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_:;%‘ CHAPTER 1. INTRODUCTION

i.i: The behavior of a vertical pile subjected to repetitive horizontal
;*i loading is complex. Several factors such as the characteristics of the
?F; loading, properties of the pile, properties of the clay, and position of
.\“ the free-water surface play an important role in determining the behavior
o of the pile.

o

,;:j Several types of environmental conditions (wind and waves) exist
= that subject the structure to cyclic or repetitive loads; these loads must
'32 be resisted by the foundation. In this study, the effects of inertia are
;Ea not considered; therefore, repetitive loading or cyclic loading refers to
%ﬁ;' several applications <f load at a rate slow enough to be considered stat-
'ii ic.

i%?; The studies reported herein were directed to two factors that affect
:}i the behavior of piles due to cyclic loading, namely (1) the changes that
: ﬁf occur in properties of clay due to cyclic loading, and (2) the effect of
: EE free water above the ground surface. Water above the ground surface flows
ucs' into and out of any gaps that form between the pile and clay during cyclic
fz; loading. This pumping action has the potential to scour soil along the
;EE% pile-soil gap, thus removing particles of clay that may have otherwise
SN provided lateral support for the pile.

::%: A more detailed presentation of the soil-and-water behavior during
:?EE cyclic loading of a pile is given in Chapter 2. In addition, in Chapter 2,
:i$§ reasons for conducting specific laboratory tests and for concentrating on
.~§ certain aspects of the cyclic-lateral-loading problem are discussed. In
)ig Chapter 3, the characteristics and results of several lateral load tests
\i% are presented in which repetitive loads were applied. Current techniques
Suthy
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Mg for predicting the cyclic and static behavior of piles are reviewed in
'P-‘. .

?:: Chapter 4, and predictions of both static and cyclic-lateral-load behav-
---\.

o ior are compared with measured behavior in Chapter 5. Soil samples were
{
O taken at two sites where lateral-load tests were performed by others on
R i»

Y
’:32 piles that were fully instrumented. The soils at those two sites were
Ly

¥ ! predominantly clays. The types of laboratory tests performed on the clays
1)

';p from those sites are discussed in Chapter 6, and the results of the test-
~is

>
‘232 ing program are discussed in Chapter 7. In Chapter 8 studies are pre-
‘o
e sented in which the results of laboratory tests are used to gain insight
2 into the precise reasons for the loss of soil resistance during cyclic
;ﬁ; loading of piles in clay. In Chapter 9 conclusions are drawn related to
\"'-:

j_ the relevance of the studies reported herein to current procedures of
o : :

7 estimating the response of piles in clay due to cyclic lateral loading.
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, CHAPTER 2. FUNDAMENTAL CONSIDERATIONS OF VERTICAL PILES
j:;::' IN COHESIVE SOIL SUBJECTED TO REPETITIVE HORIZONTAL LOADS
o
"r Several factors contribute to the response of a vertical pile in
'(x"
:;',: cohesive soil subjected to repetitive horizontal loading. Three major
"“&'
4 4
:'.: factors that are believed to be of primary interest are (1) the nature and
characteristics of the load applied to the head of the pile, (2) the
‘_J mechanical behavior of the soil surrounding the pile, and (3), if the free
S
,.‘;f water surface is above ground level, the susceptibility of the soil to
. erosion or scour.
4
Y
,~:~ﬁ In order to attain a basic understanding, a brief review of the
.{-.:.‘
..::".' behavior of a pile in clay subjected to cyclic loading is presented. This
)
g review is followed by a discussion of the effects these three major fac-
‘:;:: tors have on pile behavior, and what procedures were used to identify the
::'j:. quantitative effects of these factors.
A..‘
{
)
:"’ BEHAVIOR OF PILE AND SOIL DURING CYCLIC LOADING
".
:'_} In order to describe the effects of cyclic loading on the behavior of
) a pile, a simplified model is used to illustrate how the soil and pile
-'\'T
_"*‘ react to a simple loading condition at the head of the pile. In this sim-
'::; plified model, the pile is assumed to be infinitely long and installed
Y of
o~ vertically. The surface of the water is assumed to be above the ground
;-'{:' surface; thus, water is free to enter any gaps that may form between the
-
:; pile and the cohesive soil. The cyclic loading applied at the head of the
"; pile is assumed to impose equal and opposite horizontal loads to the pile
194
o
_2 head. Furthermore, the loading is assumed to vary sinusoidally with time
1'
1)
o
[
s
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e
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:_‘rl. at a frequency in which only the effects of repeated loading are important
‘\: and the effects of inertia are not important.
«. The behavior of the pile is described for four phases during one
-\.{; cycle of loading. The effect of each quarter-cycle of load is described
\_. and the influence of further cycles are mentioned.
'.’::Z: During the first quarter-cycle, the lateral load varies from a magni-
;\ tude of zero to a maximum horizontal load Hmax‘ As the load is applied,
:::E the pile head rotates and translates until the lateral force at the top of
:_,J the pile is carried by the surrounding soil as shown in Fig. 2.1a. If the
A deflections are large enough, a gap between the cohesive soil and
S_: pile-wall will ‘form along the back of the pile and water will flow into
S_: the gap. The velocity at which the water flows is dependent on the rate of
250 deformation of the pile, and the geometric characteristics of the gap that
:‘_I is formed.
-
'.;::";j During the second quarter-cycle, the lateral load decreases from a
3.::' value of Hmax to zero; thus, the pile head returns to a point similar to
:_{\‘ its original position. As the pile moves back toward its original posi-
, tion, the water in the gap between the pile and soil along the back of the
._ pile is forced out of the gap. Along the front of the pile, the pile wall
:E and sofl may separate due to irrecoverable permanent deformations induced
:_\Z within the soil mass during loading as shown in Fig. 2.1b. This new gap
:, along the front of the pile allows water to enter into the space. As men-
j_: tioned before, the velocity at which the water enters the space is depend-
A ent on the rate of deformation of the pile and the geometric
!. characteristics of the gap. As the load -approaches zero, the pile will
return to a configuration similar to its original shape, but displaced in
\ the direction of the lateral load Hmax'
.
e
‘
b
9
o
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FIG. 2.1, Simplified response of piles in clay
due to cyclic loading
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N During the third quarter-cycle, the direction of the lateral load,

A Hmax’ and the corresponding deflection of the pile head are reversed. As

the load increases from zero to Hmax' the gap along the loading portion of

- o c Sy

w the pile closes while the gap opens along the unloading portion of the

x

S pile as shown in Fig. 2.1c. Along the loading face of the pile, water in

; the gap between the soil and pile is forced out of the gap until complete

[}
p-. contact is made between the soil and pile along the length of the pile. At
{iﬁ the unloading face of the pile, water continues to enter the gap as long

~ as the pile continues to displace.

- The responses of the pile and soil during the fourth quarter-cycle is

“
';: similar, but opposite in direction to the response described during the
s;‘ second quarter-cycle. At the end of the fourth quarter-cycle, with no load

q

5 imposed on the pile head, gaps between the soil and pile occur on both

.
.- sides of the pile as shown in Fig. 2.1d.

- As the cyclic load continues to be applied to the pile head, the gen-
l; eral behavior of the pile and soil will be similar to the behavior
’.

- described above. The possibility of the pile head exhibiting a continued
;; increase in peak deformation will depend on characteristics of the cyclic

7 load applied to the pile head and the characteristics of soil surrounding

~

:f the pile.

>

&) CHARACTERISTICS OF LOADING

ij For many structures located in the offshore environment, the compu-

-,

il tation of the maximum lateral loads imposed on the structure during its

! design life {is based on information concerning the heights of ocean waves

o, \
’ﬂ during a storm. Shown in Fig. 2.2 {s a partial record of wave height ver-

{ sus time during a storm in the Gulf of Mexico. Although the relationship
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of wave height versus time looks approximately sinusoidal, the magnitude

of the wave heights appear to be random in nature. As a wave passes
through a structure, it imposes a cyclic load on the structure that must
be resisted by the foundation. During a storm, forces from wind and from
water currents also act upon the structure. The résult of all the forces
combined 1s a statfc lateral load upon which a cyclic lateral load is

superimposed.

CHARACTERISTICS OF COHESIVE SOIL

During the cyclic loading of a pile, the peak deflection increases
with continued application of the loads. The increase in the amount of
deflection is considered to be due primarily to changes in the character-
istics of the soil providing resistance along the side of the pile. These
changes can be attributed to two phenomena, namely the reduction of the
insitu soil modulus due to cyclic loading, and the erosion of soil along
the pile wall due to water entering and exiting the gap. Changes in the
mechanical properties of the pile material during cyclic loading could
affect the load-deformation behavior of the pile; however, this effect is
considered to be minor because typical offshore piles are fabricated of
steel, and the stress-strain behavior of steel remains relatively con-
stant as long as no forces causing yield within the pile have been
imposed.

The first phemomenon concerns the ;hange in structural behavior of
the cohesive soil when subjected to cyclic loading. For specimens of clay
subjected to cyclic loading, a decrease in soil modulus has been observed.
Tn addition, if the cycliic loads are not symmetric, that is, if higher

levels of loading are applied in one direction, the soil specimen may tend

oy .(I.P.r“’-b,?‘ WS
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s to these permanent, irrecoverable strains that a gap may form along the

§§§§ interface between the pile and soil. Because of the gap, no soil resist-

3;{“ ance can be provided along the length of the gap until the pile is loaded

fjj and comes into contact with the soil, and because of the cyclic loading,

«%:: the soil modulus decreases and causes the resistance along the pile wall

B

;{}\: to decrease with number of cycles.

