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Preface

This is the first report for a project entitled "Field Study of Pile
Group Action." The Final Report will follow this report. This Interim
Report describes several mathematical models for pile groups, presents
an analysis of a proposed field experiment using one of the models, and
describes details of instrumentation and procedures for that experiment.
The Final Report report will describe the results of . the field
experiment, which will involve the load testing to failure of an
instrumented, full-scale 9-pile group and two control (reference) piles
at several times after installation. Two tests will also be performed on
subgroups of piles within the main 9-pile group, and uplift tests of six
individual piles will also be conducted.

The Final Report will be divided into a main text and six-
separately bound appendices, labeled A-F. The main text will
summarize the prominent results of the study. Appendix A is to be a
user's guide for Program PILGPl, a mathematical pile group model:
Appendix B will contain documentation for PILGP1; Appendix C will
contain detailed geotechnical data for the test site; Appendix D will
contain selected load-settlement, load distribution, and load transfer
plots; Appendix E will be an evaluation of instrument performance; and
Appendix F will consist of graphs and tables that support the main text
but that are not essential to the integrity of the main text.

The project is sponsored by the Offices of Research and
Development, Federal Highway Administration, U.S. Department of
Transportation. Raymond Internationl Builders, Inc., is the prime
research contractor. The University of Houston Central Campus
(UHCC) is a subcontractor responsible for mathematical modeling, pile
instrumentation, electronic data acquisition, analysis of results, and
report preparation. Fugre Gulf, Inc., is also a subcontractor,
respon"sible for the geotechnical study and for the ground instrumenta-
tion systems. Farmer Foundation Company was retained to design and
install the uplift anchors that are described in the text.
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Chapter 1. Mathematical Models for Pile Groups

Objectives

The process of designing a pile group to resist a given set of
loads involves a number of elements, including the use of semi-empirical
rules to size the group and estimate pile forces for a trial design, the
application of codes and specifications, application of the experience of
the design team, mathematical modeling, load testing of piles, and cost
analyses. Mathematical modeling of a pile group may be employed in the
design process as an analytical tool to predict or verify some aspect of
constructability or performance of a trial deisgn that has been
developed at some other point in the design process. Mathematical
modeling may be employed repeatedly on trial designs until a tentative
final design is reached. In this phase of design, it is often desirable
to use a very simple model or design charts developed from some model.
The tentative final deisgn may then be analyzed more rigorously by
direct use of a resonably comprehensive mathematical model, especially
when the loading, structural, or stratigraphic conditions are outside the
direct experience of the design team or when the performance require-
ments for the group are different from those with which the design
team are familiar.

A mathematical model is a vehicle whose practical purpose may be
said to be that of the transfer of the experiences of one set of analysts
to another in the most basic terms possible, so that those experiences
can be applied to new situations. In terms of the pile group probiem,
the transferred experiences are the observed behavior of single piles
and pile groups, and the mathematical model is a computational scheme
that predicts the physical behavior of a pile group in terms of soil
properties, structural properties, and loadings.

A number of mathematical models for pile groups have been
developed in recent years. The predictive capability of each model is
largely untested, however, because few adequate observations of the
behavior of single piles and pile groups have been made. Because of
this lack of data against which to judge models, a comprehensive series



of static load tests on single piles and an instrumented pile group will
be conducted as a part of this project.

The objectives of Chapters 1 - 5 of this report are to

a. Evaluate several existing pile group models with respect to
their accuracy of prediction of behavior and adaptability to design
office use.

b. Select the most promising of the models and analyse a
proposed full-scale pile group load test to be conducted in Houston,
Texas, as a test of the model and to aid in designing the instrumenta-
tion system for the test.

€. Present a detailed design of the full-scale load test.

The results for the full-scale test and analyses are given in the
remaining chapters. Further details are presented in Appendixes
A -G,

General |

The primary purpose of any computational procedure for analyzing
the behavior of pile foundation systems is to determine the deformation
of the foundation-superstructure interface, usually a pile cap, as a
function of the load applied to the interface. Additionally, the stresses
and deformations within the piles themselves are required so that the
piles can be designed structurally. In order to be complete, any
mathematical mode! which describes the behavior of loaded pile groups
should consider the following effects:

a. Properties of the structural elements; for example,
(1) Structural details of the piles and variations thereof
(2) Details of the pile cap
(3) Details of the cap-pile connections
b. Nature of the loading; for example,
(1) The effect of wvertical loads, moments, lateral shears,
and eccentric loads applied to the cap
(2) The effect of long-term loading
(3) The effect of dynamic loading
c. Properties of the supporting soil and details of the soil
profile, including :
(1) Stress-deformation characteristics of the soil



(2) The effect of slippage between piles and scil as the piles
approach failure and other nonlinear effects
(3) The effect of negative skin friction
d. The effect of installation, including
(1) Changes in stress-deformation properties of the soil
within and around the group, which may be time-dependent
(2) Residual stresses within the piles following driving,
which are functions of soil stratigraphy, details of the pile driving
equipment, and possibly the size of the group and sequence of
installation
(3) The effects of construction aids such as jetting on the
state of stress in the soil, stress-deformation properties of the soil and
residual stresses within the piles '
(4) The effect of variable pile penetration for piles driven to
a blow count criterion rather than to uniform penetration
e. The geometry of the group, including
(1) Correct three-dimensional geometry of the piles, as many
groups are installed with piles having various attitudes in space
(2) Geometric details of the piles, such as taper ‘
f. Interaction among elements of the group, such as
(1) The influence of cap-soil contact
(2) The mechanical influence of soil reactions from a generic
pile on the physical behavior of other piles in the group ("pile-soil-pile
interaction™)

Consideration will be limited here primarily to groups of wvertical
piles that are loaded vertically and statically, although some models that
will be described permit general geomeiry and loading. For the case of
vertical groups, a desirable set of outputs from the complete
mathematical model, from a designer's point of view, might be:

a. Ultimate bearing capacity of the group

b. Settlement under a prescribed load

c. Distribution of load among piles to assess the structural

adequacy of piles and cap

d. Pattern of load transfer from piles to soil

e. Group efficiency
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f. Stresses produced in the soil mass (for possible long-term
settlement analysis)

The present state of the art on the subject of vertically loaded
pile groups is covered broadly in Refs. 10, 43, and 44.

A potential ideal model would conceivably be a finite element model
which ~could consider the effects enumerated and the output items just
listed ™and which would also consider problems of constructability.
Unfortunately, no ideal model currently exists that is capable of
considering all of these effects or producing all of the outputs. Even
if such a model did exist, the expense of making an analysis, including
the expense of determining inputs, would be unquestionably exorbitant.
Analysts therefore must resort to making simplifying assumptions in
modeling pile groups.

Existing Analytical Techniques

Existing analytical models for pile groups can be placed into five
general categories, as described below. Models that address only the
problem of constructability, such as the wave equation model, have
been omitted from further discussion.

a. Simple Finite Element Models. These models typically consider
linearly elastic, weightless soil, special cases of pile geometry such as
all vertical piles or all piles lying in a plane, and pile-cap-soil inter-
action (5,53). Attempts have been made to include nonlinearity,
particularly the inability of soil to resist tensile stresses, in the case of
a single pile (e.g., 20) and in the case of pile groups by simplifying
the problem through assumption of plane strain behavior (19). The
details of the mechanics of the finite element method are well-known and
will not be described here. This class of models suffers from the
difficulty that, at present, the effect of pile installation on the stress-
deformation behavior of the soil, particularly at the pile-soil interface,
cannot be included directly without prior knowledge of this effect.
Interface behavior includes not only the limiting adhesion between the
pile and soil but also stress-deformation properties of the soil in the
immediate vicinity of the interface. Regarding the latter consideration,



Cooke and Price (14) have used the linear finite element model to
compute displacements in the soil mass around a single pile in stiff clay
under a loading of much less than ultimate. In order that the computed
soil displacements approximately equal those measured in the vicinity of
a pile being loaded, they found it necessary to vary the Young's
modulus of the soil as follows: Within one radius of the side of the pile
the Young's modulus of the soil varied from 120(:u {where c, = un-
drained cohesion) at the surface to the 240cu at the pile tip to 2300cu
10 diameters beneath the tip. Greater than one radius from the pile
the corresponding values were 1100cu, 23000u, and 2300Cu' The
generality by which these variations can be extended to other cases is
not known.

The préctical.problem also exists that execution of one analysis,
involving only one system of loads applied to the pile cap, can be
extremely time consuming on a digital computer. Ottaviani (53) cites
execution times of 200 minutes for a single load applied to a symmetric
group of nine wvertical piles in an elastic socil modeled with a moderate
number of elements using a version of the program "Solid Sap" on a
Univac 1108 computer. This time problem has been diminished in some
cases by resorting to partial boundary element formulation and can be
partially overcome in practice by developing parametric solutions for
conditions of simple geometry and the assumption of simple soil
properties. However, this parametric approach is difficult to implement
using the finite element model if one wishes to vary such parameters as
attitude of the piles, the effects of varying degrees of load
eccentricity, nonlinear soil properties, layered soil, and depth-variable
structural properties of the piles.

Finally, the finite element model as applied to piles, as well as the
elastic halfspace models described later, have no provision for a failure
mechanism within the soil mass and therefore cannot be used to compute
ultimate capacity or efficiency of pile groups. The finite element model
is capable of considering cap-soil interaction and computing stresses in
the soil mass, but such stresses may not be accurate in forms of the
model available for three-dimensional pile group analysis since tension
usually exists in some elements representing the soil, leading to
inadmissible stress patterns in real soil, which cannot resist tension.



It may be concluded therefore that this class of models, while
potentially powerful, does not at present properly consider all of the
effects required of a complete model.
~ b. Elastic Solid Model. Poulos and his associates (18, 42, 55, 56,
57, 58, 59, 60), and Banerjee and his associates (6, 12, 13), among
others, have developed a model that utilizes the well-known Mindlin
equations for point loads in the interior of an elastic halfspace in
combination with simple load-deformation equations for beams and
columns (piles). In this model the piles are discretized, as illustrated
in Fig. 1.1, and simultaneous, linear equations are developed that
relate thrusts and moments at each node on each pile to corresponding
deformations. This is accomplished by computing a vector of loads at
the various nodes that connect the discrete elements, in which
compatability between the displacements computed through the column or
beam equations and those computed through the halfspace equations is
achieved.

Mathematically, the basic elastic solid model, involving only vertical
forces and pile displacements, can be described as follows. Referring
to Fig. 1.1,

[c; ;1 {ﬁij} = {8;,} (1.1)

where [Ci].] is a fully populated matrix of coefficients derived fr_'om
Mindlin's elasticity equations (57) for an elastic halfspace, and {Qij}
is a matrix of loads transferred from the piles to the halfspace at the
various nodes, which can be related to the thrusts in the piles {Qij}
by simple finite difference procedures. Further,

where [Dij] is a banded matrix containing simple elastic flexibility
terms for the various pile elements of the type L/AEpile'

Unlike the finite element model, the elastic solid model does not
explictly consider the effects of the presence of piles and their
reinforcing effect on the halfspace when accounting for pile-soil-pile
interaction. Specifically, the application of Eq. (1.1) does not depend
on the properties of the piles inserted into the halfspace.
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The boundary conditions vary. For the simple case depicted in
Fig. 1.1, the boundary conditions are that Qll + Q21 = applied load
and that 611 = 621. After applying these boundary conditions, Egs.
(1.1) and (1.2) are in essence solved simultaneously to obtain the
deflection at the pile head and thrust and deflection at each node.

Use of the elastic halfspace equations allows for complete coupled
behavior between all nodes in the system but suffers from the
restrictive necessity to describe the soil as linear elastic medium capable
of resisting tensile stresses and from an inability to include the effects
of body weight of the soil (factors that in principle can be overcome in
finite element models). Since the soil must possess radially symmetric
properties, the elastic halfspace assumption makes it impossible to
describe directly the effects that pile installation has on the stress-
deformation behavior in the wvicinity of the piles as was crudely
demonstrated by Cooke and Price with the finite element model. Such
effects result from changes in density and effective stresses around the
piles, arching in granular soils, changes in the direction of principal
stresses, remolding, and residual stresses in the pile and soil. Once
the pile group is loaded, loads transferred from the piles to the soil are
likely to change the stress-deformation properties of the soil further,
through changes in the magnitudes and direction of principal effective
stresses, dilatancy, and degradation at the pile-soil contact if loading is
cyclic.

With regard to the generation of tensile stresses within the
halfspace representing the soil, deformations computed at a generic
node due to loads transferred from the pile to the soil at or near that
node and at nearby nodes will be in error, compared with those
deformations that must exist in the real soil, if there is net tension
within the soil mass. Net tension occurs most predominantly when piles
have a significant end load, as exists when piles are driven into a
deposit of sand. Because the tensile stresses are greatest nearest the
point of applied load, the error in computed nodal deflection is
diminished with increasing distance between the point at which load is
transferred to the soil and the point which deformation is computed,
due to St. Venant's principle. T
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The elastic solid model in its basic form is much more efficient to
execute on a digital computer than is the finite element model.
Variations of the basic model described here include provisions for
pile-soil slip by inputting a value of limiting stress between piles and
soil, a stiffer layer at or below the tips of the piles, and cap-soil
interaction. Numerous parametric studies have been made and
published, although little information regarding stress distribution in
the piles or soil has been made available. However, since, among other
things, the soil is treated as an elastic medium, this model cannot be
considered complete with regard to the requirements presented
previously.

c. Load Transfer Function Model. The load transfer function
model (4, 9, 11) provides a means to circumvent the assumptions of
linearly elastic, weightless soil found in the elastic solid model and to
some' extent accounts for the effects of installation on the stress-
deformation behavior of the soil near the piles. The load transfer
function model uses only the second of the equations of the elastic solid
model (Eqg. (1.2)) but uses a modified formulation as illustrated in Fig.
1.2 (modified after Ref. 16). This model uses characteristic nonlinear
load transfer functions to relate local pile movement (éij) to the
shearing reaction of the soil over the peripheral area of the discretized
element (Fi}')' and, in the case of the last element, the end or tip
reaction (Qib)' The graphical relationships of Pij to aij and QiB to 5i
are often termed "f-z" and "Q-z" curves.

The load transfer functions could be formulated through off-line
finite element modeling, but Kknowledge concérning the slippage
characteristics of the pile-soil interface is not sufficient to permit this
without including empirical inputs based on pile load test results.
Practical formulations are therefore presently used that were derived
directly from analysis of full-scale load tests of instrumented piles in
various types of soil. These formulations represent the current state
of the art (80). The f-z and Q-z curves depicted in Fig. 1.2 can be
developed in two ways. First, the effects of the existence of post-
installation residual stresses at the pile shaft-soil interface and pile tip
can be considered explitly if they are known. In such a case the pile
is also in a state of known compressive stress (that is the pile springs

B
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are compressed) and the analysis proceeds from that point. Second,
the effects of post-installation residual stresses, if any, may be
considered implicitly, producing the curves shown in solid lines. When
this is done the pile is assumed to be unstressed (that is, the pile
springs are not compressed), and the analysis proceeds from that
point. To date, insufficient data have been obtained from tests on
residually stressed piles to permit formulation of explicit load transfer
functions for residually stressed piles (32), although Holloway, et al.
(29) have used a one-dimensional wave equation algorithm to predict, in
effect, the offsets in the curves in Fig. 1.2. Baseline formulations for
shaft load transfer functions where residual stresses are considered
implicitly are given by Vijayvergiya (80):
=f 120875, )2 . 8;:/8

fij ij max ije | 613.‘/5.. <1 (1.3)

ijc ijc

and Fij = fij X (peripheral area of element).

In Eq. (1.3), fij max
which may be determined in several ways. For illustrative purposes two
simple procedures are suggested below.

is the ultimate local unit side resistance,

For driven piles in clay: fij max = 9, (1.4)
where a=1 if Cu < 500 psf (24 kN/mZ)
0.5 if c, > 1500 psf (72 kN/mz)

(43

and o varies linearly from 1 to 0.5 for 500<cu<1500 psf (1). Tomlinson
(72) suggests that o might be increased by 20% if the piles are tapered.
For driven piles in sand: fij max = K av tan ¢PS

4

3D, () (1.5)

<0.12 Qo

The upper limit in Eq. (1.5) is an average value quoted by Vesié

(79) and is a function of the relative density of the sand, Dr‘ The

parameter K is an earth pressure coefficient, often taken as 1.25 for a

pile in compression and 0.8 in tension; Erv is the wvertical effective

stress in the sand; and ¢PS is the angle of pile-soil friction, which can

be taken to be approximately five degrees less than the angle of
internal friction of the sand (80).

11



A proposed relationship for load transfer at a pile tip (80) is

- /3
%g = %p max O18/%mc) 7 3 %p/%pc ! (1.6)

in which QiB max is the bearing capacity of the tip as calculated from
bearing capacity theory for deep foundations.

In Egs. (1.3) and (1.6), 51;' c and GiB c are relative local deflections
between the pile and soil at which the maximum load transfer is
achieved in an isolated pile. Values for Gijc may be taken in the range
0.2 to 0.4 in. (the upper value being more appropriate in sands), and
6iB c may be taken as aﬁpro:dmately two 1o five percent of the diameter
of the pile tip (80).

Since the unit load transfer functions (Egs. (1.3) and (1.6)) were
developed from correlations with load tests, some departure from true
behavior at a specific site is probable. For this reason it is desirable
to obtain improved functions at the site of a pile group to be modeled
by conducting load tests on single piles that are instrumented to
discriminate end bearing from side resistance. Further specific
discussion of axial load transfer functions may be found in Refs. 16,
17, 30, 51, and 52.

Mathematically, the load transfer function model requires solution

of the following set of equations for each ith pile in the group:

Qg = Egip %ip .7
Q5 = Q541 Fij (1.8)
..=E .. 8., _ (1.9)
ij sij ij
AE

Qij I (Gij - 6i,j+1)’ where AE = pile stiffness (1.10)
Equation (1.7) is applicable only for the bottom node and Eqs. (1.8)-
(1.10) are applicable for the remaining nodes. The various terms are
defined in Fig. 1.2. A final requirement is that the ordered pair of
values for ai}. and 1='ij (or QiB) coniputed lie on the load transfer
function curve for location ij. This requirement creates the necessity
for the solution to be obtained iteratively since the load transfer
functions are typically nonlinear. The boundary condition is specified

load or displacement at the top of the pile. Closure is achieved at the

12



time the computed Fij' QiB' and Gij values fall within a specified
tolerance of each load transfer curve.

In preparation for group analysis the top axial load or displace-
ment is varied and a nonlinear load-displacement curve, or "mode"
curve is established for each pile head in the system. Nonlinear
algorithms similar to the axial load~displacement algorithm just described
can be used to develop lateral load-deformation mode curves about two
lateral orthogonal axes through the pile heads, denoted v and w (49).
Assuming that the pile is attached to the cap through a rotational
elastic restraint spring (whose stiffness is infinite if the pile head is
rigidly built into the cap), four pile-head lateral load relationships
("modes") relating shear, moment, displacement, and rotation are
obtained for pile-head motion normal to or about the w-axis and four
more are obtained for pile-head motion normal to or about the w-axis.
These lateral load modes are indentical for the v and w axes if the pile
is symmetric. A similar mode curve is obtainable for torsion (49).
These various pile-head mode curves are depicted in Fig. 1.3.

In Fig. 1.3, a is used to denote rotation, Q denotes force, and M
denotes moment. The subscripts u, v, w refer to a local coordinate
system, also defined in Fig. 1.3, whose coordinates are Xi’ Yi' Zi with
respect to a global system defined for the group as a whole. If a
given set of deformations for the pile heads is assumed, secant moduli
can be drawn to the various mode curves in Fig. 1.3, as shown, and
the pile-head loads and deformations for Pile i in its local coordinate
system can be written as:

- —
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where Gui is Gli from Fig. 1.2, etc. In simpler representation,

[s]; {8}; = {F;} (1.12)
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The stiffness matrix [S]i is referred to global coordinates, and three
dimensional pile and load vector orientation is introduced through a
geometric transformation as follows, it the cap is assumed rigid:

[RI; = [V], [s], [U]] (1.13)
where [U]i is a matrix for the pile defined in Ref. 49. The global
stiffness matrix [R]i is obtained by summing {R]i for all pile heads. If
the pile cap is not in contact with the ground then, {AA}, the
deformation vector at the global origin due to an incremental load vector
{AF} applied at the global origin is given by

{aa} = [RI7" {aF} (1.14)

The corresponding pile-head deformation vector {6}i and pile-head load
vector {F}i are given by

fo}; = (V1] {aa} (1.15)

1

{F}, = [sl;, {8}, (1.16)

At this point compatibility is checked between load and deformation on
each pile-head mode curve (Fig. 1.3). If load and deformation are not
compatible, the secant modulus is adjusted such that it passes through
the mode curve at the computed wvalue of deformation, and the
procedure is repeated iteratively until compatibility is achieved in all
modes for every pile. The algorithms used to obtain the mode curves
are then entered with computed pile-head deformation as boundary
conditions to compute the distribution of soil reactions, moments,
thrusts, and displacements along each pile.

The lateral pile-head reactions and deformations are compatible in
this model in the v and w directions but may not be compatible in the
direction of resultant lateral motion in the v-w plane. An error is also
introduced by superimposing loads from Modes I and II {rows 2, 3, 5,
and 6 of Eq. (1.11)) when the lateral deformations are in the nonlinear
range. Errors of this type are minor except when lateral deformations
of the pile heads are very large, as may occur near failure under high
lateral loads or under high wvertical loads when piles are battered to an
extreme inclination.
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The assumptions involved in the load transfer function model are
as follows:

(1). The pile cap is rigid.

(2). The pile-head mode relationships are complete and
independent of one another. ,

(3). The cap either does not contact the ground or the
ground contact has a minimal influence on the behavior of the group.
Experimental evidence indicates the latter condition may be true for
most cases.

(4). The piles are elastic, although their structural
properties can vary arbitrarily along their length, and each pile can be
of a different length.

(5). The axial soil reaction against the piles can be expressed
through the f-z and Q-z (load transfer function) relationships, and
‘related functions can be used for lateral and torsional response. The
axial, lateral, and torsional load transfer functions are not coupled.

(6). There is no effect of the loading of one pile on the
load-deformation response of other piles in the group (i.e., no "pile-
soil-pile interaction").

(7). Soil conditions, including in-situ = stresses before
installation, soil and water table profile, relative pile-soil flexibility,
pile size, and installation technique, especially as related to the driving
hammer and cushion, were similar in pile tests used to derive any
parametric inputs fmax and éijc to the load transfer functions to the
corresponding parameters for the case being modeled. For example, f-z
curves for long, flexible piles in stiff, overconsolidated clay will not
necessarily be similar to f-z curves for short, rigid piles in normally
consolidated clay.

(8). The installation of adjoining piles in the group causes no
changes in these functions.

The success to which this model can be applied is directly
dependent on how closely these assumptions are approached in the
group being modeled.

Assumption 1 has been relaxed by recent extensions of the model
(9,11). Assumption 6 limits the application of the model ‘to cases where
accurate settlements are not required (e.g., where distributions of
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loads to pile heads may be the only concern), or to groups in which
piles are widely spaced, such as offshore drilling platforms.

Assumptions 5, 7, and 8 require further elaboration. With respect
to Assumption 5, the case has been made that significant difficulties
exist in prediction of stress-deformation behavior of soils in the vicinity
of a pile after installation. In genéral it is beyond the present state of
the geotechnical art to make such predictions on a completely
mathematical basis. Therefore, the load transfer functions are derived
empirically from instrumented load tests on individual piles conducted in
one mode (axial, lateral, or torsional). The uncoupling of the modes
can be argued from the point that the primary modes, axial and lateral,
produce predominant load transfer at different locations along the pile,
with the greatest lateral load transfer occurring near the ground
surface. If Assumptions 7 and 8 are fully realized, the model considers
the effects of stress-deformation changes in the soil after installation,
soil tension, residual stresses in the piles, body weight of the soil,
arching, and the coupling that occurs between axial load transfer at
one level and another in a single pile.

d. Subgrade Reaction Model. The subgrade reaction model,
sometimes called the Reaction Coefficient Model is an antecedent to the
load transfer function model (31). It is capable of handling three-
dimensional geometry in its most advanced forms (3, 46, 63). The
principal difference in the subgrade reaction and load transfer function
models is that lateral response of a pile in the subgrade reaction model
is modeled by using a modulus of subgrade reaction (26) or elastic beam
on foundation theory, and axial response is modeled by a column of
some characteristic length, instead of representing the soil-pile
interaction through load transfer functions, to produce the coefficients
in Eq. (1.11). This model has been extended into the nonlinear range
for both piles and soil using elastic-plastic representations for the soil
and pile material (48, 62). It suffers from the distinct disadvantage
that pile-soil-pile interaction is not considered; however, it is easier to
use directly by a practitioner than any of the other models described.

e. Hybrid Model. The finite element model, although
theoretically suited to model the pile group problem, has not been
developed sufficiently to combine the effects of such important
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parameters as three-dimensional pile attitude, pile-soil slip, and the
effect of pile installation on scil properties. It presently has undesirable
computational speed characteristics, sufficient to make it impractical for
all but the simplest parameter studies. A rational model combining the
strong features of the elastic solid model and the load transfer functioh
model, herein termed the "hybrid model," is therefore proposed as a
practical tool for investigating the behavior of pile groups pending
further advances in finite element modeling. The hybrid model is
similar to the load transfer function model, except that the ability to
handle the effect of load transfer from one pile on the load-deformation
behavior of another pile is included by using that portion of the elastic
solid model which calculates displacements at points in the halfspace
that coincide with pile nodes due to load transferred from neighboring
piles. In essence, a portion of the elastic solid model is used to
correct the load transfer functions -to account for the mechanical
component pile-soil-pile interaction, which eliminates Assumption f of the
load transfer function model.

The hybrid concept was first proposed for the special case of
groups of laterally loaded vertical piles by Focht and Koch (25) and
later extended to three-dimensional pile groups subjected to a general
system of loads on the cap (49). The following assumptions, in
addition to the assumptions for the Load Transfer Function Model, are
employed in the hybrid model:

(1) The axial, lateral, and torsional modes of behavior of a
single pile within the group are influenced mainly by the soil properties
in the immediate vicinity of the pile after installation, which can best be
modeled using the load transfer function model.

(2) Installation of other piles in the group either do not
effect the load transfer functions, or effect them in a way that is
predictable before an analysis is conducted.

(3) Loading of surrounding piles effects the load transfer
functions only by making them softer or stiffer and has no effect on
the maximum unit shaft resistance or end bearing. This modified
stiffness effect can be accounted for by using the component of the
elastic solid model that computes additional movements at the location of
a node on one pile due to reactions against the soil at all nodes on &ll
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other piles. In this way the objection of using Mindlin's equations
(development of zones of tension in the soil immediately surrounding a
loaded node) is minimized, because calculations are accomplished only
for interaction of nodes on separate piles, which are typically spaced
more widely than nodes on a single pile, and not for closely spaced
nodes on a single pile where the problem of tension is most.pronounced.

(4) The soil between and surrounding the piles is assumed
to be weightless and elastic for purposes of considering the effect of
loading of adjacent piles on the load transfer functions of a given pile.
The reinforcing effects of the piles themselves (i.e., the fact that the
pile-soil system is not a true homogeneous halfspace) are accounted for
by using elastic constants for the elastic halfspace that are slightly
higher than those for the soil. _

The implied use of two independent soil regimes, one close to the
pile that has been greatly influenced by installation, which is modeled
mainly by f-z and Q-z curves, and one farther from the pile that is
less influenced by pile installation, which is assumed to transmit
stresses between piles in a group, is at least partly justified for piles
in insensitive clay by the study of Cooke and Price reported earlier in
which two separate soil regimes were identified.

