/C) = measured velocity at the time T1 plus 2L/C
L, M = length and mass of the pile, respectively
C = speed of wave propagation in the pile.

Different variations of the Case method have been developed taking T1 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:

Tl = TP+& (7)

where TP
)

time of the impact peak
time delay.

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

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

RTL = §+D (8)

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 (V) and a damping constant (J) where:

D =JsV, (9)

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

function of the velocity at the pile top (Goble er al., 1975):

v -2v -Lrm (10)

e rop Mc

where pile length

pile mass

wave speed of the pile material
total resistance

Vi velocity at pile top.

L
M
C
R

I w nhhn

Viop is taken as the pile top velocity at the time T1.
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According to Goble ef al. (1975), remolding effects cause the majority of the damping
resistance to be concentrated near the pile tip. Consequently, the damping constant is
determined according to the soil type at the pile tip. In most cases, the damping
constant (J) is proportional to the pile properties (EA/C) and, therefore, is represented
by a dimensionless coefficient (J) using the following equation:

EA
J=J — (11
< C )
where J. = dimensionless Case damping coefficient
E = elastic modulus of the pile material
A = pile cross-sectional area
C = wave speed of the pile material.

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

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

Soil Type at Pile Tip Goble et al., 1975 PDA Manual, 1990
clean sand 0.05 0.10 10 0.15
silty sand 0.15 0.15t0 0.25
sandy silt 0.2 -
silt 0.3 0.25 to 0.40
silty clay / clayey silt 0.55 -
silty clay - 0.40t0 0.70
clay 1.1 0.70 10 1.00

It is suggested that J, values less than 0.10 are unlikely. Large J_ values result in more
conservative capacity predictions, and the range of J. = 0.5 to 1.0 can cause large
capacity differences (PDA Manual, 1990). J. 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 J..

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 with 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 Methoed, RSP
The Damping Factor Method uses the velocity at the toe of the pile (V,..) of equation
(10), which may be rewritten as:

_, . LF(TD)-RTL]
Vm Vrop AlS (12)
L

and the Case damping constant (J.) 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:

RSP=RTI.-JN;C

-V, (13)

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

{b) The Maximum Resistance Method, RMX

The Maximum Resistance Method uses the RSP equation with 2L/C as a fixed quantity.
The time T1 used in the RSP equation is varied between the impact time (TP) and TP

+ 30 ms 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 er al., 1975). The most familiar one is
T1=TP, the time of maximum velocity. This was then modified to T1=TP + &, whare §
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 (R,). This T1 is not necessarily the same one that will
produce the maximum total resistance RTL. RMX can be used in cases of large so’l
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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 RMX 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.

(¢) The Minimum Resistance Method, RMN

Tension cracks, splices, and changes in ¢ross-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, T2 or (T1+2L/C), is varied through the 2L/C "window,"” which is
centered around T2 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 T2. 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:

RSU=RTI.+K—J[F(:1)+v(T1)-"f—Rn—K] (14)

where K = the unloading correction coefficient.

The correction coefficient is calculated from:

MC MC
K=[F(T3) V(T3)(T) £(TP) V(TP)(T)] (15)

o
4

where T3 = 2TP + 2I/C - 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 (RAL) for the first time where the
computed pile toe velocity (V) is zero. This method, originally proposed by Goble et
al. (1967), does not select a damping coefficient because damping must be zero when
V... is zero; therefore, the resistance at this time is completely static. This method
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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 J (PDA Manual,
1990).

1.5.5 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" T1 are questionable, and depend on the driving system and soil and pile
conditions.

The Case damping coefficient J 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 J, is assumed to be related to the soil type at the pile’s tip. To find the J. 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 J_ coefficient that were
then ascribed to each soil type (Gaoble et al., 1975).

The correlation between J. and soil type is questionable and may or may not be feasible.
The following section evaluates the use of J. 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 J,
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 J, 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 J, 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 ¢alcareous
sand soil profile. The Case damping coefficient values (J.) 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 J_ 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 J. = 0.06 to 0.37, fitting the
load tests, and in different ranges for each of the individual cases (e.g., 0.18 < J. < 0.52
for T-2/A and -0.20 < J, < 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, WL 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 J_ value was back-calculated for each pile. This analysis allowed engineers to
correlate J, 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 J, factors determined from the CAPWAP
analyses. The results of this comparison show that when using pile-site-calibrated J,
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
consistency of the J, 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 (J_) 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 ar¢ in sharp contrast to
the J. = 0.05 that was recommended to be used in sand by Goble et al. (1975) and J, =
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, 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.

31.5.6 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"
(Schmertmann, 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 af., 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 and 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.¢., 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 reaily 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 though most of the 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 discussicn):

. 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.

42 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 Chernauskas (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 propagation 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 (i.e., damping, radiation, inertia, etc.).

43 THE ENERGY EQUATION

The energy delivered to the pile is:

E, = [V(F(n)ar (16)
where V() = velocity signal at the pile top for the analyzed blow
F(t) = force signal at the pile top for the analyzed blow.

The velocity signals are obtained by measurements of acceleration, a_(t), where;
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V() = facc(t)dr ' (17)

The force signals are.cbtained by processing the measurements of strain, €(t), whereby:

F(1) = e()EA , (18)
where E = modulus of elasticity of the pile material
A = cross-sectional area of the pile.

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):

W - RH(S+%) (19)
where R, = yield resistance
Q = quake denoting the combined elastic deformation of the pile
and soil
S = 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:

Q-D-S (20)

where D, =  maxmum value of [V(t)dt.
The permanent set can theoretically be determined by D, = final value of [V{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 D,,, but a much greater effect on Dy, (for further
discussion, see experimental wark 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 E, = W, and
becomes the proposed Energy Approach (uncorrected):
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R = £,
‘ D, -Set) @1)
Set + ————

This resistance can be taken as the maximum possible resistance and can be correlated
1o the predicted static capacity (P,) by a correlation factor, such that:

P, = K_*R, (22)

u

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

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

44 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, ¢specially 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 er 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:

A
AR - skin (23)
Au’p
where Ag = pile area ratio
Agin = pile’s surface area in contact with soil
Agp = area of the pile tip.

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:

Ap = 20R-D _ 2D (24)
OR? R
in which D = penetration depth
R = pile radius.

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, R, is expected to be higher than the actual resistance
as the large energy losses were not considered. As a result,
K, is expected to be smaller than unity (K, < 1.0).

. In the case of small "unknown" energy losses, i.e., hard driving
of piles with large area ratios, the Energy Approach
predictions should yield a tendency of under-prediction.
Hence, R, 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, K is
expected to be higher than unity (K, > 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 R,) 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.

52.1 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 k).

30 Preceding page blank



Axial Load (kips)

o] 50 100G 150 200 250
N %&L
Ly, T
<
Ci .
0.5 \ \o‘t’&’ne‘_ s

%

—
<

]

n
]

Settlement (inches)
~
Q

g
th

N

3.0 \\\X

3.5

1kip = 4.448 kN
1in = 254 mm

Figure 9. Load-settlement curve of pile-case 95
with the elastic compression line inclined at 20 degrees.

0.0 —
\
| \

3.5

Figure 10. Load-settlement curve of pile-case 95 with a scale that
does not consider the elastic compression of the pile (following Vesic, 1977).

40



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:

-PL

25
7 (25)

where calculated elastic deformation of the pile
applied load

pile length

elastic modulus of the pile material

§
P
L
E
A cross-sectional area of the pile.

I | R B 1

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 DIGITIZE, 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
Setttemnent methods (A =1 in [25.4 mm] and A =0.1B), 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 (§) by an offset (X) equal to 0.15 in (3.8 mm) plus a factor equal to the
diameter of the pile divided by 120. The offset is simply:

B
120

X =015+ (26)

where B = diameter of the pile in inches.

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-of-Curve Method is a failure load approximation that usually yields a
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Figure 11. Load-settlement curve for pile-case 50 with the
elastic compression line inclined at approximately 20 degrees.

range of values over which the pile is considered at or near failure. The bourdaries 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

42



estimated capacity range of between 685 kips and 825 kips (3047 kN and 3670 kN) with
a representative average of 755 kips (3358 kN).

{c) The Limited Total Settlement Methods, A =1 in (25.4 mm) and A =0.1B (Terzaghi,
1942), define the failure load as the load corresponding to settlements of 1 in and 0.1B,
respectively, where B is the diameter of the pile. These methods are not applicable in
many cases. For example, the elastic compression for a very long steel pile often exceeds
1 in (25.4 mm) and/or 0.1B 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 (610-mm)
square concrete pile that experiences a plunging failure well before a displacement of 1
in (25.4 mm). Also, it is abvious that a settlement of 0.1B, or 2.4 in (61 mm) 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 30, 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: The capacity results for each method were
reviewed independently, based on the load-settlement curves for each pile. After
considering the pile type, soil type, size of each pile, and the load test procedure,
unrealistic results were eliminated, and the acceptable values were averaged, yielding a
final static capacity (R,). 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), 0.1B settlement = NA, and
DeBeer’s = 748 kips (3327 kN). Excluding the 0.1B 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 R, = 773 kips
(3438 kN).

52.2 Dynamic Measurements Analysis

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

The dynamic analyses were performed in different ways depending on the completeness
of each pile case. In all cases, the pile geometry (i.e., type, material, length of
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Figure 12. Load-settlement data plotted on a logarithmic graph

for pile-case 50 to determine the failure [oad 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:

(a) Group 1 — pile cases with complete CAPWAP summaries,
including E_,,, Dp. F1, and V1.
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(b) Group 2 — pile cases with incomplete CAPWAP summaries,
such as those missing E, .., D ... F1, and/or V1.

(¢) Group 3 — pile cases that were analyzed using TEPWAP,

(a) GROUP 1 - Complete CAPWAP Analyses

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

EA
V1 (—
<’ an
Fi
where modulus of elasticity of the pile material
cross-sectional area of the pile
wave speed of the pile

E
A
C

and should be equal to unity. An acceptable ratio was considered to be 1.0 = 0.1.
Beyond this ratio, a linear multiplier was applied to either or both parameters (force,
velocity, or both) and to their byproducts, e.g.,, displacement and energy. The ratio
between force and velocity may also be influenced by the 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 (F1) and the impact velocity
(VI(EA/C)), as shown in figure 13. The force and velocity traces of pile-case 1, driven
with a Delmag 30 diesel hammer, are shown in figure 13. The observed relations
indicate the need for a force reduction (A, ), which is equal to the difference between
Apk and Aps. Prior to a correction, the ratio (VI{EA/C)/F1) for pile-case 1 was 0.874.
The factor (A,,,) 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 A,
and the reduction of F1 are performed as follows:

. 2 units . .
Bt = B~ By = 2 units => 22 x 250 kips = 13 kips (S8 kN)  (28)
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Figure 13. Force and velocity (V*EA/C) traces of pile-case
1, a steel HP12x74 that needed a force correction (not to scale).

F1 =FI i~y = 3354 kips-13 kips = F1,__ . =322.4 kips (1434 kN) (29)

The corrected F1 yields a new V1(EA/C)/F1 ratio, an adjusted E_,, and a
corresponding uncorrected Energy Approach prediction (R,) as follows:

EA
Vi
= 0.90% (30)

FIcona:uﬂ

322.4 kips

E_ - 18 kip-
max PR % 3354 kips

= 17.3 kip-ft => R, = 362 kips (1610 &vy (3D)

The procedure for correcting F1 is also performed in a similar manner for adjusting V1
and the corresponding D,,,, where D, = [V(t) dt. This is sometimes necessary when
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either there is a significant hammer-pile misalignment that ¢reates disturbance in the
force and velocity measurements or there is a discrepancy in the measurement itself.

The correction procedure for decreasing VI(EA/C) also uses the factor A, as
determined by the discrepancy in the F1 and VI(EA/C) measurements where A, Is
converted to units of force. Similarly, VI(EA/C) is decreased by:
EA EA
Vi (F)corremd = Vi (_E dancorrecied ~ Bioual (32)
producing a corrected ratio:
EA
(VI ? )correcr.ed (33)
Fl
and an adjusted D_:
D maxcarrtcttd = f Vlcorrcmddt (34)

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

Ru = Emax
Dmax

- Set {35)

corrected

2

Set +

(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 effect on
the obtained J. and Ru values.

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

(b) GROUP 2 - Incomplete CAPWAP Analyses

The pile cases categorized in group 2 include piles from data set PD/LT that were
analyzed via CAPWAP. Difficulties associated with retrieving and accumulating
complete pile data cause pile cases to require more analysis in order to produce missing
information essential for the study. Typical information missing from pile cases included
E .. (the maximum energy delivered to the pile top) and D_,, (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 (V,,,, Vg, VI*Z, F1, F_ ., Do Doy Erae @and Eg ). In order to
determine these missing dynamic parameters, a program was developed at UMASS-
Lowell cailed 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 J_ 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 (J.) using the
following relationship:

RTL - FINAL Rs

J
c 36
VJ*E—;,FJ-RIL (36)

33P1 - BOR
800
T1 T2

600 +
‘a“ - Measured Force
= - Measured V'EA/C
g 400 +
&

200 1

0 T e 1:"1\1—7 —r
0 -~ 50
Time (msecs)

lkip = 4448 kKN -~ _ -

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 oottt bbb e ... 33P1BOR
PILE LOCATION. ...cvoeeecreevem s srmrrcnnisnne s saens e snsss esnsnnmns SITE 33
DATE OF ANALYSIS. 2-10-92
PILE DESIGNATION..... .. 33P1-BOR
PILE TYPE.... ... . HP12x74
HAMMER TYPE... .. B-400
NOMINAL ENERGY OF HAMMER (ﬁ klps} ...................... .. 4B
PENETRATION DEPTH (ft) w1144
2L/C (msecs).... - . 14.39
TIME INTERVAL (msecs) ....................... e 1

PILE IMPEDANCE - EA/C (kip/sec/ft)..... .. 389
FINAL BLOW COUNT (BIAIN)..ccicinirmriinencie s s iniasarinene 16

T2 (otfset from T1} (MSOCS)..riiieericciimric e 14,39
SUMMARY OF QUTPUT PARAMETERS

DIMAIC ...ttt e evetrae st ae v anaae e sas e . 0.787
DFIN. ..o ... 0.164
HAMMER EFFICIENCY (%).... .. 69.14
EMAX {kip-ft).......ocooonirnnn, .. 31.80
EFIN (kip-ft)....... .. 25.55
VMAX (#/se¢).... ... 15.78B
VFIN (/88E€). . .oiueeireriicrinaienniese s cnnnesore e st asnsesns 0.420
FMAX (KIDS). eveivceecismrarnnssssssaarvssnsvaressossmnasereessrmsensesiasmasions 637.38
FFIN (kips) . 42,02
Jorieneens o 0017

F2 (KPS overevereneeesveeerssaessemeesesesaessresasssseseneesmsesssntsonomiss

.. 637.38
. 192.10

V1 (ft/sec)..... 15.78
V2 (ft/sec) . =358
(VITBA/C) /R e 0.963
PILE CAPACITY (kips)

DAVISSON'S CRITERIA...... TN . . 800

SHAPE OF CURVE ........
A= 1B

FINAL Reerrevceos s oo oo
CASE RTL.
GAPWAP...

Figure 15. INTEGRATE output of pile-case 192 showing the
back-calculated Case J; value and the Energy Approach prediction.
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(Goble et al, 1980). The static load test results are denoted FINAL R,, 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 E_,, and D,,, can be made, as outlined in section 5.5.2(a);
and the uncorrected Energy Approach calculations can be performed.

