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PREFACE
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advice. Mr. Hugh M. Taylor, Jr., Engineer, SMD, provided technical as-
sistance at WES. Mr, Lucien Guthrie was technical monitor for OCE.
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THE MECHANICS OF PILE-SOIL INTERACTION
IN COHESIONLESS SOILS



Chapter 1
INTRODUCTION

Purpose of Study

Foundation conditions and structural constraints often require
the use of pile foundations to support the structure and to minimize ob-
jectionable sett]em?nts. The accurate prediction of foundation perform-
ance and the effective interpretation of field load tésts are urgent

economic and technical needs of geotechnical engineering practice.

This study represents the final phase of an investigation into
the analysis of pile load tests. Overall study objectives have been:
(a) to compile and make available to the Corps of Engineers (CE) offices
the results of pile load tests performed by CE offices and other investi-
gators; (b) to review analytical solutions for determining pile load
capacity; (c) to compare pile load test results with theoretical solutions;
(d) to develop improved methods for conducting and interpreting pile load

tests; and (e) to develop design guidelines.

In a previous report by Sherman, Holloway and Trahan!, objectives

(a) through (c) were accomplished. Very few of the many pile test results com-
piled supplied sufficient data to permit detailed analyses of pile-soil

system performance. In most cases the data were incomplete. In others

2



the pile was not loaded far enough to cause failure, but rather only far
enough to satisfy design criteria. Only a few carefully instrumented
pile load tests with adequate soils data could be examined effectively.

Some of the observations of that report deserve further corment.

It was found that for pile tests in soft to medium clays, con-
ventional bearing capacity theory (assuming undrained shear strengths)
: provided‘generally satisfactory load test predictions. Moreover, such
assumptions probably provide conservative estimates of long-term behavior.
Sparse data from pile tests in stiffer cohesive soils suggest that many
uncertainties cause difficulties in assessing both short- and long-term
pile performance. Transient phenomena involving remolding, excess pore
pressure dissﬁpation and reconsolidation, make the analytical determina-
tion of the resistance to penetration a most difficult task. It Was
| decided, therefore, that efforts could best be applied to aha]yses of pile-
soil interaction in cohesionless soils, for which such transient phenomena

should not dominate the behavior.

Analyses of pile tests in cohesionless soils suggest that conven-
tional static formulae do not adequately predict pile performance. Addi-
tional investigations into the mechanism of pile-soil interaction in co-
hesionless soils were thereafter begun. A rational analytical procedure
was developed to better predict or interpret the pile-soil system response
of single, axially-loaded piles. A one-dimensional discrete element formu-
lation, FDFOR, was generated to incorporate oﬁe-dimensiona] interface and
tip deformation models to simulate nonlinear and/or bilinear é]ementa]
resistance behavior. The results of FDFOR analyses partially satisfied

objective (d) of the overall study.? Predictions agreed reasonably well
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with compression load-displacement behavior; however, load distribution
predictions and tension test results compared poorly with field measure-
ments. The discrepancies were attributed to residual driving stresses
and residual stresses after compression testing, though only qualitative

simulations could be performed using a static formulation.

In a related study analytical (wave equation) solutions to pile
driving problems were examined. Numerical solutions of one-dimensional
wave equation representations of pile driving behavior were the primary
interest. The computer code developed at Texas A&hdLMiVersity (TAMU) ,
Patterned after A.E\L. Smith's algorithm, was adapted for use on the
Waterways Experiment Station (WES) computer facilities. The pile driving
results of test piles used in FDFOR analyses were analyzed using TAMFOR,
the WES time sharing version of the TAMU program. The investigation of

wave equation applications is published in a separate report.?

In view of the observations made and the expertise developed
during the execution of these projects, it was determined that the influ-
ence of residual load distributions on pile performance should be examined
analytically. To accomplish this objective a computer code was proposed
which could simulate the pile installation-load test behavior in a unifigd

procedure.

Scope

As a final product of this research effort, a combined dynamic/
static, one-dimensional discrete element formulation, DUKFOR, has been
developed. The dynamic solution scheme permits multiple blow analyses. to

model impact pile driving behavior more accurately. The incremental
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static equilibrium algorithm (after FDFOR) is used to satisfy static
equilibrium at the end of each hammer blow, as well as to solve arbitrary
static loading conditions. DUKFOR incorporates all the features of FDFOR
in a complete procedure that analyzes the whole pile installation/load
test sequence continuously. The "static only" solution option in DUKFOR

is an improved version of the FDFOR formulation.

An axisymmetric finite element (FE) code, AXISYM, was developed
to directly compare the one-dimensional and axisymmetric idealizations of
the problem. The plane strain, multi-purpose FE code SOIL-STRUCT, devel-
oped by G.W. Clough and Y. Tsui was modified to include an axisymmetric

idealization that can model pile test behavior.

Chapter II discusses pile installation behavior. Particular
attention is given to mathematical models of impact pile driving. Chapter
III reviews the analyses used to estimate the behavior of axially-loaded
single piles. Comparisons with experimental observations, and a descrip-
tion of the effects of residual loads in pile test performance/interpreta-
tion complete the chapter. The development of computer codes DUKFOR and
AXISYM is presented in Chapter IV.

Chapter V documents the results of DUKFOR and AXISYM analyses
performed to evaluate analytical capabilities. Pile tests were analyzed
using DUKFOR, and one test pile was carefully studied using AXISYM and

DUKFOR. Solution stability and convergence criteria are evaluated for both
codes in Chapter VI. Parametric investigations of system variables were made

to determine their effects on (DUKFOR) predicted pile driving behavior. A

discussion of AXISYM and DUKFOR code capabilities completes the chapter.



Chapter VI contains the conclusions that may be drawn from the
overall study, and general recommendations to engineers for app]ying‘the
techniques in practice and in future research. The Appendix provides some
essential details needed to prescribe pile-soil system parameters in ap-

plying these methods.



Chapter II
ANALYSES OF PILE INSTALLATION

In order to analyze a pile-soil interaction problem a multitude
of factors affecting the behavior must be quantified into a grossly simpli-
fied mathematica]Amodel. Laboratory model tests under carefully monitored
conditions indicate that many variables profound]y-influence subsequent
pile performance. Predetermination of these conditions for field pile
load test behavior is an even more difficult task. To accurately extra-
polate sing]é pile load test behavior to the performance of foundation
piles supporting the structure requires far more judgement than available

analytical methods can justify.

The efforts described in this study focus on axial load-deforma-
tion behavior of single pile foundations in cohesionless soils. This

chapter discusses analyses of pile performance during installation.

Methods of pile installation are brieij discussed and impact
pile driving is emphasized. Analytical methodé used to examine pile
driving behavior involve either energy formulae or solutions to a one-
dimensional wave equatian representation of the problem. Basic assump-
tions and limitations of these methods are described. The final section

of this chapter reviews several fundamental concepts that are essential to
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develop a basic understanding of impact pile driving phenomena. A review
of wave equation applications to pile driving problems fulfills this

purpose.

Methods of Pile Installation

| The purpose of foundation piles is.to transfer structural loads
to bearing strata that will prevent structural failure. With this purpose
in mind, the installation of a suitable pile requires judicious considera-
tion of the structural requirements, the alternatives most appropriate for
the site conditions, and certainly the cost and reliability of the in-

stalled foundation.

One diverse category is described as cast-in-place construction.v
The foundation element (pile, pier, drilled shaft or caisson) is built
in sftu with all necessary care to insure the structural integrity of the
finished product. A vast number of procedures have- been used successfully
under quite varied circumstances. Quite often, a method must be adapted
to accommodate the specific site conditions encountered. The discussion

will be limited to the broad category of cast-in-place piles.

The method of construction for cast-in-place piles can have a
significant influence upon the performance'of the foundation. Disturbance
caused during installation can alter the in situ stress conditions and
deformation properties in the vicinity of the pile. As an example, the
drilling of a shaft into a cohesionless deposit may require the use of
drilling mud to prevent the soil from sloughing into the cavity. Not only
do radial stresses decrease considerably near the cavity (increasing shear

stresses and strains), but the mud may also intrude into the adjacent soil
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affecting the frictional characteristics along the pile shaft. The con-
crete placement will restore the radial stresses to some degree, depending

upon the method of placement used.

A related means of installation to cast-in-place methods employs
predrilling or jetting to develop the hole into which a prefabricated pile
is placed. Either method is generally applied when impact driving encoun-
ters very high resistance to pile penetration. Predrilling or jetting
may be used to assist penetration of an impact driven pile through very
stiff cohesive or very dense cohesionless soil strata to achieve the

necessary penetration.

—

Drilling methods may be used in both cohesive and cohesionless
soils with proper care to maintain the hole as needed. Jetting employs
a high pressure stream of air and/or water to cause high excess pore fluid
pressures that reduce effective stresses in the vicinity of the advancing
pile point. The liquified soil is usually flushed up a]ong'the pile shaft.
Jetting is suitable only in cohesionless soils. Cohesive soils typically

have too high resistance to erosion by water jets.

It is important to note. the influence of each method of installa-
tion on the engineering solution. Cast-in-p]acé methods and predrilling/
Jjetting methods typically involve substantial changes in the stress-strain
state of thg‘soil near the pile from the in situ conditions. Indeed,
these methods may cause a reduction in effective stresses around the pile
resulting in a low shaft resistance. The accurate estimation of construc-
tion effects and quality control of the final product are frequently

formidable tasks. For piles designed to sustain substantial shaft resis-
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‘tance, such procedures as predrilling and jetting are generally restricted.

For end bearing piles these same techniques would be well suited.

The final method of installation to be mentioned in this section
is pile driving. There are two basic types of pile drivers: vibratory
hammers and impact hammers. Each type may be subdivided according to

specific hammer characteristics.

Vibratory pile drivers apply an oscillatory axial force pulse at
the pile butt. Low frequency (5 to 35 cycles per secohd) vibrators 1ift
and push downward the entire pile with each cycle. These‘hamners are most
commonly used to drive and extract sheet piling, soldier beams, and light
cross-section non-displacement piles. High frequency (40 to 140 cycles
per second) vibrators generate sufficient energy at a controlled frequency
to cause resonance of the pile-soil system. The vibrations reduce shaft
friﬁtion resistance and transmit significant energy to the pile tip. The
vibratory energy at the tip causes the soil to flow from beneath the pile
tip as penetration proceeds. Resonant vibrators have been used success-
fully on a number of projects to drive displacement piles over 100 feet

in length.*

Vibratory pile drivers offer some attractive advantages including*:
increaéed installation speed; reduction of objectiohable installation noise;
ability to drive lighter cross-section piles more effectively to the necessary
penetration than impact hammers can accomplish; and finally, the reduction
of the amplitude of vibrations transmitted to adjacent structures near the
site. The costs of equipment and maintenance are two recognized drawbacks
at this time. Documented performance of vibratory hammer-driven founda -

tion piles is lacking in the geotechnical literature.
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Impact pile driving is the most common method of foundation pile

installation. The energy causing pile penetration is delivered in impadt
stress transmission from a propelled ram to the pile. Impact pile drivers
have been used fo install pilfng since early in recorded history. Nonethe-
less, a fundamental understanding of the phenomena pertaining to pile driv-
ing performance has not been generated until very recently. Rational
methods for analyzing pile driving behavior are just beginning to find
acceptance in foundation engineering practice. The next section discusses
the mechanics of impact pile driving and includes a summary of the availa-

ble analytical methods that are applied to this class of problems.

Impact Pile Driving Behavior

The performance of the hammer-pile-soil system during impact pile
driving involves a combination of extremely complex phenomena. The nature
of impact energy transmission from the ram to the pile may require analy-
tical formulation of ram-capblock-drivehead-cushion-pile interaction be-
havior in a general problem. The pile penetration behavior due to ram
impact adds the pile-soil interaction to the system variables. Incorpora-
tion of accurate representations of all the variables affecting pile
driving behavior is truly beyond the "state-of-the-art" in geotechnical
engineering. Nevertheless, the engineer frequently ieeds to determine a
solution to pile driving problems in practice. A fundamental understand- -
ing of the nature of the problem and of the aVailab]e analytical methods

is essential.,
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-Energy Formulae

The most basic mathematical model of impact pile driving employs
the assumption of simple Newtonian (point mass) impact between the ram
and the pile. The simplest formulae equate an “adjusted“ ram output

energy at impact to the work performed to cause pile penetration.

"Adjustments" to the ram energy output involve considerations of
energy losses during impact. These losses may include cushion inelasticity,
mechanical losses, component inertial forces and related empirical adjust-
ments based upon field experience. Some pile driving formulae incorporate

a variety of considerations in obtaining the energy transmitted to the pile.

"Adjustments" to pile and pile-soil behavior assumptions can in-
clude total pile inertia (point mass), pile impedance, a rheological
(spring) model of the total soil resistance, and even the distribution of
resistance along the pile in particular formulae. Empirical correlation
factors have been recommended for any or all of these possible parameters
to match each author's pile test results and generate a "new" formula to

add to an ever-growing list of formulae published in the literature.

The important point to note in this discussion is that the most
"accurate"ﬁformu]ae are often derived from a correlation study of a set
of pile test results, and then compared with similar pile test results to
verify their utility. No matter how sophisticated the formulation, a host
of impbrtant problem variables are lumped in gross parameters and adjusted
to match a limited set of ffeld data. Moreover, a number of significant
causative variables are not even accounted for quantitatively in these

energy fbrmu]ae. This fact is vividly described in Table II-1 from Parola.’



Table 1!-1

The Wave tquation Versus Energy Formulae, From Parolas,

Varieties
Img:;:nce C:{:rh?g; Cus.:: lﬁing Res?ggnce 2::?;; Velgz?t.y Dr’:lsggatd
or Area Effect Distribution

1. Engineering News ’ X
2. Modified Engincering News u X
3. Gow U X
4. Vulcan Iron Works U X
5. Bureau of Yards and Docks X
6. Rankine X X X
7. Dutch u X
8. Ritter U X
9. Eytelwein v X
10, Navy-McKay '} X
11. Sanders X
12. Gates X
13. Danish X X
14. Janbu X X
15. Hiley X X X
16. Redtenbacker X X X
17. Pacific Ccast Uniform

Builaing Code X X
18. Canadian National

Building Code X X X
i9. Olson and Flaate _ X
Wave Equation Analysis X X X X X X X

Legend: Blank Space - variable not accounted for
U .~ varianle unsatisfactorily accounted for

X - variabie accounted fcr

=t
W
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"Nineteen common energy formulae (of some several hundred published and, no
~doubt, many hundreds more unpublished) are listed versus significant vari-
ables affecting pile driving behavior. The lack of representation given

to so many variables by every energy formula is glaringly obvious. In con-
trast to these formulae, the one-dimensional wave equation’formu1ation is
also included. It accommodates all the variables in a quantitative manner

-such that it represents the best available solution to the general problem.

In‘fairness, however, it must be recognized that energy formulae
have been used quite successfully in many cases. The reliability of a
given formula is usually as good as the degree to which the engineering prob-
Tem matches the cases for which the formula has been accurate. In a case
where the hammer-pile-soil system closely resembles the successful field
experience with a specific formula, it is probably the most reliable analy-
tical method. When hammer and/or pile and/or site conditions deviate from

those proven by experience, beware!

One-Dimensional Wave Equation Solutions

A thorough review of analytical solutions to the one-dimensional
wave equation and their applications to impact pile driving problems is
given elsewhere.?® In this section a summary of the essential information

described in that report is provided.

Stress wave propagation behavior is described by Newton's Second
Law: The vector sum of the forces acting on a body is equal to the product
of the mass times the resulting acceleration. Continuum mechanics gener-
alizes the statement in thé (dynamic equilibrium) equations of motion at

a point, employing the appropriate constitutive representation of the
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physical materials. This system of equations may be greatly simplified
when the physical problem can be described in one dimension, as the dyna-
mic equilibrium at a point on a one-dimensional rod in response to propaga-

tian of a longitudinal stress wave.

"The free body diagram of an infinitesimal rod element is given in
Fig. II-1. The equation of equilibrium for the rod element is written

directly as,

IF = [ﬂ] T .. (11-1)

In other words, regafd]ess of deformation properties of the rod, the
resultant force applied to the element equates with the elemental mass

times the resultant element acceleration at any instant in time.

Rewriting equation II-1 in terms of stresses and element propef—
ties and cancelling or factoring corresponding terms the elemental equili-
brium equation may be written as |

90

. 2
A—X - R = pAlMY - (11-2)
X 3 t2

where, in general,

u(x,t); displacement at a point x on the rod, L

ox(x,t); stress at a point x on the rod, F/L?
R(x,t); external resistance force at x, F/L
A(x); cross-section area at x, L2

p(x); mass density at x, F/L3
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u(x,gf:( 3—\'u(xwx,ﬂ = u(x,f) + 2

u(x,h) = Displacement, L

ox(x,1) = Stress, F/ L2
R(x,1) = Resistance, F/L
A(x) = Cross Section Area, L2

p(x) =Mass Density, MsL3

Figure II-1. Rod Element Free Diagram.
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Most pile materials may be assumed to deform as a Hookean
(1inear elastic) solid subjected to infinitesimal strains, such that the

stress-strain relation may be assumed as,

o, =F, =EXN (11-3)

where

E(x) = Young's Modulus at x, F/L%.

Applying this assumption the general differential wave equation
is written in terms of unknown displacements, u(x,t), as
3 (- 3u _ g 8%
A—[EK]-R—pA-—z- (I1-4)

ot

Determination of material properties and the resistance behavior
fully described the differential equation. In order to solve a problem,
initial conditions and appropriate boundary conditions must also be speci-

fied. The complete formulation of a problem may, therefore, be written in

the form,

The differential equation (wave equation):

D (g2u). g e op 2 )
AW[EEY]-R-F) o2 (115)

Initial conditions at f‘= ty:

u(x,t) = uo(x)

Wiyt) = vy (x)
R(x,t) = Ro(x)
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Boundary conditions:

1]
o

u(x,t) or g%-(x,t) at x

n
-

u(x,t) or %;-(x,t) at x

The exact solution of such a system of equations is available
“only for a few special cases. To so]Velthe general class of problems

described by equations II-5 approximate methods must be applied. A numeri-

cal solution scheme was formulated by A.E.L. Smith? in 1955, However,

the solution of the system of resulting different equations is too cumber-
some for manual computations. Its more general use became possible only

after the development of high--speed digital computers.

The development of high-speed, digital computers made solutions
of large systems of linear algebraic equations easily accomplished. Smith
presented the algorithm and problem formulation logic necessary to solve
impact pile driving problems for a discrete element (finite-difference)
model in a comprehensive paper published in 1960.%2 Most of the literature
published thereafter has extended or clarified points necessary to refine

Smith's procedure.

The terms written in equations II-5 may be quite complicated
functions of several variables. A, E and/or p may vary for a particular
problem with respect to location in the system. ‘Cushion modulus values
are usually different from that for pile materials, for example. The pile
may vary in cross-section or material properties, as well. Resistance to

penetration, R(x,t), is usually considered to be a function of pile dis-



placement and instantaneous velocity for the general case. Therefore,
the direct application of difference equation approximations to the dif-

ferential equation is a cumbersome chore.

Smith developed the solution using the equatiohs of motion for
discrete (lumped-parameter) elements. Elemental representation of all
the component parts of the hammer-pile-soil system requires the use of
equivalent weights, springs, and resistance forces. A échematic diagram
of the discrete element model is provided in Fig. II-2. In his 1960 paper
Smith also proposed a kheologica] model for the penetration resistance of
the soil. Figure II-3 describes its static and dynamic behavior and the

parameters necessary to define the response.

Smith's algorithm uses a nest of five elemental equilibrium equa-
tions to'integrate the elemental equation of motion with respect fo a
finite time increment, subject to interelement and penetration resistance
to motion. The solution marches out in finite time-increments from the
initial conditions to determine pile element displacements and>driving
stresses during one hammer blow. The "standard" procedure has applied a
single hammer blow at t, integrating the difference equations of motion
with time until the pile tip begins to rebound. The pile set is then com-
puted as the difference between the maximum tip displacement and the as-

sumed full tip rebound.

The details of Smith's formulation have been thoroughly reviewed
in the author's previous report.’ Discussion will be limited to the most

significant information needed to apply this method.
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Figure II-2. Discrete Element Model of Hammer-Pile-Soil
System.
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A primary consideration is the discretization of the system
variables; pile element lengths and time increment magnitude. For typical
pile properties Smith suggested that pile segment lehgths should not
exceed 10 feet, to ensure a smooth representation of thé transmitted stress
wave. In addition be recommended that no fewer than ten elements be used
to describe the system components.® The selection of the necessary time
increment magnitude is determined as a function of the stress wave velocity

in the pile.

Stresses transmitted in a freely suspended elastic rod travel at
a wave speed given by the quantity c¢ = [E/p, a physically measurable
quantity. The time required for the stress wave front :to travel Ax dis-
tance along the rod is simply At = Ax/c. For a system of interconnected
elements a "critical" value of At would represent the shortest time inter-
val necessary for the stress wave front to pass any element spring in either
direction. If At were chosen larger than the critical value the stress
wavé would tend to bypass an element whose At was smaller, causing solu-
tion instability. For a freely suspended rod with uniform segments the

use of the critical time increment would generate the “exact" solution.®

For pile driving behavior the component element properties, soil
resfstante and boundary conditions, affect the stress wave transmission
behavior. In order to insure convergence a smaller time interval is
usually selected (commonly one-half the critical time interval). For
further treatment of stress wave propagation analyses refer to appro-

priate engineering texts.?*® 10» 11
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Smith's rheological model assumes that the static resistance to
penetration can be described as a linear elastic-plastic spring and slip
element combination, see Fig. II-3. The dynamic resistance is added to
the static resistance as a function of the 1nstantaneoﬁs element velocity

and static resistance force in the form,

Raynamic = Rstatic * letaticl (Jv) | (11-6)

where R is defined uniquely by the displacement, the elastic quake,

static
Q, and the u]timate‘resistance force, RU. The velocity term, V, is the
instantaneous element value, andvthe damping parameter, J, has inverse
units of velocity (e.g., seconds per foot). It should be noted that the
behavior in fig. I1-3 is modeled as shown using Equation I1I-6. The equa-
tions described by Smith® and TAMU!2? do not model the behavior of Fig. II-3
in the "negative" loading range. This probably has minor influence on
their results since calculations are halted at the onset of fip rebound.

Within this investigation, however, the behavior described in Equation

II-6 and Fig. II-3 is called "Smith's formulation."

In general, each element may be assigned quake and damping para-
meters, though most. commonly, the behavior is separated only as shaft or
point values for quake and damping parameters. Smith prescribed values
~ for the different parameters based upon his own experience. Subsequent
investigators have determined related values based upon correlation studies
from additional field observations. The description of these parameters.

is given in the Appendix, and in the next section.

Smith recommended that the inelastic response of cushion materials

could be defined as an equivalent bilinear relationship. The loading
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stiffness for the cushiion is determined from the relationship
k=4 - (11-7)

where AL is the cushion thickness. The uh]oad/re]oad behavior can be

written conveniently in the form

Kyr = K/e? ' (11-8)

’ , where e is the coefficient of restitution for the cushion material, see

Fig. II-4, Subsequent investigators haVe verified the accuracy of this
assumed behavior.'? Figure II-5 describes the stress-strain behavior
of hard (micarta) and soft (pine plywood) cushion materials after Lowery

et al,1?

No tension conditions are readily accommodated between elements to
simulate physiga] behavior. The ram rebounds from impact with no tension
stresses to restrain it. Pile helmet, capblock, cap and cushion elements
are-usually loosely fitted to reduce tension stresses/strains at the pile
butt. Smith described the algorithm 1ogfc necessary to proved these

conditions.?

-

Smith generated a basic algorithm, applicable to impact pile
driving, to solve the one-dimensional wave equation in finite difference
form using numerical integration techniques. The procedure is sufficiently
versatile to adapt to any impact pile driving problems. Subsequent inves-
tigations have refined his method to facilitate code usage and incorporate
field observations. Most of these efforts have involved accurate deter-

mination of input parameters through laboratory testing and field measure-
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ment correlations. Results pertaining to driving system variables are

summarized in the Appendix.

An alternative method for determining solutions to some types'of
differential equations employs the eTectronic analog of the mathematical
problem. Parola® developed an analog computer program to simulate ram-
drive head impact and energy transmission to an infinite elastic rod. He
employed a simple two degree of freedom system for the ram and drivehead,
respectively, and simplified the equations by heg]ecfing the drivehead
weight (but not mass). By assuming an infinitely long elastic rod without
external resistance to motion, no reflected stress waves are transmitted,

allowing considerable equation simplification.

Using the concept of impedance to motion,®’!° Parola parametri-
cally examined energy transmission from the ram to the pile as a function
of system impedance. Based upbn a series of analyses using a range of
hammer-cushion-pile properties commonly used in practice, Parola found
that under these assumptions a range of pile/hammer impedance values would
assure at least 90 percent efficient energy transfer to the bi]e. This

range is described by the relationship:®

w .
ocA = [0.6 to 1.10] ‘;a"‘ K ' (11-9)

The uant1ty pcA is defined as the pile impedance, while the term
f Z?m K represents the driving impedance, with K describing the capb]ock
spring constant.

This fundamental concept is intuitively obvious in considering

elastic impact. Too stiff a pile will cause the ram to rebound, reflect-
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ing input energy. Piles having too low impedance obtain only a portion

of the ram energy, as the ram will follow the pile and retain energy.
Either condition causes inefficient driving and may cause pile damage.®
Adherihg to this formula alone will not insure the most efficient driving
‘conditions, however. Not only should the energy transfer be maximized by
impedance match of the driving system, but also thé shape of the trans-.
mitted stress wave must be considered. Parametric studies by Parola

(using a finite difference solution schéme) indicate that the driving effi-
ciency (penetration per blow) is also a function of stress wave shape.?®

The results of his analyses are discussed in the next section.

One adaptation of the wave equatioh formulation that employs a
different system of variable unknowns has been developed at Case Western
Reserve University (CWRU). The CWRU methods employ sobhisticated instru-
mentation to measure continuous impact force and acceleration data at the
pile butt.during pile driving. Details of‘the'instrumentation and formula-
tions devised by CWRU investigators are provided in an earlier CWRU pro-
gress report.}? Articles published in various technical journals and pre-
-sented at professional conferences describe the ongoing research by CWRU
investigatiors.!*® 152 165 17 7 pecent Ph.D. dissertation by Rausche!®

is also available,

The basic CWRU wave equation procedure employs a predictor-
corrector algorithm to adjust soil resistance behavior such that the solu-
tion for butt element force, from input (measured) butt acceleration,
converges on the field-measured force record. They use a generalized
Kelvin rheological model with a linear viscous dash pot, instead of

Smith's model.
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A particular advantage avilable by measuring force and/or accel-

eration at the pile butt is, of course, that inaccuracies in simulating
the impact interaction of the drive system are no longer a problem. The
actual transmitted pulse to the pile is recorded directly. Adapting the
finite difference algorithm to accommodate the force-time record is a
straight-forward procedure. Nevertheless, routine measurement of these

data is not yet available in practice.

In addition to the wave equation method, cwRu has also devised
a simplified, one-degree of freedom procedure which incorporates these
field measurements in an on-site specialized computer solution. Integra-
‘tion circuitry computes the pile top velocity from acceleration input. The
pile is assumed to respond as a rigid mass, and the resistance to penetra-
tion is computed as the average (measured) force at the time of zero velo-
city, to’ and at one full wave pass later, t = to + 2L/c, 1less the aver-
age computed inertia force over the time interval (to, ty * 2L/c). The
field computer instantaneously performs this function calculation and
displays the computed resistance for every hémmer blow or every nth blow

as specified.!3217

The field computer and field instrumentation have been presented
and demonstrated at seminars given at CWRU, and also recenfly at the
Specialty Conference held at Purdue University in June 1972.'° Instrumen-
tation developed for these purposes has included pipe section-sized force
transducers, clip-on type force transducers, and piezoelectric accelerome-
ters. These devices are arranged in order that bending effects may be
cancelled out. The most notable advances are in the four channel magnetic

tape recording capability and in the analog-to-digital conversion process
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that allow analyses of continuous driving records, immeasurably stream-

lining the operation.

Wave Equation Applications

Much of the pile driving research efforts of the past decade
have been aimed at determining input parameters to the wave equation ana-
lyses. The discussion of driving system parameters is given in detail in
a previous report,® and a summary of the information is provided in the

Appendix.

The algorithm devised by Smith has been developed by Texas ASM
University (TAMU) research éngineers for the Texas Transportation Insti-
tute (TTI). The modifications to Smith's original computer code have
improved usage flexibility, provided additional computaiion information

and modified computation logic somewhat to Better model the field behavior,

A highly versatile, research oriented code has been developed by
Lowery, et al.,2® to examine the effect of virtually any problem variable
on the wave equation analysis. The TTI research report includes a listing
of the program and usage guidelines, along with some results of code appli-

cations.

For most practical problems a simpler version of the wave equa-
tion solution scheme will usually suffice. The design-analysis oriented
finite difference code, developed from Smith's original program, is docu-
mented in TTI Research Report 33-11, "Pile Analysis Wave Equation Utili-
zation Manual."?! Example problems, code listing, and usage guidelines

are included in this TAMU publication. A batch computer deck prepared
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from this information was adapted to the Waterways Experiment Station (WES)

computer facilities during a previous study.?

A streamiined version of the design-orieanted TAMU code was re-
vised for use on the WES time-sharing computer facilities. The only modi-
fications involved.the revision of input and output modes to accomodate the
adyantages and limitations of the time-sharing mode. Details and the de-
scription of the time-sharing version, TAMFOR (TAMU FORmulation), includ-
ing usage guidelines adapted from the TTI publication,! and developed

example problems are provided in an earlier report.?®

Wave equation methods have clarified several fundamental concepts
of impact pile driving that even vast field experience could not effec-
tively explain., A brief summary of these concepts should facilitate a

basic understanding of the related pile driving phenomena.

Pile driving stresses are a critical concern to the contractor
and the designer. Driving conditions, hammer and accessory selection, and
pile driveability all interrelate with the driving stresses transmitted to

the pile.

For a specified driving system the peak impact stresses are bro-
porfiona1 to the ram impact velocity. This is easily recognized in con-
sidering the influence of increasing the ram stroke of a sing]e-actfng
hammer since the input energy is proportionally increased with the stroke.
For two different driving systems delivering the same impact energy, the
lighter ram must strike at a higher velocity to impart the same energy,

causing higher peak stresses and shorter impact duration (therefore,
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shorter stress wave length) than the hammer with the heavier ram. Deisel
hammers typically employ lighter rams than comparable single- and double-

acting steam/air hammers.

Pile impedance -has a significant influence on peak driving
stresses. Higher impedance piling (heavier and/or stiffer sections) in-
duce higher peak stresses and shorter impact durations under otherwise

similar conditions. 5?22

Pile driving accessories also affect the shape of the stress wave
transmitted to the pile. The primary purpose for using cap block and pile
cushions in the hammer assembly is to maintain ram impact stresses and
resulting pile stresses at tolerable levels. A stiffer cushion transmits
higher peak stresses of shorter duration thah a softer cushion. Cushion
stiffness is a function of both the material deformation properties and
its dimensions, (see equation II-7). The tfansmitted force pulse is also

affected by the coefficient of restitution of the material.®*!?

The influence of transmitted force pulse shape on pile driveabi]-
ity under various driving conditons haé been examined by Parola.® His
results indicate that pile driveability is directly influenced by stress
wave shape. For easy driving conditions (low resistance to penetration)
it was found that longer impact duration (longer stress wave length) was
‘more effective in increasing penetration per blow than was the magnitude
of the impact stress. For hard driving conditions the opposite tendency
was observed: pile penetration was increased more effectively by increaséd

stress amplitude than by increased impact duration.®
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Recognizing the influence the driving system variables on the
stress wave transmitted to the pile butt, two different "extremes" can
be represented graphically as in Fig. II-6 after Parola.® Each curve
represents a driving system transmitting roughly the same impact energy
to the pile-soil system. Under otherwise identical conditions the sé]ec-
tion of each of the variables listed with the appropiate cdrve will have

a direct influence on stress wave shape.

Use of a lighter ram at higher impact velocity, a stiffer cushion,
a higher impedance pile and the existence of harder driving conditfons
all tend to produce a higher stress wave of shorter duration. As pre-
viously mentioned; this stress wave shape will drive piling more efficient—
1y under hard driving conditions. Under easy driving conditions the seiec—
tion of the opposite trend in ény of these variables Qi]] produce more
penetration per blow. In other words, the judicious selection of a com-
patible hammer assemb]y-pi]eésoil system could "optimize" driveability
and minimize insta]]ation cost. Wave equation methods offer the only en-
gineering solution capable of incorporating all the pertinent system vari-

ables in a rational analytical model.