The algorithmic approach to the hybrid model is to use the load
transfer function model as the primary computational tool and to use the
elastic solid model to correct the load transfer functions in the manner
described below.

(a) The load transfer function portion of the model is
used to analyze the pile group once, assuming that no pile-soil-pile
interaction exists. The resulting solution includes the loads, axial and
lateral, that are transferred from the piles to the soil and correspond-
ing three-dimensional deflections (parallel to the u, v, and w axes) at
every node in every pile.

(b) The displacement in the soil at the location of every
Node i on every Pile I due to the effect of the load computed to be
transferred in (a), above, from the pile to the soil at every Node j on
every other Pile T is computed by
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where N and K are the number of piles and number of nodes per pile,
respectively, dXh is the displacement in the soil mass in the X
direction at Node i on Pile I due to the vector of soil reactions at every
jth Node on every Jth pile, and ]] is the displacement due only to
the wvector of soil reactlons on one jth Node on one Jth pile. The
quantities dYIl th 11 and c% are similarly defined, and all of
these dlsplacements are calculated by using the following relationships,
in which G is the soil's shear modulus and v is the soil's Poisson's
ratio. Figure 1.4 defines other symbols.
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In Eqs. (1.20), (1.21), and (1.22) (Mindlin's equations), xji, in, and zJi
are the coordinates of Node i on Pile I with respect to a local coordinate
system that has its origin at Node j, Pile J (the loaded node) and is
parallel to the global system. The parameters G and v can be constants
or, as an approximation in a soil of varying stiffness, the average
values that exist between the two nodes. In Fig. 1.4, QA]j is
the axial load transferred from the pile to the soil at Node j, Pile J,
and QLIj is the resultant lateral load transferred at that node, whose
direction is obtained in the load transfer model. QXIj' QYIj’ and QZJj
are these loads resolved to the local coordinate system at Node j.
Additional deformations due to the transfer of torsional moments have
been neglected in this algorithm, but they could be included with
moderate effort. Elastic displacements transverse to the line of action
of a force have been excluded since they are small relative to
displacements parallel to the line of action.

(c) The displacements computed above are resolved into
coordinate directions at Node i, Pile I, that are parallel tq the u, v, W,
(pile head) local coordinate system. The pile displacements computed
neglecting pile-soil-pile interaction in those directions have been
retained from Step (a).
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(d) The axial (u-direction) load transfer curve at each
node is then modified as illustrated in Fig. 1.5, which depicts an axial
load transfer function where no residual stress exists in the pile. It is
assumed that the soil deformation in the u direction produces a transla-
tion of the curve such that there is compatibility between the axial load
transfer computed for the node in Step (a) and the sum of the axial
(u) deflections computed in Steps (a) and (b). If lateral! loading
occurs on any pile in the system, similar modifications are made in the
lateral load transfer curves independently in the v and w directions, so
that it is not necessary to assume a resultant direction of lateral
displacement along a pile. At this time it is appropriate to note that
there is coupling between lateral (v- or w- direction) loads transferred
to the soil from Pile J and the axial (u-direction) displacements on Pile
I if the piles are not parallel. Hence, in such a case, the modified
axial load transfer function is influenced by lateral loads on other piles
in the group.

(e) The pilechead mode curves (Fig. 1.3) are
redeveloped using the load transfer function model and the modified
load transfer curves as inputs, and a new set of pile head loads and
loads and deformations along each pile is computed.

(f) The deformations computed in Step (e) are
compared with the combined deformations from Step (d). If they differ
by a prescribed tolerance, the control returns to Step (b), using the
computed transferred loads from Step (e), and the solution continues in
an iterative fashion until closure is achieved.

The above algorithm has been programmed for the digital
computer. Experience with the hybrid model indicates that one set of
corrections of the load transfer functions is usually sufficient. Compu-
tation time has been reduced by computing deflections in Steps (a) and
(e) at 50 nodes along each pile but limiting the computation of
additional deflections, Step (b), to eleven nodes on each pile. The
additional displacements at the remaining 39 nodes are determined by
fitting the discrete displacement at the eleven nodes for which
additional displacements were computed by cubic splines and then
computing the displacement from the spline functicns.
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Empirical evidence exists (69, 81) that whenever r (Fig. 1.4)
exceeds about 0.2 times the length of Pile J, pile-soil-pile interaction is
insignificant in relatively uniform soils. This observation has been
used to further reduce computation time by including an option to
exclude pile-soil-pile interaction calculations between piles that exceed
this spacing everywhere along their lengths. With this option, the
average execution time is about 10 seconds per pile per load on a
Univac 1108 machine.

The choice of values for G and v in Step (b) is presently the most
difficult aspect of applying the hybrid model. This problem will be
addressed in Chapter 2, although preliminary analytical studies (50)
with short term loading of groups of axially and laterally loaded piles in
clay, both vertical and battered (34, 35, 36, 64, 65), indicate that in
the absence of high quality stress-strain data G for short term
horizontal or wvertical locading on the cap is in the range of 170-270
times the undrained cohesion of the undisturbed soil. This range is
consistent with values for undisturbed soils reported in the technical
literature (39, 40), suggesting that the stress-deformation properties of
the less disturbed soil beneath the pile tips and at some distance
laterally from the group influences the behavior of a group of piles in
clay more significantly than that of the more highly disturbed soil
immediately adjacent to the piles or that disturbance is a short-lived
phenomenon.

Long-term (consolidation) settlements in groups in uniform clays
can be calculated in the hybrid, elastic solid, and finite element models
by substituting the appropriate values and variation of drained elastic
modulus and Poisson's ratio for the undrained wvalues. When the
consolidating soil lies entirely beneath the pile tips, it is most
advantageous to use a version of the elastic solid model that permits
distinctly different moduli to be input beneath the pile tips or the finite
element model. In order to compute long-term settlements from the
hybrid model in such a case, the computed tip and shaft loads on each
pile from a short-term analysis can be used to compute consolidation
settlement off line by using Boussinesq or Mindlin stress distribution
charts. Charts based on Boussinesq theory are advisable since
Boussinesq theory does not permit tension in the soil.
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Miscellaneous Models

A number of models have been developed to yield distribution of
loads among pile heads without regard for load-displacement behavior of
the piles or capacity. These models are useful only where inclined and
eccentric loads are applied to the cap and will therefore not be
enumerated here.

Vesi¢ (78) has described a simplified elastic solid model currently
under development which shows promise primérily in its ease of use.
He has also proposed the development of a new model based on the
finite element method, perhaps coupled with the wave equation, to
assess the effects of pile installation on group behavior. While such a
model would be of great benefit, no version is known to yet exist.

The dynamic response of pile groups may in the future become a
concern to transportation engineers. Several models for predicting
such response to load applied at the pile cap have been proposed and
have been used with varying degrees of success (46, 47, 63, 66, 70,
82). The basis of most of these models is elastic halfspace theory or
replacement of piles by equivalent structural elements having damping
and stiffness equivalent to values estimated for the real piles through

the use of various techniques. Further consideration of dynamic group
models is beyond the scope of this report.

Efficiency Models

The analytical models described in the preceding sections may be
described as load-displécement models. As such, none is capable of
computing the correct ultimate capacity of a single pile or pile group.
The elastic solid, load transfer function, and hybrid models can yield a
plunging failure load, but in the case of the elastic solid model, this
load must be known in advance. In the load transfer function and
hybrid models the plunging failure load in the group is always the sum
of the individual plunging failure loads of the piles. Existing three-
dimensional finite element models for pile groups are linear and hence
do not permit calculation of ultimate capacity. A similar statement is
true of the subgrade reaction model, although it is possible to calculate
an ultimate load in one version (62). '
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On the other hand, several well-known methods exist for calcu-
lating, in an approximate manner, the ultimate capacity and efficiency
of pile groups but which are incapable of predicting load-deformation
characteristics. The Converse-Labarre formula (45) and Feld's rule
(22) are examples of such methods, and the block failure model of
Terzaghi and Peck (71) may be viewed as an efficiency model. No
rational basis is known for the Converse-Labarre formula; however, the
block failure model is rational and Feld's rule has a rational basis. It
is significant to point out that these methods are only intended for
application to friction pile groups in soft clay.

Group efficiency is normally defined as the ratio of the ultimate
bearing capacity of a group of piles to the ultimate bearing capacity of
an isolated pile times the number of piles in the group. As
demonstrated by Whitaker (81) and Sowers, et al. (69), the efficiency
can be less than unity for closely spaced groups of long friction piles
in soft clay. However, when pile groups are installed in sand or are
driven through clay or sand to rock, the efficiency is likely to be very
near or possibly greater than unity. In these cases, efficiency models
are not valid and are probably unnecessary for design purposes. For
example, Vesi¢ (75,76) has demonstirated that the average tip capacity
of a pile in a group in sand is equal to that of an isolated pile and that
the shaft resistance is greater within the group than for
the isolated pile.

The problems of efficiency of friction pile groups in stiff over-
consolidated clays or groups driven through stiff, overconsolidated clay
to a firm bearing stratum other than rock is not well-understood,
although the efficiency is not expected to be significantly less than
unity for relatively small groups in these stratigraphic situations.

The analyst or designer is obviously faced with the problem that
no single existing model can predict both the load-deformation and
efficiency characteristics of a pile group. It is suggested, however,
that the greatest concern of the designer is in most cases the
settlement that occurs in the group under a given load rather than the
efficiency of the group and that a load-deformation model is most
appropriate for investigation of that phenomenon. Group settlement
can be characterized by a settlement ratio, or ratio of group settlement
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to settlement of an isoclated pile loaded to the average of the loads on
the piles in the group.

When efficiency is a concern, as in the case of groups of friction
piles in soft clay, one of the efficiency models (preferably the block
failure model or Feld's rule) should be used as a supplementary tool to
insure the desired factor of safety against plunging failure. This
report will employ this philosophy.

General Comparison of Models

The five models described earlier in some detail are compared in
tabular form in Table 1.1 according to the factors of soil-structure
interaction each considers and according to the wuseful information
output. Typical characteristics of the efficiency models are also
indicated. The designations used in Table 1.1 are:

- Characteristic of the model
Characteristic of special versions or considered partially
Not a characteristic of the model
Considered or output only if estimated before making the
analysis and/or requires empirical interpretation of
results.

oaw

The key to assigning designations, which was accomplished
somewhat subjectively based on experience and literature review, was
whether existing algorithms actually have the ability to consider or
output the indicated items and not whether the theory on which
algorithms were based have the capability for such considerations. The
designations B for settlement under long-term loading and settlement
under a prescribed load refers to the fact that linear theory must be
used. Assignment of a designation A to a model does not necessarily
mean that the model considers the item correctly, but only that it is
considered in some rational manner.

Table 1.2 compares the load-deformation models in order of ease of
usage, both in terms of direct use of specific algorithms (digital
computer codes) and in terms of design aids that have been developed
from the models. In evaluating the ease of direct use, the primary
criterion was the time required by an engineer familiar with input
methods to prepare input and interpret output. Secondarily, execution
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TABLE 1.2. RANK OF LOAD-DEFORMATION MODELS FOR
DESIGN USE ADAPTABILITY

Ease Of Direct Use Of
Existing Algorithm

Specific
Rank Model Algorithm Considered
1 Subgrade Reaction Various
2 Elastic Solid DEFPIG
Load Transfer Function BENT 151
Hybrid GP3B
5 Finite Element _ Solid Sap

Availability of Parametric

Design Aids

Aids Available In

Rank Model References
1 Elastic Solid 6, 12, 13, 18, 54,
57, 58, &0
2 Finite Element 53
3 Hybrid None

Load Transfer Function
Subgrade Reaction
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time on the computer was considered. Specific algorithms evaluated and
authors were DEFPIG (H. G. Poulos-presently in proprietary use of
McClelland Engineers), Elastic Solid; BENT 151 (L. C. Reese), Load
Transfer Function; GP3B (H. B. Ha), Hybrid; and Solid Sap (E. L.
Wilson), Finite Element. The finite element model was rated hardest to
use because of the extreme length of time that is required to input a
three-dimensional mesh, to interpret results, and to execute the
program. The hybrid, elastic solid, and load transfer fﬁnction
algorithms require approximately the same amount of effort by the user,
although the hybrid and load transfer function methods require that the
user be familiar with load transfer function formulations.

No design aids are knewn to have been developed for the hybrid,
load transfer function, and subgrade reaction models because their use
in the past has been principally in analyzing unique problems, such as
foundations for offshore drilling platforms, that usually involve multi-
directional loading and batter pile configurations.

Selection of Models for Further Study

None of the models described meets all of the requirements
enumerated at the beginning of this chapter. However, the load
transfer function and subgrade reaction models appear particularly
deficient because they fail to take pile-soil-pile interaction into account,
and they will be eliminated from further consideration as wviable group
models because of this fact. The finite element model meets three of
the output requirements enumerated in Table 1.1, and partially meets a
fourth. The hybrid model meets three, and the elastic solid model
meets two and partially meets a third. The finite element method in its
present form is not appropriate for direct design office use, and the
hybrid and elastic solid models could successfully be used directly in a
design office only for major foundation studies. All of the latter three
models are adaptable, however, to the production of design aids that
could be used in simple cases of routine foundation design. Of these
three remaining models, the hybrid is the most readily adaptable to
design problems involving batter piles and lateral loads and moments
applied to the group.
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On the basis of the preceding comments it was decided to study
the finite element, elastic solid, and hybrid models in further detail by
using each model to predict various aspects of the performance of
several full-scale and large-scale model groups that have been tested in
the past and that have been described in the technical literature. At
the end of this detailed study a single model will be selected for
modeling a proposed full-scale pile group to be load tested during Phase
IT of this project.



Chapter 2. Comparative Study of Prediction
Capabilities of Finite Element, Elastic Solid, and Hybrid Models

General

The three remaining models were evaluated according to their
ability to predict the performance of five different groups of vertical
piles that had been tested under vertical load and reported in the
literature. The models were studied in relation to their ability to
replicate measured load-settlement behaviof, load transfer patterns, load
distribution among piles, and surface settlements, as the method
permitted. An attempt was also made to obtain semi-empirically values
of group capacity and efficiency from the load-settlement curves and to
evaluate whether the models could be used approximately to obtain
efficiency.

The tests chosen for this study were selected on the basis of
several criteria described in Table 2.1.

The tests selected were:

a. A full-scale test of a nine-pile group of monotube piles in soft
to medium stiff clay on Cortableau Bayou at the N.O.T. and M. railway
crossing in Louisiana by the American Railway Engineering Association
(2), hereafter referred to as the AREA test.

b. A large model test of a closely-spaced, nine-pile group of
cylindrical aluminum tube piles in medium dense sand at Georgia Tech
University (74, 75, 76), hereafter referred to as the Vesié test. (One
group test., designated P-93, of a series of tests was modeled. One
single pile test, designated P-13, was used as the reference pile test.)

c. A full-scale test of a nine-pile group of monotube piles driven
through medium stiff clay into stiff clay in Omaha, Nebraska (64, 65),
hereafter referred to as the Schlitt test. _

d. A full-scale test of a nine-pile group of cylindrical steel piles
driven into very sensitive, medium stiff clay in Japan (38), denoted the
Koizumi and Ito test.
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e. A full-scale test of a linear three-pile group of cylindrical
steel piles driven into stiff, overconsolidated clay in London, England
{15, 61), denoted the BRE test.

All of these tests meet all of the criteria listed in Table 2.1, with
the following exceptions: The Schlitt and AREA tests were not
conducted to complete failure, the Vesié test was not full-scale, and
surface movements were not reported for the AREA and Schlitt tests.
Pile penetration varied from five feet (Vesi¢ test) to approximately sixty
feet (AREA test), and pile spacing varied from two butt diameters
(Vesié test) to 4.5 butt diameters (Schlitt test).

There exists a notable lack of well-documented, instrumented load
tests on pile groups in sand, which was the primary reason for the
choice of the large scale model test as an appropriate test to model
mathematically. No appropriate tests meeting the criteria of Table 2.1
could be found with between three and nine piles, except for additional
large-scale model tests reported by Vesié. Numerous other tests have
been described in the literature that describe various aspects of load-
settlement behavior (e.g. 7, 8, 33, 35, 37, 41), but these descriptions
lack adequate data concerning either load transfer patterns, load
distribution among piles, soil characteristics, surface settlements, or
behavior under purely vertical loads which are essential to the
investigation of the mathematical models. They were therefore not
considered in this study.

Methodology of Comparative Study

The principal purpose of the comparative study was to determine
how well each model predicted the behavior of a group of piles, rather
than that of a single pile. Therefore, the first task performed in
modeling each group test was to arrive at the inputs that would yield
good replication of individual reference pile behavior at each site for
each of the three models. These inputs were then used in the group
model. In this way, the effects of any inappropriate choice of values
for input parameters (such as Young's modulus of the so0il and pile-soil
slip value in the elastic solid model and f-2z relationships for the hybrid
model) on the predicted response of the group would be minimized,
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making the comparative results for the group tests more indicative of
the abilities of each model. In the reference pile, load-settlement
behavior was investigated for each model. Load transfer behavior was
investigated for the finite element model! and hybrid models. Charts
and/or algorithms to yield load transfer characteristics in the elastic
solid mode]l have been developed only for special cases that could not be
applied to the tests being modeled.

The inputs for each model were adjusted in modeling of the
behavior of reference piles as follows:

a. Hybrid. A direct computer solution was used (Program
GP3B). The geometric and structural properties of the pile were input.
The pile dimensions are shown in the figures describing the tests later
in this chapter. In each of the tests the piles were hollow steel or
aluminum piles. Only in Piles 7 and 9 in Schlitt's test were the piles
filled with concrete. For purposes of modeling, the Young's moduli for
the various pile materials were taken as follows:

Steel ..unriennannnns 3.0 x 10psi = 20.7 x 107 kN/m®
Aluminum................. 1.01 x 10'psi = 6.96 x 10’ kN/m?
CONCrete. ..nvveennnnnn... 2.5 x 10%si = 17.2 x 105 kN/m?

Step variations in section properties were used where the pile was
tapered. Baseline f-z and Q-z curves were first used to obtain load-
settlement curves and load transfer patterns in the reference piles. .
The curves were those of Vijayvergiya (80) described analytically in
Egs. (1.3) and (1.6). For purposes of describing fmax' Eq. (1.4) was
used for the clay tests, except for the Schlitt test, where the A factor
(80) was used arbitrarily. Equation (1.5) was used for the sand test,
with K taken as 0.7. Quax for the sand test was evaluated from the
product of the base area, the vertical effective stress, and a bearing
capacity factor N q* taken initially as 40 according to Ref. 80. In the
clay tests, Qmax was taken as the product of the base area, the
undrained cohesion of the soil at the tips of the piles and a bearing
capacity factor N cr taken to be 9. No residual stresses were assumed
to exist. The f-z curves were varied with depth as soil properties
changed. _

All solutions were then repeated with adjusted f-z and Q-z curves
as necessary to affect reasonable agreement between measured and
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computed results, and the adjusted load transfer functions were then
used for the later analysis of group behavior.

b. Elastic solid. The elastic solid model was studied using
graphs developed from parametric studies. The solutions obtained from
these graphs were checked using a direct computer solution (Program
DEFPIG) for the AREA and Vesi¢ tests. The specific procedure for
using the charts to obtain load-settlement response is described by
Poulos in Ref. 55. For the test in sand, a special "boundary element"
formulation proposed by Banerjee and Davies (5) was also used. This
formulation permits a uniformly increasing modulus with depth which
the method proposed in Ref. 55 does not. In both methods the
structural and geometric properties of the piles were modeled using
average properties and by treating each pile as if it were prismatic,
since the procedure does not contain provisions for explicitly handling
tapered piles. The soil in the Poulos model was treated in the most
general manner permitted by the model, which is a two layer system in
which the soil along the shafts and beneath the base may have different
elastic properties. For the clay tests, the elastic modulus of the soil
was taken to be constant with depth and was estimated from the
reported undrained cohesion cy since reliable stress-strain data were
generally unavailable. The elastic modulus E was taken initially to be
in the range of 400-1000 Cyr 88 suggested in the literature for
undisturbed soils (39, 40) and varied until reasonable agreement was
reached. In the test in sand it was deemed appropriate to define
separate soil moduli at and below the pile tips (EB ASE) and above the
pile tips (Es). Initially, as a baseline, EB aAsp Was set equal to EB,
evaluated from Eq. (2.1), which is an expression proposed by Vesié
(73) for the elastic modulus of sand directly beneath the tips of driven
piles. It includes the effects of compaction and confinement produced
by installing the pile.

- W2vT o F 2 |
Eg = 25(1-v7)yz Nq (1+D°) (2.1)

where
v = Poisson's ratio of the soil, taken as 0.5 since the
soil was near critical density
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Yy = Effective unit weight of the soil
z2 = Tip depth

N_ = Bearing capacity factor

D = Relative density

In order to obtain a baseline value for EB, 'Nq=|= was calculated
from the measured tip capacity of the pile. The modulus of the soil
above the pile tip E g Wwas taken initially as 0.1 EB ASE in accordance
with recommendations made by Poulos. In the Banerjee and Davies
version EB ASE Was simjlarly defined, and the modulus along the shaft
was then fixed by the linear variation provided in their version of the
model. ' '

The analytical procedure employed permits nonlinearity in the
load-settlement relationship to be included if the ultimate or maximum
shaft and tip loads are known and input. Since they were known in
each test, they were input, and complete load-settlement curves were
replicated.

Finally, the moduli were varied until reasonable agreement between
measured and predicted load-settlement behavior was achieved.

c. Finite element. Solutions were obtained by using graphs
obtained from parametric studies by Ottaviani (53) for an elastically
"uniform” soil (i.e., the tests in clay). The Ottaviani study assumed a
uniform elastic soil. The baseline moduli were chosen and then varied as
in the elastic solid model. Poisson's ratio was taken as 0.45 for clay
(the only value available from Ottaviani's graphs).

The second task in the study was to use adjusted inputs from the
replication of reference pile behavior directly as input in analysis of the
associated group. In modeling the groups by the hybrid method, it
was necessary to choose a modulus of elasticity for the ambient soil, a
variation thereof, and a value for Poisson's ratio. Poisson's ratio was
taken to be 0.5 in each case. Several different group solutions in each
case were obtained by wvarying the soil modulus. In clay, E was
assumed constant with respect to depth and was varied as a function of
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the reported value of undisturbed undrained cohesion in a manner
similar to that employed in the single pile analyses with the elastic solid
model. In sand, E was varied with depth in a manner similar to the
ambient modulus variation in the boundary element model. The value of
EB ASp Was also varied.

The most appropriate value for the modulus of the ambient soil was
observed from the various group solutions, enabling the input value for
the ambient soil modulus to be evaluated. The hybrid model is the
only model of the three that presently permits input of independent
values of soil modulus to account for pile-soil-pile interaction once the
behavior of a reference pile has been established.

The elastic solid and finite element group solutions proceeded
directly with the use of parameters evaluated by modeling the reference
piles. The elastic solid model requires establishment of ratios of
settlement of the pile group ‘to that of the reference pile. These ratios
are computed by solving systems of simultaneous algebraic equations
that employ pile-soil-pile interaction factors (54) that were obtained
from Refs. 54, 57, and 60. Solution of these equations, which was
accomplished using a hand calculator, also yields distribution of loads to
the piles, but not load transfer patterns.

The elastic solid model also permits calculations of surface
settlements (5,59) which were also obtained in this phase of the study
for those group tests where surface movements were monitored.

The tedious process of solving simultaneous equations that is
necessary with the elastic solid model can be circumvented in some
special cases by wusing tabular settlement ratic wvalues (57). A
proprietary computer program, DEFPIG, also calculates interaction
factors and solves equations. That program, which handles pile-soil-
slip in a somewhat more appropriate manner than can be accomplished in
the hand-graph solution, was used to check the load-settlement curves
from hand solutions for the AREA and Vesié tests.

Efficiency
It has already been stated that the three models being considered

do not yield either ultimate capacity of the group or group efficiency.
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An attempt was made in studying the output from modeling the pile
group tests to investigate whether capacity and efficiency could be
computed in an approximate fashion by determining the "failure" load
corresponding to a "failure settlement" or to a rate of settlement that
might be considered to represent failure.

Two procedures were employed to thus estimate failure load from
the computed and measured load-settlement curves.

a. Modified Davisson Failure Load (MDFL). Fellenius (23) has
analyzed a number of methods for predicting the failure load of piles
that have been tested to a load that does not produce plunging failure
and has recommended adoption of a technique proposed by Davisson for
computing failure load. In that method ‘

_ L B,
Sf = (AE) Qf + 0.15 + 170 (inches) {2.2)

for a single pile, where Sf = settlement corresponding to failure load,
Q. L is the length of the pile, AE is the elastic stiffness of the pile,
and B = diameter of pile tip, in inches. The first term represents
elastic foreshortening of the pile, and the second and third represent
tip quake, or displacement necessary to attain irrecoverable tip
deformation.

Since most piles have some load transferred between the butt and
the tip, the failure settlement computed by Eq. (2.2) has been modified
for this study to reduce somewhat the elastic foreshortening term by
using an average value of load in the pile at failure rather than the
value at the butt, so that the modified form of Eq. (2.2) becomes

0.6L B

Sf = E—») Qf + 0.15 + 120 (inches) (2.3}

For a pile group a further modification is made:

_ 0.6L, g &AB
ng = (——AE ) N- 1 0.15+ 355 (inches) (2.4)
where the subscript g pertains to the group and N = number of piles in
the group. The use of the square root term is partly' justified on the
basis that observations have indicated that settlement in a pile group is
approximately proportional to the square root of the width of the group
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(79) and the fact that most of the increase in settlement that occurs in
a group in excess of that in a single pile occurs as a result of added
displacement of the pile tip. Equation (2.4) is basically an assumption
and is probably not valid for nonsquare groups.

Using Eq. (2.3) for the reference pile and (2.4) for the group,
"failure” loads were determined from the measured and computed load-
settlement curves for both the single pile and the group and the
efficiency obtained as

Indicated group failure load
N x (Indicated reference pile failure load)

Efficiency = (z.5)

b. Slope Method. Fuller and Hoy (27), among others, have
indicated that failure of a single pile may be said to occur arbitrarily
when the slope of the gross load-settlement curve reaches 0.05 in./ton
(0.014 cm/kN). The failure load for reference piles was therefore also
obtained from the load-settlement curve using this criterion. It is
assumed that this criterion can be applied to groups by stating that
group failure occurs when the slope of the gross load-settlement curve
for the group reaches 0.05 in./JN per ton (0.014 cm/JN per kN). This
criterion was used to compute the group failure load, and the group
efficiency was computed as indicated for the MDFL method.

It should be mentioned here that these methods, especially the
latter method, are tenuous at best, because they both depend on the
shape of the measured or computed load-settlement curve, which is
dependent on many factors. For example, the shape of the measured
curve depends strongly on the type of test conducted, such as slow
maintained load, quick maintained load, cyclic, or constant rate of
penetration (23), while the ultimate load may be relatively independent
of these effects (27).

Efficiency was also computed for each test from Feld's rule and
from the block failure mechanism.