(c) GROUP 3 - TEPWAP Analyses

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

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

This particular pile case appears to be exhibiting pile plugging near the tip as indicated
by the sudden observed force "jump" near 2L./C and again near 4L/C. Pile plugging is
most commonly associated with open-pipe piles or H-piles. It usually refers to the
phenomenon that occurs when soil enters the open-pipe pile during driving until the
inner-soil cylinder develops sufficient resistance to prevent further soil intrusion (see
Paikowsky er 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

LI LRI LI A s bR AR R il Rt i IRt ]y

JOB NUMBER ... sera et TP1EOD
T ]
DATE OF DRIVING.......cccoiei i ciireeeinermir i e st e sresie st e st asntan b nesse s 10-28-77
PILE DESIGNATION. ...t e et e H

TYPE OF PILE ...t HP 12x74
PILE LENGTH [R.)ers oot oot e 129
TYPE OF HAMMER........coioiiiiiie vttt ieebessie e e e res et s e sese e B-400
NOMINAL ENERGY OF HAMMER (KIBS*#)..o..cooccrroossconsevosssnrone 46
DEPTH OF PENETRATION (R)...rvvceoveeeecvrssreoooessosesorrs oo 114.4
ELEMENT LENGTH (f1.)..oovsoeersevencoessmrssssessremsseersmssmssescsosssosnes 5:28
DAMPING MODEL .....oiciciseeiniiiiininieii i eniere st iaesiese s nessessvassnesmrasesanas SMITH
NUMBER OF BLOWS PER LAST THREE INCHES ......c....o..oe... 13,13, 12
DATE OF ANALYSIS...cccoocevnoossesrsmressnossmssseomseomssommesssnrenresrs | 9+16-92
POA BLOW #.oeverevoecoeseeeesessssssesssssr s ssessisee 2
ITERATION #..oorrceerescrcessrerscsernssresnsseosssesesosssssesssossssrmsssmoeesns 1

TIME INTERVAL ....oooseoeceecorescoossers oo e 0.200
OPTION NUMBER.....oeceeseeerescoeseses st essesoes e 2

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

UNIVERSITY OF MASSACHUSETTS - LOWELL

L1222 2R R R R AR R dssddasalaaiias sl il il s s antsdl)

AR AR AW RN AN AN AT A A i A ok o o e o e ol W o ke ok e o ok ol ol ol o e o

TS =T==Srfr==SsSS=SSETmSS==SS=sSTSS=sSS==SsS==
alement dist arsa weight stiffr raqist sum of damp quake quaxe upwrd
no. from regist rebng resit
gauges ratio ratlo
[uii] {3q.In) (bs.) {w/im) (kic) (kipy) {8/f1) (in.} (%) %
3 5.3 21.8 350.1 10364 [eXs} 4390 000 0.000 0. 0.0
4 10.5 213 3801 10384 5.0 434.0 020 0.300 100.0 500
E] 15.8 218 390.1 10364 3.0 429.0 -0eC £.30 100.0 50.0
& 210 21.8 380.1 10364 a0 424.0 020 Q.300 1000 -50.0
7 293 218 390.1 10384 50 419.0 -02c 0.300 120.0 -50.0
8 a8 218 390.1 10364 50 414.0 .020 0.300 100.0 -50.0
k-] 4.6 21.8 90,1 10354 0.0 4140 .010 2.309 100.0 -50.0
10 421 21.8 3901 10364 0.0 4140 010 0.300 100.0 -50.0
1 47.3 21.8 390.1 10364 I 4140 Q10 2.300 100.Q -50.0
12 sz 218 3901 10384 oo 4180 010 0.300 *00.8 -50.0
13 57.9 21.3 391 10384 [=X+] 414.0 010 0.300 100.0 -50.0
14 a3 2.8 kiR 10364 5.0 8.0 010 0.300 100.G -50.0
15 62.4 2.8 390.1 10364 8.0 a04.0 2010 C.300 100.0 500
£ 738 21.8 3890.1 10304 &0 396.0 010 2.300 100.0 500
17 78.0 21.8 90.1 10364 80 3880 910 0.300 100.0 -500
18 84.2 218 280.1 10364 8.0 380.0 Q10 0.300 100.0 -80.0
19 8s.4 F4R.] 390.1 0364 80 120 Eeale] 0.300 100.0 50.0
20 54,7 21.8 3.t 10384 8.0 84.0 10 €300 100.0 -50.0
21 e 218 390.1 10384 a0 158.0 .10 0.300 100.0 -50.0
2 1082 218 360.1 10384 8.0 3480 019 0.300 100.0 -0
23 1105 21.8 3901 10284 8.0 0.0 019 0.300 102.0 -50.0
24 118.7 218 390.1 10364 800 2800 080 0150 100.0 -50.0
25 1210 21.8 380.1 o] 100.0 160.0 080 0.15%0 100.0 -50.0
tip 160.0 00 080 0.180 100.0

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 (EA/C) 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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GEOTECHNICAL ENGINEERING
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END RESISTANCE - 160.0 kips
SIDE FRICTION - 278.0 kips
TOTAL CAPACITY - 439.0 kips
PERCENT IN FRICTION - 63.6%

TOP QUAKE - 0.79 inches
SET AT TIP - 0.32 inches

THE SET CORRESPONDS TO 3 Blows Per Inch.

MAXIMUM CALCULATED ENERGY - 32.362 kip*ft
MAXIMUM MEASURED ENERGY - 32.674 kip*ft
ENERGY DIFFERENCE (CALC - MEAS) - 0.312 kip*h
MAXIMUM COMPRESSION FORCE IS - £35.49 kips

IN ELEMENT #3 ON [TERATION 32

MAXIMUM TENSION FORCE IS - -139.18 kips

IN ELEMENT #1393 ON ITERATION 181

THE MAXIMUM STRESS IS -
THE MINIMUM STRESS IS -

29.20 kips/sq in.
6.38 kips/sqg 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 2L/C and again at 4L/C 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 SETPD

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, ¢.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. CAPWARP 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 informatian.

. Definitions of any symboelism 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
reports. Included in the pile-case numbers are extensions that designate the time of
driving when measurements were taken (e.g., EOD=¢nd 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 m]). 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 aod 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, L. =loose,
cler=calcareous, and carb =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 3-5

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=De¢lmag, K=KC=Kobelco, Con=CN=Conmaco, LB= Link Belt,
ICE =International Construction Equipment, KB =Kobe, Vul=Vulcan,

M =MH =Mitsubishi, and DE=MKT. The abbreviations are followed by the model size
(i.e., B400 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 (i.e., CAPWAP/TEPWAP), 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 CAPWARP as the
maximum energy (E_..).

(c¢) 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 = 1/blows 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 (V,,,), force at impact
(Fimp)» the ratio [(V1*EA/C)/F1]}, and the maximum pile displacement (D,,,). 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:

EA
== (37)
C
where 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.

The impedance is reported in kips per foot per second. The velocity at impact, V,,
(ft/s); the force at impact, F,,, (kips); and the maximum displacement of the pile, 15m
(in), are obtained from dynamic measurements (see chapter 4). These values were
typically taken from CAPWAP summaries and/or INTEGRATE 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 with dvnamic 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 (J.) reported in column 3 was back-calculated using the
static load test results (R,) as the "predicted capacity” for each particular pile and the
"standard form" of the Case method utilizing equation 36.

(¢) Columns 4 and §

Columns 4 and S 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 reported in inches and the damping
is reported in units of seconds/feet.

6.5 PILE CAPACITY: STATIC TESTS AND DYNAMIC 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 =0.1B), and DeBeer’s
method. These procedures are discussed in detail in chapter 5.

(a) Columns 1-3

The case number, 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, LL'T=Louisiana load test, FQ=Florida modified quick, and
CRP =constant rate of penetration.

60



(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 (R,) 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 (K;). The predictions
based on TEPWAP analyses are denoted with an asterisk. The CAPWAP/TEPWAP
and Energy Approach predictions are reported 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, Chio,
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=1imestone, sastone =sandstone, overburd =overburden,
dolom =dolomite, cobbl =cobbles, til=till, tilall=alluvial till, and sigr =silty gravel.

(¢) Columns 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 IHC=IHC Hydrohammer.

(d) Columns 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.
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72 SIDE/TIP QUAKE AND DAMPING PARAMETERS OF DATA SET PD - TABLE 25

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).



CHAPTER 8 - ANALYSIS 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 tulfill 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/TEPWARP), 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
J. 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 maost generic cases
(e.g., CAPWARP 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 PD 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 PD in chapter 9.

8.2 DAMPING PARAMETERS AND SOIL TYPE 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 (J,) 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 PD/LT vs. soil type at the pile
tip. J, was calibrated using the static capacity R, 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 reported, 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 J_ 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 sail 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 CAPACITY 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 (r?), 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 er 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 ratic 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 - 0.00024R,
K,, = 1.0259 - 0.00013Q,
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Table 5. Linear-regression analysis of K, for selected PD/LT pile-cases.

Ksw = Static Load Test Results / CAPWAP or TEPWAP predictions
Pile- Linear Regressicn
Case | Number Best Fit Forced through Zero
Group x<coefficient | y-intercept | rsquared x-coefficient | rsquared
AAA 206 1.127 97.3 0.707 1.265 0.692
AAS 141 1.128 112.2 0.787 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
AEA 87 1.065 151.7 0.779 1.248 0.740
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 118 1.360 3.6 0.595 1.266 0.585
LAC | 43 1.164 118.3 0.411 1.391 0.393
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
SAS 23 1.048 138.4 0.963 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
Pilecase 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 6. Linear-regression analysis of K, for selected PD/LT pile-cases.

Ksp = Static Load Test Results / Energy Approach predictions
Pile- Linear Regression
Case | Number Best Fit Forced through Zero
Group xcoefficient | y-intercept | rsquared x-coefficient | rsquared
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 0.787 146.2 0.648 0.968 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 0.82% 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 |egend: 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 K, for selected PD/LT pile-cases.

L Kew = CAPWAP or TEPWAP predictions / Energy Approach predictions
Pile- Linear Regression
Case | Number Best Fit Forced through Zero

Group xcoefficient | ydntercept | rsquared | x-coefficient | rsquared

AAA 208 0.573 73.1 0.782 0.641 0.766
AAS 141 0.592 54.3 0.810 0.637 0.802
AAC 51 0.473 121.8 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 0.837
SAS 23 0.751 -1.4 0.942 0.750 0.942
SAC 8 0.876 -75.3 0.986 0.779 0.871
SAR 13 0.552 189.4 0.557 0.900 0.329
SEA 29 0.736 354 0.940 0.757 0.839
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=smal! 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 R, and Q, 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 K;) with the increase of the
load. This increase is very small for both prediction methods.

. Average K -value with load is 1.03, where the average K, 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 seil type.

. Small displacement piles seem to have significantly less scatter
than the one cbserved 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 ratioc 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 8). 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 iine 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 10 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 substantially 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 resistarice as all of these cases present high driving resistance of over 10 BPL

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
(K =1.265), the Energy Approach over-predicts (K,,=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 Approach,
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 1.372, r*=0.554 and 1.108, *=0.932 for
large and small displacement piles, respectively. For the Energy
Approach, the best-fit ratios and coefficients of determination are 0.832,
r?=0.534 and 0.856, £=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 small displacement piles (r*=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
particular 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 and 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 ¢lay 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.

(¢) 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 tae
tip.
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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 and clay, respectively. Their coefficients of determination differ
substantially however, r*=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 kN and 627 kN) 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, r*=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?=0.539 in clay vs. #=0.802 in sand).

8.3.4 Correlations of Pile and Soil Type for Different 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 und small displacement) and time of
driving (EOD = end of driving and BOR = beginning 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 EOD.
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 EOD.

(a) All Piles - EOD

Figure 44 presents the relationship between the office analysis predictions and the actual
static capacity for all PD/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 r2=0.692 for all cases to 0.740 for the EOD 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 kN). This, again, implies some consistent under-prediction for the office
methods in analyzing the EOD 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 EOD (AEA).
The general scatter is substantially smaller than that of the office methods in figure 44,
with a coefficient of determination of ?=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 capaciry.
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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 BOR 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 EQD 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 EOD 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 thase 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 K, =1.113 and r*=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 Igr-ratio of 0.851 and r*=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
K_, =0.757 and r?=0.939.

() Small Displacement 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 K, =1.069, ©=0.785, and K, =0.9G2, r*=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 BCR 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 PD/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:

)

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

()

83



(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 linear 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_)) in table 6, and (3) the relationship between the
predictions of the office methods and 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 S 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 K, coefficients calculated for the subgroup AEA (all piles, at EOD, for all
soils) was found to have a slope of 0.900 with a coefficient of determination, r*=0.804.
The sample coefficient of determination (r?) 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 "x"
in prediction "y", By definition, a scatter at higher x-values will influence this coefficient
more than a scatter close to the origin of axes. The coefficient of determination varies
between 0 and 1; the first indicating no correlation or contribution and the last (F=1) is
a perfect match where all the points fall on the best-fit, least-squares line. For example,
r*=0.6 means that 60 percent of the sum of squares of deviations of the observed y-
values about their mean is attributed to the linear relations between y and x. (actual vs.
predicted). In other words, 60 percent of the variability in y is explained by the
regression equation. According to Ryan (1989), a meaningful correlation is obtained
with 220,80, which coincides with p<0.0011; p is the probability of obtaining an F-value
as or larger than the calculated value. This value of *=0.8 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):

r 2 0.80 good correlation
0.60 < r* < 0.80 moderate correlation
P < 0.60 poor correlation.

Table 5 presents the results of the K, 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 so0ils (ABA) and for all large displacement piles (LAA), 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 of the K Coefficients and their Probabilistic Models

The K coefficients are defined as follows:

K - Actual static capacity (38)
™  CAPWAP|TEPWAPprediction

- Actual static capacity | (39)
¥ EnergyApproachprediction :
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E - CAPWAP|TEPWAPprediction (40)
~ EnergyApproachprediction

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 8.34.

The distributions of the individual K coefficients for all PD/LT pile-cases are presented
in figures 64, 66, and 68 in the form of histograms. The cumulative frequency
distribution of K, and K, are presented in figures 65 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 - to +< 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 +o 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 bester
probability distribution function for cases ranging from 0 to += 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 predicticns of the
office methods (K,,, figure 64) and the actual capacity to the Energy Approach
predictions (K, figure 65). In any case, the actual data must be reviewed as scatter
graphs (section 832, 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 K. 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 (Ing,, 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 K, ratio. Due to the large range
of values, a gradual increase in the cumulative frequency distribution takes place for
values of K, greater than 1.3.

Figure 66 shows the distribution of the K, values for all PD/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 (Ino,). 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 K, 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 K., coefficients is presented in figure 68. The results of this
distribution indicate excellent correlation between the office analysis predictions and 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 be 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 deviation.
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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.

8.52 Dynamic Predictions - Pile Area Ratio Graphical Correlations

To investigate a possible relationship between the office analysis, the Energy Approach
predictions, and pile geometry, K, and K 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 K, -values and the pile area ratio
{Ap). The data are presented using two scales (linear and logarithmic) to allow the
assessment of the many cases for which Ay 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 K, -values exceeding 2.0. In general,
K,.-values closer to unity appear as Ay increases. Some scatter appears, however, at
very large Ay ratios that may indicate the influence of additional parameters on the
K,.-values (e.g., driving resistance).

Figures 71 and 72 present the correlation between K, and the pile area ratio.
Significantly smaller scatter appears in the K, -values compared to that of the K -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 ard 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_,) 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, very low 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 (K.), 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 K, (from over-
prediction of K, = 0.4 to under-prediction of about K, = 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 the 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 (BOR).

(a) All Piles at EOD

Figure 75 presents the correlation between driving resistance and K, 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 K, 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 K -values for all piles at
BOR (ABA). A scatter among the predictions for driving resistances ranging from 0 to
25 blows per inch (0.98 blows per mm) 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 K_ =1 and the
K, -values are lower cases than those cbserved in figure 75.

Figure 78 presents the relationship of driving resistance and K, -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.

s 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 mm).

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
Ag>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
Ap>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

93



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 Ag=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 Ag>350 would categorize them as small
displacement piles as explained in section 4.4 and concluded in secticn 8.5.2.

Figure 80 presents the relationship between driving resistance and K, for piles with
Ap>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 K, 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 mm).

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 (i.e., 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 K, and K, 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 the 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 mm) seem to be much better than those below that resistance.

8.5.6 The Effect of the Combined Major Controlling Parameters on the Accuracy of 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 Ay <350 and small displacement piles with
Ag>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; Ag > 350 and blow count < 6
BPI (0.24 blows per mm) shown in figures 83 and 84 for K, and K,
respectively. "

(2)  Small displacement piles with hard driving; Ay > 350 and blow count > 6
BPI (0.24 blows per mm) shown in figures 85 and 86 for K, and K,
respectively.

(3)  Large displacement piles with easy driving; Ag < 350 and blow count < 6

BPI (0.24 blows per mm) shown in figures 87 and 88 for K, and K,
respectively.
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Table 9. Statistical analysis of the area ratio, resistance, and time of driving combination.

Pile Driving Time Ksw Ksp
Area Resistance of Ne. Mean Standard Ne. Mean Standard
Ratio Driving Deviation Deviation
<350 all piles anytime 144 1.427 0.543 146 0.920 0.317
<350 0-8 BPI anytime 84 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-& BPI EOD 36 1.545 0.569 36 1.102 0.349
<350 > 8 BPI EQD 20 1.820 0.769 21 1.026 0.340
<350 all plles BOR 88 1.290 0.407 89 0.825 0.257
<350 08 BPI BOR 28 1.155 0.319 28 0.783 0.254
<350 > 8 BPI BOR 60 1.352_ | 0.430 81 0.844 | 0.258
>350 all piles anytime 57 1.247 0.502 57 0.538 0.239
>350 0-8 BPI anytime 18 1.542 0.595 18 1.031 0.259
>350 > 6 BP! 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 0-8 BPI EOD 12 1.478 0.492 12 1.021 0.291
>350 > 6 BPI EOQD 27 1.161 0.473 27 0.928 0.214
>350 all piles BOR 18 1.225 0.530 18 0.897 0.240
>350 0-8 BP! BOR 4 1.740 0.901 4 1.062 0.154
>350 > 6 BPI BOR 14 1.078 0.274 2 0.850 0.243
. 4 BPI=0.039 blows per mm

Pile-case legend: <350 - pile area ratio definition of large displacement piles.
>350 - pile area ratio definition of small displacement piles.
08 BPI -low driving resistance, resuiting in full mobilization of the
soil resistance.
> 8 BPl -intermediate (8 to 12 BPI) and high driving resistanca
of more than 12 BPI.
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“)

Large displacement piles with hard driving; Ag < 350 and blow count > 6

BPI (0.24 blows per mm) shown in figures 89 and 90 for K“, and K,
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 casy 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:

@O

(I1)

(II1)

v

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

Small displacement piles with hard driving at the end of driving; Ay > 350
and blow count > 6 BPI (0.24 blows per mm) shown in figures 93 and 94

for K, and K, respectively.

Large displacement piles with easy driving at the end of driving; A; < 350
and blow count < 6 BPI (0.24 blows per m.m) shown in figures 95 and 96

for K, and K, respectively.

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

Small displacement piles at the beginning of restrike for all driving

resistances; Ag > 350 shown in figures 99 and 100 for K, and K,
respectively.
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(VI) Large displacement piles at the beginning of restrike for all driving

resistances; Ay < 350 shown in figures 101 and 102 for K, and K,
respectively.