3;3: The behavior of cohesive soil during cyclic loading is dependent on

ﬁﬁg whether the loading is considered to be drained or undrained. The follow-

::i: ing section addresses the possible dissipation of excess porewater stress
o in a clay during storm loadings.

;:? Drained or Undrained Behavior of Clay

‘$£; During the 1ife of an offshore structure, many storms may subject the

‘%;f structure's foundation to cyclic loading. Two situations may arise when

‘222 considering if an analysis should account for drained or undrained load-

‘iii ing. In the first situation, cyclic forces of varying magnitude are

frni imposed on the pile during the lTife of the storm. As the Toads are cycled

;EE; at the top of the pile, the soil resisting these loads is also loaded

‘itj cyclically. Due to cyclic loading of the soil, pore pressures (either

SO

positive or negative) will be generated and then dissipate with time. The

AN
- . rate at which these pore pressures will dissipate with time is a function
R
- of the coefficient of consolidation, the initial excess pore~pressure
s
‘.E; configuration, and the imposed boundary conditions influencing drainage.
‘:\.'
»L:f In order to estimate the amount of pore-pressure dissipation that
e
s b.' 2
s might occur during the loading of a pile, a simplified model suggested by

o
!i Martin, et al (1980) was studied. In this model, the initial excess
[

o . . . . . . .
:\w- pore-pressure distribution is assumed to be axisymmetric with respect to
‘ .
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. the pile and to dissipate only in the radial direction. The initial
::I excess pore pressures are further assumed to be defined as follows:
*
0o -
% P(r) =P, r/r, rg>r>e
AL where
ey
.'::_ P(r) = excess pore pressure at normalized distance, r/ro, from
o
R face of pile,
\
,_: Po = {nitial excess pore pressure adjacent to pile wall,
':’-j r = distance from center of pile to point of interest.
h r, = radius of pile.
o, The solution to the differential equation governing the dissipation
T C t
:*_j' of pore pressures with dimensionless time, Tps (Tps = —-z-) is shown by
-~
" the curves in Fig. 2.3. Assuming a pile radius of 55 cm, a range for a
cohesive material (c, =5 x 10 *cm?/sec to 5 x 10 *cm?/sec) and a duration
.’-’.‘_ of one day for a storm, the values of Tps are calculated to vary from a tow
"n
-
N value of 0.014 to a high value of 1.4. As shown in Fig. 2.3, not much pore
[4
,::. pressure has been dissipated at these values of Tps' thus it seems a rea-
:.Ej: sonable approach to assume the cyclic loading of the pile may be modelled
o
o as undrained, although it is realized that some drainage will occur during
the cyclic loading.
: A second type of cyclic loading in which drainage plays an important
7 i role is the intermittent cyclic loading that occurs during several differ-
9
R ent storms. As a storm passes, the foundation is subjected to cyclic
N
“d loading and the excess porewater pressures will dissipate and the soil
4
will consolidate, thus changing the mechanical characterisitics of the
% soil. This phenomenon is a complex one and is beyond the scope of this
9OF
: investigation.
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The problem of predicting the behavior of a vertical pile due to
cyclic lateral loading is complex. In order to provide a basig for ana-
lytical techniques, simplified assumptions and relatively simple labora-
tory techniques must be used. Described below are the types of tests used
and the reasons why the particular test was selected.

Laboratory Techniques for Assessing Mechanical Behavior of Soils

In determining the piece of laboratory equipment best suited for
testing soil specimens, the decision is often based on which device simu-
lates best the boundary conditions present in the field case, which device
yields results that are interpretable and can be applied to analytical
methods, and of course, which device is economical and practical to build
and operate.

As mentioned previously, the loading due to ocean waves during a
storm is complex. In order to deal with a complicated load history, the
loading pattern applied to laboratory specimens is often simplified to
cyclic loading of a single frequency and of constant amplitude. The
results of these tests are then used to define parameters for analytical
or empirical models which can be used to predict the soil behavior under a
more complex loading history. The effect of cyclic loading on soil behav-
ior and the selection of a procedure for testing soil specimens to model
field conditions as well as possible 1s discussed below.

The behavior of cohesive soils subjected to non-dynamic and cyclic
loads is influenced by several factors. Several investigators (Theirs and
Seed, 1968, 1969; Anderson, 1976; Sangrey, et al, 1978; Lee and Focht,
1976) have studied these factors. The program of laboratory tests con-
ducted for this investigation was based on conclusions drawn from the ref-

erenced investigations. Some of the variables in laboratory procedures

12
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'.'
¢
'\Q believed to be the most influential in affecting the behavior of cohesive
% soil under cyclic loading are as follows:
‘ \ 1. type of testing equipment (triaxial or simple shear),
«& 2. type of loading (one-way or two-way cyclic loading),
VE; 3. type of cyclic boundary conditions (cyclic stress or cyclic
:FE strain), and
oo 4. frequency of loading.
E S In the following paragraphs, the characteristics of the laboratory test-
:3} ing that was conducted are described. In developing the test program, the
;43 above factors were given careful consideration.
3‘: Type of Testing Equipment (Cyclic Triaxial or Cyclic Simple Shear).
;:‘ Two popular types of laboratory equipment used for applying cyclic loading
jﬂg to soil specimens are the triaxial and direct-simple-shear devices. Each
\;E one of these devices has been used extensively to determine behavior of
;{‘ soil subjected to cyclic loads. However, neither device is able to model
:& exactly the boundary conditions imposed on the soil due to the lateral
:E loading of a pile from environmental effects.
tj Lee and Focht (1976) present advantages and disadvantages character-
b istic orf both devices and conclude, on the basis of soil behavior, that
|:3 neither the simple-shear device nor the triaxial device is clearly superi-
.é or. Consequently, the decision to use the cyclic triaxial test was based
_:; on the availability of laboratory equipment.
E Type of Loading (One-way or Two-way). Several investigations have
OE been conducted to assess the influence of two-way and one-way cyclic load-
’: ing. In the following discussion, two-way cyclic loading is considered to
iz define loading in which both a compressive and a tensile load is applied
3 to the cap of the triaxial specimen. The term one-way loading implies a
3
% 13
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:  cyclic loading in one direction only. Shown in Fig. 2.4 are illustrations
of what is meant to be one-way and two-way cyclic loading.

Lee and Focht (1976) suggest that laboratory testing of soil speci~

mens should be performed by applying stress-history conditions represen-

E tative of field conditions. However, considering the stress histories of

soil elements surrounding a cyclically and laterally loaded pile, it

appears evident that each soil element is experiencing different combina~

tions of stresses depending on its distance from the pile, its depth below
the ground surface, and its angular position with respect to the loading
direction.

Because the loading conditions imposed on the soil elements are com-
plex, it is necessary to simplify the problem by limiting the discussion
to soil elements along the middle of the front face of the pile. Initial-
ly, the stresses imposed on the soil element are those corresponding to
at-rest conditions and consist of an initial vertical stress, Oyor and an
initial horizontal stress %o As the pile is loaded horizontally, the
horizontal stress applied to the soil element increases to a value greater
than %ho and, upon reversing the direction of load applied to the pile,
the value of horizontal stress decreases to a value less than %o Limit-
ing values exist for the maximum and minimum horizontal stresses that can
be imposed on the soil element; however, the main point is that the hori-
zontal stresses both increase and decrease in magnitude from their ori-
ginal condition. Thus, it seems reasonable that the laboratory test
should apply a loading scheme which both increases and decreases the
stress within the soil specimen. One such method available in the labora-

tory is two-way loading to the soil specimen.
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Type of Cyclic Boundary Conditions (Cyclic Strain or Cyclic Stress).

The decision to use controlled-strain tests (instead of controlled-stress
tests) {in the 1laboratory was based on the advantage of the con-
trolled-strain test in controlling the behavior of the soil during cyclic
loading. Some of the advantages controlled-strain tests possess over con-
trolled-stress tests are shown below:

1. soil specimens experience no drift in strain during cyclic load-

ing, and

2. cyclic resistance versus cyclic strain can be determined for

post-failure conditions.

However, neither controlled-strain nor controlled-stress tests are
representative of loading conditions imposed in the field during a cyclic
lateral-load test. Assuming a pile is loaded cyclically, with a constant
maximum value of horizontal load, the surrounding soil is subjected- to

cyclic loading. If the pile deformed exactly to the same position upon

each load cycle, then a controlled-stress test, or even a con-l
trolled-strain test, would seem to model field conditions approximately.
However, as cycling of the pile continues, the modulus of the surrounding
soil decreases, resulting in an increase in the maximum horizontal

deflection and, consequently, the distribution of load along the side of

the pile is changed. This change in distribution of load alters both the

:j: cyclic strains and stresses imposed on the surrounding soil.
;EE Frequency Effects. The effect of frequency on the behavior of cohe-
E;;: sive sofls subjected to cyclic loading has been investigated. (Mother-
k., well, 1976; Egan, 1977) The effect of an increase in frequency (or strain
Ef rate) is a corresponding fncrease in soil strength and soil modulus.

Often, the effects of frequency are considered by performing laboratory
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:i tests at the same frequency as that found in the field condition. Because
;t{f this study is concerned primarily with offshore piles, frequencies corre-
-

ke sponding to those of large ocean waves seem appropriate. Consequently,
-{: frequencies on the order of 0.1 Hz to 0.03 Hz were used.

:;é Laboratory Techniques for Assessing Erosional Characteristics of
:. Soils. The mechanism of eroding soil from the pile-soil interface is com-
;f plex. In order to investigate this phenomenon, two types of tests were
<.