Results of Comparative Study

The results of the comparative study are presented in Figures
2.1-2.67 and Tables 2.2-2.10, which follow. For each of the five tests
modeled, results include basic information concerning the group, soil,
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and test and the following relationships, with measured values shown
where appropriate.

a. Load vs. settlement of the reference pile by the hybrid
method.

b. Baseline and adjusted load transfer functions for the hybrid
method.

c. Load distribution pattern in the reference pile by the hybrid
method.

d. Load vs. settlement of the reference pile by the elastic solid
method.

e. Load vs. settlement of the reference pile by the finite element
method (where appropriate graphical solutions exist).

f. Load distribtution pattern in the reference pile by the finite
or boundary element method (where appropriate graphical solutions
exist).

g. Load vs. settlement of the pile group by the hybrid, elastlc
solid, and finite element methods.

h. Load distribution patterns in the pile group by the hybrid
method.

i. Surface settlements by the elastic solid and finite element
methods.

i Distribution of loads to pile heads by all methods, except
where noted.

k. Capacities and efficiencies as estimated from the measured and
computed load-settlement curves.

Group load-settlement relationships are shown in some cases for
lcad transfer function or modulus values other than the best ones
obtained from modeling the isolated pile for purposes of demonstrating
the sensitivity of the models to these inputs.

Some small inaccuracies may exist in the finite element solutions,
since parametric graphs do not exist for as wide a variety of length,
spacing, and relative pile-soil stiffness parameters as_exist for the
elastic solid methods, necessitating some interpolation.
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AREA Test

All piles in this test were installed by driving. Testing occurred
between 19 and 52 days after driving and was of the cyclic, maintained
load type. The measured load-settlement curves are envelopes to the
cyclic curves. Soil strength data are strongly suggestive that the
undisturbed values of undrained cohesion ¢, may in fact be remodeled
- values. The cap was not in contact with the soil surface.
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~ 20k FREE- — oL
- STAND- = 20
u ING W
30 1 30L
z z
g 40 L % 40| /
e / GROUP
= LOAD =
50 533.7 KIps 50 847.5 KIPS
60 60
65 65
LOAD (KiPS)
O 20 40 60 B8O 00 120 140
O 1711 |
0} /
"
- 30
e ——— MEASURED: PILE
W40 M5
- —— = COMPUTED
50 L GROUP CENTER PILE,
LOAD = ADJUSTED F-Z,
o L/ 1220 KIPS E/c_=2000
° NOTE: 1 ft = 0.305m 1 kip = 4.45 kN (AVG')
65 M = 0. 2] . 7

FIGURE 2.13. LOAD DISTRIBUTION RELATIONSHIPS, GROUP, CENTER PILE

HYBRID MODEL, AREA TEST
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TABLE 2.2 DISTRIBUTION OF LOADS TO PILE HEADS: AREA 9 PILE GROUP

Load on | Load on Load on
Applied Group Corner Edge Center
Load (kips) Hethod Piles Piles Pile
(kips) (kips) (kips)
533.7 Hybrid 60.6 58.5 57.5
533.7 Elastic Solid | 71.4 54.5 30.0
533.7 FEM * ® *
533.7 Measured 53.0%% 53.0%% 53.0%%
847.5 Hybrid 85.3 93.2 93.2
847.5 Elastic Solid 113.5 86.5 47.7
847.5 FEM * * *
847.5 Measured 84, 0%% 80.0%% 75.0%*
1220.0 Hybrid 136.1 136.0 132.0
1220.0 Elastic Solid 163.3 124.5 68.6
220.0 FEM * * *
220.0 Measured 120.0%* 104.0*% 102, 0%

*Solution for cap suspended off ground not published

**Note: Measured loads are for 1 cornmer, 1 edge, and the
center pile (M1, M4, and M5). Other geometrically
similar piles may not have carried these loads,

Hybrid Model: Adjusted f-z curves, E/cu = 2000

E

Elastic Solid Model: /cu = 1400

Note: 1 kip = 4.45 kN
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Vesié¢ Test

All piles were installed by jacking. In the case of the group, the
entire group was jacked into the soil in one action. Testing was
accomplished using a variation of the constant-rate-of-penetration test.
The cap was in contact with the soil surface. None of the models
employed considered cap-soil contact.
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SURFACE SETTLEMENT
NUMENTS

BV VAN

——— 23 IN. ——— >t 8 |N - 16 IN. -

NOTE: 1 in. = 2.54 ¢m

FIGURE 2.14. PLAN VIEW OF PILE GROUP, VESIC TEST (P-93)
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B R L T e T U P VNP

-t 23 IN. >

18 IN.

-TTTTTTM
————e

= - o e o e o g

ot

60 IN.

I I
‘ua —— — — —-—1

B I

m! |ml lml T AIR-DRY SAND

_, (CHATTAHOOCHEE RIVER
SAND)
Dr =69 %, 7=95.2 PCF
é =43°
Cu=25
dso =0.37 MM.

(D, =68 %, r=95.0 PCF
FOR ISOLATED PILE)

NOTE: 1 in. = 2.54 ¢m
1 pef = 0.157 ki/ms

TT—— 4 IN. ¢ ALUMINUM

TUBING ; WALL THICK-
NESS = 0.05 IN.

- ™" BRiDGE (ON ALL
. . . PILES )

FIGURE 2.15. ELEVATION VIEW OF PILE GROUP AND SOIL
DESCRIPTION, VESIC TEST (P-93)
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SETTLEMENT (IN.)

LOAD (KIPS)

0 o 2 3 4q 5
0 T T 1
0.05 IN./TON
0.05 IN./TON -
Ol -
0.2 |- v
\
MDFL
03+

REPORTED
FAILURE
LOAD

0.4 L —@ MEASURED, TEST P-13 (ISOLATED)

~—=—-0 COMPUTED: ADJUSTED F-Z AND
Q- Z CURVES

o5 L

NOTE: 1 in. = 2.54 cm 1 kip = 4.45 kN 1 ton = 8.9 kN

FIGURE 2.16. LOAD VS. SETTLEMENT, REFEREWCE PILE,
HYBRID MODEL, VESIC TEST.
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ADJUSTED

1.0 BASELINE CRITERION

F(PSl)

0.5

0 0.l 0.2 03 c4

Z (IN.)

BASELINE CRITERION :
Fuax = K7Z TAN ¢

ASSUME K=0.7 FOR MODEL PILE
¢PS =¢-5° (SMOOTH METAL) = 38°

AT MIDDEPTH OF PILE:
F

05

wax = 95.2 (2.5)(0.7) TAN(38°) =130 PSF =0.90 PSI

USE MIDDEPTH Fy,,, ALONG ENTIRE LENGTH OF

PILE , SINCE PILE iS SHORT.

NOTE: 1 in. = 2.54 cm 1 psi = 6.89 ki/m® 1 psf = 47.9 N/m?

FIGURE 2.17. F-Z RELATIONSHIPS, VESI{ TEST
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e B . .
D e R k=it S PO

6 —
: ADJUSTED
— 4 B
[72]
a
x
(a ]
2r BASELINE CRITERION
0 | 1 1 { i
0 0.2 1 0.4 0.6 0.8 10
Ze
Z (IN.)
BASELINE CRITERION:
Auax = Ne7Z
= 40(95.0)(5)/144 (Nq=40 ACCORDING
TO BASELINE
CRITERION )

=132 PS|
Quax =132 x Ay =1658 Ib.
NOTE: 1 4n. =2.54 cm 1 kip=4.45kN 11b=4.4. N 1psi=6.89 kN/lTl2

FIGURE 2.18. Q-Z RELATIONSHIPS, VESIC TEST
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LOAD (KIPS}

O | 2 3
0 T T
10
20 |-

—— MEASURED

> - === COMPUTED :
S ADJUSTED F-2Z
z OF AND Q-Z CURVES
a
w
o

40

50

60 - .

NOTE: 1 in, = 2.54 em 1 kip = 4.45 kN

FIGURE 2.19. LOAD DISTRIBUTION RELATIONSHIPS, REFERENCE PILE,
HYBRID MODEL, VESIC TEST
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SETTLEMENT (IN.)

0.2

03

04

05*~

B e

LOAD (KIPS)

LOAD AT 0.05 IN./TON IS
UNDEFINED FOR ELASTIC SOLID

CURVE
REPORTED FAILURE
LOAD = MDFL (ELASTIC
SOLID) '
MEASURED
— —A COMPUTED: Es = 0. EBASE
Epase=Ea
— b COMPUTED : Es = Q.1 EBASE
E3A5E= 05 EB

NOTE: 1in, = 2.54 cm 1 kip = 4.45 kN 1 ton = 8.9 ki

FIGURE 2.20. LOAD VS. SETTLEMENT, REFERENCE PILE,

ELASTIC SOLID (POULOS) MODEL, VESIC TEST
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SETTLEMENT (IN.)

0.

O
™

o
o

04

0.5

LOAD (KIPS)

LOAD AT 0.05 IN./TON \
_ UNDEFINED FOR BEM CURVES ~~

MDFL iS UNDEFINED FOR BEM
BECAUSE NO PROCEDURE FOR
INCLUDING FAILURE IS AVAILABLE.

MEASURED

— A COMPUTED, EBASE=O' | EB AND
B LINEAR VARIATION

LINEAR VARIATION

————— O COMPUTED, Egpge = 0.25 Eg AND
LINEAR VARIATION

NOTE: 1 dn. = 2.54 cm 1 kip = 4.45 kN 1 ton = 8.9 kN

FIGURE 2.21. LOAD VS. SETTLEMENT, REFEREMCE PILE,
£LASTIC SOLID (BOUNDARY ELEMENT) MODEL,
VESIC TEST
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DEPTH (IN.)

LOAD (KIPS)

0 1 2 3 4
o E 1 1
/

MEASURED //
0 —_—— comPUTED

(APPROXIMAT -/ /

ED AS

LINEAR /

50 - FUNCTION)/ |
30| /

40 L / /

/ /
ol /7

HOTE: 1 in. = 2.54 cm 1 kip = 4.45 kil

FIGURE 2.22. LOAD DISTRIBUTION RELATIONSHIPS, REFERENCE PILE,
ELASTIC SOLID (BOUNDARY ELEMENT) MODEL, VESIC TEST
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SETTLEMENT (IN.)

LOAD (KIPS)

0 10 20 30 40 50 60
0] T 1
0.1
Y
0.2 0—:'5— H\I./TONO 05
T MDFL  iN./TON
0.05 s\
TN m/'rom\
0.3} MDH\'A 0.05 IN./TON
04 ———@ MEASURED
’ — — —A COMPUTED : ADJUSTED
F-Z AND Q-Z, BASE
MODULUS =0.05Eg
REPORTED
0.5 F ———0 COMPUTED: ADJUSTED  FAILURE
F-Z AND Q-Z,BASE  LOAD
MODULUS =0.| Eg
0.6 - ——-= COMPUTED: ADJUSTED
F-Z AND Q-Z, BASE
MODULUS =0.25 Eg
o7l
NOTE: 1.in. = 2.54 em 1 kip = 4.45 kN 1 ton = 8.9 kN
FIGURE 2.23. LOAD VS. SEITLEMENT, GROUP, HYBRID

MODEL, VESIC TEST
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SETTLEMENT (IN.)

0.1

0.2

0.3

04

0.5

0.6

0.7

- —-~—A COMPUTED: | |

. — —4A COMPUTED:

LOAD (KIPS)

0 10 20 30 40 50 €0

REPORTED
FAILURE
LOAD

—— MEASURED }

Es =0.1Egase
Epase=0.5Ep

Es =0.1Egase
Egase=Es

NOTE: 1 in. = 2.54 cm 1 kip = 4.45 kN

FIGURE 2.24. LOAD VS. SETTLEMENT, GROUP, ELASTIC
SOLID {POULOS) MODEL, VESIC TEST
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SETTLEMENT (iN.)

0.1

O
N.

O
ol

o
'S

0.5

0.6

0.7

LOAD (KIPS)

AS FOR SINGLE PILE MODEL,
FAILURE LOADS ARE UNDEFINED,
EITHER IN TERMS OF SLOPE OR
FAILURE SETTLEMENT :

— ——— COMPUTED, Egage=0.1E4
— ——— COMPUTED, Egagg=0.25Epg

MEASURED

HOTE: 1 in. = 2.54 cm 1 kip = 4.45 kN

FIGURE 2.25.

LOAD VS. SETTLEMERT, GROUP, ELASTIC SOLID
(BOUNDARY ELEMENT) MODEL, VESI{ TEST
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DEPTH (FT.)

LOAD (KIPS) LOAD (KIPS) -

0 5
0 LI ] LI
| !
-l 'r |l
| =, |
"l 6GROUP L €[ || erOUP
| LOAD= = | LOAD =
L[ 136KPS T 3| 27.2 KIPS
l & |
I agfl |l
I l
b ' 5 - l
——— MEASURED, AVG.
CORNER PILE
— —— COMPUTED, Egag =
LOAD (KIPS) O.IEg
0 5
0 L] , LI L
1 F ,l
=
L er | GROUP
| LOAD =
Tzl 40.7 KIPS
a |
a I
T i
5 L l
NOTE: 1 ft =0.305m 1 kip = 4,45 ki
FIGURE 2.26. LOAD DISTRIBUTION RELATIONSHIPS, GROUP,

CORNER PILES, HYBRID MODEL, VESIE TEST
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DEPTH (FT.)

LOAD (KIPS) LOAD (KIPS)
0 5 0 5
OlllilIIOT_T]IIl1
| - | +
2 eroup £ 2T GROUP
LOAD = ht LOAD =
311 13.6 KIPS T 3F 27.2 KIPS
a
4L a4t
5 i I 5L
MEASURED, AVG.
EDGE PILE
- —=— COMPUTED,
LLOAD (KIPS) Epase=0.1Ep
o] 5
0 LI LY L
} L.
T 2L
T 3 , GROUP
E B LOAD =
W | 40.7 KIPS
Q4L '
5L l
© OMNOTE: 1 ft =0.305m 1 kip = 4.45 kN
FIGURE 2.27. LOAD DISTRIBUTION RELATIONSHIPS, GROUP,

EDGE PILES, HYBRID MODEL, VESIC TEST
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LOAD (KIPS) LOAD {(KIPS)
5 0 5

o}
O‘THI|1!| 01|'l1||1
= I F i r |
L P |
2+ | L2f
= GROUP | GROUP
& 5| || LoAaD= Ea| LOAD =
8°[ || Bekpsg | | 27.2xPs
o
at | al ,
sL | 5L ' |
MEASURED, CENTER
PILE
- — — — COMPUTED,
LOAD (KIPS) Egase =0-1Eg
o 5
o L l,l 1N L
~F ,
-
Lok '
szl , GROUP
o | LOAD =
o 40.7 KIPS
ot
N

5
NOTE: 1 ft = 0.305 m 1 kip = 4.45 kN

FIGURE 2,28. LOAD DISTRIBUTION RELATIONSHIPS, GROUP,
CENTER PILE, HYBRID MODEL, VESIC TEST

76



1831 21S3A *$T3T0W LHINIT AYYGNROQ Oty
aI10S J11SY13 “4N0YD *SLINIW3TLLIS VNS 6272 3Iyn9id
NSy =Gl L W 62 = "ui | :3ICN

g Isve ~ NOLLYIHVA  MV3INIT
oz_qw*du m.s_wms_omuou._.Dn_EOo{Illl

QNSYIN O——
-1 600
Q1 081'42= QY01 d9
Qi 09€' &S = AVOT d9
M 45200
m 0
e 2 _

‘Id ‘Id 1d gys
40 3943

82 2l # 0

{('NI) dvO WOY3 3ONVLSIC

UNI} LN3W3TL13S 32viuns
77



g

S P | AT

TABLE 2.4. DISTRIBUTION OF LOAD TO PILE HEADS: VESIC
9 PILE GROUP; TEST P-93.

Load on Load on Load on
Applied Group Corper Pile Edge Piles Center Pile

Load (kips) Method (kips) (kips) (kips)
27.2 Hybrid 3.03 3.01 3.00
27.2 Elastic Solid 3.48 2.80 2.04
27.2 BEM 3.93 2.42 1.06
27.2 Measured 2.55(avg.) 3.20(avg.) 4.20
40.7 Hybrigd 4.58 4.48 4,45
40.7 Elastic Solid 5.22 4.20 3.06
40.7 BREM 5.88 3.62 1.58
40.7 Measured 4.10(avg.)}  &.45(avg.) | 6.50

Note: Measured corner pile loads varied from avg - 13% to avg + 10%.

Edge pile loads varied from avg - 12% to avg + 18%.

Hybrid Model:
Elastic Solid

Elastic Solid

Adjusted f-z and Q-z curves,

Poulos Model:

(BEM):

E

BASE~ Epi Eg

EpasE

0.1 EBASE

=0.1E

General solution for any "Gibson" soil, or soil

with linearly increasing elastic modulus.

Finite Element Model solutions were unavailable for Gibson soil.

Note:

1 kip = 4.45 kN
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Schlitt Test

All piles were installed by driving. The load test was of the
maintained load type. The loading that was modeled was the second of
two loadings, since the first loading had to be aborted due to a
malfunction of the loading system. All adjustments to the load transfer
functions were made to affect a reasonable match with the reloading
relationships for the reference pile, rather than the virgin loading
relationships. |

Testing of the reference pile (Pile No. 1 in the eventual group)
started six days after it was driven, and the reloading test occurred
from nine to twelve days after installation. Pile No. 9 had been driven
prior to No. 1. After Pile No. 1 had been tested, the remaining piles
were driven in the sequence 6, 7, 2, 8, 5, 4, 3. The reload test on
the group took place from 17 to 28 days after the last seven piles were
driven. The pile cap consisted of a steel frame, suspended off the
ground, which was not rigid. Load transfer relationships were
measured for seven of the nine piles. Comparisons of measured and
computed load transfer curves are shown in the following figures for
typical piles.
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< 45IN. »a 45N » ALL PILES FLUTED
9 5 4  MONOTUBE STEEL, WITH
® @ B— 025N, WALL, EXCEPT
T 8, WHICH HAD 9 GAGE
45IN. SHELL. PILES T AND 9
WERE CONCRETE
@7 @5 @2 FILLED. STRAIN GAGES

ON ALL BUT 8 AND 9

AT 5 FT INTERVALS.
45 N.

€|1'>3 C_;_)B (‘|D ]

12 N.BUTT (ALL PILES).

|FT.
18 160 FRAMING (CAP | |
7 I il *
9 FT.
& SOIL PROFILE (CL)
.
£ o DEPTH (FT) C}(PS) 1o 7o(PCF)
NE 0-20 56 20 87
o 20-30 42 |8 87
© 30-45 56 20 87
45-72 9.7 10 92
SO!L SENSITIVITY NOT
I || REPORTED
¥ . *BASED ON Q-TYPE
! 8 IN. TIP TRIAXIAL TESTS FROM
(ALL PILES) TUBE SAMPLES

NOTE: T in. =2.54 cm 1 ft = 0,305 m 1 psi = 6.89 ki/m® 1 pef = 0.157 kN/m>

FIGURE 2.30. PILE GEOMETRY AND SOIL CONDITIONS,
SCHLITT TEST
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SETTLEMENT (IN.)

0.0

0.25

0.5

0.75

1.25

1.50

1.75

20

LOAD (KiPS)

200

~. ;005 IN./TON
i MDFL |
(MEAS.) |

MEASURED: PILE 1

[~ =———~——— BASELINE CRITERION
FOR F-Z AND Q-Z

— —— — ADJUSTED F-Z
- (BASED ON MATCHING
SECOND LOADING)

0.05 IN./TON
S ,‘__.(.HYBle

SECOND LOADING

i Y

MDFL
(HYBRID)

b

NOTE: 1 4n. = 2,54 cm 1 kip = 4.45 kN 1 ton = 8.9 ki

FIGURE 2.31. LOAD VS. SETTLEMENT, REFERENCE PILE,
HYBRID MODEL, SCHLITT TEST
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F-Z CURVE: GROUND SURFACE TO 240 INCHES
12.0

9.0

6.0

F (PSI)

BASELINE CRITERION

30

o 025 050 075
Z (IN.)

120 F F-Z CURVE: 240 INCHES
TO 360 INCHES

ADJUSTED
6.0

F (PSI)

30 BASELINE CRITERION

1 1 1

0 025 050 075
Z (IN)

BASELINE CRITERION: F_, = A(2 cuAVG-!-yH) WHERE
A IS A FUNCTION OF DEPTH DEFINED IN REF. 80.

NOTE: 1 in. = 2.54 cm 1 psi = 6.89 KN/m’

FIGURE 2.32. F-Z RELATIONSHIPS, SCHLITT TEST
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120 F-Z CURVE: 360 INCHES
TO 540 INCHES

- 9.0 ADJUSTED

D
& 60
™ i
BASELINE CRITERION
30
4 1 1
0 025 050 075
Z. (BASELINE)
Z. (ADJUSTED) -ALL F-Z CURVES
Z (IN)
F-Z CURVE: 540 INCHES TO PILE TIPS
12.0 F
ADJUSTED
8.0
& .
& 60 BASELINE CRITERION
'
3.0
0 1 1 (]
0 025 050 075
Z (IN.)
NOTE: 1 in. = 2.58 cm 1 psi = 6.89 ki/m2

FIGURE 2.32. F-Z RELATIONSHIPS, SCHLITT TEST (CONT'D)_“
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Q (LB.)

8000
6000
ADJUSTED AND
CRITERION
4000
2000
o i 1 1
0 0.2 0.4 0.6
Z
Z (IN.)

BASELINE CRITERION: Quu='9 ¢, (Ag)
NOTE: 1 in. =254 cm 1 1b = 4.45 N

FIGURE 2.33. (Q-Z RELATIONSHIP, SCHLITT TEST
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DEPTH (FT)

LOAD (KIPS)

LOAD (KIPS)

0 50 100 0 50 100
0 .
10 X
20b I
30k ’ -
a0t PILE LOAD = L // PILE LOAD -
| 60 KIPS 100 KIPS
50 Fl )
MEASURED
—— —~ — COMPUTED: ADJUSTED F-Z AND Q-Z
CURVES
NOTE: 1 ft = 0.305m 1 kip = 4.45 kN
FIGURE 2.34, LOAD DISTRIBUTION RELATIONSHIPS, REFERENCE PILE,

HYBRID MODEL, SCHLITT TEST
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SETTLEMENT (IN.)

LOAD (KIPS)

o 40 80 120 180
0 1 T =3
MEASURED:
0.25 SECOND LOADING MDFL

NOTE:

— — —— COMPUTED: E/gy,= 900
080 b _ ___ COMPUTED: E/g,=1000

LOAD AT 0.05 IN./TON IS
UNDEFINED FOR ES CURVE

Tin. = 2.54 em 1 kip = 4.45 kN 1 ton = 8.9 ki

FIGURE 2.35. LOAD VS. SETTLEMENT, REFERENCE PILE,

ELASTIC SOLID MODEL, SCHLITT TEST
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SETTLEMENT (IN.)

LOAD (KIPS)

o

0.25

0.50 +
MEASURED: SECOND LOADING

LOAD AT OO05 IN./TON AND MDFL
ARE UNDEFINED FOR FEM SOLUTION

NOTE: 1 in. = 2.54 cm 1 kip = 4.45 ki 1 ton = 8.9 kN

FIGURE 2.36. LOAD V5. SETTLEMENT, REFERENCE PILE,
FINITE ELEMENT MODEL, SCHLITT TEST
(INCLUDES NON-EXISTENT CAP REACTION)
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DEPTH (FT.)

LOAD (KIPS) LOAD (KIPS)

0 50 100 0 50 100
0 T - T .
1o -
20 |- a
30} -
a0t PILE LOAD = . // PLE LOAD =
60 KIPS I00 KIPS

50 -

MEASURED

————— COMPUTED: E/c,, = 900
NOTE: T ft = 0.305m 1 kip = 4.45 kN

FIGURE 2.37. LOAD DISTRIBUTION RELATIONSHIPS, REFERENCE PILE,
FINITE ELEMENT MODEL, SCHLITT TEST
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Koizumi and Ito Test

All piles in this test were installed by jacking in sequence in
rows: top row, middle row, bottom row, from right to left. The load
lests were conducted about eight months after the piles had been
installed, following a series of vibratory tests. Load testing was of the
cyclic, quick maintained load type, and the reported measured
load-settlement curves were envelopes to the cyclic curves. The cap.
was in contact with the ground but its reaction was less than ten per
cent of the total reaction until after failure of the piles reportedly
occurred. Measured load-settlement curves have had the cap reaction
deducted from the load value. The finite element solution includes the

effect of cap-soil contact, while the hybrid and elastic solid solutions do
not.
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2L7

|_35.4 |N+35_ 4'”'-i IN. l 394 IN.J| 39.4 IN.
+ ,'il'\ A—{D— ® ® ®
F1TNYs Ya Ya| | sumeace seTTiEment |
354 IN. MEASUREMENT POINTS
T O— o AL PILES GLOSED-

6 2 | | (SQUARE) 1.8 iN. 0.D. STEEL
354 IN. ' l PIPES WITH 0.07 IN.

WALL. STRAIN
GAGES PLACED AT

7 INTERVALS ALONG
, ] PILES |,2 AND 3
—>  [=1I8IN. ONLY. SINGLE PILE
TEST WAS ISOLAT-
i ED FROM GROUP.

K

LY SENSITIVE
VOLCANIC CLAY
96 IN. (CH)

l ¢, * 700 PSF
(AVG)
209 IN. I~ W

¢, = 850 PSF
(AVG)
(CONE)

[ add T SATURATED HIGH-

Yy L ] [
NOTE: 1 in. = 2.54 cm 1 psf = 47.9 N/m?

FIGURE 2.43. PILE GEOMETRY AND SOIL CONDITIONS, KOIZUMI
AND 17O TEST
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SETTLEMENT (IN.)

LOAD (KIPS)

0 10 20 30 40 50 60
O T T T T T |
0.05 IN./TON
0.05 IN./TON
0.2 \4 | MDFL (MEASURED)
—@ MEASURED, ISOLATED \
PILE {CAP REACTION
04 | SUBTRACTED)
w——-n COMPUTED, ADJUSTED
F-Z AND Q-2
MDFL (HYBRID)
06+

NOTE: 1 in, = 2.54 ecm 1 kip = 4.45 kN 1 ton = 8.9 kN

FIGURE 2.44. LOAD VS. SETTLEMENT, REFERENCE PILE, HYBRID
MODEL, XOIZUMI AND ITO TEST
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® e~z cuRVE: 0- 96 INCHES
ADJUSTED
-
4 <
- BASELINE
- CRITERION
e
[T
T2
0 1 [
o) 02 04
Z (IN.)
[o!
F-Z CURVE: 96-209 INCHES (TIP)
6r -
ADJUSTED
—_— -
4 - BASELINE
_ CRITERION
%
e
w
2
0 1 i
0 02 04
Z(IN.) 2

BASELINE CRITERION: F,,z, = aCy , WHERE a = 0.90
FOR 0-96 IN. AND 0.82 FOR 96- 209 IN.

NOTE: 1 in. = 2.58 cm 1 psi = 6.89 kN/n’

FIGURE 2.45. F-Z RELATIONSHIPS, XOIZUMI AND ITO TEST
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8000
6000 -
- ADJUSTED AND
m CRITERION
= 4000
o
2000
0 - i 1
0] 0.2 04 0.6
A
Z
Z (IN.)

BASELINE CRITERION: Q"Ax =9 CUBASE (AB)

NOTE: 1 din. =254 ¢cm 1 1b=4.45}

FIGURE 2.46. Q-7 RELATIONSHIP, KOIZUMI AND ITD TEST
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DEPTH (FT.)

LOAD (KiPS) LOAD (KIPS)

o) 20 40 o) 20 40
1) T 1 0 ]
51 5[

10 | 10| y

I PILE LOAD = ;/ PILE LOAD=

I I3 KIPS 34 KIPS

I

I /
15 15

| /
7 U4 7/

MEASURED

— ——— COMPUTED : ADJUSTED
F-Z AND Q-Z CURVES

NOTE: 1 ft =0.305m T kip = 4.45 kN

FIGURE 2.47. LOAD DISTRIBUTION RELATIONSHIPS, REFERENCE PILE,
HYBRID MODEL, KOIZUMI AND ITO TEST
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SETTLEMENT (IN.)