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

*

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 prediction 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 predictions 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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Figure 21. Tip soil conditions vs. calculated case damping
coefficient (J.) based on static load test results for 208 PD/LT pile-cases.
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Figure 22. Side soil conditions vs. Smith side
damping coefficient based on CAPWAP/TEPWAP results.
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Figure 25. Static load test results vs. Energy Approach
predictions for 202 PD/LT pile-cases in all types of soil (AAA).
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Figure 29. Static load test results vs. CAPWAP or TEPWAP predictions

for 162 large displacement PD/LT pile-cases in all types of soil (LAA).
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Figure 31. CAPWAP or TEPWAP predictions vs. Energy Approach predictions
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110



2000

L T A 8 i 1 LS T ¥ L] L T Il' T T E /[ 1 4 T P
] Pe=o0916 ;S 1.67 7125 7 -
1800 - ) 2 o
- / // p /1-00
/
1600~ ’ .’ P
/ 7
P 4 4 d ‘
31400- ’ .’ 2 0
3 ’/ rd Fd 0-80 i
' - / ,/ 4 i
7, ’ d
- 1200 y . 4
= J / ) -
7, ) / /,
1&.1 1000 - // p .7 0.60 -
4 F_ I W4 P .
m ) R / ’/
O 600+ -7
= , l
” -
’ SM
400 - DISP 7
& (S:ﬁlD & TSILT -
® Y & TILL
200 ~ ® ROCK 7

T T ] T j L3 I R —[ L3 1— ] j L [ T ] T
200 400 600 800 1000 1200 1400 1600 1800 2000
ENERGY APPROACH PREDICTION (kips)

1 kip = 4.448 kN
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Figure 35." Static load test results vs. CAPWAP or TEPWAP
predictions for 139 PD/LT pile-cases in sand and silt (AAS).
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Figure 36. Static load test results vs. Energy Approach
predictions for 136 PD/LT pile-cases in sand and silt (AAS).
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Figure 37. CAPWAP or TEPWAP predictions vs. Energy Approach
predictions for 136 PD/LT pile-cases in sand and silt (AAS).
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Figure 38. Static load test results vs. CAPWAP or TEPWAP
predictions for 51 PD/LT pile-cases in clay and till (AAC).
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Figure 39. Static load test results vs. Energy Approach
predictions for 53 PD/LT pile-cases in clay and till (AAC).
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TEPWARP predictions for 14 PD/LT pile-cases in rock (AAR).
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Figure 42. Static load test results vs. Energy
Approach predictions for 14 PD/LT pile-cases in rock (AAR).
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Figure 44. Static load test results vs. CAPWAP or TEPWAP
predictions for 96 PD/LT pile-cases in all types of soil at EOD (AEA).
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Figure 45. Static load test results vs. Energy Approach
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Figure 46. K., vs. CAPWAP/TEPWAP predictions for
97 PD/LT pile-cases at EOD in all types of soil (AEA).
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Figure 48. CAPWAP or TEPWAP predictions vs. Energy Approach

predictions for 94 PD/LT pile-cases in all types of soil at EOD (AEA).
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Figure 49. Static load test results vs. CAPWAP or TEPWAP
predictions for 108 PD/LT pile-cases in all types of soil at BOR (ABA).
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Figure 50. Static load test results vs. Energy Approach
predictions for 108 PD/LT pile-cases in all types of soil at BOR (ABA).
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Figure 51. CAPWAP or TEPWAP predictions vs. Energy Approach
predictions for 108 PD/LT pile-cases in all types of soil at BOR (ABA).
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Figure 52. Static load test results vs. CAPWAP or TEPWAP predictions
for 68 large displacement PD/LT pile-cases in all types of soil at EOD (LEA).
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Figure 53. Static load test results vs. Energy Approach predictions
for 69 large displacement PD/LT pile-cases in all types of soil at EOD (LEA).
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Figure 54. CAPWAP or TEPWAP predictions vs. Energy Approach predictions
for 68 large displacement PD/LT pile-cases in all types of soil at EOD (LEA).
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Figure 55. Static load test results vs. CAPWAP or TEPWAP predictions for
94 large displacement PD/LT pile-cases in all types of soil at BOR (LBA).
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Figure 56. Static load test results vs. Energy Approach predictions for
94 large displacement PD/LT pile-cases in all types of soil at BOR (LBA).
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Figure 57. CAPWAP or TEPWAP predictions vs. Energy Approach predictions
for 93 large displacement PD/LT pile-cases in all types of soil at BOR (LBA}.

135



ips)

LOAD TEST RESULTS (k

2000 —1—— —
1l P = 0933 L7
18001 T
1.00
1600 /:4
1400T . 70.80 7
1200 - ]
1000 4 i
800 .
- -
600 - / N,
/

! , SM

400 — a DISP -
4 a  SAND & SILT
o CLAY & TILL T
200 s ROCK i
0

| r v 1 | LA 1 | ! ot L ] '
0 200 400 600 800 1000 1200 1400 1600 1860 2000
CAPWAP OR TEPWAP PREDICTIONS (kips)

1 kip = 4.448 kN

Figure 58. Static load test results vs. CAPWAP or TEPWAP predictions
for 22 small displacement PD/LT pile-cases in all types of soil at EOD (SEA).
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Figure 59. Static load test results vs. Energy Approach predictions for
20 small displacement PD/LT pile-cases in all types of soil at EOD (SEA).
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Figure 60. CAPWAP or TEPWAP predictions vs. Energy Approach predictions
for 20 small displacement PD/LT pile-cases in all types of soil at EOD (SEA).
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Figure 61. Static load test results vs, CAPWAP or TEPWAP predictions for
12 small displacement PD/LT pile-cases in all types of soil at BOR (SBA).
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Figure 62. Static load test results vs. Energy Approach predictions for
12 small displacement PD/LT pile-cases in all types of soil at BOR (SBA).
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Figure 63. CAPWAP or TEPWAP predictions vs. Energy Approach predictions
for 12 small displacement PD/LT pile-cases in all types of soil at BOR (SBA).
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Figure 64. Histogram and frequency distributions of
K., for 206 PD/LT pile-cases in all types of soil (AAA).
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Ksw cumulative frequency distribution for 206 PD/LT pile-cases (AAA)
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Figure 65. Cumulative frequency distribution of
K,, for 206 PD/LT pile-cases in all types of soil (AAA).
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Figure 66. Histogram and frequency distributions of

K, for 208 PD/LT pile-cases in all types of soil (AAA).
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Ksp cumulative frequency distribution for 208 PD/LT pile-cases (AAA)
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Figure 67. Cumulative frequency distribution of
K,, for 208 PD/LT pile-cases in all types of soil (AAA).
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Figure 68. Histogram and frequency distribution of
K.. for 206 PD/LT pile-cases in all types of soil (AAA).

146

C.24
0.712
normal distribution i
r0.18
o = 0.1815
F0.12
|
- 0.06
44—+ 0.00
O=rNOTHOM~MN OO ~NOTODO~MNDOOO~NOTOD~N OO
SE00066600r--rr- - -annNnNnNNNNNND
Kew values

Relative Frequency



a
4
a
A
a
.

® CLAY & TILL

A SAND & SILT
® ROCK

LG SM
DISP DISQ

Ksw VERSUS THE PILE AREA RATIO
FOR ALL PILES IN ALL TYPES OF SOIL

0.533

ol

1.367

m,

TT T YT T7rTrovYy
4000 4500

T
3500

LA AR BLEL L]
3000

6 1500 2000 2500
AREA RATIO, Ag

T
1000

LELERIRAE L
500

NOWLOIA3Y¥d dVMdILl ¥0 dVMJVD
S1INS3¥ 1S3l avol

= MS)
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for 201 PD/LT pile-cases in all types of soil.
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Figure 70. K_, vs. the pile area ratio (Ag) for 201
PD/LT pile-cases in all types of soil (logarithmic scale).
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Figure 71. K, vs. the pile area ratio (Ap)
for 203 PD/LT pile-cases in all types of soil.
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Figure 72.

K,, vs. the pile area ratio (Ap) for 203
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Figure 73. K, vs. blow count (BPI) for 206
PD/LT pile-cases in all types of soil (AAA).
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Figure 74. K, vs. blow count (BPI) for 208 PD/LT pile-cases in all types of soil (AAA).
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Figure 75. K, vs. blow count (BPI) for 95
PD/LT pile-cases in all types of soil at EOD (AEA).
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cases in all types of soil at EOD (AEA).

Figure 76. K, vs. blow count (BPI) for 96

PD/LT pile
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Figure 77. K, vs. blow count (BPI) for 109
PD/LT pile-cases in all types of soil at BOR (ABA).

155



09

(youi/smo|q) — 1d8 - INNOO MOT4

TIUL B AV e o
171S ® ONVS v v
dsSid dsid
NS O

]

Y08 1Y N0S 40 S3JAL 11V NI
SIUd TIV 404 INNOD MO18 SNSYIA ds)

|

' 1 1 1

GG 0§ Gy Oy G¢ O¢f 6G¢Z 02 St o0l S 0
1 | i i ] i i 1 | | 1
. ww/smo|q 6£0°0 = your/mo[q [ [
- 1520 = "0 8€8°0 = ‘w i
- o -
-/ o (o] -
L v v V e ¥ m CMDMGG -
v 4 ﬁﬂdoa B
YV v v 2 AN 4
f. Oy «o qqo 098 qw cn« I
||||||| SR | RN X S
ou (o] v
° v v ov v I
- o , 9" o~ ¢ v i
v
I v I
v F
"
- MO0y w o

¥ LB | L T 1

LR |

0°0

0
o

0ol

Gl

0¢

G°¢

0°¢

dsy

SNOILII03dd HOVOdddY ADU3IN3I

S17NS3y 1S31 avol

Figure 78. K, vs. blow count (BPI) for 110
PD/LT pile-cases in all types of soil at BOR (ABA).
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Figure 79. K, vs. blow count (BPI) for 57 PD

pile
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Figure 80. K, vs. blow count (BPI) for 57 PD/LT
pile-cases with pile area ratios >350 in all types of soil.
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Figure 81. K, vs. blow count (BPI) for 144 PD/LT
pile-cases with pile area ratios <350 in all types of soil.

159



(Youl/smo|q) — Id8 - LNNOD MO8

09 G 0SS S¥ Oy G Of 62 O0C St ol S 0
i i | 1 i | { | i i |
. ww/smolq 6£0°0 = Youl/molq [
L1E0="0  Z06'0 = ‘w -
3 . v B
¥ °y -
= v 1 v ! v ° “M\uﬂd% B
o . ﬁdﬂ o L
¥ o. ¥ 5 9o qm.qu §[
v v o _ov %Hw
- - - A/t el S A
1osou ° O ° cc &aocqc v
" g % L
v —
vV e
f o o or
v [
- A0Y = 0 _
ML R AVID ¢ o I
- [LS ® ONVS v v v X
dsia dsia -
- NS 91 -

T

WNOS 40 S3dAL 71V NI 0Sg> SOILVY ViV

HLIM S3d TV ¥04 INNOD MO8 SNSY3IA dsy

1 1 1

T

00

'
o

0’1l

S’l

0'¢c

6T

(18

dsy

SNOILJIQ3¥d HOVON¥ddVY AO¥INI

S1INS3y¥ 1S3al QvOol

Figure 82.

K vs. blow count (BPI) for 146 PD/LT

pile-cases with pile area ratios <350 in all types of soil.
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Figure 83. K, vs. blow count (BPI) for 16 PD/LT pile-cases with pile
area ratios >350 and blow counts <6 BPI (0.24 blows/mm) in all types of soil.
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Figure 84. K, vs. blow count (BPI) for 16 PD/LT pile-cases with pile
area ratios >350 and blow counts <6 BPI (0.24 blows/mm) in all types of soil.
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Figure 85. K, vs. blow count (BPI) for 41 PD/LT pile-cases with pile
area ratios >350 and blow counts >6 BPI (0.24 blows/mm) in all types of soil.
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Figure 86. K, vs. blow count (BPI) for 41 PD/LT pile-cases with pile
area ratios >350 and blow counts >6 BPI (0.24 blows/mm) in all types of soil.
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/LT pile-cases with pile

area ratios <350 and blow counts <6 BPI (0.24 blows/mm) in all types of soil.

Figure 87. K_, vs. blow count (BPI) for 64 PD
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Figure 88. K, vs. blow count (BPI) for 64 PD/LT pile-cases with pile
area ratios <350 and blow counts <6 BPI (0.24 blows/mm) in all types of soil.
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Figure 89. K, vs. blow count (BPI) for 80 PD/LT pile-cases with pile

area ratios <350 and blow counts >6 BPI (0.24 bl
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Figure 90. K, vs. blow count (BPI) for 82 PD/LT pile-cases with pile
area ratios <350 and blow counts >6 BPI (0.24 blows/mm) in all types of soil.
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Figure 91. K, vs. blow count (BPI) for 12 PD/LT pile-cases at
EOD with pile area ratios >350 and blow counts <6 BPI (0.24 blows/mm).
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Figure 92. K vs. blow count (BPI) for 12 PD/LT pile-cases at
EOD with pile area ratios >350 and blow counts <6 BPI (0.24 blows/mm).
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Figure 93. K_, vs. blow count (BPI) for 27 PD/LT pile-cases at
EOD with pile area ratios >350 and blow counts >6 BPI (0.24 blows/mm).
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Figure 94. K, vs. blow count (BPI) for 27 PD/LT pile-cases at
EOD with pile area ratios >350 and blow counts >6 BPI (0.24 blows/mm).
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Figure 95. K, vs. blow count (BPI) for 36 PD/LT pile-cases at
EOD with pile area ratios <350 and blow counts <6 BPI (0.24 blows/mm).
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vs. blow count (BPI) for 36 PD/LT pile-cases at

Figure 96. K,

EOD with pile area ratios <350 and blow counts <6 BPI (0.24 blows/mm).
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Figure 97. K, vs. blow count (BPI) for 20 PD/LT pile-cases at
EOD with pile area ratios <350 and blow counts >6 BPI (0.24 blows/mm).
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vs. blow count (BPI) for 21 PD/LT pile-cases at
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Figure 98. K,

EOD with pile area ratios <350 and blow counts >6
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Figure 99. K_, vs. blow count (BPI) for 18 PD/LT pile-
cases at BOR with pile area ratios >350 and all blow counts.
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Figure 100. K, vs. blow count (BPI) for 18 PD/LT pile-

cases at BOR
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Figure 101. K, vs. blow count (BPI) for 88 PD/LT pile-
cases at BOR with pile area ratios <350 and all blow counts.
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Figure 102. K, vs. blow count (BPI) for 89 PD/LT pile-
cases at BOR with pile area ratios <350 and all blow counts.

180



CHAPTER $ - ANALYSIS OF DATA SET PD

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 K.,
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 sotl 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 K, 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 PD 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 K, =
0.695 (CAPWAP over Energy Approach) with a coefficient of determination r* = 0.699,
It can be seen that the small displacement piles (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 Iz = 0.812.
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(¢) 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 K, = 0.600 with r* = 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 K., = 0.652 with r* = 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 regardtess 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 K, = 0.844 with r* =
0.589.

() 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 PD/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 PD is, therefore, equivalent to ali time of driving cases in data
set PD/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 K., = 0.800 and r* = 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 K, = 0.807
and ¥ = 0.922.

(c) Clay and Till

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 K,,, = 0.723 and r* =
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 K, = 0.838 with # = 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 with 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
l(')2.60. The best-fit ratio is K, = 0.763 (CAPWAP over Energy Approach) with

= 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 ¥ = 0.857.

(¢) 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
K., = 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 * = 0.899.

(e) Unknown Soil 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 1o 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 K, 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 K, for PD pile-cases.

Kew = CAPWAP predictions / Energy Approach predictions

Pile- Linear Regression
Case Number Best Fit Forced through Zero
Group X-coefficient | y-intercept | r-squared | X<oefficient r-squared
AA 403 0.603 75.4 0.723 0.685 0.698
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 0.689
SA 76 0.751 22.7 0.830 0.800 0.826
S8 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 0.787
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 13 0.652 76.8 0.924 0.742 0.899
MN 5 0.816 61.3 0.933 0.855 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 till, 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 PD
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 PD/LT. 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 (1) 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 (r* = 0.826) and, in particular, in sand (r?=0.922). This is in
comparison to all large displacement piles (r* = 0.600) that improve in sand only to r* =
0.812, compared to clay with £ = 0.404,

9.4.2 Mean and Standard Deviation Analysis

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 K, for PD pile-cases.

Pile- Kew = GAPWAP! Energy Approach
Case Number Mean Standard
Group Deviation
AA 403 0.774 0.2099
LA 242 0.742 0.2359
LS 92 0.754 6.1753
LC 50 0.701 0.2093
LR 78 0.722 0.2202
LN 22 0.860 0.4528
SA 76 0.813 0.1255
8s 26 0.815 0.0862
SC 21 0.741 0.1396
SR 29 0.863 0.1229
MA 85 0.827 0.1734
MS 40 0.861 0.1410
MC 21 0.808 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

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

General comparisons between the best-fit linear regression of the different
subgroups in data set PD/LT (tables 5 through 7) and in data set PD
(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 PD/LT and PD subgroups.

i e s S—— p—

Pile- K., Coefficient
;ﬁﬁ, PD/LT PD
number ! x-coefficiert F r? number ! x-coefficient -
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.



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.

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.

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.

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
Group PD/LT PD
number mean standard | number mean standard
deviatio deviatio
n n
AAA 206 0.712 0.182 403 0.774 0.210
LAA 162 0.689 0.176 242 0.742 0.236
LAS 118 0.693 0.171 g2 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 ¢.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 CAPWARP results for 372 PD pile-cases.
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Figure 109. CAPWAP predictions vs. Energy Approach
predictions for 76 large displacement PD pile-cases in rock.
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Figure 110. CAPWAP predictions vs. Energy Approach
predictions for 22 large displacement PD pile-cases in unknown soil types.
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Figure 112. CAPWAP predictions vs. Energy Approach

predictions for 26 small displacement PD pile-cases in sand and silt.
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predictions for 29 small displacement PD pile-cases in rock.
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Figure 116. CAPWAP predictions vs. Energy Approach
predictions for 40 miscellaneous PD pile-cases in sand and silt.
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Figure 117. CAPWAP predictions vs. Energy Approach
predictions for 21 miscellaneous PD pile-cases in clay and till,
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Figure 118. CAPWAP predictions vs. Energy Approach
predictions for 19 miscellaneous PD pile-cases in rock.
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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-plastic
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 with pile driving. The dynamic
resistance component needs to stand for phenomena such as soil inertia, 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.



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 [oad 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 CAPWAP 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 (Ag) 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 Ag>350). The worst
analysis conditions are for large displacement piles in clay under low driving resistance
(<6 BPI {0.24 blows per mmy)).