:ﬁf conducted. The first test was to model the pumping effect by inserting a
L rod into a cylindrical block of soil, and then to apply cyclic defor-
Uﬁ mations to the pile head and measure the amount of soil eroded by the
E{ pumping action of the water entering and exiting the gap between the soil
‘i% and pile. The second method employed was to perform pinhole-dispersion
:‘ tests (Sherard, et al, 1976).

33 Both methods seem to model field conditions in that the water is
b .

3*: flowing across a surface of soil and is free to erode or scour the sur-
fﬁﬂ face. Both of these tests are discussed in more detail in a previous
'Eg report (Wang and Reese, 1983), and are discussed in a following chapter.
jig Conclusions

In consideration of the behavior of a vertical pile subjected to

lr:.}l’}’

cyclic lateral loads, several factors play a key role in governing the

o

o behavior of the pile, and dictating the types of laboratory tests that
®

o should be conducted.

o

b
':H The laboratory test best suited for determining the mechanical prop-
K~

v
E. erties of the cohesive soil in this investigation was selected to be a
9

. two-way, controlled-strain, cyclic triaxial test performed under
o0

e undrained conditions. This test was selected on the basis of the behavior
N

o of the soil surrounding the pile during cyclic loading of the pile head.
.2
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In addition, a rod test and a pinhole-dispersion test were selected to

identify the possibility of erosion of the soil due to water entering and

exiting the gap between the soil and pile.
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CHAPTER 3. LITERATURE REVIEW

INTRODUCTION

In order to obtain information on the behavior of piles in cohesive
soil subjected to repetitive lateral loading, several case histories were
reviewed. Both model tests performed in the laboratory and larger scale
tests performed in the field were investigated. Background information
such as pile, soil, and loading characteristics are given for each case
history. The important results and conclusions drawn are then presented.

The principal thrust of the study reported herein was to gain infor-
mation about the determination of the resistance of cohesive soils around
piles subjected to cyclic, later loading where water is above the ground
surface. There are only a few experiments reported in the technical lit-
erature where water was above the ground surface and those cases are
reviewed in this chapter. A number of other cases are discussed where the
soils were coﬁesive and the lateral loading was cyclic but no free watef
was above the ground surface. These cases are also reviewed in order to
gain insight into loss of soil resistance due only to repeated soil defor-
mations.

The rate of loading is also an important variable. If a high rate of
loading is employed, the soil resistance can be higher than that for stat-
ic loading due to both inertial forces and rate-dependent properties of
the soil. A comment is made in the presentation of each of the cases if
either of these effects appear to have an influence on soil resistance.

Each of the cases reviewed 1{in this chapter is presented without
extensive discussion. A section at the end of the chapter Q:?1 present

some conclusions that refer to the aims of this study. Some of the cases
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may add a limited amount of information that is pertinent to the study;
however, the brief review is of interest of itself in that useful back-
ground information is developed of benefit in planning possible future

studies.

MODEL TESTS

The results of three model tests are presented below. In each test,
the soil was placed in a large container, after which the piles were
inserted and tested. Each model test was conducted in a different manner
in order to investigate the effects of various phenomena concerning the
cyclic lateral behavior of piles.

Gaul (1958

In a series of model tests performed by Gaul (1958), both static and
cyclic lateral loads were applied to a model pile embedded in clay. The
model pile used in the study was made of aluminum tubing with an outside
diameter of 2.375 in., an inside diameter of 2.067 in., and a length of 96
in. The bending and material properties of the aluminum model piles are
given below:

Modulus of Elasticity, E = 10.3 x 10° 1b/sq in.

Moment of Inertia, I = 0.666 in.*

The soil selected for this study was composed of montmorillinite
clay. The liquid 1imit and plastic limit of the clay were determined to
be 600 percent and 50 percent, respectively.

The clay was mixed at a water content of 400 percent and placed in a
tank. The resulting total unit weight of the soil was reported to be 70
1b/cu ft. In order to keep the exposed surface of clay from drying, a thin

1a. er of water was ponded over the surface of the clay. Later, however, a
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piece of o0il cloth was used instead of the water. No data were provided
regarding the strength properties of the clay.

Loading of the pile was accomplished by connecting one end of a long
rod to a loading yoke positioned 0.75 in. below the pile head and the oth-
er end of the rod to an eccentric position on a rotating flywheel. The
flywheel was rotated at 1.0 Hz and the pile was subjected to equal
deflections in both directions. The point of load application was
reported to be 1 in. above the ground surface.

One static and four cyclic lateral load tests were conducted. A sur-
face pressure was applied by adding weights to a piece of plywood that sat
on the soil. The testing sequence for the model pile is given below:

Test 1. bpth static and cyclic tests performed on model pile,

Test 2. same as test 1, but with a surface pressure of 25 1b/sq ft,

Test 3. same as test 1, but with a surface pressure of 50 1b/sq ft,

and

Test 4. same as test 1, but with no surface pressure.

Shown in Figs. 3.1, 3.2, and 3.3 are the relationships of bending
moment versus depth for Tests 1, 2, 3, and 4. Based on these results, it
can be seen that the additional overburden decreased the observed maximum
moment and lateral load for a specific lateral deflection, and maximum
moments due to cyclic loading are only slightly less than those due to
static loading as shown in Fig. 3.4,

It should be poipted out, however, that the resuits of the tests are
presented as either cyclic or static. No reference is made to the effect
of the number of cycles on the pile behavior nor is any reference given to
the number of cycles applied to the pile head when "cyclic" results were

presented in Figs. 3.1, 3.2, 3.3, and 3.4.

21




Bending Moment (in.-Ib)

OOWGOOOWIWIZWHOOIGOOINO

Depth (in.)

vAYefe

90

FIG. 3.1, Relationship of bending moment versus
depth for static loading, test no. 1
(from Gaul, 1958)
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Bending moment versus depth relationship for cyclic loading:

a) test no. 1 and b) test no. 2 (from Gaul, 1958)
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Valenzuela and Lee (1978)

Valenzuela and Lee (1978) report results of cyclic load tests con-
ducted on aluminum rods measuring 0.127 in. in diameter and 4.5 in. in
length and embedded in a clay. These model piles had bending and material
properties as presented below:

modulus of elasticity, E = 10.0 x 10° 1b/sq in.

moment of inertifa, I =2.043 x 107* in.* and

bending moment at yield, My = 10.36 in.-1b.

Model piles were inserted into the soil to an embedment of 3.5 in., and
lateral loads were applied to the pile head at a height of 1 in. above the
soil surface. The surface of the soil was prevented from drying by cover-
ing the top with a thin layer of flexible plastic; therefore, no free
water was present around the pile.

The soil, termed EPK clay, used in this study is classified as a kao-
linite with 60 percent of the sofl particles smaller than two microns.
The 1iquid 1imit and plastic limit of the clay was determined to be 58 and
21 percent, respectively.

The soil was prepared by adding water to the clay until a soil slurry
with a water content of 100 percent was obtained. The soil slurry was
then poured into a 10-in. diameter one~dimensional consolidation device,
and incremental vertical pressures were applied until a vertical stress of
65 1b/sq 1n. was achieved.

Strength properties and material characteristics of the soil were
determined from the results of several laboratory tests such as triaxial
compression and direct simple shear tests. From these tests, a retation-

ship between shear strength and water content of the soil was established.

Based on water content measurements, the undrafned shear strength of the
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clay used during the model tests was determined to be 10.7 1b/sq in., and
a typical stress-strain curve for this material is shown in Fig. 3.5.

Shown in Fig. 3.6 is the curve obtained for lateral load versus lat-
eral displacement at the ground surface for static loading. The lateral
load resisted by the model pile increases sharply with lateral displace-
ment; however, the slope of the curve decreases with increasing displace-
ment and decreases sharply after a horizontal displacement of the pile
head of about 0.1 in. A loading rate of 9.5 lbs/min was employed and
according to Valenzuela and Lee (1978), the pile began to yield plas-
tically upon reaching a horizontal deflection of 0.1 in. During loading,
a gap between the pile and soil formed along the back (unloading) side of
the pile, and upon unloading to a horizontal load of zero, the model pile
was displaced slightly in the direction of load and a gap was formed
between the front (loading) face of the pile and the soil.

Nineteen cyclic load tests of the model piles were also conducted.
The cyclic loading was applied at a frequency of 1 Hz and a two-way load-
ing condition (equal magnitude of load in both directions) to the pile
head was attempted. Technical problems with the loading system caused the
magnitude of the cyclic load to vary; however, the loads were observed,
recorded carefully, and adjusted frequently in an attempt to minimize any

large fluctuation of load during the test. After each cyclic test, the

pile was removed from its testing position and inserted in another area

Lp,"'
o

>

’¥§$

where the effects of any previous tests were felt to be insignificant.

During the cyclic lateral-load tests, gaps between the pile and soil

P

formed, resulting in load versus deflection curves for the top of the pile

A
Y
ng as shown in Fig. 3.7. The effect of the gap on the load-deformation
o
Egﬁ relationship 1is most visible for cycle number 581. As lateral load is
3
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applied, the slope of the load-deflection curve is very flat, and remains
so until a horizontal deflection of approximately 0.2 in. is reached. At
this point, the gap closes and the pile wall and soil begin to come into
contact. The soil begins to provide lateral resistance, resulting in a
sharp increase in the slope of load-versus-deflection curve as is shown
between displacement of 0.2 in. and approximately 0.35 in. Upon unload-
ing, the lateral load drops quickly with deflection and then the slope of
the load-deflection curve becomes rather flat until the gap between the
soil and pile on the other side come into contact. At this point, the
behavior of the pile is very similar (but opposite in direction) to the
behavior previously described.