LOAD (KIPS)
0 ic 20 30 40 50 60

o) ; —
MDFL
o2} : AN |
| ——@ MEASURED, ISOLATED LOAD AT 0.05
PILE ( CAP REACTION iN./TON IS
DEDUCTED) UNDEFINED FOR
04| -~=--- COMPUTED, E/cyyq= 700 ES CURVE
—-— COMPUTED, E/c,,,,= 600
— — COMPUTED, E/cyq=500 .
oel

NOTE: 1 dn. = 2.54 cm 1 kip = 4.45 kN 1 ton = 8.9 ki

FIGURE 2.48. LOAD VS. SETTLEMENT, REFERENCE PILE, ELASTIC
SOLID MODEL, KOIZUMI AND ITO TEST
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e s e ) . e s e o0 S o S e kb s i 4 st el e

LOAD (KIPS)

0.2

——@ MEASURED, ISOLATED
PILE (CAP REACTION
DEDUCTED)

SETTLEMENT (IN.)

L p— COMPUTED, E/cyyg =700
_c COMPUTED, E/CAVG =600
0| —— COMPUTED, E/cyyq =500

LOAD AT 0.05 IN./TON UNDEFINED FEM
CURVES. MDFL IS UNDEFINED.

NOTE: 1 din. = 2.54 cm 1 kip = 4.45 kN 1 ton = 8.9 kN

FIGURE 2.49. LOAD VS. SETTLEMENT, REFERENCE PILE, FINITE
FLEMENT MODEL, KOIZUMI AND ITO TEST
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DEPTH (FT)

(4]

o

LOAD (KIPS}

40 50 O

LOAD (KIPS)
20

32 KiPS

MEASURED

— —— COMPUTED, E/c,,*600

PILE LOAD= -

0

PILE LOAD =
48 KIPS

NOTE: 1 ft =0.305m 1 kip = 4.45 kN

FIGURE 2.50.

LOAD DISTRIBUTION RELATIONSHIPS, REFERENCE PILE,

FINITE ELEMENT MODEL, KOIZUMI AND ITO TEST
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LOAD (KiPS}

0 100 200 300 400

05

-~-@ COMPUTED : ADJUSTED
F-Z,E/Cayg =250

- -0 COMPUTED : ADJUSTED
F-Z,E/Cpyq =500

—--x COMPUTED : ADJUSTED
1.5 F'Z, E/CAVG = 750

—-—A MEASURED, INCLUDING
CAP REACTION

——A MEASURED,DEDUCTING
CAP REACTION

1.0

SETTLEMENT (iN.)

T 1
005 IN.,ToN (MEAS.)
N

MC;FL AND 005 IN./TON(MEAS)

MDFL (HYBRID)

0.05 IN.
—_— HYBR
N /TON {HYBRID)

|
|
il

20%“
LOAD AT 0.05 IN./TON NOT DEFINED IN
HYBRID SOLUTION

NOTE: 1 in. =2.% cm 1 kip = 4.45 kN 1 ton = 8,9 kN

FIGJURE 2.51. LOAD VvS. SETTLEMENT, GROUP,

KOIZUMI AND ITO TEST
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SETTLEMENT (IN}

LOAD (KIPS)

0 100 200 300 400 500

o

3

— A& MEASURED, CAP
REACTION DEDUCTED

~—— COMPUTED,ES,
E/Cays=600 (HAND
ANALYSIS)

[—-— COMPUTED, ES,
E/¢,,c=600 (ANALYSIS
BY PROGRAM DEFPIG, A

CAP REACTION AGAINST
B SOIL NOT INCLUDED)

0.05 IN.{/N" AND 0.05 IN. /N PER TON NOT
DEFINED FOR EITHER ES CURVE,
MDFL IS UNDEFINED FOR DEFPIG SOLUTION.

NOTE: 1 in. = 2.54 cm 1 kip = 4.45 kK 1 ton = 8.9 ki

FIGURE 2.52. LOAD VS. SETTLEMENT, GROUP, ELASTIC SOLID
MODEL, KOIZUMI AND ITO TEST
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SETTLEMENT (IN)

LOAD (KIPS}

0 100 200 300 400
0 T .
0.5 ——a MEASURED,
CAP. REACTION
DEDUCTED
——-A MEASURED, CAP
10} REACTION INCLUDED
— —— COMPUTED, FEM, '
E/ s = 600 \
1.5 F |
i
20l

"FAILURE" LOADS ARE UNDEFINED WITH
FEM SOLUTION.

NOTE: 1 4n. = 2.54 cm 1 kip = 4.45 kN

FIGURE 2.53. LOAD VS. SETTLEMENT, GROUP, FINITE ELEMENT
MODEL, KOIZUMI AND ITO TEST
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LOAD (KIPS)

LOAD (KIPS})
I0 20 30 40 50

00 0 20 30 40 500
1

! i L

GROUP LOAD =

1234 KIPS |
v
LOAD (KIPS)
10 20 30 40 50

5_
P
v
I
E 10 /
ul
[
/
i57l
|z4[
0
0
5...
o=
w
I
E oot
ul
[
15
/
74 L/
NOTE:
FIGURE

v

GROUP LOAD =
299.4 KIPS

1ft=0.305m 1 kip = 4.45 kN

GROUP LOAD=
251.4 KIPS

—— MEASURED, PILE3
= COMPUTED,

CORNER PILES,
E/c,,* 500

2.54, LOAD DISTRIBUTION RELATIONSHIPS, GROUP, PILE 3
{CORNER), HYBRID MODEL, KOIZUMI AND ITO TEST
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LOAD (KiPS)
0O 10 20 30 40 50

! GROUP LOAD=
251.4 KIPS

——— MEASURED, PILE |

——— COMPUTED, EDGE
PILES, E/cy,6= 500

LOAD (KIPS)
O 0 20 30 40 50
0 ¥ i 1 8
5 -
o
L
&
a 10 |
(17}
[ /]
!
¥ Group LOAD - A
15 123.4 KIPS
174 L
LOAD (KIPS)
O 10 20 30 40 50
0 =
5 -
o
u
I
=10t
[VE]
[ ]
GROUP LOAD:=
IS F // 2994 KIPS
174 - / NOTE: 1 ft = 0.305 m 1 kip = 4.45 kN
FIGURE 2.55, LOAD DISTRIBUTION RELATIONSHIPS, GROUP, PILE 1

{EDGE), HYBRID MODEL, KOIZUMI AND ITQ TEST
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DEPTH (FT.)

DEPTH (FT.)

LOAD (KIPS)

LOAD (KIPS)
10 20 30 40 50

00 I 20 30 40 50 0O

|, 1 ] 1 1 T T l B | T |
|
| /
5 ’ - ’ //
/' /
10 + - |/ :
i GROUP LOAD = ) GROUP LOAD=
I 123.4 KIPS y 251.4 KIPS
15 _’ B /
/ /
17.4 U L/
LOAD (KIPS)
0O 10 20 30 40 50
(o] T | T T =
!
/
/
51 / MEASURED,
// PILE 2
/ — — — COMPUTED,
0 / CENTER PILE,
/' GROUP LOAD = E/Cave =500
/ 299.4 KIPS
y
sk /
/
7.4 L/
NOTE: 1 ft = 0.305 m 1 kip = 4.45 kN
FIGURE 2.56. LOAD DISTRIBUTION RELATIONSHIPS, GROUP, PILE 2

(CENTER}, HYBRID MODEL, KOIZUMI AND ITO TEST
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SURFACE SETTLEMENT (IN)

DISTANCE FROM CAP (IN)

0 20 40 60 80 100
OFCAP BT T.2 PT
g PT. 3
0 ‘ 1 | / ]
025
MEASUR
os | EASURED
. COMPUTED,
s MODEL,
~=  E/cye= 600
o7s b

CIRCLES: GROUP LOAD = 251.4 KIPS (SUBFAILURE)

TRIANGLES: GROUP LOAD = 299.4 KIPS
(FAILURE, AS REPORTED)

NOTE: 1 in., = 2.54 cm 1 kip = 4.45 kN

FIGURE 2.57. SURFACE SETTLEMENTS, GROUP, ELASTIC SOLID
MODEL, KOIZUMI AND ITO TEST
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TABLE 2.8. DISTRIBUTION OF LOADS TO PILE HEADS:
KOIZUMI AND ITO 9-PILE GROUP

Load on Load on Load or
Applied Group Corner Edge Center
Load (kips) Hethod Piles Piles Pile
(kips) (kips) (kips)
123.4 Hybrid 14.3 13.4 12.5
123.4 Elastic Solid 17.4 12.0 6.0
123.4 FEM * ® ®
123.4 Measured*+ 19.0 13.5 6.5
251.4 Hybrid 29.2 27.3 25.3
251.4 Elastic Soligd 35.4 24 .4 - 12.3
251.4 FEM * * *
251.4 Measured** 348.5 30.5 11.5
299.4 Hybrid 34.7 32.6 30.2
299 .4 Elastic Sclid 42.90 29.1 14.6
299 .4 FEM * *® =
299.4 Measured** 42.1 35.0 11.5

#*Solutions unavailable for length/diameter <40.

**Measured values are for 1 corper, 1 edge and 1 center pile only
and were obtained by extrapolation of distributed load along
piles. Geometrically similar piles may not have carried the
indicated loads.

Hybrid Model: Adjusted f-z curves, E/cu = 250
Elastic Solid Model: E/cu = 600

Note: 1 kip = 4.45 kN
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BRE Test

The piles were installed by jacking. Some random variations from
the vertical were observed even though great care had been taken to
assure perfect alignment. The period of time between installation and
testing was one and one-half years. The reference pile was the center
pile in the group and was tested after the group test, which is
inconsistent with the sequence of tests in the other programs
considered in this report.

Several subfailure load tests were conducted over a period of three
months on the reference pile, and the initial slope of the load-settlement
curve was observed to change over a range of 35%, due apparently to
moisture changes in the upper three-to four feet of scil. An average -
curve was used to represent the reference pile for this study.

Tests were a variation of the quick maintained load type and were
conducted to only about one-third of ultimate capacity. Thus, no
efficiency correlation could be attempted. Finite element solution
graphs could not be obtained for the configuration of this group.
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I 19.875 IN.

:17_ I 19.875 IN.

.64 FT. & —~=—REINFORCED CONCRETE CAP

"
&
Frh]

! e—5 FT—-E

| FT. | -
X
3FT
N 7IV7A7A 7
—— 6625 IN. ¢ x 0.250 IN. WALL
STEEL PIPE PILE,
CLOSED ENDED
14 FT.
STIFF UNIFORM OXIDIZED
LONDON CLAY (CH)
CUays 1200 PSF
| J I

NOTE: 1 in. = 2.54 cm 1 ft = 0,305 m 1 psf = 47.9 W/m°

FIGURE 2.58. PILE GEQOMETRY AND SOIL CONDITIONS, BRE TEST
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SETTLEMENT (IN.)

LOAD (KIPS)

0 5 0 15
0 T T T
ool

O
002 f T~~~
ao3 |
@ MEASURED

004 | — —— 0 COMPUTED: ADJUSTED F-2Z
00s |

ROTE: 1 9n. = 2.54 cm 1 kip = 4.45 kW

FIGURE 2.59. LOAD VS, SETTLEMENT, REFERENCE PILE, HYBRID
MODEL, BRE TEST
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F-Z CURVE: GROUND SURFACE TO 84 IN.
120

10.0 |-
8.0 |
a 60
“ 4.0

ADJUSTED

sh)

BASELINE CRITERION
2.0

0.0
00 Q.10 Q20 )

y 4

Z (IN.)

F-Z CURVE: 84 IN. TO PILE TIPS
12.0 -
10.0
8.0
6.0
4.0
2.0

i 1 i ) 1
0'00 010 - 020 A

¢

ADJUSTED

F (PSI1)

BASELINE CRITERION

Z (IN)

BASELINE CRITERION: F,,.=a ¢,
WHERE @ = 062 THROUGHOUT

NOTE: 1 in. = 2.54 cm 1 psi = 6.89 kN/m2

FIGURE 2.60. F-Z RELATIOUSHIPS, BRE TEST
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2500
2000 |
ADJUSTED AND
CRITERION
— 1500
(1 1]
2
° 1000
500
o 1 1 ] | i ] [ [ ]
00 005 0I0 0I5 0.20 025 Q30 035 0.40
Z.
Z (N

BASELINE CRITERION: Qup = 9¢,(A,)

NOTE: 1 in. = 2.54 cm 1 1b =4.45 N

FIGURE 2.61, Q-Z RELATIONSHIP, BRE TEST
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LOAD (KiPS)
0 1 2 3 4 5 6 7

0 - T T T i T T

LIV 7777777 77777777 77777777,
N /4
L ST y
2 //
¥ //
o /
= /
g 1or /
= /
w
m /
T /
'~ /
L /
0

//
1S |
/
/
17 H
MEASURED

— ——— COMPUTED: ADJUSTED F-2Z
AND Q-Z CURVES

NOTE: 1 ft = 0.305m 1 kip = 4.45 kN

FIGURE 2.62. LOAD DISTRIBUTION RELATIONSHIP, REFERENCE PILE,
HYBRID MODEL, BRE TEST
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SETTLEMENT (IN.)

LOAD (KIPS)

0 5 10 15
0 T T T
0.01 \.\ |
—_

002} h

~————@ MEASURED
003}

— ——A COMPUTED: Ef/c, = 9I0
004}
0.05

NOTE: T in. = 2.54 cm 1 kip = 4.45 kN

FIGURE 2.63. LOAD VS. SETTLEMENT, REFERENCE PILE,
ELASTIC SOLID MODEL, BRE TEST
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O
o
o
(4]

001

SETTLEMENT (IN.)

O
o
o

002

LOAD (KIPS)

-8 MEASURED

— — = —O COMPUTED:
ADJUSTED F-Z,

— ———A COMPUTED: ADJUSTED F-Z
NO-PILE - SOIL -PILE INTERACTION

NOTE: 1 in. = 2.54 cm 1 kip = 4.45 kN

FIGURE 2.64. LOAD vS. SETTLEMENT, GROUP, HYBRID MODEL,
BRE TEST
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SETTLEMENT (IN.)

0.005

0.01

0.015

0.02

0.025

LOAD (KIPS)

0 5 10 15 20 25
T T

/

=@ MEASURED N
— — — —0 COMPUTED: E/c¢;=9!0 N

T
/

NOTE: 1 in. = 2.54 em 1 kip = 4.45 kR

FIGURE 2.65. LOAD V5., SETTLEMENT, GROUP, ELASTIC
SOLID MODEL, BRE TEST
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AVERAGE LOAD (KIPS)

o 1! 2 3 4 5 6 7 8 9
0 ] 1 I ) | 1 1 | ]
TN TTT 77777777777 7777 7777777777777 /] 777/

- ' //
£ ST L
o
<
T3]
T /
w /
-
a //
g 10 | .
= /
m; /
T 4_
E / / VALUES NOT GIVEN
W / BELOW 10 FT.
o /
15 F // //
/)
17 L/
MEASURED

— — —— COMPUTED: ADJUSTED F-Z,
E/c, = 2000 (VERY MINOR
DIFFERENCES AMONG PILES)

NOTE: 1 ft = 0.305 m 1 kip = 8.9 kN

FIGURE 2.66. AVERAGE LOAD DISTRIBUTION RELATIONSHIP, GROUP, HYBRID MODEL,
BRE TEST (ONLY AVERAGE RELATIONSHIP REPORTED)
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SURFACE SETTLEMENT (IN.)

O.l

0.2

0.3

O—0—06-
'

SURFACE SETTLEMENTS
MEASURED ALONG THIS LINE

X (IN)
10 20 30 40 50 60

-

_—~" GROUP LOAD = 25.62 KIPS

-~

MEASURED

/' — —-—— COMPUTED FROM ELASTIC
d SOLID MODEL, E = 9i0 ¢,

NOTE: 1 in. = 2.54 cm 1 kip = 4.45 kN

FIGURE 2.67. SURFACE SETTLEMENTS, ELASTIC SOLID
MODEL, BRE TEST

125



TABLE 2.10. DISTRIBUTION OF LOADS TO PILE HEADS:
BRE 3-PILE GROUP

Average
Load on Load on
Applied Group Method End Piles Center Pile
Load (kips) (kips) (kips)
25.62 Bybrid 8.56 8.49
25.62 Elastic Solid 5.19 7.23
25.62 Measured* 8.79 8.05 .

*Inferred from data

Hybrid Model: Adjusted f-z curves, E/cu = 2000
Elastic Solid Model: E/cu = 910 '

Note: 1 kip = 4.45 kN
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Discussion of Results

a. Elastic Modulus Inputs for Groups in Clay. The Young's
moduli for the soil that gave the best correlations for the pile-soil-pile
interaction effects in the hybrid model were approximately equal to
those required to give the best correlations for single pile behavior
with the elastic solid and finite element models.

The appropriate E/c‘_wg ratio values were as follows:

Koizumi and

Model Schlitt Ito AREA BRE
Hybrid . 850 400 2,000 2,000
(Interpolated)
Elastic Solid 900 600 2,000 910
Finite Element 300 600 1,700 No sol'n

The appropriate ratio for the Schlitt test becomes approximately
500 if the undrained cohesion beneath the pile tips is used as opposed
to the average cohesion along the piles. The high AREA values are
probably due to the fact that correlations were made to an undrained
cohesion value that was apparently near the remolded value and not to
the undisturbed cohesion, as was the case for the other three tests.

There is a significant discrepancy in the modulus values in the
BRE test. This may be attributed to the fact that the reference pile
behavior was somewhat "soft" compared to the other two piles, leading
0 a need to use a lower value of modulus to model the single pile in
the elastic solid model than to model the group in the hybrid model.
This problem could be a reflection of normal statistical variation in pile
behavior within a group coupled with the existence of only three piles
‘within the group. Stated differently, there was no significant "group
effect" in the BRE test. Because of this problem in modeling the BRE
test, which was the only test with other than nine piles, it is at
present difficult to predict the magnitude of the effect of the number of
piles in the group on the choice of the modulus value. =
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Based on the results reported in the preceding sections, it
appears that the range of ]E:/can values for all models should be from
about 400 in closely spaced groups in sensitive clays to about 850 in
widely spaced groups in insensitive clays.

It is apparent that implicit use of the E/c ratio obtained from the
reference pile behavior in the synthesis of the load-settlement curve for
the group in the elastic solid model tends to produce a group load-
settlement curve that is in the order of 25% toc soft. This
phenomenon may be attributed to the fact that the choice of E at the
time a reference pile is modeled does not permit the user to take
account of the effect of reinforcement of the soil by the piles in the
group, which is automatically accomplished in the finite element model
and is accomplished by implication in the choice of E in the hybrid
model. In the Koizumi and Ito test, conducfed in very sensitive clay,
the soil immediately surrounding the perimeter piles may have been
stiffer as a result of more rapid reconsolidation near the piles than the
soil in the interior soil mass, which leads to a higher modulus to model
the single pile than to model the group.

b. Elastic Modulus Inputs for Group in Sand. The best correla-
tions were obtained with the hybrid model, in which a linear variation
of Young's modulus from 2zero at the ground surface through a value of

EB asp at the base of the piles and increasing at the same rate below

the base of the piles to an infinite depth, when E was taken as

0.1 EB, where EB is given in Eq. (2.1). Thisl?AaSpEpears to be a
reasonable wvalue since the mass of soil beneath the group, which
appears to be very influential in the load-settlement properties of the
group, is not as highly confined as the soil beneath the tip of a single
pile, which was considered in obtaining Eq. (2.1).

In the version of the elastic solid model considered, E can have
two discrete wvalues, one at and below the base of the piles (EB ASE)
and one above the base of the piles Eg. With this method the best
correlations for the reference pile were obtained for Epasp = 0.5Eg and
ES = O.OSEB.

The best reference pile correlation with the boundary element
model, which permits the same modulus variation as the hybrid model,

was the same as that for the hybrid model. This is a rather tenuous
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conclusion, as the solution yielded excessive load transfer along the
shaft, and relatively little load reached the tip of the reference pile in
the model. See Fig. 2.21.

The elastic solid model yielded a group load-settlement curve that,
like the models in clay, was too soft. This effect is illustrated in Fig.
2.68 which compares the measured, elastic solid, and hybrid results.
This softening may be attributed to the use of a two-layer elastic
system to model the group rather than the use of a linear modulus
variation. The softening phenomenon was probably magnified for the
test that was modeled because the ratio of ultimate shaft resistance to
ultimate base resistance in the piles in the group, and by implication
ES/EB ASE+ Was higher in the group than in the reference pile.

¢. Load Transfer Functions for the Hybrid Model. The baseline
f-z curves proposed by Vijayvergia (80) appear to be of the
appropriate form. However, the fmax values obtained from the o and A
methods in clay were from 20% to more than 100% low as compared with
the values obtained by modeling individual piles. The computed
baseline wvalue for fma

x in the test in sand, based on earth pressure
and friction theory, was about 40% low, based on an assumed value of K
= 0.7.

If the o method is used for the Schlitt test the computed value for
frnax is 10% low. The factor ¢ is more than 100% low for the AREA
test, presumably due to low reported values of indicated shear
strength. It appears to be low for the BRE test, but no conclusion can
drawn relative to fmax from this test because the test was not carried
to failure. The high adjusted wvalue of fmax was hecessary in order to
stiffen the initial portion of the f-z curve. This could alsoc have been
done by decreasing z, and leaving fmax as a constant.

Thus, for the tests investigated, it appears that the methods
discussed in Chapter 1 for determining baseline values of fmax were
appropriate, although the A method was less accurate (more conser-
vative) than the « method in one test in clay, and K should have been
increased from 0.7 to about 1.0 in sand. Some caution should be
observed in extrapolating the K-value to prototype piles in sand
because of depth effects caused by such factors as residual stresses

and arching.
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The appropriate range of z, for all tests, except possibly the BRE
test, was 0.4 to 0.5 inches (1.0 t0 1.3 cm). This is slightly above the
range of values suggested by Ref. 80 and may be influenced by the
fact that two of the groups modeled contained tapered piles.

The Q-2 curve criterion for clay given in Chapter 1 appears valid
for N c = 9, although none of the tests in clay were sensitive to the end
bearing relationship. An appropriate value for z c for the Q-z curve is
about five percent of the tip diameter. For the test in sand, the
criterion also appears to be correct provided the factor N_* is taken to
be approximately 130, rather than the nominal value of 40 taken to
generate the baseline curve, and 2, is taken to be 7.5% of the tip
diameter.

d. Load Transfer Characteristics. The hybrid model was
"calibrated" for each test to yield load transfer patterns reasonably
close to those that were measured in the reference pile. Less control
existed over the representation of soil properties in the finite element
model. However, fair agreement between calculated and measured load
transfer patterns was observed for the reference piles in the clay
tests. Poor agreement was observed in the boundary element version of
the elastic solid model in the sand test. Representation of the sand
around an isolated pile as a medium having uniformly increasing
stiffness with depth produced an overestimate of the rate of shaft load
transfer. The Poulos version of the elastic solid model did not yield
load tranfer patterns, which may account in part for the errors
involved in extending the input from the reference pile analysis to the
production of the group load-settlement curves (Fig. 2.68). That is,
had the single pile load transfer patterns been known there may have
been a more optimal way of defining values for EB ASE and ES than is
indicated in Fig. 2.20 (such as use of a higher value of ES and a lower
value for EB ASE) that would have yielded an equally valid single pile
load-settlement curve, while yielding a better load-settlement curve for
the group.

Only the hybrid model was used to predict load transfer patterns
in the group, as charts or computer codes for obtaining load transfer
patterns in pile groups could not be found with thé other models.
Group load transfer patterns were not replicated as well as those for
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single piles, but most of the results are understandable in light of the
fact that ideal conditions (plumb pile, average soil conditions, etc.)
were used for every pile in the model. The model outputs therefore
deviated from the load transfer patterns that were reported for specific
instrumented piles in comparable geometric positions in the group,
whose load transfer patterns may have been influenced by factors that
were not modeled, such as driving sequence and alignment. This
quasi-random variation suggests that some probabalastic model, rather
than the deterministic models considered in this study, may be more
appropriate for computing load transfer differences from pile to pile.

In the pile group in sand some of the deviation is undoubtedly due
to the fact that group instaliation presumably produced higher lateral
pressures and possibly densification that caused fmax’ for all of the
piles in the group to exceed that for the reference pile. Extreme
differences between computed and. measured load transfer patterns were
observed in the Koizumi and Ito test. Detailed analysis of the
distribution of measured loads along the piles casts some suspicicn on
the measured results; however, the extremely low load transferred by
the center pile may be due to the extremely sensitive nature of the
soil, the inability of high excess pore pressures in the socil between the
piles to dissipate, and the consequent alteration of the f-z relationships
not accounted for by the hybrid model.

e. Efficiency. The following observations can be made
concerning the attempts to determine "efficiency" through the use of
the failure settlement (MDFL) and slope (0.05 in./JN per ton)
(0.014 cm/JN per kN) criteria described earlier. Only the AREA,
Koizumi and Ito, and Vesi¢ tests were carried to a high enocugh load to
permit conclusions to be drawn, and only those tests are included in
the discussion that follows.

The differences between the efficiencies obtained from the
settlement and slope methods from the measured load-settlement curves
and the true efficiencies based on plunging or otherwise definable
ultimate load were:

MDFL: 3% to 10% low
Slope: 1% high to 15% low
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The differences between the efficiencies obtained from those methods
from the measured load-settlement curves and the load-settlement curves
computed by the hybrid model were:

MDFL: Computed was 14% too low to 35% too high
Slope: Computed was 22% too low to 35% too high

Corresponding errors using the elastic solid model were:

MDFL: Computed was 10% too low to 54% too high
Slope: Not obtainable

Values of "efficiency” could not be obtained with the finite element
model.

The block efficiency -was 35% too high in the AREA test and 41%
too high in the Koizumi and Ito test, based on using observed plunging
failure load in the piles and the establishment of an efficiency wvalue
equal to unity whenever block efficiency was computed to be greater
than unity. If the ultimate load of the Koizumi and Ito group is based
on the ultimate capacity of the cap-soil-pile system, which was greater
than the capacity of the piles alone due to cap bearing, but which did
not occur until a deflection of about one foot (0.3 m) had been
achieved, the error in block efficiency is reduced to about 10%. The
efficiency values yielded by Feld's rule were within one per cent of
t}{ose computed from ultimate loads in the AREA and Koizumi and Ito
tests, based on defining failure as pile failure and not ultimate capacity
of the pile-cap-soil system.

A portion of the errors obtained in the models could be due to the
use of reference pile data that may not be entirely representative of the
piles in the group, but it is clear that estimating efficiencies from the
computed reference pile and group load-settlement curves at load values
less than ultimate failure is not an accurate procedure.

f.  Distribution of Loads to Pile Heads. As with load transfer
patterns in the group, agreement between computed and measured
distribution of loads to pile heads is not especially gooci. None of the
models has a clear advantage here. The hybrid model tends to yield
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lower differences in pile head loads than the other models. This is in
general agreement with the tests studied, except for the Koizumi and
Ito test. The reasons for the discrepancies there are thought to be
similar to those responsible for the discrepancies in the observed load
transfer patterns. In addition, the semi-flexible cap and variable
length piling in the Schlitt test may have contributed to the
discrepancies in that test, particularly in the elastic solid model, which
could not directly consider variable piling lengths.

g. Surface Movements. Surface settlements were overestimated
significantly by the boundary element model in the Vesié test. This
problem is probably associated with the tensile stresses developed in
the soil above the pile tips, at which point the majority of the load was
transferred. Better agreement was achieved from subfailure loads in

the Koizumi and Ito tests where less soil tension should occur, using
the elastic solid model. (No finite element solution was available.)
However, heave that was produced about 2.5 meters away from cap at
failure was not modeled. Overall, the elastic solid and boundary
element models were therefore unreliable as means of computing surface
movements. The hybrid algorithm does not compute surface movement.