Problems of pile damage may prove quite expensive. Several poten-
tial causes of damage may be cited. Ram impact eccentricity or system
misalighment can transmit bending and torsfop stresses that may cause pile
damage. The one-dfnensiona] wave equation cannot analyze these effects,
of course. For damage caused by excessively‘hard driving (high resistances,
obstructions, etc.) potential pile damage can be predicted as excessive

peak stresses along the pile. Peak compression stresses are readily
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| Figure II-6. Factors Affecting Impact Stress Transmission and

Penetration.®
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estimated and field measurements have verified the accuracy of the wave

equation solutions,2*!3

Precast, reinforced concrete piles may be damaged due to excess
tensile stresses/strains. An incident compression stress wave reflects
at a "free end" as an equal magnitude tension stress wave. Depending upon
pile length and driving resistance behavior, breakage may develop at par-
ticular Tocations along driven piles. A TAMU research report®® provides
specific reconmendations for driving prestressed, reinforced concrete

piling based on wave equation analyses and field observations.

‘The influence of pile length upon pile driveability was examined
parametrically by'Paro1a.5 Relatively stiff piles were little affected
by pile length as the stress wave transmitted was of short duration. Piles
having ldwer impedance tend to'develop longer stress waves (longer impact
duration) such that the reflected stress wave stacking at the pile tip
interacts for a longer duration. Parola's results indicate that piles
of low impedance drive more efficiently for shorter pile lengths; the in-
fluence of pile length on driveability for high impedance piling is negli-

gible.s

The greatest success in wave equation applications may be gained
in the selection of the most effective driving system. Hammer assembly
and pile properties are readily available in the literature, see the
Appendix. The major uncertainties that have been found are in usage of
the method to determine pile bearing capacitfés and the related question

of whether or not penetration is possible under very hard driving.
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The inaccuracies found in applying the wave equation solutions
are generally attributed to the inadequacy of the assumed rheolgical model
of soil resistance. The nature of pile-soil interaction behavior is ex-
tremely complex. As a pile penetrates,discontinuous shear deformations
develop at the pile tip and along the shaft. Simultaneously the material
beneath the tip is compressed and displaced as the region adjacent to the
tip is sheared and deformed in extension. As the pile penetrates further

the soil along the shaft is severely sheared.

Soils exhibit an extremely complex deformation and failure beha-
vior in the laboratory under well-controlled stress-deformation conditions.
Soil behavior may be a function of stress/deformation history, stress level,
stress path, and (particularly important for impact driving behavior) defor-
mation rate. The development and dissipation of excess pore fluid pres-
sures affects the effective stresses, deformation and faiiure response of
the soil. It is essential, therefore, to recognize that the determination
of representative soil parameters as input to a pile driving analysis

is truly a crude exercise of engineering judgement, at best!

Smith proposed that the bilinear elastic-plastic model for static
behavior and the nonlinear (interdependent) viscous dashpot be applied
for the soil resistance behavior in lieu of "more accurate" representation
of the behavior, see Fig. II-3., He suggested that the elastic soil quake
be prescribed as 0.10 in. for both point and shaft resistance springs,
while the point damping parameter, Jp, be given a value of 0.15 sec/ft.
He assumed that the shaft damping value, Js, would be approximately
Jp/3 = 0.05 sec/ft. These were average values established from his own

experience.®
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Static and dynamic triaxial tests have been performed to evaluate
these soil parameters. Reeves et al.2?" examined these parameters for

saturated sands, and Gibson and Coyle?S

included tests on clay soils as
well, Impact loading conditions for these triaxial soil samples suggested
that the damping parameter J should be velocity dependent. They intro-
duced an exponential correlation factor, N, to obtain constant J values
modifying equation II-6 in the form,

3 N
Raynamic = (1¥9V'), 0 < N <1 (11-10)

the dimensions of J depending upon the exponent, N.

It was assumed that J corresponds to the tip damping parameter,
Jp, over the range of impact velocities applied in- the field. The side-
damping parameter, J., was studied for model piles in clays.2%27 The
results of these TTI research reports indicated that the tip quake and
damping parameters more closely matched those suggested by Smith, (i.e.
N=1 in equation II-10 above). The shaft resistance parameters for the
model piles were evaluated parametrically to determine values for equation

II-10 as follows:2®

Point:

QUAKEp 0.10 in., Jp 0.15 sec/ft, N = 1.0

Shaft:

QUAKE, = 0.03 in., J. = 1.25 (sec/ft), N = 0.35

S

Soil disturbance due to pile installation may drastically affect

the resistance to penetration during driving and the static behavior, as
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well. For sensitive clays the remolded strength may be substantially less
than "undisturbed" strengths such that a driven pile may show very little
resistance during driving or immediately after driving. A strength regain
and, therefore, an increase pile capacity may develop as reconsoiidation
-{excess pore pressure dissipation) of the disturbed soil proceeds with
time. Strength regain may continue in some sensitive cohesive soils over
several years as a result of consolidation and thixotropic effects. This

strength regain is commonly described as pile "set-up," or "freeze."

Dense deposits of fine cohesionless soils may develop negative
pore pressures during pile driving, giving high transient strengths. A
pile load test or subsequent redriving after these excess pore pressures
dissipate often revealk a much lower resistance to penetration than the
initial driving resistance would indicate. The development of high resis-
tances during high rate of deformation loading that do not prevail under

static loading conditions is commonly termed "relaxation."

In many cases the actual soil resistance to penetration during
driving bears 1ittle resemblance to the resistance observed during a load
test performed after transient phenomena have passed. In ordgr to corre-
late wave equation predictions with’pi]é load test data an estimate of
the set-up or relaxation must be provided for in the analysis. The resis-
tance predicted in-the pile driving simulation clearly represents an ap-
proximation of the behavior during pile driving. An alternate method of ac-
commodating these phenomena to some degree would be to redrive fhe piles
after sufficient time has elapsed to dissipate transient effects, and

accurately measure the response of the first few hammer blows. Neverthe-
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less, the loading conditions may still be misleading due to deformation

rate dependency, for instance.

The most recent efforts of the TAMU researchers?°?3? have re-

~ turned to Smith's original rheological model, equation II-6, in lieu of

- equation II-10., Values of soil démping parameters have been corre]gted
by Foye et al.,%° after giving due consideration to adjust resistance
during driving for estimates bf pile set-up or relaxation. In their ana-
lyses the quake parameters were prescribed as 0.10 in., as Smith had

recommended. These values are given in Table II-2.

The blow count correlations used to determine the damping para-
meters in any of the investigations represent the passage of the resis-
tance versus predicted blow count curve through a single point corre-
sponding to the estimated resfstance during driving and the final blow
count at full penetration. It will be shown in Chapter V that such a cor-
relation is in no way unique. Within reasonable bounds one may assume a
point damping value and determine a side damping value that will match
the blow count accurately. Such a correlation may also be somewhat sen-
sitive to problem discretization as well. The variables are all interre-
lated in the approximation and,‘in a mathematical sense, the damping'
"constants" are correlation variables at best. As these properties are

not yet physically measurable, such parameters are the best alternative.

/

It is useful at this point to compare Smith's bilinear static
mbde] with laboratory interface shear test results. Figure II-7 describes
interface shear test results for medium-dense Chattahooche River sand-on-

mortar. Superimposed on these data is Smith's bilinear model with 0.10 in.
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Table II-2
TAMU Soil Damping Parameter?®

Soil Js
Type (SEC/FT)
Clay (CL, CH, Hardpan) 0.20

Partially saturated
sands and silts 0.05

Saturated sands and
silts 0.50

Soft peat 0.00

J
P
(SEC/FT)

0
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Figure II-7. Typical Interface Shear Test Results: Chattahooche River Sand-on-Mortar.
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e]asfic quake. The measurements show nonlinear, stress level-dependent
behavior quite different from the bilinear model. Deformation in the
surrounding soil should probably cause the load transfer displacements
to be somewhat greater than the pure relative displacement at the inter-
face. Load test analyses during this investigation suggest that using
laboratory interface shear data directly in the analyses may provide a
good approximation to field load-displacement behavior. These analytical

results are presented in Chapter V.

Pile-soil interaction is generally subdivided into two sepérate
problems: pile installation; and pile performance thereafter. The influ-
ence of installation on the resulting pile performance has long been recog-
nized as significant. Nevertheless, in lieu of a rational model, gross
assumptions have typically been made to agcount for installation effects
on subsequent pile behavidr. Indeed, the influence of subsequent hammer

blows on pile driving behavior has not been examined analytically.

In keepfng with the approach taken in the literature, analytical
| models of static pile behavior will Be treated separately in the next
chapter. It cannot be overemphasized that the effects of pile installa-
tion play an integral part in the subsequent foundation behavior. The
separation is an artificial step at»best,.and the potential danger of
misinterpreting the behavior of carefully conducted pile tests is ever-

present.



Chapter III
ANALYSES OF PILE TEST BEHAVIOR

The performance of single, axially Toaded piles under carefully
controlled field load test conditions hqs been examihed frequently in
foundation éngineering practice. HNumerous field investigations and model
pile test studies have been published in a wide variety of technical pub-
‘1ications. In spite of the vast stores of data and, in large measure,
because of the discrepancies these studies suggest, expensive pile load
tests are still routinely performed to evaluate the foundation designs.
In many ways the prediction of pile test performance continues to contéin

a strong element of art.

As previously discussed, many factors may affect profoundTy the
behavior of single piles. Some factors influencing pile tesi behavior
include: pile geometry and material properties; installation and loading
conditions; the heterogeneous nature of most soil deposits; and the stress-
deformation history of the pile-soil system. It should come as no surprisé
that no analytical procedure ekists which incorporates all variables in

a rational manner.

Two broad categories separate analytical solutions to pf]e-soi]

interaction problems: limit equilibrium (bearing capacity) methods; and

43
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load-deformation procedures, which simulate the entire load test history.
These two approaches are discussed hereafter. The final section of this
chapter presents some pertinent laboratory and field observations de-

scribed in the Titerature.

Limit Equilibrium Methods

Limit equilibrium theories were reviewed in detail in a previous

project report.! A summary of that review is included in this section.

Conventional bearing capacity theories for deep foundations
(static formulae) usually compute pile capacity as the sum of two indepen-

p* Unit

point bearing capacity is given as 9y = Qp/Ap, where,Ap is the effective

point bearing area. Unit shaft capacity, fo’ usually varies along the

dent components; shaft (skin) friction, Qs’ and point resistance, Q

pile and an average value is described as ?b = QS/AS, where AS is the
total shaft area. Values for 9 and‘fo are generally assumed mutually

independent terms and, thus, they-arevevaluated separately.

Point Bearing Capacity

The value of q, is often obtained from 1imit equilibrium solu-
tions of plasticity theory. The most common asSumptions for soil behavior
include: 3!

a. Mohr-Coulomb failure criterion.

b. Shear strength indépendent of strain.

c. Elastic deformations negligible with respect to plastic

deformations.
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d. Volume changes due to shear and normal stresses are negligible.

The use of all these conditions describe a rigid-plastic, Mohr-Coulomb

solid.

Limit equi]ibrium methods analytically approximate the physical
system behavior using a representative kinematic failure mechanism, with
associated boundary and discontinuity conditions. It must be stressed
that such methods provide approximate solutions to idealized continuum
mechanics problems which only approximate pile-soil interaction behavior. -
Three basic kinematic failure mechanisms that have been assumed for point
bearing capacity problems are described in figure III-1 after Vesi¢.®!

The remainder of this section discusses some applications of these failure

patterns to pile bearing capacity problems.

The Prandtl-Reissner-Terzaghi failure pattern is shown in figure

III-la. The original solutions to the bearing capacity problems are attri-
buted to Prandt1%2°33 and Reissner.3* Most of the subsequent theories
describe extensions and modifications of their findings.®' Caquot®® and

Buisman®® were the first to apply this failure pattern fo deep foundationsd!

Prandt1 and Reissner solved the problem of plastic flow in a rigid-
plastic, Mohr-Coulomb half space having strength components ¢ and ¢. Three

plastic equilibrium shear zones are combined: an active Rankine zone

J
~

beneath the smooth foundation base; two passive Rankine zones which inter-
sect the plane of the foundation base; and two Prandtl-zones of radial
shear in transition between active and passive failure zones. A uniform

surcharge, q, is assumed to act on the foundation base plane.



Figure 1II-1, Kinematic Failure Mechanisms for Deep Foundations After Vesi&, 3!
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Terzaghi described this failure mechanism as general shear failure. The
bearing capacity of an infinite strip is computed as the sum of three re+

lated solutions as?’
19 = o, +al + o, (111-1)

where the terms Nc, N_ and NY are dimensionless bearing capacity factors

which depend only on :. The first term, ch, represents the unit bearing
capacity supported by a weightless, Mohr-Couiomb solid without a surcharge
(y=0, q=0, c>0, ¢$>0). The second term, qu, is the unit load supported
by a weight‘]ess, cohesionless solid under a surcharge, q(y=0, q#0, c=0,
¢>3Q). The third term, YZ—B Ny, describes the load supported by a cohesion-
less solid with non-zero body forces but without surcha‘rge (v#0, q=0,
c=0, $>0). In the case of deep foundations, the third term is quite

small compared with the other two, and may be neg]ectéd.

Terzaghi presented the equations of Prandtl and Reissner for Nc
and Nq for an assumed smooth foundation base. He also described a solu-
tion for a rough base, in which he assumed the friction fully mobilized
a'long the base (a slip 1ine). This latter assumption, and therefore, the

rough base solution is statically incorrect.®®

Terzaghi characterized local shear failure as sinkage of the
basé without fully mobilizing the general shear failure pattern. .In such
cases he recommends that modified strength parameters c'= 2/3 c and

¢! = tan'1(2/3 tan ¢)‘ be used in determining N_ and N , and in equation

q
III-1. He suggests that the failure mode can be predicted from laboratory

-test results. When the soil behaves in a ductile manner (increasing
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resistance with strain, having no pronounced peak) local shear failure is

expected.

To account for shallow foundations of finite length and different
shapes, Terzaghi applied shape factors. These quantities were multiplied
times each term in equation III-1. For déep cylindrical foundations
Terzaghi derived a complicated expression for an assumed general shear
failure at the base. The overburden pressure is determined as a function
of the interaction of the cylinder of soil extending above the failure
zone. He noted that soil compressibility and installation effecfs greatly
influence the foundation behavior. He also noted that these bearing capa-
city factors assume plane strain behavior which hardly resembles pile-
soil interaction conditions.3” Nevertheless, many investigators there-

after neglected his advice.

Brinch Hansen®® modified the N, and Nq values of Prandtl using a
semi-empirical approach. He prescribed shape and depth factors to deep
foundation problems (neglecting the NY-term) as functions of ¢ and rela-

tive depth.

Note that the dimensionless bearing capacity factors for strip

foundations and the associated shape factors are related by equations of

the form3?!
¢= (Ng=1) ot (6#0) o (111-2)
g N -1
Z;c=’g'3““N 1 (111-3)

q



where 5 and ¢_ are dimensionless shape factors. The general form of

q
equation III-1 for deep foundations may be written approximately as

6o = ChZe + agllgt | (111-4)

where the quantity Qe represents the effective overburden pressure at

failure at the foundation base level.?3!

In order to simplify comparisons between different analytical

* -
a = Ngq

capacity factor for deep circular foundations. Figure III-2 descfibes

expressions, Vesi¢ described the combined term N as the bearing

several N; curves of different investigators, given as functions of ¢.3?

The DeBeer-Jdky-Meyerhof failure pattern extends the slip line

field above the foundation base to include the shear resistance of the
overburden soil. DeBeer3®? used tﬁis pattern to evaluate the upper limit
of penetration resistance for an incompressible soil, see figure III-2b.,
daky employed a similar failure pattern to solve the problem of bearing
capacity of a pile.*® The most extensive use of this failure mechanism

has been developed by Meyerhof.“!

The fundamental difference between values of Nc and N_, given

q
by Meyerhof and Prandtl, involves development of the kinematic mechanism
above the foundation base. The Nq-term in equation III-1 is the only one
altered as"!? |

Go = NG * PN, + Zn, (111-5)

,where'po is described as the unit normal stress on the "free surface,"

49



v
[-]
8
o
>
=z
(2]
r
m
o
n
=&
é 0 \oé“\
A, N8
2 AN
r /9
- < s
2
38 . S —
o ° .
s /9 \;::::::::
\GQ \
, \\\fbx \\\\\
. NN
K 000 N N
4
é?/é‘\\ \'Q\
Q \ N \\
f/g N
N N ™
\ 3
- ‘\:\
o —
° - o
= g . 8 2

BEARING CAPACITY FACTOR Nq

 Figure III-2. Bearing Capacity Factors Ns for Déep Circular Foundations from Vesi€.3!

0s



51
which is the Tine connecting the foundation base with the soil surface.

The bearing capacity factors have ‘different values, of course.

For shallow strip foundations Po depends on the unit skin fric-
tion along the foundation shaft, the weight of the wedge of soil above
the equivalent free surface (above a straight line extending from the base)
which intersects the soil surface at an angle, and the shear resistance
mobilized tangential to the free surface. The va]ueé of the general
bearing capacity factors depend upon depth, geometry and rouéhness of the
foundation base, as well as the friction angle. Interrelated depth para-
meters uniquely define these values.“! Further discussions of Meyerhof's
method are provided by Scott,*? including some useful simplifying assump-

tions.

Curves representing Meyerhof's Nc, N_ and NY values suggest that

the mobilized shear stress on the equivalent 2ree surface has little effect
on the point bearing capacity. For deep foundations the failure pattern
reverts to the pile shaft, and the NY term is quite small. The unit
normal stress, Po? is therefore given as the average normal stress acting
on the pile shaft within the failure zone. Computed as an earth pressure
equivalent it is given as*?

KeYD »

Py = —5— (I11-6)
where Kg is the‘lateral earth pressure coefficient at fgi]ure. Fbr buried
foundations in cohesionless soils Meyerhof recommends Kg values between
(0.5-1.0) for loose to dense deposits, respectively. For driven founda-

tions Kg is evaluated using in situ testing techniques.“?
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Meyerhof introduced a semi-empirical shape factor for point bear-
ing capacity. Its value depends upon base shape, relative depth, friction
angle and installation method.*! For deep foundations in compressible
-sands hiis solution predicts much higher capacities than field measurements
indicate. Meyerhof attributed the difference to soil compressibility and
related local shear phenomena. He prescribed a modified strength para-
meter

¢' = tan”" (xtan¢) (111-11)

where x=0.85 for buried foundations, and x=0.95 for driven foundations

due to soil compaction during driving.“}

%*

q
foundations are shown in figure III-2., In a subsequent paper Meyerhof

N curves derived after Meyerhof*® for bored and driven deep
extended the solution for point bearing capacity to consider compaction
effects.”* He assumed driving caused prestressing and an increased fric-
tion angle near the base to adjust N_ values. In later articles Meyerhof

q .
treats other aspects of bearing capacity theory,"3>%6247s48

The Berezantzev-Yaroshenko-VesiC failure pattern described in
figure III-1c, represents a modified pattern to model 1oca1'shear failure
beneath foundations. Berezantzev and Yaroshenko“® were the first to employ
the modified pattern to such problems. Vesic derived values for Nq based

upon experimental observations of local shear failure,3°25!

Vesic examined the load-deformation behavior of foundations in

sand using laboratory and field tests under carefully controlled condi-

S0

tions,>’ similar to the procedure employed in a separate investigation
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reported by Kérisel.®2°53 Model tests in the laboratory by Vesi¢ evalu-
ated effects of relative depth and base shape, relative density of the
sand, and method of foundation installation. Care was taken to.control-
homogeneity of the air-dried cohesipn]ess material, Chattahoochee River
" Sand. field tests were conducted on large-scale piles installed at a site

consisting of a fairly homogeneous, moist sand.S®

In order to establish failure criteria in fhe model tests, Vesic
described three characteristic modes of failure for surface foundations;
general shear failure, local shear failure and punching shear failure..
"Failure" in the latter two cases is defined as the load at which the settle-
ment rate becomes a maximum. Vesic determined that in the case of deep cir-
cular foundations (depth to diameter ratio greater than 5) the fai]ure mode

was always punching failure, regardless of relative density.3°

Vesit developed an expression for the point bearing capacity of
deep foundations making the usual rigid-plastic, Mohr-Coulomb solid assump-
tions for the soil. He assumes that the weight of soil within the failure
pattern could be neglected as compared with the overburden pressure. He
next assumes that the effective overburden pressure at.fai]ure, qgs repre-
sents the minor principal stress, and derives an expression patterned after
Reissner's'equationsa“ to evalhate the unit tip capacity, 9y in sands

aSSO’SI

26 tan ¢

0y =0 tan*(F + e (111-8)

where 8 is an angle defined by the geometry of the failure zone. Based

upon experimental results Vesic assumed 6 = 1.9¢ in equation III-8.
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Combining shape and bearing capacity factors he determined the value

N;5° which is plotted versus ¢ in figure III-2.

7 Experimental observations from field and model tests by Vesic
and others lead to several interesting conclusions. As mentioned previously
static formulae for point bearing capacity of deep foundations in cohesion-

less soils typically assume that in the relationship

9, = G N: (111-9)

the quantity A describes the effective overburden pressure. Such an
assumption predicts that if N; is relatively constant, 9 should increase
proportionally with depth. Vesi€ found that such increases only occurred
at relatively shallow depths (D/B < 4, where D is embedment depth). He
noted that for greater depths (D/B > 15 to 20) the measured value of q,
remained essentially constant, independent of depth. Kerisel obtained
similar results which led him to conclude that Nq should be a complex
function of ¢, D/B and B, decreasing with depth.52°5% Vesic, however,

suggests that at greater depths qs is no longer proportional to in situ

overburden stress, becoming constant below a critical depth.>°

The rational explanation for asymptotic values of 9, is based
upon an arching phenomenon in the soil surrounding the pile, similar to the
yielding pattern aésumed in silo analysis.®?” The mass of soil beneath the
base moves downward causing stretching (extension strains) in the soil
mass and, consequently, vertical stress relief.3® Laboratory observations
indicate the loosening of dense sand’adjacent to model pile tips.3°°%!

X-ray studies clearly demonstrate the arching phenomenon in model pile

tests.®* Axisymmetric finite element analyses of pile-soil interaction
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predict the development of extension and vertical stress relief in the

vicinity of the pile point.55°5¢

In the most recent studies at Duke, Al-Awkati®? has performed cone
penetrometer, pressufementer, and related tests in the laboratory under
carefully controlled placement and confinement conditions. The reéults of
his investigations indicate the 9 is a function of effective mean normal
pressure, 55. He also demonstrated the sen$itivity of q, to soil compressi-
bility using different amounts of mica in Chattahoocie River sand. Under
otherwise "identical" conditions the more compressible soil exhibited sig-
nificantly less bearing capacities for dense sand. In all the theories based
on classical plasticity developed in the 1iterature soil compressibility |
is at best treated empirically, and most often ignored. For deep founda-
tions the "punching" mode of failure is usually developed, and the soil com-

pressibility plays a major role in such behavior.

To better account for soil compressibility, Vesic has developed a
new theory which incorporates soil compressibility in the formulation.3®
~ He assumes an elastic-plastic Mohr-Coulomb material and applies the limit
pressure surrounding a cylindrical cavity to confine the cylinder of soil
(in elastic-plastic equilibrium) beneath the pile point. For the range of
soil compressibility typical of most medium to dense sands the highly com-

plicated expression is reasonably closely approximated as>®
Gy = ¥ (1 + tan ¢) €2 tan2(T + §) (111-10)

Note that 35 replaces the term Qe in equation III-9, and describes the
in situ effective mean normal stress. The quantity (1 + tan ¢ ) represents

~ the "shape factor" for deep foundations. The remaining portion of equation
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III-10 is the value of Nq given by Prandtl.3?2

The tip displacement required to mobilize full bearing capacity,
qo’ depends upon the base diameter, the method of installation and the
initial relative density of the sand. For a driven pile in sand the tip
displacement at 9 is roughly 8 to 10 percent of the base diameter. For a
bored or buried pile tip displacement of at least 25 percent of the base
diameter may be required td fully develop g These values increase with

decreasing density.5°?52

Shaft Resistance

ReSistance to relative pile-soil movement at the shaft is generally
assumed to obey the Mohr-Coulomb failure criterion. The maximum unit shaft

resistance, fo’ is prescribed in the relationship

fo(z) =c + ps(z)tanév : (I1I-11):

a

where Cy is pile-soil adhesion, ps(z) is the normal stress on the pile
surface at depth z at failure, and § is the interface friction angle.
Equation III-11 implicitly assumes that failure occurs at the pile-soil

interface.

For piles in cohesionless soils the adhesion term is zero, and
the shaft resistance is entirely frictional. The magnitude of § depends
on pile roughness and may depend upon relative density. Va]ueé of the
various parameters needed to describe the behavior may be determined from

laboratory tests, in situ tests, or estimated from published results.
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The value of ps(z) may depend upon in situ stress conditions, installation

and loading history. These effects are often roughly estimated by apply-

ing the relationship
Ps(2) = Ky gy (111-12)

where GV is the in situ effective overburden stress, and Ks is the coeffi-
cient of lateral earth pressure on the pile shaft at failure. The shaft
capacity is often determined by assuming KS is constant along the pile

shaft, producing a "triangular" distribution of f, along the .pile.

Experimental measurements of pile load distributions for piles
installed in reasonably homogeneous sands indicate that the unit skin fric-

tion, f_, is proportional with depth only at shallow depths (D/B < 4).

o
Thereafter, fo increases at a decreasing rate approaching a Iimitjng value
at some critical relative depth.50251252259260 Tha cpritical relative

depth varies between 10 and 20 diameters, depending upon relative density.
VésiE attributes this behavfon to the arching phenomenon discussed previ-
ously. Extension behavior in thé vicinity of the pi1é poinf causes con-
fining stress relief and thereby reduces the maximum Shear stress near the
pile point. Finite element analyses predict the reduction of pg onTy |
within a few diameters of the pile point.35° % Results of analyses per-
formed during this investigation suggest that if the effects of.residual
driving Toads are neglected it may lead tb gross errors in load distribu-
tion measurements and interpretation. A discussion of the influence of
residual loads on interpretation of load test results is included in the

final section of this chapter. Analytical treatment of residual loads will

'~ be presented in Chapter V.
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Load-Deformation Solutions

_Bearing capacity is a vague term in applications to pile founda-
tion problems. The assumptions imposed in limit equilibrium calculations
are extremely restrictive and, more specifically, these methods model the
physical system behavior rather pqor]y. What further compounds the diffi-
culties is the "inexactness" of the definitions of failure in the best
field load tests. Piles in cohesionless soils rarely exhibit "failure"
in a brittle sense, the assumption applied in 1imit equilibrium theory.
The pile-soil system will generally sustain greater loads at increasing
displacement levels on beyond what is defined as failure. Most often pile
load tests in sand prescribe failure using settlement or settlement rate
criteria at load levels somewhat below a "maximum sustainable" value. It
is therefore of greater importance to predict the load-displacement behav-
ior of the pile than to determine the bearing capacity alone. In the
following paragraphs some analytical methods which determine load-deforma-

tion behavior are examined.

Three different methods have been applied to analyze single pile
behavior: one-dimensional, load transfer idealizations of the pile-soil
system; elasticity theory formu]atione; and axisymmetric finite element
- techniques. Each approach employs fundamental assumptions which reduce
the physical problem to an approximate mathematical model for which a |
solution is obtained. Some details of these methods are presented in the

following sections.
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Load Transfer Analyses

Load transfer analyses are defined herein-as one-dimensional,
formulations of pile-soil interaction behavior. Vesic described such
methods, as the transfer function approach.5® Load transfer functions are
prescribed along the pile shaft and at the point. A discrete element model
of this type is shown in figure II-2. Pile driving solution methods employ-
ing these techniques were discussed in Chapter II. In describing pile load

test behavior a static (elemental) equilibrium equation is solved.

Reese and his colleagues®!2622€3s6% dayeloped a'numeficalvproce-
dure employing a transfer function approach. They analyzed various model
and full scale pile tests in cohesive soils. Their procedure employs an
iteration technique which incorporates nonlinear, strain-softening load
transfer behavior in a compact solution scheme. The load-displacement
curve and load distribution curves are determined by imposing element equi-
librium from the tip element upward, element by element, for a sequence of
applied tip displacements. Coyle and Reese®3 generalized the algorithm to
apply separate load transfer data curves for each pilé e]emént, permitting
variations with depth and/or material type. A substahtial amount of load
transfer data for piles in cohesive soils is published fn the paper.®3
Interface deformation relationships were developed for load transfer versus
displacement in terms of undrained shear strengths using laboratory and

in situ tests and analyses of instrumented pile test data.

Coyle and Sulaiman®® used the same numerical procedure to analyze
pile tests in sand. Laboratory tests were conducted in a modified triaxial

- cell ("miniature" piles) to determine load transfer functions. The computer
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code was used to analyze a series of instrumented field pile tests from
which load transfer functions were calculated using load distribution mea-
surements. Their results indicate that the magnitude of maximum load trans-
| ferred decreased with depth. Note that these data neglect residual driving
loads in the pile which had a marked effect. The discussion of the impor-
tance of residual loads on load test interpretation is provided in the

final section of this chapter.

During the course of this project a load transfer method was
developed to analyze pile test behavior.? The load transfer function is
modeled either as bilinear (elastic-plastic) or nonlinear (hyperbolic) for
both interface and tip element load-deformation response. The hyperbolic
interface shear representation incorporates stress-level dependent beha-
vior. An incremental (piecewise-linear) equilibrium formulation was devel-

oped to permit an arbitrary load application sequence.

Pile tests were analyzed from two sites consisting of cohesion-
less alluvial deposits. Laboratory interface (direct) shear tests results
were used to obtain average hyperbolic parameters, which were used direct-
ly as the load transfer functions; Results of the analyses performed
using the static algorithm, FDFOR, suggested that residuaf pi]elloads play
an important role in load test performance.? It was decided that a for-
mulation capable of including resjdua] driving loads in the static ana-
lyses was essential. The algorithm DUKFOR was developed to analyze the
installation/load test behavior in sequence. Details of the formulation
are given in Chapter IV. Results of field test analyses performed to

verify and document code capabilities are presented in Chdhter V.



61
The one-dimensional idealization of pile-soil interaction lumps
the highly complex phenomena at the "mathematical" interface.. In-order
to predict pile performance the load transfer function for each discrete
element must be prescribed. Estimates of pile bearing capacity and skin
friction distribution are required and assumptions must be made concern-
ing deformation characteristics of the resistance behavior. The load

transfer analysis then permits the evaluation of pile test performance.

The major advantages of load transfer procedures over more sophis-
ticated methods include mathematical simplicity and solution economy.
Parametric variations on design studies are economical and the results
provide load-deformation predictions which evaluate the analytical assump-
tions directly. The primary arguments against such methods suggest that
the assumption of "unique"l transfer functions is inconsistent with real-
ity.%? Load transfer and deformations in the surrounding soil mass and
point/shaft behavior interdependancy cause the major concerns. Alternate
methods which include these phenomena iﬁ the problem formulation are dis-

cussed below.

Elasticity Analyses

In order to describe the pile-soil system in a more rigorous
formulation some description of load-deformation behaviof of the adjacent
soil mass is heeded. The first approximation to such behavior assumes
that the soil may be modeled as a ]inear'elastic (Hookéan) solid. Several

applications of this approach have been presented in the literature.
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D'Appolonia and Romualdi®® developed an elastic solid solution
for end-bearing steel H-piles in uniform soil. Their procedure appiied
the equations given by Mind1in®? (for a point load applied in the interior
~of an elastic half-space) to analyze load transfer behavior. Thurman and
,D!Appoieniasﬁ generalized the approach to include pile-soil interaction
in layered elastic systems usfng a numerical procedure. Their method
models pile-soil interface behavior as a rigid-plastic, Mohr-Coulomb slip
response. The tip resistance is assumed to be bilinear elastic-plastic
with an elastic (1imit) quake of 5 to 10 percent of the pile diameter.®®
Each soil layer is assigned two elastic constants; Young's modulus. and
Poisson's ratio. A few pile tests were analyzed and satisfactory solution

accuracy was obtained.

Poulos and his colleagues ®°*7° applied a similar approach to
solve single pile-soil interaction problems. In a recent paper Poulos’!
summarizes much of the theoretical work done by his group in the form of
design/analysis charts. He also presents tables and'curves.decribing soil
moduli as functions of soil properties. These data were obtained by
parametric fitting of field load test results. Poulos offers a simplified
method for constructing load-settlement curves using two bilinear models
(one for point resistance and one for total shaft resistance) which are
functions of an average soil modulus. 'S]ip at the pile-soil interface

was neglected.