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 initial driving. The Energy Approach is,
therefore, also proposed to be used as an independent tool to evaluate the office
methods.
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102 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 K, = load test capacity/office method prediction.

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

(4) CAPWAP/TEPWAP vs. Energy Approach using the parameter K_, = office
method prediction/Energy Approach prediction that is also equivalent to

K. = Ky /K.

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, J, (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 PD 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.

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
(Agr>350 for small displacement piles and Ag <350 for large displacement), as
presented and discussed in sections 4.4 and 8.5.4 (see figures 70 and 72).

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).

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 mm) 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 scil 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 (Ag>350) driven in the range of 0 to 10 BPI (0.39
blows per mm) is K, = 1.360, o, = 0.5581 and K, = 0.939, o, = 0.2788,
compared to the 32 pile-cases driven under resistances higher than 10 BPI
(0.39 blows per mm) that resulted in K, = 1.159, o, = 04422 and K, =
0.929, o, = 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 (Ag<350) driven at the range of 0 to 10 BPI (0.39 blows per
mm) is K, = 1.353, o, = 0.4879 and K, = 0.906, o, = 0.3257, compared
to the 43 pile-cases driven in resistances higher than 10 BPI (0.39 blows
per mm), which resulted in K, = 1.601, o, = 0.6279 and K, = 0.951, g, =
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 3, 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. For
example, 97 piles at EOD resulted in K, = 1478, o, = 0.6167 and = 1.023,
o, = 0.3073. These numbers improved for the subgroup of 29 small displacement
piles showing K, = 1.252, o, = 0.5616, and K, = 0.935, o, = 0.2616. The large
mean and standard deviation ratios for the K_ -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 part (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 (r’). Section 8.4.1 reviewed these parameters, mainly
indicating that good correlation exists for r* > 0.8 and that 0.6 < r* < 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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1032 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 relatively
large scatter. The scatter is mostly due to low accuracy in the prediction of
cases involving large displacement piles (see LAA compared to SAA) and
driving 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 2 mean
and x-coefficient close to 1 and r?=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 PD/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 (PD and PD/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 (Q,) divided by the factor of safety (F.S.) exceeds the
measured ultimate load (Q.,):

- P2 @1
R = PUZZ) > Q)

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

217



R = P[K'F.S.<1] (42)

where K = K, or K,,.

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 considericg 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 K} in the related data set. The K-
value is associated with the maximum over-prediction ratio.

Column 5 is the inverse ratio of K, 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 K,
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 K 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 = 226,

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 Ksw,,, = 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 PD/LT.

Pile- Factor of
Method of Analysis Safety FS.xmeanK | F.S. x K .,
(F.S)
CAPWAP/TEPWAP AAA 206 | 0.57 1.75 2.40 l 7.74
CAPWAP/TEPWAP AEA 97 0.57 1.75 259 7.74
Energy Approach AAA 208 | 0.41 244 2.26 5.28
Energy Approach AEA 98 0.51 1.86 2.01 4.24

(c) Factor of Safety and the Associated Risk Based on the Actual Data

The PD/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 Q,/Q,, > 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, AEA, 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
chart. 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 K, =
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 safety 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‘<1]=P[K<F1E] (43)
using x = 1/F.S.
for a normal distribution
PIK<x] = PLUS(—5)] = F(—) = F,@) (44)
for a log-normal distribution

P[K<x] = P[lnK<lnx] = F,( ) (45)

aln:
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where F, is obtained directly from the standard tables of the normal distribution
function,

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

m_ = 0.8818, o, = 0.3094

F.S. 1/F.S. U F, 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% 71.7%
2.0 0.500 -1.8337  1-0.96712 33% 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.

103.6 Recommendations for Implementation

L 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 K, = 0.93).
. F.S. = 2,00 for all end-of-driving cases (AEA, mean K,p = 1.00).

. F.S. = 2.00 for all small displacement piles (A; > 350) in all cases (SAA,
mean K, = 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 K, 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 E,;.y, average Dy,,y, and average capacity for the last
inch during driving rather than for a single blow.

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 ¢an 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. of 206 95 39 208 96 39 ]
Cases ]
F.S. 1.00 1.00 1.00 1.00 1.00 1 .oo_—
Actual F.S." 1.37 1.44 1.15 0.92 1.00 0.90
Risk (%) 223 16.8 41,0 67.8 60.4 41,0
F.S. 1.20 1.20 1.20 ll 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 42.3 313 256
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 5.1 226 9.4 5.1
F.S. 1.60 1.60 1.60 1.60 1.60 1.60
Actual F.8. 2.19 2.31 1.84 1.48 1.60 1.44
Risk (%) 1.0 | 11 2.6 14.4 2.1 2.6
F.S. 1.80 1.80 1.80 1.80 1.80 1.80
Actual F.8." 2.46 259 207 1.67 1.80 1.62
Risk (%) 0 0 0 7.7 1.0 0
F.S. 2.00 2.00 2.00 L 2.00 2.00 2.00
Actual F.S’ 274 2.88 2.30 1.84 2.00 1.80
Risk (%) 0 0 0 48 0 0
F.S. 25 2.5 25 _2,5 25 25
Actual F.S." 3.43 3.60 2.88 2.30 2.50 2.25
Risk (%) 0 0 0 0 0 0
“Actual F.8. = F.85. x mean CPR

mean OPR = mean Over-Prediction Ratio
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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.
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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 (Ag >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 (A >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.

235 Precedin_g page blank

Mo. Plie-Case Refer. Locstion Pue Ple Lengtn Penelr Sal Type
Number No. Type Area Boiow Deptn
2 Gauges Side Tip
4n%) {r) M)

1 FN1-EOD 480 Omahs NE HP10x42 12.40 20 720 sifty clay m

2 FN1-BOR1 HB80 Omaha NE HP1Ox42 12.40 720 721 silty clay uy

3 FN1-B0R2 460 Omana NE HP10x42 12.40 720 73.0 sty clay w

4 FN2-EOD 1480 Omaha NE | PSCi2sq | 144.00 820 850 sitty ctay t

5 FN2-BOR =480 Omaha NE PSC12'sq | 144.00 820 65.0 ity clay i

8 FN3-EOD 480 Omaha NE PSC14'sq 186.00 820 56.0 slity clay ti

7 FN3-B80R 480 Omana NE PSC14'sq 196.00 620 56.0 aty ciay un

8 FN4-EQD HB0 Omaha NE CEP12.75° 19.20 66.0 €6.0 siity clay LIk

9 FN4-BOA 480 Omaha NE | CEP12.75° | 18.20 68.0 66.0 sifty clay ]

10 RA-EOD Sie 1 lowa HP14x89 26.10 1175 1141 clayey sand sand

1" FiA-BOR Site 1 owa HP14xB89 26.10 1175 114.1 clayey 8and sand

12 FB-EOD Site 1 lowa CEP 14" 21,20 972.5 4.1 clayey sand sand

13 Fig-BOR Stte 1 lowa CEP 14" 21.20 87.5 84,1 clayey sand sand

14 FO1-E0D Cim S1 Oidanoma CEP 26" 67.7¢ 60.3 60.2 silty sand siny sand
15 FO1-BOR Cim §1 Qidahoma CEP 26° 67.70 60.2 60.2 siity sand siity sand
18 FO2-EOD Cim 81 Oidanhorma PSC2470ct 470.90 815 83.0 siity sand siity sand
17 FO2-BOR Cim -1 Owanoma PSC24'0cl | 470.90 61.5 63.1 siity sand siity sana
18 FO3-ECD Cim §-2 Cikdahoma HP14x117 34.40 1100 Q.7 sa-si-clay clayey sand
1 FO4-EQD | Cim $-2 Oxiahoma AC24'sq | 576.00 60.3 45.0 sa-sl-clay clayey sand
2 FO4-80R Cim §-2 Oxiahoma RC24°3q 576.00 60.3 55.8 sa-si-ciay clayey sand
21 FOR1-EQOD Alsea Oregon PSC20°sq 383.00 131.0 1255 sand & aft siftstone
2 FOR1-80R Alsea Oregon PSC20"sq | 383.00 131.0 1258 sand & ait lltstona
23 FMS5-ECO Slle A Maine CEP 18" 27.50 17.3 99.0 clay & sand sand

24 FM5-BOR Sie A Maine CEP 18 27.50 101.0 89,1 clay & sand sand
25 FM17-E0D Site B Maine CEP 18° 27.50 718 71.1 uu ]

28 FM17-80R Site 8 Maine CEP18° 27.50 7.8 7.3 1] an

27 FM23-EOD Ste B Malne CEP 18" 27.50 58.8 50.7 i il

28 FM23-BOR She B Maing CEP 18° 27.50 56.8 508 s n {
2 FC1-EQD Crook Colorado CEMZ2.75" e.82 3.5 3.5 sand sand

0 FC1-BOR Crook Colorado CEP12.75" 8.82 3as 339 sand sand

3 FC2-ECD Crock Colorado CeEm2.75" §.62 27.5 26.5 sand sand




Table 20. Site and piie information for PD/LT (continued).

—)
No. Pio-Cone Roter. Location o Pue Length Penetr Soll Tye
Number MNo. Type Area Below Depin

@n?) Gﬂ:\?“ o Side e
k-] FC2-BOR Crook Colorado cemars $.82 7.5 26.9 sand sand
a FMI1-EOD R 115 Missoun CEP 14" 18.10 83.0 83.0 sand-gravel sand
M FMi1-B0R AL 115 Missourd CEP 14 16.10 83.0 a3.1 sand-gravel sand
B FME-EOD AL 115 Missoun CEP 14° 18.10 61.5 61.0 sand-gravel sand
38 FMi2-BOR AL 118 Missourt CEP 14" 18.10 815 61.0 aand-gravsel sand
37 FWA-EOCD 3 1ake | washingtn CEP 48° 113 1820 248 tlil-gravel il
38 FWA-BOR 9" take Wwashingtn CEP 48" 11.3 1520 24.9 tli~gravet ]
3@ FWB-EQD ™ jake washingtn CEP 48" M3 140.0 109.0 tl-gravel bill]
40 FWB-80R 3™ 1ake washingtn CEP 487 113 140.0 108.3 Ul-graved un
L1l FA1-EQOD Hes Alabama PSC 18°sq | 324.00 83.0 84.0 silty sand sitty sand
42 FA1-BOR1 L1685 Azbama PSC 18'sq | 324.00 6.0 845 wity sand sitty sand
43 FA1-BOR2 165 Alabama PSC 18°sq 324.00 6.0 4.8 sity sand silty sand
V] FA2-EOD 185 Alsbama PSC 18°8q | 324.00 73.0 75.0 ATy Aana ity sand
45 FA2-BOR1 166 Aabama PSC 18°sq | 324.00 73.0 753 aiity sand siity sand
48 FA2-BOR2 k165 Alebama PSC 18%q | 324.00 73.0 755 siity sand siity sand
47 FA3-EQD 166 Alebama PSC 24'sa 488.00 630 840 slity sand ality sand
48 FA3-BOR1 H65 Alebarna PSC 24°sq | 485.00 83.0 64.1 silty sand siity sand
49 FA3-BORZ F185 Alzbama PSC 24sq | 488.00 63.0 645 silty sana siny sand
50 FA4-EOD 1686 Alsbamg PSC 247sq 485.00 730 75.0 silty sand sifty sand
5 Fad-BOR1Y -85 Alsbama PSC 24°sq | 485.00 73.0 751 sitty sand sitty sand
82 FAs-BORZ 165 Alabama PSC 24'sq | 489.00 73.0 75.2 sifty aand ality sand
53 FA5-EQOD 165 Alabama PSC 38°sq 898.00 700 73.0 siity sand silty sand
54 FAS-BOR F165 Alabama PSC 36'sq | 8098.00 70.0 731 Siity sand sifty sand
85 FY15-EQD WRJ Yermond HP14x73 21.40 g20 75.0 siit-a.sand sand gravel
58 FV15-BOR WRJ Vermont HP14x73 21.40 820 75.8 an-a.sand sand gravel
57 Fv10-EQD WRJ Yermont HP14x73 21.40 920 £0.0 si-d.sand sand gravel
58 Fv10-BCA WRJ Yermont HP4x73 21.40 920 £0.4 sintd.sand sand gravel
> FMN2-EQD RL 18 Minnesola HPH4x73 21.4 97,0 £6.0 sa-si-clay fal Glay
80 FMN2-BOR RL 18 Minnesota HP14x73 21.4 7.0 6.1 sa-gi-clay fat clay
81 FP5-EOD Toga Penn. Monotube 7.00 345 238 sanay g sanday gt
.2 FPS-BOR Tioga Penn. Monctube | 7.00 35 238 sandy grd sandy gvi
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Table 20. Site and pile information for PD/LT (continued).

No. Pile-Case Reter. Location Phe Plie Length | Penetr Sall Type
Number No. Type Avea Betow Depih
Gauges Sice p
(n?) m ()
a FKG-EQD RL27? Kantuciky PSC14°sq 186.00 72.0 3.7 soft clay dense
84 FKG-BOR RL27 Kentucky PSGCid"sq 198.00 7249 M7 soft clay dense
85 FL3-ECD RL41S Louisiana PSC24™s3q 463.00 100.0 4.3 siity clay sitty sana
(-] FL3-BOR1 R.415 Loutslana PSC24"sq | 483.00 100.0 84.3 siity clay siity sand
87 FL3-BORZ2 RLA15 Loulslana PSCza'sq | 483.00 100.0 84.3 siity clay sty sand
68 CA1-EOD She C-L 0.5. Ond CEP 9.6* 15.42 1720 1543 si-sa-ciay si-sa-lil
) CA1-BOR She C-L 0.5. Ont CEP 96" 15.42 1720 154.3 si-sa-clay si-sa-till
7o CAZ2-BOR Site C-L 0.5. Ot CEP §.6" 15.42 1128 1101 skaa-Clay sl-sa-clay
kal CAS-BORT Sile A N.Y. Ont CEP11.73* 11.98 87.0 832 fili-sand sand
72 CAS-BOR2 Stte A N.Y. Ont CEPN.73° 11.08 67.0 65.8 fil-sand sand
73 CA3/8-BOR Marina Bar. Ont CEP10.24* 8.74 73.8 4.4 sand-sitt aitt
74 CA24-BOR Site D Tor. Ont CEP12 75" 14.54 KO-X] 336 aand sand
75 CA8-BOR1 Site € Ham. Ont CEmM2.75° 14.54 60.2 54.0 sa-sH-ili sift-tif
76 CAg-BOR2 Site E Ham. Ont CEP1275" 14.54 §0.2 54.0 88-9-l ailt-th
7 CA8-EOR She E Ham. Ont CEPM275" 13.55 60.2 54.0 sa-8l-till -ty
78 WC3-EOD White Forda PSC24"3q 578.00 434 27.3 Is.-d.sand dense
79 WC3-BOR1 white Rorida PSC24"3q 576.00 48.4 215 Is.-d.sang dense
80 WC3-BOR2 white Forda PSC24"8q 576.00 ars 27.5 a.-d.aand dense
"N WCB-EOD White Honda PSC24'8q 576.00 385 283 s.-d sand denfie
82 WCg-BORt ‘While Forida PSC24'sq 576.00 395 20.5 Is.-d.sand dense
83 WC8-BOR2 White Rorida PSC24%3q £78.00 28.0 27.5 18.-d.sand dense
84 WBS-BOR Wesl PForida PSC30"sq 645.50 130.0 128.5 clayey sand clayay
85 wa15-BOR West Rorida PSC30'sq 645.50 105.0 103.6 sand sin-clay
a8 T1/A-EQD affshoce Iarael OEP 6807 1200 1385 528 cicr sand sand
87 T1/AAT offshore lsrael QEP 60° 21200 173.9 53.8 clor sand sand
88 T1/B-EQD offshore Israel QEP 50° 21200 216.2 101.7 cicr sand sand
89 T2/A-EOD offshore Israel OEP 48" 11133 112.1 525 okt asnd sand
80 T2/B-EQD offshore Israot OEP 48° 111.33 260.5 1821 cict sand sand
2] 351-BOR C.NR Toronio HP2x74 21.80 60.1 48.5 c-sa-6ilt siity sand
| -4 354-80R C.NR Toronia CEP12 75" 8.80 522 48.2 cl-sa-slt silty sand
83 35-5-BOR C.N.R Toronio HP12x74 21.8 100.2 90.5 ci-sa-3iit sity sand
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Table 20. Site and pile information for PD/LT (continued).
==IF==== — =
NO. Pie-Case Reter. Location Pile Pie Length Ponetr Scll Type
Number No. Type Area Balow Depin

o) GI:S“ m Side ¢
o4 36-8-BOR C.N.R Toronio CEPM2.75" 9.80 1C5.4 20.0 ¢i-sa-sit 4ty sana
5 35-7-BOR C.N.R Toronto T.Timber 157.00 H“.4 “n.e c+-sa-silt siity sand
96 35-10-BOR CNR Toronto PSC 12°sq 144.00 50.0 48.0 cl-sa-sit silty sand
97 E2-BOR DA Raleigh PSC 128q | 144.00 435 4.5 cHea-slt o-sa-ailt
88 635-BOR Mahonig Penn. HP12x53 15.50 838 66.0 sand-silt slit
90 LE21-BOR SHo A NA PSC 20'sq | 400.00 30 38.0 siif-sand silt-sand
100 LB20-BOR Site B NA PSC 207sq | 400.00 51.0 55,0 sand sand
1o LC3- BOR Site C NA, PSC 20°3q 400.00 115.0 86.0 ci-sa-sift clga-allt
102 LIN18-BOR Site D NA PSC 20'sq 400.00 185.0 4.0 cl-sa-siit cl-a8-8i8
103 LE37-BOR Shte E NA PSC10"sq | 100.00 80.0 500 ol-sa-slitl limestone
104 LE64-BOR Ste F NA P5G 10sq | 100.00 60.0 58.0 chsa-sitt | sachsit
105 ST1-EQD She H Roftca PSC 1889 324.00 66.0 44.0 - I carp sand
108 ST2-EOD Sita P Ronda PSC 18°sq 324.00 820 40.0 - ¢art sand
107 STe-BOR 604 virginia PSC 54'sq | 770.00 131.0 109.0 - sit-clay
108 8T48-EOD Castietn New Yok CEF 10° 5.80 40.0 8.0 aift-gand siit-gand
100 GZA3-ECD Civic Prov. RI CEP13.38° 20.30 143.0 125.5 silt-sand gr-sa-silf
110 GZAS-EQD Civic Prov. Rt CEP 0.75° 15.50 138.0 93.8 3it-sand Hil-shale
11 GZA8-EOD Civic Prov. R CEP 8.75% 15580 171.0 158.0 alt-sand Qr-sa-sil
112 GZBBC-EQD Civic Prov. RI CEP 10" 18.40 1160 895 siit-sand it
113 GZBR2-ECD Chic Prov. Rl CEP13.38" 20.30 143.7 106.0 sit-sand gr-sa-alit
114 GZES-EOD >, Prov. RI CEP13.38° 20.30 87.0 823 sift-sand si-ga-til
115 GZZ5-EQD Deer b, Boston MA CEP 14* 21.20 87.0 87.0 til-clay tinl
18 GZOs-EQD Deer . Boston MA CEP 14° 21.20 87.0 54.0 ti-ciay un
17 GZCCS-EOD Dweor . Boston MA CEP 14" 21.20 117.0 80.0 Uikclay i
118 GZL2-E0D Doer i, Bosion MA CEP14* 2120 117.0 83.0 til-clay i
19 GZP14-EQOD Deer 3. Boston MA CEP 14 21.20 105.0 60.5 tli-ciay au
120 GZP11-EOD Deoor 8. Boslon MA CEP 14" 21.20 105.0 56.5 titl-clay i
i1 GZP12-EQD Deer v Bosion Ma CEP14° 21.20 115.5 68.0 til-clay <[]
12 GZBR22-ECD NWS Cokt Neck OEP 3° 54.00 138.0 118.0 sand-clay sitt-clay
123 GIW1-EOR Water Vermont cmazs’ 14.60 126.0 845 ity sand sand
124 AS4-EQD HICC Australia RC10.8°sq 17.22 €7.9 678 slity clay clay
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Table 20. Site and pile information for PD/LT (continued).