General Conclusions

A summary of the performance of the three load-deformation models
employed in the comparison study is given in Table 2.11.

Since no eXxisting load-deformation mode! can yield ultimate
capacity, it will be necessary to adopt separate models for synthesizing
pile group characteristics such as load-settlement, load transfer, and
load distribution and for synthesizing ultimate capacity and eifficiency.
It appears that an efficiency model is only required for friction pile
groups in soft clay, and possibly in stiff, overconsolidated clay, and
that the group efficiency can be taken as unity elsewhere for design
purposes. A simple model such as Feld's rule appears to be the most
appropriate efficiency model for friction piles in soft clay.
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Chapter 3. Selection of Model to Synthesize Proposed Field
Study

General

The present-day approach to the rational design of pile groups
consists of several distinctly separate but related tasks:

a. Develop a preliminary layout, pile penetration, and cap size
for a given set of loads.

b. Evaluate the cost of the preliminary design.

c. Evaluate the constructability of the preliminary design.

d. Cycle through Tasks a-c with other preliminary designs until
the most cost-effective design is apparent.

el Make a detajled analysis of the candidate design from Task d
for |

(1) Settlement under a range of working loads, to assure
superstructure integrity.

(2) Pile stresses, to assure structural integrity of the piles.

(3) Load transfer to the soil, for purposes of evaluating
long-term movements and giving insights into possibility more optimal
pile penetrations.

(4) Pile head loads, to permit final design of the pile cap.

f. Evaluate the factor of safety of the group at working load or
the ultimate capacity of the group as defined by some failure criterion.

g. Evaluate the candidate design. Accept, discard, or make
adjustments where necessary. If discarded, return to Task a with new
criteria gained by experience with the candidate design.

Tasks a, b, ¢, e, and f can be accomplished in a formal sense by
the use of separate mathematical techniques or ™models." No model
exists that will span all five tasks.. This study focuses principally on
Tasks e and f. All three models studied in detail are appropriate to
some degree to Task e. At the current state of the art, Task f must
be accomplished separately from Task e, as no mathematical mode! exists
that can adequately simulate the behavior of a group of piles through
an entire range of loads up to and including those that produce ultimate
failure of the group. o
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The inability of the models to handle both tasks is a result of
different factors from the various models. In order to compute ultimate
capacity, a model must be able to simulate failure in the soil wherever
it may occur. The location of the failure zones are not in general
known in advance, so that the model itself should be capable of
generating the location of those zones, of simulating the behavior of
failed soil in those =zones, and of tracking the expansion of failure
zones until complete collapse takes place. Only the finite element model
is potentially capable of these fasks.

The requirement exists for the establishment of some kind of
failure mechanism in an ultimate failure model, finite element or
otherwise, for any point in the system. Some attempts have been made
to develop such mechanisms for a single pile-soil system in two
dimensions (e.g., Ref. 20) using the finite element model. Such
mechanisms include interface elements between pile and soil which yield
when the shearing stress exceeds some preset value and provisions for
the assignments of 2zero values for shear modulus in the soil mass if
computed stresses exceed the shear strength of the soil. The finite
element interface element model requires the analyst to estimate fmax
before making an analysis, as must be done with the hybrid model or
the elastic solid model modified to account for pile-soil slip, so in this
respect the finite element model has no advantage over the other
models.  Furthermore, finite element theory is essentially a smalil
displacement theory. Although it is possible toc make allowances for
geometric nonlinearities in the finite element mesh as large displacements
‘associated with failure occur, some numerical difficulties still exist,
making the calculation of collapse loads presently rather difficult from a
practical viewpoint in a two dimensional system.

These failure mechanisms have not been estiablished in general in
three dimensions, as would be necessary for the analysis of pile
groups. If they could be and a general three-dimensional finite element
computer code were written that would perform Tasks e and f, it is
likely that a numerical scheme related to that of applying small loads to
the groups in increments and accumulating their effects until failure
was reached would be necessary. Using the experiences of Ottaviani as
a guide (53), a problem possessing a number of elements sufficient for
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an accurate solution would require at best several hundred minutes of
central processor time on a typical present generation computer.

It is therefore concluded that the finite element model, which is
presently usable in three-dimensions as a linear tool, cannot perform
both Tasks e and f, nor is it yet reasonable to expand the mode] to
compute ultimate capacity until more efficient numerical processes and
faster computing machines can be developed. Of the models studied,
however, it has the greatest theoretical potential for expansion into an
"ideal" model, incorporating design Tasks e and f , because of its ability
to permit failure to occur either along individual piles, in the soil mass,
or as a combination of soil mass and soil-pile failure, as would be
governed by conditions of pile spacing and soil conditions that could
not be predetermined by the analyst.

The hybrid and modified elastic solid models cannot determine
ultimate capacity of a pile group, for essentially the same reason in
each case. In essence, the collapse load, which is described in terms
of fmax and Qmax for the various piles in the hybrid model and is
input directly into the modified elastic solid model, is constrained to be
that of the collapse load of an isolated pile times the number of piles in
the group. A true collapse mechanism is not defined, and no attempt is
made to do so, for the soil surrounding the piles is treated as an
elastic medium. Both models exclusively employ a single pile failure
concept and cannot rationally replicate failure in cases where "block"
failure might predominate.

It has been demonstrated in Chapter 2 that the hybrid model can
simulate nonlinear load-movement behavior somewhat better than the
modified elastic solid model, such that it can be used to evaluate failure
load very approximately if failure is defined by some prescribed
settlement or rate of settlement that would be harmful to the super
structure rather than by the load causing ultimate collapse of the pile
group. Because of its ability to predict load-settlement relationships in
the nonlinear range, the hybrid model is judged preferable to the
elastic solid model.

The hybrid mode! could in principle be modified in the future to
vield collapse loads other than those that are defined by the sum of the
collapse loads of all piles acting as isolated piles, although such a
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modification would require a major research and development effort.
For example, it would be desirable to develop a routine that would
compute the ratios of fmax and Qpax O group piles to those on isolated
piles, resulting from the installation process. It might be possible to
accomplish this by assessing the ratios of lateral earth pressures within
a group to those around an isolated pile and relating changes in fmax
and Qmax to those pressure ratios. The procedurelfor predicting the
earth pressure differences might be predicated on the theory of
expanding cylindrical cavities (77) (which would have to be extended to
include interaction effects among cavities) or might incorporate a two-
dimensional finite element scheme that has the capability of modeling
expanding cavities (pile insertion). In clays it is likely that the
~changes in the effective earth pressures (and in fmax and Qmax) would
have to be considered by using a numerical procedure to calculate the
rate of dissipation of excess pore pressures within the soil surrounding
the piles. Another, simpler, way of dealing with f-z and Q-z
modifications is to do so when developing input. This is discussed
briefly later in this chapter.

With modifications of the type described, the hybrid model would
still be constrained to model ultimate failure in a group as individual
pile failure and not as the type of failure that would be characterized
by soil failure within the soil mass. These modifications are extensive
and could not be carried out within the scope and budget of the
present study. Undoubtedly, a modified wversion of the hybrid model
would be more costly to execute on a digital computer than is the
present version. ‘

In summary, the finite element model appears to have the greatest
potential, of the models studied, for long-term development into a model
that would encompass both Tasks e and f in the design process. Such
development will be difficult and costly and would probably, out of
practical considerations, await the development of faster computing
machines. The real strength of a future finite element model with a
general collapse mechanism would be that it would not be necessary to
presuppose whether failure would occur along the piles, within the soil
mass, or as a combination of such failure modes.
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The hybrid model, on the other hand, is the better candidate for
a working mode! to incorporate in the design process for the near
future, provided it is understood that separate efficiency or ultimate
capacity models will have to be continued to be used in Task f. The
hybrid model could be adapted to compute ultimate failure loads in
certain cases with significant modifications. It has the distinct and
highly advantageous feature of being able to model the effects of loads
other than concentric vertical forces and pile inclinations other than
vertical.

Based on the above review and upon the generally positive results
achieved with the hybrid model in Chapter 2, the hybrid model is
chosen to model the proposed full-scale field tests. This model was
seen to yield reasonably accurate predictions of load versus settlement,
load transfer patterns, and load distribution to pile heads. It does not
ocutput stresses and displacements in the soil mass but does compute
displacement at nodes along the piles as described in Chapter 1.
Because pile-soil-pile interaction is treated by using elastic halfspace
theory, the model can be used directly to calculate long-term
settlements in uniform deposits of clay by using values of Young's
modulus obtained under drained loading, (for example, from a one
~dimensional consolidation test), rather than undrained loading, and a
Poisson's ratio value for the soil skeleton (usually, about 0.3), rather
than that for the soil-pore water system, as was appropriate for
modeling the short-term tests described in Chapter 2.

The principal practical uses of the hybrid model in synthesizing a
load test are thus to obtain group settlements under a variety of
applied loads, and to obtain thrusts in the piles. The hybrid medel is
also ideally suited to the investigation of effects produced by eccentric
loading such as lateral displacements and bending moments in piles, the
effects of nonuniform pile alignment, and other phenomena important to
designing certain parts of the experiment, including reaction and
deformation measurement systems. Its ability to handle three-
dimensional pile geometry and non-vertical loading with little more effort
than vertical geometry and concentric, vertical loading makes it
appropriate for consideration as a general mode! for pile groups for a
variety of transportation-related design applications.
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All of the load-deformation models studied in Chapter 2, including
the hybrid model, yield best results when their inputs are "calibrated"
to vyield reasonable matches with load-settlement and load transfer
behavior in a reference test pile at the site at which the prototype
group will be installed. This practice is recommended whenever
possible if the hybrid model is to be used directly in studying a
particular pile group.

Cap-5oil Interaction ,
The hybrid model has not been developed to include the effects of

interaction between the soil and the pile cap. A finite element study

by Ottaviani (53) has indicated that, in a square nine-pile group of

forty-meter-long by one-meter-square concrete piles spaced three
meters on center, the pile cap carries from 9 to 22 percent of the total
load in a totally elastic uniform soil. The cap overhang was one-half of
the width of a typical pile. The lowest values of cap reaction occurred
for piles whose elastic modulus was 2,000 times that of the soil
(semi-rigid pile), and the highest wvalue occurred where the pile
modulus was 200 times that of the soil (very flexible pile). Using the
elastic solid model, Butterfield and Banerjee (13) have observed that
square-arrayed five and nine-pile groups of similar relative dimensions
to the groups studied by Ottaviani (penetration/diameter = 40, spacing
of three diameters, and cap overhang of 0.75 times the pile diameter)
carry up to 30 per cent of applied load through the cap when the piles
are flexible in relation to the soil.

Experimental evidence, however, does not generally confirm these
values. The tests conducted by Koizumi and Ito in clay yielded cap
resistance values of about seven per cent of the applied loads until
after the piles failed. Cap resistance increased markedly after pile
failure, but that resistance was unusable, as it required a displacement
of several inches to mobilize. Supplemental tests of the BRE group
(61) indicated that cap bearing accounted for about six per cent of the
applied load. Similar wvalues for groups in clay can be inferred from the
tests reported by Brand, et al. (8). In the group tests in sand
reported by Vesié (75,76) the cap bearing was highly variable, being
as low as about five per cent of the total load in Test P-93 (the test
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modeled in Chapter 2) and as high as about 35 per cent in other tests.
Vesi¢ concluded that cap reaction occurred mainly in the overhang
portions of the cap, outside the perimeter of the array of piles.

From a practical point of view, cap reaction is likely to be lower in
prototype groups than in the groups just described, which were
constructed and tested for research purposes, due to the usual practice
of not preparing the subgrade that the cap will rest on for bearing.
Because of the low and irregular values of cap reaction that have been
measured, and that are likely to occur in practice, it is not deemed
necessary to conduct the proposed tests with the cap in contact with
the ground, nor is it deemed necessary to include the effects of cap-
soil interaction in the mathematical model.

Long-Term Settlements

The hybrid model is capable of predicting long-term settlements in
uniform soils if drained values are used for E .and v. It has not been
possible to verify the model in this mode due to the unavatlability of
appropriate test data. Two other common stratigraphic conditions exist
for which long-term settlement computations may be necessary:

a. Piles placed in a non-consolidating layer above a consolidating
layer. Long-term settlements can be computed off line using the outputs
from a short-term analysis. This is accomplished by summing the shaft
resistances output by the model and applying the resulting load
uniformly over a ficticious mat located at a depth equal to two-thirds of
the pile penetration and computing the settlement in the consolidating
layer by using Boussinesq stress distribution. If tip loads are
significant, the computed sum of the individual tip loads are applied
uniformly over a ficticious mat located at the elevation of the pile tips.
The stresses in the éonsolidating layer are again obtained from
Boussinesq theory and superimposed on those obtained from the shaft
reactions.

b. Piles driven through soft sensitive or normally consolidated
clay into stiff, overconsolidated clay. In this situation, the long-term
load transfer characteristics are likely to be significantly different from
the short-term characteristics. Load is shed from the shafts and
accumulated in the tips. This phenomenon can be synthesized
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approximately by the hybrid model in a direct manner by inputting
drained values for E and v in which E varies linearily with depth. The
existing algorithm for the hybrid model cannot synthesize this case
when the soft layer is loaded by fill and produces negative skin friction
in the upper levels of the piles. The model itself, however, is not
constrained by the existence of negative skin friction in the pile-soil
system.

Computer Code

A computer code based on the hybrid model was developed during
Phase 1 of this study. The code, denoted PILGP1, is a modification of
an earlier code, GP3B, which was used in the comparative study
reported in Chapter 2. GP3B was also used in analysis of the proposed
test group, described subsequently. PILGP1 was written in order to
simplify input and to increase computational efficiency. Because of the
latter accomplishment, some numerical routines in PILGP1 are somewhat
altered from those in GP3B, which leads to slightly different numerical
results for the cases studied in Chapter 2.

A User's Guide for PILGP1 is contained in Appendix A of the Final
Report, and appropriate program documentation is given in Appendix B
of the Final Report. A hard copy of PILGP1 has been made available to
the Federal Highway Administration.

Possible Input Modifications

At the present time it is recommended that the load transfer
functions be input according to the criteria outlined in Chapter 1 with
appropriate modification based on load tests of single piles at specific
sites. The premise of the present algorithm (PILGPl) is that the load
transfer functions that properly describe single pile behavior may be
applied to piles in the group and that group effects are accounted for
by automatic adjustment of these functions based on the magnitude and
distribution of load transferred to the soil as the group is being
loaded. In fact, the installation process alone may alter the load
transfer functions in certain situations. For example, Flaate (24) has
demonstrated that installing piles in a group in sensitive clay produces

a significant time-dependent increase in fma in the interior piles in the

X
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group due to reconsolidation effects. In an eight-pile group it took
approximately five years for interior piles to reach the inferred capacity
of isolated piles. A similar effect may have occurred in the Koizumi
and Ito test described in Chapter 2. Vesié (76) and Kezdi (33) have
demonstrated that fmax is increased to varying degrees by installing
groups of piles in sand.

Residual stresses that exist in the piles after driving piles into
hard soils may be input to the hybrid model (PILGP1 version) by
offsetting the f-z and Q-z curves as demonstrated in Fig. 1.2.
However, little is known about residual stresses in pile groups, which
may develop differently than those in single piles, so that criteria for
obtaining residual load transfer functions do not exist.

The three problems described above require further research in
order for the hybrid model, or any existing model, to be of maximum
use. Presently, it may be possible to correct fmax values for piles in
the interior of a group in sensitive clay by obtaining an appropriate
value for undrained cohesion at a given time after installation by
interpolating between remolded and undisturbed shear strength. It
might be assumed that strength regain is proportional to the degree of
consolidation at the location of a particular pile. Degree of consolida-
tion at a given location in the group could be estimated very
approximately from superposition of excess pore pressures that can be
calculated from single pile radial consolidation theory (28, 68). Critical
state theory (21) may also be useful in this respect. It may also be
possible to correct fmax values in pile groups in loose sand empirically
by assuming that installing small pile groups increases the angle of
internal friction of the soil by one-half the difference between in situ
value and 40 degrees (37). In medium dense to dense sands there is
also apparently an increase in K, which can presently be accounted for
only by experience based on the few existing group tests that have
been conducted in denser sands (7, 33, 76).

Example Parametric Study

As stated earlier, the most appropriate use of the hybrid model in
day-to-day practice is to develop parametric charts that can be easily
employed by analysts and designers. One straightforward way of

145



examining group effect is to determine the ratio of the settlement of a
pile group of N piles to that of a single pile with an applied load of 1/N
times the group load being considered. A number of attempts have
been made to predict settlement ratio empirically (e.g., 67); however,
the hybrid model allows this effect to be modeled in the computer
considering nonlinear soil response. The usefulness of the hybrid
model has been illustrated by developing simple parametric charts by
which settlement ratio can .be determined in uniform scil. Program
GP3B was used to develop these charts.

Figure 3.1 shows the hypothetical groups that were modeled in
order to obtain the charts; the load transfer functions used are shown
in Fig. 3.2; and the parametric solutions for settlement ratio are given
in Figs. 3.3-3.6. In these figures, settlement ratios are plotted as
functions of pile group load, pile spacing pile penetration, relative
initial elastic stiffness of piles and soil, and number of piles in a
square array.

The initial elastic modulus of the soil is related to shear strength,
as are the load transfer functions. Thus, wvariation of the initial
relative elastic stiffness can involve variation of the pile stiffness (AE)
or variation in the soil stiffness (soil modulus and initial slope of load
transfer curves). In this study relative stiffness was wvaried by
changing the pile stiffness. Slightly different solutions result if the
relative stiffness is varied by changing the stiffness of the soil instead
of that of the pile due to the involvement of the load transfer function
in the solution.

Figures 3.3 through 3.6 can be used directly and simply to obtain
the overall settlement ratio if the stiffness and penetration of the piles
is within the range covered by the parameter study, since the settle-
ment ratio contains both tip and shaft compression effects. It is
necessary to measure or predict, using PILGPl1 or other procedures,
the settlement of a single pile under 1/N times the group load in order
to obtain numerical values of settlement.
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Figures 3.3 - 3.6 are limited to one special soil type (uniform soil)
and are meant only to demonstrate the potential use of the hybrid
algorithm in a design office. A considerably more comprehensive para-

meter study must be undertaken in order to develop general design
aids.
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Chapter 4. Proposed Group Tests

General

The desirability of load testing full-scale groups of instrumented
pile groups is evident for several reasons:

a. A major reason for conducting such tests is to validate and
provide improved inputs for an appropriate mathematical model. It is
necessary to meet this objective if the test results are to have maximum
meaning relative to application of the results to diverse sites. This
objective appears to have been absent in most previous studies: how-
ever, the hybrid model has been adopted in this study for this pur-
pose. Most previous tests do not have sufficient data to check the
hybrid model. As a minimum, the data required for execution of the
hybrid model are a profile of undisturbed shear strength; a profile of
the elastic modulus and Poisson's ratio; and a documentation of pile
alignment, spacing, lengths, etc. (It will be demonstrated subsequently
that misalignment of piles can have an important effect on the load-
settlement behavior of a pile group.) In order to test the model's
output, the group load-settlement relationship should be measured, and
load distribution patterns, the loads on the pile heads and load-
settlement behavior should be measured for every pile in the system.
Similar data should be obtained for at least one reference pile.

The existing tests are deficient in these data. Only three of the
group tests studied had reliable soil strength data, but none had ade-
quate information on in-situ moduli, and none had information on true
pile alignment. Only one of the tests had load transfer data for every
pile in the group. Therefore, additional studies are required to
validate the hybrid model.

b. Physical modeling is questionable in this regard because model
tests cannot be used to scale such phenomena as in-situ stress magni-
tudes, rates of pore pressure dissipation, arching in granular soils,
and certain microstructural effects in cohesive scils (e.g., tests in
compacted or remolded soils may yield different results than those in
naturally sedimented soils, particularly those subjected to past stress
relief). Installation effects are also very difficult to simulate in model
tests. Model tests, while useful in investigating some effects, will not
by themselves serve as a model validation.
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c. The greatest degree of success in applying load transfer
functions to a wide variety of sites would be anticipated to occur when
limiting values of load transfer can be expressed in terms of consolida-
tion stresses or effective stresses rather than total stresses, as is now
the case. None of the reported tests in clay attempted to correlate load
transfer to consolidation stresses or effective stresses.

d. It is uncertain whether an "efficiency"” (or block failure)
model is required in stiff, overconsolidated clays. A full-scale group
test in such soil would be helpful to make this determination.

It is apparent, then, that a field study of the behavior of pile
groups is warranted. Philosophically, that study will be designed and
conducted in such a way that the parameters that will be measured will
serve not only as inputs and as checks on the outputs of the hybrid
model but also will be appropriate for investigating other superior
models, such as an "ideal" finite element model, that might be developed
in the future.

General Conditions for Proposed Tests

The proposed tests will be conducted on the central campus of the
University of Houston in an overconsolidated clay. This specific site
was selected for several reasons:

a. The behavior of pile groups in overconsolidated clay is not
well-understood, and testing in such a soil will be an important contri-
bution. This statement remains true even if gross instrumentation
failure were to occur, because valuable information can be gained
regarding efficiency in overconsolidated clay.

b. Overconsolidated clay more nearly approximates an -elastic
halfspace than do sands or normally consolidated clays; hence, it
provides a more ideal setting in which to make the first comprehensive
test of the hybrid model.
¢. The behavior of single- piles is fairly well understood in this
soil. ' '

d. The geotechnical properties of the principal formation, the
Beaumont Clay, have been studied extensively by consultants and
researchers. )
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e. The soil has strength sufficient such that residual stresses in
the piles and the effects thereof may be observable. Yet, the soil,
whose average overconsolidation ratio in the depth of interest is about
five, will develop positive pore pressures when piles are driven, so
that time-related effects may also be observable.

f.  The soil provides high capacity for uplift anchors, which can
be installed relatively inexpensively, while it restricts the maximum
compression capacity of the group to a wvalue for which a reaction
system can be designed and constructed within the budgetary con-
straints of the project.

g. The site is convenient, and data acquisition equipment can be
operated inexpensively in a controlled environment.

The proposed test site is to the immediate east of the University of
Houston Band Annex. A profile of the undrained shear strength at the
site, obtained from old borings adjacent to the site is shown in Fig.
4.1. This profile was obtained through a combination of consolidated-
undrained triaxial, unconfined compression, and pocket penetrometer
tests and should be considered preliminary. (Further detailed studies,
conducted after this chapter was written are described in Chapter 5.)

Load tests will be conducted on a group of nine steel pipe piles,
depicted in Fig. 4.2, approximately ten, thirty, and sixty days after
the group is installed. (Note that the pile numbering system shown
here is different from that actually used.) Comparison tests will be
conducted at similar times after installation on two reference piles to be
located near the group. The two reference piles will be identical to the
group piles and will be tested in the same manner, except that the first
test on one reference pile will be a "quick test" (modified constant rate
of penetration test in which load will be applied in ten-ton (89 kN)
increments every 150 seconds until failure occurs. All eleven piles will
be sealed at the tip with a boot plate that is flush with the cylindrical
surface of the pile. Duplicate testing of two reference piles will give
some measure of the potential random variation in single pile behavior at
the test site.

After the nine-pile group has been tested the edge piles will be
detached from the cap, and the remaining piles will be tested in
compression as a subgroup. (Actually, the corner piles were ultimately
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detached, rather than the edge piles, to provide a tighter grouping for
the subgroups.) Following that test, the center pile will be detached
from the cap, and the remaining four corner piles will be tested in
compression as a subgroup. The tests will be conducted in this
sequence to observe time-dependent effects in the nine-pile group and
the effects of pile spacing on pile-soil-pile interaction. At the completion
of compression testing, four of the group piles and both of the
reference piles will be tested in uplift as a gross check of the developed
shaft resistance and as a means of studying residual stresses (32).
The test group will consist of 10.75-inch (27.3-cm) o.d. steel

closed-ended pipe piles with a nominal 3/8-inch (1-cm) thick wall. The
base closure plates will be flush with the sides of the piles. The piles
will be spaced three diameters on centers in a square array,
representative of a typical bridge foundation. Preliminary site studies
(Fig. 4.1) indicated that the piles could perietrate to 50 feet (15.3 m)
below grade. The analyses described later in this chapter presume this
penetration. (Detailed geotechnical studies described in Chapter 5,
made after these analyses were conducted, revealed that dense silt was
encountered at a depth of 50 feet (15.3 m) so that the actual design
penetration was shortened to 43 feet (13.1 m) below grade. Reanalysis
of the group and reference piles with the slightly shallower penetration
is made later in the Final Report in conjunction with data analysis.)
These dimensions realistically represent a full-scale foundation. Steel
pipe piles were chosen as a means of providing maximum protection for
instrumentation (most of which will be mounted internally) and for ease
of data interpretation.

Since cap-soil interaction is apparently inconsistent and since it is
unlikely that cap bearing will be used in the future in the design of
pile groups in clay, the cap will not be placed in contact with the
ground during this study. It will be suspended approximately three
feet (1 m) off the ground to permit insertion of reference beams and
dial gages.

It is perhaps desirable to vary parameters such as pile penetration
and spacing at time of installation and to test load various piles in the
group after the group piles are driven, but before the group is tested
as a whole, in order to separate mechanical interaction effects from
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effects due only to stress and soil property changes induced by install~
ing nearby piles. However, such considerations have been eliminated
from these tests due to budgetary limitations.

Mathematical Modeling of UH Tests

The nine-pile group, four- and five-pile subgroups and reference
piles have been modeled on the digital computer using a version of the
hybrid model. Baseline load transfer functions have been employed
(Egs. (1.3), (1.4), and (1.8)), and the soil profile and pile penetra-
tion shown in Fig. 4.1 has been assumed. Mathematical modeling of the
proposed test was done for several reasons:

a. To obtain a "Class A" (before-the-fact) prediction of the
behavior of the group as a means of validating the hybrid mode! for
this case. |

b. To provide a basis for the final selection of locations, ranges,
and sensitivities of instruments to be used in the tests.

c. To provide criteria for shut down of a test due to excessive
tilting or lateral translation of the pile cap.

d. To provide load distribution data for the structural design of
the pile cap.

Five cases for group analysis were considered, as depicted in
Figs. 4.2 - 4.6. Case A (Fig. 4.2) represents the ideal case for the
nine-pile group. Case B (Fig. 4.3) represents a model of a possible
"as-driven" case, in which a net of two piles are battered slightly as
indicated. Case C (Fig. 4.4) represents an extreme case in which the
last three piles (7,8, and 9) develop only half the resistance of the
remaining piles and are only half as stiff, coupled with an eccentric
load applied one foot (0.305 m) from the center of gravity of the group.
An extreme freestanding pile length of five feet (1.53 m) has also been
assumed for Case C. Case D (Fig. 4.5) represents the ideal case for
five-pile subgroup, and Case E (Fig. 4.6) represents the ideal four-pile
subgroup. In Cases B and C it was also necessary to input lateral load
transfer functions. For the sake of brevity, these relationships are not
reproduced here. References on the development of such relationships
are contained in Ref. 49. The hybrid mode! permits a variation of the
fixity condition between pile cap and piles (fixed, pinned, or inter-
mediate restraint). Complete fixity was assumed for Cases B and C,
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which produce lateral deformations. (The cap detail shown in Chapter
5 will produce essentially complete fixity.)