Though elastic solid solutions incorporate deformations in the
soil skeleton, the assumptions imposed are inconsistent with the observed

behavior of soils. Nonlinear, stress level-dependent behavior of soils
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and pile-soil interfaces make the assignment of equivalent linear elastic
constants an extremely arbitrary task. Effects of residual loads and/or

loading history cannot be estimated by these techniques.

Finite Element Analyses

The finite element method has provided the means for solving
many geotechnical engineering problems heretofore considered unsolvable.
-Finite element solutions applied recently to pile-soil interaction problems
have coﬁtributed much to the understanding of the complex phenomena govern-

ing load test performance.

Finite element techniques describe the continuous physical system
as an assemblage of (finité) elements connected at discrete points (nodes).
The behavior of the overall system is formulated in terms of the response
at these nodes. A description of finite element techniques may be found
in texts on the subject.*2**3 The discussion hereafter treats pile-soil

interaction solutions specifically.

One of the advantages of the finite element method is that arbi-,v
trary geometry and.material properties may be modeled more effectively.
Layered systems, geometric and material discontinuities, and noh]inear
deformation characteristics may be prescribed e]ement-by—e]emént through-
out the finite element mesh. A sample finite element mesh for a pile-soil

mesh is shown in figure III-3, from reference 56.

E11ison®® modeled the pile-soil system.using an axisymmetric

idealization. A subsequent paper presented a portion of his work.”*
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Ellison employed a trilinear pseudoelastic constitutive model for the soil,
a linear model for the pile, and rigid-plastic point spring elements at
the pile-soil interface in an incremental formulation. Deformations at
point spring-connected pile and soil element nodes are the same until the
shear force in the spring exceeds the Mohr-Coulomb strength at the inter-
face, whereupon slip occurs. Ellison ana]yzed bored piles in cohesive
soils and buried piles in cohesionless soils with reasonable success in
predicting pi]e behavior. He noted that accurate simulation of the in-
stallation procedure was needed to model pile-soil interaction in cohe-

.sionless soils.5s

Desai and Holloway®® analyzed a jetted and driven pile placed in
medium to dense cohesionless soil, see figure III-3. Stress level-
dependent, nonlinear (hyperbolic) pseudoelastic formulations were applied
for the soil and the pile-soil interface elements. "One-dimensional"
axisymmetric joint e]ementsﬁwere used to describe the interface deforma-
tion behavior. Constitutive parameters for the interface shear elements
were determined from Jaboratoky test results. Desai pfesented the same
results, analyses of other pile tests, and some parametric studies in a

recent paper.’®

In all these finite e1ehent investigations reasonable agreement
was obtained between "predicted" and measured load-displacement beha?iof.
Each study indicates the development of an extension zone in'the soil
adjaceht to the pile tip, providing éna]ytica] verification of the arching

phenomena observed in the vicinity of the pile point in model tests.
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The finite element method offers the most rigorous formulation
available for pile-soil interaction problems. However, much information
must be supplied as input to the analysis to accurately describe the prop-
erties of the soil and interface elements throughout the pile-soil system.
The stress-deformation behavior near the pile is quite complicated.

Soils are known to exhibit significant stress path dependency and one
primary deficiency in applying these techniques to pile-soil interaction

problems rests with the accuracy'of the constitutive formulations employed.

A more serious limitation of the finite element so]qtions used
to date concerns neglecting the affects of pile installation on subsequent
behévior. Existing analyses assume a "stress-free" pile with at rest
pressures in the pile-soil system. This is especially important in ana-
lyses of piles driven in cohesionless soils. . Simulation of increased
lateral stresses, soil densification and residual pile stresses caused by
pile driving have not been modeled using the axisymmetric idealization.
The prediction of load distributions, cyclic loading and tension loading
response are formidable tasks. The importance of residual loads in pre-
dictions and interpretations of 1oad test behavior is discussed in the
following section.. The axisquetric finite element code applied in the
current study, AXISYM, is described in Chapter IV. Analytical results
obtained using AXISYM are included in Chapter V.,
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EXperimental Observations

As previously discussed, measurements of load distribution with
depth for field and model piles in cohesionless soils indicate that unit
shaft capacity, fo’ tends to reach a limiting value at some critical rela-
tive depth,30251252359+60 The measurements show this tendancy occurs at
10 to 20 pile diameters depth, depending upon relative density. This
behavior has been explained as an arching phenomenon along the pile
shaft. Finite element analyses predict such behavior only within a few
diameters of the pile point>5°® Laboratory investigations corroborate
this observation.®3?5%?5% Hanna and Tan performed model tests using rela-

tively long piles; the critical depth was found to reach 40 pile diameters.”’

The causes of the critical depth phenomena and constant f0 well
above_the pile point remain somewhat of a mystery. A critical concern
which accombanies these observations is the measurement of limiting point
bearing capacity values with depth. The assumption of uniform shaft fric-
tion and constant point bearing capacity values below a critical relative
depth gives considerably different results thah assuming "triangular"

distributions and tip capacities increasing with depth.

The most obvious discrepancy noted in soﬁe cases is that the pile
was not loaded to faiTure; though some bearing capacity criterion was -
satisfied. If such wére the case the load transferred to the soil with
depth might drop off as the lower portion of the pile may not have moved
enough to mobilize the full resistance.‘ This would indicate an apparent
“uniform distribution of f0 and reductfon near the point. Likewise, in

such instances a "maximum sustainable" point load, 9y would not have
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been reached. This is a common error in the interpretation and perfor-
mance of pile-tests. Nevertheless, in some cases definite "plunging"
characteristics are described by the load-displacement curve, while the
. instrumentation measurements describe the same tendancies in skin fric-
“tion distribution and point bearing values. Many prediction inconsisten-
cies have been attributed to "residual driving stresses" in lieu of any
other explanation. In this case the existence of residual driving

stresses plays a major role.

Residual Stress Effects

Pile test performed at Lock and Dam No. 4, Arkansas River Project,
CE, were studied in detail by Hunter and Davisson.’® Their paper\repfe-
sents the most prominent description in the literature of residual driving
loads for piles in cohesionless soijs. Instruﬁented steel pipe, H-piles
and precast concrete piles were load tested in compression and thereafter,
in tension. Measured tension ]qads as high as 100 kips at the pile point
represent residual comprgssion loads after driving. since the instrumen-
tation was zeroed at the start of the compression load test, the unload
of the residual point load (compression) would be measqred iﬁ tension.
They used a graphical procedu?e to estimate "corrected" load distribution
curves based on the assumption that no residual loads remained at the end
of the tension test. Their procedure was used to analyze the load tests

described in a previous project report.!

It is important to note that unless gages are zeroed prior to

installation or after extraction of the load test pile, actual residual
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load distributions cannot be determined. The correct values of point
capacity and total shaft capacity can be obtained from subsequent tension
load test data, provided load/strain measurements are made near the pile
point. The shapes of unit skin friction distribution and load distribu-
tion curves at failure in both compression and tension remain indetermin-

ate, however.

A hypothetical example of load transfer behavior in compression
and tension is presented in figure III-4. A triangular distribution of
skin friction at failure is assumed for convenience, though any other
shape could be used. Curves @ and describe the residua] load/
shear stress distribution state at the start of the compressicn and tension
load tests, respectively. The shapes of these residual curves resemble
compression unload curves from FDFOR analyses.? 'Note, of course, that
the value of the unit skin friction at any depth describes the slope of
the respective load distribution curve. In other words, the slopes of
the load versus depth curves (left figure of each pair) are plotted as

unit skin friction, t, in the companion figures (on the right.)

Compression load test behavior near failure is described in fig-
ure III-4a. Load distribution curve (:) is parabolic for a linear increase
of skin friction with depth. The differences between curves <:> mui(Z)
are plotted as curves (::) . Strictly speaking curves, (::)_ describe
forces and shear stresses "mobilized" in the pile-soil system at the cur-
rent Toad level. In most instrumented pile tests reported 5n the litera-
ture, the measurements assume, implicitly, that résidual Toads due to

driving are negligible; i.e., that curves (:) coincide with the origins
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of the load distribution and skin friction distribution curves. There-

fore, curves (::) describe the shapes of the (hypothetical) measured
load and computed shear stress curves, uncorrected for the residual load
distribution. Note in particuTar the unit shaft resistance curve (::)
shows a linear in;rease of shear stress oniy at shallow depth, after which
it drops to a near constant value. Likewise, the measured (uncorrected)
value of point bearing capacity underestimates the true value by the mag-

nitude of the residual point load.

For tension tests curves (:) in figure III-4b represent the
actual forces and shear stresses acting on the system. Curve repre-
sents the residual load distribution for which the instruments were zeroed
(for the tension test.) Once again curves (::) describe "mobilized"
or measured data. Note the measured tension force at the pi]e'tip corre-
sponds to the residual'compression load at the tip at the time the gage
was zeroed. In some caseé that occurs at the start of the tension test.
If the strain gages were zeroed at the start of the ;ension test, subse-

quent to a compression test, the shapes of curves and would
probably be different.

These examples demonstrate that ignoring significant residual
loads in analyses of pile test performance could lead to serious diffif
culties in applying the results in design. -Skin friction curve (::) ,
figure III-4a, describes a greater area beneath the curve gnd, thus, a
higher‘shaft capacity than is actually present. Were the shape of the
curve unavailable (e.g., only measured load at the point and the butt)
one might incorrectly estimate the design requirements. This could

prove unconservative and/or costly if a significant design change from
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the load test pile is warranted by pile test results.

In light of these observations an analytical procedure which can
include residual load effects in the formulation is urgently needed. Load
-test results for which significaht fesidual loads are neglected are the
rule rather than the exception in the geotechnical practice. A procedure
has been developed which will approximate pile-soil interaction behavior
throughout installation and loading testing. Formulations of the methods
used in this study are described in Chapter IV. Analyses of pile tests

using these techniques are presented in Chapter V.



Chapter IV
CODE DEVELOPMENT

Two finite element computer programs have been deveioped during
the current phase of the investigation. The one-dimensional formulation
of pile-soil interaction is called DUKFOR (DUKe FORmulation). It incor-
porates two solution schemes which mathematically model impact pile
driving behavior and static (axial) load test behavior either sequentially
or separately as needed. In conjunction with DUKFOR an axisymmetric
finite element code, AXISYM, was developed to compare the predictive capa-
bilities and practical applications of each solution method. AXISYM pro-

vides for static load test simulation only.

‘Specific details of each computer code, including program listing,
documentation, usage guidelines and sample problems are provided in separ-
ate user manuals.’®*7° Essential descriptions of the features developed

for each computer code are given in subsequent sections of this chapter.

One-Dimensional Code: DUKFOR

During the previous phase of this study a one-dimensional formu-
lation, FDFOR, was generated to mathematically model static load test
behavior using a discrete element representation. This code considered

linear elastic interelement behavior for the pile with provision for

73
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bilinear (elastic-plastic) or nonlinear (hyperbolic) deformation behavior

at the pile-soil interface and at the pile tip.?

The present study has adapted this representation into a .combined
solution method that predicts pile driving and load testing behavior in a
unified procedure. DUKFOR represents the final product of this research

effort.

Basic Considerations

The representation of pile-soil interaction behavior in one dimen-
sion assumes that all component system behavior can be approximated along
the pile axis. In one dimension the finite element and discrete element
approaches are virtually the same. The pile is represented as discrete
segments (point masses) inter-connected wfth equivalent elastic springs.
The pile driving system is descrfbed in a similar fashion, as discussed in

Chapter II.

As noted in Chapters II and III,the element displacements are
absolute quantities, whereas, the physical system behaves in a more com-
plex manner. The load transferred to the soil is dependent upon both
relative deformations at the pile-soil interface and tﬁe stress-deforma-
tion behavior of the soil mass surrounding the pile. The one-dimensional
model combines this affect as an "equivalent" load-deformation at a mathe-

matical "interface."

DUKFOR applies body forces in the pile as initial conditions

using an equivalent element Toad vector in a static equilibrium calculation;
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these forces may be excluded, if necessary. Pile driving simulation may
be included or not for each specific problem. The pile driving behavior

is modeled similarly to the procedure presented originally by Smith.®

One significant variation from Smith's method involves the capa-
bility of applying a sequence of blows during the pile driving analysis.
Instead of terminating compuiations when .the tip rebounds, DUKFOR allows
for continuous computation of the response over an arbitrary time interval.
At the end of this interval the numerical integration (with time) is
halted, and the transient dynamic forces remaining ére "statically"
equilfbrated. Residual pile driving stresses are determined after each
blow. A subsequent blow, or the beginning of the load test sequence, or

the start of a new problem may then be specified.

One important detail should be emphasized at this stage. Wave
equation computations require the evaluation of interelement forces as a °
function of displacement differences.v Accurate and smooth simulation of
the stress wave requires discretization in both space and time dimensions.
Greater refinement direct]y reduces the magnitude of the displacement
differences determined in the solution. Therefore, it was found that the
use of doub]é precision variables is abso]ute]yAessential to determine a

convergent and stable numerical solution.

The remaining sections pertaining to DUKFOR describe program
usage flexibility and solution capabilities. The next section describes

the elemental representations necessary as input for a general problem,
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Element Representations

A schematic diagram of the hammer-pile-soil system of the one-
dimensional model is described in figure II-1. The finite difference
formulation of the elemental equations of motion requires lumped-parameter

values for the various system components.

The pile driving system coded in DUKFOR presently models either single-
or double-acting impact hammers. Diesel hammer behavior includes energy trans-
mitted during bounce chamber compression and combustion, in addition to
the impact phenomena.!®?®% The TAMU codes approximate the bounce chamber
pressure effects in their formulations. Davisson®® described the availa-
ble methods of modeling diesel hammer behavior as particularly inaccurate.
He recommends a new formulation which incorporates all the necessary im-
provements to effectively represent diesel hammers. No details of the

procedure were provided, however.

An alternative t6 simulating impact behavior is, of course, to
record the impact stress wave transmitted to the pile, and use the record
as a force-time input at the pile butt. DUKFOR does not have such capa-
bility at this writing, though the necessary a]gori;hm‘iogic may be readily
accommodated. One word of(caution 5hou1d be stressed however. As discussed
in Chapter II, numberous factors affect the shape'of the transmitted force
pulse. The use of a "standard" force pulse could misrepresent the actual
interaction behavior. If the force-time record is not that measured from

the analyzed pile, ram impact simulation is recommended.

DUKFOR determines the necessary ram input variables using three
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quantities: the rated hammer energy, E__ , ft-1b;* the hammer mechanical

ram
efficiency, n; and the total weight of striking parts, wram’ 1b. An
"equivalent" free-fall stroke, he’ is given by

h =nkE. /M ,ft. (Iv-1)

e ram’ - ram

The initial ram velocity at impact is then computed from the equation

v =4 /2gh » ft/sec. (Iv-2)

ram e

_ For most problems single- and double-acting hammer rams may be
assumed as rigid point masses. An option for discretizing the ram (recom-
_mended for long, slender rams)?? is provided in the formulation. The
algorithm logic required to adapt the solution for mandrel driven pile
behavior has not been included in DUKFOR. Code revision wou]d be necessary

to model such behavior.

Capb]ock.deformation properties are needed in terms of the loading
spring constant (lb/in;) and the coefficient of restitution (a decimal) of
the cushion materié]. Its load énd unload/reload spring constants are
computed after Smith's bilinear representation,'see figure II-4. The
weight of the helmet or drive head is specified and it is assumed rigid.
The pile cushion material properties are specifiéd in the same mannef as

those of those of the capblock. In the event no capblock is present, an

*Note: programmed constants require compatible British units.
For appropriate conversions to the metric system refer to page xvii.
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equivalent spring constant for the ram impact head should be used. Should
no pile cushion be provided, the value for the cushion spring constant is
specified as zero. An eqdiva]ent spring constant and related coefficient
of restitution are computed by the code as a series combination of the
pile cushion and first pile element spring, as recommended by the TAMU

findings. 2

Program usage flexibility dictates the manner in which problem
variables are defined. A three-layered soil system is described as an
example in figure IV-1. The material properties for each soil layer are
defined or determined separately from the pi1e parameters. Zones for each
stratum are specified with respect to the éround surface. The deformation
and failure criterion parameters are defined for each soil layer. All of
these quantities are directly related to depth z. Provision is made to
accommodate either bilinear elastic-plastic or nonlinear (hyperbolic)
interfate shear resistance to "static" penetration for each soil stratum.

Similarly, a bilinear or nonlinear tip resistance must be defined.

Pile geometry and related quantities are prescribed separately
with respect to the g-coordinate. Three options provide for simplified
program input. Pile material(s) must be defined with respect to z; one
option accounts for composite pile segments. Similarly, truncated pile
sections (connected iengths of different, but constant, cross-sections)
may be defined with respect to z. Finally, a pile df constant cross-
section may be described. Having the material properties of the pile
defined in this manner, these options subdivide the pile into an arbitrary
number of equal length segments. The program computes all the lumped-

pafameter constants needed for the analysis.
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The user may alternatively choose to input all of the pile ele-
ment properties individually with another option. This would be necessary
in the case of tapered pile representation for instance, since the cross
section and surface area of each element would depend on z. For ron-

tapered piling, however, the first three options are preferable.

The overall geometry problem variables are thereafter specified.
The depth of penetration, zpi]e’ water table debth, z,» and a potential
"zone of stretching"” Zoips (having constant overburden pressure above the
pile point) ére input values. Finally, lateral earth pressure coeffici-
ents at failure are defined for each soil layer, and'tip behavior quan-
‘tities of maximum resistance and initial "quake" are given to completely

describe the problem variables.

The computer code determines all of the pile-soil interface
resistance parameters in terms of the overal]»pfob]em geometry and the
necessary material properties. The effective overburden stress "at rest"
for each element centroid is computed as a function of depth. The value
of the normal stress on the pile element-soil interface is detgrmined as
this overburden pressure times the coefficient of lateral earth pressure
on the shaft at failure, using a superscript to denote values for compres-
sion failure, Kg, or tension failure, Kg - These K, values are assumed
constant within each layer. The overburden stresé, 8&, near the pile is
affected by the load-deformation conditions throughout the installation
and load test sequence. Nevertheless, the assumptions. prescribed in the

6ne-dimensiona1 formulation provide the simplest approximation.
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The Mohr-Coulomb failure criterion is applied in the computa-

tion of maximum shear resistance values for the i-th element in the form

(Iv-3)

(Zi) =c, + K: E; (zi) tan §

where the pile-soil adhesion,‘ca, the coefficients of lateral earth pressure
at failure, and the interface friction angle, 8, are properties of the pene-
trated soil layer at Zis the element centroid depth. The méximum resis-
tance forces on the element are computed as the product T;ax or T;ax times
the element surface area. This attributes a difference between compression
and tension loading shaft resistance to a change in normal stress on the

shaft.

The code provides for either bilinear or hyperbo]ic (static)
deformation behavior af the pile-soil interface and at the pile point.
The parametric representation of hyperbolic interface behavior was formu-
lated by Clough and Duncan.®!?®2 This procedure used correlation factors
to fit a hyperbola to the loading curve of an interface (direct) shear
test. From a series of tests performed at different normal ‘stress levels
the results may be reduced to a set of average constants. These can effec-
tively incorporate nonlinearity and stress level dependency directly.
A description of the procedure and discussion of soil model representation

is included in the Appendix.

Note that the simple equation forms for the hyperbola and its

slope make it a powerful approximation to use in numerical applications.
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The hyperbolic representation of a curve requires the assumption
of two parameters to uniquely define a hyperbola: the initial tangent
slope to the curve, and the horizontal assymptote. For nonlinear tip be-
havior the maximum tip load is assumed as the assymptote. The initial
tangent slope is computed as the ratio of maximum tip-load divided by the

assumed (initial tangent) elastic quake.

The bilinear representation of resistance to penetration is easi-
1y defined by the same two parameters: the initial slope and the maximum
value. Both shaft and tip resistance can be defined uniquely by the linear
elastic slope (maximum resistance divided by quake) and the maximum resis-

~ tance after which perfectly plastic deformation occurs.

The program represents unload/reload behavior as linear elastic.
It assumes that the ratio of the unload/reload modulus to the initial tan-
gent modulus, RULRL, is a constant for each maferia]. The unload/reload
modulus is selected whenever the current res{stance is less than the maxi-
mum computed value during the element's 1Qad cycle. Whenever the load
reverses sign the maximum va]ue’is reset to zero. No tension conditions

are applied at the pile point.

Figure IV-2a describes a typical nonlinear interface behavior
under static conditions. The initia] slope A is generated from hyperbolic
fit and stress-dependent parameters. The slope B is the unload/reload
modulus given as A times RULRL. The figure indicatesrless tension resis-
- tance than compression resistance in this example. The slope A' will be
less since the initial tangent modulus generally decreases with decreasing

normal stress. Note that the hyperbolic formulation describes purely -
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plastic deformation after the maximum shear resistance is reached. Note
also that a "loading" condition exists in either deformation direction,
depending on the change in displacement with respect to the shear stress

level.

Figure IV-2b gives the program representation of a bilinear re-
sistance model. The elastic loading modulus in each shear direction is
simply the ratio of maximum element shear stress divided by the quake.

The unload/reload moduli are computed as before.

In each of these figures the slopes B and B' were drawn assum-

ing RULRL>1. HNote that the assumptions T;ax = T;ax

figure IV-2b reproduce the rheological model in figure II-3 after Smith.®

and RULRL = 1 in

Three different dynamic penetration resistance models have been included
in DUKFOR. The simplest approach, of course, is to assume that the dyna-
mic and static resistance behavior are identical. - The second option, con-
sistent with Smith's formulation, provides for a nonlinear viscous dashpot
in parallel with the static resistance "spring," see figure II-3 and
equation II-6. Finally, the dynamic resistance may be computed using a
linear viscous dashpot model. The equation describing this behavior is
written as

=R + JV (1v-3)

Rdynamic static

where J has units of force-sec/length.

These last two models assume that the dynamic component of resis-’
tance is added to the static behavior during driving. This implies that

the static behavior is unaffected by installation. There are numerous
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references in the literature citing transient phenomena of soil set-up or
relaxation with time, which may significantly 1imit the use of these
models. Under conditions of set-up-or relaxation after driving, these
models (equation II-6 or equation IV-3) are crude approximations, at best,
of the "static" resistance during pile driving. They-may correlate ade-
quately with pile tests performed immediately after driving. Correlation
parameters matching pile driving data with pile test data in soils expected
to set-up or relax the resistance with time, may require the adjustment of

driving resistance to compensate for these phenomena.5?3°

To restate the argument, load tests performed after transient
phenomena have passed may describe pile-soil system behavior that hardly
resembles the conditions during pile driving. To analyze such cases using

DUKFOR the dynamic and static behavior must be treated separately.

To simplify program logic DUKFOR eﬁploys Specific subroutines
to perform repeated oﬁerations, especially when these tasks are called
upon at different stages in the solution scheme.v In order fo accommodate
nonlinear behavior models both incrementa] and total (accumulated) values
of pertinent variables are retained. The sign convention app]ies vector-
related quantities as positive downward and assumes compression stresses
positive. Interface shear stresses are positive when resisting downward
pile movement. The next section describes the pile ﬁriving simulation

algorithm. Significant program steps are outlined and briefly discussed.
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Pile Driving Solution Algorithm

The dynamic formulation has been developed based upon lumped
parameter elemental equilibrium equations analagous to Smith's procedure.®
This representation permits a direct assembly of any combination of driving
system components in simple terms. Total force dynamic equilibrium is
solved at the end of each arbitrary time interval, marching out with time
using an Euler-type numerical integration scheme. A piecewise linear
approximation is applied to represent the interacting spring forces during

each time increment calculation.

In order to simplify the presentation the pile driving algorithm
has been listed, step-by-step, in Table IV-1. A discussion of important

details is provided below.

Step 1 calls subroutine DTCALC to compute the critical time
increments (see Chapter II) for each element in tHe total system, Ati.
The sum of these values, ), At,, represents the time needed to transmit
the impact stress wave front down to the pile point and back to the ram.

The minimum Ati value is labeled At » and the integration time step,

crit

At, is computed as a fraction of Atcrit’

| At = Atcrit/FACTOR :- (Iv-4)
where FACTOR is a user-assumed constant.

Step 2 establishes the first blow initial conditions and boundary
conditions for all the elements in the system. All element ve1ocjties, |
displacements, and spring forces are set to zero. If gravity forces are

specified, the pile element weights are applied as a static load vector.
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Table IV-1
PILE DRIVING ALGORITHM: DUKFOR
Step Comment Subroutine Called
1 Compute At,, ZAti’ At iy DTCALC
At = Atcrit/FACTOR
2 ‘Specify first blow initial and boundary
conditions
3 Specify new blow initial and boundary
conditions
BEGIN SINGLE BLOW ITERATION LOOP
4 Compute static soil resistance ‘ RSOIL
spring constants, E', tip
5 Compute incremental displacements and
total displacements
= Vi(12 At)
u; = uy Aui
6 Compute static resistance stresses/forces SSOIL
ATi’ Tis Ri’ RMAXi, RMINi
7 Compute interelement spring forces, Fi FORCE

FMAX., FMIN.

8 Compute dynamic resistance forces us1ng
model a, b, or c.

b) RDYNAMi = Ry + [R;| ov,
c) RDYNAM; = R, + JV. |
9 Compute resultant (unbalanced) element forces
.RESIDi = Fi-] - Fi - RDYNAMi + Ni(CIGRAV)

10 Compute element velocities

Vi = Vi + RESIDi(At) (g/wi)
and check for termination of blow computation.
END SINGLE BLOW ITERATION LOOP

11 Statically equilibrate inertia forces
A?} = RESIDi
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The resulting quantities are supplied as the first blow initial and bound-
ary conditions. The initial velocity of the striking parts, Vram’ is com-

puted from equation IV-3.

Step 3 prescribes initial and boundary conditions for a new ham-
~ mer btow. The initial velocities are reset according to Step 2, but the
total displacements and forces (equilibrated statically after the previous
blow) are used at the start of the new blow. Control parameters are
reset and current blow variables (e.g. displacements, and maximum value
terms) are set to zero. Hereafter the calculation enters the single blow
iteration loop where the numerical integration of the equations of motion

is performed.

Step 4 evaluates the static resistance stiffness values, E}, and’

ktip’ for the shaft and tip resistance models, respectively. These

quantities are determined in subroutine RSOIL using the algorithm logic
described in the previous section. Recall that the-static resistance be-
havior is treated independently within the solution assumptions. The
quantities E} and E£ip
stress and tip load levels, as well as the assumed material representa-

are functions of the instantaneous static shear

tions.

Step 5 calculates the incremental element displacements, Aui,
" (assuming Vi constant during At) and accumulates the total disp]acements,
Uy in an integration step given as
Au =Vi(12 At)
' (Iv=5)
u-=u-+AU]- ‘

1 1

where Vi is the instantaneous element velocity in ft/sec.
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Step 6 calls SSOIL to determine static soil resistance stresses,

ATi and Tss and resistance forces Ri’ as well as saving maximum/minimum
quantities for use in modulus selection during the next time increment.

These quantities are computed using the equations

ATi = ki Aui

&l
n

j 5Tyt AT ~ (Iv-6)

R

j Ti (SAREAi)

where SAREAi is the pile element surface area, ft2.

Step 7 calls subroutine FORCE to calculate interelement spring
forces based upon tofa] displacement differences times the spring constant.
Maximum/minimum values are stored for each spring during the hammer blow.
Smith's bilinear cushion spring béhayior, figﬁre II-4, is included in the
FORCE algorithm. All “"no tension" spring conditions are also satisfied

within FORCE.

Step 8 evaluates the instantaneous dynamic element resistance
forces using one of three dynamic models: no damping; Smith's damping,

equation II-6; or linear viscous damping, equation IV-3.

Step 9 solves the elemental (total) equilibrium equatians for.
the resultant unbalanced forces, RESIDi, applying the computed internal

and external forces in the form

RESIDi =Fiq- Fi - RDYNAMi + Ni (CIGRAV) (Iv-7)
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where the parameter CIGRAV is given as zero or one wnen body forces are
to be excluded or included, respectively. For the case when i = 1 in
equation IV-7, the term Fi-] drops out. When i = p the dynamic tip
resistance force is specified as Fp. The sum of these quantities for the

pile elements, is stored as RESIDp+],

Step 9 computes the changes in velocity during the integration

step and the element velocities at the end of this step as

AV,

; = RESID; (At) (g/W,)

(1v-8)

Vi Vi + Avi

Note that this assumes RESIDi as constant over the time interval At. A
check for calculation termination is made at this stage, completing the

single blow iteration loop.

To continue the integration with time, steps 4 thru 9 are repeated
sequentially over an arbitrary time interval. Intermediate print out of
dynamic equilibrium data may be specified by the user. For each blow the
computation proceeds in time over NPASS passes of the stress wave front,
where NPASS is a user-assumed parameter. After this point is reached ‘
the progrém checks the value of RESIDp+1 G=§:§ESIDi) tq select a moment

in time to halt the computations.

The value of RESIDP+] represents the driving force causing pile
‘motion. Its amplitude is a rough measure of the total energy remaining
in the pile. As the pile vibrates longitudinally under the force system

applied, the value of RESID,,; oscillates with the total pile acceleration.
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The quantities RESIDi indicate instantaneous force values equilibrated

by inertia forces.

With these concepts in mind, it is important to select a value of
NPASS after which no more pile penetration will occur. There may still be

appreciab]e RESIDi values the system, but their total influence is minimal.

In order to complete one blow and establish the initial condi-

| tions for the next blow (or for the static analysis phase) it is necessary
to satisfy static equi1ibrium. As the static formulation uses incremental
behavior, a reasonable criterion to terminate the single blow calculation

at a moment when RESID +1 is relatively small. The criterion used in

P
DUKFOR is of the form

lRESID < RESCK (1v-9)

ptl

where RESCK is a "tolerable" error. In the event equation IV-9 is not
satisfied, calculations are automatically halted one full wave pass

thereafter.

In conjunction with the necessary conditions for continuing the
analyses it is necessary to eliminate the trénsient inertia forces and
satisfy static equilibrium. When one writes Newton's Second Law, equation
II-1, the sum of the applied forces (RESIDi) is equated with the element
mass times the resulting acceleration. The inertia force is equal to
RESIDi but opposite in sign. In order to satisfy static equi]ibrium this

inertia force must be "un]baded."
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Step 11 unloads the inertia forces in the pile by simply applying
the unbalanced element forces in a static equivalent (incremental) load
vector,

AF‘i = RESID; (1v-10)

This may be equated in a simple spring-mass, one degree of freedom system,
as the restoring force necessary to return the oscillating mass to its
static equilibrium position. The implicit assumption in the pile driving
solution apb]ication of equation IV-10 is that the RESIDi are causing only
linear elastic response of the pile-soil system when the integration is
stobped. This restriction is realized approximately when the so]ution

has proceeded far enough in time that the element velocities are small
(minima] damping forces) and each element -is oscillating about a stable
displacement value. More details of the implications will be discussed

in Chapter VI.

After applying the static equilibration 1oa& vector to the sys-
tem, the results represent the system conditions at the end of the blow.
These may be applied as initial and boundary conditions for a next blow.
The program will perform the single blow solution steps 3 through 11 for
as many blows as the user requires. Thereafter, the computations enter
the static load test phase of the anlysis. Input barameters provide for
the dynamic/static, dynamic only or static only sequences accofding to
the needs of the user. The next section describes the static solution

method.
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Static Solution Algorithm

The basic features of the static equilibrium solution method in-
corporated in DUKFOR were developed during the previous phase of the
investigation, for a load test simulation code, FDFOR..2 The-primary-
formulation changes introduced the combined treatment of compression and
tension load (interface) behavior such that sequential simulation of the
“entire load test could be performed. Subprogramming duplicated algorithms
for both dynamic and static solution usage, and linking the proéess into
a coherent package repfesent the méjor tasks accomplished. An outline of
the computation steps employed by the static solution algorithm is given

in Table IV-2. A brief description of these steps follows.

Step 1 assumes appropriate initial conditions and defines the
incremental load vector. - Three loading cases use the static solution
method. The first two were described in thelprevious séction; gravity
force vector and the "static equilibrating" force vector. The gravity
forces may be applied to generate initia1'conditions before driving (or
before load testing if no dynamic solution is requested). The static
equilibrating force vector "unloads" inertia forcés ih the pile remaining
at the end of each hammer blow computation, approximately satisfying
static equilibrium. The respective values of these forces are applied

as an equivalent load vector, {AF} , in each case.