239

—— . .
No. Plle-Case Rater. Location PUe Ple Length | Penetr Soll Type
NUmbDer MNo. Type Area Below Deplh

@d) Ga(l:)m W) S b
125 AB4-BOR HICC Ausiralia RC10.8"8q 117.22 67.9 67.6 siity clay clay
128 A147-ECD HICC Australia RC10.6%sq 117.22 67.9 €7.6 alty clay clay
127 A147-BOR HICC Austratia RC10.8%q | 117.22 79 878 sity clay clay
128 GF19-EOD Slte 1 Pgh. PA HP10x42 12.30 58.5 495 grvi-and-stt srale
128 GFI10-EQD She 1 Pgh. PA HP12x¢74 .70 57.0 49.7 gr-and-sit shale
130 | GF222-€0D Site 2 Pgh. PA HPA2x74 21.70 §7.0 61.1 grvi-snd-sit shale
131 GF224-EOD Sie 2 Pgh. PA Monolube 8.70 53.0 29.8 grvi-snd-sil grvi-and-sit
132 GF312-EO0D Site 3 Pgh. PA HP12xT74 21.70 33.0 28.2 ang-grv-shi shale
133 GFJ13-ECO Site 3 Pgh. PA HP1OXS57 16.70 35.0 9.5 snd-grvi-shl claysione
134 | GF412.EQD Site 4 Pgh. PA HP12x74 21.70 485 138 gra-and-s daystone
136 | GF413-ECD She 4 Agh. PA HP10X57 16.70 34.2 34.8 grvi-snd-sit claysione
134 GF414-EOD Site 4 Pgh. PA HP1OxS57 16.70 475 M7 grvi-ena-eht clayatone
187 | GF415-E0D Ste 4 Pgh. PA HPM2x74 21.70 475 M grvisnd-slt claysione
138 EFB2-EOD Ottawa Canada CP8.626" | 1554 - €23 si-sa-cl till
139 | EF167-BOR Otlawa Canada CP8625" | 1554 - 68.9 shaacl i
140 A-EOD1 Apalach Florida VC 24'sq 462.90 84.0 6.4 clayey sand aand
14 A3-BOR1 Apalach Rorda ¥C 24°8q | 48290 840 634 clayey sand sand
142 A3-EOD2 Apalach PRorida vC 2473q 462 .90 94.0 90.3 ciayey sand sand
143 A-BORR Apalach Florids VC 24%sq 462.90 4.0 90.4 clayey sand sand
T4 A3-BOR3 Apalach Forida VC 24°sq 462,90 893 80.6 clayey sand clayey sand
145 A14-DD1 Apalach Florida VG 24'sq 462.90 107.0 45,0 aandy clay sand
148 Al4.DO2 Apalach Florida vCcodsg | 48290 | 1070 47.0 sandy clay sand
147 A14-BOR Apalach Forida VG 2d°ng 452.90 107.0 58.5 clayey sand sand
148 Al4-BOR2 Apalach Forida VC 24'sq 46290 750 58.8 clayey sand cand
149 A25-EOD Apaiach Floria VC 24'sq | 462.90 106.0 55.1 clayey sand sand
150 A25-BORY Apalach Florida VC24'sq | 46290 | 108.0 552 clayey sand sand
15 A25-BOR2 Apajach Forida VC 24°3q 452.90 58.3 55.4 clayey sand 3and
162 A25-BOR3 Apalach Roriaa VC 24sq | 462.90 58.3 56.5 clayey sand sand
153 A18-EOD Apatach Forida PSC18'sq | 32400 85.0 606 sandy clay sand
154 A18-BOR1 Apalach Rorida PSC18'sq 324.00 65.0 60.6 sanay ciay sand
185 A18-BOR2 Apalach Rorica PSC1e'sq | 224.00 622 €1.0 sandy clay sand



Table 20. Site and pile information for PD/LT (continued).

No. Plie-Case Reler, Location Pile Plle Length Penetr Soll Type
Mumber No. Type Area Below | Depth

(n?) Gﬂ;?“ m Side ™
158 A41-EQD Apalach Flonaa VG 24%8q 46290 91.0 520 clay sand
157 AM1-BOR1 Apalach Fonda VC 24"8q 462 90 1.0 520 day aand
158 AM1-BOR2 Apalach Forida VC 24°sq 452.90 815 52.8 clay sand
150 A101-EOD | Apaiach Fonda Ve 24'sq | #6290 88.0 e1.8 clay clayey sand
180 A101-BOR1 Apalach Forida YC 2478q 462.90 88.0 61.8 clay clayey sand
181 | A101-BOR2 | Apalach Forida VG 24'sq | 6280 "5 821 clay clayey sand
1682 AIIFEOD Apaiach Rorida vC 24'3q 452.90 130.0 103.9 ciayey 3and sandy clay
183 A133-80R Apaiach Fonca vC 24sq | 462.90 115.7 104.9 ciayey sand sandy clay
184 A145-EQD Apaiach Flonda vC 24739 482.90 1320 102.9 clayey sand sand
185 A145-BOR1 Apalach Florida VG 24%sq 462.90 132.0 102.9 clayey sand sand
188 | AI45-BORZ | Apaiach Florida vC24'sq | 46290 | 1151 103.0 clayey sand sand
187 CRB3-BOR Choctw Fofida PSC24'sq 576.00 7e 770 clayey sand sand
1688 CB3-BORL Choctw Forica PSC24°sq 576.00 798 778 clayey sand sand
169 CB5-B8OR Choctw Florica ¥C 30"3q 645.53 87,0 53.1 clayey sand sand
170 CB5-BORL Choctw Forkia vC 309q | 4558 611 54.0 clayey sand | sandy clay
17 CB11-BCRL Choctw Flonda VC 30739 84553 a97.8 857 tiayey sand clayey aand
172 CB11-ECRL Choctw Floricda VG 30"q 845.53 97.8 858 clayey sand clayey sand
173 CB17-B0R1 Choctw Florida ¥C 30%sq 645.53 87.0 7 ciayey sand clayey sand
174 CB17-BOR2 Choctw Rorda ¥C 30°sq 84553 97.0 778 clayey sand clayey sand
175 CB17-BORL Choctw Forida VC 30"sq 645.53 90.0 77.9 ciayey sand clayey sand
178 CR17-DRL Choctw FRonda VG 3078q 84553 800 78.2 ciayay sand clayey sand
177 Ca23-eoR Choctw FRorida VG 30°sq 845.53 96.0 80.3 clayey sand sand
178 CB23-BORL Choctw Rorida vC 30"sq 845.53 98.0 827 clayey sand sand
1798 CB29-BORL Choctw Rorida YC 30°sq 845.53 951 845 Clayey sand clayey sand
180 | CB29-EORL | Choctw Forida VC 30°sq | 64553 05.1 845 ciayey sand | clayey sand
181 CB3I5-BOR1 Choctw Florida vC 30'sq 645.53 97.1 78.5 ciayey sand clayey sand
122 | ceasBOR2 | Choaw Rorida VC 30°sq | 845.53 97.1 768.9 clayey sand | clayey sand
183 CB35-BORL Choctw Rorda VC 30°sq 84553 as1 791 clayey sand dayey sand
184 CB41-EOR Choctw Rorida vC 30'sq 6545.53 1023 64.7 sandy ciay sandy clay
186 CB41-BOR Choctw Forida VC 30"sq | 645.53 101.3 84.7 sandy clay sandy clay
186 CB41-BORL Choctw Forida VC 30%sq 6845.53 790 6854 sandy ciay sandy clay
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Table 20. Site and pile information for PD/LT (continued).

No. Pis-Case Reter. Location (1] Ple Lenglh Pengtr Soil Typs
Number NO. Type Aea Bslow Depih

n?) &cﬁ“ m Side ™
187 CR26-EQD Choctw Rorida PSC24sq | 57800 80.1 625 clayey sand sand
188 C826-B0R Choctw Forda P5C24"3q 576.00 80.1 62.8 clayey sand sand
189 | Ca26-EOR | Choctw Roriaa PSC24'sq | 578.00 | 80 64.8 clayey sand | sanay clay
180 | CB26-BOR2 | Choctw Fonas PSC24"sq | 578.00 850 850 sandy day sandy clay
191 AP1-ECD Site P Oniario HP 12x74 24.50 1209 1144 cl-sa-silt siity sand
192 33M-80R Site P Ondario HP 12x74 21.80 1209 1144 cl-sa-sint sty send
183 A3IM-ECR Site P Onlaro HF 12x74 21.80 120.8 114.4 cl-sa-ailt siity sand
164 APR-EQD Sile P Ontario cri27rs 9.80 140.8 107.2 ci-sa-sitt siity sand
195 3IP2-BOR Site P Ontario cP12.75 9.50 110 107.2 ci-sa-siit siity sand
196 33P2-EOR Slte P Ortand cp 1275 8.80 111.0 107.2 ch-aa-sift siity sand
197 apd-E0D She P Ontana PSC 127a 144.00 B85.0 54.2 cl-ga-siit of-gii-tin
198 33P5-EQD Site P Ondarko #14 Timber 144.8 4.0 28.4 chaa-silt ch-siit-tig
199 TRD22-EOD Site R Oniario HP 12x74 21.50 25 20.1 sand th
200 TROZ2-BOR Site R Oonaris HP 12x74 21.80 22.5 20.1 sand u
201 TRE22-E00D Site R Ortaro HP 12x74 21.80 30.0 257 sand rock
202 TRE22-BOR SHie R Onlario HP 12x74 21.80 30.0 25.7 gand rock
209 TRPEX-EQD Siie R Ontario HP 12453 15.80 250 252 sand rock
204 TRPSX-BOR Site R Ormtano HP 12x563 15.60 25.0 25.2 sand ock
205 TR131-BOA Site R Ontario CP 7.083" 7.60 26.3 NA sand rock
208 | TRAH-EOR Ste$ | Brunswick | HP 129 | 28.50 138.0 126.0 clayey sit | sandy gravel
207 TRBH-BOR Stte § Brunswick HP 12x88 26.50 114.3 1021 clayey siti sandy gravel
208 TREBA-EOR Slie 8 Brunswick CP 1275 12.40 110.0 104.0 clayey silt sandy gravel

lin = 254 mm
1in® = 6452 mm?
1t =0305m
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Table 21. Pile driving and dynamic measurements for PD/LT.

P R D e e ———— —
No. Plle-Case Hammer Rated Deiverea | Blow | impedence | V. Fimp | YEALC | Dpg
Numbes Type Hammer Energy Count EA/C F
Energy
Kip-f) {kip-h) (8P) (ps/ft/s) /s (Kps) {in}
1 FN1-EQD D-20 54.2 17.30 2.83 2213 13.24 a2 4 0.908 .783
2 FN1-BOR1 D-30 54.2 18.42 8.00 2213 1224 | 3152 | o083 | 813
3 FN1-80R2 0-30 54.2 20.15 15.00 213 13.04 308.9 0834 B37
4 FN2-EOD 0-30 54.2 12.70 2.50 60.49 705 | 4620 | 0963 | .4a4
5 FN2-BOR 0-%0 54,2 12.35 5.00 60.49 838 | 5089 | oese | .400
s FN3-EOD o-30 542 9.50 8.17 85.89 814 | 5580 | oses [ .38
7 FN3-BOR 0-30 542 1820 6.00 8589 788 | 691.1 0579 | .459
8 FN4-EQD D30 54.2 15.55 250 34.26 1297 | 4785 | o082 531
8 FN4-BOR D-30 542 17.40 5.00 34.26 1323 | 4758 | oesa 517
10 Fia-EOD K-28 515 23.38 333 46,60 1490 | 8678 | 1038 886
1 FA-BOR K-25 515 19.88 1,89 46.60 1500 | 6576 1082 | 556
12 FIB-EOD K-26 815 25.40 5.89 37.80 1510 | sssa | 1027 689
13 FB-BOR K-25 515 22.47 2.50 37.80 1530 | 5482 | 1.054 875
14 FO1-EOD DE110 €15 16.08 5.67 120.80 540 | 7887 | o.m27 413
s FO1-BOR DE110 8.5 37.47 5.00 120.80 890 | 12208 | oera 541
16 FO2-ECD DE110 835 18.28 5.08 188.10 390 | so5p | o883 453
17 FO2-BOR DE110 9.5 ny 12.00 199.10 57 | 11140 | 1018 | 450
18 FO3-EOD DE110 835 16.40 16.67 61.40 850 | 4895 | o828 | .625
18 FO4-EOD DET10 83.5 9.81 1.7 7M4.60 250 | 6753 | osas | .2e0
20 FO4-BOR DE110 85 27 1.00 214.60 470 | 10117 | oge7 | .32
4] FOR1-EOD D-46-23 105 0.1 8.17 159.00 810 | o0 | 1025 | .88
2 FOR1-80R 0-48-23 105 23.77 77.33 159.00 580 | @181 1.004 482
2 FMS-EOD K45 028 27.00 1.20 49.08 1073 | 5505 | 0957 | 1.689
24 FMS-BOR1 K45 28 4020 300 49.08 1330 | 8582 | oese | .se
25 FM17-E00 K45 928 39.50 1.42 49,08 1114 | 5008 | o926 | 1105
2 FM17-BOR K4S 928 36.50 3.00 49.08 1317 | eo7.7 | osoce | .788
27 FM23-ECO K45 828 33.30 133" 45.08 137 | 5500 | o0ssa | 1190
28 FM23-BOR K45 2.6 31.00 200 49,08 1057 | s0a.1 1021 | 1247
2 FC1-E0D KC-25 515 15.47 3s0° 17.54 1340 | 2728 | ose2 790
2 FC1-BOR KC-25 515 16.18 aso’ 17.54 1340 | 2782 | 0.851 808
a FC2-EOD KC-25 51.5 18,07 3.67 17.54 1490 | 2000 | o0.901 806
e

* - Denotes biow count (BPI) based on blows per foot.
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Table 21. Pile driving and dynamic measurements for PD/LT (continued).