Tables 4.1 and 4.2 summarize construction of the f-z relationships.
In Table 4.1 a relationship has been developed for a standard clay
having an undrained shear strength of 1000 psf (47.9 kN/m2). There
are several slight discrete changes in soil strength in Fig. 4.1 from the
top of the pile to the bottom, so Table 4.2 was developed to adjust the
f-values by the ratio of undrained cohesion at a given depth to 1000
psf (47.9 kN/m2), the cohesion value for the "standard" soil. The f-2
relationships at levels intermediate to those shown in Table 4.2 are
obtained internally in the computer program by linear interpolation.
Construction of the Q-z relationships for the piles at the site is shown
in Table 4.3, and the f-z and Q-z curves are shown graphically in
Figs. 4.7 and 4.8. A value of Z. of 0.2 inches (0.5 cm) was chosen
based on inferences from the BRE tests and experiences with piling in
overconsolidated clay.

Structural properties of the closed-ended pipe piles to be used in
~ the tests are tabulated in Table 4.4. Elastic moduli for the pile-soil-pile
interaction calculations were chosen based on the study outlined in
Chapter 2. It appears that an appropriate range of values for E is
400-800 Chavg’ OF 6870 psi (47.3 mN/m2) to 13,740 psi (94.7 mN/m?).
Calculations were made for both values of E for Case A in order to
study the effects of E on the outputs. The remaining cases were
studied assuming that E = 13,740 psi (94.7 mN/m2?), which appears to
be the single most appropriate value for E based on knowledge of the
soil before detailed studies were made. The value of Poisson's ratio
was kept at 0.5 because the soil is essentially fully saturated and
because the proposed tests will be short-term in nature. ‘

The calculations for predicted capacities of the reference pile and
pile groups are shown in Table 4.6. The reference pile capacity is
predicted to be 191,000 lbs. (850 kN), and that of the nine-pile group
is predicted to be 1,719,000 lbs (860 tons) (7,650 kN) assuming a
group efficiency of unity. The cap, loading, and reaction systems will
be designed to take safe working loads of 40 percent in excess of these
theoretical values (or 1200 tons (10,700 kN)), as it is intended to carry
the tests to ultimate failure even if the capacities have been
underpredicted.
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TABLE 4.1. CONSTRUCTION OF BASIC AXIAL
SHAFT LOAD TRANSFER FUNCTION

f [2 (z/zc)o‘5 - 2/2]

- fmax

Choose 2z c = 0.2 inches (0.5 cm) for Beaumont Clay and assume no
residual stresses:

= 0.5
f= fmax [4.47 (2) - 5(2)]

For basic curve let fmax = 1000 psf = 6.94 psi (47.9 kN/m?2) arbitrarily.

Z (in.) f (psi)
0 0
0.067 (zc/S) 5.79
0.133 (ZZC/3) 6.68
0.20 (zc) 6.94
10%* 7.0%

*Arbitrary input for limiting deflection
For any depth: f = f (above table) x LM (Table 4.2)

Note: lin. =2.54 cm
1 psi. = 6.89 kN/m?
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TABLE 4.2. LOAD MULTIPLIER FOR f-z CURVES

f-z Curve No. Depth (Below Pile Tops) Load Multiplier
(ft) (LM)*
1 0.0 0.0
2 3.0 0.0
3 4.0 0.780
4 11.0 : 0.780
5 12.0 1.173
6 29.0 1.173
7 30.0 1.000
8 43.0 1.760
S 44.0 ' 1.500
10 53.0 1.500
*Based on fmax = 0.5 €y (API criterion, Ref. 1)

LM = one-half of these values for piles 7, 8, and 9, Case C

Note: 1ft.=0.305m
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TABLE 4.3. CONSTRUCTION OF TIP LOAD
TRANSFER FUNCTION

= 1/3
Q = (2/z2) Qma:;
Qmax =9 Cu tip (tip area)

= 9 (3000) (0.63) = 17,000 1b (75.7 kN)

Choose Z. = 0.2 inches (0.5 cm) and assume no residual stresses

Z (in.) Q (b)
0 0

0.05 10,700
0.10 * 13,500
0.20 17,000
10% 18,000%

*Arbitrary input for limiting deflection. Q-values are one-half these
values for piles 7, 8, and 9, Case C.

2.54 cm
4.45 N

Note: 1 in.
1 1b.

H
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TIP LOAD TRANSFER FUNCTION
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TABLE 4.4. STRUCTURAL PROPERTIES OF PILES

Cross-sectional area . . . . .
Young's modulus .

Tiparea . . . . . . . . . ..
Diameter . . . . . . e e e e e

Moments of Inertia

About axis parallel to X
About axis parallel to Y

Polar . ... . . . ..
Note: l1in. =2.54 cm
1in.2 = 6.45 cm?
1in.4 = 41.6 cm*
1 psi =6.89 kN/m?

............
......
............
............
............

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

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

............
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11.91 in2
29,000,000 psi
90.8 in?
10.75 in
33.77 in
0.365 in

160.1 in¢
160.1 in%
320.1 in*



TABLE 4.5. MODULI OF SOIL FOR PILE-

SOIL-PILE INTERACTION CALCULATIONS

Young's Modulus, Constant with Depth
Case 1 . . . . . . . v v v ... 400 cuavg = 6870 psi
Case 2

................ 80O cuavg = 13,740 psi

The average value of ¢

Note: 1 psi
1 pst

6.89 kN/m?
47.9 N/m?
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TABLE 4.6. ULTIMATE COMPRESSIVE CAPACITIES
OF SINGLE PILE AND PILE GROUPS

Single Pile (Reference)

Ww o -1 oo Wb W

Average undrained cohesion . . . . . . .
Factor a (Ref. 1) . . . . . . . . . . ..
ax2) . ... ..... ..
Perimeter distance . . . . . . . . . ..
Nominal penetration . . . . . . . . ..
Perimeter area (4x5) . . . . . . . . . .
Shaft capacity (3x6) . . . . . . . . ..
Tip capacity (Table 4.3) . . . . . . ..
Total capacity (7#48) . . . . . . . . . .

Average fm ax

Pile Groups¥

10.
11.

12.

*Based on efficiency of unity for ultimate capacity

Note:

9-pile (9 x total single pile capacity) . . .

5-pile subgroup (5 x total single pile

capacity) . . . . . . . . . .. o ..

4-pile subgroup (4 x total single pile

capacity) . . . . . . . . . . . .. .

1ft. =0.305m
1k =4.45 kN
1 ksf = 47.9 kN/m?
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2.474 ksf
0.50
1.237 ksf
2.814 ft
50 ft
140.7 ft2
174.0 k
17.0 k
191.0 k



The salient results of the computer study are given in Figs. 4.9
~4.19 and in Tables 4.7 - 4.9. Figure 4.9 shows the predicted load-
settlement curve for a reference pile loaded in compression. No
residual stresses were assumed t0 exist in the pile. If residual
stresses are present the initial slope of the curve may be somewhat
greater than that shown. The load-uplift curve for the reference piles
and for the individual piles in the group are expected to mirror the
compression curve shown in Fig. 4.9. The predicted load transfer
pattern in the reference piles is shown in Fig. 4.10. Load transfer will
apparently be relatively uniform. Thus, placement of load and
displacement measurement devices on the piles will be at essentially
regular intervals. ‘

Figure 4.11 presents the anticipated range of load-settlement
curves for Case A. It is realistically expected that the actual curve
will be close to the upper curve. Ultimate failure is expected to occur
in each of the three tests at a gross settlement of 1.0 to 1.5 inches
(2.5-3.8 cm). Based on these data, the cap height will be established
such that adequate clearance will exist between the cap and soil to
accommodate the reference system after five load tests have been
conducted. That is, assuming 2zero recovery on rebound and ideal
geometry, the cap will be about 6-7 inches (15-18 cm) lower upon
- completion of the group tests than it was at the time of its installation.
(In point of fact, considerable elastic recovery may occur.)

The predicted load transfer patterns in the various piles in Case A
are shown in Figs 4.12 - 4.14. Also shown on those figures is a solu-
tion in which pile-soil-pile interaction is not considered (i.e., a load
transfer function model solution). It is evident that group action will
cause shaft load transfer to occur at a slightly lower level in each of
the piles and that the tip loads are increased slightly at subfailure
loads. The load transfer patterns remain relatively uniform, such that
essentially regular spacing of axial load and displacement measuring
devices will also be maintained on the group piles. The value of E
within the range studied has a relatively small effect on the load
transfer pattern. _

Distribution of loads among the various pile heads is tabulated for
Cases A, B, and C, for several values of load in Tables 4.7, 4.8 and
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NOTE: 1 9n. = 2.54 em 1 kip = 4.45 kN

FIGURE 4.9. PREDICTED LOAD-SETTLEMENT CURVE FOR REFERENCE

PILE
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FIGURE 4.15.
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LOAD (KIPS)
0] 400 800 1200 1600

I 1 1

0.25

o
o
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E/c, =800
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n
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o
o
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NOTE: 1 in. = 2,54 cm 1 kip = 4.45 kN

FIGURE 4.11. PREDICTED LOAD-SETTLEMENT CURVE FOR NOMINAL
NINE-PILE GROUP (CASE A)
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LOAD (KiPS) LOAD (KIPS)
00 - 50 100 0 50 100 150

o

N
(o]

DISTANCE BELOW CAP (FT.)
5

£H
o

WITHOUT PILE - SOIL-PILE INTERACTION
——=— E/cy 2800
————— E/¢cy =400

NOTE: 1 ft = 0.305m 1 kip = 4.45 kN

FIGURE 4.12. PREDICTED AVERAGE LOAD VS. DEPTH PATTERNS
FOR CORNER PILES, HINE-PILE GROUP (CASE A)
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DISTANCE BELOW CAP (FT.)

UL 0 S UG 7 AP

LOAD (KIPS) LOAD (KIPS)
o 50 100 o 50 100 150

1 T

A

I/ sroup

// LOAD =
1200 KIPS

WITHOUT PILE-SOIL-PILE INTERACTION
————E/c,=800

—.—-— E/cy =400

NOTE: 1 ft = 0.305 m 1 kip = 4.45 kN

FIGURE 4.13. PREDICTED AVERAGE LOAD VS. DEPTH PATTERNS
FOR £DGE PILES, NINE-PILE GROUP {CASE A)
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FIGURE 4.14. PREDICTED LOAD VS. DEPTH PATTER{S FOR CENTER
PILE, HINE-PILE GROUP (CASE A)
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CAP ROTATION (DEGREES)
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FIGURE 4.16.
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RESISTANCE, AND ECCENTRIC LOADS, NIME-PILE
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HORIZONTAL TRANSLATION (-Z DIRECTION) (IN)

1.0 -
PILE STRESS
08 |- REACHES 18,000
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06 -
04 -
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0 ] i 1 J
0 200 400 600 800

GROUP LOAD (KIPS)

NOTE: 1 4n. = 2.54 cm 1 kip = 4.45 kN 1 psi = 6.89 kN/m2

FIGURE 4.17. PREDICTED HORIZONTAL TRANWSLATION OF TOP
OF PILE CAP FOR CASE C, E/Cu = 800
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FIGURE 4.18.
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SETTLEMENT (IN.)

LOAD (KIPS)
00 200 400 600 800 1000

1 1 1
ULTIMATE, P
CASE D__ | |
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FIGURE 4.19. PREDICTED LOAD-SETTLEMENT CURVES FOR FOUR-
AND FIVE-PILE SUBGROUPS (CASES D AND E)
COMPARED WITH PREDICTED CURVE FOR NINE-PILE
GROUP
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TABLE 4.7. COMPUTED DISTRIBUTION OF
LOADS TO PILE HEADS, CASE A

Group Load on Pile Head (kips)
Load (kips) Pile : E/Cu = 400 I:‘./cu = 800
400 Corner (3, 5, 7, 9) 45.0 44.8
Edge (2, 4, 6, 8) 44.2 44.3
Center (1) 43.2 43.6
800 Corner (3, 5, 7, 9) 90.4 90.0
Edge (2, 4, 6, 8) 88.2 88.4
Center (1) 85.7 86.6
1200 Corner (3, 5, 7, 9 136.2 135.3
Edge (2, 4, 6, 8) 132.0 132.4
Center (1) ' - 127.4 129.3
1600 Corner (3, 5, 7, 9) 181.2
Edge (2, 4, 6, 8) ‘ 176.4 *
Center (1) 169.8

*Not obtained

Note: 1 kip = 4.45 kN
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TABLE 4.8.

COMPUTED DISTRIBUTION OF

LOADS TO PILE HEADS, CASE B

Group
Load (kips)

Pile

Axial Load on Pile Head
E/c:u = 400

400

1200

O 0o 3 O U b W N

w0 -3 O ol WS e

43,
43.
44.
4.
45.
44.
45.
44,
44.

N W~ U 0 W

127.
131.
134.
131.
137.
. 134.
136.
131.
134.

-] © O N,

Note: 1 kip = 4.45 kN

184




TABLE 4.9. COMPUTED DISTRIBUTION OF
LOADS TO PILE HEADS, CASE C

Group Pile Axial Load on Pile Head
Load (kips) E/c:u = 800
400 1 55.7

2,6 56.8
3,5 16.5
4 16.2
8 59.5
9,7 61.0
600 1 86.4
2,6 88.7
3,5 24.2
4 23.7
8 86.5
9,7 88.8

Note: 1 kip = 4.45 kN
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4.9. For cap design purposes the data indicate that for Case A (ideal)
the corner piles will carry two to three percent more load than the
average pile load. The center pile will carry four to five percent less
than the average, and the edge piles will carry about one percent less
than the average up to a load of 1600 kips (7,120 kN). It is assumed
that these ratios are also valid at the ultimate capacity of 1720 kips
(7,650 kN). Based on analysis of the tests described in Chapter 2 and
upon analysis of Cases B and C, which indicate wide variations in loads
due to irregular geometry, eccentric loading, and variable pile
behavior, it appears reasonable to design the cap for the full nine-pile
group assuming that the corner piles will carry seven percent more
than the average failure load of 191 kips (850 kN), the center pile will
carry twelve percent less than the average load, and the edge piles will
carry four percent less than the average load. In the case of extreme
eccentricity of the loads or extreme irregularity of pile capacity (Case
C), neither of which is expected to occur, the maximum load that can
be placed on the pile group will be governed by flexual considerations
in the piles and rotation of the pile cap. Pile loads will not, in such a
case, approach the computed ultimate failure loads before the test must
be stopped, such that Case C is not critical for design of the pile cap.
The same general percentages are applied to the four- and five-pile
subgroups as a reflection of possible variable alignment and minor load
eccentricites in those tests.

Figure 4.15 compares the predicted load-settlement curves for
Cases A, B, and C with E/cu = 800. It is evident that pile misalign-
ment of the type depicted in Case B can produce settlements that are
up to one-third higher than those produced in the ideal case. It may
thus be possible that the total deflection of the cap for the series of
. group load tests may exceed seven inches (18 cm) by up to one third.
However, considering elastic rebound, it should be adequate to consider
a total displacement of eight inches (20 cm) for design purposes.
Figure 4.15 also shows that the load-settlement curve for Case C will be
very nonlinear, owing to premature failure of the row of weak piles.
At a load of 800 kips (3,650 kN), cap rotation and lateral translation
will be so large that combined flexural and axial stresses in Piles 7
and 9 will reach 18,000 psi (124 mN/m?). The nominal -yield
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point of the steel in the piling (35,000 psi) (241 mN/m2) would be
reached well below the predicted nominal ultimate capacity of 1,720 kips
(7650 kN). Thus, with the situation shown in Case C it will be
imprudent to attempt to fail the group in the vertical mode.

Predicted cap rotations for Cases B and C are shown in Fig. 4.16.
It can be seen that a combination of cap rotation of 0.024 degrees
(about the -X axis), which produces a differential settlement of 0.05
inches (0.13 cm) over the 108-inch (2.74-m) span of the cap
(described in Chapter 5), and lateral translation (in the Z-direction)
of 1.03 in. (2.6 cm) (Fig. 4.17) produce pile stresses of 18 ksi (124
mN/m?) at the base of the cap for a group load of 800 kips (3.56 mN).
This indicates that the pile group cannot be carried to failure in the
vertical mode without risking plastic yiéld of the steel for a pile group
in this condition. These predictions suggest that horizontal translations
and differential settlement of the pile cap are important and should be
measured along and about two orthogonal horizontal axes and that the
test should be terminated if they are exessive.

The reaction beams for the test group will be "mobile” during
compression testing in that they will be supported by slender tension
bars (Dywidag type) that will be anchored over 70 feet (21 m) below
the point of connection with the beams. Thus, any lateral deformations
that occur will be permitted and will not be resisted by moments or
shears in the jacking system, which is described in Chapter 5.

Figure 4.18 shows the rate of build-up of combined stresses in the
outer fibers of Piles 7 and 9 in Case C. The predicted load-settlement
relationships for the subgroups, Cases D and E, are shown in Figure
4.18. It is apparent that group settlement is not highly sensitive to
the number of piles in the group for small values of load.

——— e — -

The following criteria will be employed to determine when a com-
pression test is to be terminated.

a. Primary Criteria. The normal mode of failure will be failure
by some form of excessive movement in the wvertical direction. The
following criteria will be followed, in the order listed, to ascertain when
vertical failure of a reference pile or of a pile group has occurred.
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When failure has occurred according to the highest-ranked criterion,
the load will be removed in two or three decrements.

(1) Plunging. All compression tests will be conducted to
plunging failure (increasing settlement with no increase in applied
vertical load) if possible.

(2) Change in Rate of Tip Load Versus Settlement. If
plunging failure is not achieved, failure will be defined as follows: Tip
load, as obtained by strain gages, will be plotted against tip settle-
ment, as obtained by mechanical extensometers, in the final 30 minutes
of a load increment. The point at which a discernable change occurs in
the slope of this plot on all piles will be defined as failure.

(3) Rate of Butt Settlement. Granular soils are known to be
present several feet below the planned elevation of the pile tips. It is
conceivable that their presence may prevent plunging or discernable tip |
failure. In such a case it is anticipated that the butt load-settlement
curve will become linear after a distinct nonlinear zone if the test is
conducted by applying uniform load increments at relatively short
intervals of time (for example, one hour). The load at which this
"terminal linearity" occurs will be defined as failure.

(4) Capacity of the System. If failure as defined by 1, 2, or
3 above has not occured by the time the capacity of the reaction system
(1200 tons (10.68 mN)) has been reached, the test will be terminated.

b. Secondary criteria. In order to prevent overstressing of the
piles in flexure, a compression test will be terminated if either of the
following events occurs,

(1) Relative wvertical deformation exceeds 0.35 inches (0.9
cm) over the width of the cap (9 ft (2.75 m)) in either of two
horizontal directions.

(2) Lateral translation of the pile cap exceeds 0.30 inches
(0.8 cm) in either of two horizontal directions.

The above criteria are based on an independent linear analysis of
a group of plumb piles.

Uplift tests will be conducted on six individual piles. Failure for
these tests will be defined as the load at which uplift occurs without
further increase in load. )

188



In the event of accidental unloading, as may occur with a hydrau-
lic leak, the load will be returned to the load at which the accidental
unloading occurred and increased in increments from that point. The
criteria for failure in such a case will remain as indicated above.

The 0.05 in./JN per ton (0.014 cm/JN per kN) failure criterion
examined in Chapter 2 is an arbitrary criterion which does not consider
fully the effect that failure is apparently governed by displacement or
displacement rate of the pile tips and will therefore not be used in-the
evaluation of failure in the tests. The MDFL criterion is more rational,
but it is unproven in group load tests. Therefore, it also will not be
used in the tests.

Specific Measurements

The measurements for the field tests will be designed to provide
- complete data for developing inputs to and checking outputs from the
hybrid model. Additionally, data will be taken that will not be directly
applicable to the hybrid model but which are intended to serve as
inputs and output checks for "ideal" models that may be developed in
the future. Specifically, stress-strain properties of the undisturbed
soil, displacements in the soil mass and at the soil surface during
installation and load testing, wave propagation within selected piles as
they are being driven, and residual stresses in the piling will be
measured for this purpose. The following subsections describe the
measurements to be made and the requirements for instrumentation,
where appropriate. Details of the site investigation, instrumentation,
and data acquisition schedules are discussed in Chapter 5.

Soil. The following soil measurements will be made:

a. Classification tests. Moisture content, dry density, Atterberg
limits, and grain-size distribution analyses, sufficient in number to
classify the soil to a depth of at least three group widths beneath the
tips of the piles and to provide data as necessary for installing anchor
systems to a greater depth, will be conducted. Tests will be assigned
in the laboratory based on visual classification of the samples. It is
anticipated that Atterberg limits tests will be conducted on about 30
samples. Moisture content and dry density tests will be conducted on
every undisturbed sample to be subjected to a laboratory strength or
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consolidation test and on such other samples as may seem desirable.
About 60 moisture content and density tests will be performed. Several
grain size distribution tests will be conducted to assess sand content as
a function of depth.

b. Tests for routine load transfer correlations. It may be
desirable to obtain fmax and Quax in practice in terms of routinely
obtained soil strength data. Therefore, the soil shear strength profile
will be represented in terms of the following tests:

(1) Pocket penetrometer and torvane

(2) Standard penetration

(3) Unconfined compression

(4) Unconsolidated-undrained triaxal compression

(5) Static cone penetration (bearing and sleeve friction)

Pocket penetrometer and torvane tests will be made on undisturbed
shelby tube samples of cohesive soil.‘ About 60 such samples are anti-
cipated to be recovered.

Standard pentetration tests will be made in one boring at approx-
imately five~foot intervals. (A closer interval will be used in the depth
range of 35-45 feet (11-14m) to aid in the selection of a precise tip
elevation for the piles.) A final tip elevation will be selected that will
reasonably preclude situation of pile tips in a thin silt or sand layer,
which will lead to excessive capacity and possibly to more nonuniform
capacities. Unconfined compression tests will be conducted at
approximately equal depth intervals.

Unconsolidated-undrained single stage triaxial compression tests
will be conducted, with a similar distribution to that for the unconfined
compression tests. Confining pressures will be isotropic and will be set
equal to the total overburden pressure less the geostatic pore pressure
indicated in observation wells (borings that have been pumped free of
drilling fluids to below the water table and have been allowed to stand
open to obtain static free water levels).

Three static cone soundings using the Fugro cone will be made to
an approximate depth of 65 feet (20 m) prior to installing the pile
group. Continuous records of tip bearing and sleeve resistance will be
made. These tests will also be used to assess the proper depth of the
pile tips, and they will serve as baselines for static cone measurements
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to be made after the conclusion of the compression tests for purposes of
assessing disturbance patterns in the soil due to pile installation.

c. Tests to investigate soil disturbance due to installation of
piles. In order assess the degree of soil nonuniformity within and
around the pile group and reference piles due to pile installation, five
continuous static cone penetration tests will be made after completion of
the tests. Penetration tests made after the tests will be located at
varying distances from single piles and from the group. All tests will
be carried to a depth of approximately two group widths beneath the
pile tips. These tests are needed to determine rationally any gain or
loss of strength from the pre-driving in-situ condition.

d. Tests to determine in-situ stress-strain properties of the soil.
Because of stress relief, patterns of secondary structure will become
magnified in the samples that are recovered from the overconsolidated
clay. Unconsolidated-undrained triaxial compression and unconfined
tests are therefore inappropriate to ascertain important aspects of soil
stress-strain behavior, especially the initial tangent Young's modulus.
In order to circumvent this problem, the following tests will be con-
ducted to obtain stress-strain relationships.

(1) Pressuremeter. A self-boring pressuremeter will be
used in two boreholes to obtain undrained cohesive shear strength and
stress-strain behavior. However, the success of this instrument to
advance itself into very stiff clays at depths greater than about 30 feet
- (9 m) without damage to its components is uncertain and, therefore, the
depth of pressuremeter testing may be limited. Subject to this limitation,
siX to seven pressuremeter tests are planned in each of two boreholes.

(2) Seismic tests. A seismic crosshole procedure will
be used to obtain upper bound values for shear modulus of the soil at
one location on the site as a general check on the validity of the pres-
suremeter test results. One source hole (the standard penetration test
borehole) and two receiver holes will be employed. Crosshole tests will
be conducted to a depth of about 60 feet (18 m).

(3) Consolidated-undrained triaxial tests. Undisturbed
samples will be consolidated in a triaxial cell to approximately twice the
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average preconsolidation pressure indicated from one-dimensional con-
solidation tests, and the cell pressure will be reduced isotropically to
the point at which the samples in the cells are at variable overconso-
lidation ratios, in the range of those that exist in-situ. The samples
will then be loaded in undrained shear. Isotropic stress reduction will
be used because the soil is not highly anisotropic in-situ.

The above tests presume that loading from the pile group will be
of a short duration and that undrained stress-strain behavior is appro-
priate. Approximately four samples will be subjected to K o consolida-
tion and eight to isotropic consolidation tests. Two sets of tests are
expected to be in the red and gray clay and two sets below that soil.
All samples will be rebounded to one of three wvalues of over-
consolidation ratic. Pore pressure will be measured. The K tests will
be employed to assess the in-situ at rest earth pressure coefflcxents
' e. Consolidation. One-dimensional consolidation tests on shelby
tube samples will be performed to determine overconsolidation ratios and
compressibility factors to aid in establishing final cell pressures for the
above tests and to infer at-rest earth pressure coefficients in the
overconsolidated clay. One-dimensional consolidation tests will be
performed at random depths from near the surface to below the pile
tips.

f. Tests to determine effective stress parameters. Rational
correlations may exist between fmax and the effective siress parameters
c' and ¢'. An attempt will be made to measure the total and pore water
pressure against the shafts of five of the test piles. Therefore, it
would be possible to relate fm ax 10 ¢' and ¢'. If such a relationship is
found, the effective stress at failure against the piles can then be
related to in-situ geostatic vertical effective stresses to obtain appro-
priate earth pressure coefficients that could be used to compute fmax
for similar conditions using effective stresses. Isotropically conso-
lidated, undrained (CIU) triaxial compression tests on undisturbed
samples (back-pressure saturated) with pore pressure measurement will
be used to obtain the effective stress parameters. Six sets of three
samples each, with confining pressure in the range of in-situ pressures
and above in-situ pressures, within each set are planned. Several
consolidated-drained direct shear tests will also be conducted to obtain
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the residual strength parameters, as failure may be progressive along
the shafts of the piles.
g. Tests to determine remolded strength. A potentially simple

and rational means of obtaining f in overconsolidated clays, which

max
may be superior to the procedure described in Chapter 1 (1), is to
relate fmax to the consolidated-undrained strength of the remolded soil,

since soil adjacent to the face of the shaft is remolded before being
reconsolidated. CAU tests (using computed values of Ko) on remolded
samples will be conducted at varying cell pressures on one set of three
samples from the red and gray clay and one set from the light gray and
tan clay to obtain the consolidated undrained strength parameters Crr
and ¢rr (remolded reconsolidated). Two other sets of tests, one in the
red and gray clay and one in the light gray and tan clay, will be
conducted using isotropic consolidation.

h. Soil pressures. In connection with Item f, above, pore water
pressure will be measured at various points in the soil mass, within the
pile group, below the group, and at locations peripheral to the group.
Similar measurements will be made on and in the vicinity of one of the
reference piles. Specific pore water and total pressures acting at four
different levels on the faces of five piles (four within the group) will
also be measured. The ranges of these instruments have been calcu-
lated from the theory of expanding cylindrical cavities in an incompres-
sible cohesive soil mass (77), and all pore water pressure sensors are
assumed to require that range. The choice of sensitivity is based on
equipment availability at moderate cost and upon the sensitivity with
which fmax is to be calculated:

Range: 0-300 psi (0-2070 kN/m2) (total pressure)
0-150 psi (0-1030 kN/m2?) (pore water
pressure)
Sensitivity: 1 psi (6.89 kN/m2)
A plan of instrument locations is given in Chapter 5.

i. Soil deformations. Surface deformations that occur during
installation and during load testing will be read from several monuments
situated at the soil surface and from soil telltales at three levels
beneath the ground in two locations relative to the grodp. These data
will aid in investigating zone of surface influence of pile driving for
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this group. The range and sensitivity of these instruments can not be

calculated accurately from theory, so experience, based partially on the

Koizumi and Ito and BRE tests described in Chapter 2, has been used:
Range: =1.0 to 1.0 in. (2.5 to 2.5 cm)
Sensitivity: 0.01 in. (0.025 cm)

A plan of instrument locations and further details on the system are

given in Chapter 5.