The third loading case is generated from a load test simulation
procedure. Program input parameters specify the end points of arbitrary
loading paths, for which static solution data will be printed. The load

is applied incrementally to each successive end point such that any mono-
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Table IV-2
STATIC SOLUTION ALGORITHM: DUKFOR

Step . Comment Subroutine Called
1 Assume appropriate initial conditions and

establish incremental load vector:

a) Gravity forces: AF} = W;

b) Pile driving equilibration forces;
AF; = RESID;

c) Load test loading increment;

AFMo = QINCR
2 Determine soil resistance spring constants RSOIL
3 Assemble tridiagonal stiffness matrix [K]
in three vectors DIAG, SUB, SUP TRIDST
4 Solve the static equi]ibrium equations TRID

[K] {Au } = {AF}
for {Au} using a tridiagonal equation
solver and compute total displacements

i i i

6 Compute interelement forces FORCE
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tonic, cyclic, and/or load reversal (e.g. compression to tension) loading
sequence may be applied. Upon simultaneous failure of all element resis-

tance springs the calculations are stopped and the previous load incre-

ment data are printed out.

Each load increment is applied as an external force to the pile
butt element, A1l other element forces are zeroed. The force vector is,

therefore, prescribed as

>
by g}
1

= *QINCR
(Iv-11)

[
==
]

0 i#MO

where MO is the number of the first pile segment. The plus or minus sign
describes the incremental load direction; a positive change in force is

applied downward.

The load increment maghitude, QINCR, fs an input parameter given
in kips. It represents the maximum loading step size. At the start of
each applied load path, however, the program uses a series of one Kip
increments, QINCR in number, to begin the path. This modification:allows
a change in modulus to be made while the load step is relatively small.
During a loading reversal (e.g. compression to tension increment change)
the transition from load to unload modulus (or vice versa) is made with
minimal “"overshoot" problems. HNote that modulus selection is done in

subroutine RSOIL based upon the previous loading increment results.

Step 2 calculates the tangential soil resistance spring constants,

E}, for the load transfer model and the appropriate point spring stiffness,

-Etip' Subroutine RSOIL calculates these quantities.
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Step 3 assembles the static equilibrium equations in arrays.

The general form of these may be written in incremental matrix form as

[K] {Au} = {A’F‘} (1v-12)

using a displacement formulation. The direct solution for unknown changes
-in-displacement due to the applied loading increment, AF; requires an
inversion process. The elements-in the stiffness matrix, [K], are gener-

ated by the recursion formulas

kMO + kMO’ i=M0

Kisg = Kjop tkj vk i=MO+1,p (I1v-13a)
kp_] +ktip +Fp’ i = p
Koo1 = Kigg g =k =M, p1  (IN-13b)

These terms describe coefficients 6fa tridiagonal system of linear
algebraic equations. All other elements of the stiffness matrix are zero.
The stiffness matrix can be compactly written into three linear arrays:

DIAGI = Kii’ the main diagonal; and SUBI= SUPI==K the subdiagona]Aand

i,itl?
superdiagonal; respectively. The subscript I represents a shift operation
in which I =1 corbesponds to i = MO. Subroutine TRIDST assembles the

tridiagonal equations in this manner.

Step 4 calls upon ‘subroutine TRID, a tridiagonal equation solver
routine,®® to calculate the unknown incremental displacements. The total

‘displacements are then accumulated.
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Step 5 evaluates the changes in element soil resistance forces
using subroutine SSOIL. Incremental and total shear stresses, and total
resistance forces are determined for use in the next program step.
Maximum/minimum values of the resistance forces are retained- for use in

the modulus selection process of RSOIL.

This step completes the computations needed for the loading
incfement. When the applied load has not reached the load path end
point, the execution returns to Step 1 of thé static algorithm. When
the end of the current load path has been reached the program proceeds
to Step 6. For the gravity load option and the static equilibration

option Step 6 is performed.

;ﬁg&i}; calculates the pile spring forces as a function of total
element displacements in subroutine FORCE. Upon return from the sub-
routine the type of loading conditions determine the next operation. For
the gravity loading case, the static results are printed out. The program
returns, thereafter, to commence the dynamic or static computations, depend-
ing upon the problem requirements. For static equilibration at the end of
the hammer blow the execution resumes within the pile driving output
loop. When the load path end point has been reached, the static solution
data is printed out. Thereafter, the control reverts back to Step 1 to
initialize a new load path and resume static computations. Upon comple-

tion of the load test sequence the program seeks problem input data.

Additional features of the static formulation deserve some

attention. A supplementary system of variable arrays is established at
the beginning of the pile load test simulation. Current values of total

displacement and pile spring loads are defined as zero (initial values)
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to monitor the change in these quantities after installation. Many pile
tests with sophisticated instrumentation implicitly assume these condi-
tions, by assuming that residual load distributions after driving are

negligible.

Another parameter zeroed after driving is the "mobilized" total
shear stress in each element. In this fashion both overall and mobilized
(after driving) quantities are printed out with the static results. The
use of these quantities and further discussion of them is deferred to

Chapter v,

The static pile load distribution is computed two ways. The pile
spring forces are based upon interelement displacement differences from
subroutine FORCE. The second method employs a numerical integration pro-
cedure, instead, evaluating the pile load with depth as the total applied
Toad (plus element weights above that depth, if inc]uded)_minusfthe load
tfénsferred to the soil in shear above z. The load transferred is com-
puted by integrating the skin friction times the element surface area from
ground surface to depth z. Two independent solutions are provided for
the load distribution results, in addition to the mobilized values already

described.

DUKFOR simulates the pile-soil interaction problem in a one-
dimensional idealization which greatly reduces prob]gm formulation mathema-
tics. It also grossly simplifies some system variables considered to
affect pile performance. In order to better assess the effects of these
assumptions, a more sophisticated mathematica] formulation is required. A
brief diﬁcussion of the axisymmetric finite element formulation developed

for this study is described below.
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Axisymmetric Code: AXISYM

Basic Considerations

Early in the development of this investigation some questions were
raised congerning the assumptions of the one-dimensional formulation. It
was decided that comparisons of results from DUKFOR analyses with those
using an axisymmetric finite element representation could prove quite use-
ful. }To accomplish this goal a highly versatile finite element codé, SOIL-
STRUCT, developed by G.W. Clough and Y. Tsui, was selected. It was neces-
sary to modify the existing formulation to provide an axisymmetric solution

capability.

The first version of the SOIL-STRUCT code was developed for the
CE to simulate the construction and subsequent performance of U-frame
Tocks.®!?82  This code permitted any arbitrary sequence of incremental
loading conditions involving: excavation, fill énd structure placement
loads; seepage pressure loads; boundary pressure, concentrated force and
nodal displacement loads; and loads generated by temperature changes in
the structural elements. A displacement formulation modeled plane strain
behavfor using four node quadrilateral and one-dimensional interface slip
elements. Nonlinear, stress-dependent deformation behavior could be speci-
fied using hyperbolic fit and stress level-dependent formulations for both
solid and interface element behavior. An updated version of this code,

LOCKS, is in use at WES.

The original code has been revised to better model soil-structure
interaction behavior. The present version, SOIL-STRUCT, incorporates addi-

tional loading conditions needed to model tied-back wall construction
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behavior.®* An iteration sequence has been added to improve solution con-

vergence, and a better quadrilateral finite element has been introduced.

The modified five node quadrilateral element, QM5,%°% was included
in SOIL-STRUCT to take advantage of its superior shear distortion charac-
teristics. A five node quadrilateral element allows linear strain variation
within the element, while constant strains are prescribed at the element
boundaries, satisfying interelement compatibility. The mddification applied
for the QM5 element assigns the.element shear strain a constant value
throughout (that computed at the central node). This incompatibility allows
more e1ément flexibility in bending shear distortion than any ofher four.or
five node quadrilateral element formulation. In addition, it can be used
as a constant strain triangu]ar’e]ement simply by assigning two adjacént

nodes to the same coordinate location.®®

The assumption of axial symmetry greatly simp]ifieé a three-dimen-
siéhal problem. For the purpose of this investigation full axial symmetry
is assumed with respect to problem geometry, material properties, and load-
ing conditions. Cylindrical coordinates (r, z, 8) describe a "solid of
revolution” about the z-axis. Within the axisymmetric idealization, any
8-plane (containing the z-axis) represents a principal plane such that
Ong = Oy = 0. The value of Og depends only on the material properties
and the remaining stress/strain components at a point (r,z),'all‘of which
are independent of 6. The vector of effective stress components, {E} ’

at any point includes only four terms,

{517 = 6.0 T, 5p» T,) (1v-14)
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An axisymmetric finite element problem is fully described by

discretization in two dimensions, r and z. Each element represents its
solid of revolution about the z-axis. For axisymmetric interface elements

the idealization describes a surface of revolution.

Modifications for AXISYM

AXISYi incorporates all necessary changes in SOIL-STRUCT needed
to simulate either plane strain or axisymmetric problems of boundary pres-
sure loading exclusively. Subroutines used to perform other loading case
computations were not revised to include the axisymmetric option; and
therefore, these subroutines were removed for future revision. A1l the
main program ;ontro] logic has been left intact to acéomodate these revised

subroutines when they are avaiiab]e.

The quadrilateral (QM5) element stiffness derivation and the algo-
rithm steps needed to provide the axisymmetric option in SOIL-STRUCT are
described by Doherty et al.®% The modifications to SOIL-STRUCT were essen-
tially translating notation from Doherty's code and linking the axisymmetric
option to produce AXISYM. An axisymmetric interface element representation

was also included after Desai and Holloway.3®

One comment should be added at this point. The deriQation of axi-
symmetric e]ément stiffness matrices involves volume integrals of terms
that are functions of r. The QM5 element formulation employs a four point
integration formula to accomplish‘this task.® The axisymmetric approxi-
mation to the interface stiffness is given as the product of the plane
strain stiffness quantity®!°%2 times the term r 6, where r is the radius

of the element centroid and © is the interval of revolution used in the
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element stiffness formulation (one radian for the QM5 element). For an

interface element parallel to the axis of symmetry this gives the exact

H‘i B HPL

since the integration 1imits are coincident in r.

stiffness as‘

(Iv-15)

For interface elements not parallel with the z-axis, equation
VI-15 is approximate. For such elements near the centerline and/or within
a zone of expected high strain gradients, shorter element lengths should

improve solution accuracy.

Problem Formulation

A rectangular element mesh generation routine was déve]oped to
punch the input data required by AXISYM. The program, MESHPN, determines
element geometries and material types using nodal rows and columns defined
by their z and r coordinates, respectively. The overall mesh is subdi-
vided into rectangular zones of material types according to the "boundary"
rows and columns. The punched mesh details inclyde nodal coordinates,
element nodes and material types. Horizontal and/or vertical lines of inter-
face elements may be inc]uded by specifying coincident rows and/or columns

of nodes and appropriate material zones using MESHPN.

A sample mesh designed to analyze test pile 2, Lock & Dam No. 4,
Arkansas River Project, CE, is shown in Fig. 1V-3. Note the refinement
“used in the vicinity of the pile tip. The line of vertical pile-soil

interface elements extends beneath the pile tip in the soil while the
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Figure IV-3. Refined Axisymmetric Finite Element Mesh, Test Pile 2,
' Lock and Dam No. 4, Arkansas River Project.
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horizontal plane at the pile tip elevation also extends interface elements
across the plane. These elements are assigned "soil-soil" interface proper-

ties.

The corner of the pile tip is.a geometric and material discontinu-
ity at which infinite stress/strain occurs during penetration. The mesh
refinement, and especially the refined interface elements intersecting .
at this point, keep the analytical singularity localized. The hofizontal
interface element adjacent to @he tip tends to fail in extension, a phenome-
non observed analytically and experimentally by others, see Chapter III.
Ellison used point springs to connect the element boundary nodes acfoss this
plane in a similar application.®% In this investigation the use of verti-
cal interface elements extending beneath the tip allows interelement
slip (punching) to relieve extremely high shear sfresses. This combination
of interface element zones enhances solution stability and better matches
the physical behavior. Further attention to these conditions will be given

in Chapter V.

In addition to the finite element mesh data, material properties
of the pile, interface, and soil elements must be provided._ AXISYM results
will include the behavior of the pile, pile-soil ihtefface and soil elements
such that the pile-soil system is modeled more "correctly." It is done,
however, at the expense of far greéter computational effort and more re-
strictive initial conditions and loading conditions than DUKFOR permits.
A brief outline of the AXISYM algorithm is given in Table IV-3., Some com-

ments on the program steps are included below.

Step 1 calculates initial conditions within subroutine INITAL. At

the beginning of a new problem a gravity turn on loading step is applied to
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TABLE IV-3 AXISYMMETRIC SOLUTION ALGORITHM

STEP COMMENT SUBROUTINE CALLED
1 Establish Initial Conditions (a or b)
a) Gravity Turn-on Analysis INITAL
STRSTF
BANSOL
STRESS
Generate Horizontal Stresses INITAL
— = _ 0=
0. = O KS a,
Determine Element Moduli MODCAL
b) Read in Data INITAL
2 Perform Incremental Loading Case (a thru d)
a) Assemble Structural Stiffness Matrix and
Load Vector v ' STRSTF
[K]{au} = {&F}
b) Solve Simultaneous Equétions for
Unknown Displacements ' BANSOL
c) Compute Element Stresses (at center
nodes) | STRESS
d) Determine Element Moduli MODCAL
3 Print Qutput Data

4 Punch Output Data (as initial conditions)
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determine vertical stresses in the entire system. HNodal displacements and
element shear stresses are set equal to zero, and the horizontal effective
stresses are calculated for each element as 3} = 0y = K¢ o, » where KJ

is the initial lateral earth pressure coefficient. Based upon these ini-
tial stresses, initial element moduli values are generated by subroutine

MODCAL. For the continuation of a previous loading hiStory (see Step 4)

the initial conditions may be read in directly from data cards, instead.

Step 2 performs the incremental loading step calculations. Sub-
routine STRSTF assembles the structuraT stiffness matrix block by block
and writes the equations on tape. Subroutine QUAD is called by STRSTF to
evaluate quadrilateral element stiffness values, while JTSTF performs this

task for joint (interface) elements.

The system of simultaneous equations is solved for nodal (incre-
mental) displacements using subroutine BANSOL, a bandwidth-type Gaussian
elimination equation solver. Subroutines STRESS and JSTRES are thereafter
called to evaluate element stresses at the center nodes. Subroutine MODCAL
is called by STRESS and JSTRES to evaluate new element moduli during this
step. An additional program feature particularly useful in some problems
allows the user to override algorithm modutli selection and specify either
load or unload/reload moduli for all unfailed elements. Further discus-

sion of this option will be included in Chapter Vv,

Step 3 prints out all computation results. Incremental and total
nodal displacements, (center node) element stresses (both principal and

r-z-8), new element moduli and stress levels are listed in the printout.
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In the event another iteration is requested, the program returns
to Step 2 and repeats the loading increment using adjusted moduli from the
previous iteration. SOIL-STRUCT provides the option of additional itera-
tions for each individual loading step. Iteration allows more rapid con-
vergence for larger loading increments, and is especially useful for cor-
recting overshoot difficulties and e]iminating tension stresses in soil

and interface elements. AXISYM leaves this option intact.

Upon completion of Step 3 the program returns to Step 2, and
applies the next loading increment. The sequence is repeated for each
loading step specified. When all input loading steps have been applied the

program proceeds to Step 4.

Step 4 is a particularly useful feature that is provided in SOIL-
STRUCT. Al11 necessary initial conditions for‘a subsequent loading step are
punched on data cards at the end of the computations. The punched output
allows step-by-step debugging and verification without the need to repeat
previous (proven) loading case history. This capability also provides
"computed" initial conditions as a branch point to examine different alter-
native cases applied thereafter, an eépecial]y useful and economical design

usage feature. This step has been retained in AXISYM.



Chapter V
PILE TEST ANALYSES

Introduction

Two computer programs were developed during this investigation to
represent the mechanics of pile-éoi1 interaction. The code DUKFOR is a
one-dimensional load transfer formulation which models the entire sequence
of pile driving and load testing. An axisymmetric finite element code,
AXISYM, which models only static behavior, was developed to compare with
the DUKFOR apppoach in order to define the advantages and disadvantages
of these two analytical models. The development of each code is discussed
in the preceeding Chapter. The results of pile test analyses performed

with these codes are presented hereafter.

In order to assess capabilities and limitations of the two methods,
several instrumented pile tests were analyzed. Only one pile test was
studied in detail using both computer codes; additional pile‘tests were

“analyzed using the DUKFOR program. Furthermore, parametric studies were
made to evaluate stability and cohvergence criteria for each code. The
effects of various hammer-pile-soil system components .on pile driving per-
formance and on residual driving loads were examined parametrically using

DUKFOR. The results of the parameter studies are presented in Chapter VI,

108
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Pile Test Data: Lock and Dam No. 4

A comprehensive series of pile tests was performed at Lock and
Dam No. 4 (LDP4), Arkansas River Navigation Project for the U.S. Army Engi-
neer District, Little Rock, by Fruco and Associates.®® The general sub-
surface conditions at the test site consist of three major soil strata:
an overlying 13 foot thick surface blanket of silts and fine sands; an in-
termediate stratum of relatively dense, medium to fine sand approximately
93 feet thick; and a Basal stratum of Tertiary clay. The in situ dry
density of the deep sand strata ranged between 90 and 109 pcf, showing no
consistent trend with depth. Twenty feet of soil was excavated prior to
the pile tesfs. Piezometers indicated that the water'table remained 2 to

3 feet below excavation grade during pile driving and load test operations.®

Laboratory tests on the soiis were performed by the U.S. Army
Engineer Division, Southwestern, Laboratory, Dalas, Texas.®? Direct shear
and interface shear tests were performed on the (SP-SM) sand samples pre-
pared in the laboratory at selected densities. The angle 6f internal
friction for the soil, ¢, ranged between 31° aﬁd 35° with an average of
32°, The interface friction angle, &, for sand-on-steel measured between
23° and 30°, with the higher values associated with the higher relative
densities. For the purpose of the analyses performed herein the average
value of ¢ was assumed (¢ = 32°); the value of & was assumed as 29.8°, a
high value chosen because of the 15ke1y densification of the sand near the

pile'shaft.

Soil deformation parameters are needed for the constituitive model

~

used in AXISYM. As no triaxial test data was obtained for LD4 sands,
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deformation properties obtained from tests on Jonesville Lock and Dam
(JLD) sand were assumed,>® as has been done in previous finite element
studies of these piles.”528828% Hyperbolic pseudoelastic parameters from
triaxial tests on remolded 80 percent relative density JLD sand were gene-
rated using the standard procedures discussed in the Appendix. Interface
shear test data were reduced to average hyperbo]ic‘parameters in an analo-
gous procedure. Values of the deformation and failure parameters used in

the present study are described in the Appendix.

In order to model shaft load transfer in the DUKFOR model one must
approximate the pile-soil system response at the interface. Deformations
in the adjacent soil should éoften the measured pile load transfer relative
to laboratory interface shear test behavior. The effects of pile driwving
on pile shaft behavior (soil densification and repeated load/unload cycles)
should stiffen the measured response. It is assuméd_for all the DUKFOR |
analyses presented herein that the laboratory interface shear test behavior

represents the field load transfer mechanism directly.

‘The test piles installed at LD4 included steel H-piles (14 BP 73),
steel pipe piles (12-, 16-, and 20 in. 0.D.), prestressed concrete piles
(16- and}ZO- in. square), timber'pi1es and sféel sheet»pi]es. Details of
the properties of test piles which were analyzed are given in Table V-1.
Each pile was instrumented with strain rods and/or strain gages. All the
analyzed piles are 55 feet long steel pipes which were installed closed-
ended with approximately 53 ft embedment. Three of the test piles (TP)
were driven to_grade using a'Vulpan 140 C doub]e-actiné steam hammer,

LD4TP1, LD4TP2, and LD4TP3. A Bodine vibratory pile driver was used to



Table V-1
Properties and Installation Data, LD4

g??: Type Net Effective Gross Hammer Blow Count Instrumentation
& Cross-Section Perimeter Tip Area Type Final Foot
Details (SQ IN.) (FT) (SQ. FT.) (BLOWS/FT)
LD4TP 1 ]2.75'IN. 0D 17.12 3.90 0.970 VULCAN 16v STRAIN
PIPE, 0.330 IN. 140C RODS
THICK WALL,2
2, 4U7.25
LD4TP 2 16. IN. OD 23.86 5.32 1.568 VULCAN 38 STRAIN RODS
PIPE, 0.312 IN. 140C & STRAIN GAGES
THICK WALL,2
4, 4U7.25
LD4TP 3 20. IN. OD 27.36 5.80 2.270 VULCAN 44 STRAIN
PIPE, 0.375 IN. 140C RODS
THICK WALL,2
2, 4U7.25
LD4TP 10 SAME AS LD4TP2 23.86 5.32 1.568 BODINE — STRAIN RODS
& STRAIN GAGES
LD4TP 16 16. IN. OD 19.62 4,75 1.482 VULCAN 24b STRAIN GAGES
PIPE, 0.312 IN. 140C
THICK WALL,?2
2, 4U7.25
’ 1Y
NOTES: a. ASTM A-252, grade 2 steel pipes  b. Jetted 40 ft., driven final 13 ft.

Lt
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place LD4TP10; LDATP16 was jetted to 40 ft depth and thereafter impact-

driven to grade with a Vulcan 140 C.

Ram impact simulation is employed in the DUKFOR pile driving al-
gorithm, see<ChabterAlv, The parameters used to describe the Vulcan 140C
hammer assembly are listed in Table V-2. Pile driving analyses were
carried out on all piles except LD4TP10, since no vibratory driver simula-

tion was possible with the present version of DUKFOR.

A1l five test piles were loaded to failure in compression and
thereafter to failure in tension. HNear plunging-type failure developed in
each test such that the maximum applied load was assumed as the failure
load for each case. Compfession test results are described in Table V-3;

tension test results are summarized in Table V-4.

Each pile was instrumented along its length in order to measure
pile load distribution. Significant residual driving loads -were observed
in the piles®® and subsequent analyses were performed by Hunter and
Davisson’® to evaluate the residual loads more precisely. As previously
mentioned in Chapter III, these investigators determined the residual
driving load distribution as the difference between the magnitude of the
measured residual tension loads at the end of the tension test unload, and
the magnitude of the measured residual loads at the end of the cpmpression
test after unloading. This technique assumed implicitly that there are

-no residual axial loads anywhere along the pile after unloading at the

end of the tension test. This assumption is correct at the pile tip and at
the pile butt; however, it is only a rough approximation elsewhere along the
.pile. Without knowledge of the actual stress-free gage data, the actual

shabe of the residual load curve is indeterminate.
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Table V-2
IMPACT HAMMER ASSEMBLY DATA, LD4

Hammer

Vulcan 140C double-acting steam hammer

Ram Weight Nl 14000 1b.
Rated Energy 36000 ft-1b.
Efficiency (assumed) 0.78

Cap Block

| Micarta

.10 x 1.0-in. - thick disks, 17.5 in.
0.D. with 4.5 in. bored center hole

Cross-section 224.6 in.?
Thickness : 10. in.

Secant Modulus (stress level dependent) 4.5 x 105 1b/in.2
Coefficient of Restitution (assumed) 0.80

Pile Cap (no cushion block)
Weight, Wz 1710 1b.



Table V-3

Compression Load Test Behavior, LD4

Test Maximum Mobilized | Adjusted® Lateral Earth
Pile Compression Compression Compression Pressure Coefficient
c Capacity Capacity
Load, Qmax KC
TIP SHAFT TIP SHAFT S ,
(KIPS) (KIPS) ~ (KIPS) (KIPS) (KIPS) MOBILIZED ADJUSTED
1 344 96 244 170 174 1.15 0.821
2 502 150 352 240 - 262 1.22 0.906
3 516 224 292 320 196 0.926 0.622
10 456 166 290 166 290 1.00 1.00
16© 330 100 230 180 150 0.891 0.581
NOTES: o , . ‘
a. Adjusted for measured residual tip load after Hunter and Davisson 8¢,
b. Effective overburden stress assumed; Interface friction angle 6=29.8%
WT at 2 Ft depth, y=125 pcf, y' =63 pcf.
c. Jetted and driven 40 ft. and driven final 13 ft.

vLL



Table V-4
TENSION LOAD TEST BEHAVIOR, LD4
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Test Maximum Lateral Earth
Pile : Tensiont Pressure Coefficient
Capacity, Qmax Kt
(KIPS) S
1 184 0.868
2 232 0.802
3 240 0.761
10 220 0.761

16 ~ 146 0.565
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For LD4 piles analyzed in this report measured residual point
loads are directly available. Hunter and Davisson®® present results
giving residual point loads for all the piles studied herein. Compression
test results for measured (mobilized) point capacity, Qp4,andAshaft capac-
ity, Qs, are listed in Table V-3. Lateral earth pressure coefficients
at failure, Kg, were back calculated from respective QS values assuming
that the skin friction distribution is proportional to the in situ effec-
tive overburden stress. Hote that the Kg values are significantly reduced
when residual point loads are correhtiy considered, see Table V-3. These
values are only approximate, however, since the shape of the actual skin
friction curve’at failure is no doubt more complex than that assumed.
Discussion of the effects of this assumption is covered in a subsequent

section of this chapter.

Similar procedures were used to analyze tension test resuTts.
Because there is no residual tip load at failure in tension (Qp‘= 0) there
is no need to adjust the value of Q . Backcalculated values of KE are
listed in Table V-4. Based upon results reported by other investigators
“the K: values shouid be less than K§5 however, this is not the case for
LD4TP1 and LDATP3 which show Kg values less than KE, The reason for this
is not readily apparent. Based upon these data, however, and in lieu of

Toad transfer measurements at another site, the assumption of Kg = KE,

appears reasonable. This conclusion was stated{previous]y by Vesic.®?

An additional comment is warranted at this point concerning the
magnitudes of the Kg values. Backca]cdlatiqns of these parameters are
sensitive to the value of & assumed as well aé to the shape of the skin
friction distribution curve. Using 6 = 25°, corresponding to' the minimum

value measured in the laboratory, Kg and K: would be 25 percent larger.
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DUKFOR Analysis: LD4TP2

The 16-in. 0.D. pipe pile, LD4TP2, was instrumented with both
strain gages and strain rods. The piTe was impact-driven to full embed-
ment. A cyclic compression test followed by a cyclic tension test were
performed on the pile; load-displaéement and load distribution data were

collected throughout the test phase;

Pile Driving Analysis

- Pile driving performance was studied using the dynamic analysis option of
DUKFOR. This pile was one of several piles previously studied by the
writer using the Texas A&M University (TAMU) computer code (TAMFOR) which
wasnadapted for use on WES computer facilities.? The basic difference '
between the computer codes rests in the approach to the problem. TAMFOR
simulates the behaVior of the hammer assembly-pile-soil system for a single
blow up until the pile point rebounds, whereupon full rebound is assumed

to occur. DUKFOR simulates the entire blow, statically equilibrating

the system after the driving forces have dissipated (see Chapter IV). With
this new techniqué a series of hammer blows may be applied, taking proper

account of the residual driving stresses from previous blows.

In discretization of the pile and time increments numerous choices
are possible. As discussed in Chapter II, ane should select a pile seg-
ment length that is small with respect to the impact stress wave length.

A compatible time interval of integration must be chosen smaller than the
time required for the stress wave front to pass in either direction through

any "driving system" element. Smith prescribed At = Atcrit/FACTOR using
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FACTOR = 2. To satisfy the first criterion Smith recommended no fewer

than ten pile segments, not greater than 10 ft in length.® For the LD4

test piles using DUKFOR multiple blow, nonlinear resistance models and rela-
tively long (integration) iintervals, it was found that PILSEG = 15, FACTOR =
4 and NPASS = 6 (6 stress wave front passes in time) were the best values.
It should be noted that for single b]ow_analyses (e.g. TAMFOR solutions)

Smith's recommendations are quite satisfactory.

In developing DUKFOR it was' expected that for a’prescribed‘resis~
tance distribution a "steady state" pile driving solution would be obtained
after a series of hammer blows was simulated. That is, the blow count, and
residual load distribution would become essentially constant thereafter for
each successive blow. For the LD4 test piles the steady state condition
was usually developed after three hammer blows. In order to insure conver-
gence in all cases for the LD4 pile driving solutions describéd,hereafter
the input parameters included IBLOWS = 5 (five hammer blows), NPASS = 6,
FACTOR = 4, PILSEG = 15, Some of the details involved in selecting these

parameters are discussed in Chapter VI.

Figure V-1 describes the parametric determination of point and

shaft damping constants, J_ and Jsﬁ A11 of the data in this fighre repre-

p
sent static equilibrated results for the fifth blow. Data obtained using

both bilinear and nonlinear resistance models in DUKFORVanalyses are de-
scribed. It was noted in a previous report® that the soil damping para-
meters are actually correlation constants, not intrinsic soil properties.

Figure V-1 highlights the fact that J_ and JS are interdependent quantities

p _
such that for a -given value of Jp a new value of JS may be found which
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correlates with blow count exactly. The8e values are in no way unique,
though a general range may be defjned for them. It is interesting to

note that the use of bilinear interface deformation properties makes little
»diﬁferenee'ﬁn*thé‘predicted‘BTOw counts versus those obtained using the

nonlinear model.

In addition to blow count, a second measurement for which corre-
lations FTrom the BUKFOR analyses could be made concerns the residual point
load. Figure V-2 presénts damping correlation data for residual point load
using both the bilinear and nonlinear resistance models. These data suggest
’tﬁat the actual field behavior 1ies somewhere between these two assumptions.
From these results and Subsequent static analyses the nonlinear deformation
mode1 was chosen for the remaining analyses. By correlating damping values
directly with blow count and selecting a pair of.Jp, J; vales best fitting
the residual point load, values of Jp = 0.10 sec/ft and JS = 0.05 sec/ft,

were used for LD4TP2 analyses. Values of Jp and Js‘obtained in this manner

for all the LD4 piles are listed in Table V-5,

It is interesting to note that the initial tangent quake value

listed in Table V-5 satisfy the relationship QUAKE = 0.05 in/ft of pile

diameter for impact driven piles. These data are seasonably consistent
with hyperbolic fits of LD4 tip load transfer measurements. Since the mea-
sukements start from a substantial residua] point load for all but LD4TP10,
the initial portion of the load-dishlacement curve is unknown. fhus, the

hyperbolic fit of the measured data is a rough approximation.

Static 10ad-disp]acemeht~behavior at the tip was modeled as the

hyperbola defined by the initial tangent stiffness (Qp/QUAKEp) and the
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Table V-5
SOIL PARAMETERS EMPLOYED IN THE PILE TEST ANALYSES, LD4

CORRELATED ASSUMED
DAMPING PARAMETERS INITIAL TANGENT QUAKE

Test Pile 3 R QUAKE
(sec/ft) (séc/ft) (in.)P

1 0.0 0.05 0.056

2 0.10 0.05 0.083

3 0.10 0.05 0,100

10 — — 0.325

16 0.10 0.13 0.083
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herizontal assymptote, point capacity Qp. During driving the static com-
ponent of tip stiffness is assumed equal to the unload/reload stiffnéss
(bilinear). In lieu of any data it was assumed equal to.-the initial tan—
gent stiffness. Preliminary analyses indicated that the use of the hyper-
bolic loading stiffness at the start of driving converged to the same
solution as that using the bilinear tip stiffness, but twice as many ham-

mer blows were required.

One more point that cannot be overemphasized is that the shaft
- resistance and point capacity values used for the pile driving analyses
throughout are values adjusted for residual tip loads. For LD4TP2 the
lateral earth pressure coefficients Kg = 0.906, Kg = 0.802 and tip capacity
QP

This is particularly significant in terms of predicting residual load dis-

= 240 kips (see Table V-3) were all input to the pile driving analyses. -
tributions and load test behavior,

Load Test Analysis

' Using the correlated damping parameters the dynamic analysis was
repeated for LD4TP2. At the end of each hammer blow static equilibrium is
established. For the dynamic/static analysis this static'equilibrium con-
dition at the end of‘simulated driving after the fifth blow defines the
initial residual stress state for the load test simulation. The maximum
applied load to LD4TP2 was 502 kips. The load was applied in cyclic com-
pression to failure. Cyclic load test simulation was performed using
unload/reload cycles at 100 kip intervals (as used in the pile test) up
to 475 kips. Load-disp]acement predictions using bUKFOR with hyperbolic

and bilinear deformation models are shown in figure V-3, along with the
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field measurements.

The load-displacement predictions using either soil model- indicate-
close agreement with field-measured gross displacements in the initial |
linear portion of the curve. At higher load levels the bilinear model is
less accurate. However, thevnonlinear model does remarkably well throughout
the load range. In terms of net displacements (permanent settlement upon
unload) the nonlinear deformation model yields acceptible agreement with
field observations. The bilinear representation gives only a poor estimate

of net settlements.