Mo, Pus-Case Hammer Rated Delivered | Biow | Impedence | Vo | Foo | YEA/S | Dy
Mumber Type Hammer | Energy | Courd EA/C F
Energy

{dp-Rt) (dp-) (BPY) (idps/f/8) (M/8) | Gdps) {In)

k-4 FC2-80R KC-25 51.5 13.66 4.0)' 17.54 13.10 268.1 0.857 830
33 FMI1-EQD ICE-840 400 11.00 3.00" 2873 810 | 2503 | ose19 | 738
7Y FMI1-BOR ICE-840 40.0 1200 3.00 26.73 880 | 3045 | o063 | e
% FME-EOD ICE-640 400 11.68 142" 28.73 710 | 2301 | ocess | a8
» FM2-BOR ICE-040 40.0 13.58 3.00 28.73 9.00 285.7 0.905 834
7 FWA-ECD Cona00 80.0 44.90 47.00 198.62 980 | 1025 | to11 020
38 FWA-BOR Con300 20.0 33.30 7.00 188,62 aso | 1708. | 1023 | 550
k] FWB-EQD Condon 80.0 47.20 30.00 198.62 8.50 1715, 0.880 630
L] FWB-BOR Condod 800 38 20 15.00 188.62 7.60 1518. 0.996 870
41 FA1-E0D K45 902.8 17.59 150" 14572 437 | e287 | 1o | 727
42 FA1-BOR K45 s28 .19 7.00 14572 360 | 5476 | 0.957 | .35
43 FA1-BOR2 K45 928 21.84 7.00 145,72 730 | 1074. | oss0 | .4a1
- FA2-EOD K4S 928 21,2 350" 145,72 398 | 6o | oms | 81
T3 FA2-BORN K45 928 2267 7.00 140.62 690 | 102¢. | o948 | 420
8 FA2-BOR2 K45 028 20.80 5.00 145.72 g7 | 15 | ossz | as7
47 FA3-EQCD K-45 928 279 253. 22153 3.31 7291 1.008 248
48 FA3-BOR1 K45 28 15.22 6.00 219.99 aat | 7e2e | oose | am
49 FA3-80R2 K-48 2928 1.1 5.00 21,53 5.30 1199, 0.878 274
50 FA-ECD K45 828 19.08 8.42" 22153 ase | 7824 | 1007 | .e37
51 FAA-BOR1 K4S g28 18.82 8.00 219.93 519 | 1108. | 1.000 | 255
52 FA-BOR2 K45 228 2042 18.00 21983 a.7e 1488. 1.013 283
53 FAS-EQD D-62-22 153.2 37.08 7.67" 403,88 510 | 2106. | ooers | .46
54 FAS-BOR De2-22 153.2 4551 5.00 403.88 740 | s018. | o.091 288
55 Fvis-E00 | mKTase 220 10.00 a7 38.18 1040 | 4032 | o885 | 475
56 FYiSBOR | MKT-358 220 12.23 9.00 33.18 1420 | 5228 | +.037 | 643
57 FY10-EQD MKY-358 220 10.98 287" 38.18 10,70 417.8 0.978 480
58 FY10-BOR MKT-35B 20 13.98 2.00 38.19 16.30 609.1 1.022 875
59 FMN2-EOD | ICE-90S 90.0 23.20 183" 38.19 15.00 | 8276 | os13 | .87
60 | FMN2BOR | ICE-808 20,0 29.14 26.00 38.19 1650 | 6756 | o932 | 802
a1 FPS-EOD D12 20 7.58 5.42° 1249 1380 | 1774 | osr2 | &7
| = FPS-BOR 12 20 7.55 13.00 12.49 1490 | 1925 | ooez | 570

' - Denotes blow count (BPT) based on blows per foot.
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Table 21. Pile driving and dynamic measurements for PD/LT (continued).
No. Plis-Case Hammer Rated Deilversd Blow Impedence Vimp Fimp VEA/C | Dpax
Number Type Hammer Energy Count EA/C F
Energy
(Kp-f1) (xip-1) (BPY) (dps/f/3) M/8) (Hps) (n)
3 FKG-ECD L8-520 3.0 8.31 23,25 80.23 4.28 a53.5 0.971 466
o4 FXG-BOR LB-520 3.0 7.78 18.00 80.23 455 373.3 0.978 407
[ FL3-EOD Yul-020 680.0 14.680 167" 203.74 3.28 678.3 0.988 7587
o6 FL3-BOR1 Vi-020 80.0 170 L0 203,74 370 | 8114 | 0920 | .43
ar FL3BOR2 VU020 80.0 14.43 11.00 209.74 370 | 7954 | o946 | 207
& CA1-EQD B-400 48.0 20.32 21.33 27.87 15.75 432.2 1.018 1.051
(.- CAT-BOR B-400 45.0 18.968 40.00 27.87 14.44 £27.9 0.941 1.025
70 CA2-BOR 8400 46.0 16.74 14.00 27.87 1500 | 4244 | og9e2 | .ees
7 CAS5-BOR1 ASkdrop 38.7min 30.46 25.00 21.38 15.08 341.8 0.944 1.312
72 | CASBOR2 | 49kdrop | 54.2min 3144 11.00 21.38 1345 | 3072 | 0936 | 1.298
73 | caa/smon | ICE 408 40.0 10.03 423 15.60 1542 | 2756 | os873 | 1.004
74 CA24-BOR D12 24.0 8.83 50.00 13.44 14,11 2158.7 0.878 .500
75 CAB-BOR1 D-3013 68.0 41.23 10.00 2583 17.32 484 .4 0.908 t.185
76 | casBOR2 | D-30-13 6.0 4268 8.67 25.93 1791 | 5027 | os2e | 1230
77 CAB-EOR 0-30-13 86.0 37.60 8.00 25.93 16688 | 4177 | 1045 | 1156
78 WC3-EQD Deimag 106.0 17.50 9.33 268.75 423 11228 1.013 452
70 WC3-80R1 Deimag 105.0 18.80 2.33 268.75 425 1478.8 0.968 42
80 | wCIBOR2 | Deimag 105.0 17.89 667 268.75 347 | 10424 | ocses | .403
a1 WCB-EOD Deimag 106.0 17.60 5.00 265.88 4.47 1181.0 0.998 208
82 WCB-BOR1 Deimag 105.0 18.24 8.00 265.88 4.50 12248 0.677 489
63 | wceBOR: | Delmag 105.0 26.28 6.67 265.88 504 | 13301 | 1007 | .667
B4 WES-BOR Con3oo 80.0 39.87 8.67 271.52 6.42 1748.2 0.897 383
85 WB15-BOR Condo0 90.0 .70 5.00 268.50 584 15337 1.025 .375
86 T /AEQD D55 125.0 44.89 7.7 378.57 8.01 2967 1.022 260
87 TI/AALT D-55 125.0 161.50 2.29 37857 12.50 4423 1.070 830
88 | Ti/R-EOD M-2500 NA 172.73 203 378,57 1270 | 4787 | 1004 | 870
a8 T2/AEQD D-55 125.0 50.62 4.83 198.75 9.40 1881 0.988 570
80 T2/B-EQD M-2500 NA 168.68 5.08 198.75 13.60 2814 0.961 1.189
N 35-1-80R B-400 48.0 13.10 1.83. 38.83 10.20 423.0 0.938 600
a2 354-BOR B-400 48.0 23.20 556" 17.50 17.04 377.0 0.833 1.010
8 35-5-BOR B-400 460 17.70 10.31° 38.93 1450 | 5840 | o967 | .se0
* - 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. Pue-Case Hammar Raled Deitvered Biow [ Impecenca | v, Fimp VEA/C | D ..
Number Type Hammer Energy Count EA/C F
Energy
{(xp-t) {(Kip-f) (BPY) (Kips/ft/s) (n/3) (kdpa) {n)
54 35-8-BOR B-400 48.0 28.10 16.87° 17.50 18.80 3720 0.875 1.130
] 357.BOR B-228 200 9.90 253" 18.97 1070 | 2176 | os3s | .m0
% 35-10-BOR 8-400 460 11.10 6.00 60.56 940 | 5220 | 1088 | .4e0
97 E2-B0R Conmas 265 15.01 10.00 64.20 7.98 527.7 0.968 392
28 83S-BOR ICE-840 4.0 1213 4.50 30.4 10.85 327 1.008 507
%9 LB21-BOR YUL-510 50.0 13.47 400" 168.40 4.50 8217 0.548 373
100 LB20-BOR | VUL510 500 14.77 8.00 161.80 500 | o060 | oOs8s | .1
101 LC3-BOR D-48-23 107.0 38.40 7.00 181.90 2.30 14370 0.835 668
102 UN16-BOR D-48-23 107.0 28.00 10.00. 161.80 5.90 1087.0 0679 579
108 LE37-80R VUL 15.0 5.40 10.00 32.80 574 | 2203 | 0977 | 4m
104 LE64-BOR YUL-01 150 €.80 5.50 30.80 810 | 2472 | 0957 | a4z
108 ST1-EOD D-38-13 84.0 313 242" 123.00 5.30 10356.4 0.888 848
108 ST2-EOD 03613 84.0 33.03 242" 132.20 833 | ses1 0973 | .89
107 STe-BOR CN5300 150.6 45.70 7.66" 339.10 810 | 2076.0 | 0.998 442
108 ST48-EOD VUL 150 5.50 267" 10.35 10.00 s 1.010 780
109 | GZAREOD ICE-640 40.0 16.12 20.00 36.20 1080 | 821 107 | .ee4
110 | G2ZAS-EOD ICE-840 400 17.38 .00 27.80 1020 | 3008 | 0842 | 1.062
11 GZAS-EOD ICE-840 400 13.40 15.00 27.70 8.10 219.8 1.021 1.078
112 GZBBC-EOD ICE-840 400 17.87 20.00 37.80 8.90 362.2 0.929 .888
113 GZBP2-EOD ICE-G40 40.0 9.57 20.00 38.20 8.80 258.7 0.952 710
114 GZB6-EOCD ICE-840 40.0 15.91 11.00 27.70 10.90 M5 0.878 834
115 | GZZS-EOD | ICE1070 728 28.73 4.20 37.80 1330 | 5338 | o942 | 1.000
118 GZO5-ECD ICE1070 726 237N 4.20 37.80 14.20 568.1 0.945 .87¢
117 | G2CCSEOD | ICEH070 726 34.05 5.40 37.80 1460 | 5008 | 0934 | 1180
118 GZ12-EQ0D WCE1070 726 25.84 .00 37.80 1290 500.8 0.974 584
118 GZM4-EOD 1ICE1Q70 728 2568 5.00 37.80 11.40 502.3 0.858 .82
120 GZPM1-EOD ICE1070 728 18.13 5.30 37.80 11,20 471.5 0.898 782
1 GZP12-EQD 1ICE1070 728 34.64 1260 37.80 1270 499.5 0.961 1.155
122 GZB22-EQD MH728 1350 5517 8.50 111.00 11.60 1326.1 0.571 .858
123 GZTW1-ECR K-25 470 1279 1200 2610 1221 339.3 0.539 778
124 AS4-EQD Banul-g .72 21.05 .63 50.82 073 | s070 | 1000 | .se2

* . Denotes blow count (BPT) based on blows per foolL.
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Pile driving and dynamic measurements for PD/LT (continued).
— L ——————————————

No. Plie-Case Hammer Reted Detiverod | Biow | impedence | Vi, Femp | YEAC | Omay
Humber Type Hammer | Energy | Count EA/C F
Energy

(idp-fl) {wip-ft) (BPY) (dps/fi/s) M/s) (kips) (in)

125 AS4-BOR Bamd M.72 25.67 18.14" 50.82 10.40 | 491.0 1.077 827
126 A147-EO0D Banut 34.72 19.69 195" 48.44 8.14 404.2 0.878 .880
127 A147-BOR Banut .72 25.30 8.68‘ 47.20 814 437.3 0.887 780
128 | GF1g-EOD LB-520 NA .40 20.00 29.80 1055 | 3428 | 0918 | 470
120 | GF110-E0D LB-520 NA 10.18 447 38.73 1043 | 4400 | o900 [ .380
130 GF222-EQD ICE-640 NA 16.60 20C0 38.73 12.68 503.0 0.968% .580
131 GF22{-EOD ICE-840 NA 21.00 5.00 17.31 15.70 258.9 1.050 800
132 | 6F312.€0D LB-520 NA £.86 18.00 2873 948 | 3061 0800 | .285
133 | GF315-EOD LB-520 NA 1005 20.00 29.80 1081 | 3521 0915 | .403
134 GHI12-ECD LB-520 NA B.48 39.00 38.73 B8.81 408.8 0,1 358
135 GH1Z-EQOD LB-520 NA 0.07 39.00 2980 10.74 360.4 0.838 418
136 | GF414-E0D | ICE640 NA 16.47 48.00 29.80 Haz | a7zo | o7 | e07
137 GF15-EOD ICE-840 NA 1225 28.00 38.73 10.39 4426 0.808 455
138 | EFS2.EQD 030-32 520 27.28 610 2795 1701 | sa28 | oase | .ses
139 | EF167-80R 030-32 520 25.01 8.10 27.9% 1529 | 4708 | om0z | .az7
140 AS-EODM Yul-020 60.0 18.74 8.00 209 .66 3.52 7438 0.992 548
141 AJ-BOR1 vu-020 60.0 17.36 7.00 208.68 2.87 8225 0.9687 488
142 AJECD2 VU020 0.0 18.85 342 209.68 340 | 7888 | o904 | 538
143 aveore | vuno2o 0.0 16.87 4.00 209.66 300 | s708 | osee | 42
144 A3-BOR3 VU020 60.0 21.53 30.00 200,66 3e3 | 7534 | 1010 | 397
145 A14-DDt Con-300 80.0 2981 8.75 291.07 3.52 1028.3 0.996 614
148 A14-DD2 Con-300 80.0 N 10.83 281.07 4.33 1218.8 1.034 587
147 A14-BOR1 Con-300 £0.0 40.87 3.00 281.07 826 18788 1.085 544
148 | a14-BOR2 Con-300 90.0 2263 20.00 201.07 ate | 9629 | oess | e
149 A25-EOD Vul-020 §0.0 2252 4.00 207.40 a6 7263 | 10m 735
150 | A25-BORt V020 60.0 18.06 8.00 207.40 212 | 512 | oosa | se3
151 A25-BOR2 VU0 | 800 220 20.00 207.40 282 | 7672 | t000 | .ace
152 A25-BOR3 Vul-020 60.0 2213 20.00 207.40 3.78 753.8 1.040 521
153 AIS-EOD vul-010 325 11,52 317 150.55 398 | 5710 | 1049 | 598
154 A168-BOR1 Yu-010 s 10.78 8.00 150.55 .80 834.0 1.015 457
=155 A18-BOR2 1 Vo010 25 9.04 787 150.55 a18 457.0 1.051 289

* - Denotes blow count (BPI) bascd on blows per foot.
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Table 21. Pile driving and dynamic measurements for PD/LT (continued).

m#
T Pue-Case Hammer Raled Deltverea | Biow | impedence | Vi, Fmg | YEA/S | Omax
Number Type Hammer Energy Count EA/C F
Enargy
(wip-ft) (dp-) (BPY) (kipa/fi/8) M/s) (Kips) (in)
150 A41-ECD Vul-002 80.0 21.94 418" 205.97 374 | 7ee | os77 604
157 Ad1-BOR1 Val-020 80.0 25.41 5.00 205.97 431 828.1 1.072 853
158 | m1-80R2 VU020 0.0 21.82 8.00 205.97 422 | ee58 1,004 A97
150 | A101-EOD VU020 60.0 20.95 201" 208.34 ags | 7044 1088 | 718
180 | A101.80R1 VU020 €0.0 21.20 8.00 208,34 389 | 7443 | 1088 | s38
181 | A101-80R2 VU020 0.0 14.74 24.00 208.34 308 | 6«30 | o007 360
182 | A133-EOD VU020 60.0 18.04 525 7262 420 | 820 | 1008 854
183 | A133-BOR VUH20 80.0 15.42 60.00 2282 347 | 7580 0978 | .as4
164 | At145-EOD VuI-020 80.0 18.67 5.26 2121 aze | o 1.028 | €26
185 | aras-e0R1 VU0 60.0 17.50 13.00 2127 an 6520 | o0.982 487
188 | A145-BORZ | vuHd20 €0.0 16.52 43.00 72 350 | 7488 | 1020 | .41
167 CB3-BOR Vul-020 0.0 1855 10.00 25508 308 | 7868 1025 | .08
168 | CB3-BOAL VUH20 80.0 15.85 10.00 255.08 337 | 8084 1.063 264
160 CBS-BOR ICE2008 100.0 15.34 12,00 291.95 3.9 897.6 1077 | .282
170 | CBSBORL | ICE200S 100.0 24.97 18.00 28195 425 | 12892 | osez | .48
171 | cB11-BORL | CE200S 100.0 28.38 18.00 318.10 510 | 16348 | o¢e2 | .32
172 | cB1-E0RL | ICE2005 100.0 20.12 16.00 318.10 507 | 16305 | 0969 | .320
173 | ©B17-BOR1 | 1CE2008 100.0 20.19 16.00 297.18 495 | 14838 | 0.9 532
174 | cB17-80R2 | ICE2008 100.0 3858 15.33 297.16 815 | 18225 | 1003 | 418
175 | €Bi17-BORL | ICE200S 1000 20.50 36.00 297.1¢ 40 | 12569 1 0995 | 200
178 CB17-DRL ICE2008 100.0 26.85 16.50 297.18 484 | 15181 | csoo8 | a2
177 | ca2-BoR | icE2008 100.0 14.07 8.00 300.73 284 | 8420 | o871 266
178 | cees-soRL | ICE2008 100.0 268 1200 309.73 445 | 14075 | oom | 2
178 | cezs-soRL | icE2oos 1000 B.89 20.00 288.28 1 8393 | o0se1 211
180 | CB2o-EORL | ICE200S 1000 16.92 20.00 288.20 as1 | 10184 | o004 330
181 | cBasBOm | ICE2008 100.0 41.33 8.73° 203.99 514 | 13040 | 1.084 837
182 | cass-eome { cE200S 1000 2270 20.00 203.99 478 | 13404 | toa8 | .33
183 | CBAS-BORL | ICE2008 1000 19.60 13.00 293.99 419 | 12320 ] o009 | .288
184 | cCBa1.EQR | ICE200S 100.0 3218 1517 amz.20 503 | tsoa8 | 1.0m 558
185 | CB41-BOR | ICE200S 100.0 27.09 24.00 202.20 523 | 15551 | 1018 | 480
188 | CBOI-BOAL | KICE2008 100.0 2150 870 302.20 462 | 14505 | 0963 2320
e —— — —

* . 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. Pue-Case Hammer Raled Celivered | @iow | impecence | V., Fimp | VEA/S | D
Mumber Type Hammer Energy | Count EA/C F
Energy
(dp-1t) (dp-ft) (BP1) {Wps/f/s) n/s) (ps) (in)
187 | CB2e-E0D VU020 80.0 15.53 475 201.84 207 754.2 0.996 461
188 CB2e-BOR Yul-020 50.0 2287 545 261.84 3.62 547.4 1.001 507
188 CHB26-ECR Yul-020 80.0 2540 10.00 281.84 .83 71034.1 0.970 .837
190 | CB26-BORZ | vu-o20 80.0 20.82 12.00 261.84 as0 | eare | oar? .368
1 33P-EQD B-400 80~ 3267 12.00 38.90 15.38 | 6154 0972 | 1110
192 33M-BOR B-400 44.0 31.80 16.00 38.90 15.78 637.4 0.863 .787
163 33P1-EOR B-400 48.0 3260 nc sot 38.90 18.60 858.0 0.584 845
194 33P2-EOD 8400 460 32.84 39.00 1754 1044 | 2813 1.025 | 1.859
196 33P2.BOR B-400 4.0 30.97 76.00 17.54 10086 | 2170 | o092 | 1418
198 33P2-EOR B-400 48.0 31.24 no sel 17 54 17.28 3378 0.385 1374
197 33P4-EOD 6400 46.0 24.47 5.00 5.68 1082 | 7893 0.964 665
1898 33P5-ECD 8-226 2.0 8.4 10.87 2456 8.75 240.9 0.882 527
199 TRD22-EQD D12 225 B.78 30.00 38.70 10.50 384.7 1.005 381
200 | TRO22-BOR D12 25 7.83 20.00 38.70 .62 410.3 0.886 323
201 TREZ2-EQD 022 40.0 1519 2200 38,70 13 502.5 1.003 461
202 | TRE22-BOR D22 400 1518 10.00 38.70 1428 | 8017 0.896 At5
203 | TRPSX-EQD D12 225 9.17 35.00 27.80 1209 | 37ed 0.06C 409
204 | TRPSX-BOR D-12 25 9.70 25.00 27.80 1213 | 3se1s 0.933 435
205 TR131-BOR D12 25 710" 4.00 1410 11.10 158.0 0.991 7159
208 | TRAH-EOR B-225 20.0 9.50 no set 48.70 1030 | 4300 0.090 404
207 TRAH-BOR B2 29.0 12.50 2.50 48.80 11.10 532.0 0.874 127
208 | TRaP-EOR B-225 20.0 68.60 487 2160 1200 | 3060 | os81g | .4e8

* < Denote blow count (BPI) bascd on blows per foot.