Reference Piles and Pile Group. The following measurements will
be made on the piles.

a. Overall load. During each test, the overall load applied to
the group or to a reference pile will be measured by means of cali-
brated load cells positioned above the loading rams. These load cells
will be sensitive to the nearest ton (9 kN). For the reference piles a
single ram and load cell will be used. For the group, four jacks and
four load cells will be used, so that each load cell will have a range of
0-300 tons (0-2670 kN). Both jack pressure and load cells will be
independently monitored as independent checks on the sum the load
measurements to be made at the heads of the individual piles.

b. Cap and pile head translation. During each single pile test,
pile head settlement or uplift will be measured by means of two dial
gages mounted diametrically opposite each other on the circumference of

the piles at the ground level and suspended from reference beams.
Similar measurements will be made on each of the piles in the
group during the group tests. In addition the wvertical displacement
and horizontal displacement of the cap in two orthogonal directions will
be measured by positioning dial gages in sets of three at the lower
corners of the pile cap. The requirements for the dial gages are
Settlement gages:
Range: 0-2 inches (0-5.1 cm)
Sensitivity: 0.001 inch (0.0025 cm)
Horizontal translation gages:
Range: 0-0.5 inch (0-1.27 cm)
Sensitivity: 0.001 inch (0.0025 cm)
Vertical control will be maintained on the supports for the re-
ference beams during the tests by means of a microhead level and scale
to the nearest 0.01 inch (0.025 cm). The level will also be used to
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make sightings on the pile cap with the same sensitivity as a back-up
to the dial gage measurements. The level will be checked periodically
during the operations by reference to a temporary bench mark that will
be established on a structure about 100 feet (30 m) from the test site.

Reference beams and dial gages will be protected from direct
sunlight and wind during each compression test by means of a canvas
shroud.

c. Load distribution in individual piles. Load at the top of each
pile will be measured by means of two separate full-bridge electrical foil
resistance strain gage circuits situated at and slightly above the ground
surface in each pile and wired to cancel flexure, magnify axial stress,
and compensate for temperature. Load will also be measured using a
similar arrangement at approximately five-foot (1.5-m) intervals along
every pile in order to obtain the load transfer patterns. The range of
the individual strain gage 'elements, which will be temperature
compensated for mild steel, is dictated by the following:

Ultimate static load on pile = 150 tons (1335 kN) (based on
67% overload)

Corresponding average axial stress = 25.2 psi (174 kN/m2)

Peak force during driving = 150 tons (1335 kN)

Corresponding peak stress = 25.2 ksi (174 kN/m?)

Maximum strain, static or dynamic = 869 microinches per inch

The dynamic forces and stresses were obtained from a one-dimen-
sional wave equation analysis, described in Figs. 4.20 and 4.21, using
a Raymond 18 hammer (single acting, 19,500 ft-lb (26.5 m-kN) per
blow) to drive the pile, an aluminum-micarta hammer cushion, and no
pile cushion.

Gage sensitivity was established by requiring resolution of 25 psf
(1.2 kN/m?) side shear stress between two adjacent strain gage stations
located five feet (1.5 m) apart vertically. This requirement forces
strain gage circuits to resolve a load in the pile of approximately 350
pounds (1.56 kN), which produces a strain of one microinch per inch.

The propagation of the stress waves during driving will be
monitored with analog data acquisition equipment in four of the piles in
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order to obtain an approximate assessment of any variation of dynamic
response to driving that may occur among piles in a group in stiff clay.
This measurement will be accomplished by obtaining traces of the strain
gage bridge output at several levels on each of the four piles for
several blows of the hammer near maximum penetration. These gages
will be separate from the strain gate system described above for
measuring static loads. They will be single gages, with fuli-bridge
completions on the _surface by means of dummy gages. In order to
obtain an accurate trace of strain versus time (Fig. 4.21), two require-
ments must be met:

(1) The frequency response of the gages should be about
100 times the frequency of the propagating wave. Figure 4.21 reveals
that this frequency of the wave will be about 250 Hz. Gages will be
used that will have a frequency response of 25,000 Hz.

(2) The gage length of the sensing elements should be no
longer than one-one hundreth of the wave length of the wave. The
wave length of the propagating wave in Fig. 4.21 is about 60 ft (18 m).
Hence, any strain gage of reasonable length will be appropriate.
One-quarter-inch (0.64-cm) gages will be used in this study.

The requirements for the strain gage circuits therefore are:

Range: 1000 microinches per inch
Sensitivity: 1 microinch per inch
Frequency Response: 25,000 Hz

Gage Length: less than 0.6 ft. (18 cm)
Temperature Compensation: mild steel

In addition, gage resistances of 350 ohms will be employed to permit
relatively high power levels to be used.

As a learning experience, the University of Houston will place
accelerometers (vertically oriented) adjacent to each of the "dynamic"
strain gages and will measure their output. TFor completeness, these
instruments are described in Chapter 5. However, they are not
explicitly a part of this project.

An electrical resistance strain gage system is sensitive to moisture
intrusion onto the gage elements or lead wires. The gages and lead
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wire will be protected by

(a) Mounting the gages internally.

(b) Using encapsulated gages.

(c) Using coatings of two separate waterproofing compounds (for
example, Vishay M-Coat A and M-Coat G) over the gage locations.

(d) Pressurizing the piles with a dry nitrogen system that will be
flushed periodically to remove water vapor.

The active gages in the strain circuits will be bonded to the
interior surface of the steel piles with an RTC epoxy. Mild heat and
pressure curing will be used to insure that a no-creep bond is
achieved.

A set of zero readings will be obtained on all circuits prior to
driving the piles in an attempt to measure residual loads in the piles.

d. Pile foreshortening and alternate load measurement. As a
‘means of providing redundancy to the strain gage system and as a
means of directly measuring the tip displacement for use in failure
criteria considerations, mechanical extensometers will be installed in
every pile. Total foreshortening of each pile is anticipated to be on
the order of 0.15 inches (0.38 cm). A reasonable resolution for
purposes of measuring tip defection is 0.005 inches (0.013 cm) :
therefore, a system with such a resolution will be used.

Reference points (anchors) will be placed at the pile tips, the
ground surface, and at four equally spaced points between in order to
measure strain at several levels in the pile in the event of a failure of
the electrical strain gage system. The device that will used to measure
relative displacements mechanically will be a commercially available
multiple position borehole extensometer (Terrametrics, Model
6CS-LT(R)) with a range of two inches (5 cm) and a theoretical
resolution of 0.001 inch (0.0025 cm). The extensometers will be
installed after the piles are driven. Readout will be by means of dial
gages with sensitivities of 0.001 inch (0.0025 cm).

e. Lateral pressures. As previously stated, total and pore
water pressures will be measured against the shafts of four piles in the
group (center, corner, and two edge piles) and in one ggference pile.
The system will be totally pneumatic in order to prdvide long-term
stability. Four different measuring points at approximately equal
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intervals along the piles will be used. All pore water pressure cells
will be flushed just prior to driving and periodically thereafter to
prevent air entry. Readings will be made immediately after a pile is
driven, periodically thereafter during and after installation of other
piles, and after application of each load increment during the load
tests. Ranges and sensitivities are as described in the earlier section
on "Soil pressures."

f. Pile geometry. The relative location of the heads of each of
the piles in the group will be measured after all piles are driven.
Horizontal location will be determined using a transit, relative to a
horizontal reference point at the northeast corner of the Band Annex.
Vertical position will be determined with a level using a procedure
similar to that described for wvertical control on the reference bheam
anchors. Vertical position will also be checked on every pile after each
pile is driven to assess heaving.

Although the soil at the test site is relatively uniform and contains
no rocks, and the piles are relatively rigid flexurally, some deviation
from perfect plumb geometry is possible. Undersized pilot holes to a
depth of about 20 feet (6 m) and a diameter of eight inches (20 cm) will
be drilled to permit better alignment of the piles and to reduce heave.
The true alignment will be determined by means of an electrical in-
clinometer. The sensitivity of the inclinometer is chosen soc that it can
resolve a horizontal displacement of the tip relative to the butt of one
inch (2.54 cm). This sensitivity can be achieved with a SINCO Model
50325 Microtilt sensor. Deviation of each of the piles will be measured
after all of the piles have been driven by running the sensor down a
square tube which will be affixed to the inside of the pile, in two
perpendicular orientations and taking tilt readings at ten-foot (3-m)
intervals.

Inclinometer measurements are necessitated for three reasons:

(1) To obtain an accurate picture of the location of pressure
cells on the pile surface relative to those that are in the soil.

(2) To provide an accurate value for batter for purposes of
after-the-fact mathematical modeling with the hybrid model.

(3) To make certain that no "dog-legging" of the piles has
occurred.
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Chapter 5. Test Details

General Soil Characterization

This chapter contains a general description of the soil properties
at the test site and detailed drawings of the ground instrumentation and
piling instrumentation for the test program proposed in Chapter 4. It
also describes the test procedures. The testing program consisted of
six single pile compression tests, three nine-pile-group compression
tests, a subgroup compression test on five piles (corner piles omitted
from original group), a subgroup compression test on four piles (center
pile omitted from five-pile subgroup), and six single pile uplift tests,
as described in Chapter 4.

Figure 5.1 shows a general profile of the soil at the test site and
SPT records obtained frem the detailed geotechnical study performed as
a part of this research and reported in Appendix C of the Final Report.
It is evident that two primary strata exist in the upper approximately
47 feet (14.3 m): a stiff to very stiff highly plastic, highly overconsoli-
dated, slickensided clay (CH) above a depth of about 26 feet (7.9 m)
and a stiff to very stiff overconsolidated sandy clay (CL) with some
fine sand pockets below 26 feet (7.9 m). Interbedded layers of dense
silt and hard clay were encountered below a depth of 47 feet (14.3 m).
The 26-foot (7.9 m) depth apparently marks the contact between the
Beaumont formation (upper layer) and the Montgomery formation (lower
layer), which are two late Pleistocene formations of the Houston Group
that were deposited in a deltaic environment. The approximately four
feet (1.3 m) of soil immediately below the contact was somewhat softer
in consistency than the soil above or below. Alphabetic layer and
sublayer designation have been established for later load transfer
correlations and are shown on Fig. 5.1. Further geological and
geographical details may be found in Appendix C of the Final Report.

The soil in both formations was preconsolidated through a process
of desiccation in the geological past when the sea level of the nearby
Gulf of Mexico was several hundred feet lower than it is at present.
This process has lead to rather high strengths, as summarized partially
in Fig. 5.2. Figure 5.2 shows smoothed undrained shear strength
profiles obtained from limit pressures in the pressuremeter tests, UU
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triaxial compression tests, from the average cone sleeve friction and tip
bearing records and a profile of the undrained shear strength as
calculated from the triaxial compression tests described in Chapter 4 in
which samples were consolidated to a state of apparent normal
consolidation and then rebounded isotropically to a given OCR. The
calculations for shear strength for these tests were made by first
obtaining from Fig. 5.3 a value of OCR for the depth of interest.
.(OCR was developed in Fig. 5.3 by taking the ratios of best-fit
indicated  preconsolidation pressure from the one-dimensional
consolidation tests and isotropic consolidation stages of the triaxial tests
to the existing in-situ wvertical total stress minus free pore water
pressure defined from a piezometric surface at a depth of seven feet
(2.1 m) (defined herewith as the wvertical quasi-effective stress)).
Curves relating OCR to undrained shear strength from these tests for
various materials encountered, contained in Appendix C, Final Report,
were then entered with OCR to obtain the undrained strength values
that are plotted in Fig. 5.2. The profiles of measured earth pressure
coefficients and overconsolidation ratios are summarized in Fig. 5.3, and
the profiles of quasi-effective wvertical stress and octahedral normal
quasi-effective stress, computed from the earth pressure coeffcients in
Fig. 5.3, are shown in Fig. 5.4. Figure 5.5 depicts a profile of the
Skempton A parameter at failure (Af) from the CU triaxial tests (each
point representing an average value for all tests run at a particular
depth).

Other depictions of shear strength shown in Fig. 5.5 are those
computed from the strength parameters for the total stress triaxial
compression tests that were conducted on both undisturbed and
remolded samples, described in Appendix C, Final Report, and the
in-situ octahedral quasi-effective stress existing at a given depth.
Here, the shear strength at a given depth was ascertained as that
value obtained from the Mohr-Coulomb strength parameters of a soil
specimen representative of that depth, in which the appropriate con-
fining pressure is isotropic and is equal to the in-situ octahedral normal
quasi-effective siress at that depth. _

Other methods of defining the shear strength profile, including
pocket penetrometer and torvane tests, unconfined compression tests,
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and drained direct shear residual strength tests, are described in
Appendix C, Final Report, which also describes the tests summarized on
Figs. 5.2 and other soil tests in detail.

It is evident from Figs. 5.2 and 5.5 that each of the several
methods summarized produces different shear strength profiles as well
as different degrees of data scatter. These differences can generally
be explained by variations in test procedures and in the effects of
secondary structure described subsequently. More scatter is observed
in the strength data gathered from the undrained laboratory tests on
undisturbed samples, such as the unconfined compression test and the
UU triaxial compression test. This is primarily due to the fact that the
process of desiccation lead to a random network of secondary structure
(slickensides and fissures), particularly in the Beaumont formation,
which strongly influenced the laboratory test results because of stress
relief and subsequent opening of slickensides and fissures during the
sampling process.

The strength profiles from the in-situ tests (SPT, CPT, and
pressuremeter) are somewhat smoother and better defined than those
from the undrained laboratory tests. These tests probably represent a
more realistic picture of strength variability (although not necessarily
of absolute strength values) within the soil mass.

The profiles of computed shear strength from the consolidated-
rebounded laboratory tests and from the remolded CU triaxial tests are
generally smooth, partially because a smoothed variation in K, was used
in the calculations. The proximity of the strengths and moduli to those
obtained by UU test suggests that this procedure may have destroyed
some natural cohesion.

Based on the data summarized in Figs. 5.1 and 5.2, it was decided
to elevate the tips of the test piles from 50 feet (15.3 m) to 43 (13.1 m)
below grade due to the presence of erratic, dense, interbedded silt and
hard clay deposits beneath a depth of 47 feet (14.3 m) below grade
which were not evident in the preliminary information employed in the
analyses in Chapter 4. The choice was made in order to minimize
random, differential pile capacities due to differential tip capacities and
to maintain as uniform a soil profile as possible above the pile tips. All
drawings and details shown in this chapter presume this penetration.
Piles were installed in 8-inch (20-cm) diameter dry-drilled pilot holes
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that were made to a depth of 10 feet (3.1 m). The driving system
described in Fig. 4.20 was used.

Figure 5.6 characterizes the stress history and compressibility data
for the test site. In addition to the preconsolidation pressure,
compression index data and consolidation coefficient data (at stress
levels slightly in excess of the indicated preconsclidation pressure) are
also summarized.. The latter data were produced from one dimensional
consolidation tests.

Figure 5.7 shows a summary of the quasi-elastic properties of the
soil, namely the indicated Young's modulus as obtained from the stress-
strain curves of the in-situ pressuremeter tests, the indicated Young's
modulus obtained from crosshole tests, the indicated Young's modulus
obtained from the laboratory UU triaxial compression tests on
undisturbed samples defined at a stress difference level equal to twenty
percent of the peak principal stress difference, and from the
consolidated-rebounded undrained triaxial compression tests at a twenty
precent stress level, using a rationale similar to that used to compute
shear strength from this test. Supporting data again may be found in
Appendix C of the Final Report.

The locations of the wvarious sample borings and in-situ tests
relative to the test piles are shown in Appendix C, Final Report.

Pile Fabrication

The group piles protruded through the pile cap, which was precast
reinforced concrete, 4 feet, 3 inches (1.3 m) thick, and which was
suspended 3 feet, 0 inches (0.92 m) off the ground. In this way
instrument lead wires were brought out of the piles above the cap, and
all internal extensometer readings were made at the top of the cap.
This procedure precluded interference of extensometer readings with
pile settlement readings, which were made beneath the cap. Reference
piles extended 40 inches (1.02 m) above grade and were loaded through
a slip-on loading head. The precast cap on the group piles was
attached to the piles by epoxy grout having 10 ksi (68.9 mN/mz) shear
strength. -

During assembly the test piles were cut into segments to permit
access 1o internal strain gage locations. The segments, which were
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typically five feet (1.5 m) long, were welded back together using
special precautions to prevent overheating of lead wires and fluids
within lateral pressure cells. Wire-fed welders {short arc MIG welders)
were used to minimize heat, and sensitive areas such as the lateral
pressure cells were cooled with chilled water baths while welding
occurred. Axial alignment during reassembly of the piles was main-
tained by using a special alignment jig consisting of a heavy machined
H-section and chain clamps. The mechanical extensometers were not
placed in the piles until after the piles were driven in order to prevent
damage to the anchors and extensometer rods. Prior to finalizing
production procedures for instrumenting the piles, a three-segment test
section was constructed and test driven against a rigid block by a
Raymond 18 hammer to insure that assembly techniques produced
adequate welds and alignment and to insure satisfactory performance of
strain gages and instrument leads. |

The strain gage circuits on all piles were calibrated in compression
to a load of 150 tons (1335 kN) on the floor of the shop building in
which the piles were assembled after "exercising" the piles to a load of
150 tons (1335 kN) for three cycles. Calibration readings were made by
the data acquisition system that was used during the field tests as a
means of "debugging" the data acquisition system.

Lateral pressure cells were constructed and calibrated by a
separate supplier. All details are presented later; however, certain
aspects of the cells, which affected the construction process, are
described here. The supplier's calibration revealed that the total
pressure sensors were very sensitive to changes in temperature, so
that it was necessary to install an electronic thermal sensor on the steel
backing plate of each cell. All of the total pressure cells were then
calibrated in air under zero gage pressure in a temperature-controlled
room in order to obtain corrections for cell pressure as a function of
temperature as indicated by the electronic temperature sensors.
Laboratory calibration curves were successfully developed. During this
process it was discovered that slight buckling of the total pressure cell
sensor plate occurred when the temperature of the plate exceeded
approximately 40°C, causing a shift in the pressure correction curve
and also affecting the usable pressure range of the cell. This made it
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necessary to maintain the temperature of this plate at less than 40°C
throughout the construction and installation process.

Checks of the validity of making direct pore water and total
pressure readings with the lateral pressure cell system were made by
submerging the cells in a water tank to a depth of 18 feet (5.5 m).
Indicated pressures (with due consideration for temperature changes)
were found to be correct in the water tank to within about 1 psi (6.89
kN/m2). _

Finally, the lateral total pressure cells were read after they were
affixed to the piles during compression calibration of the piles in order
to obtain a second correction to the readings relating the indicated
pressure produced due to the presence of a compressive load in the cell
parallel to the sensor face. This "cross-Sensitivity" effect was found to
be minor compared to the temperature effect decribed earlier.

Further details of the pile instrumentation and calibration
procedures are contained in Appendix E of the Final Report.

Instrumentation Details

Figures 5.8 and 5.9 depict the ground instrumentation locations.
The general site layout for testing is shown in Fig. 5.10. Note that
anchorage for the main reaction frame was provided by two 600-ton
(5.34 mN) underreamed drilled piers, which are described in detail
later. Details of the ground piezometers are shown in Fig. 5.11, and
details of the vertical movement points are shown in Fig. 5.12.

Figure 5.13 depicts the elevation of a typical test pile, showing
the segments of the pile into which it was cut for the purpose of placing
instruments as well as the pressure tight cap system. Note that the
detail of the extension segments (those portions of the piles above site
grade) differs between the group piles and the reference piles. An
elevation of a typical five-foot (1.5 m) segment of a test pile is
indicated in Fig. 5.14, and a section of a typical segment is shown in
Fig. 5.15. Explanatory notes for the elevations and sections are given
in Table 5.1.

The elevation of the bottom segment of a test pile is_shown in Fig.
5.16, and an elevation and section of the extension segment for the
group piles (Nos. 2-10) are given in Figs. 5.17 and 5.18. Figure 5.19
shows the extension segment for the reference piles (Nos. 1 and 11).
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TABLE 5.1. DETAIL TABLE; SHOWING INFORMATION
FOR INDICATED NUMBERED ITEMS FOR
INSTRUMENTED PILE SEGMENTS

Notes: Items 3, 4, 10, and 12 were provided as a unit by contractor

1. INCLINOMETER GUIDE TUBE. 1.5" square A-36 steel tubing
(outside) by 0.12" wall. Flush fit and aligned axially at tube
connection point. Note, this tube is in the relative position
of Item 13 on Piles 6-11 (as-built).

2. EXTENSOMETER ANCHOR POINT AND GUIDE TUBRE. 3.5"
squafe A-36 steel tubing (outside) by 0.12" wall. Aligned
axially.

3. LATERAL PRESSURE CELL SENSOR FACES. 3" by 3" flat
fluid-filled cells (total pressure) w/thermal sensor. 3" by 3"
rounded porous stainless steel cells (pore water pressure)
with air flushing lines. Activated by differential gas pressure.
Manufactured by Petur Instrument Co., Seattle, Wa.
ELIMINATE ON PILES 6-11 AND ON SEGS. B, D, F, G, I,
PILES 1-5.

4. LATERAL PRESSURE CELL MOUNTING PLATE. ASTM A-53,
Grade 2 steel pipe with 10.75" o.d. and 0.365" wall.
ELIMINATE ON PILES 6-11 AND ON SEGS. B, D, F, G, I,
PILES 1-5.

5. SHOP WELD: LPC MOUNTING PLATE TO PILE WALL. 45°
butt weld to full penetration; ground flat on outside. Weld
all 4 sides with concurrent cooling of sensor faces to 100°F.
ELIMINATE ON PILES 6-11 AND ON SEGS. B, D, F, G, 1ON
PILES 1-5,

6. LEAD WIRE RIBBON. 34-strand ribbon attached to pile full
length with hot melt bonding compound with 6" slack section
(unbonded) at end of each segment. Heavily epoxied at top
of Seg. B. Mechanically clamped at bottom of Seg. A.

7. INTERNAL TUBING WELDS. %" round fillet welds. 6" both
sides on Items 1 and 2, except were noted. Where joints
occur in Item 1 make weld length 3" on either side of the
joint.

8. ACTIVE STRAIN GAGE. Vertically mounted foil resistance
gage, encapsulated type, bonded to pipe with heat-pressure
cured epoxy. Water-proofed. Gage type:
EA-06-250BF-350-W,
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

DUMMY GAGE AND TAB. Horizontally mounted gage, per 8,
above, on 2" by 2" steel tab attached as indicated by 1/4"
round fillet weld on one side only. Tab raised 1/16" on side
opposite weld. See Detail.

LATERAL PRESSURE CELL SENSING ELEMENTS. Petur P-100
elements. See Detail. ELIMINATE ON PILES 6-11.

EXTENSOMETER ROD AND HOOK ANCHOR. Terrametrics
3/1(151“ prestraightened aluminum rod with hook (tension)
anchor,

LATERAL PRESSURE CELL PRESSURE, RETURN, AND
FLUSHING TUBING. 3/16" ¢ polyethelyne tubing, jacketed in
pairs. Slightly slack from sensing ‘elements, Item 10, to
holding anchors, Item 13. Potted into every holding tube with
flexible epoxy; taped to Item 10 at passover points of higher
cells. ELIMINATE ON PILES 6-11. Includes thermal sensor
wire.

LATERAL PRESSURE CELL TUBING HOLDING ANCHORS. 1.5"
potted square steel tube (outside) by 0.12" wall. One side
cut away. 3" length except 6" on Segment B. Installed on
all segments, except J, as shown. ELIMINATE ON PILES
6-11. Place pair side-by-side on segments B-E, Piles 1-5.

SHOP WELD: 1/4" round full length fillet each side of
anchor.

ASBESTOS CLOTH WRAP. Temporary protection for LPC
tubing. Removed after making butt weld.

PILE WALL. 10.75" o.d. by 0.365" wall, API 5L, GRADE B
pipe. U.S. manufacture (Jones and Laughlin).

BOOT PLATE. 10.75" o.d. by 1.0" thick mild steel plate
butt welded w/ 45° full penetration continuous weld on all
piles. Weld ground flush. |

THERMAL  SENSOR. 0.1°F-sensitive  thermal sensor,
compatible with Budd P-350 readout. Epoxied onto backing
plate at total pressure cell location. Sensor wire bundled
with LPC tubing.

ACCELEROMETER MOUNT. Placed internally on Segments I
(J on Piles 1 and 2) and F, and externally on A only on

~ Piles 1, 2, 4, and 5. #250-g, current-type (piezoelectric)

accelerometers to be attached to bottom of mounts and lead
wire bundled with LPC tubing. #1000-g devices at Seg. A
and at Seg. J on Piles 1 and 2. Mounts are mild steel, 1.0"
cubes, tapped to accommodate accelerometer. -
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20.

[ TV IPIV I

STRAIN GAGE, DRIVING MONITOR. Single element strain
gage mounted internally at same level as each accelerometer
mount on Piles 1, 2, 4, and 5. Lead wire separate from
ribbon (Item 6) and brought out 1/2" ¢ hole during driving.
Two diametrically opposite gages mounted on extension
segment.

NOTE: 1 in. = 25.4 mm.
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Details of the extensometer head mounting, extensometer anchors,
and extensometer heads are indicated in Figs. 5.20, 5.21, 5.22 and
5.23. Details of the strain gage installations and lateral pressure cells
are given in Figs. 5.24 and 5.25, respectively. The loading head for
the reference piles is shown in Fig. 5.26.

Schematic drawings of the electrical and pneumatic data acquisition
systems, described in more detail later, are shown in Figs. 5.27 - 5.29.

" The instrumentation systems were all designed to give maximum
redundancy. Backup systems were provided for measuring load at the
tops of piles, load variation along the piles, and settlement, which were
the most critical variables to be measured. No provisions were made to
install replacement elements of a given instrument system in the event
of a failure of an element (e.g., piezometer tube struck by drive;l
pile). Extreme care was taken to ensure that all elements were in
proper working order before placement into the ground. The
philosophy followed in choosing or designing the various instrumentation
and readout systems was that all systems should be as simple, rugged,
and stable as possible, commensurate with range and sensitivity require-
ments, in order to reduce the chances for malfunction.

Specifications for Instrumentation
a. Ground Instruments

(1) Piezometers. All ground piezometers were Petur Instru-
ment Model P-102-1 wellpack pneumatic piezometers, with Model P-100
pressure sensor. Integral leads were provided from the piezometer to
the readout device (gas pressure gage) on the surface. The length of
the integral leads was equal to the depth of the piezometer plus the
distance of the piezometer from the center of the cap plus thirty feet
(9 m). See Fig. 5.11 for further details.