A second comparison with observed data may be made between the
mobilized and adjusted bearing capacity parameters. In order to demonstrate

‘these concepts a static only DUKFOR analysis (assumed initially "stress

t

s = 0.906,

free" pile) was made using mobilized parameters (K: = 1.22, K
QP

and mobilized resistance parameters would give essentially the same load-

= 150 kips.) One would expect that the stress free initial conditions

displacement behavior as the driven pile case using parameters adjusted

for residual point load, since the mobilized resistance to penetration
dufing loading are essentially the same. This expectation is realized in
figure V-4. Both gross and net displacements describe almost identical
values for each set of assumptions. These predictions corroborate the
statements made in Chapter III regarding the effects residual loads nave

on load test interpretation (see figure 1II-4). Without adjustment for
residual loads the coefficient of lateral earth pressure at (compression)
failure, Kg, is overestimated by 35 percent. The tip capacity Qp is undcr-
estimated by 38 percent. Reliable design estimates of Kg and Qp fbr LD4TP2

are only obtained by correctly accounting for residual driving load at the

point.
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The interpretation of load distribution data was discussed in
Chapter III using figure III-4., The effects of residual driving loads
on compression toad distribution measurements were described in detail.
Essentially, residual driving loads are subtracted from the actual load
distribution to obtain what was called a "mobilized" load distribution. For
the LD4 pile tests the instrumentation was zeroed at the start of the com-
pression-load test such that measurements should resemble mobilized dis-
tributions. As no measurements of residual driving loads were made, the

true shape of any load distribution curve remains unknown.

In analyzing the pile driving/cyclic compression/cyclic tension
test, DUKFOR predicts—]oad distribution data. Since the dynamic/static
analysis option of DUKFOR inco}porates residual driving loads as the ini-
tial load test conditions, the predicted load distribution data should
correspond to the actual pile load distribution, not the measured (mobi-
Tized) data. DUKFOR dynamic/static load distribution results for LD4TP2
are shown in figure V-5 as computed data. Curve (:) is the predicted
residual driving load at the start of the compression test. Curves (:)
and (:) are predictions of the actual pile load distributions at 200 kip
and 400 kip applied load, repsectively. In order to obtain an estimate of
the measured (mobi]iied) load distributions one must plot the difference
between the curves (:) and (:) and the residual driving load distribution
curve <:>. The predicted mobilized curves are shown as (::) and (:) .
respectively, in figure V-5, Curves @ and are drawn through strain
'rod/strain gage field measurements reported by FRUCO and Associates.®® The

field-measured data are also included in figure V-5,
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Comparison of the predicted mobilized load distributions and the
field measurements indicate fair agreement, in general. Differences be-
tween curves,<§>—ané (?ﬁ\ i the upper half of the pile increase with the
higher applied load, as shown between curves and @ . This tenden-
cy suggests that the load transfer mechanism in the field increased in the
upper portion of the pile at higher applied compression loading. This
observation was noted by Vesié®® in a state-of-the-art review which included
LD4 pile test results. The trend suggests that unit skin friction increased
in magnitude rather than reaching a constant failure level (as assumed by
DUKFOR methods.) This point will be clarified in a subsequent discussion

"of AXISYM results.

Cyclic tension test analyses were performed using three separate
sets of assumptions: (1) a sequence qf driving/cvclic compression-cyclic
tension testing simulation (D/CC-CT),'which most C]osely represents the
field behavior; (2) assuming an ihitia]ly stress free pile with mobilized
,Kg and Qp values which is loaded first in cyclic compression, then in cyclic
tension (SF/CC-CT); and finally, (3) an initially stress free pile which is
loaded only in cyclic tension (SF/CT).

The results of the cyclic tension test analyses are plotted in
terms of ldad-displacement behavior in figure V-6. The load-displacement
predictions for the first two cases, (D/CC-CT) and (SF/CC-CT) are essen-
tially similar since the initial conditions at the start of the cyclic ten-
sion test are quite similar. These predictions agree reasonably well up
to about -100 kips, whereafter the field behavior_§hows increasingly
greater displaceﬁents than DUKFOR predicts. The tension test response of

the DUKFOR model is too stiff. There appears'to be a softening tendency of
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the system at higher tension loads/displacements.

The third case (SF/CT) provides a direct estimafe of the effect
of residual compression stresses on tension test .performance. Residual-
compression forces cause much of the skin friction in the upper section
‘of the pile to be acting downward at the start (negative slope of the com-
pression unload curve, figure V-5). When tension load is applied the upper
portion of the pile cannot "mobilize" as much resistance, causihg the mo-
bilized shaft resistance to develop deeper, see figure III-4b, As a result,
for cases D/DD-CT and SF/CC-CT, the elastic deformations of the pile are
greater near the top, causing noticeably greater measured disp]acements
than the SF/CT (having no residual compression stresses) assumptions will

predict,

Further evidence to support this argument is offered by comparison
of the SF/CT test predictions with the final field reload cycle. Prior to
the last load cycle the pile has been loaded almost to failure in tension
andlthen unloaded. As a result the residual compression forces will have
been "unloaded" and the initial conditions for the final tension 1qad
cycle wbuld probably involve primarily residual tension forces at depth
along the pile. The shaft friction sustaining residual tension forces
would act upward on the ﬁi]e near the pile butt. Subsequent application~
of tension load would yield substantially less displacement than the gross
displacement curve. The SF/CT test predictions, therefore, give the best
estimate of the reload cycle behavior. This observation was cited previ-

ously in static analyses using the code FDFOR.?
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The comparison of measured versus predicted tension load distri-
bution data is included in figure V-5. Curve <:> describes the -150 kip
load results for the loading cycle determined in case D/CC-CT. As before,
the field data should agree with the DUKFOR prediction curve minus the resi-
dual distribution curve corresponding to the gage zero stage of the test.
Two occasions for zeroing the gages are possible: continuous reading from
the start of the compression test (residual load curve (:)); and zeroing
values at the start of the tension test (residual load curve(::)). Using
Curve @ Curve is obta;'ned. If Curve @ is used one finds Curve @,
instead. In either case the data describes a "mobilized" load distribution
curve, Curve approximately predicts the measured data, curve @ .
For LDATP2 it appears that the gages were rezeroed at the start of the ten-

sion test since curve provides the closer agreement.

Summary

DUKFOR analyses of LD4TP2 indicate that the dynamic/static proce-
dure provides an effective model of the pile-soil interaction problem. The
predictions of compression load-displacement behavior are quite good.
"Discrepancies between predicted and measured load distribution data suggest
a more complex response of the physical system than that assumed using
DUKFOR. The analyses of cyclic tension test behavior demonstrate the pro-
found influence of residual compression loads on the load-displacement
behavior, The differences between predicted and measured displacements
indicate that the physical pile-soil system behaves in a "softer" manner
as the load Tevel approaches the fai]dre load. Analyses of LD4TP2 using the
axisymmetric idealization of AXISYM can help to explain these differences.

ASIXYM‘results are discussed in"the fo]]owihg'paragraphs.
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AXISYM Analysis: LD4TP2

The code AXISYM was described in detéi] in Chapter IV. The pile-
soil interaction problem has been ana1yzedfusing-ax%symmetrﬁc~fﬁnite—e1e=
ment (FE) techniques in previous investigations. E11ison®5 used "dimension-
less" point spring elements (rigid-plastic slip behavior) to describe
‘reSponse at the pile soil interface and across the horizontal plane at the
pile tip. The spring elements adjacent to the bi]e tip permitted the soil
elements to "fail" in tension and propagate a tensile crack. Desai and
his colleagues®®>7°°88289 ysed joint elements to describe the pile-soil
- interface behavior using interface shear test deformation properties. All
of these studies demonstrate effective.applications of the FE technique in

modeling the physical problem.

The primary difference between the,previous FE analyses and these
discussed in this presentation is the simulation of punching of the pile
point into the soil beneath it. This iS accomplished by the FE mesh design
showh in figure IV-3. Note that joint elements are used to describe the |
pile-soil interface behavior. A row of "soil-soil" interface elements are
used in the horizontal plane at the pile tip elevation, and a vertical
column of soil-soil interface elements extend into the soil beneath the
pile point. These soil-soil interface elements are assigned high shear
stiffness values prior to failure, providing a near continuous deformation
across the element boundaries. The average friction angle of the soil
(¢ = 32°) is assigned as the soil-soil interface friction angle. Once the
shear stresses exceed the Mohr-Coulomb strength for these elements the
interface shear stiffness values are reduced to one-thousandth the original

values, such that relative slip develops between the adjacent soil elements.
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In this manner a punching effect is simulated.

The FE mesh described in figure IV-3 contains 254 nodes, 33 joint
elements, 16 pile e]ements and 167 soil elements (216 elements in.all).
“Parameters obtained from laboratory interface shear tests of LD4 sand-on-
steel were used as the pile-soil interface properties (see Appendix). As
discussed previously, in lieu of LD4 sand triaxial test data, values ob-

tained from triaxial tests on JLD sand were used herein.

LD4TP2 AXISYM ana]ysés model the pile using solid elements having
equivalent axial stiffness, using a circular section having a perimeter
equivalent to the actual pile. This is necessary to correctly account for
the surface area of the channels protecting the instrumentation, see Table
V-1. The tip element is thus larger in bearing area than the physical pile.
If one assumes that the point bearing scale effects ére neg]igib]e, the
applied load may be reduced to account for the difference between assumed
and actual tip bearing areas. The AXISYM load-displacement predictions

employ this assumption.

The fn situ dry densities reported from the pilevtest site ranged
between 109 pcf and 90 pcf with a rough estimate of an “éverage" dry density
on the order of 105 pcf, which corresponds to 81 percent relative dehsitx,
Thus the deformation properties of 80 percent relative density JLD sand
were assuﬁed. Assuming a high degree of compaction near the pile shaft,
the pile-soil interface shear parameters for ]Ooypercent relative density .

LD4 sand-on-steel were used for the drivenrpi]e.

AXISYM is a static solution metﬁod exclusively, such that resi-

dual driving stresses could not be obtained using this approach. Thus, an
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initially stress-free pile having the mobilized Kg value throughout the soil

)system was assumed in order to account for the manner in which skin friction
resistance was developed in the field. To simplify the FE idealization the
water table was assumed at the soil surface, though it was recorded at 2

to 3 ft depth throughout the load test. In all the DUKFOR analyses of LD4
Pile tests Z was assumed at 2 ft.

AXISYM compression load-displacement predictions for LD4TP2 are
described in figure V-7 along with the DUKFOR results (D/CC-CT case). The
AXISYM results are basically similar to LD4TP2 predictions given by Desai.®
The AXISleresu1ts describe a slightly softer pile-soil system response
than DUKFOR predicts. This is due, in part, to deformations in the adjacent
soil mass, which were not included in the DUKFOR analysis assumptions.
A\ghouth'Kg was applied in the “"gravity turn-on" step, the small (but
necessary) pile-soil interface stiffness caused the soil to "hang up" on
the stiffer pile. As a result the computed 5; stresses in the soil elements
near the pile were less than the computed in situ overburden stresses. As
a result, assignment of o

n
soil element immediately adjacent to the pile shaft) caused the ratio of

Un to in situ effective overburden pressure to be less than Kg . In figure

= Kg'Eb in the interface elements (E; for the

V-8 this ratio is described as Kg . The AXISYM values of Eh in the inter-

face elements start out lower in magnitude than assumed in DUKFOR.

An interesting point shown in figure V-8 is a tendency for the
magnitude of Eh to increase with increasing applied compression load. The
load transferred to the soil increases as the confining (and normal) stress
levels increase, exhibiting a strain-hardening behavior resembling that

noted in figure V-5. Figure V-9, however, indicates that in spite of the
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increase in 35 the AXISYM predictions of load distribution show discrepan-
c}es with field measurements similar to the DUKFOR predictions. The curves
drawn in figure V-9 are the same as those given in fiqure V-5. It is ex-
tremely interesting to note that the "mobilized" curves from DUKFOR
(D/CC-CT) in compression give predictions quite similar to results obtained
using AXISYM with mobilized parameters.’ This apparent strain-hardening

behavior is not properly modeled by either analytical method.

With these observations in mind one would expect that AXISYM ana-
lysis of tension test behavior will demonstrate a reduction in 5; due to
vertica1~stress relief near the pile shaft. Figure V-10 describes AXISYM
and DUKFOR results assuming'an initially stress-free pile. The predictions
should most closely resemble the replotted final reload cycle (which is
free of reéidual compression loads). AXISYM. predicts greater displace-
ments closer to the reload cycle data than those predicted by DUKFOR.
Figure V-11 demonstrates thé tendency of 8; to decrease with increasing
tension loads, a kind of strain-softening behévior. Note that in figure
V-10 the relative effects of residual compression}]oadsron the gross dis-
placement behavior in tension are quite significant. This is due to the
manner in which the shaft resistance is mobilized with depth, see figure
III-4 and the accompanying discussion. The axisymmetric idealization does
not properly account for these residual loads and, therefore, it is limited

in this respect.

AXISYM results provide data déscribing the behavior in the vici-
hity of the tip during compression loading. Figure V-12 describes the
change in normal (vertical) stress in the horizontal plane of soil-soil

interface elements at the pile tip elevation. The initial conditions
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(zero change) are approximately the in situ overburden stresses. The ex-
tension phenomenon immediately adjacent to the pile tip is clearly demon-
strated by the decrease in vertical stress in the first interface element.
With increasing radius, however, the transmission. of compression- stresses
due to shaft load transferred above the tip causes an increase in vertical
stress. As penetration proceeds AXISYM predicts that the extension zone

widens and tensile strains increase.

These data clearly demonstrate the complex nature of the tip
bearing capacity problem. The in situ effective overburden stress at this
depth is approximatg]y 3.5 ksf. The predicted changes in verticél stress
shown in figﬁre V-12 are, therefore, relatively large. In the actual field
problem the magnitudes of these stresses are, no doubt, a function of
stkess/strain history, pile-soil system geometry, shear strength and
deformation properties in the vicinity of the point. There is no bearing

capacity theory which rationally incorporates all these factors.

A final item of importance concerns thé stress distribution be-
neath the pile point. AXISYM predictions of vertical stress distribution
along the soil element centroids beneath thelFE pile point are givén in
figure V-13. Results at two applied load levels are plotted in terms of
the change in vertica] stress. Boussinesq's solution for the vertical
Stress distribution in a semi-infinite linear elastic half space is also
plotted for the higher tip load (as determined at the same locations.)
Note that the AXISYM results exceed Boussinesq's values by as much as a
factor of 2 between 2 ft and 10 ft (1 and 6 pile diameters) beneath the
tip. The Boussinesq values plotted in the figure neglect the shaft load

‘transferred through the soil and also neglect the response of the soil
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above the pile point. These two effects should neutralize one another to
some extent. Boussinesq's solution typically is assumed to be conservative
(predicting higher stresses) for this purpose, since it neglects the effects
- of overburden materials. Mindlin's solution would predict essentially half.
the Boussinesq results due to point load alone. Neither of these methods
appears to predict as high stresses, and therefore, as large displacements

as the AXISYM model describes.

It appears that the consideration of nonlinear deformation proper-
ties, and more importantly, punching failure conditions beneath the pile
point transmit compression stresses deeper than the elastic solution per-
mits. Tip settlement predictions at highek load levels should differ more
from the Boussinesq distribution than at lower levels. This observatfon
has its greatest importance with piles designed for end bearing. Piles
having appreciable (positive) skin friction resistance will generally not

transmit much of the design load to the tip.

Summary

AXISYM predictions of LD4TP2 load test behavior provide some véry
useful data. lIn order to predict compression load-displacement behavior
well, the effects qf residual driving load distribution must be simulated.
Since AXISYM analyses assume an initially stress free pile the fmobi]ized"
lateral earth pressure coefficient, Kg, must be specified. The tension
load displacement predictions resembled the final reload cycle quite
close]yﬁ the fact that these dafa poorly estimate the tension load gross
displacements is due to the exclusion of residual compression loads in the

analysis. Incorporation of residual compression loads in the AXISYM
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analysis is not practicable with the present version of. AXISYM,

Compression load distribution predictions demonstrate a slight
tendency toward the measured field behavior. AXISYM predicts an increase
in normal stress, 6h3 on the pile shaft due to compression load transfer
through the soil elements, The increase in shaft resistance: predicted
by AXISYM still appears to be small compared with the field-measured re-
sponse. This is, no doubt, due to the effects of pile driving'oh the
stress-deformation state in the vicinity of the pile shaft. A more accu-
rate simulation of these effects on the surrounding soil would better ap-
proximate the "strain-hardening" phenomenon. The tension test load distri-
bution predfctions demonstrate the reverse effects: a reduction in Eh due
to the decrease in confining stress during tension load transfer to the

soil, a "strain-softening" behavior,

Some parametric studies were performed using AXISYM to determine’

~ solution convergence criteria. These results are described in Chapter VI,
Based upon comparisons between AXISYM and DUKFOR resu]ts; DUKFOR is clearly
the more rational procedure for analyzing impact-driven pile behavior.

Both methods shéw considerable potential in analyzing pile-soi] interaction
problems, though the restrictive assumptions required fof.AXISYM, presently,
are better suited for bored or buried pile problems. For these reasons it
was decidéd to concentrate the remaining research_effort on app]icqtions

of DUKFOR. 'The following pile test analyses were all performed'exclusive1y

using DUKFOR.
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DUKFOR Analyses: Additional LD4 Piles
Impact-Driven Piles

- In addition to LDATPZ, two ather fully driven test piles at LD4-
(LD4TP1 and LD4TP3) were analyzed using the dynamic/static DUKFOR analysis
procedures. As mentioned previously, the shéft load transfer mechanism
assigned throughout these analyses employs directly the LD4 sand-on-steel
interface shear test data, as reduced to average hyperbolic fit curves.
For a1l the driven cases the Kg and Qp values, adjusted for residual point
loads were used, see Table V-3. The assumed initial tangent point quake

values, QUAKEp , are listed for all the LD4 test piles in Table V-5.

Pile driving analyses were performed on these test piles to ob-
tain correlated damping parameters in the same manner as presented in
figures V-1 and V-2. The respective damping parameters are listed in

Table V-5, Both piles were load tested monotonically to failure; first

in compression, then in tension. DUKFOR dynamic/static analyses simulated
the entire installation and load test sequence. Analyses using the "stress-
free" assumptions gave essentially the same compression. load-displacement

predictions, such that these data are not plotted hereafter.

LDATPT1, Compression load-displacement results for LD4TP1 are
described in figure V-14. The DUKFOR predictions are plotted as data
points along with the measured load-displacement curve. The DUKFOR predic-

tions show excellent agreement with field measurements.

Tension test predictions for three different assumed loading his-

tories driven (D)/compression (C) - tension (T), stressfree (SF)/C-T and
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SF/T, are presented in figure V-15.  None of the assumed loading histories
predicts the measured load-displacement data very well except in the early

stages.

The load distribution data for LD4TP1 is presented in figure V-16.
The measured residual point load was 74 kips; DUKFOR predicts this value as
110 kips. Two sets of predicted compression and tension load distribu-
tions are shown in figure V-16: the first set represents the DUKFOR pre-
dictions which incorperate the predicted residual driving load distribution,
curves @, @, @, and @; the second sef. of predicted curves @, @
and . represent the "mobilized" load distributions which are "uncorrectéd"
for the residual driving load distribution by subtracting curve (:) (the
residual driving load distribution) from curves (::), (::) and (::), respec-
tively. Since LD4 load distribution measurements are uncorrected for resi-

dual loads, the measured data (curves @, ahd.@) should be compared

with the "mobilized" load distribution predictions.

Agreement between predicted and measured compressfon load distri-
butions (compare @ with @ and @ with ) is better at the Tower
load level. At the higher load level the observed data indicate a mbre
rapid decrease in load in the upper half of the pile, indicating a con-
tinuing increase in the corresponding skin friction, which DUKFOR does net
include. The skin friction appears to increase to a level above that
assumed in the DUKFOR analysis. As this develops at higher load levels,
after significant pile-soil relative displacement, this phenomenon is
apparently due to an increase in Eh . For LDATP2 analyses this behavior

was termed strain-hardening response of the system. AXISYM analyses of

LD4TP2 demonstrated the tendency toward reduced Eh as a resu]f‘of tension
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load transferred to the surrounding soil. The assumptions employed in the

DUKFOR analyses do not incorporate these effects directly.

LD4TP3. As with the preceding LD4 test piles, the dynamic analy-
-sés of LD4TP3 were performed to determine correlated damping values, see
Table V-5, Using the dynamic/static analysis procedure with the correlated
damping parameters, the D/C-T loading case was studied. Compression load-
displacement predictions are provided in figure V-17. As noted for LD4TP]
and LD4TP2, the computed gross displacements agree closely with the field-

measured curve,

Figure V-18 shows the predicted tension load-displacement data
for comparison with field data. The computed results which incorporate
residual compression loads from the loading history (D/C-T and SF/C-T)
give twice the predicted displacement of the SF/T 1oading_case. Moreover,
these first two simulated loading cases better approximaté thé field data,
indicating the importance of residual compression loads on tension load-
displacement behavior. The lack of a strain-softening simulation in the
DUKFOR analyses causes a stiffer response at higher load levels, as noted

for the previous pile test predictions.

o

The load distribution data for LD4TP3 are shown in figure V-19,
The predicted residual point load of 103 kips agrees reasonably well with
the 96 kips measured (see curve (:).). The load trénsfer at higher éompres-
sion ioads exhibits increase in skin frictioniin the upper pile section,
resulting in lower measured pile loads in this portion than DUKFOR pre-
dicts. This phenomenon was noted for LDATP1 and LD4TP2 analyses previously.
The measured tension 1oad distribution curve (:) shows a break that is prob-

ably a measurement error for the 37 ft depth strain rod.
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Bodine-~Driven Pile

LD4TP10-was driven to grade using the Bodine vibratory driver.
Load test measurements indicated the residual driving loads were negligi-
ble.’® This appears reasonable since the vibratory driver caused penetra-
tion by transmission of high frequency, low amplitude longitudinal stress
waves in "resonance" with the pile-soil system. In order to analyze the
static load test an initially stress free pile is assumed. The compres-
sion load-displacement predictions (Figure V-20) give close agreement

with the measured behavior.

It should bé noted in Table V-5 that an unusually large initial
tangent point quake is used in the analysis of LD4TP10. This value was
determingd from measured tip load-displacement data.®® It is approximately
four times the value assigned for LD4TP2, -an identical pile that was impact
driven., It is also significant that the low measured point bearing value
in Table V-3 corresponds to a one inch point displacement, roughly 6 per-
cent of the point diameter. The point bearing capacity was not fully
mobilized in the pile test and the displacement required fo fully mobilize
point bearing appears to be much greater'than that for the impact-driveﬁ
pile. LD4TP10 behaved much 1ike a'bored pile in this respect. The shaft
bearing capacity of LD4TP16 slightly exceeds that of LD4TP2, however, sug-
gesting that the lateral soil ;ompréssion due to installation is about the

same in either case.

Tension load-displacement data for LD4TP10 are presented in figure
V-éT. The predicted data points are reasonably close to the field curve
up to 150 kips. Thereafter, the field data suggests a softer response.

The computed data are obtained from a SF/C-T analysis. The load distri-
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bution data for LD4TP10 are given in figure V-22. The field measurements
indicate a much higher shaft resistance in the upper length of the pile
than DUKFOR predicts. The increase in skin friction in the upper half of
the pile from curve @ to curve is quite pronounced. The measured
tension load distribution curve (:) suggests that the gages were zeroed at
the start of the tension test since a tension point load is "mobilized".

As no residual compression load was measured for this pile for the start of
the compression test, the point tension load measured (curve <:> ) should

'rbughly resemble the difference between curves <:> and (:) » Which it does.

Jetted and Driven Pile

LD4TP16 was jetted to 40 ft embedment and impact driven the re-.
maining 13 ft to grade. For the purposes of these aha]yses it i1s assumed
that tﬁé final driving redensified the soil along the pile shaft, giving a
constant Kg value along the shaft, No doubt the field conditions are far
" more complex, but it was found that this simp]ification gave qufte satis-
factory predictions. The dynamic/static simulation of driving and load
testing was used for this pile. From the blow count correlation study for
damping parameters, higher JS and Jp values were obtained for LD4TP16
than for the preceding fully driven piles, LD4TP1, LD4TP2 and LDATP3
(see Table V-5). Using the correlated damping values in the dynamic/siatic
procedure DUKFOR predicted a residual point load of 92 kips, as compared

with an 80 kip load measured.

Figufe V-23 gives the compression load-displacement predicted and
field-measured data for LD4TP16. As in all the preceding analyses, the

computed displacements provide excellent agreement. The tension load-
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displacement predictions are also reasonably good, see figure V-24. The
load distribution data in figure V-25 indicate closer agreement between pre-
dicted "mobilized" curves @, @, and and measured data curves @,
'<§:}anﬁ'(fz>,‘respectiveiy,'than any of the previous cases. Jetting and
subsequent driving caused a lower Kg values and apparently reduced the
strain hardening effects found in the previous cases. It appears that the
tendency toward strain hardening is more pronounced for stiffer pile-soil

systems having higher shaft capacities.

Tip penetration during the load test reached only 0.7 inches,
about 4 percent of the base diameter. The lower point capacity.reported
for LD4TP16 (see Table V-3) is most likely caused by insufficient penetra-
tion which did not mobilize full bearing capacity. The point load trans-
fer measurements roughly satisfied the point quake criterion applied for
impact-driven piles (QUAKEp = 0,05 in/ft), suggest{ﬁg tHat the final 13 ft
of driven penetration established impact-driven pile-soil system character-
istics near the pile point. The shaft capacity was well below that of

LD4TP2, the identical pile fully impact driven, a direct result of jetting.

Comments on Point Bearing Capacity

Measurements of point bearing capacity, g (assuming failure
conditions) for the three impact-driven pi]e%,}LD4TP1, LD4TP2 and LD4TP3,
were q, = 175, 153 and 141 ksf, respect%ve]y. This is somewhat surprising
since all the piles were driven to the'same embedment (53 ft) such that one
would assume that the effective overburden pressure (5& = 3,46 ksf) and the

in situ coefficient of lateral earth pressure at rest would be the same

for each case. This suggests two possibilities; either the full point
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bearing capacity was not mobilized, or there is a scale-dependent rela-
tionship for point bearing. It is conspicuous that q, seems to decreése

With increasing pile diameter.

Careful examination of the measurements reported by Fruco and
Associates®® reveals that the measured tip displacements were greater than
10 percent of the base diameter only for LD4TP1. The measurements indicate
that LD4TP2 and LDATP3 pile tips were displaced only six percent of the -
base diaméter. Point load-displacement data for these piles indicate that
the tip bediing force was still increasing in gach case. Tip bearing capa-
city was apparently not fully developed for these two piles. The Bodine
driven pile (LD4TP10) and the jetted and driven pile (LD4TP16) showed the
same effects; the point displacements were 6 pe;cent and 4 percent of the

pile diameters, respectively.

These observations highlight the need to interpret pile load test
data carefully. Though the tip bearing values were probably not fully
mobilized for any but LD4TP1;’they were apparently close enough to permit
fairly accurate simulation of the load-displacement behavior. The high
damping values for LD4TP16 may be the direct result of‘underestimating the
point bearing value. A higher viscous damping resistance would be required
to compensate for a low point bearing value in order to correlate the dynam-
ic resistance to driving with the measured blow count. In order to obtain
an accurate estimate of point bearing capacity, the pile point must pene-
trate a sufficient distance during the load test. For impact-driven piles
i0 percent of the point diameter should be enough}point displacement. For
buried, bored or vibratory driven piles two to four times that amount of

displacement is necessary.
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Summary

DUKFOR pile driving analyses of all the LD4 impact driven piles
gave generally satisfactory predictions. The correlation of damping para-
meters with measured blow counts was shown to generate interdependent

damping values, J_ and JS, which are not unique soil constants. Attempts

P
to use predicted residual point loads as a second means of determining J

P
and JS values were 'not successful. The predicted residual point loads
exceded the measured values in every case. This discrepancy will be exa-
mined parametrically in Chapter VI. It is due to limitations in the prob-
lem idealization and necessary assumptions. The shapes of the residual
load distribution curves in each case are reasonable approximations within
the constraints of the assumptions applied in the mathematical model. Com-

parisons were not available with the cases analyzed, as residual driving

load distributions were not measured.

Compression load test simulation provided excellent load-displace-
ment predictions for all the LD4 piles analyzed. The dynamic/static analy-
sis procedure was used for the three fully driven piles and the jetted and
driven pile, while the vibratory driven pile was mode]ed/as an initially
stress free pile, consistent with field measurements; The predicted com-
pression load distributions tended to overestimate pile loads with depth,
indicating higher load transfer in the upper half of the pile. The measured
load transfer increased at higher compression load levels in the upper‘half _
of the pile. It was attributed to a strain-hardening phenomenon of the
overall bi]e-soi].system. This tendéncy was predicted to a lesser extent

using the axisymmefric FE idéalization.
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The tension load test predictions of displacements were only fair
in most cases. As a general rule the pile-soil system behaved softer at
higher tension load levels than DUKFOR predicted. AXISYM results showed
that this tendency developed because the tension load transferred to the
soil reduced the confining stress level near the pile providing a strain
softening effect. The influence of residual compression stresses on ten-
-sion load-displacement behavior is quite important. A much softer response
is predjcted when these stresses are included in the analysis. The combina-
tion of residual compression stresses and strain softening effect causes
measured displacements to be larger than either DUKFOR or AXISYM predicts.
DUKFOR does not account for the strain softening effects and AXISYM cannot

simulate residual compression stresses correctly.

The DUKFOR dynamic/static solution method predicted overall pile-
Soi 1 interaction behavior remarkably well for each LD4 test pile. As these
analyses employed straight forward simplifying assumptions in the idealiza-
tion, they demonstrate considerable promise for the méthod. In the next
section pile testsvfrom Jonesville Lock and Dam will be used to further

evaluate DUKFOR capabilities.
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Pile Test Data: Jonesville Lock and Dam

A series of pile tests were performed at Jonesville Lock and
Dam (JLD), near Jonesville, Louisiana, by the U.S. Army Engineering District,
’ViCkaurg,‘and the U.S.-Army Engineer Waterways Experiment Station (WES).

Furlow®! reported the results of the overall pile test program.

The pile test site was excavated from elevation 48 ft to -21 ft,
the foundation grade, removing almost 70 ft of abandoned course deposits
of silts, clays and silty sands. The subsoils below el.-21 ft consist of
abandoned course and reworked deposits of dense to very dense gray silty
sands with occasional thin layers of gravel or silt down to -75 ft. The
dry unit weights ranged between 100 and 110 pcf.(re]ative densities between
51 and 108 percent). A hard to very hard Tertiary clay (unconfined strengths
of 8 to 16 tsf) exists below elevation -76 ft, 55 ft below,grade.91

Laboratory triaxial and interface shear tests obtained for the
load test design were reported by Furlow.®! In conjunctibn with a subse-
quent FE study of one JLD pile (JLDTP2A), Desai and Holloway®® performed
a series of drained tridxial and interface shear tests (sand-on-mortar)
using JLD sand. The tests were performed on samples prepéred at 60, 80,
and 100 percent relative densities for several different confining stresses.
Average deformation and failure parameters generated from these tests are
given in the Appendix. For all the DUKFOR JLD analyses the interface shear
properties of 100 percent relative density sand-on-mortar (see Appendix)

were assumed due to densification near the pile shaft from impact driving.

A Vulcan 016 single-acting air hammer was used to drive all the

test piles. Information describing the hammer assembly components is pro-
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vidgd in Table V-6, Test piles 1, 2 and 3 were driven to 38 ft, 45 ft and
54 ft embedment, respectively. JLDTP2A was jetted and driven 39 ft, and
driven the final 6 ft to 45 ft embedment. Pile data and field measurements.
are.]isteq in Table V-7, AIl1 the Piles yielded a relatively high blow
count between 35 and 39 ft embedment; JLDTP1 was embedded 38 ft with a final
blow count of 66 B/ft. The boring logs and pile driving behavior suggest

a very dense lense of gravelly material exists at that depth.

JLD test piles were not instrumented to measure load distributions
such that?residual point loads are unknown. In fact, without load transfer
measurenents along the pile length the magnitudes of point capacity, Qp, and
shaft capacity Qg are indeterminant. As a result it was assumed that the
shaft capacity in tension, Qt

S
(Q: = Q:)° The LD4 pile tests measurement for the impact-driven piles sug-

» is identical to that in compression, Qg

gest this is a reasonable approximation, see Tables V-3 and V-4. Using

. . . . cr 3. -n¢ _nt
this assumption the point bearing capacity is computed as Qp Qmax Qmax’
where of course, Q;ax==Q:° Bearing capacity estimates using this assump-

tion are summarized in Table V-8.