1 kip-ft = 1.36 kN-m

1 BPI = 0.039 blows per mm
1 kip/ft/s = 14.59 kN/m/s
1ft/s = 0305 m/s

1kip = 4448 kN

lin = 254 mm
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Table 22. Parameters of dynamic analysis for PD/LT.

F==
No. Pue-Case Case EA/C 2i/C Tip Side Tip Side
Number 4. Quake Quake Damping Damping

(ps/s/f) (ms) (n) {in) (8/M) (s/M)
1 FN1-EQD 0.864 213 B.57 200 100 .a70 A70
2 FN1-BOR1 1.554 213 8.57 100 .100 400 130
3 FN1-BOR2 2217 2213 8.57 100 100 580 110
4 FN2-EOD €.356 60.49 9.65 200 20 050 270
5 FN2-BOR 0.837 60.49 8.55 .0BO RE] 100 .30
e FN3-EOD 0.066 85,89 9.55 120 060 290 800
? FN3-B0R 0.283 as.80 9.55 210 070 340 310
8 FN4-EQD 0.377 .26 7.85 150 J20 050 150
9 FN4-BOR 0.703 34.26 7.35 100 110 050 180
10 FIAEOD 0.454 46.60 13.98 300 A70 479 049
11 FIA-BOR -0.453 46.60 13.08 .050 100 5897 055
12 FIB-EOD D147 37.80 11.58 200 .150 088 058
19 FIB-BOR 0.025 37.60 11.59 150 100 129 088
14 FOV-EOD 0.133 120.80 7.17 2280 .100 139 RL"
15 FO1-BOR 0.720 120.80 TAT .2B0 100 092 092
18 FO2-EQOD 0.150 188.10 841 .230 100 048 135
17 FO2-B0R 0.285 199.10 0.41 250 100 039 166
18 FO3-EQD -0.82¢ §1.40 13.08 .050 080 678 .02
19 FO4-EQD -1.855 214.80 10.48 130 100 115 127
20 FO4-BOR 0.570 214.80 10.48 .200 120 244 A8
21 FOR1-EOD 0578 159.00 20.88 .380 250 060 179
22 | rFoOR1-BOR 0.503 159.00 2098 220 220 248 185
2 FMS-EOD 0,022 49.08 13.96 320 100 041 086
24 FMS5-BOR 0.6877 48.08 12.02 3890 100 097 074
2 | Ffm7-EOD 0.438 49.08 9.26 530 090 o 076
28 FM17-80R 0.877 48.08 8.28 200 00 .050 142
27 | FM2a-EGD 0.25¢ 49.08 8.75 .400 080 041 454
28 | FM23-B0R 0.148 49.08 6.75 1.000 210 045 090
28 FC1-EOD 0.228 17.54 3.8 .300 87 038 038
30 FC1-BOR 0.278 17.54 3.08 .330 140 030 0z
3 FC2-E0D 0.229 17.54 327 .3%0 148 D41 028

- Determined from TEPWAP analysis,
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Table 22. Parameters of dynamic analysis for PD/LT (continued).

-
No. | Pue-Case Case EA/C /¢ ) Side TP Side
Numbar J Quake Quake Damping Damping
(dipe/3/f) (ms}) {in) {in) (/) (8/M)
32 FC2-BOR 0.383 17.54 3.14 330 150 .029 024
33 | Pvn-eoo 0010 28.73 9.87 100 1100 0851 047
34 FMI1-B0R 0.113 28.73 8.87 150 .100 098 017
b FMI2-EOD 0.188 28.73 7.32 140 J00 .030 080
2 | rue-BOR 0.048 28.73 7.52 150 100 055 .030
a7 | Fwaeon 0125 188.62 18.08 500 260 085 303
a8 FWA-BOR 0.213 168.82 18.08 301 .251 RE.C) A7
3 | FwBEGD 0272 108.62 16.68 . - ; .
40 FWE-BOR 0.141 188.62 16.66 - . -
41 FA1-EOD 0.043 145.72 8.40 100 100 123 23
42 | rar-omi 0.241 145.72 g.07 200 080 .368 387
4 | Far-pore 0.073 145.72 .07 250 100 363 az
L*) FAZ2-EGD -0.108 145.72 10.51 420 A00 008 215
45 | Fa2-30R1 0.207 140.52 10.90 250 100 262 205
48 FA2-BOR2 0.577 145.72 10.51 A70 130 323 27
o7 FAS-ECD 0.189 221.53 9.18 350 100 .183 329
4« | rasmom 0.085 219.09 9.0 200 070 513 338
490 | razpome 0.313 221.53 $.00 205 080 309 395
50 FA4-ECD 0.204 22153 10.43 250 100 163 297
5 FAA-BORY 0.331 218.83 10.51 120 060 334 .80
s2 | ram-pome 0.567 219.53 1051 150 100 262 358
5 FAS-ECD 0.133 403.88 10.07 .30 120 388 302
54 FA5-8CR 0.414 403.38 10.45 240 070 398 305
55 Fvy15-E00 0.085 38,19 10.85 .00 100 _140 102
58 | FViS-BOR 0.000 38.18 10.65 300 100 424 089
57 | FvicEOD 0.478 30,19 10.95 300 100 ar 202
sa | Pnoeon 0.143 38.19 10.85 340 125 278 164
s8 | mvn2-ECD 0.223 38,19 11.19 500 180 078 104
6 | Fmnz-BOR 0.025 20.19 1119 150 152 085 114
M FPe-EQD 0.183 1248 4.10 200 040 .037 .0
& FP5-BOR 0.350 1248 410 190 045 .030 088

- Determined from TEPWAFP analysis.
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Table 22. Parameters of dynamic analysis for PD/LT (continued).

— .
No. Pus-Cass Case EA/C a/C Tip Ske Tp Side
NumpDer 4 Quaxe Quaks Camping Damping

(kips/s/m) {ms) (n) (0 8/ {s/m
& FKG-ECD 0.288 80.23 11.39 250 090 A04 256
84 FKG-BOR 0.189 80.23 11.39 140 060 13 282
& FLI-EOD 0119 203.74 15.04 400 .100 248 268
e | F3-BORI 0148 20374 15.04 250 150 ars 392
67 | FLI-BOR2 0.394 200.74 15.04 250 124 523 507
[ CA1-E0D 0,120 27.87 20.47 140 140 089 083
) CA1-B0R 0108 27.87 2047 130 RE 088 078
7 CA2-BOR 0.558 27.87 13.30 100 100 o7 108
71 | cassom 0354 21.58 7.97 362 100 012 088
72 | caseore 0.408 21.58 7.97 27 217 .035 024
73 | cas/seon 0.765 1580 878 ara 278 096 118
74 | GA2¢BOR 0.285 13.44 459 AT? 118 113 077
18 | cassom 0.040 25,03 7.18 354 278 048 060
78 | casBORR -0.008 25.93 7.18 304 256 047 082
77 CAG-EOR 0.347 25.83 7.8 835 256 037 062
78 | wCaEQD -0.063 268.75 6.80 400 100 168 066
7% | wcasom 0.058 260.75 .80 350 130 038 188
s0 | weasore 0.042 268.75 538 320 080 087 237
81 WCB-ECD 0.008 265.88 5.54 420 100 118 143
a2 | wce-BoR1 0.044 265.68 5.54 AT 080 a2 212
83 | woeBoR2 0.005 265.88 3.83 810 100 048 311
84 | wBO-BOR 0.455 271.52 20.00 260 050 43 251
85 | weiseor 0.457 268.50 1828 225 .080 242 488
8 | Ti/aEO0D 0.265 a78.57 16.40 150 050 070 15
87 T1/AALT 0.257 178,67 20,70 200 100 187 079
a8 | T1/B-EOD 0.153 378.57 2574 060 060 021 047
80 | Te/AEOD 0.346 186.75 12.94 150 040 235 087
80 | T2/BEOD 0.057 198.75 3.0 070 o 154 033
# 35-1-B0R 0.088 38.93 7.15 250 100 114 043
%2 35-4-80R 0.315 17.50 8.21 300 100 024 033
) 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. File-Case Case EA/C 21/C Tp Skie Tip Siae
Number J, Quake Quake Damping Oamping

(ps/s/M) {ma} {in) in) {a/M) (s/1)
™ 35-6-BOR 0.268 17.50 12.55 100 060 o0 083
95 35-7-B0R 0.007 18.97 8.88 200 100 040 047
s8 | as1080R 0182 an 58 7.88 250 040 018 083
57 E2-B0R 0.509 04.20 8.31 260 100 120 75
sa €33-B0R 0.756 20.34 8.19 280 100 027 264
28 | Le2-8OR 0.129 169,40 5.50 310 100 128 169
100 | LB20-BOR 0.184 181.80 7.91 230 120 211 211
101 LC3-30R 0.389 161.80 20.31 350 250 182 137
102 | un1e-BOR 0.787 161.10 24.50 200 120 203 307
103 LE37-B0R 0.082 38.80 10.00 140 .080 A8 .650
104 | LEB4BOR 0.218 32.80 10,00 105 070 148 182
106 | ST1.EOD 0.242 123.0 11.52 300 080 054 081
106 | ST2E0D 0102 123 9.98 800 080 017 020
107 | sToBOR 0.500 3391 24.19 220 100 32 A48
106 | ST46-EOD 0.010 10.36 452 400 150 033 042
100 | Gzas-EOD 0240 36.20 17.00 .330 150 053 050
110 GZAS-EOD 0.000 27.80 16.50 320 150 030 .0sD
111 | GZAs-E0D 0.180 27.70 2037 250 125 118 053
112 | GZBBCEOD 0.204 37.80 13.70 .058 050 091 075
13 | azeeze00 0.961 36,20 17.08 040 050 051 129
114 | azBe-EOD 0.174 27.70 11.58 240 120 081 084
115 | GZz5-EOD 0.281 37.80 10.34 450 350 A7 236
116 | GzosEOD 0.431 37.80 10.34 580 100 058 819
117 | GZCCSEQD 0.471 37.30 13.91 430 220 020 A7
18 | Ga2€00 0.038 37.60 13.81 530 320 157 244
119 | azmaegop 0.457 37.80 12.48 A4S0 100 or? 102
120 | GzP11-ECD 0.260 37.80 1248 100 100 063 178
11 | azmz-EcD 0.247 37.80 13.73 110 170 .038 188
122 | GzB2-=0D 0.812 11.0 18.71 065 065 207 128
123 | azwi.ECR 0.004 26.10 15.02 170 100 118 442
124 | AS4-ECD 0.765 50.82 1207 .138 008 108 101

* - Determined from TEPWAP apalysis.
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Table 22. Parameters of dynamic analysis for PD/LT (continued).

o —_————————————
No. Riie-Case Case EA/C 2L/C Tip Side Tp Sige
Number Je Queke | Ouake | ODamping | Damping
{dps/s/T) {ms) {n) {n) {s/f) (/M)
125 AS54-BOR 0.149 50.82 1207 .100 33 088 109
128 A147-E0D 0.599 48.44 11.18 .869 100 .068 112
127 Al47-80R 0310 47.20 10.89 218 100 075 100
128 GF19-EQD 0.280 28.80 9.45 110 100 038 0862
128 GF110-EQD 0117 38.73 6.79 160 110 034 a7
130 GF222-EQOD 0.2 38.73 1.97 140 130 .065 078
131 GF224-EOD 0.008 17. 8.30 080 030 048 023
>R GF312-EQ0 0.830 36.73 3.93 120 .00 J18 057
3 GF313-EOD 1124 29.80 4.18 150 .080 133 043
134 GF412-EOD 1.358 38.73 5.78 120 120 058 026
136 GF413-EQ0D 1.056 20.80 407 100 120 064 029
138 GF414-EQD 1.380 29.80 5.65 120 110 043 012
137 GF415-EQD 0.622 38,73 5.68 130 100 058 027
138 EF82-EQOD 0083 27.95 - - - - .
139 EF167-BOR 0.805 27.99 - - - - -
140 ASEQOD1 0.392 200.66 13.43 330 120 110 230
141 AJ-BOR1 0.714 2085.68 13.a 270 .100 130 160
142 A3-EOD2 0.328 205,68 13.43 250 150 160 180
143 A-80R2 .464 209.66 13.43 020 080 150 260
144 A}BOR3 0.209 209.68 1278 A0 100 260 220
145 Al4-DD1 0.130 281.07 18.35 380 100 130 280
148 AT4-D02 -0.008 an.07 18.35 J70 140 110 .280
147 A14-80R1 0.213 281.07 15.36 100 120 220 220
148 A14-BOR2 0.402 201.07 10.78 200 150 12 230
149 ARS-EQD 0.267 207.40 15.31 350 120 .0BO 120
150 A25-BOR1 0,188 207.40 153 .320 A00 00 110
151 AZ5-BOR2 0.010 207.40 15.31 380 210 210 100
182 A25- BOR3 -0.008 207.40 1531 .80 250 280 180
153 A16-EOD 0.064 150.55 6.05 230 100 50 100
154 A16-BOR1 0.103 150.55 9.05 3% 00 160 .100
155 A18-BOR? 0,332_ 180 55 _ﬂﬁ 240 08D 850 _ 1680

" « Detcrmined from TEPWAP analysis.
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Table 22. Parameters of dynamic analysis for PD/LT (continued).

No. Pue-Case Case EA/C 2L/¢ Tip Side Tip Sie
Number J. Guaks Quake Damping Damping

(kps/a/N) (ms) (in) in) (3/R) {3/7)
156 | A41-EQD 0027 20597 13.24 290 080 .150 .080
157 | a41-80R 0.004 205.97 13.24 .70 090 140 090
158 Ad1-BOR2 0.080 20597 a.85 380 100 .130 100
150 A101-EOD 0.375 208.4 12865 400 420 040 310
160 | A101-80R1 0,142 208.34 1265 120 080 120 160
161 | A101-BOR2 0.273 208.34 10.28 100 090 200 210
182 | a133€0D 0.196 21262 18.31 .360 180 260 210
183 | A133-BOR 0.217 21262 16.30 130 130 210 100
164 A145-EQD 0.454 12,71 18.58 180 .090 150 240
185 A145-BOR1 0338 21271 18.59 70 170 70 270
166 | A145BORZ2 0.019 227 18.21 180 140 210 210
187 | CB3-BOR 0.647 255,08 11.38 180 100 563 17
188 | CB3-BORL 0.520 255,08 11.87 .180 110 527 78
169 | cesson -G.,308 29195 1245 140 100 314 828
170 CBSBORL 0.168 291.85 8.74 300 A0 27 405
171 | C811-30FL 0.363 318.10 12,61 140 180 1.335 248
172 CB11-=0RL 0.258 318.10 12..1 120 170 660 538
173 CB17-30R1 0.029 287.18 13.63 130 210 A3 258
174 | ce17-aoR2 0.128 207.18 13,69 250 .180 918 277
175 CB17-B0RL 0.082 297.18 1285 220 030 3580 125
178 | CB17-0RL 0.02¢ 20718 1265 .250 010 328 031
177 CEz3-BOR 0312 208,73 12.95 40 .130 .B58 284
178 | CB23-BORL 0.408 09.73 12.95 050 A70 1.674 535
179 | CB26-BORL 0.213 288,28 13.78 080 100 707 483
180 | CB28-EORL 0.017 288.28 13.78 200 .100 129 812
181 | cB3s-BOR .3 23399 13.79 240 100 113 005
182 CB35-80R2 4.167 293.99 13.78 180 100 13 433
183 | CB35-BORL <.028 283.99 12.68 030 70 700 226
184 | CB41-EOR <0.181 0220 14,14 260 100 141 200
185 CB41-30R 0.118 302.20 14.00 260 110 27 198
188 C841-BORL €117 302.20 10.92 140 130 3581 392

* - Determined from TEPWAP analysis.
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Table 22. Parameters of dynamic analysis for PD/LT (continued)

= =
T Pue-Case Case EA/C 2L/C Tp Side Tp Side
Number Je Quake Ouake Camping Damping

(cps/a/m) (ma) {in) i) fo/n) (s/1)

187 | CE26-EOD 0.408 261.84 11.40 210 120 078 105
188 | CB26-BOR 0137 261.84 11.40 270 110 009 059
189 CEB26-EOR 0.098 261.84 11.40 330 080 058 058
190 | cB26-BORR 0,184 261.54 0.25 230 100 178 738
191 | 33Pt-EOD 0.441 38.90 14.39 150" 300" 080" 010
192 | 33P1-BOR 0017 26,90 14.39 060 040 090 .038
183 a3P1-EOR -0.240 38.90 14.29 100 .100 012 028
14 | 33P2.ECD 0182 17.54 17.81 400" 200" 150" 00"
195 | 33P2:BOR 0426 17.54 1321 300 300 048 048
198 33P2-EOR -0.096 17.54 121 300 300 010 033
197 | 33P4-ECD 0.152 67.30 10.45 100" o285 o0 050"
198 | 33PS-ECD 0.509 2 0.04 090" 100" 040" 040"
199 | TRD22-EQD 0.571 38,70 268 A50 00 015 24
200 | TRO22-BOR 0.157 38.70 268 180 100 108 218
201 | TRE22-ECD 0.881 38.70 353 A00" 400" 100" 100"
22 | TREZ2BOR 0.411 28.70 3.5 250 100 018 35
203 TAPSX-EQD o418 27.80 2654 150 100 020 anm
204 | TRPSX-BOR 0.059 27.80 294 150 A0 013 128
205 | PR131-BOR 0.162 14.10 315 300 300 04 235
200 | TRarEOR 0410 48.70 18.24 200 100 025 753
207 TRBH-BOR 0.138 46.80 13.40 050 050 1.040 208
28 | TREREOA 0.7%0 .80 1294 s’ 00" 200" RT

1 kip/s/ft = 14.6 kN/s/m
lin = 254 mm
1s/ft = 3281 s/m
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Table 23. Pile capacity based on static load test and dynamic analysis for PD/LT.