The resulting relationships between peak horizontal deflection, hor-
jzontal load, and number of cycles measured during the lateral load test-
ing program are summarized in Figs. 3.8 and 3.9. In Fig. 3.8 is shown the
relationship of peak load versus peak deformation for various cycle num-
bers. As can be seen, the effect of cycling at a constant magnitude of
peak load is to increase the peak deflection of the pile head. In addi-
tion, 1t is shown that for 1 and 2 cycles of load, the curve of peak load
versus deflection is stiffer than the curve obtained during the static
tests. This difference may be due to the different rates of loading
employed for the cyclic tests and the static tests.

Shown in Fig. 3.9 are the normalized values of peak displacement ver-
sus the number of cycles. Magnitudes of lateral deflection (y) were nor-
malized by dividing the value of y by the dfameter (d) of the pile. In
general, it can be seen that as the value of y/d increases, the slope of
the curve of y/d versus number of cycles has a slight tendency to

increase. In addition it can also be seen that for the lower values of
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*35 y/d, there is a tendency of the y/d curve to flatten out and become nearly
;éi; horizontal.
w Scott (1977)
‘:f' In studies conducted on a model pile in a centrifuge, Scott applied
;E? cyclic lateral loads to a model pile embedded in Santa Barbara silt. The
;;sg' tests were performed in a centrifuge and cyclic loading at the top of the
jz pile was applied under two conditions, with the free water surface above
ngi the level of silt and with dry soil. Scott reports that the water flowing
«;ﬁ in and out of the gaps formed at the front and back of the pile tended to
E:ﬁ: mix with the soil and contributed to the softening of soil adjacent to the
,-Eg pile.
::; Other results found in the study by Scott are not presented, because
!?f the study was more oriented toward the behavior of piles in sand. Howev-
N er, the main point presented here is that the water surface was shown to
‘;1: effect the behavior of the pile by entering the gap and mixing with the
P, soil.
s
o
o FIELD TESTS
73: Price (1979), Price and Wardle (1980)
ﬁ§ The results of several carefully conducted lateral load tests were
$§ presented by Price (1979), and Price and Wardle (1980). In these tests,
:::5 several different lateral loadings were applied to both a single pile and
.:¥ a group of three piles. The magnitude of lateral loading was small in
:E& comparison to the ultimate load, because the investigators were inter-
!5§ ested primarily in the behavior at working loads.
:a The piles used in this investigation measured 6.6 in. in diameter and |
':Q 16.7 ft in length; however, no information regarding the bending proper- |
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ties or thickness of the tubular steel piles was provided. The piles were
hydraulically jacked into the ground to an embedment of 15.1 ft; however,
a portion of the ground surface around the pile was subsequently removed,
resulting in an embedment of 13.6 ft. The point of load application was
3.1 ft above the ground surface.

Several laboratory and in situ investigations were employed to
determine the strength characteristics and the stress-strain properties
of the weathered, over-consolidated clay. Results of the tests are shown
in Fig. 3.10. As can be seen, the strength and modulus of the clay are
shown to increase with depth from the ground surface to a depth of 16 ft.
The position of the water table was not reported; therefore, it was
assumed to be below the ground surface.

Several lateral load tests were conducted on the piles; however, only
the results of the controlled-stress cyclic test are discussed herein. In
this test, a static lateral load was applied to the pile head, followed by ?
several cycles of lateral load. At the end of the cyclic testing, another
static load was applied. The values of deflection at the groundline cor-

responding to this test are shown below.

Horizontal
Deflection Test
(in.) Description |
0.0249 static deflection at 450 1b horizontal
load (before cyclic testing)
0.0258 deflection at first cycie of * 450 1b
horizontal load
0.0285 deflection on last cycle of + 450 1b
horizontal load (400 cycles)
0.0307 static deflection at 450 1b horizontal

load (after cyclic testing)
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‘af? From the results presented above, it is seen that after 400 cycles of
Ezg loading, the horizontal deflection increased approximately ten percent of
(‘$;5 its deflection measured on the first cycle. It is important to emphasize
i:; that the effect of cyclic loading was measured even though the relative
‘E;E horizontal displacement (y/d) is regarded to be small (approximately
A

‘;)' 0.004).

o Price and Wardle (1982)

EE? In a series of cyclic lateral load tests conducted by Price and War-
e dle (1982), two differently shaped piles were tested at low levels (with

- respect to the ultimate lateral load) of horizontal loads.

; EE The two pile types were specified as tubular and H-shaped. Proper-
2 3 ties of the two sections are shown in Table 3.1.

T
Pt ]
ol

_zjﬁ TABLE 3.1. PROPERTIES OF TEST PILES,
Yo (Price and Wardle, 1982)
Yol
?1\- Section Wall Thickness Moment of Inertia Buried Length
.;fﬁ (in.) (in.") (ft)
b
- Tubular 0.394 588 54.1
K~ (16.0 in.
- dia.)
'\‘ H 0.614 909 68.9
) (14.7 X
W 13.9)
\
v
“TA
';{? After driving a pile, the top 3.28 ft of soil was removed, and load-
)
SF ing was applied to the pile head at a height of 3.28 ft above the newly
[
.ff exposed ground surface. Cyclic, controlled-stress loadings were applied
s i"
‘%zi to single piles of both the tubular and H shapes. The resulting
+§:€ deflections measured for the static tests, and at the first and last
2
W cycles during the cyclic tests are shown in Table 3.2. For a cyclic lat-
\:ﬁ
o
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TABLE 3.2. RESULTS OF STATIC AND CYCLIC LATERAL LOAD
TESTS ON TUBULAR AND H-SHAPED PILES
(from Price and Wardle, 1981)

t{‘ v A B |
N A %' LA

T
oy

N No. Test Lateral Applied Pile Head Displacement
" Type Load No. of at start at end
,5 (1b) Cycles (in.) (in.)
. Tubular pile
e 1 static 4490 R— 0.0886
.- 2 cyclic 2245 142 0.0394 0.0370
N 3 cyclic 3370 135 0.0610 0.0626

4  cyclic 4490 216 0.0827 0.0850
) 5 static 4490 - 0.0898
~ 6 static 4490 .- 0.0827
N 7 cyclic 4490 339 0.0772 0.0827

e 8 static 8980 --- 0.2142
g 9 cyclic 8980 936 0.2071 0.2472
- 10 static 13470 - 0.4606
- 11 cyclic 13470 337 0.4181 0.4299
{ | 12 static 22450 - 1.2874
ii; 13 cyclic 19085 237 0.8992 0.9469
b H-Pile Results
” 14 static 4490 —- 0.1236
. 15 cyclic 4490 503 0.1142 0.1205
.j: 16 static 8980 -——- 0.3008
k. 17 cyclic 8980 282 0.2819 0.3421
po: 18 static 8980 —-—- 0.3543
i 26 cyclic 17960 211 0.7244 0.7937
o 25 static 8980 .-~ 0.4063
b
1 @

i%

.

i,

}c, 38
0

o

N i _
v b s P » SRS TS '\-'s. LY LS _\r.-,__.)‘ L AR R
BN '.».l'.o. ﬁ:. [ . '.’ ; """‘ 'k * J. O ‘ S * > o




eral load of 8,980 1bs, the values of normalized deflection versus number
of cycles is shown in Fig. 3.11.

Severai observations can be made from the results presented in Table
3.2. For most of the tests, the horizontal deflection increased as a
result of cyclic loading. In addition, for test sequences in which a
static load test was followed by a cyclic load test, the magnitude of hor-
izontal deflection for the first and last cycle of load were often less
than the magnitude of deflection measured during the static test. This
result is due to the different loading rates used for the static and
cyclic tests.

The results of the cyclic load tests conducted on the H-shaped and
tubular-shaped piles are shown in Fig. 3.11. Values of normalized dis-
placement versus number of cycles are plotted for a cyclic load of 8980
1b. The curves fitted through the data exhibit similar slopes; however,
the H-shaped pile showed a higher value of normalized deflection than did
the tubular-shaped pile.

U.S. Naval Civil Engineering Lab (1964)

In 1964, the results of a number of cyclic lateral-load tests were
reported by the U.S. Naval Civil Engineering Laboratory. It was intended
to measure the variation of soil pressures during lateral loading; thus,
specially shaped pile cross sections were fabricated and earth pressure
cells were installed on the face of the pile.

The piles were 14-in. 16 WF 36 steel sections with the web boxed in
by steel plates welded or bolted to the edges of the flanges. Holes were
cut along the length of the steel plate, and pressure cells were instailed

flush with the outside surface of the pile.
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A total of five instrumented piles were used in the testing program.

Each of the piles had slightly different structural and geometric proper-
ties, and are listed in Table 3.3. Some of the pile tests were conducted
with fixed head conditions while other tests simulated fixed head condi-
tions.

The properties of the cohesive soil surrounding the pile varied con-
siderably. Due to seasonal moisture changes in the upper layers of soil,
an attempt was made to identify the soil conditions before every test.
This usually consisted of obtaining soil specimens from which water con-
tents and undrained strength tests were measured. The testing program was
conducted over a period of time exceeding two years; therefore, seasonal
variations of. water content in the top portion of the soil occurred.
Obviously, soil properties changed at shallow depths. Values of moisture
content and undrained shear strength versus depth are shown in Fig. 3.12.
The data exhibit significant variations in water content, shear strength
and blows per foot (N values) in the upper few feet of the clay deposit;
however, in an average sense, values of shear strength in the upper layer
are approximately 5 to 10 1b/sq in. at the ground surface, decreasing to a
value of 2 1b/sq in. at a depth of 10 ft.