The JLD test piles were loaded to failure in cyclic compression and
cyclic tension. The cyclic compression loading was applied in increasing
steps spaced at 30-kip intervals until failure occurred, with complete un-
load after each step. Forty-kip intervals were used in the subsequent

cyclic tension tests.



170

Table V-6
IMPACT HAMMER ASSEMBLY DATA, JLD

Hammer

Vulcan 016 single-acting air hamer

Ram Weight,.w1 ' 16,250 1b.
Stroke 3 ft.
Rated Energy ' 48,750 ft-1b.
Efficiency (assumed) .85

Cap Block

Asbestos

Cross-section (assumed) 255 in.?
Thickness 6 1in.
Coefficient of Restitution ’ 0.6
Secant Modulus (stress level dependent) 4.14 x 10* 1b/in.?

Helmet

Weight, N2 , 3000 1b.

Cushion Block

Oak
Cross-section 18 in. square 324 in.?
Thickness . 6 1in.
Coefficient of restitution 0.47

Secant Modulus (stress level dependeht) 2.94 x 10" 1b/in.?



Table V-7

PILE DATA AND FIELD MEASUREMENTS, JLD

17

Maximum Maximum
Compression Tension
Load, Load,
Test Length  Embedment Blow Count c Qt
Pile? (FT) (FT) Final Foot? Urax max
’ (Blows/FT) (KIPS) (KIPS)
1 39.5 38 66 800 260
2 46.5 45 27 680 280
3 55.5 54 41 765 260
273 46.5 45 19 485 144
NOTES:
1. All piles prestressed, reinforced concrete,
18-in. square section.
2. Driven using Vulcan 016 hammer, see Table V-6
for driving system data.
3. JLDTP2A jetted and driven 39 ft., driven final 6 ft.
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p ~ “max  ‘max

Table V-8
BEARING CAPACITY ESTIMATES, JLD
c t t t @ Qp b
Test Qmax Qmax= QS KS = KS Estimated
(KIPS) (KIPS) (KIPS)
1 800 260 0.981 540
2 680 280 0.772 400
3 765 260 0.509 505
2A 485 144 0.397 341
Notes:
.a. In lieu of load transfer measurements it is assumed
that Q: = Q:.' To determine Kg = KE the in situ ef-
fective overburden pressure is assumed and the inter-
face friction ang]e'5=37.9° is prescribed, WT at 4 ft.
depth.
b, Computed as: Q. = Qc Qt
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DUKFOR Analyses: JLD Piles

Pile Driving Analyses

A representative pile of the load test series, JLDTP2, was selected
for a comprehensive parametric check to validate the various input param-
" eters and analysis procedures., From the investigations it was determined
that most of the discretization and integration criteria developed for
- LD4TP2 were satisfactory; FACTOR = 4, PILSEG = 15, and NBLOWS = 5. The
vaiue of NPASS, the number of stress wave front passes through the system,
‘was the ohly parameter changed; it was increased from 6 to 8. This was
done to account for the influence of higher impedance piling of shorter
lengths on solution convergence. The value of initial tangent point quake
was assumed as 0.075 in., consistent with the 0.05 in. per foot of base

width developed for LD4 analyses.,

The blow count correlations for dampfng parameters were performed |
in the same manner as the previous analyses for all the JLD test piles.
A plot of blow count versus shaft damping value for JLDTP2 is shoﬁn in
Figure V-26. These data indicate that even the assignment of no viscous
damping gives predicted blow counts greater than measured. Since "nega--
tive damping" is inappropriate within the nonlinear viscous rheologic model
(figure 1I-3), JS = J_ = 0 were assumed, These values along with those

P
determined for the remaining test piles are listed in Table V-9.

‘The soil damping parameters from the JLD piles are quite low
relative to those obtained from LD4 analyses, Table V-5. If damping values

from LD4TP2 (Jp = 0.10 sec/ft and JS = 0.05 sec/ft) are assumed for JLDTP2,
the predicted blow count (47 B/ft in Figure V-26) would be much higher
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Table V-9
SOIL PARAMETERS EMPLOYED IN PILE TEST ANALYSES, JLD

Correlated*
Damping Parameters

TEST PILE J J

(sec/ft) (sec/ft)
1 0.05 0.054
2 0. 0.
3 0. - 0,04
2A 0. 0,03

*Correlations made with measured blow counts.
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than that measured. These results demonstrate the sensitivity of blow
count predictions to assumed damping values. Predicted static resistance
based upon the wave equation results and measured blow counts, depends on
thegdamping-parameiers-uséﬁ. ‘Damping parameters assigned as average or
"best" values from one site may be much different from those determined at

a different site using exactly the same correlation procedures.

Variations of predicted residual point load with assumed damping
values are described in Figure V-27. For JLDTPZ the residual point load
predictions are relatively insensitive to damping parameters. As previous-
ly mentioned; no measurements were made to determine actual residual loéds.
The predicted residual driving load distributions for each JLD test pile,
using the blow count correlated damping values in Table V-9, are shown in
Figure V-28. These data indicate wide variations among the different
piles, showing siénificant differences from those obtained in LD4 analy-
ses, The effects of different hammer-pile-soil system conditions on pile

driving behavior and residual load distribution are analyzed in Chapter VI,

Compression Test Analyses

Having obtained correlated damping parameters from pile driving
analyses of each test pile, these values were used‘in,dynamic/static DUKFOR
analyses. As with the LD4 test piles, the pi]g driQing/]oad testing beha-
vior was modeled continuously. Driven/cyclic compression-cyc]fc tension
simulations (D/CC-CT) were performed .for all the JLD test piles. The
results of thé cyclic compression test studies are discussed in this sec-

tion.
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JLDTP1. Predicted cyclic compression load-displacement results
for JLDTP1 are shown as data points in Figure V-29. The curves drawn in
Figure V-29 represent field measurements of net and gross displacements
versus load. Predicted gross displacements agreed quite well with field
measurements. Very near plunging fai]uré the predictions exceed the mea-
sureﬁ gross displacments, indicating that the DUKFOR model was too soft
in that range. The net displacement predictions corroborate this observa-
tioh; DUKFOR predicts greater permanent (het) settlement than described by
field data.

JLDTP1 was embedded 38 ft into the dense gravelly stratum between
35 ft and 39 ft depth. - The backcalculation of Qp indicates a very high
value (540 kips in Table V-8) at this shallow depth, consistent with the
high blow counts obtained penetrating this 1ayef. At applied loads ap-
Proaching plunging failure it is expected that the shaft’bearing capacity
has already been mobilized. Larger predicted gross and net settlements at
high load levels suggest that the point load transfer model is not stiff
enough; i.e. QUAKEp is too large. The value of QUAKEp = 0,075 in. was
assumed from experience with LD4 test piles embedded in medium dense sands.
Results from JLDTP]Iana1ysis in Figure V-29 indicate that the point quake

value for points embedded in dense gravelly deposits should be smaller,

Such that the initial tangent stiffness will be greater.

JLDTP2, Cyclic compression load-displacement predictions for
JLDTP2 are described in Figure V-30. Once again, the computed gross dis-
Placements are excellent. The predicted net displacements represent the
field data reasonably well. DUKFOR predicts that p]unging failure deve]ops

at a slightly lower app]iéd load than field measurements show.
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182 JLDTP3. Figure V-31 provides DUKFOR cyclic compression load-
displacement predictions of JLDTP3. The computed gross and net displace-
ments follow a trend toward overestimating the filed measured values,
“especially at thigher load levels. As with JLDTP1 one might suspect

that a stiffer point resistance behavior is responsible, since the pile
point is embedded one foot above the hard to very hard Tertiary clay stra-

tum, If a stiffer point load transfer model were used (lower QUAKE ) the

Y
predictions would be improved.

JLDTP2A. This test pile was jetted and driven to 39 ft embedment
and driven (without jetting) the final 6 ft to grade. As with LD4TP16 it
is assumed for the analysis that thé value of Kg is constant with depth.
The D/CC-CT simulation predictions of load-displacement behavior show
excellent agreement with both gross and net displacement field measure-
ments, see Figure V-32. Note, however, the prediction of less displace-
ment at lower load levels., This suggests that the skin friction resis-
tance is overestimated in the upper portion of the pile, where jetting

was used. This is a reasonable expectation.

In order to model fhe jetted and driven pile-soil system a "two
layer" soil profile could be used. For the final 6 ft-drivén the value
of Kg could be assumed as that of a driven pile, e.qg. Kg = 0,772 (corre-
sponding to JLDTP2), The magnitude of load transferred in the lower 6 ft
of embedment can then be directly computed as 84 kips. Subtracting that
from Q: (144 kips) suggests that the upper 39 ft of embedment provides.
60 kips resistahce. If it is further éssumed that K: is constant in the
jetted region, the value of‘Kg would compute as 0.168. Such a low value of
Kg in the upper 39 ft would definité]y cause larger pfedicted displacements,

both in compression and tension 1déding.
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JLDTP2A was analyzed in a previous study by Desai and Holloway®®
using an axisymmetric FE idealization. The JLD soil profile was modeled
more rigorously as a three layered system, seé Figure III-3. The load-
displacement predictions of that study are given in Figure V-33 for com-
parison. Note that three values of lateral earth pressure coefficients
were assumed with elasticity compatible Poisson's ratios to compare with
the field measured data. HNote the larger value of Kg (K0 in Figure V-33)
requireﬂ to simulate the JLDTP2A compression load-displacement behavior.
The FE ana1yses assumed an initially stress free pile such that the para-
meters described in Figure V-33 are mobilized lateral earth pressure coef-
ficients. The DUKFOR D/CC-CT analyses used Kg = 0,4, see Table V-8,
corresponding to a value "corrected" for residual compression load distri-

bution.
Tension Test Analyses

The tension test analyses for JLD test piles were performed in the
same fashion as previous LD4 analyses. The direct simulation of the over-
all ]oading}history was done using the D/CC-CT analysis of each JLD test
pile. In addition a SF/T case was used to provide the direct comparison
of residual compression load effects on.ténsion test predictions. As all
the JLD test piles were loaded in cyclic tension to failure, the compari-
sons between the SF/T case and the final reload cycie replotted at the
origin should give reasonably close agreement. AS noted for LD4TP2 analy-
ses, the final reload cycle to failure in tension should most closely ap-
Proximate a residual compression free pile, such that the stress free pile

assumption is nearly correct.
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It is interesting to note that the magnitude of backca%cuiated’Ks”
Values decreases with increasing pile embedment. The cause of this ten-
dency is nof readily apparent. Perhaps_KS decreases along the pile with

depth, Without load distribution measurements this cannot be determined.

_ JLDTP1. Tension load-displacement predictions for JLDTP1 are
Presented in Figure V-34. The gross and net displacement predictions are
reasonable up to -100 kips applied load. Thereafter, the field data indi- |
cate a much softer response (much larger displacements) than DUKFOR pre-
dicts. The explanation of thiS'discrepancy could be the reduction of Eh,
the normal stress on the pile shaft with increasing tension load transfer
to the surrounding soil. This causes a strain-softening effect due to the
reduction of confining stress level along the pi]e shaft. AXISYM results
for LD4TP2 demonstrated this tendancy in Figure V-11.. DUKFOR does not

account for this behavior directly.

The computed displacements for the SF/T case provide good agreement
With the replotted final reload cycle, verifying that the stress free pile

assumptions approximate this behavior accurately.

JLDTP2. Tension load-displacement predictions for JLDTP2 are
shown in Figure V-35., DUKFOR does much better in estimating JLDTP2 gross
and net displacements than in the JLDTP] énalysis. It appears tﬁat the
Strain-softening phenomenon is less pronounced for this case. The primary
differences are the depth of embedment and the values of K:_. It appears
that for a lesser value of K§ the strain-softening tendency is not as
dominant in the behavior. This seems reasonable since the tension load

transferred at a given depth is less for the pile having a lower Kg value,
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The SF/T case provides an excellent approximation of the final reload

cycle.

JLDTP3. Figure V-36 describes tension load-displacement data for
JLDTP3. The computed gross displacements agree reasonably well with field
data up through -150 kips applied load. Thereafter, the softer response
of the physical}system deVeIOps. For this ﬁase the net displacement pre-
dictions overestimate the measured data. The SF/T simqlation estimates
the final re]oad cycle quite well. The only differences deve]op at the

higher loads near fai]ure where the strain softening effects predominate.

JLDTP2A. The data in Figure V-37 suggest tﬁat the DUKFOR model of
the behavior is too stiff throughouffthe 16ading case, Even the SF/T case
poorly approximates the final reload cycle. This is not surprising since
these analyses assumed a constant K: value along the full 1éng;h. JLDTP2A
was jetted 39 ft and driven the final 6 ft. If adjustment to_K: were made
in a;two 1aye} assumption, the upper 39 ft would be assigned a much reduced
t

Ks

JLDTP2A given previously. Were a lower’Kg value used for the jetted depth,

value. An examp]é was discussed in the compression test analysis of

DUKFOR would predict larger displacements, since‘the load would bettrans-
ferréd to Qreater depths causing larger e]aspic deformations. The. two
layered model of a jetted and driven pile is more important. for analy-
zing the tension test behavior.
Summary _

Analyses of JLD>test piles further verified the capabilities and
Timitations of the DUKFOR methods. Pile driving éna]yses provided blow
count correlated damping values tﬁat are significantly lower than the

parameters obtained from LD4 analyses. The differences in Jp and JS
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values between JLD and LD4 test piles may be attributed to different dyna-

‘mic deformation characteristics for the sands at the two sites. The pile
driving system and piling used at JLD are significantly different from
those at LD4. These may also affect pile driving characteristics, though
the differences would be incorporated in the blow count correlations for

damping values.,

The cyclic compression load-displacement predictions provided some
intereéting observations. For two test piles, JLDTP1 and JLDTP3, DUKFOR
Predicted greater displacements than were actually measured. The discrep-
ancies were attributed to the assumption of too soft a point resiStanée
model in the DUKFOR ANALYSES. JLDTP1 was embeddéd in a dense gravelly
layer, while JLDTP3 was driven to within one foot of the very hard Tertiany
Clay substratum. Both of these conditions would cause a stiffer point
bearing reSponsé than that assumed. The value of initial tangent point
quake was established from point load transfer measurenents in mediuﬁ
dense sand at LD4., For JLDTP2 and JLDTP2A the predicted displacements
were excellent. Points of these piles were embedded in a medium dense

Stratum.

DUKFOR predictions of cyclic tension load-displacement behavior
demonstrated a stiffer response than field measurements indicate. The
softer response of the actual pile-soil system has been explained as a
Strain-softening phenomenon which DUKFOR does not incorporate directly.
The final reload cycles for the three fully driven piles (JLDTP], 2 and 3).
Were accurately predicted assuming an initially stress free pile (SF/T
case). This is consistent with the expectation that residual compression

Stresses would be absent in the final tension load cycle to failure.
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Analyses of JLDT?ZA, a _jetted and driven pile, indicate that the reduced
skin friction in the jetting zone needs to be accounted for in order to

better predict the tension load-displacement behavior,

From tension test analyses it has been noted that two conditions
dominate the load-displaéement behavior: the residual compression load
distribution at the start of the test causes greater displacements than
would be expected for an initially stress free pile; and the apparent strain
softening of the pile-soil systeﬁ due to the reduction in effective con-
fining stress by tension load transfer to the surroundihg soil, which also
increases measured displacements. DUKFOR incorporates residual compression
loads in the analysis, but cannot directly simulate the strain softening
effects. AXISYM can accommodate the relief of confining stress with ten-
sion loading and exhibit the strain softening response; however, the incor-
poration of residual compression load distributions is not readily availa-
ble in the present version of AXISYM. As a result both computer codes are

limited in their capability to predict tension ]oad-diép]acement behavior.



Chapter VI
PARAMETRIC ANALYSES

Convergence and Stabi]fty
AXISYM.

fhe axfsymhetric FE fdea]ization of a piie-soi] ihteraction prob-
lem requires that a mathematical model be "designed" which accuréte]y
incorporates the significant features of the behavior. The AXISYM analyses
of LD4TP2 demonstrate the particular simplifications needed to simulate
static load test behavior of an impact-drivenzﬁile.' Some of the important

aspects of the analyses are discussed below.

~ Residual load effects. Discussion in Chapter III and analyses of

LD4 pi]e.tests in Chapter V demonstrated the importance 6f residual loads
on 1oéd test interpretation. It was shown that the éssumption of an ini-
tially stress free pile at the start of a compression load test leads to
the measuremenf of mobi]ized shaft and point bearing.capacitfes. The
existence of significant residual compression.1oads at'thé pile poiht
causes the.mobi1ized poiht bearing capacity to be.less than the actual
point beariﬁg value. As a'resu1t the apparent (mobi]ized) shaft capacity
exceeds the actual shaft capac{ty by the difference between the actual and

mobilized point bearing capacities.

195
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The AXISYM analysis of the compression test on LD4TP2 required the
assumption of an initially stress free pile. In order to simulate the com-
“pression load-displacement behavior it was necessary to assign the back-
calculated mobilized coefficient of lateral earth pressure, Kg, in order to
"accurately" predict the mobilized shaft capacity and load-displacement
behavior. This artificial soil stress state would not be necessary in
modeling a pile-soil system for which residual loads were small or absent,
such as bored or buried piles. Data for LDATP10 suggest that vibratory

drfven piles are relatively free of residual driving loads and could be

simulated directly by AXISYM.

Discretization. The effects of discretization on solution con-

vergence can be evaluated by direct analyses. The refined mesh given in
Figure IV-3 was designed as the best approximation to'the problem. The
influence of mesh refinement is generally ignored in geotechnical practice.
Two less refined meshes were used to evaluate their effects on the pre-
dicted displacements. A coarse mesh was designed using basically 10 ft

"X 10 ft soil element dimensions and 10 ft pile segment lengths. A 3 ft tip
seghent and 2 ft butt segment were included in the rectangular element sys=-
tem. A medium mesh was generated by shbdividing the 10 ft dimensions to

5 ft x 5 ft maximum dimensions. The refined mesh, of course, uses much
more refinement in the vicinity of the tip and in the radia]rdirection

near the pile. The lines of interface elements remained the same in each

case, though element lengths varied, of course.

Load-displacement predictions using the three FE meshes are
presented in Figure VI-1. There is a considerable difference in load-

displacement results from one case to the next. The fact that the refined
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mesh most closely approximates the field measurements does not necessarily
mean that the solution to the problem, as formulated, has .actually con-
verged. The fﬁct.that,the-results agree ‘well with the field behavior make
the comparisons with DUKFOR results more meaningful. Is it possible that
a finer mesh might give significantly different results? For applications
of FE techniques in practice such a question is rarely resolved. For the
purpose of these investigations it is of minor importance. Nevertheless,
these data demonstrate the importance of mesh design in applications

of the FE method.

A second discretization concern involves selecting the loading
increment magnitude. The AXISYM incremental, piecewise-linear displacement
formulation uses the elemental tangent moduli based on current element
stress level. One would expect that the AXISYM resu]fs‘predict a stiffer
respohse (1ess displacement) than the convergent solution. The larger
the load increment applied, the greater the inaccuracy, especially for
highly non]inear behavior. Iterations on the load step, employing revised
estimates of moduli, provide for more rapid convergénce/for larger load '
increment magnitudes., There is clearly a trade-off in such an approach.
The alternative is to reduce fncrement size, especially near dominant non-
linear portions of the load path. For pile test.analyses load increments
applied near plunging failure could be reduced to minimize overshoot

~

problems.

i» A check was made to determine the influence of load increment
‘Magnitude. The refined mesh described in figure IV-3 was used for this
purpose. Increment sizes of 25, 50, and 100 kips, respectively, were

applied to 600 kips total load in three separate cases. It was found that
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comp&ted displacements and stresses were essentially the same for the 25
kips and 50 kip increment cases. The 100 kip increment results gave 'good
agreement with the other two cases up to 400 kips applied load. Thereafter,
the predictions underestimated the displacements somewhat. For the ana-

- lyses described herein a 50 kip compression load increment was used. For

the tension test analyses a 25 kip load increment was used.

Constituitive model. The stability of the constitutive model

behavior is only a minor problem for monotonic loading conditions. Except
in the.vicihity of the pile point (whiéh was isolated by the joint element
configuration, see Figure 1V-3) the elements behaved well. In other words,
tensile failure and singularity conditions at the corner of the pile point

did not propagate to adjacent soil elements.

Load reversal (e.g. compression unloading) caused erratic soil
element behavior in the vicinity of the pile. At the start of the compres-
sion unload a number of soil and interface elements were at or near failure.
Upon unloading the AXISYM constitutive model provides two Choices..»If the
relatively small loading modulus is assigned in one of these elements a
small reduction in shear stress is accompanied by a small reduction in
confining stress level such that the element remains failed. On the other
hand, if the relatively large unload/reload modulus is assigned the large
pile displacement causes an excess reduction in confining stress and often
results in failure in the opposite shear sense. One possible solution to
the problem is to use very small loading increments and iterate at each
Toading step. The additional cost is excessive. An alternative would be

the modification of the constituitive model in some manner.
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Pile-soil interaction problems involve a complex combination of
element stress paths in the vicinity of the pile. Due to the stress path-
dependent nature of soil deformation behavior a -common practice is to
perform deformation testing (in situ and/or laboratory testing) using
stress path(s) similar to that expected in the physical system. A battery
of highly complicated stress path tests would be reqﬁired to "accurately"
model the pile-soil system thoroughly. For the AXISYM analyses of LD4TPZ2,
however, the deformation properties from triaxial tests on JLD sand were
used to model the soil behavior. As the load-displacement predictions
were reasonéb]y c]osé to the field measurements, it appears that the load-
displacement behavior is not very sensitive to the inaccuracies in the

constitutive modeling techniques and assumed parameters.

DUKFOR

Pile driving solution stability and convergence criteria for
DUKFOR are primary concerns in program usage. The guidelines in the litera-
ture for wave equation analyses have proven quite satisfactory, as in
Smith's algorithm (e.g. TAMFOR.) Smith recommended that -at least ten pile
segments, ten ft in length or less, would provide satisfactory results.
He also recommended that one-half the critical time increment in the sys-

tem (At = At /2) would be a satisfactory integration time step. For

crit
single blow analyses terminated upon achievement of maximum tip penetra-

tion, these guidelines are adequate.

DUKFOR analyzes a series of "comb]ete" hammer blows to better
simulate the physical behavior. The algorithm details were described in
Chapter IV. . LD4TP2 and JLDTP2 were analyzed to evaluate the effects of

different parameters on the numerical solutions.
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Figure VI-2 demonstrates solution convergence and stability quite
effectively. The results using two very different sets of assumptions are.
plotted as relative peak resultant force on the pile versus time for LD4TP2,

For the case PILSEG = 11, At = At the data clearly describe numerical

crit
instability. The resultant force magnitude diverges with time. For a
freely suspended rod this assumption should give the exact solution.® The

pile-soil interaction effects cause drastic‘instability, as Smith suggested.

For the case of PILSEG = 15, At = At .;./4 (FACTOR = 4) a highly
stable behavior is shown. The envelope of peak resultant forées converges
rapidly with time. The envelope of these data remains essentially the
same for subsequent hammer blows, Rroviding static equilibration is satis-

factorily performed.

Two points in time are labeled in Figure VI-2. Point A repre-
sents the instant when maximum penetration has been reéched and rebound
starts; the’momént when TAMFOﬁ would terminate the integration. If one
subtracts the initial tangent quake from the maximum tip displacement of
the first b]ow, (assuming full tip rebound) the predicted blow count is
44 B/ft. If the solution is statically equilibrated after point B , the
predicted blow count is 38 B/ft. The fact that this value agrees with the
measmred blow count is no revelation., The damping parameters used for the
analysis were correlated with bTow count. ‘The fact that it agrees fairly
well with the TAMFOR-type assumptions indicates the relative insensitivity

to residua1.1oads of blow counts in this range.

" Point B in Figure VI-2 signifies a very important integration

interval for LD4TP2. The aSsignmént of the minimum intégration interval
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per blow NPASS 2 4 gave essentially identical results. Five blow analyses

using NPASS = 4, 6, 8, and 15 shoWed the same results for a given blow,
regardless of NPASS. This impiies that for this case (LD4TP2) the ram im-
pact energy has performed all its useful work within 0.04 seconds. The

- remaining motion occurring in the system after NPASS = 4 js analogous to
the free vibrations of a (not so) simpie damped oscillator about the static

equilibrium configuration.

For analyses described herein the stétic equilibration of inertia
forces (equation IV-10) is performed after NPASS stress wave front passes,
when the amplitude of the total resultant force is-less than 1 kip (RESCK =
1). This wod]d correspond to an instant in time when the oscillating
resu]tant force passed across or near to the time axis. It should be ndted
that the resultant forces on particular pile segments.may be appreciably
1ar§er than 1 kip. Stress waves "bounce" within the system thereafter, but
the pile driving forces have been expended. Sihce an incremental static
solution method is used, it is important to equilibrate the inertia forces
at a moment when the magnitude of total force on the pile for any timé step
s generally nonzero, such that static equilibratfon is a numerical approxi-

mation.

The shape of the envelope of peak resultant forces is affected by
a number of input parameters. It was found that, for LD4TP2 at least,
convergence was more rapid for larger values of PILSEG and FACTOR (greatef
refinement in space and time). The amplitudes of forces at a given time
interval decreased with greater refinement. Hevertheless, for PILSEG >15
and FACTOR 2 4, static equilibrium results were the same; Fidure VI-3

describes 5th blow predictions of residual tip load and blow count versus
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PILSEG for LD4TP2. An increase in viscous (resistance) damping for a

given system reduced resultant force amplitudes only during the first two
wave front passes; thereaftér, little difference was noted since the ele-

ment velocities were relatively Tow.

One final point noted in the LD4TP2 evaluation is the rapid solu-
tion convergence (blow count and residual load distribution) with each
blow. It was found that the solution reached a "steady-state" response
after the third hammer blow. Residual stresses, biow count, element velo-
cities and peak driving stresses were essentially identical for every blow
thereafter using PILSEG = 15 and FACTOR = 4, This "steady-state" behavior
was demonstrated for the third through tenth simulated blow, see Figure
VI-4, These results describe the remarkable stabi]ity'and convergence of

the wave equation solution of this problem.

For analyses of JLDTP2, a high impedance prestressed concrete
pile, it was found that for PILSEG > 20 (AL < 233 ft) the multiple blow
analyses.showed some erratic behavior in blow counts and residua] stress
distributions. Since JLDTP2 is considerably stiffer than LD4TP2 (equiva-
lent steel cross-section of 70 in2 versus 24 in?), and the driving
stresses qfe roughly one-tenth as large, the sma]ler'pi]e segments caused
much smaller relative displacement differences (used to compute spring .
forces.) This apparently caused errors to propagate in the solution. As
a resu]t; for high impedance piling these data indicate that a minimum seg-

ment length may be a significant factor.

In terms of pile segment length the data generally suggest that
PILSEG 2 15 and AL 2 2.5 ft are the most reasonable values for use in

DUKFOR. It was interesting to note that for both LD4TP2 and JLDTPZ the
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assignment of PILSEG = 5 gave stable steady-state solutions. It was not
until PILSEG approached 15, however, that solution convergence was unaf-
fected by PILSEG increase (except as noted above). This. is- likely due to-
discretization of the resistance distribution. For PILSEG = 15 and FACTOR =
4 the JLDTP2 behavior for 10 blows was as stable as that described in Figure
VI-4 for LDATP2.

The LD4 analyses were performed assuming NPASS = 6 with no prob-
lems whatsoever. The JLD analyses employed NPASS = 8. In general one
shou]d‘increase NPASS for any one of the following: a shorter pile; a
higher impedance pile; a lower soil resistance; a greater impact energy;
and a greater impact velocity. Any of these factors may increase penetra-
tion duration relative to the pile period. For short, high impedance
piles there may be an upper 1imit on NPASS, beyond which numerical errors
propagate rapidly. The first indication of potential solution stability
problems is manifest in the behavior of element velocities at the end of
each blow. If there is no trend toward a steady-state condition from blow
to blow, especially if predictions are highly eratic, some revision of the

problem description is warranted.

Parametric Analyses: Pile Driving Behavior

The preceding analyses provide assurance that reasonable assign-
ments of hammer assembly-hi]e-soil system parameters provide acceptable
engineering predictions of pile performance. The solutions obtained are
remarkably stable and convergent. It was previously mentioned that mathe-
matical modeis may be only as good as the assumptions and limitations of

the technique. It is particularly useful to examine the sensitivity of the
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analytical results to differences in resistance behavior models. In addi-
tion, other pertinent parametric variations are performed to determine

their affects on pile driving performance.

LD4TP2 is used as a "control" case. Throughout this section the
parameter variation labelled describes its isolated change relative to
LD4TP2 input data. In this manner some general observations are made that
provide insights into the pile-soil interaction phenomena. These cases are
by no means comprehensive in scope. Experience with TAMFOR and DUKFOR in=
dicates that each field case describes a relatively "unique" problem. The
variations of driving system components, pile and soil resistance proper-
| ties in practice makes the development of comprehensive "design curves" a

futile exercise.

One additional fact should be noted. DUKFOR and AXISYM load
distribution results only approximately predict the field-measured behav-
ior of the LD4 test piles. The physical load transfer problem is more
complex than these idealizations describe. The residual load distributions
predicted By DUKFOR are clearly numerical approximations to the real behav-
ior. The detailed shapes of these curves are no doubt inacéurate; how-
ever, the overall effects of these inaccuracies are apparently minor. For
the purpose of the parametric studies the relative (if not exact) differ-
ences observed in the predicted residual driving load distribution curves

and blow counts are meaningful.

Interface Shear Stiffness

To determine the effects of the interface shear (IS) deformation

model on pile driving performance the hyperbolic stiffness coefficient, k,
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was varied. Figure VI-5 compares the LD4TP2 results (corresponding to

K = K, the interface shear test value) with three other cases ¥ = 2k ,
k/2, and k/10. The pile driving results (after the fifth blow) indicate
that a stiffer IS model gives somewhat larger residual loads. This is
logical since the stiffer negative skin resistance behavior locks higher
stresses in near the tip:upon rebound; Reduced stiffness gives a lower
level of residual loads. For a much reduced stiffness (k/10) the would-

be residual tip load is greatly dissipated.

The actual value of k for LD4TP2 may be anywhere in this range.
Curves (:); (:) and (:) describe the most probable range of values expectéd.
The résidua] load distributions and, particularly, blow counts are quite
similar. This is quite reassuring since a precise value of k is unknown.
The deformations in the adjacent soil are, no doubt, interrelated with the
strain-hardening and strain-softening phenomena noted previously. The in-
fluence of compaction and high shear deformations in the soil and at the
pi]e?soil interface make accurate a priori determinations of the load |
transfer behavior impossible. These data suggest that the analyses are
not very sensitive to the interface shear model. In'terms of soil profile
these results indicate that "soft" deposits should devé]op lower residual

driving loads.

Point Resistance Stiffness

The effects of tip stiffness on LD4TP2 performance are demon-
strated in Figure VI-6. The lower value of QUAKEp denotes a stiffer tip -
tip = Qp/QUAKEp

response (k ). In this case the affects on blow count are
minimal once more, but the reverse trend is noted for residual loads; the
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stiffer tip response gives a lower residual load distribution. In reach-
ing equilibrium after the blow, the tip "spring" is unloading. For the
intefface behavior this results in (negative) friction loading. The stif-
fer (unloading) tip spring permits more load to be released from the tip

~upon rebound, reducing the residual tip load.

Figures VI-5 and VI-6 demonstrate that the measured residual point
load for LD4TP2 could bé better "predicted" by decreasing QUAKEp or decreas-
ing k. With no field measurements from which to develop load transfer
relationships (correctly including measured residual load distributions),
the actua1 causes of prediction errors are indeterminant. Nevertheless,
the compression load-displacement predictions indicate that such load
transfer accuracy is not needed for practical purposes, at least for pile

test analyzed herein.