(2) Piezometer readout. All ground piezometers were read
with a SINCO standard pneumatic readout device with 300 psi (2.07
mN/m?) range, accurate to 1 psi (6.89 kN/m2) for the full range. An
integral nitrogen pressure tank was built into the readout device.
Readings on individual instruments were made by ..plugging and
unplugging directly from the readout device using quick-connect
couplings. The readout device was situated just outside of the east
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FIGURE 5,20, DETAIL OF EXTENSOMETER HEAD MOUNTING (1 in = 25.4 mm)
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WALL OF DISCONTINUOUS
GUIDE AND ANCHOR TUBE

WALL OF DISCONTINUOUS SQUARE
GUIDE AND ANCHOR TUBE
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e 3/8"+1/32
PLAN
" \‘
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EXTENSOMETER
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ROUNDED~_H
{(NO
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FLUSH
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SUSTAINED COUPLING
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3/16" ROUND SEATS
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FIGURE 5.21,

'

DETAIL OF EXTENSOMETER ANCHOR (A) (1 in =

I11b = 4.45N)
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¥REQUIRES 3 FT. EXTRA ROD SO THAT ROD CAN BE
CLAMPED TO TOP OF PILE, THE 6 CSLT(R) EXTENSOMETER
HEAD SLIPPED OVER THE EXTENDED 3 FT. OF ROD, THE
ROD UNCLAMPED AND HELD SIMULTANEOUSLY IN TENSION
ABOVE EXTENSOMETER HEAD, THE EXTENSOMETER HEAD
SLIPPED INTO POSITION INSIDE THE PILE AND CLAMPED INTO
PLACE, THE RODS CLAMPED INTO THE EXTENSOMETER HEAD,
AND THE EXCESS ROD CUT OFF,

FIGURE 5.22. DETAIL OF EXTENSOMETER ANCHOR (B) (1 ft = 0.305 m)
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MODIFIED TERRAMETRICS
6~-CSLT{R) EXTENSOMETER
HEAD, SCHEMATIC SHOWING

PRINCIPLE OF OPERATION
SPECIFIC DETAILS OF DESIGN
OMITTED FOR PROPRIETARY
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MOVEABLE DIAL GAGE
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SURFACE
X i sl — FLAT CAP MEASURING SURFACE
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- COMPRESSION BLOCK ADJUSTMENT BOLT
| —— PLASTIC COLLAR
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L) :I: |
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1]
|
I
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1 -
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B
y T T T 3/16 IN. ALUNINUM
l l l‘/'/ EXTENSOMETER ROD
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EA. ROD) -

FIGURE 5.23. DETAIL OF EXTENSCMETER HEAD (1 in = 25.4 mm)
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OPENING (2ea); FLAME CUT,

GROUND SMOOTH

STIFFNER (4 ea)
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o SECTION B-B
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FIGURE 5.26. LOADING HEAD FOR REFERENCE PILES (1l in = 25.4 mm)
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wall of the Band Annex, and all lines from the piezometers to the
manifold were buried approximately 12 inches (0.305 m) below the
surface to prevent accidental damage. The ground piezometer readout
system was separate from the pile piezometer and total pressure readout
system, described later. All data were recorded manually.

(3) Surface and depth vertical movement ("settlement")
points. These devices are installed as indicated in Fig. 5.12. Depth
points were Borros-type heave-settlement points, with self-activating
anchors obtained from Slope Indicator Co. Surface points were straight
rods. All points were placed at least 12 inches (0.305 m) into undis-
turbed soil. Access holes were made by pushing static cone rod and
then inserting the casing and then the Borros points - telltale rod
assembly as a single unit. _

Data acquisition for wvertical movement points is described in the
section on sequence of field operations. All data were recorded
manually.

b. Pile Instruments

The following is a description of the pile instrumentation. Detailed
descriptions of the calibration procedure and performance of the various
instruments (including ground instruments) are given in Appendix E.

(1) Strain gages. Electrical resistance strain gage circuits
were installed on the interior of the eleven test piles at locations shown
in Figs. 5.13 - 5.18. A detail of each circuit is shown in Fig. 5.24.
The interior location was chosen to afford maximum mechanical
protection and to permit flushing of the ambient air with dry nitrogen,
depicted in Fig. 5.13, in order to minimize build-up of moisture on the
gage elements, thereby enhancing the long-term stability. All gages
were Micromeasurements, Inc., EA-06-250BF-350-W encapsulated, single
element gages. Full bridge arrangement was used to minimize drift due
to temperature variations in the pile material and to cancel the effects
of bending. The dummy, temperature compensating gages were bonded
to relatively unstrained tabs rather than to the pile wall to minimize the
effects of differences in hoop stresses in the piles that occured between
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the calibration condition and the in-situ condition. Leads were con-
tinuous, shielded ribbon wire, three strands per half bridge, terminating
in a high-quality contact plug at the top of the pile. The length of the
cable exceeded the length of the pile by about twelve feet (4 m) to
permit plugging of the circuits into access cables to the data acquisition
system free of the pile heads.

In addition to the strain gage instrumentation for load transfer
measurements detailed in Fig. 5.24, single element strain gages were
also installed in the interior of Piles 1, 2, 4, and 5 at locations
described on Fig. 5.13. These longitudinally mounted gages were
essentially identical to the active gages shown on Fig. 5.24 but were
wired separate from that system and were placed in a full bridge in
which the completion gages were on the surface. These single element
gages were used exclusively to assess the attenuation of the stress
wave produced by the hammer as a means of checking wave equation
parameters for reference and group piles. These gages were powered
by a 10-volt power supply and amplified as” indicated in Fig. 5.27.
This system of "dynamic" strain gages was read on each of the four
indicated piles for several blows of the hammer at various penetrations
by means of the oscillograph (Fig. 5.27). Back-up readings were made
on a multi-track FM tape recorder. The data acquisition equipment was
run continuously during installation of these four test piles.

Accelerometers of the piezoelectric type were also placed adjacent
to the dynamic strain gages at the locations indicated on Fig. 5.13.
These emplacements were made by University of Houston personnel at
no cost to the FHWA as an experiment to assess the attenuation of
driving energy along each of the four piles with dynamic instrumentation.
No discussion of data for these accelorometers is presented in this
report or in the Final Report.

(2) Strain gage data acquisition system. The high quality
contact plugs from each half of the strain gage circuits were plugged,
two per pile, into a low level patch board situated adjacent to the test
piles. The full Wheatstone bridges at all levels were completed within
this patch board. See Fig. 5.27. Once the plugs from_all piles to be
read during a test had been plugged into the patchboard, switching
from pile to pile was accomplished through gold coated (T-Bar)
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electrical switching units. In the event of gage outages, this system
permitted reading of half bridges. The electronic data acquisition system
shown schematically in Figs. 5.27 and 5.28 had the capacity of acquiring
16 independent channels of data simultaneously with relative long-term
stability. The channels included eleven channels for the eleven strain
gage circuits in the group piles, four channels for the group load cells,
and one spare channel in case of a malfunction of an amplifier. The
switching unit allowed acquisition of 103 channels of electronic data (not
simultaneously) during a test on the group.

The various components of the system, with model numbers, manu-
facturers, and functions (where not obvious) are shown in Figs. 5.27
and 5.28. Primary raw data storage was on a punched paper tape
record. Raw data included load (read from load cells), settlement (read
from dial gages and entered manually from the keyboard), and pile and
strain gage number and digital output vdltage. An IMSAI 8080 micro-
computer system was used to process the data in real time. A computer
program unique to the IMSAI 8080 machine was developed to convert all
strain circuit outputs to load using calibration curves obtained prior to
the tests. Load as a function of depth in a given pile was displayed in
bar chart form under control of the program on a color CRT display for
immediate inspection during a test. The computer program then
performed numerical differentiation (using least squares curve fitting)
and integration on the load versus depth data to obtain numerical
values of f versus z at prescribed depths. Zero values for loads were
considered to be both the pre-driving and pre-test zero values. Use of
the pre-driving values was included to attempt the direct inclusion of
residual stress effects. Tabular values of f versus z for each zero and
for each load on each pile were printed immediately by a teletype. The
teletype output was the mode of storing the reduced data output. Raw
data were also printed by the teletype. FEach table so obtained also
displayed the load and settlement at the butt of the pile and appro-
priate identification.

Load data for a given pile were not stored in the microcomputer
once the readings on that pile were made. In the group test, when the
next pile was to be read, the gold contact switching unit was employed
to switch to the eleven-gage plugs for the next pile. No plugging-
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unplugging was done once a test started. Readings then continued
until all piles were read. A full set of strain gage readings on a pile
required a time of about 10 seconds (including switching time). Group
loads, as indicated by the sum of the load cell readings, and
corresponding group settlements, as indicated by the average settlements
for the individual piles, were retained in central memory. The partial
load-settlement curve was displayed on the CRT at any time desired by
the investigator under control of the computer program.

The following relevant specifications for the components of the data
acquisition system, all of which are owned by the Department of Civil
Engineering at the University of Houston, except where noted, are
given: '

(a) Electronic Power Supply
0-15 volts )
0-10 amps ,
Regulation: 0.01% + 2 millivolts
RMS ripple: 500 microvolts
(b) DC Amplifiers (12 owned by UH, 4 purchased for this
study by FHWA funds)
Gain: 1 to 2500 (in steps)
Accuracy: 90.01%
Stability: 0.005%
Input Impedence: 100 megohms
Output: 10 voits, 100 milliamps
(c) Oscillograph Recorder
Sensitivity: 100 microvolts
Capacity: 18 channels
Response: 5 kHz at 7.2 inch (18.3 cm) trace
amplitude; greater at lower
amplitudes
(d) TM Tape Recorder
Number of Channels: 8
Tape: % inch (0.6 cm) wide, standard 7 inch
(18 cm) plastic reel
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(e) Microcomputer

Addressable memory: 65,536 words

Word size: 8 bits

Cycle time (machine): 0.5 microsecond

(f) Paper tape punch

Tape: 1 inch (2.5 cm) wide, unoiled, ANSI X

3.18, 1000 ft. (305 m) roll

Punch speed: 50 characters per second, standard

(g) Teletype (TTY)

Keyboard:  Standard ASCII, 10 characters per
inch, six lines per inch (approxi-
mately 2 lines per cm) _

Print Speed: 30 characters per second maximum

(h) CRT Unit (color intelligent)

Screen: 19-inch (48 cm) diagonal, 4 x 3 aspect
ratio

Number of colors: 8

The electronic data acquisition system was housed in a building
immediately adjacent to the test site, as shown in Fig. 5.10, for reasons
of security, convenience, and availability of line voltage. The leads
connecting the low-level patchboard and the remainder of the system
were buried to prevent differential heating and cooling.

(3) Lateral pressure cells. The lateral pressure cells were
conceptually designed by University of Houston personnel. They were
pneumatic and were specially constructed for this project by Petur
Instrument Co. A detail of a cell is shown in Fig. 5.25. Both the
total and pore water pressure components had a capacity of 300 psi (2
mN/m2). The pore water portion was also be fitted with a flushing
system to permit de-airing as shown schematically in Fig. 5.29. Both
total and pore water pressures were sensed using patented Petur Model
P-100 sensing elements that were protected from pile driving forces, as
indicated, by potting them into protective steel piping. Positive
pressure lines terminated with union fittings which were stored inside
the extension portion of the pile when readings were not being made.
During a test, the arrangement shown in Fig. 5.29 was used to connect
the cells to the readout device. '
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The temperature-sensitive total pressure instruments necessitated
the development of a calibration curve for each cell giving indicated
bressure as a function of indicated temperature obtained through a
thermal sensor placed on the cell. The cells were also constructed in
such a way that they did not register pressure at temperatures below
about 16°C, which, prior to pile installation, was estimted to be the
minimum ground temperature likely to occur at the site.

The backing plates for the cells, as constructed, were also slightly
concave in longitudinal profile, so that they were placed into the pile
with the bottom (pore pressure) end flush with the pile wall and the
top end protuding approximately 3 mm. This protrusion was ground
essentially flush with the pile surface. This still left the center of the
total pressure plate recessed about 2 mm, while the shoulders of the
_ plate protruded about 2 mm. Further details of this anomoly are
presented in Appendix E, Final Report. |

(4) Lateral pressure cell readout system. The lateral pres-
sure readout system was similar to that used for the ground piezo-
meters, except that an intermediate manifold was provided for
connecting all the lines to the readout during a test. All data were
recorded manually, and corrections to raw data readings were also made
manually.

(5) Settlement, translation, and rotation. Al displacement
readings on the piles and cap were made with 0.001-inch (0.025 mm)
accuracy dial gages. Details of the reference system for the various
dial gages are shown in Figs. 5.30 and 5.31. Dial gage data were
recorded manually. Back-up settlement readings on the cap were made
by reading scales on cap with a microhead level, as indicated in the
following section on sequence of field operations.

(6) Load. Load was measured through four (for group test)
or one (for single pile test) precalibrated electronic load cells, as
described in Chapter 4. For the single pile, backup load measurement
was obtained from the uppermost level of strain gages. For the group
tests, two levels of strain gages at or above the ground surface were
provided to give two separate measurements of load on. a given pile.
All data were recorded using the electronic data acquisition system.
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(7) Axial foreshortening. Relative deformation between the
top of every pile and points at various depths were made using a bore-
hole extensometer system. This system also served as a backup for the
strain gage system in that it permited hand calculation of the load
transfer pattern in the event the electrical system failed. The following
specifications were used:

System: Terrametrics multiple position extensometer system.

Reference heads: Terrametrics model 6-CSLT(R). with 6, 25
Ib. per in. (4.4 N/mm) spring elements and stationary head, modified
to maximum length = 26 in. (66 cm).

Method of Readout: Moveable dial gage.

Sensitivity of reading: 0.001 in. (0.025 mm)

Method of data recording: Manual

Measuring rod: 3/16-inch (5 mm) diameter 6061-T6 aluminum,
~ continuous.

~ Anchors: Special hook anchors shown in Figs. 5.21 and
5.22.
See Fig. 5.23 for schematic of readout method.

(8) Inclinometers. Inclinometer readings were made electri-
cally and recorded manually at two-foot (0.61 m) intervals from the top
of each pile to the bottom in two perpendicular directions in order to
ascertain horizontal departures from plumb alignment. The following
are the specifications for the inclinometer:

Sensor: Slope Indicator Co. Model 50325 "microtilt" inclino-
meter.

Readout: Slope Indicator Co. Model 50306 digitilt indicator,
battery operated.

Accuracy: 0.025 ft. per 100 ft. (0.8 cm per 30.5 m)

Wheel base: 24 inches (61 cm)

Inside diameter (not including wheels): 1.0 inch (2.54 cm)

(9) Internal pressure. Internal pressure in the piles was
maintained at approximately 20 psi (140 kN/m?2) while readings are not
being made by introducing dry nitrogen from pressurized bottles into
the bottom of the piles. Periodic flushing was made from the top. A
schematic of the sealing system is shown in Fig. 5.13. Bulkhead
fittings were used to pass the nitrogen through the cover plate.
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Schedule of Parts

The following is a schedule of parts for the ground and pile

instrumentation systems.

The symbol P after the the number of parts
indicates that the parts were purchased with D.O.T. funds.

The

symbol R indicates that a portion of the parts were purchased with

D.O.T.

funds.

University of Houston.

Qe a0 o

5\1'"<<‘><£<{I=:*fﬂ:1-0'09=’§:"?¢"?"f'"

Lateral pressure cells (total and

pore water) with integral leads . . . . 20
Strain gages (static readings). . . . . 476
Strain gage ribbon leads . . . 22
Male patch plugs 22
Female patch plugs . 22
Power supply 1
DC amplifiers 16
Oscillograph 1
FM tape recorder 1
Digital voltmeter 1
Oscilloscope . 1
High level patch board 1
Microcomputer . 1
CRT Unit . 1
Teletype 1
Paper tape punch 1
X-Y plotter . . 1
Pneumatic pressure readout boxes 2
Pneumatic pressure manifold 2
Ground piezometers . 14
Depth settlement monuments 6
Surface settlement monuments . . . . .9
Extensometer heads . . . . . . .9
Extensometer rods . . . . . . . 66
Extensometer anchors . . . . . .. b6
Dial gages (0.001 inch) . . . . . .41
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Other items are owned by Raymond, Fugro, or the

(P)
(P)
(P
®
(P)

(R)

(R)
(P
(F)
(P)
()
()
(P)
(P)
(R)



aa. Load cells (rented) . . . . . . . 4

bb. Microhead level and rod . . . . . .1
cc. Gold contact switching system . . . . .1 P
dd. Strain gages (dynamic readings) . . . . 16 (P)

The following is a schedule of subassemblies for the piles.

a. Five-foot (1.5 m) segments with lateral pressure

cells . . . . . . . . . 15
b. Five-foot (1.5 m) segments without lateral pressure

cells . . . 13
c. Three-foot (1 m) bottom segments with lateral

pressure cells ; . . 5
d. Three-foot (1 m) bottom segments mthout lateral

pressure cells . . . . . 6
f. 10.75" (27.3 cm) closure plates . . . .1
g. 83" (2.52 m) extension segments . . . . 9
h. 34" (1.02 m) extension segments . . . . 2
i.  Pressure seals (pile covers) . . . . .11
i- Loading heads . . . . . . . .2

Reaction and Loading System Details

The anchor and reaction frame details are shown Figs. 5.32 through
5.36. Note that anchorage for the compression tests on the group was
provided by two very deep truncated sections of drilled piers to which
Dywidag tension rods were attached. The soil mass in the vicinity of
the test group was essentially unstressed by the anchors. Stress relief
effects from drilling these piers were minimized by drilling and
concreting the anchor piers under a drilling slurry. Furthermore, the
unconcreted portions of the anchor pier holes were permanently lined
with steel casing as soon as the drilling operation reached the level to
which concrete was to be poured.

The main reaction beams (Fig. 5.34) were fully articulated, being
held in place during a group compression test only by the flexible
Dywidag bars. Each of the Dywidag bars was pretensioned to about
ocne ton (98.9 kN) before each load test to affect a uniform pull on the
bars. Because of slight imperfections in locations of the Dywidag
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anchors at the bases of the drilled piers, the bars were very slightly
inclined so that when the load was applied, the main reaction beams
tended to translate slightly to the north during the first nine-pile
group test. In order to prevent this translation from occurring in the
second nine-pile group test and subsequent tests, knee braces, which
provided no resistance to vertical beam movement, were installed on the
north-south beams that supported the main reaction beams when not
testing after the first test to block the main reaction beams against
north-south translation. These braces were not shown in Figs.
5.33-5.36.

Anchorage for each reference test pile was provided by four
H-piles driven to a depth of 25 feet (7.8 m) at the locations shown in
Fig. 5.33. These piles also served as compression reactions for all six
tension tests.

The details of the pile cap are shown in Fig. 5.37, and the jacking
system for the compression tests on the group is shown in Fig. 5.38.
The jacking system for the reference pile tests was similar to this
system, except that only one jack was employed. That jack was pumped
by means of a high volume electrical pump so that load increments could
be applied rapidiy. _

The arrangement and details of the tension (uplift) test system are
shown in Figs. 5.39 and 5.40.

Sequence of Field Observations

The field observations were made in the following sequence, with
the indicated detail.

a. Install anchor piers.

b. Install all ground instruments. Take a minimum of five sets
of readings on all ground instruments between the time of instrument
installation and the time of installation of the first test pile to assure
accurate baseline readings of piezometric pressures and settlement point
elevations.

All settlement points were monitored with the use of a microhead
level and a portable rod with micrometer target, and all readings were
referenced to a temporary bench mark in the grade beam of an adjacent
building.
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¢. Exercise and calibrate the strain gage circuits. Transport
piles to test site.

d. Drive the reaction H-piles and the test piles. 'Stop test
piles 1, 2, 4, 8, and 11 6 inches (15 cm) short of full penetration.
Record blow counts on all piles. Record strain and acceleration vs,
time for gages in segments A, F, and I or J for several blows on Piles
1, 2, 4, and 5 at full penetration to obtain an indication of the
variation in damping during driving within piles in the group.

(1) Before each pile was driven, obtain zero strain gage
circuit readings with the pile lying level on the ground. Flush-saturate
all lateral pressure cell piezometers.

(2) Upon completion of driving a pile, read

(a) All ground piezometers and all lateral pressure cells
on the pile just driven. .
(b) All strain gage circuits on the pile just driven.

(3) Within approximately 30 minutes of the completion of the
readings outlined above, read

(a) All lateral pressure cells on all other piles in place.

(b) All surface and depth settlement points, using
microhead level and rod with micrometer target.

(c) All strain gage circuits on other representative
piles already in place.

(d) Pile—head elevation on all piles (using microhead
level).

(4) After all piles have been driven

(a) Obtain site coordinates and elevations of the tops of
all piles. :
(b) Retap Piles. Piles 1, 2, 4, 8, and 11, which were
stopped slightly short of full penetration, were retapped to full
penetration following a time delay in order to develop an indirect
assessment of short-term set-up. (Any other piles that had heaved in
excess of 0.25 inch (0.7 cm) were also to be retapped to their original
penetrations. None heaved this amount.)

(c) Place precast pile cap over group piles and grout to
piles.
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(d) Obtain the horizontal departure (batter) of all piles
along their lengths with inclinometer.

(e) Install extensometer system and make full set of
readings.

(f) Apply nitrogen pressure to all piles.

(g) Erect reaction and reference frames.

(h) Read all pile and ground piezometers and pile total
lateral pressure cells periodically until the initial compression test was
conducted.

e. Conduct the initial compression tests:

(1) Pile No. 1 and Pile No. 11, simultaneously, approximately
16 days after driving Pile No. 11.

- (2) Four-day lapse period béfore group test.

(3) Nine-pile group test, four days after testing reference
piles (1 and 11).

f. During each test, the following instruments and monuments
were read for every load applied, including initial and final zero.

(1) Lateral pressure cells in all piles (only on pile being
loaded in the case of the single pile tests).

(2) Surface settlement points. All points immediately
adjacent to the reference beams (SSP1, SSP2, SSP3, SSP6) were read
with 0.001-inch (0.025 mm) division dial gages suspended from the
reference beams. The remaining points were read during the group
tests with a microhead level, using the procedure that was employed
during driving. SSP1, SSP2 and SSP3 were read during the isolated
pile test on Pile No. 1. The other surface points were not read during
the single pile tests.

(3) Depth settlement points. All points were monitored with
0.001~-inch (0.025 mm) division dial gages suspended from the reference
beams.

(4) Reference beam supports and reference points along the
reference beams. These were monitored for settlement using the micro-
head level and referenced to a vertical reference point to assure proper
vertical control.

(5) Ground piezometers (only P195, P345, and PS03 during
reference pile tests). ‘
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(6) Mechanical extensometers (only on the pile being loaded
in the case of the single pile tests).

(7) Strain gage circuits (only on the pile being loaded in the
case of the single pile tests).

(8) Group or single pile load as indicated by load cells.
Load was monitored as the load was being increased within an increment
of loading, as a means of assuring that failure load could be accurately
detected. , )

(9) Group settlement, rotation, and horizontal translation, as
indicated by 0.001-inch (0.025 mm) division dial gages suspended from
the reference beams and resting on the cap (mounted at corners in
three orthogonal directions) and by using microhead level and scale,
with readings referenced to the vertical reference point (only on group
tests).

(10) Individual pile settlements for every pile being loaded as -
indicated by pairs of diametrically opposite dial gages suspended from
the reference system. All group piles had dial gage pairs during group
tests. During single pile tests only those piles being tested had dial
gages. Settlement was also monitored by the micrchead level for the
single pile tests.

g. Readings under Item f were made at the frequencies indicated
in Table 5.2. ‘

h. TLoads were applied in increments of 10 tons (89 kN) to the
reference piles every 60 minutes until failure occurred. However, the
first test on Pile 11 was conducted with loading time increments of 2.5
minutes (i.e., "quick," or modified constant-rate-of-penetration test).
This test was conducted completely during the 20-ton (180 kN) load on
Pile No. 1. Readings taken for each increment of load in the quick test
on Pile 11 are indicated in Table 5.3. In both types of tests, when
failure occurred under a given load increment, load was reduced to the
next lowest load that was a multiple of 25 tons (223 kN), that load was
held for 60 minutes (2.5 minutes for quick test), and the load was then
removed in 25-ton (223 kN) decrements using the same time increments
used during loading. The same loading procedure was used on the
group, except that no quick tests were run and that 100-ton (890 kN)
load increments and 250-ton (2230 kXN) load decrements were employed.

263



o

TABLE 5.2. FREQUENCIES OF READINGS
DURING A STANDARD COMPRESSION TEST

Time After Applying Readinga Responsibilityb
Or Removing Load . (Refer to
Increment (min.) text Item f)
1 1,6,7,8 U
2,3,5 F
4,8,9,10 R
15 6(bottom points only), 8 U
8,9,10 R
30 1,6,7,8 U
2,3,5 F
4,8,9,10 R
55 6 (bottom points only),8 U
8,9,10 R
60 Apply next increment/
decrement
a Delete where not applicable
b U - University of Houston personnel

F - Fugro - Gulf personnel
R - Raymond personnel

Note: Omit Item 6 in Detached Piles in Subgroup Tests.

TABLE 5.3. FREQUENCIES OF READINGS
DURING QUICK TEST (PILE 11)

Time After Applying Reading Responsibility
Or Removing Load (Refer to text
Increment Item f)
30 sec. 6,7,8 U
8,10 R
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Where pluging failure was observed while attempting to develop a
certain load only readings 8 and 10 were made as pumping continued.
Immediately after these readings were made, load was released to the
highest possible multiple of the unloading decrement, and the normal
unloading process was then followed.

i.  Discontinue testing for approximately sixty days.

j. Conduct a second series of compression tests on Pile 1, the
nine-pile group, and Pile 11 in order to assess the effects of soil set-up.
The same procedures as for the initial series of compression tests were
followed except that Pile 11 was tested using the standard (not gquick)
test procedure simultaneously with Pile 1.

k. Discontinue testing for approximately thirty days.

1. Conduct a third series of compression tests on Pile 1, the
nine-pile group, and Pile 11 as in Item j in order to further assess the
effects of set-up. Follow the same procedures as for the second series
of compression tests.

m. Immediately following Step 1, cut off Piles 4, 6, 8, and 10
below the pile cap and recap and repressurize these piles. Note that
the upper strain gage level in these piles was cut away in this process,
but one level remained at the ground surface.

n. Conduct a subgroup compression test on the subgroup con-
sisting of Piles 2, 3, 5, 7, and 9. Make readings as per the initial
compression test on the group, including readings on the piles cut away
from the group. Use 50-ton (445 kN) loading increments and 150-ton
(1340 kN) unloading decrements.

0. Immediately following Step n, cut away Pile 2 per Step m.

p. Conduct a subgroup compression test on the subgroup con-
sisting of Piles 3, 5, 7, and 9 as per Step n.

g. Remove the cap from the group.

r. Take a full set of readings on all instruments.

§.  Adapt piles and reaction system to uplift tests.

t. Conduct uplift tests on Piles 1, 2, 4, 5, 9, and 11 in order
to obtain an independent check on side resistance. During the uplift
tests, read only the instruments on the pile being pulled_and omit all
ground instrument readings. Otherwise, take readings as for single
pile compression tests.
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u. Make final set of cone soundings adjacent to test piles and in
free field to assess soil disturbance.

In the uplift tests load was applied in the same increments as in
the single pile compression tests. Only readings 1, 7, 8, and 10 (Item
f) were made during the uplift tests. Once failure was observed, the
load was reduced to zero and a final set of readings was acquired.
Reading frequency was as indicated in Table 5.2.

v. Testing Completed.

Data were reduced and analyzed partially during the period of time
covered from Step b to Step u so that adjustments to test procedures
could be made where desirable.
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