No Plie-Casr Load Daviason's Shapa Am1* A=D1B DeoBeer Sladic CAPWAP Energy K“
Humber Tesl Criiena of Resig! TEPWAP Appr.

Typs Curve R, R, R

(pa) (ps) | (dps) | (ape) | (dps) | geps) | (kipe) {dps) R,

1 | oo | a 304 300 304 304 300 300 230 sa2 | os2e
2 | mBort | @ 304 300 304 304 300 300 a7s 484 | o820
5 | FNBOR2 | @ 304 300 304 304 300 300 431 535 | 0581
4 FN2-EQD Q 358 354 362 366 358 354 228 418 0.847
s | reBoR | @ asa 354 362 368 356 354 205 w7 | oz
] FN3-EOD Q 378 370 382 83 368 374 178 480 0.779
7 | mseor | @ 378 370 382 asa 308 374 297 e | ose
8 | PueoD | o 284 280 288 292 282 280 244 | oess
9 | rmeor | @ 284 280 288 22 282 260 288 582 | o.4a
10 | Paeco a 928 934 772 910 920 930 367 se0 | 1.6
11 FIA-BOR Q 928 834 7e 910 920 830 731 688 1.348
12 | FBEOD Q 650 430640 | 650 NA 648 850 511 708 | ose
13 | FB-BOR Q 650 480640 | 650 NA 648 650 521 66 | 084
14 FO1-EQC Q 588 500-580 rrd NA 544 557 488 718 oo
15 | Foreor | @ 598 500560 | 872 NA 544 557 700 1168 | c.478
18 FO2-EOD Q 160 750 780 800 754 750 530 648 1.181
17 | roeeorR | a 780 750 780 800 7 | 70 731 1158 | 0848
8 | Foseop | @ 78 700850 | 816 862 820 820 568 584 | 1404
19 | ForeCcD | @ 1700 00 | 176 | 1800 1664 | 1650 850 760 | 2163
20 FO4-BOR Q 1700 1400 1718 1800 1664 1850 767 1269 1.300
21 FORT-EQD Q 1360 1350 1188 1600 1400 1380 558 839 1.651
2 FOR1-BOR Q 1260 1350 1168 1600 1400 1380 729 1207 1.143
x| FMB-EOD Q 440 360-440 528 NA 481 420 348 a57 1.178
24 | FMsBOR | Q 440 360440 | 526 NA 461 420 499 74 | 057
25 FM17-EQD Q 408 375440 541 NA 430 447 424 8524 0.853
2% | rmi7e0R | @ 408 375440 | 541 NA 430 “7 526 781 | os72
22 | ezeon | a 342 200330 | 78 NA 358 340 a3 a2 | oszs
28 FMZ3-BOR Q 342 2680-330 378 NA 358 340 340 426 0.788
2 | rotE0D | Q 218 320380 | 370 32 358 340 27 M2 | oos4
2 | FC1-80R a 3te 300460 | 370 372 358 340 265 6 | osy
n | Fc2-E0D ) 368 350400 | a4z NA 335 are ars w2 | os3s

—— — ]

" - Detemined from TEPWAP analysis.
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Table 23. Pile capacity based on static load test and dynamic analysis for PD/LT

" - Determined from TEPWAP analysis.
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(continued),
No | PecCase | Load | Davisson's | Shaps | a=1" | 4=018 | DeBeer | Stauc | caPwapr | Energy | K
Number | Test Crueria of Resit | TEPWAP | Appr.

Type Curve R, R, &

{ips} (ipa) (kps}) | (wps) (dps) | (dps) (Kps) {kips) R,

2 | rc280R Q 368 350400 | 442 NA 338 aze 340 363 1.085
33 [ FMN-ECD Q 330 288317 | 333 NA 320 310 285 248 1,260
M | Pan-son Q 330 203317 | 323 NA 320 310 213 306 1.013
- FME2-EQD Q 08 180 NA NA 126 160 184 179 C.E94
36 FMI2-BOR Q 209 160 NA NA 128 180 217 279 0.573
37 FWA-EOD SM 1300 1300 1300 NA 1180 1300 285 1148 1.138
B FWA-BOR 3M 1300 1300 1300 NA 1150 1300 652 1154 1127
% | FWBECD | SM 1000 1200 1000 NA 1497 | 1225 plug 1708 | 07
4 | FwBBOR | SM 1000 1200 1000 NA 1497 | 1225 plug 1280 | oss7
41 FA1-EQD 8 37 326-350 419 NA 34 5 05 302 1.142
42 | Far-pom 5 a7 325350 | 419 NA 34 245 257 462 0.747
< | Frar-eoRe ] 370 325950 | 419 HA a3 M5 382 840 0.411
44 FA2-EQD -3 550 4B0-550 SEB NA S41 535 428 563 0.542
45 | FA2-BOR1 8 550 430550 | 588 NA 541 535 489 550 0.563
4 | FA2-80R2 s 550 480550 | 588 NA 541 535 599 806 0.597
47 FA3-EQD S 625 500-840 679 NA G648 a14 30 547 1122
8 FA3-BOR1 S 25 500-840 670 NA 848 814 307 744 0.825
49 | FA3-BORR 8 625 500640 | @79 NA 648 814 587 628 0.743
50 | Fm-E0D S 817 e6s825 | 88?7 HA 748 773 446 772 1.001
51 FA4-BOR1 s 817 EB5-225 887 NA 748 773 804 1 0.728
52 | Fas-BOR2 $ 817 695825 | 887 NA 748 773 852 1448 | 0534
53 | FAS-EOD s 1140 1050 1168 NA 939 1074 662 1543 | o.608
4 FA5-BOR S 1149 1050 1158 NA 839 1074 845 2238 0.480
5 | FVi5-€00 Q ns 300350 | 372 440 248 315 194 338 0.038
58 FV15-BOR Q s 300-350 2 440 248 318 188 88 0.810
57 | rviceon | a 345 230300 | 400 484 240 13 159 305 1.026
58 | FrioeOR | @ 348 230300 | 400 484 240 313 179 285 1.098
8 | ranzeCD | Q 765 720740 | 722 752 724 740 M2 476 1.555
80 | PamzBOR | Q 765 720740 | T2 752 724 740 852 831 0.890
at FP5-EQD a 243 220-235 NA NA n 227 210 21 1.078
& | rrsBOR Q 243 220235 | NA | N 21 227 239 280 0811




Tabie 23. Pile capacity based on static load test and dynamic analysis for PD/LT
(continued).

No | PueCase | Load | Davisson's | Shape | 4=1" | A=0.18 | DeBeer | Sialc | CAPWAP | Energy | K,
Number Test Criteria of Reutsl | TEPWAP | appr.
Type Curve Ry AT R,
(ips) {xdips) (Kips) (Kps) (Kps) (idps}) (kipe) (kips} R,
83 | FxG-EOD 368 480520 | 530 NA 475 45 288 302 1.188
84 | FKG-BOR Q 366 480520 | 530 NA 475 485 285 403 1.154
65 | AIECO | ur 400 400 NA NA 400 400 136 258 1.550
e | A3BOAI | LT 400 400 NA NA 400 400 272 508 0.669
s7 | FLaBoR2 | LT 400 400 NA NA 400 400 350 803 0.448
& | ca-eon s 540 500560 | 3w 390 530 533 410 444 1.200
89 | ca1-BoR ] 540 500560 | 3s0 300 530 533 500 423 1.231
70 | cazpoR s 366 30400 | aro a70 355 380 2 430 0.884
71 | cas-BORI ] 468 460500 | 500 NA 460 480 409 540 0.888
72 | casBore s 488 480500 | 500 NA 480 480 439 543 0.383
73 | cass-Bom Q 189 200230 | 27 271 27 230 241 383 0.623
74 | ca24-80R 8 242 200-260 NA NA 248 243 207 408 0.595
75 | CAB-BOR s 880 e0680 | 5% 650 840 860 810 782 C.844
76 | cas-BoR2 S 660 620660 | 590 850 840 660 584 742 0.880
77 | casEOR ] e80 s20660 | 590 €50 840 660 558 704 0.038
78 | weaeon | ro 610 550-850 NA NA 620 810 508 751 0.812
70 | wcasom | fFa 610 550-650 NA NA €20 810 506 781 0.781
80 | wcasore | fa 610 550650 NA NA 620 810 536 777 0.785
81 | weceeop FQ 453 445545 NA NA 537 495 450 567 0.829
82 | wessom | RO 453 445545 NA NA £a7 495 480 713 0.694
83 | weesomz | rFa 453 445545 NA NA 537 495 443 72 0.641
84 | wessorn | fo 900 ssos80 | 928 NA 855 884 41 1788 | 0.500
85 | wetssor | Fa 820 740-790 | 833 NA 767 766 808 1448 | 052
8¢ | T1/aE0D | sSM 1084 1984 1984 NA 1808 1984 1778 2720 | o728
ar T1/AALT SM 1984 1984 1934 NA 1808 1984 1800 2870 0.890
88 | m/BEOD | SM 2868 2425 NA NA 1852 2648 2366 3042 | o871
80 | T2/ac0D | sM 1345 1223 NA NA 1654 1470 1252 1872 | o788
80 | T2/BECD | SM 1285 »2204 NA NA NA 3080” 2778 2964 1.040
91 | 351-BOR s az2 320350 | 054 368 318 a5 260 274 1.164
a2 | as4BOR | s a0 300330 | a4 342 318 a0 350 485 0.684
8 | 35580R | S 612 580620 | 600 808 €00 600 50 616 0.971

* - Davisson's reduced for creep.
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Table 23. Pile capacity based on static load test and dynamic analysis for PD/LT

(continued).
————
No Pie-Case load Davigson'’s Shape A=y A=0.1B DeBoer Static CAPWAP Energy %
NumbDer Test Crteria of Resist TEPWAP Appr.

Tyvpe Curve Ry R, i}

(Kps) taps) | oaps) | oaps) | oopey | odps) | ocps) ops) | R
o4 358-BOR s e00 500-550 530 548 528 530 580 526 1.007
- 35-7-B0R ] 122 120-170 152 148 144 142 139 183 0.776
96 35-10-BOR 8 402 370420 432 444 a78 400 334 425 0.841
97 E2-BOR Q 415 I75-395 NA NA 360 390 420 732 0.533
88 83S-BOR CRP 264 250-272 292 NA 258 268 278 320 0.838
L] LB21-BOR s asn 3680 RA 484 280 350 381 518 0.654
100 LR0-BCR 8 580 480 NA NA 480 530 474 #13 0.652
1> LC3-8CR S 620 800 880 NA 560 640 812 1168 0.547
102 LIN18-BOR 5 600 600 800 NA 600 600 562 885 0.6508
103 LE37-BOA § 250 240 270 NA 230 250 197 24 1.037
104 1LE84-BOR S 270 240 NA NA 220 260 232 274 0.548
105 ST1-ECD S 4 280-320 NA NA 300 344 505 630 0.548
108 ST2-E0D S 510 540 NA NA 500 540 €18 665 0.812
107 STe-BOR s 920 T20-840 920 NA, 800 200 807 1827 0.487
108 ST48-E0D [ NA 104 NA NA 104 104 a2 13 0.820
109 GZAI-EOD Q 440 500 450 820 480 480 365 424 132
110 G2AS-EOD Q 256 160-210 320 314 270 298 293 339 0.873
111 GZAB-EOD Q 188 350 318 308 350 28 275 281 1.160
112 GZBBCEOD Q 440 S00-560 500 S50 560 530 413 459 1.169
113 GZBP2EQD Q 280 340 0 324 290 320 n7 302 1.059
114 GZBS-EOD Q 380 420 458 530 350 380 M1 413 0.844
115 GZZS-EQD Q 454 420-470 540 NA 410 440 214 557 0.730
118 GZO5-EOD Q 480 440480 800 NA 480 488 x5 511 0.851
17 GZCCSEOD Q 450 480-520 520 750 NA 490 452 599 0.818
118 GA2-E0D a 640 B00-560 590 750 530 660 267 5668 1.187
118 GIP14-EQCD Q 390 3680400 440 500 430 420 3056 570 0.737
120 GZP11-E0D Q 250 340420 380 440 430 386 235 390 0.967
1 GZP2-E0D 8] 500 600 NA NA 560 520 674 0.831
122 GZB22-ECD Q 1120 1120 1040 NA 840 1080 1108 1357 0.781
123 GZWH-EOR Q 350 335-400 404 418 353 380 250 57 1.084
124 AB4-EQD CRP 652 830-852 51_8 638 633 838 383 464_ 1.437

* . 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 PieCase | Load | Davisson's | Shape | A=1® | 4=0.18 | Debeer | sumuc | CAPwAP | Energy | K,
Numbos Tosl Criteria of Resist | TEPWAP Appr.

Type Curve Ry R, Y

(Kps) (ps) {dps) (kips) (dps) (dps) (kips) (dps) R,

125 AS4-BOR cap 652 630-652 618 638 839 38 611 696 0.914
128 A147-EO0D CRP 558 547 585 580 540 882 289 39 1.828
127 | A14780R | cAP 558 547 555 560 540 552 564 653 0.845
128 | GFiO-EOD Q 330 400460 | 380 380 325 307 358 a4 0m5
128 GF110-EOD Q 500 500-800 560 560 450 550 457 605 0.800
130 | GF222-E0D Q 580 540-800 590 580 540 570 512 623 0.918
131 | GF224-EOCD Q NA 450470 NA NA 465 463 419 458 1.011
132 | GFM12-E0D Q 340 300-310 NA NA 280 810 405 483 0.642
133 GFA13-EQD 8 34 320-330 NA NA 334 330 448 532 0.620
134 GF412-EQD Q 240 240-280 284 294 200 272 455 530 0513
135 | GR#13-E0D Q 203 280-320 | 3%0 350 270 300 428 491 0.611
138 GRU4-EOD Q 60 J60-420 420 420 320 290 824 0.619
137 | GF415-EOD Q 460 460520 | 540 540 440 500 561 590 0.835
126 | EFE2-EQD Q 502 440510 | 468 458 480 477 522 838 0.750
138 EF187-BOR Q n 267 279 277 287 272 479 625 0.438
140 A3-EOD1 FQ 858 850-940 980 NA B58 839 472 629 1.499
141 A3-BOR1 FQ 958 850040 | 960 NA 958 939 538 680 1.423
142 | AEOD2 FQ 958 850940 | 960 NA 958 939 268 545 1.728
143 AJBOR2 FQ 958 850-840 960 NA 958 239 462 812 1.534
144 A3-BORY FQ a58 850-940 960 NA 958 839 1421 0.681
145 A14-DD1 FQ NA 860-045 NA NA 908 905 684 o2 0.622
148 Al4-DD2 FQ NA 850-945 NA NA 808 805 741 10768 0.841
147 | AM4-80m FQ NA 8680-045 NA NA 208 005 €04 118 | 0809
143 A14-BOR2 FQ NA B880-845 NA NA s0a 805 a8g2 1478 0.813
149 | A25-E0D Fa 715 750840 | 840 NA 845 800 459 549 1.457
150 | Azs-BOR FQ 715 750-840 | 640 NA 845 800 555 865 1.209
151 | A25-BORR2 FQ 715 750-840 | 840 NA 845 800 452 970 0.825
152 | A25-BOR3 FQ 715 750840 | 840 NA 5 800 442 930 0.860
183 A18-EOD FQ 315 275215 350 NA 272 308 224 303 1.7
154 A16-BOR1 FQ 315 275315 350 NA 272 308 282 45 0.742
186 | A16-BOR2 FQ 3s 275315 | %0 NA 272 308 208 505 0.810

" . 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 Ple-Case Load Davisson's Shape A=1" 4=01B DeBsar Static CAPWAP Energy KIP
NUmber Test Cmafia of Resist TEPWAP Appr.

Type Curve A, R, B

0dpa) Kpsi | tape) | (ap) | dpy) | dps) | (ape) wp) | R
158 MA-EOD FQ 524 500-525 540 NA 538 530 a1 624 0.848
157 M1-BOR1 FQ 524 500-525 540 NA 536 530 503 715 0.741
158 A1-BOR2 FQ 524 500-525 540 NA 538 £30 5685 834 2.835
159 AIQM-EOD FQ 812 BOO-B40 NA NA BOO 810 817 A74 1.708
160 A101-BOR1 FQ 812 B800-840 NA NA 800 810 669 T2 1122
161 A101-BOR2 o 812 800-840 NA NA 800 810 83 881 0819
162 A133-ECD FQ 808 780-860 810 NA 806 