0f all the data presented in the USNCEL report, the data investigated
and presented here are those obtained from the cyclic pile tests. Several
reasons exist why other data was not used; however, the main reason is due
to the seasonal variations in soil conditions. Cyclic loadings were typi-

cally tested in an elapsed time of one to two days; thus, little change in

soil properties due to seasonal varjations were expected.
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:§ TABLE 3.3. GEOMETRIC AND MATERIAL PROPERTIES
35 OF PILES AT USNCEL SITE

Spacing of

- El Method of Pressure Deflection
o Length 108 Pressure Measurement Measurement
y Number ft 1b-sq in. Measurement ft ft

My

‘D 1 40 23.0 Fluid- 5 1 and §
g to filled gauges

o 29.2

. 2 40 11.5 Fluid- Variable Variable
filled-gauges 1to5b l1tob

ry .
P, a_“-_ "&"A} L

L NY Y 'y
u"l Il’l ’ lt.{'.{‘

a T Tt

"

TABLE 3.4, LIST OF CYCLIC PILE TESTS PERFORMED
AT USNCEL REPORT

-

k
L e

- AP -
P

Pile Date Load Number of Cycles Head Condition

L
W8

28 June 1957 3,000 500 Free

Py
N

A A

29 Oct. 1958 10,000 500 Free
1 Oct. 1958 5,000 500 Fixed

» 'y

e

1
2 23 July 1958 5,000 500 Free
2
2
2

26 Nov. 1958 10,000 500 : Fixed
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"." Shown in Table 3.4 is a 1ist of the cyclic load tests that were car-
% ried out, and the results of those load tests, in the form of normalized
ﬂ' deflection versus number of cycles, as shown in Fig. 3.13.

P Gilbert (1980)

: Cyclic lateral load tests were conducted in Louisiana by Gilbert
' (1980) on two rocket-shaped piles. The large piles were driven into very
'.i'; soft clay and tested both statically and cyclically. Values of moment and
*‘ slope versus depth were measured as well as groundline deflection. Some
e pertinent data and the results obtained from the lateral load testing pro-
“.‘,:' gram are presented below.

::.;. Two tapered piles were used in this investigation. The first pile,
‘ termed pile A , had an octagonally-shaped cross section, and was 44 ft in
j:.:j length. The diameter at the top of the pile was 33 in. and the diameter at
: the bottom was 22 in. The second pile, pile B, was similar in shape and
::\: length to pile A; however, pieces of triangular-shaped plate steel were
.'“_. welded along the upper 20 ft of the pile, as shown in Fig. 3.14. Because
?_: the piles were tapered, the values of EI varied with depth. Values of EI
":::: determined by Gilbert are shown in Fig. 3.15. The two piles were driven
.: into the ground by a 3000 1b drop hammer.
: The soil surrounding the piles was investigated by testing specimens
i.:_ taken from two soil borings. Water content, undrained shear strength and
.* total unit weight versus depth are shown in Fig. 3.16. The site investi-
"\ gation revealed that the upper 15 ft consists primarily of very soft
'.:\ coarse to medium textured fibrous peat. Underlying the peat layer is
!,:. approximately 40 ft of normally consolidated, very soft to soft clay. The
-s.EE data on water content versus depth reveal water contents in excess of 250
;‘; percent in the top 10 ft of the peat deposit. Data on undrained strength
. .
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iis suggest values of shear strength in the range of 50 lbs/sq ft within the
Egi top 10 ft. Additionally, the water table was reported to be at or above
i-“ the groundline; however, no mention was made if the water was available to
~:§ enter and exit a gap between the pile face and the soil.

Eg After the piles were driven, they were allowed to stand for about one
.'n' week before testing. A pull pole, 59 ft in length, was attached vertical-
ﬂ%i ly to the top of the pile and a 300-ft cable was attéched,to the top of the
i%g pull pole and connected to the winch of a crane. A load cell was attached
o

to the cable, and during loadings the crane operator could control the

‘Eﬁ load at the top of the pile by observing the load cell outﬁut. Control of
‘?é; the load to +/- 50 1b was reported.
?;: The loading schedule was similar for both piles. First a static load
?igi was applied for one hour, or until lateral movement ceased; then cyclic
E&; loading began. The cyclic loadings were performed by unloading to
(\;. one-half the current static load and then reloading to the current value
 { of load again. This cycling was performed 25 times at a freguency of four
; cycles per minute (or 15 sec per cycle). Shown n Fig. 3.17 are the
. load-versus-deflection curves for both static and cyclic loading.
{ks In addition to the values of deflection at the start and at the end
LS
:ﬁ of each level of cycling, one curve of deflection versus number of cycles
Ai:i was presented. Shown in Fig. 3.18 is the increase in deflection with num-
Eié ber of cycles seen for Pile A at a cyclic load varying between 7.5 kips and
Ei: 15 kips. The slope of the curve is much less than the slopes exhibited in
e
:.; figures presented earlier of normalized deflection versus number of
'f; cycles. Thus, it may be interpreted that the effect of cyclic Toading
_;? exparienced here is less than exhibited in the previous case histories.
2
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N . Tassios and Levendis (1974)

:;ﬁ The results of several static and cyclic lateral load tests are
';f' reported by Tassios and Levendis (1974). These tests were performed on 24
}}: Franki piles located in France.

%SI Although information regarding the characteristics of pile material
"

is not presented, the piles were 20.5 in. in diameter, 32.8 ft in length,

et C 2

and circular in cross section. The piles were tested by jacking apart two

'?iz adjacent piles. Each cycle of loading took approximately 10 minutes.

;ﬁ; The soil was described as a uniform clay, and the soil character-
1} istics were found from laboratory and in situ testing techniques and are
5?3 presented in Fig. 3.19.

y q; Two types of cyclic-loading tests were conducted. In the first
::;, series of tests on two piles, one-way cyclic loading was applied to the
.E@i head of the pile for maximum values of lateral load of 4.4 kips, 8.8 kips,
:;: and 13.2 kips. The results of the tests on two separate piles at a lateral

(4
)

load varying cyclically from zero to 13.2 kips is shown in Fig. 3.20. In

I 4

TS
,-"-
;:3: addition, two-way cyclic loading was used for a series of piles and the
.--4:.
‘o results of these tests are shown in Fig. 3.21 for a lateral load of +/-
.ji, 13.2 kips. It can readily be seen that the horizontal displacement
af'.:
,ib' increases with number of cycles for both cases presented in Figs. 3.20 and
.
72; 3.21. Additionally, it is important to note the difference between the
!,3 two curves plotted in each figure. In Fig. 3.20, lateral deflections of
l\‘n
’{j Pile D are shown to be 10 to 20 percent greater than measured lateral
i
‘*:; deflections ‘of Pile G. These differences are attributed to small vari-
:&; ations in construction procedure and soil conditions; however, it was
‘A
o
b attempted to construct the piles in an identical manner and the soil con-
'.fl
':2 ditions were not expected to vary significantly between piles.
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m}i In Fig. 3.21, lateral deflections of the same pile were different
-‘Jh
e depending on the direction of horizontal load. Deflections due to a load
'J-'.‘:
b from side 1 were 50 to 100 percent greater than deflections due to a load

from side 2. This difference cannot be attributed to variations in pile
properties because only one pile was tested; therefore, the difference in
behavior must be attributed to a variation in the soil properties due to
nature, or due to installation of the test pile and the surrounding piles.

Shown 1in Fig. 3.22 are the curves representing the relationship
between normalized horizontal displacement and number of cycles for
several of the cyclic lateral load tests conducted on the piles. In this
plot, it can be seen that the slope of the curves increases for higher
initial values of normalized deflections.

Harvey (1980)

A cyclic, lateral-load test was conducted in Harvey, Louisiana by
Matlock, et al (1980). The main scope of the research project was to
determine the lateral behavior of pile groups; however, two lateral load
tests, one static and one cyclic, were performed on single piles.

The soil at the site consisted of a soft gray clay with occasional
thin lenses of peat, silt and sand. Several laboratory and in situ tests
were performed to determine soil properties such as undrained shear
strength, classification, and Atterberg limits. Shown in Fig. 3.23 is a
so!l and water content profile at the site. Data on soil strength are
shown in Fig. 3.24 .

The piles used in this investigation were 6.625 in. in outside diam-
eter with a wall thickness of 0.280 in. The piles were 45 ft in length
with the bottom 15 ft being open-ended, leaving the top 30 ft dry and sui-

table for instrumentation inside the pile.
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o

-*Ei The piles were driven to an embedded length of 38 ft and loaded with
;:é a device that closely simulated a fixed-head condition. The deflection
:‘ 3 was controlled with deflections in the opposite direction of primary load-
;éit ing maintained at 10 percent of the maximum deflection in the major direc-
S%; tion. Cyclic loads were applied at a rate varying from 20 seconds per
:;n: cycle up to one-and-a-half minutes per cycle. The free water surface was
}f; above the ground surface; thus, water was allowed £o enter or exit any
':fé gaps between the soil and pile.