Soil Damping

Blow count increases almost linearly with an increase in J_ or JS,

as shown in Eigures V-1 and V-26. The data plotted in Figure VI-7'zorre-
spond to results shown in Figure V-1. The affects of damping on predicted
residual driving load distributions are rather sma]l; A general trend
suggests that greater damping results in somewhat lower residual pile
stresses overall, but this is not significant. The minor affects on resi-
dual stresses indicate that the’predicted load-displacement behévior should
be relatively independent of soil damping used.in the dynamic analyses.
Damping greatly affects the predicted blow count; therefore, bearing capa-

city predictions from field-measured blow counts are sensitive to damping

assumptions.
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Pile Stiffness

According to equation II-9 the ratio of pile impedance, (pcA),
to driving system impedance, Hﬁég_fs_, should lie between 0.6 and 1.1
to insure efficient energy transmission 12-90%). For the Vulcan 140C and
m1carta capblock, the dr1v1ng system 1mpedance is approx1mate]y 19 kip-
sec/in. The range of pile 1mpedances corresponds to an (equivalent) steel
cross-section between 79 and 144 sq. in. LD4TP2 (24 sq. in.) provides an
inefficient driving combination by these requirements. One wou]d éxpect
‘that a lighter cross section (e.g. 10 sq.in.) would be less efficient, and
a much stiffer cross section (e.g. 70 sq.in.) would vastly impro?e the
driving characteristics. A 70 sq.in. steel section has approximaté]y the
same impeaance as the 18 in. square prestressed concrete piles at.qLD,
Pile stiffness affects were analyzed using the LD4 driving system,;and B

the results are presented in Figure'VI-S.

Data given in Figure VI-8 provides an 1nterest1ng compar1$on of
blow counts. For the low 1mpedance pile (curve (:> ) the blow count is
nearly three times that of LD4TP2. Moreover, the peak driving stress
exceeds 51 ksi, such that the ram would probably destroy such a 1igh£
section. That is not unexpected. LD4TP2 analyses describe peak driving
stresses of about 25 ksi. Note that the substantial increase in pi]e im-
pedance gives only a small incfease in penetration per blow over the
LD4TP2 section (approximately 15 percent.) Indeed, for these moderate
driving conditions the criterion of equation 1I-9 does not appear to be

important.
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If the criterion were applied to drive the 10 sq.in. - section
pile, equation II-9 would recommend an "efficient" 66 1b to 223 1b ram,
I; is'obvious that this range of ram sizes could hardly drive the pile.
~ An "efficient" ram for LD4TP2 would weigh between 383 1b. and 1286 1b. It
‘is also quite 1ikely that such an impedance match would inefficiently drive
the pile, though the efficiency of (insufficient) energy transmission would
be maximized. The direct application of equation II-Y proves inappropriate

for this case.

The residual driving load distributions for the three pile imped-
ance cases are presented in'Figure VI-8. The stiffest pile section has
the lTowest residual point load and the lightest section develops the
greatest residual point load. Both blow count and residual load distri-

bution may be significantly affected by changes in pile section stiffness.

Embedment and Penetration Resistance

The influences of penetration resistance and embedment depth on
residual Toad distribution are described in Figure VI-9. As one would
suspect, the residual loads and blow counts increase with increasing'resis-
tance to penetration. Curves @, @, and @ describe the 55 ft-long
steel pipe pile embedded 53 ft (as LD4TP2) having 250, 502, and 750 kip
capacities, respectively. Curves @ and @ represent 103 ft-long piles
embedded 100 ft, with bearing capacities of 245 and 735 kips, respectively.
For the 100 ft. embedment piles, (::) and (::),jthe Ks values were reduced to
maintain Qs and Qp values the same as-those of curves @ and @, respec-
tively. These results indicate that curves (:) and(::)closely resemble
curves @ and @ repliotted to the "larger" scale. The magnitude of the
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residual point load is dominated by the point capacity, and the slope of

the residual load distribution curve is affected by the Ks values, as well.

The depth of embedment fqr Tow resistance to penetration. has
little influence on blow count. For higher capacity piles, however, blow
count rises sharply for the same static resistance to penetration. For 490
kip static capacity the blow count increases to 68 B/ft for 100 ft embed-
ment. This could be caused by two possible factors: elastic energy losses

(due to a more flexible pile); and greater damping forces (though J_ and Jg

P

P
0 for the 100 ft embedded pile, which. predicted 27 B/ft. From Figure V-1

were assumed constants from LD4TP2). A comparison was made using J_ = Jg =
for LD4TP2 the zero damping case predicts 22 B/Ft. Therefore, these elastic

losses are only a small part of the increase to 68 B/ft noted above.

The damping parameter J. in the rheologic model (see equation II-6)
is multiplied times the instantaneous elemental ve]ocity and (the absolute

value of) the element resistance force to obtain the dynamic resistance
component. This suggests that the pile element velocities must be larger
in magnitude_throughout the 100 ft. embedded length to account for the
large blow count increase. If Jp and JS are constant with depth (a ques-
tionable assumption), the dynamic resistance to penetration will increase

significantly with increasing penetration, even if QS and Qp were to remain

relatively unchanged.

Driving System

Impact energy is a primary concern in equipment selection. Three

different cases wére simulated to examine the effects of ram energy and
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stress wave shape on pile driving performance. The most remarkable fact

to be noted is that the impact driving system has no effect on the pre-
dicted résidual.driving load distribution. A1l of the data plotted almost
exactly on the LD4TP2 results. The residual load distribution is a func-

tion of pile-soil system properties only, independent of the impact driver.

Table VI-1 presents the results of different driving systems on
predicted LD4TP2 performance. Case 2 imparts the same impact energy
(36,000 ft-1b) as the Vulcan 140C used at LD4, but with a lighter'ram
(requiring higher impact velocity). Case 3 uses the same Weam (14,000 1b)

as the Vulcan 140C, butt a lower E (20,000 ft-1b), and therefore, lower

ram
impact velocity. Case 4 describes a "scaled-pp" version of the Vulcan

140C with a larger E (50,000 ft-1b) larger W (19450 1b), having the

ram ram
same impact velocity. The predicted effects of ‘the different systems are

quite striking.

For Case 2 the impact velocity and peak stresses in the pile in-
crease by about 50 percent over the control case results. The impact
- stress wave is increased in magnitude and decreased in durafion for the
lighter ram, as discussed in Chapter II, see Figure II-6. This case dem-
onstrates a marked increase in driving efficiency which.can only be attri-v
buted to the peak impact stress. Case 2 results indicate peak impact
stresses reach 37 ksi, which could cause pile damage. Recall that one-
dimensiona]vanalyses'assume perfect hammer assembly-pile alignment which is
not exactly correct in the phyéica] system.- Only a sma]]leccentricity of
the driving system or curvature in the upper portion of the pile may cause
significant bending stresses in.the pile section. These could cause local-

ized pile buckling in case 2 such that a thicker capblock would be advisable.

Such a remedy would reduce the impact stresses to a tolerable level and
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probably increase the blow count somewhat.

Case 3 of Table VI-1 indicates the increase in blow count with °
the reduction of Eram’ wh{ch is as expected. Case 4, however, is par-
ticularly surprising_since DUKFOR predicts that though Eram and wram
-have -increased 38 percent over case 1, there is no increase in driving
efficiency; i.e. the blow counts are the same. One may only conclude
that, for these cases at least, the peak driving stress dominates the pile
driving efficiency. The peak driving stresses in case 4 are only slightly
larger than those of case 1. These results suggest that an optimum driv-
ing system would deliver as large a magnitude impact stress wave as the
pile can-safely sustain without damage. As an example, for a given ham-
mer the capblock thickness could be determined which will maximize pene-
tration per blow and protect ram and pile from damage. The wave equation
analysis offers'the only means of properly optimizing the pile driving

' solution.

Program Capabilities and Limitations: AXISYM
Capabilities -

The axisymmetric problem idealization models the sinQ]e pile
load test behavior of the entire pile-soil system. As such the analyses
include deformations in the adjacent soil mass. It was found that the
observed strain-hardening in compression loading and strain-softening in
tension loading for LD4 test piles were predicted to a lesser extent by
AXISYM for LDATP2. o doubt a modification of soil properties (e.g.

vdecfeasing compressibility) could improve the predictions. A zone of
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Table VI-1I
DRIVING SYSTEM AFFECTS ON PILE PENETRATION

Eyanm Weam BLOW COUNT
Case (ft-1b) - (b) _(B/ft)
o 36,000 14,000 39
2 36,000 6,000 15
3 20,000 | 14,000 121
4 50,000 | o 19,450 39

* Yulcan 140C, used at LD4.
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highly compacted and sheared soil surrounds an impact-driven pile. Accu-
rate simulation of the material properties and initial stress state
within such a zone is a difficult task. The axisymmetric idealization

at the present time is best suited for bored piles and piers, since the
necessary initial conditions (stress-free pile) are essentially satisfied

for these problems.
Limitations

The primary technical deficiency in AXISYM applications involves
the neglect of residual loads. For impact-driven piles the initial con-
ditions for the static formulation (AXISYM) must incorporate "mobilized"

Kg values to predict effectively the load transfer at the pile shaft. The
hobi]ized Kg values for LD4 test piles are listed in Table V-3. For un-
loading and load reversal conditions the numerical model behaves poorly.
As such the AXISYM predictions of tension test behavior must neglect
residual load distributions, which have a profodnd effect on the pile
performance. Improvements in the static rheology models may rectify some
of these difficulties. Residual driving effects throughout the pile-soil

system make AXISYM analyses of impact-driven piles an artificial simulation.

The cost of analyzing a piIe test case also may be a major prob-
lem, . Since the cost vary widely between computer facilities, as well as
betﬁeen different users of the same system, direct comparisons are
difficult. Comparative costs of AXISYM and DUKFOR analyses will be

discussed in a subsequent section.
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Program Capabilities and Limitations: DUKFOR

Capabilities

It has been demonstrated in previous sections that residual pile
stresses may influence profoundly both load test performance and the inter-
pretation of field measurements. DUKFOR provides a dynamic/static formu-
lation which simulates pile driving behavior in a thorough, rational pro-
cedure. A series of impact hammer blows may be applied to establish a
"steady-state" response, which predicts the effects of‘previous blows on
subsequent pile performance. Since the solution approximates static equi-
librium at the end of each blow, an arbitrary static load test sequence
may be applied to the driven pile.‘ In this manner the effects of residual

driving load distributions are incorporated directly.

The DUKFOR one-dimensional idealization greatly simplifies the

- interface shear and point resistance rheology. This is a particular advan-
tage in simulating pile driving performance and cyclic load test behavior,
Moreover, the dynamic and static problem solutions are relatively inexpéns
sive. This allows the engineer to investiggte bounds on his‘design assump-

tions directly.

A very important design capability generally overlooked in prac-
tice is the selection of compatib]eland efficient hammer assembly-pile~
soil "systems". DUKFOR provides an effective means of optimizing the
(total) design within the limits of the analytical assumptions. Due to
the nature of pile-soil interaction the design assumptions are not always
accurate; however, the elimination of unsuitable solutions to the founda-

tion problem and relative comparisons between different proposed solutions

’
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may produce significant savings.
Limitations

The primary limitations in DUKFOR analyses involve the load
“transfer idealization. As the one-dimensional hodéT‘Wumps the pile-soil
slip and adjacent soil deformations at the mathematical "interface", the
parameters must be somewhat arbitrary. For LD4 and JLD analyses it was
assumed that properties from interface shear test results represented-the
load transfer behavior. For driven piles the pile-soil interface and soil
deformations are the product of soil compaction and high shear and normal
stress levels near the pile shaft. Some tendancies toward stiffening of
soil resistance in compression loading and softening in tension loading
were noted in the measured data. Though load distribution predictions
differ somewhat form field measurements, the load-displacement predictions

are generally quite good.

The results of LD4 and JLD analyses suggest that the use of inter-
face shear test properties in load transfer models gives quite satisfactory
results. A parametric evaluation of interface shear stiffness effects .
indicates that parameters within +100 percent and -50 percent of the
shear test values made little differen;e in the pile‘driving»performance.
For a case in which one-tenth of the laboratory test parameter was used,
both blow coﬁnt and residual loads were appreciably reducéd. For a softer
or more compressible soil deposit the actual load transfer along the shaft
may describe larger deformations than.interface shear tests predict.

Bored piles or piers may behave in a similar manner, since compaction

phenomena due to impact driving are absent in such cases. Future analyses
N . \ -
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of pile tests under these conditions should clarify this point. ilone
were studied for the present investigation. Load transfer measurements
by Coyle and Reese®® could be applied for piles in cohesive soils, if

transient phenomena can be predicted.

One additional Timitation of DUKFOR analyses is the arbitrary
assignment of point load-deformation behavior. Since the static pile |
design’involves an estimate of point bearing capacity, the deformation
behavior is the "unknown". For piles in medium to dense sands at LD4 and
JLD, a hyperbolic load-displacement model has been applied successfully.
For impact-driven piles embedded in relatively uniform deposits, a "stan-
dard" initial tangent point quake, QUAKEp, (0.05 in. per foot of point dia-
meter) was assigned. This value was generally consistent with LD4 measure-
ments. For a Bodine-driven pile (LD4TP10) larger deformations with load
were measured, similar to what one would expect for a bored or buried
pile. A larger QUAKEp was used in the LD4TP10 analyses, see Table V-5, |
For two piles at JLD (JLDTP1 and JLDTP3) the existence of a stiffer bearing
~stratum at or near the pile point indicated that smaller QUAKEp values
should be assigned for such conditions. '

” Comparative Costs: AXISYM and DUKFOR

A direct comparison of computation costs betwéen AXISYM and
DUKFOR analyses should be particularly helpful in considering possible
appfications of these methods. Both compufer codes are operational on fhe
Triangle Universities Computation Center (TUCC) IBM 370 Model 165 system
with which Duke University is affiliated, and on the GE/Honeywell 635

- computer systém at WES. The TUCC computer has a machine cycle time of
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80 nanoseconds (0.08 x 107°® seconds/cycle) versus that of the WES cbmputer
1 microsecond (1. x 107%sec/cycle). Computer costs are based upon formu-
lae that are rarely the same from facility to facility. Very often the
CPU time, etc., involve factors rendering the time in "equivalent" system
seconds that _are .not directly -comparable. Such is the case for the data

described below.
AXISYM

Representétive numbers from identical AXISYM analyses of LD4TP2
are presented in Table VI-2, On the WES system the AXISYM requires 80,000
octal words of core memory during exeCution; The TUCC system requires
300,000 bytes of core memory, approximately 75.000 octal words. Once
the program is operational and/or updated, the compile step need not be
repeated. Most computer facilities provide the user with a compiled ver-
sion of the program which may be stored as a physical object deck, on
disk and/or on magnetic tape. Therefore, for pfoduction runs the object

program may be executed, eleminating the compile step.

The dollar amounts presented in Table V-11 represent "prime
time" costs, which describe ‘a reasonable range of normal priqrity costs
one might expect. The primary differences between the TUCC and WES costs
involve apparent rate differences. Both TUCC and WES systems provide
non;prime rates (for overnight or weekend runs) that cut user costs by
as much as 50 percent. When possible the nonprime time runs are advisable,
of course. These data represent program computations costs, exclusively.
The cost of input preparation will greatly depend on the experience of the

user.
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Comparative Costs of AXISYM

Analyses, LD4TP2*
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NOTES:

“TUCC
Time** Cost*** Time** Cost***
(min:sec) (dollars) (min:sec) (dollars)
COMPILE
EXECUTE
CPU 10:48 1:39
I/0  3:12 —_ 1:43 —
Total Execution
Costs $87 $38

* LD4TP2 analysis using refined mesh of Figure IV-3 (254 nodes, 216
element, 12 x 50 kip compression load increménts.)

** The time units are system seconds, Which may include various multi-
plication factors for a particular computer system.

*** These costs are computed for "prime user times" (normal priority.)
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DUKFOR

Table VI-3 presents comparative program execution costs of
DUKFOR analyses of LD4TP2 on WES and TUCC computér systems. As before,
the WES costs are roughly 2.3 times the TUCC costs, describing the differ-
“ence in charge rates between the two. The compile cost of DUKFOR on TUCC
was about two thirds that of AXISYM. For produciion runs a stored, compiled
version of DUKFOR should be used. The DUKFOR costs are separated for
three different analysis cases: dynamic only; static only; dynamic/static..
The sum of charges in the first two cases is not equal to that of the '
third case because the I/0 time does not double. DUKFOR requires 90,000
bytes of core memory (about 23,000 octal words) on the TUCC system during

. execution.

A comparison between AXISYM and DUKFOR execution costs of ana-
lyzing LD4TPZ indicates a large difference, as expected. If the DUKFOR
dynamic/static solution is considered, the solution costs one-tenth that of
AXISYM. Detailed results of the two LD4TP2 analyses were discuésed pre-
viously in Chapter V. Actually, a direct comparison of the "static only"
DUKFOR costs with AXISYM indicates that essentially identical predictions
were obtained for less than 3 percent of the cost of the AXISYM analysis.
Indeed, the DUKFOR "static only" costs include both cyclic compression and
cyclic tension test behavior, while the AXISYM data involves only the
compression test simulation. An increase in load increment size and/or
decrease in mesh refinement would reduee the AXISYM analysis costs, but

this could possibly change the predicted results.
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COMPARATIVE COSTS OF DUKFOR

Analyses, LD4TP2*

HES

Time** Cost***
(min:sec) (dollars)

Pile Driving

Analysis
(dynamic only) |,

EXECUTE
CPU
1/0

Separate Analysis Cost

Load Test

Analysis
(static only)

EXECUTE
CPU
1/0

Separate Analysis Cost

Complete

Analysis
(dynamic/static)

EXECUTE
CPU 1:42,2
170 0:14.4
Total analysis cost $ 8.83

TucC
Time** Cost¥**
(Min:sec) (dollars)
0:15.7
0:04.4
$ 3.36
0:02.3
0:03.9
$ 1.01
0:18.0
0:04.9
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Table VI-3 (con'd)

Notes:

* | D4TP2 -analysis -using PILSEG = 15, NPASS = 6, FACTOR = 4,
IBLOWS = 5; cyclic compression/cyclic tension load
test simulated.

** The time units are system seconds, which may include various
multiplication factors for a particular computer system.

*** These costs are computed for "prime user times" (normal priority.)
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These data describe the relative solution economy of DUKFOR
over AXISYM usage in obtaining solutions of comparable accuracy in'pre-
dicting field measurements. The input requirements to DUKFOR are typical
design‘parameters, alleviating most of the mesh and material property
preparation costs involved in using AXISYM. From both technical and prac-
tical considerations, DUKFOR better models pile-soil interaction behavior,

especially for impact driven piles.



Chapter VII
CONCLUSIONS AND RECOMMENDATIONS

Pile foundation design is as much an art as a science in engi-
neering practice. Solutions frequently rely heavily on engineering judg-
ment due to difficulties in modeling the complex nature of pile-soil
interaction behavior. It was the purpose of this study to undertake the
analysis of single vertical piles in cohesionless soils, incorporating
for the first time the sequential simulation of pile driving and axial
load tests. It was determined to keep the analysis as straightforward

as possible, relying primarily on basic soil mechanics concepts.

The primary end product of this reseérch project is a.combined
dynamic/static, one-dimensional discrete element computer code, DUKFOR,
which was devised to simulate pile-soil interaction in a reasonable man-
ner. The dynamic wave equation solution method was employed which per-
mits multiple blow analyses of impact driving, modeling the physical
process more accurately than previous wave eduation computer codes. The
static solution algorithm is used to equilibrate the stresses at the end
of each simulated hammer blow, thus determining fesidua] pile-soil

stresses due to driving. In this manner initial conditions are provided

232
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for the application of a subsequent hammer blow or for the start of
static load test simulation. DUKFOR permits the analysis of pile perfor-

mance due to any arbitrary axial loading sequence.

An additional product of this research effort is an axisymmet-
ric finite element code, AXISYM, which was developed to compare static
load test predictions with those from DUKFOR. AXISYM models axisymmet-
ric or plane strain boundary pressure or concentrated load problems
using a piecewise linear, incremental/iterative formulation. One-
dimensional interface slip elements are provided in the code to des;ribe
interelement displacements across selected element boundaries. These
s1ip elements were placed between the pile and the soil to model pile-
soil interface behavior. They were used also in the soil immediately be-
neath the pile point to simulate the relative movements caused by punch-
ing of the point into the soil; in this case the interface elements were

placed between adjacent soil elements.

Both the AXISYM and DUKFOR codes were used in analyses of in-
strumented pile tests so that predicted and observed results could be
compared; In one case a detailed study was made using both codes; eight
other pile load tests were analyzed using DUKFOR alone. In addition,
parametric investigations were made to determine staBi]ity and conver-
gence criteria for each of the computer codes. Finally, a parameter
study was made usfng DUKFOR to evaluate the effects of various hammer
assemb]pri]e-soil system characteristics on pile driving performance.‘
The results of these studies provide some meaningful insights into the

phenomena of pile-soil interaction in cohesionless soils.
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The present version of DUKFOR provides for impact simulation of
single- and double-acting pile drivers, exclusively. No attempt was made
to simulate diesel hammer behavior nor to apply the impact as a force-
time record. Both of these options could be incorporated in future up-

-dates -of -DUKFOR.

Due to its problem formulation DUKFOR offers a number of advan-
tages over other wave equation programs. First, all of the soil param-
eters except dynamic damping are directly obtained from conventional test
programs involving triaxial and interface tests. The straightforward
application of data from these tests proved successful in analyzing the
instruménted pile load tests. The second and most importént difference

‘between DUKFOR and other codes is that it can model the application of a
series of individual hammer blows followed by an arbitrary static load
sequence. Static equilibrium conditions are established at the end of
each simu]éted blow providing the initial conditions for subsequent be-
havior simulation. After several hammer blows the method converges to a
"steady-state" solution, whereafter predicted blow counts and residual
stress distributions are duplicated for each subsequent simulated blow.
The solution is stable and convergent, obtaining the steady-state condi-
tions within 3 to 5 simulated blows in every'case studied. Having ob-
tained the steady-state pile drivingvso1ution, the static equilibrium
conditions after the last hammer blow may be applied as initia]icondi-

tions for load test simulation using the DUKFOR static solution algorithm.

The primary difficulty in applying DUKFOR or other wave equa-

tion methods to pile driving analyses lies in defining the soil
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resistance rheology or damping. The complex phenomena of pile-soil in-
teraction and the variability of soil deposits in nature make accurate
determination of the dynamic 1oad transfer behavior extremely difficult.
As Such, simplified resistance models are assumed in pile driving

analyses.

The magnitudes of predicted blow counts greatly depend on the
soil resistance rheology, specifically on the magnitude of the viscous
damping forces}assumed. It was shown in this work that the nonlinear,
viscous damping parameters commonly employed in analyses are not unique
soil properties, but rather, interdependent correlation constants. From
site to site these damping values may differ significantly, even though
the soils are~apparent1y similar. The use of correlated damping param-
eters from Lock and Dam No./4, Arkansas River, Arkansas (LD4) analyses
to predict Jonesville Lock and Dam, Ouachita and Black Rivers, Arkansas
and Louisiana (JLD) pile capacities from blow counts alone gives very
poor estimatés of the measured pile capacities. The use of wave equa-
tion results from any code to predict pile capacities from driving

records without pile test verification requires the utmost caution.

Pile Test Analyses

~ Conventional analytical methods for predicting single pile per-
formance have impoktant 1imitatidns. Limit equilibrium methods generally
ignore significant factors which direct}y affect pile performance. Soil
compressibi]ity and the complete stress-deformation state in the vicinity

of the pile are implicitly ignored by most 1imit equilibrium models.

Axisymmetric finite element (FE) solutions at present offer the
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most rigorous mathematical approximation of static pile-soil interaction.
Deformation and failure behavior of the various components of the pile-
soil system can be modeled directly. Residual driving load distribu-
tions, however, cannot be.conveniently incorporated in the formulations
presently available. Analyses using the axisymmetric FE code, AXISYM,
demonstrate that artificial approximations are required to compensate
for the effects of residual driving stresses on load test behavior. For
example, to obtain good agreement with observed compression test reSu]ts
a value of kS of 1.3 was assumed in the FE analyses, a value we11 above
that actually measured (0.9). Axisymmetric FE solutions are best, in
fact, suited for modeling the behavior of bored or buried single piles

where residual stress effects are minimal.

The one-dimensional DUkFOR representation of the installation
and load test behavior generally simulated load test behavior well. Pre-
dictions of compression load-displacement behavior were remarkably accu-
rate for all nine test piles studied. Pile load distributions predicted
by DUKFOR also compared fairly well with available field measurements.
However, at loads approaching compression failure the field measurements
suggest an -increasing contribution of skin friction in the upper half of
the pile. DUKFOR did not predict this behavior directly. The results
from the AXISYM code suggest that the phenomenon is due to a strain-
hardening effect causing an increase in confining stress level and thus
skin friction along the upper pile shaft. Such behavior cannot be

readily acéommodated by the DUKFOR type of formulation.

Tension load-displacement predictions using DUKFOR are fairly
accurate at lower load levels. For loads approaching tension failure

DUKFOR underestimated the measured displacements in most cases. This
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appears to be caused by a strain-softening tendency, the reverse of that
observed in the compression analyses, that is not simulated in DUKFOR.
AXISYM analyses show that the strain-softening behavior is related to a
decrease in confining stress level due to tension load transfer to the
surrounding soil. The DUKFOR and AXISYM analyses indicate that tension
test performance is directly affected by the strain-softening phenomena
and residual compression load distributions caused byvprevious driving
and/or compression load testing. DUKFOR incorporates residua]y]oads in
]oad‘test simulation, but the strain-softening effects are not directly
included. AXISYM approximates the strain-softening effects, but it is
impractical to simu]até residual load effects using AXISYM. Both codes

are limited in these respects for tension test analyses.

Residual Load Effects

Impact pile driving and/or compression load application gener-
ally cause the development of residual compression load distributions at
the end of driving or load testing. The existence of these residual load

distributibns has a direct effect on the subsequent pile performance.

For impact-driven displacement piles a significant residual
boint load often develops during driving. It appearé that the residual
load distribution depends directly on the pile-soil system only,. inde-
pendent of the imbact pile driver used. When a residual point load re-
mains after driving it is clear that a portion of the point bearing -
capacity has already been mobilized. Analyses of load distribution mea-
surements (gages zeroed at the start of the load test) commonly ignore

these residual load conditions. For compression load testing to failure
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the measured point bearing value in such cases is only that mobilized
from the start of the load test. The actual point capacity is the mobi-
lized (measured) value plus the residual point load. If residual loads
are fgnored, the magnitude of tip capacity is underestimated. This mis-

take could be important in designs which rely on such load test results.

“Residual compression loads also directly affect the manner in
whicﬁ shaft resistance is mobilized. For compression load-displacement
behavior residual compression loads cause a stiffer response (1éss dis-
placement) than an_initia]]y stress-free pile Having the}exdct same total

capacity since there is effectively greater mobilized shaft resistance.

Tension load-displacement behavior is also strongly influenced
by residual compression load in the pile. In this case the residual
shaft resistance after driving is mobilized along the upper shaft in the
negative sense (same as that to be induced by tension loading). The ap-
plication of tension load requires that the mobilized éhaft resistance
must develop at greater depth, Causing larger butt displacements than
would be observed for an initially stress-free pile. DUKFOR provides a
reasonable analytical method for incorporating residual loads induced by

driving in cohesionless soils.

Driving System Analysis

In addition to the functions previously described, DUKFOR may
be used effectively in des%ghing the hammer assembly-pile-soil system.
Consideration of installation problems is often overlooked in foundation
designil The DUKFOR wave equation solution offers an effective means of

combar1ng‘different pile driving systems directly. For example, DUKFOR
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parametric analyses of LD4 Test Pile 2 (LD4TP2) show that the penetra-
tion per blow increases markedly with increasing peak impact stress. The
capblock cushion thickness could have been designed to maintain peak
stfesses below tolerable levels, while maximizing the penetration per

blow.

Summation

The methods developed herein ére useful engineering tools for
evaluating the performance of single piles in sand. DUKFOR offers a
practical and economical means of predicting pile driving and load fest
behavior within the 1imits of the one-dimensional idealization. However,
arching effects within the surrounding soil are not accounted for in the
solution. AXISYM, represehtative of a finite element-type solution, pro-
vides a more rigorous mathematical formulation of pile-soil system be-
havior? however, it requires far greater cbmputationa1 effort and more
refined detérmination of the in-situ conditions than can usually be jus-
tified for practical purposes. Further, residual stress effects are not

readily accommodated in such codes.

Thus, both of the analytical procedures have advantages and
disadVantages. In the final analysis it would appear that the DUKFOR
code offers the practical designer the most readily useful tool, because
of its advantages of economy and simplicity. Based upon the results of
this study, further improvements cou]dlyet be made in the DUKFOR formu-
lation to enhance its capabilities. "Useful future efforts could be
directed towards the representation of soil arching effects and the simu-

lation of other types of force inputs to the top of the pile.
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A more complete analytical model of pile-soil interaction can
well be developed in future studies. Nevertheless, it is apparent from
the results of this study that the true nature of these problems neces-
sitafes a full measure of engineering judgment in obtaining a solution.
Sound engineering judgment and rational analytical methods represent the
"best applications in practice, a goal towards which this effort is

dedicated.
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Appendix
MATERIAL BEHAVIOR REPRESENTATIONS

A significant amount of engineering research into pile-soil inter-
action has involved obtaining representative models of the componeht beha-
viors., For impact pile driving problems the hammer assembly, pile, pile-
soil interface and soil properties all share important.roles in measured/
predicted behavior. A summary of the available data on the various system

components is given below.

Impact Hammers

Impact pile drivers may include a vast assortment of driving
accessories needed to adapt the hammer to the pile and to the driving con-
ditions. As DUKFOR does not simulate vibratory hammer behavior, impact

pile drivers will be discussed exclusively.

A schematic diagram of three major types of impact pile drivers
is given in figure A-1. The simplest hammer in the group is the drop hammer,
The ram mass is raised mechanically to a prescribed‘stroke and released.
The -free-fall force of'gravity imparts kinetic energy to the mass which
stfikes the pile driving assembly, transmitting driving energy to the pile.

The rated hammer energy, Er » is given as the net potential energy at the

am

moment of release, wramh' To account for energy losses, a mechanical

al2



Air or

Airor Steam Press.
Steam Press. Compr. Air
SN - Piston (optional)
Winch
" (drop hommer)

: /Homm Combu stion
Stroke, h Cushlon Anvil
Hammer
f [fl %2 Cushion
Drive Drive
Head Head

| ~File 1 Pne\

{
DROP AND’ DIFFERENTIAL DIESEL
SINGLE-ACTING AND DOUBLE-ACTING HAMMERS

HAMMERS HAMMERS

Figure A-1. Schematic Diagram of Impact Pile Drivers.

eve



244
efficiency factor, n, is applied to compute an "equivalent" free-fall

(100% efficient) stroke, he’ as

, ft (A-1)

» ft/sec (A-2)

Single-acting hammers increase impact frequency by using steam
or air pressure to raise the ram to the required stroke. Single-acting
hammers obtain driving rates as high as 60 blows per minute, and a wide
range 6f rated energy values are commercially available. Equivalent stroke
~and impact velocity are determined using equations A-1 and A-2, respectively.
Single-acting and drop hammers generally are assumed to operate in the range
of 75 to 85 percent mechanical efficiency.!? The higher efficiencies would

probably correspond to hammers with heavier rams.

boub]e- and differential-acting hammers increase impact velocity
and, therefore, incréase the impact energy of the ram by applying the steam
or air preséure on the downward stroke as well. In general, these hammers
réquire a shorter stroke for the same ram mass and rated energy, such that
the driving rate is approximately doubled to about 120 blows per minute.
The mechanical efficiency of these types of hammers is approximately 85
percent,’? and the equivalent stroke and impact velocity are computed
using equations Al and A2, as before. DUKFOR may be used directly to sinu-

late these types of pile drivers.
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Diesel hammers operate using the explosive combustion of a diesel

fuel/air mixture during ram-anvil impact. The explosive force returns the
ram to its peak stroke and also performs useful work in driving the pile.
Thus the shape of the stress wave transmitted to the pile is significantly
altered by the explosive force behavior. Closed-ended diesel hammers
impart an accelerating force during the downward stroke similar fo the

effects of the double-acting pile driving system.

The rated kinetic impact energy, EK’ for an open-ended diese] ham-

mer may be written as

Eg = Weam (h-d) | (A-3)

where d 1is the distance from the exhaust ports to the anvil. Equation
A-3 assumes that the ram ve]ocity remains constant after passing the ex-
haust ports. The rated explosive energy performing useful work, EE’ is

generally assumed on the same order as the quantity!?

Ep % W d : (A-4)

vgiving the rated hammer energy equivalent to the free-fall vaiue, wrmnh'

Using the above assumptions the mechanical efficiency of open-ended diesel
hammérs 1s'given as 100 percent. An equivalent stroke for a closed-ended

system depends on the measured bounce chamber pressures during driving.