" After the values of moment and load stabilized during cyclic loading,
'5;3 readings were taken. This typically occurred at 20 to 100 cycles. Values
E§§ of deflection per load cycle are not reported; however, curves for static
N

loading and stabilized cyclic loading were given and are shown in Fig.
e 3.25.
- Lake Austin (1970)

-
o
{f A static and cyclic lateral load test was conducted on a pile in clay
E:ﬂj near Austin, Texas in 1956. Some results of these tests are presented by
'-:ﬁl Matlock, et al (1970).
b '.,:_
;f;f The soils in the upper layers at the Lake Austin site are believed to
ﬁng have been deposited within the last century. The soil investigation con-
28N
i o
j(lé sisted of in situ vane and three shelby tube samples. Isotropical-
G

e ly-consolidated undrained triaxial (CIU) and unconfined compression tests
®
‘O:A were performed on natural and remolded specimens. In addition, natural
B ).‘"1-

'
o water content and Atterberg 1imits were determined at several depths. The
) ~.l
i results of these tests are shown in Fig. 3.26.
9.
N The steel pile was 12.75 in. in diameter and had a wall thickness of
o 0.50 in. The length of the pile was 42 ft. The pile was well instrumented
) %:: with strain gauges.
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FIG. 3.25. Lateral load versus deflection relationship for
Harvey site (from Matlock, et al, 1980)
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The pile was driven with a drop hammer and allowed to sit for approx-
imately 15 days before loading. Water was ponded around the pile so that
if a gap formed between the pile and soil, fluid would be free to enter and
exit the cavity as the pile was cycled. The cyclic loads were applied at a
rate of one cycle every 10 to 15 seconds with a load in the minor direction
equal to 40 percent of the load in the major direction. However, when
readings for bending moment were to be recorded, the load was held con-
stant for strain-gauge readings. Recording data from the strain gauges
took a longer amount of time than the rate at which the pile was cycled;
therefore, the rate of loading of 10 to 15 seconds per cycle was not pre-
served for the cycles that were specified, namely cycle numbers 1, 22 and
500.

The results of load versus deflection for the static and cyclic load-
ing are shown in Fig. 3.27. The effect of cyclic loading can be seen
clearly as the lateral deflection due to a cyclic load of 15 kips fis
approximately twice the lateral deflection at a static load of 15 kips.

Plotted in Fig. 3.28 are the measured values of normalized displace-
ment versus number of cycles. Regardless of the level of loading, the
slopes of the curves seem to remain constant.

Sabine (1970)

After the tests at Lake Austin, the instrumented pile was pulled and
transported to a test site near Sabine, Texas. There a series of static
and cyclic tests were performed.

The -soil at the site is classified as a soft, slightly
over-consolidated marine clay with an estimated undrained shear strength
of approximately 300 1b/sq ft. The water contents, Atterberg limits and

visual classifications of the soil were determined from tests and speci-
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mens obtained from several borings in the test area. Shown in Fig. 3.29

is a summary of the results of laboratory and field tests.

As the piles were driven, special care was taken to keep the piles
vertical, and to minimize any soil disturbances in the top few pile diam-
eters. Pile-head restraint was varied for the cyclic tests; thus, both
free and restrained-head tests were conducted. Here, as in the tests per-
formed at Lake Austin, water was ponded above the ground surface to allow
fluid to enter and exit any gaps forming between the pile and soil.

Cyclic loads were applied at a rate of approximately 20 seconds per
cycle; however, values of deflection versus number of cycles was not pre-
sented.

In order to get an idea of the magnitude of increased deflection
caused by cyclic loading, the static load-versus-deflection curve and the
cyclic load-versus-deflection curve are shown in Fig. 3.30a and 3.30b for
both the free- and fixed~head conditions. The effect of cyclic loading is
more pronounced for the free-head pile than for the restrained-head pile.
Two factors contributing to this observation are the increased lateral
stiffness of the pile-soil system due to restraining the pile-head, and
since deflections are smaller, degradation of soil resistance in the sur-
rounding soil should be less.

Shown also in Fig. 3.31 is a log-log plot of normalized deflection
versus number of cycles obtained by assuming the static deflection could
be taken as the cyclic deflection for the first cycle. For the free-head
piles, the slope of the curves is seen to increase with increasing load
level. The curves plotted for the restrained head case show much smaller

slopes, and for the lower values of load, the slopes are negative. This
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B observation can be explained by emphasizing that the value plotted for the
o

\ first cycle was obtained from the static test results.
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"‘* Reese and Welch (1972)

A cyclic-loading test was conducted on an instrumented drilled shaft
7

»:3 in Houston in a stiff, slightly fissured clay. The soil characteristics
'_'\_:

at the site were determined by laboratory testing of specimens obtained
e from 4-in. diameter thin-walled shelby tube specimens. The laboratory
-E'.::: tests consisted of visual classification, Atterberg limits, unconsol-
O

>, idated-undrained triaxial compression tests, and repeated-load triaxial
»._r tests. The soil profile and strength and water contents versus depth are
I'"‘

.,:._j shown in Fig. 3.32 .

’J: The heavily reinforced concrete shaft had a diameter of 30 in., and
o

N the shaft extended to a depth of 42 ft below the ground surface. The shaft
was loaded up to a specific value of lateral load, and then cycled. Each
‘I'-‘;}' cycle of load took approximately two minutes. The number of cycles at
_\a. each load level varied between 10 and 25 cycles. |
~o .
) The value of EI of the shaft was determined experimentally to be 1.34
wf

-. x 10! 1b/sq in.

In Fig. 3.33 are curves showing load-versus-displacement cyclic
;:';'{ loading, and in Fig. 3.34 is a plot of the normalized displacement versus
W
:-.:’ number of cycles. As can be seen, cycling increased the head deflection at
&« each load level, and furthermore, the slopes of the line are seen to
j increase with increasing load level.
'3'.:5, Reese, Cox and Koop (1975)

9.3

. A series of lateral load tests were conducted ~.n four piles in a test
a2
::3'-: pit located near Manor, Texas. Two piles were 24 in. in diameter, and two
'\-';‘
o5
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were 6 in. in diameter. The geometric and material properties of each

pile are shown below:

Pile No. 0D ID EI (1b/sq in.) EI (1b/sq in.)
from 0-23 ft from 23-50 ft
1 25,25 23.25 17.204 El 5.8671 E10
2 25.25 23.25 16.915 E10 6.0853 E10
from 0-28 ft from 28-43 ft
3 6.625 0,718 1.8298 E9 8.4426 E8
4 6.625 0.718 1.8298 E9 8.4426 E8

The soil surrounding the piles was classified as a medium stiff clay
of high plasticity. The clay was slightly jointed and fissured with nany
of the fissures having different colored, softer clay within them. The
shear strength of the clay varied Jinearly from about zero at the groundi
surface to about 3.5 T/sq ft at a depth of 13 ft below .the ground surface.
The shear strength, Atterberg iimits, and natural water content are shown
as a function of deph in Fig. 3.35, along with "isual classifications for
the soil.

The stress-strain curves for the soil are shown in Fig. 3.36 and var-
jed considerably depending on the joints and fissures located within the
triaxial specimens.

Piles 1 and 2 were carefully instrumented in the Taboratory, and then
driven in the field to their required depth. Piles 3 and 4 are in fact the
same pile. They were assigned different numbers to distinguish the differ-

ent testing sequences applied to the pile head.
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All the piles were loaded with hydraulic jacks. Piles 1, 2 and 3

were loaded with a free-head condition, with the load applied one foot
above the groundiine. Pile 4 was loaded with a restrained-head condition.
A1l the piles were tested under both cyclic and static loading. The rate
of loading for the cyclic loading tests required approximately 20-40 sec-
onds per cycle depending on the magnitude of load and deflection. The
results of static and cyclic tests are presented below.

Pile 1 was loaded statically and the resulting
load-versus-deflection-at-groundline curve is shown in Fig. 3.37. At a
maximum load of 136,000 1bs, the lateral deflection was approximately 0.87
in. From the start of the test to peak loading took approximately three
and one-half hours.

Upon completion of the static loading of Pile 1, cyclic loads were
applied. Three separate series of loads were applied with the direction
of the maximum load opposite to the direction applied during the static
loading. The results are plotted as negatfve values in Fig. 3.37.

In the first serfes of loadings, 10 cycles of load were applied at
each level of load below 80,000 1bs. At a load level of approximately
80,000 1bs, 20 cycles of load were applied, at 105,000 lbs, 25 cycles and
at 115,000 1bs, 30 cycles. At a maximum load of 122,000 1bs, 70 cycles of
load were applied. The resulting load-deflection curve is shown in Fig.
3.37.

In the second series of loadings, 10 cycles of load were applied to
the pile head from a magnitude of load of 0 to 137,000 1bs. At the end of
the tenth cycle of load, the resulting deflection at the groundline was
approximately 1.3 in. The pile was then unloaded, and once again loaded
to approximately 118,000 1bs and cycled 20 times, resulting in a final

deflection of about 1.26 in., as shown in Fig. 3.37.
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g’g: Tne final series of loadings on Pile 1 was performed by loading the
:Sd; pile to a load of approximately 104,000 1bs and cycling for 500 cycles.
" The values of load versus horizontal deflection at the groundline are
'f'\': shown for cycle numbers 100, 200, 300, 400 and 500 in Fig. 3.37.

_\ On the basis of the results from the load tests conducted on Piie 1,
ﬂ:::: several observations can be made. Deflections under cyclic loading were
:—. larger than those for static loading for the same magnitude of load, and
3’4 continued cycling caused increased deflection, especially at the higher
Arh

way ievels of loading. At the lower levels of loading, the cycling influenced
the deflection to a lesser degree than at the larger loads.

x Cyclic loads were applied first to Pile 2 and 1oading was discontin-
;; ued when it was determined that further cycling caused no increase in
.';; deflection. The resulting load schedule was 20 applications of load for
SF: each load level up to 15,000 1bs, 30 cycles for each load level up.to
‘ ::.h: 35,000 1bs, 40 cycles for 50,000 1bs, 600 cycles for each load level up to
_:..__:. 67,000 1bs, and 100 cycles of load up to 100,000 1bs of load. The curve of
:::J load versus deflection is shown in Fig. 3.38.

\ After the cyclic test of Pile 2, a static test was conducted with the
\, direction of load the same as applied in the cyclic load test. The
E: results of the static test are shown in Fig. 3.38.

::‘:'.:- The results from the tests of Pile 2 showed that cycling at lower
,.":-f levels of load caused less increase in deflection than cycling at higher
’ levels of load. Also, at higher levels of load continued cycling caused
an increase in deflection. The load-deformation curve for the static
. 12loading was very flat.

Pile 3 was first loaded statically, and then cyclically with the
..: major load oriented opposite to the direction of static loading. The
;;‘,

oo
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Load-versus-deflection curves for
pile no. 2 at Manor site
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stazic loads were increased in increments to a load of 10,500 1bs; maximum
groundline deflection was 0.83 in. The time for the test was about three
hours. The curve of load versus deflection is shown in Fig. 3.39. After
the static loading was completed, a cyclic load test was conducted. Dur-
ing the cyclic load test, several applications of load were applied to the
pile head for each level of load. For loads below 4,000 1bs approximately
20 cycles were applied for each load. For loads between 4000 and 6000
1bs, 40 to 50 cycles were applied for each load, and for loads above 6000
1bs, 100 cycles of load were applied. The curve for the the cyclic load
test is shown in Fig. 3.39.

The same observations can be made about the pile behavior measured
for pile 3 as mentioned before; that is, that continued cycling leads to
an increase in deflection, and the load versus deflection curve for the
static load yields a smaller deflection for a given load than does ihe
cyclic load.

The top of Pile 4 was partially restrained against rotation during
loading by a truss mechanism. Static loading was done first; the result-
ing curve of load versus deflection is shown in Fig. 3.40. A maximum load
of 16,900 1bs resulted in a measured deflection of 0.98 in. The load was
applied 1 ft above the groundline in testing Pile 4. As may be seen by
comparing Figs. 3.40 and 3.39, the use of the restraint at the head of
Pile 4 led to a stiffer curve than for Pile 3. A cyclic loading test was
conducted on Pile 4 after the static test was completed. Several cycles
of load weré applied at each lcad level with 100 cycles being applied at
the higher loads. The resulting curve of load versus deflection is shown

in Fig. 3.40.
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:ﬁ CONCLUSIONS

EEE Several conclusions may be drawn from the results of these lateral
éwﬁ load tests regarding the behavior of piles due to cyclic lateral loading.
iﬁ; The main conclusions are listed below:

‘fﬁk 1) Depending on the load level and soil characteristics, the results
f%; of static and cyclic loading can be very.similar, as found from
Zf;: the results of tests performed by Gaul (1958), and Price and War-
EE; die (1982), or the results of static and cyclic loading can be
Bl very different such as found in the results of tests performed
‘:i. near Manor, Texas.

353 2) The rate at which the pile is loaded laterally affects the corre-
'é; sponding behavior as seen in the tests of Valenzuela and Lee
iji (1976), and Price and Wardle (1981). In the tests performed by
‘§§’ Valenzuela and Lee, deflections increased due to cyclic loading;
f*:- however, deflections during the first few cycles were measured to
;Q; be less than measured static deflections. For the tests performed
‘5?3 by Price and Wardle, lateral deflections also increased with num-
E;;: ber of cycles; however, in many cases, the lateral deflection meas-
’nj ured on the last cycle was less than that measured for the static
%

\'_ test.

fﬁ 3) Several of the lateral load test results could be presented as
;:% normalized displacement versus number of cycles (log-log relation-
:3 ship). In most of the lateral load tests, the relationship could
&JE be approximated with a straight' 1ine. For tests conducted at
~g¥: several values of lateral load, it was observed that the slope of
M a

the lines increased with increasing load level.
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4) As demonstrated in the test results of Tassios and Levendis,
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Franki piles installed identically driven into the same scil

v Ve
.

“

.
( ‘ behaved differently when subjected to cyclic loading. Lateral
b -

N deflections experienced by one pile were seen to be 10 percent
Vo,

'}3‘ greater than the other pile. In addition, results from a single

pile loaded cyclically in opposite directions showed deflections

f"O{'

3 in one direction to be 100 percent greater than measured in the
opposite direction.

v 5) As shown in the Manor test results, where static test results were

e compared with the first cycle of each load level in the cyclic
-J\'I

o tests results, cycling at lower levels of load affects the load
‘,(.\\"4

Py deformation behavior of the pile at higher levels of load.
{ifi 6) For lateral load tests in which water was ponded at the surface,
- sofl was reported to have been eroded along the gap that formed
{ between the pile and soil. The amount of erosion varied at each
:%. site, but was reported to be very obvious for tests conducted at
q‘.-
= Manor, and almost {nsignificant for the tests conducted at
i}u Sabine.
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>0 CHAPTER 4. CURRENT STATE-OF-THE-ART

%
( INTRODUCTION

-.: The principal method of solution for a pile under lateral loading
f requires the modelling of the soil by p-y curves and the computation of
. the pile response by digital computer. The differential equation that
;:h governs the pile behaior, even with nonlinear soil response, can be con-
E;: veniently solved by use of difference equations.

“ In addition to the computer solution, the use of nondimensional
.\?S curves has an important role in the analysis of laterally loaded piles.
;_ Nondimensional methods can be used to demonstrate with clarity the nature
;:L of the computer method and, furthermore, can be used to obtain a check of
;}:\ the computer results.
‘..E Two other methods of anaysis are presented, the methods of Broms
-.': (1964a, 1964b, 1965) and Poulos and Davis (1980). Broms' method is ingen-
EE ious and is based primarily on the use of 1imiting values of soil resist-
_\ ance. The method of Poulos and Davis 1{s based on the theory of
.' elasticity. Both of these methods have had considerable use in practice.
~5

:iﬁ

.‘_-.:? BROMS METHOD

; The method was presented in three papers published in 1964 and 1965
‘ (Broms, 1964a, 1964b, 1965). The ultimate lateral load on a pile can be
: computed by use of some simple equations or can be found by referring to
. graphs. The method 1s based on the following concepts: faflure occurs
-.:":-:\ for short piles by unlimited rotation of the pile or unlimited movement
:j: through the soil, failure occurs for long piles or piles of intermediate
.&:\ length by the development of one or more plastic hinges in the pile sec-
-
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.n, and for both types of failure the ultimate soil resistance is

v "'./:/_'IA Y r. »

assumed to develop at all points along the pile except at the point where

7y

there is a zero deflection.

In addition to the assumption listed above, assumptions were made
about the ultimate soil resistance for both clay and sand, as shown in
- Fig. 4.1 for short piles. In the case of short piles with a free head, the

value of P can be found that will cause a pile to rotate without limit.

ult
. In addition to presenting equations for Pu1t
to rotate, Broms showed equations for piles that are fixed aginst rotation

for piles that are free

s
e e

o at their tops and for lengths such that plastic hinges will develop. In

BB
efels ate

the case where a plastic hinge or hinges develop, it is necessary to know

the value of the yfeld moment My for the pile section. For all the cases,

(l "
'

)

a value of P 1

ult can be computed for the lateral load that will cause a pile

to fail.

‘l' ‘.' ) "‘l’

In the referenced papers, Broms presented methods for computing the
groundline deflection of a pile where the lateral load was no greater than

one-half of P The methods make use of the coefficients of subgrade

ult’
reaction and generally follow procedures suggested by Terzaghi (1955).
The methods yield a 1inear relationship between load and deflection.

Some studies, not reported here (Reese, 1983), show that the Broms

e .
I.'

]
.

method has predicted with reasonable accuracy in a number of instances the

ultimate lateral load on the pile. The assumptions of constant shear

i
el

strength with depth, unffcrm pile section, efither fixed-head or free-head
boundary conditions, and the development of ultimate soil resistance

<‘ong the length of a pile, limit the usefulness of the method somewhat.

. LY » v
Y . St s
et L .

With regard to cyclic loading, Broms suggested that repetitive loads

cause a gradual descrease in the shear strength of the soil located in the

88

¥
~
>
\
L >
¥
"
®
A

55

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

---------




. d (sot3e3s j0

suotjenba wody punoy aue b pue § “(z/¢ + mqvmcwu = ) “LL0S 40 3ybLom
jLun = A ‘yjbusuls uedys pauieapun = > ‘uajawelp d|id = q) |LOS
SSILUOLS3aY0D (q “[LOS BALSAYOD (e :uol3ejod jsuiebe paurea3sadun aue
3eyl saftd Jaoys 404 swoug AQ 3dURISLS3J [LOS 4O UOLINGLAISLP pawnssy

9% 1q4¢ (9)

] il

Q5] /

CL.I ¢3ﬁ1
-
——

AR : Pexs  SARARBIIRN SRLIIRFAA AU . ARG
.\(-.h-&\wnw g A < n- ‘ ﬁ\#\)\-a-\u-\f . o .«.., .‘. ¢ e \,‘.3 ,-w. -v. -n. —F.Awlaﬂ f

b
S~
—
-
FACA

1
I
f:J:

L

L o
Vol

ONGI A

.

o

o
RN

LUy "914

o --.’..'.- ".-
PP

A

()

A,
ol

b

e

==
]

—
S
N

Ny

o
Sy
-
89
L ] “» i ¢
Bt Cl

¢

—

P

[ 3]
iy
o

o |
.r'_"r::."

.
»
()

.
-

e

o

v.-.-r-‘o.-JJ qi,-.....-.--¢h..‘- .--.----\ lu///l.
Lt S A PR S | R
SUNSTS TRV ShiiAnlil NG



-
- ,1

N o- d .L‘t.