12
L]

Manufacturers' charts may then be used to determine he and Eram
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The behavior of diesel pile drivers is a highly complex phenomenon
for which no rational model is currently available in practice.®?*?2 Ppile
penetration per blow depends to a large extent on the shape of the trans-
mitted stress wave shape. The Texas A&M University program approximation
of diesel hammer behavior (e.g. TAMFOR) has been shown to poorly represent

2

the measured results.®? Based upon these observations, no attempt was

made to simulate diesel hammers in DUKFOR.

One manner by which these difficulties may be overcome is to mea-
sure the force pulse transmitted at the pile butt. Such a force-time
history could supply the input to the pile-soil system model, eliminating
the impact simulation problem. DUKFOR does not presently provide this op-
tion. Note that the shape of the transmitted force pulse may depend upon
the pile-soil system response as well as the hammer assembly properties,
such that no "standard" record would be suitable. Properties of comﬁercia]-

ly available pile drivers are given in Table A-1.%

Cushion Materials

Numerous combinations of accessory elements may be included in the
hammer assembly. The fundamental purposes in selecting necessary driving
accessories are four fold: to prevent hammer damage during impact; to pre-
vent pile damage during driving; to adapt the connection between the ham-
mer and the pile; and to obtain the most efficient combination of these
elements to drive the pile economically. All four of these purposes are
usually interdependent for a particular pile driving problem. This section

discusses the mechanical properties of cushion materials.



Table A-1

DEACT PILE-DRIVER DATA (AFTER mcu.s)

Stroke
(13 Stesa Size /"xr v
Rated Blovs Rated Velgnt Total A.S.M.2, or of Katd
Ioergy per Inergy Striking Veight Length of Alr Boiler Alr Ecse 2"‘/2
fteld Xake of Mamazer Sise Type aip in. Farts, 1d b1) Hammer efn E.P. psl 1.  (fe-2v I‘
Inergy over 100,000 ft-1d
180,000 Vulcan 060 Single-act. 62 ¥ 60,000 121,500 18 €&° A626 ™o 130 (N 103,900
1307000 N:Kiernao-Terry S-40  Single-sct. . 5 W k0,000 96,0cC 16° ¢* -_ 375 150 A 12,100
120,000  Vulcen 040~ Simgleacts - 3% 40,000~ 875500~ iT*-i1%- 3800 535 120~ ({2)3- 69,30
113,078 Super-Vulcen 400C Differential 100 16 1/2 40,000 83,000 16°' 9" " M6S9 T00 150 5 67,400
Inergy 50,000 to 100,000 fr-1®
97,500 McKiernao-Terry §-3 Single-act. 60 » 30,000 86,000 16* 0" -— 280 13 $4,000
79,600  Kobe K\2  Diesel 60 98 9,200 22,000 1%’ 67 - - —_— - 27,100
60,000 Vulcan 020 Single-act. 60 X% 20,000 39,000 15° 0° 1156 218 120 3 B
60,000 McKiernan-Terry S20  Single-sct. 60 ¥% 20,050 38,650 18' 5* 1720 280 1% 3 34,600
56,500 Kabe K32 Diesel As-60 98 7,060 15,00 23' 7" - — — - 20,000
50,200 Super-Vulcea 200C Differential 98 15 1/2 20,000 39,050 13' 2° 1786 260 2 3 1,700
Rnergy 30,000 to 50,000 ft-1d
08,750  Wuleaa 016  2ingle-act. 60 3% 16,250 30,250 34 6° 1290 20 10 3 28,100
88,750  Raymond 0000  Single-act, w » 15,000 23,000 -— -— 8s 10 21/2 27,000
8,500 Kodbe K22  Diesel Ls-60 98 k850 10,600 13' A* - -— —_ - 14,700
82,000 Vulcen 01%  Single-act, 60 ¥ 14,000 27,500 1&* 6" 1282 200 no 3 24,200
30,600 Raymond 000 Single-act. 50 ¥ 12,500 21,000 15°* 1* -— 70 135 21/2 22,500
39,800 Delmag D-22 Diesel A\2-60 n/a 4,850 10,054  12' 10 1/2° = -— - - 13,900
37,%0 McKiervan-Terry S14  Single-act. 60 32 14,00 1,600 1k* 20" 1260 190 100 3 23,000
+000  Suiper-Vulcan 100C  Differentisl 103 15 /2 14,000 27,964 12' 3" 1825 21 ko 3 22,000
32,500 MeKiernao-Terry §10 Single-act. 55 k] 10,0060 22,200 141" 1000 10 8 21/2 18,000
32,500  Vuicen 010 Single-sct, 0 ¥ 10,000 18,750 15' o 1002 157 108 21/2 18,000
32,500 Raymond 00 Single-sct. 0 ¥ 10,000 18,500 15 0" - ss 125 2 18,000
32,000 NMcKiernan-Terry DE-40  Diesel 8 96 4,000 11.27% 15' 0" -— -— — - 11,300
30,225 Vulcan OR  Single-act. $0 39 9,300 16,765 15* 0" 1020 -— 100 21/2 16,800
Inergy 20,000 to 30,000 ft-1v
26,300  Link-Belt $20 Diesel 80-8% M 1/6 5,070 12,508 18° €* -— -— -— - 11,500
26,000 McKiernan-Terry C-8 Double-sct. T1-85 20 8,000 18,750 9 9" 8718 110 100 21/2 18,000
26,000  “ulcan 08  Single-sact. 50 » 8,000 16,750 1%' 0* B3¢ 127 8o 21/2 14,000
26,000 NM:Kieroan-Terry S8 Single-sct. 55 » 8,000 18,100 14 A" 850 119 80 21/2 14,400
24,150  Super-Vulcen 80C Differential m 16 2/2 8,000 17,885 11 A* 1218 180 120 21/2 14,000
24,050  vulcan 84 Differectial m o/s 8,000 18,k03 10' € 1248 180 120 21/2 18,000
24,370 Vulean 0 Single-sct. 50 3 1,500 16,250 15 ¢* -3 -— 80 21/2 13,500
24,000 NcKiernan-Terry C-826 Double-sct.  85-95 18 8,000 17,759 12 2* 815 120 125 21/2 13,900
22,600 Telmag D12 Diesel 42-60 o/s 2,750 S,kk0 12" 7 /A" -— - — - T+900
22,400 McKisrnan-Terry DZ-30 Diesel 48 96 2,800 9,075 15°* C* -— -— — - 7,900
2L,000 Kobe 13  Diesel As-60 98 2,810 6,000 12' 8" -— -— -— - 8,800
X Inergy 10,000 to 20,000 ft-1b
19,875 Union 0  Double-act. 10 28 3,000 18,500 10'21° 800 -— 1225 2 €.3%0
19,850 McKierneo-Terry 1183  Doudle-sct. 95 19 5,000 14,500 11 1° 900 126 100 21/2 9,700
15,500 Vulcas 06  Single-sct, 60 3% 6,500 11,200 13 0" 625 9k 100 2 11,200
19,200  Super-Vulcen 65C Differential 17 15 172 6,520 16,83 120 1" 991 152 150 2 1,200
16,250  LicheBelt A0  Diesel 86-90 36 1/8 4,000 10,300 2b* 6 1/A° - - — - 8,50
16,850 McXiernan-Terry S5  Single-act. 60 39 $,000 12,37 13 3" 600 84 8 2 9,000
16,000  M:Kierran-Terry DE-20 Diesel M % 2,000 6,325 13' 3° -— -— —_— - 5,660
16,000 M:iKiercen-Terry €S Compound 10 18 5,00 11,680 8' 9" 58s 6 100 21/2 8,9V\0
15,100  Super-Vulcan $0C  Differential 120 1 1/2 5,000 0,782 10° 2° 830 125 120 2 8,690
15,100  Vulcen S Differeotial 120 15 1/2 9,000 12,920 9 A" 8% 125 120 2 8,6%
15,000 Vulean 1  Single-act. 60 3% 5,020 10,100 13* 0" 565 8 8 2 8,660
15,000 Liak-Belt 312  Diesel 100-105 3 1/8 3,857 10,375  10° ©° -— -— — e 7,610
13,1C0  McXiercan-Terry 10R3  Doudble-act. 105 19 3,000 - 10,650 9' A" 150 104 100 21/2 6,270
12,725 Ualon 1 Double-ect. 125 a 1,60 10,000 8 2* 600 - 100 11/2 4,530
Inergy 5,000 to 10,000 fi-1b
9,040 Delmag D5 Diesel h2-60 a/a 1,100 2,001 1n0°213/2° -— -—_ — - 3,150
9,000 McLierpan-Terry C-3 Doudble-act, 130-1L0 16 3,000 8,500 T° 9.172° 50 60 100 2 5,200
9,000  MeKieroan-Terry S3  Single-sct. 65 % 3,000 8,800 12' A" 200 ST 8 11/2 5,200
8,80C  M:Xiernan-Terry DE-10  Diesel (LI 11,000 3,518 12' 2" - - - - 3,110
8,750 XcKiersen-Teny 983  Doudble-act. 1S 17 1,60 7,000 8* 2% 600 8s 100 2 3,
8,23 Uaton 11/2x Doudle-sct, 135 18 1,50 9,200 8'W* 450 - 100 11/2 3,520
8,100 LickeRelt 180 Diesel 90-95 37 5/8 1,725 4,552 10 3T -_ - — - 3,700
7,260  Vulecan 2  Single-act. 70 9 b 3,000 7,160 12°* c* 3% A9 8 11/2 6T
7,260 Super-Vulcea 30C  Differential 133 121/2 3,000 7,026 &' n* 888 70 120 11/2 A 670
7,260  Vulepn M Differectial 133 n/s 3,000 8,490 T 1" 3.0 10 120 11/2 3,670
6,500  Link-Delt 105  Diesel 90-98 33 1/h 1,45 3,865 10' 3° - - - - 3,070
Ioergy Under 5,000 ft-1%
0,900 Vulean DCHIO0 Differeotial 238 10 900 5,000 6 9° s80 k4] 8 11/2 1,900
3,600 Uclon 3 Doudle-act. 160 1 7% 8,700  6° A" 300 - 100 11/h 1,600
3,600 McKiernas-Terry 1 Double-sct. 229 91/2 830 5,000 6'1° Aso 63 100 11/2 - 1,100
&S Uclon 6 Double-act. 340 T 100 919 310" 15 -— 100 3/ 212
Vulcan DGHIOOA  Differential 303 6 100 786 A 2° ™ 8 60 1 200
356 McKiernao-Terry 3 Doudle-act. Aoo 33N [ 5] 615 ' 10° no -— 100 1 10
320 Uanlon 7A  Double-ect. Aoo [3 8 sk 37 10 - 100 IN 160

'r ® rated striking epergy in foot-pounds; Vl ® veight of striking perts ia pounds,

Bote: Raa welghts of drop dammers vary from 500 to 10,000 1b with variable strckes therefore variadle energy.



248

The basic means of reducing hammer and/or pile damage is the use
of cushioning material to "soften" the impact. A vast assortment of mate-
rials and a multitude of combinations and dimensions have been used for
pile driving cushions. Cushions may be used between the hammer striking
parts and a drive head, and between the drivehead and the pile. Indeed,
either or both cushions and even the drive head may be absent in a contrac-

tor's set up.

Two types of cushions may be distinguished in general; a hard
(stiff) cushion of micarta, asbestos, aluminum, or hardwood, gives a high
modulus of elasticity and a reasonably high coefficient of restitution; and
a soft cushion composed of soft woods, which has a low modulus of elasti-

city and a low coefficient of restitution.

Laboratory tests on cushion blocks performed at Texas A&M Univer-
sity (TAMU) have shown that the dyn&mic and static stress-strain behavior
of most cushion materials are very similar,2® Ana]yses using the TAMU
wave equation programs have shown that the use of a bilinear cushion repre-
sentation is a suitable approximation. The non-linear characteristics of
the stress-strain data require the selection of an appropriate secant
modulus for the linear load modulus. A stress-strain curve for a micarta
cushion block is shown in figure A-2.!? The value selected for secant
modulus depends ‘upon the peakidriving stress condition in the cushion,
Moreover, the secant modulus and coefficient of restitution may vary, de-
pending on the applied load cycle number. It is recommended that for
analyses of piles near bearing that "well-consolidated" cushion properties
be selected. The only material which did not exhibit appreciable éhange in

stres-strain behavior with repeated load cycles was the micarta plastic.?’
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250

Table A-2 gives typical secant moduli and coefficients of restitu-
tion for various cushion materials based upon TAMU measurements.!? Should
ram stresses or pile stresses become a critical design consideration, these
values should be compared with the detailed TAMU laboratory results.2? A
significant difference between the predicted peak cushion stresses and
those assumed for secant moduli determination may require re-analysis with
a corrected secant modulus. .These moduli may affect the impact stress
wave transmitted to the pile, which directly affects the pile penetration

per blow.

Piling

Pile impedance, moduli and mass densities for steel, concrete and
timber piling are listed in Table A3. As discussed in Chapter II,‘piles
having the same impedance and similar resistance distributions would
exhibit very similar pile driving behavior. As a general rule the high
impedance piling is best used to overcome hard driving resistance. Under
easy driving conditions lower impedance pi]%ng may drive more efficiently.?
There is an economic trade-off between installation costs and piling mate-
rial costs on a typical project. Wave equation methods may be used to

evaluate the possible alternatives.

In applications of DUKFOR discussed herein it was found that the
‘criterion given by Smith? for pile segment lengths was generally acceptable
for low to medium impedance piling (pcA’<3600 1b-sec/in. = 25 sq.in. steel

cross section.) For the nonlinear resistance models and multiple blow
analyses pefformed using DUKFOR it is probably better to employ at least

15 or more (instead of 10 or more’) pile segments, none longer than 10 ft.



TYPICAL PILE CUSHION MATERIAL PROPERTIES!Z2

Table A2

Micarta Plastic
Oak (Green)
Asbestos Discs
Fir Plywood
Pine Plywood
Gum

E
psi

450,000
45,000%
45,000
35,000%
25,000%
30,000%

0.80
0.50
0.50
0.40
0.30
0.25

* Properties of wood with load applied perpendicular

to wood grain.

Note: E 1is a secant modulus value.

251
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Ta

ble A3

PILE IMPEDANCES AND PILE TYPESS®

Pile Pile Material
Impedance Steel* Concrete* Wood*
pcA Area : Area Diameter Width Area Diameter
1bs-sec/in. in.? in.2 in. in. in.? in.

‘ Thin Wall |

725 5( pipe ) 23.5 5.5 4.8 82 10.2
1450 10 47 7.8 6.9 164 14.5
2900 20 94 11.0 9.7 328  20.4
5800 40(Mandrel) 188 15;5 13.7 656 29.0
8700 60 282 18,0 16.8 984 —

*The following material properties were used to determine pile dimensions
= steel,. ¢ = concrete, w = wood) are

from impedances. Subscripts (s

used.
2
Steel E. =29 x 10° psi  p. = 15.2 1bs-sec
S fth
¢, =1/Es/pg = 16,600 ft/sec (pc)g = 145 1bs-sec
. - in'3
2
Concrete E_= 4,25 x 10° psi p_ = 4.65 1bs-sec
‘ ¢ f
= = - 1bs-sec
C. =\/Ec/p. = 11,500 ft/se; (pc), = 30.9 ._;;;;_.
= 6 i - 1bs-sec?
HQQQ_ E, = 1.3x10°psi p =1.24 S

(2]
1

_ : _ 1bs-sec
. \/Ew/pw = 12,300 ft.sec (pc)w = 8.84 -—;;?;-
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Segment lengths as small as 1 ft were used herein without difficulty; but,

of course, such refinement is needless and too expensive in most applica-

tions.

For higher impedance piling the 15 or more pile segments guide-
line is still reasonable. It was found that for high impedance piles
(pcA = 10,000 1b-sec/in.) the 10 ft maximum segment length was suitable,
but segment lengths less than 2 ft caused noticeable solution instability
due to apparent round-off errors. For high impedance piling a minimum pile
seément length of about 3 ft would be appropriate (i.e. 3 ft $ 4L 10 ft.)
The Tength of the impact stress wave transmitted to the pile governs the
}maximum segment length which can accurately approximate the stress wave
shape. For extremely large pile drivers and very long piling such as used

in offshore construction the pile segment length may be larger than 10 ft,

‘ Regardless of pile driving idealizations, DUKFOR analyses should
be examined to carefully monitor element vélocities at the end of each
blow to ensure solution convergence and stability. It should be noted that
for single blow calculations after Smith? the criteria he recommends pro-
vide satisfactory results. In using DUKFOR with repegted blow calculations
of longer (time) integration duration the stricter guidelines are needed.
The time interval needed for the DUKFOR analyses is one-fourth the critical

time interval in the system as discussed in Chapter II,

Piles are generally assumed to behave as linear elastic materials
such that for pile driving analyses a Young's Modulus and material density
are needed. For most problems this is a reasonable assumption since driving

stresses are maintained below the material yield point. Pile material
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damping (hysteresis) has been found to have a negligible effect on driving
performance.!? DUKFOR models the pile as a linear elastic material, though
a bilinear approximation of a "cushion-like" material could be used, see
figure II-4, A damaged pile section may be represented as a different

linear or bilinear material if necessary.

Material properties listed in Table A3 should pe sufficiently accu-
- rate for most practical purposes. It may be worthwhile to measure these
properties in the laboratory should there be any doubt. For cast-in-place
piles the geometric configuration and pile material properfies may require
particular attention during installation to insure design performance of the

pile itself.

Pile-Soil Interface Properties
Static Behavior

In analyzing pile-soil interaction behavior the load-deformation
characteristics at the pile-soil interface must be assigned for the mathe-
matical model. A direct‘shear testing device may be modified using a
block of pile material in place of one half of the "sample." Figure A3

describes such a testing apparatus as used to test sand-on-mortar samples
| from Jonesville, Louisiana.®® .Interface‘shgar tests may be performed

routinely to determine deformation and failure parameters.

Interface shear results from Jonesville sand-on-mortar tests are
plotted in figure A-4a.°® Note the nonlinear, normal stress-dependent
behavior of the 80 percent relative density sand-on-mortar. The develop-

ment of peak and residual strength values indicates a dependency of
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Figure A-3. Interface Shear Testing Device.
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strength on relative density and shear deformation.

A common method of representing nonlinear behavior has been the
use of hyperbolic fits to the laboratory data. Clough and Duncan®!®®2
“developed the equations to describe interface shear using an inverse plot;
relative displacement divided by shear stress (A/t), versus relative dis-
placement (A)., The data of figure A-4a is presented in.this manner in
figure A-4b. The shear stress-displacement curve (figure A-4a) resembles
a hyperbola providing the inverse plot approximates a straight line. For
displacements less than that at peak shear strength the inverse plot of
the curve is essentially straight, indicating a good hyperbolic fit in this

range.

' The slope of the straight line fit on the inverse plot is equal to

the reciprocal of the horizontal assymptote, T £ of the hyperbola approxi-

ul
mating the measured data in figure A-4a. The straight line intercept of
the inverse plot is equal to the reciprocal of the initial tangent slope
of the hyperbola, These two quantities uniquely define the hyperbola
resembling the test results. The equation for the tangent shear stiffness

value as a function of shear stress level may be written as

kst = k-si (1 B TuTlt>2 (A-5)
where
E;t = tangent interface shear stiffness ., F/L3
E;i = initial tangent shear stiffness » F/L?
T = current shear stress . . F/L?
T,1¢ = shear stress assymptote | , F/L®
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The inittal tangent shear stiffness, E;i’ may be written as a

function of effective normal stress,

Bh n
Kei = K15y (‘b;‘) (A-6)
where
Kis = dimensionless interface shear stiffness coefficient
Y, = unit weight of water , F/L3
Eh = effective normal stress , F/L2
p, = atmospheric pressure . , F/L?
n = correlated constant exponent

Equation A-6 represents a straight 1line approximation to the plot of

log E;i versus log 0.

For each test a value of Tnax 15 Obtained which may not equal

ax
Tulte A correlation coefficient, Rf,,may Pe used to determine Tait =

Tmax/ Re The use of all these parameters, recognizing Tnax = Ca T Optan 8
(equation I1V-3) provides the relationship for E;t in the form
, . - . , |
. (?A)n T Rf : (A-7)
=K Y\ — 1--—-T—-.— A-7
st IS w Pa ca-rcn tané

[

Upon reaching Tnax

failure. A1l of the parameters in equation A-7 are readily derived from

the value of E;t is set to a small number, simulating

interface shear test results. Parameters obtained from several laboratory

test series are listed in Table A-4,



Table A4
INTERFACE SHEAR PROPERTIES

092

« .
Inrtece Bsclls® itertuc
Density Density Coefficient Exponent fFatlure Frittion Angle
S0 Y4 Or K1 n Ratio Smax  Sres
{Classification) pcf _ percent (Dimensionless) {Dimensionless) R¢ | deg
Chattahoochee River Sand/Mortar
Sand 89 50 2.94 x 10° 0.773 0,815 32.3 31.3
{SW) 95 75 3.62 x 10° 0.773 0.758 33.6 31.2
103 100 4,62 x 10° 0.773 0,780 33,3 31.3
Sand/Steel
89 S0 4.48 x 10° 0,602 0.798 22,6 20.6
95 75 6.92 x 10* . 0.532 0.777 24,5 21.9
103 100 9.02 x 10° 0.6562 0.872 24,8 _—
LD4 Sand/Mortar
Sand 90 0 2,16 x 10° 1.15 0.866 299 —
(SP-SM) 100 57 2.77 x 10* 1.5 0,938 31.3 —_
110 100 5.57 x 10° 1.15 0.953 M6 -
Sand/Steel
90 0 3.51 x 10° 1.28 0.949 26,1 —
100 57 3.51 x.10* 1.28 0.989 26.3 —
110 100 3.5 x 10° 1.28 0.985 29.8 —_
Jib Sand/Mortar
Sand 100 " 60 5.10 x 10* 0.808 0.825 NS5 -
(sP) 103.5 80 6.24 x 10* 0.831 0.800 -36.9 -—
107 100 7.69 x 10* 0.841 0.722 37.9 -

* Yalues of v, and D_ are for the sand specimen tested.
d r
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The nonlinear representation of shear stress-displacement behav-

ior discussed above approximates the monotonic loading case. In order to
simulate unload/reload behavior, both AXISYH and DUKFOR employ stress
level-dependent linear elastic models. In AXISYM the unload/reload stiff-
ness is computed using equation A-6 with an input unload/reload stiffness
coefficient replacing Kig® DUKFOR provides a similar approximation. The
initial tangent stiffness is modified by a proportionélity constant, RULRL;
the ratio of the unload/reload stiffness to the initial tangent stiffness,
(RULRL) (E;i). As 1little laboratory data is available for these loading

conditions it was assumed throughout this study that RULRL = 1.

In AXISYH analyses the value of Eh is permitted to vary during the
load test simulation as a function of the pile-soil system response. As
such the variation of Gh described a "strain-hardening" shear stress-
displacement response during compression loading (increasing 3;) and a
"strain-sofﬁening" tendency (decreaéing Eh) during tension loading. DUKFOR
approximates this behavior by providing .an option assigning 3; at failure

in compression (Kg 3;) differént from that in tension (K: o).

For all the pile tests analyzed herein using DUKFOR, the interface
shear test hyperbolic representation was applied directly as the ioad trans-
fer function. This assumption modeled the compreséion test load-displace-

" ment behavior quite well in each case. The simulation of tension test
‘behavior was less accurate for most of the cases studied. Though DUKFOR
incorporated the effects of residual cempression loads on tension test
behavior, the load-displacement predictions indicated a stiffer response

than that measured. AXISYH results described the ‘strain-softening tendency
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in the decrease of Eh along the pile shaft at greater tension load levels.
’Unfortunately, AXISYM cahnot correctly incorporate residual compression
loads, such that neither AXISYM nor DUKFOR effectively simulates tension

test behavior.

DUKFOR compression test load distribution predictions did not
accurately estimate the LD4 field measurements. The field data describe
an increasing load distribution slope (increasing skin friction) in the
upper half of the embedded pile length, giving greater skin friction
values than that assumed in DUKFOR analyses. These observations indicate
that the assumed triangular skin friction distribution is not an accurate
approximation for the LD4 test piles. AXISYM predictions showed a ten-
denty for Eh to increase along the pile shaft, showing a strain-hardening
effect that the one-dimensional DUKFOR model does not include. Comparison
of AXISYM predictions showed that the field behavior was more affected by
this phenomenon (larger increases in load distribution slopes) than the
axisymmetric model used. This discrepancy is due to the inaccuracy of

the rheologic models employed.

Dynamic Behavior

The dynamic behavior models available in DUKFOR include two gene-
ralized Kelvin elements: one (after‘Smitha)'jncludes a nonlinear viscous
element, given in equation 11-6; the other permits a linear viscous damp-
ing force, equation IV-3." Discussions of these two formulations are given

in Chapters II and IV.

Nonlinear viscous damping parameters for LD4 and JLD test piles

obtained using DUKFOR multiple blow analyses are given in Tables V-5 and
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V-9, respectively. The description of the correlation procedures used to
determine these constants is given in Chapter V. The most recent data
published by TAMU researchers is shown in Table II-2. The TAMU values
were obtained from single blow analyses correlated with measured blow counts.
" The TAMU results were generated using estimates of pile capacities during

driving as corrected for relaxation or set up effects.

It was shown in Chapter V that correlated damping values are not
unique soil properties; rather, they are interdependent correlation coeffi-
cignts. A change in any of the hanmer assembly-pile-soil system properties
may alter the correlated value. Extreme caution is advised in using
"average" values of damping parameters to verify pile capacities from blow
count data alone. Furthermore, the resistancé overcome by driving forces to
obtain penetration may vary significantly from static load test measurements.
Transient phenomena of relaxation or set up.may make the "static resistance

dUring driving" a difficult quantity to define.

Point Resistance Behavior

DUKFOR requires point bearing capacity and deformation properties
as inpuf to the analyses. As mentioned in Chapter IV either a bilinear or
hyperbolic rheologic model of static behavior may be assumed. The dynamic
resistance to point penetration is defined using either Smith's nonlinear
viscous model (equation II-6) or a linear viscous model (equation IV-3).
Since the point resistance force cannot be tensile, it is modeled as a

"no tension" element.
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In either the bilinear or hyperbolic static models the point resis-
tance is defined uniquely by two parameters: the point bearing capacity,
Qp; and the initial tangent elastic quake, QUAKEp. The initial tangent
stiffness is defined as Qp/QUAKEp. This slope remains constant for the
bilinear model until the applied static load exceeds Qp, whereupon it is
set to a very small value. For the hyperbolic model the tangent stiffness

is defined in terms of the current point load, Q, as

Kyip = (Q/QUAKE,)(1- 0/Q)? (A-8)

For both the hyperbolic and bilinear models E%ip is assigned a small value

at failure (Q 2 Qp)f

The hyperbolic point load transfer model was used throughout this
study. From LD4 pile test measurements an approximate criterion was
. developed for defining'QUAKEp. For impact-driven piles in the medium

dense sand at LD4 a value of QUAKE_  equal to 0.05 in. per foot of point

diameter provided reasonably good Eyperbolic fits of the field data. The
vibratory-driven pile (LD4TP10) required a much larger value of QUAKEp
(6.325 in. £ 0.23 in. per foot of pile diameter). Apparently, the vertical
compression béneath the point of a vibratory-driven pile is much less than
that-for an impact-driven pile, more closely resembling the point load
transfer response of a bored pile. Denser bearing strata in.the vicinity
of the pile point would require a stiffer response, and therefore, QUAKEp
would be assigned a smaller value.

The accurate prediction of point bearing capacity is beyand the

state of the art. The analytical methods available all have important
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limitations. The magnitude of point bearing capacity depends directly
upon strength and deformation characteristics of the soil(s) in the vici-
nity of the point and upon the prevailing effective stress state in that
~zone. Limit equilibrium methods and elasti-plastic solutions require
simplifying assumptions that do not properly model the behavior. Finite
element techniques presently require similar assumptions to solve the
problem. The FE method offers the greatest potential in this regard; how-
ever, convergence and stability of the numerical solution near failure,

and the accurate idealization of the initial conditions remain to be solved.

Even without predicting point capacities, pile load tests are often
misinterpreted. Often times the load test has not achieved sﬁfficient
point penetration to fully mobilize point bearing. For impact-driven
piles the residual point loads are usually ignored. The assignment of Qp
in DUKFOR for predicting pile performance requires careful engineering

judgement. -

Soil Behavior

Cohesion]éss soils exhibit extremely complex deformation charac-
teristicé for which an accurate, all-purpose constitutive model has yet to
be found. Figure A-5a shows stress ratio and volume change versus strain
data from consolidated-drained triaxial tests on medium dense JLD sand,S®
~ Hote the nonlinear, stress level-dependent stress-strain characteristics
which are>typica1 of cohesionless materials. Note the tendency for volume

increase in shear (dilatancy) which is quite pronounced for this material.
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As a general rule for performing laboratory or in situ tests it is
important to approximate the loading conditions of the specific problem.
In this manner the stress path-dependency of the material behavior is incor-
porated in the parameters obtained for the constitutive model. For example,
in ordér to model the transverse cross section of an earth dam, plane strain
test results should be used to develop constitutive model parameters. The
‘Toading (stress) path simulated in the test should approximate the predomi-

nant field behavior whenever possible.

For pile-soil interaction problems the soil element stress path
in a FE mesh depends on its location in the pile-soil system and on the
manner in which the load is applied to the pile. A series of laboratory
tests that would represent all the stress paths satisfactorily is obviously
hot feasible. Moreover, soil deposits'are rarely homogeneous and isotfopic
in situ, much less after pile installation, such that the detailed refine-
ment of the soil constitutive model is only a small part of the idealiza-

tion problem,

‘ AXISYM uses a pseudoelastic, piecewise-linear (hyberbo]ic), stress
lével-dependent constitutive model for soil behavior based on the stan-
dard procedufes presented by Duncan and Chang.®® An inverse plot of the
triaxial test data shown in Figure A-5a is given in Figure A-5b. As with
the hyperbolic fit of the interface shear results, a family of hyperbglas
provides a Qood stress-strain "approximation when the inverse plot resem-

bles a family of straight lines.

As a guide to determining a "best fit" Duncan and Chang suggest

the use of a straight line which passes through points in figure A-5b
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corresponding to shear stress}]eve]s of 70 and 95 percent of the peak

shear stress, That straight line has a slope equal to the reciprocal of
the deviator stress (horizonta]) assymptote, (01-03)u]t. Its intercept
is the reciprocal of the initial tangent modulus, E.,. The failure ratio

i
.Rf is defined as

= .(_G..!._':_ojzi_ (A'9),
(01 B Ga )u'lt

such that the tangent modulus Et may be defined analogous to that in equa-

tion A-5 in the form

2
. -Rf(cl-cs)

t i (ol-oaif (A-10)

The value of the initial tangent modulus is typically a function
of confining stress level. If a plot of log Ei versus log o, (from a
series of tests at different o, levels) is approximated by a straight line,

its equatioh provides Ei as

=\n
E; = kgP, Bi- (A-11)
where kg = dimensionless soil modulus coefficient
o = effective confining stress, F/L?
n' = dimensionless exponent

Thus, the téngent modulus-may be written as

2
Re(a -0 )
R et W ; (A-12)
a (o1 o )¢
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and assuming the Mohr-Coulomb failure criterion the deviator stress at

failure is given as

(0, -0 )¢ =3, [tan2(45 ¥ ¢/2)] + 2c tan (45 + ¢/2)  (A-13)

Thus, the tangent modulus is uniquely defined by the hyperbolic
fit parameters Kgs Rf and n, the Mohr-Coulomb strength parameters c and ¢,
and the stress conditions, 8; and (01"03)' Note that the derivation of
Et assumes that 6; is a constant value. It may be necessary to apply small
enough loading increments to maintain relatively small changes in 3; for
each load step. Values of the parameters used for JLD sand (relative den-

sity of 80 percent)used in AXISYM analyses of LD4TP2 were:3®

c=0

¢ = 32°
ks = 1530.

n = 0,60
Rf = 0,89

Kulhawy, Duncan and Seed®* provide hyperbolic fit parameters for a wide

variety of soils.

One further item to note is the value assigned for Poisson's-ratio.
AXISYM provides for two constant values of Poisson's ratio: an initial
value to be used in loading ahdbunload/reload of the element; and a failure
value which is assigned whenever the Mohr-Coulomb strength (equation A-13)
is exceeded in the element. The initial value was assigned as 0.45, and

the failure value was assumed as 0.49. These values represent a nearly
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incompressible elastic material. The dilatancy behavior cannot be simulated
using the pseudoelastic constitutive model in AXISYM. Soil compressibility
is a significant factor in pi]e-sof] interaction problems such that the

value for Poisson's ratio should be carefully selected.
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