)

RO G0
[ Y LN

%

e,

PO A

‘I'll
P

(Y

NARBARE

k)

] ‘I?-

' "
A
v

q’i‘ LY

¥ Y
¥ v e &t

@ r e

-
-
-

0,

4

.
e

e e e S T !.:_-.’\::'\."'\."‘\;ﬂf,‘;-.;ﬁ:ﬂ.‘\.:'s" Nt "&’\;-.?-:-.'(\_.\
AMRARAA W AR NN P " 3 L A" S N :

imrediate vicinity of a pile. He stated that unpublished data indicate
that repetitive loading can decrease the ultimate lateral resistance of

the scil to about one-half its initial value.

POULOS METHOD

Poulos and his co-workers at the University of Sidney have published
several papers concerning the analysis of laterally loaded piles where the
equations of elasticity have been used to develop interaction equations
(Poulos, 1971a; Poulos, 1971b; Poulos, 1973; Poulos and Davis, 1980; Pou-
los, 1982). Poulos assumed the pile to be a thin, rectangular, vertical
strip of width b, length L, and constant stiffness EI. The pile was
divided into elements and each element was acted upon by a uniform, hori-
zontal stress q which was assumed to be constant across the width of the
strip.

The soil was assumed to be an ideal, homogeneous, isotropic, linear,
elastic materizl of semi-infinite dimensions.

The Mindlin equation for horizontal displacement due to horizontal
load was used to compute soil displacement. Beam theory was used to com-
pute pile displacement. With the given assumptions, Poulos used a comput-
er program, with the pile divided into 21 elements, to develop equations
and curves for determining pile-head deflection and maximum bending
moment. Solutions were developed for both fixed-head and free-head piles.
An example equation 1s shown below with the relevant family of curves in

Fig. 4.2. The solution is for a pile that is free to rotate.

Yep * Iyp T (4.1)

where
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e Yep = pile-head deflection
Iyp = influence factor (see Fig. 4.2)
:-: Pt = lateral load
.:\ EsP = soil modulus
.‘\
::_: L = pile length
u:,’
St Poulos made suggestions for obtaining numerical values of soil modulus
\
w‘ from the undrained shear strength of clay and from the relative density of
o sand.
e
-‘-:" The Poulos method is limited in its application, principally because
TN soil does not behave according to the assumptions in the theory of elas-
wn
é’: ticity, except possibly for a small range of strains.
LSy
o Poulos (1982) gave an extended discussion of the behavior of a single
:;: pile due to cycling the lateral load. He identified two effects: the
_\':-
:E—f structural "shakedown" of the pile-soil system in which permanent defor-
; \1--
N mations accumulate with increasing load cycles with no changes in the
pile-soil properties, and a decrease in strength and stiffness of the soil
j:E?‘ due to cyclic loading. His paper dealt mainly with the degradation of the
: soil due to cyclic loading.
Poulos defined degradation parameters for soil modulus DE and for
N
;‘_: yield pressure Dp as shown by Eqs. 4.2 and 4.3, respectively.
Pd
e
® 0, =aq,/
o p = 9yc/9ys (4.3)
-."-
!.; where
a9 E_, = soi] modulus after cyclic loading
SN cP
!,'." EsP = sofl modulus for static loading
_.J‘
-:::'_:-' qyc = limiting pile-soil {interaction stress (yield pressure)
-
o after cyclic loading
o
A q. . = yield pressure for static loading
‘d‘:-’ ‘ys
:_\_:Q
- 92
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FIG. 4.3. Degradation parameter t (after
Poulos, 1982)
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Poulos noted that a limited amount of data are available on degradation

factors and he suggested the use of data summarized by Idriss, et al
(1978). Poulos prepared Fig. 4.3 from the Idriss data, with €. redefining
the cyclic strain and Ecp redefining a representative value of cyclic
strain. The value of €., Can be varied to influence the degree of cyclic
degradation. The parameter t is defined by Eq. 4.4.

D.=D. =N (4.4)
where

N = number of cycles

The effect of the rate of loading on the degradation was also consid-

ered. The degradatioh factors DE and Dp were multiplied by the rate fac-

tor DR that is defined in Eq. 4.5.

r 4.5
Dg = 1-Fj Tog + (4.5)
where
Fp = rate coefficient (limited data suggest a range of from
0.05 to 0.3)
xr = reference loading rate (perhaps static loading)
A = loading rate

The computation procedure is initiated by selecting values of soil
modulus and yield pressure for each element and a distribution of dis-
placement is computed. The cyclic displacements, number of cycles, and
rate of loading are used to establish degradation factors that can be used
in the next cycle. The procedure {is continued until convergence is
achieved. Péu]os indicated that a computer program, not presented in his
paper, has been written to perform the analysis.

The presentation outlined above is insufficient to allow for the com-

putation of the behavior under cyclic loading of a given pile in a given
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soil profile; however, the discussion does serve to illustrate the nature

of the problem.

METHOD OF USING DIFFERENCE EQUATIONS AND NONLINEAR p-y
CURVES

Recommendations are presented later in this section for obtaining
sofl resistance p against a pile as a function of ﬁile deflection y. Rec-
ommendations have been made for a variety of soils but only those for clay
below water are shown here. A family of p-y curves can be developed, tak-
ing into account pile geometry, soil properties, and nature of loading on
the pile, whether static or cyclic. With such a family of curves, a com-
puter program can be employed that uses difference equations to solve for
pile deflection, pile rotation, bending moment, shear, and soil resist-
ance, all as a function of length along the pile.

The computation scheme is shown in Fig. 4.4. Figure 4.4(a) shows a
pile subjected to a lateral load. Figure 4.4(b) shows a family of p-y
curves where the curves are in the 2nd and 4th quadrants because soil
resistance 1s opposite in direction to pile deflection. Also in Fig.
4.4(b) is a dashed line showing the deflection of the pile, efther assumed
or computed on the basis of an estimated soil response. Figure 4.4(c)
shows the upper p-y curve enlarged with the pile deflection at that depth
represented by the vertical, dashed 1ine. A line is drawn to the sofl
resistancé p corresponding to the deflection y with the slope of the line
indicated by the symbol Es‘ Es is defined as the soil modulus. Figure
4.4(d) shows the values of sofl modulf plotted as a function of depth x.
In performing a computation, the computer utilizes the computed values of

sofl moduli and {terates until the differences in the deflections for the




(a) (b) (¢) (d)

FIG. 4.4, Computation scheme for method using difference
equations and nonlinear p-y curves
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last two computations are less than a specified tolerance. Difference
equations are formulated for a large number of points along the length the
pile, perhaps 100, and a p~y curve is developed internally for each of
those points. Bending moments and other types of pile response can then
be computed.

As may be seen from the above discussion, the accuracy of the com-
puted response of a pile is primarily dependent on how well the p~y curves
represent the soil response. The current recommendations for developing
p-y curves are based on theory to some extent but more strongly on the
results of load tests in the field of full-sized, instrumented piles.

The method can be used to analyze piles subjected to short-term load-
ing and to cyclic loading. An axial load can be applied at the pile head
and the pile head may be considered to be free, fixed, or partially
restrained. The diameter and stiffness of the pile may vary along_its
length. The method is considered to be versatile and the best currently
avaflable for analyzing single piles under lateral loading.

Soil Response for Soft Clay below Water

Field Experiments. Matlock (1970) performed lateral load tests

employing a steel pipe pile that was 12.75 in. in diameter and 42 ft long.
It was driven into clays near Lake Austin that had a shear strength of
about 800 1b/sq ft. The pile was recovered, taken to Sabine Pass, Texas,
and driven into clay with a shear strength that averaged about 300 1b/sq
ft in the significant upper zone.

Recommendations for Computing p-y Curves. The following procedure

is for short-term static loading and is f1lustrated in Fig. 4.5.
1 Obtain the best possible estimate of the variation with depth of

undrained shear strength ¢ and submerged unit weight ¥'. Also

_____
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obtain the values of €gg> the strain corresponding to one-half
the maximum principal-stress difference. If no stress-strain

curves are available, typical values of Egg are given in Table

4.1.

TABLE 4.1. REPRESENTATIVE VALUES OF €gg

Consistency of Clay €50
Soft 0.020
Medium 0.010
Stiff 0.005

2. Compute the ultimate soil resistance per unit length of pile,

using the smaller of the values given by equations below.

py= 3+ Lx+Ixcb (4.6)

Py = 9cb (4.7)
where

¥' = average effective unit weight from ground surface to

p-y curve

x = depth from ground surface to p-y curve

c = shear strength at deépth x

b = width of pile.

Matlock (1970) states that the value of J was determined exper-

fmentally to be 0.5 for a soft clay and about 0.25 for a medium
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clay. A value of 0.5 is frequently used for J. The value of Py

is computed at each depth where a p-y curve is desired, based on
shear strength at that depth.
Compute the deflection, Ygpo at one-half the ultimate soil
resistance from the following equation:

Yeo = 2.5 ‘50b' (4.8)
Points describing the p-y curve are now computed from the follow-

ing relationship.

1/3
_.Y_)
f; = 0.5 (y50 (4.9)

The value of p remains constant beyond y = 8y50.

The following procedure is for cyclic loading and is illustrated in

Fig. 4.5(b).

1.

N B o W N Y
"»\"‘-V“ - SN

Construct the p-y curve in the same manner as for short-term
static loading for values of p less than 0.72pu.

Solve Egs. 4.6 and 4.7 simultaneously to find the depth, X
where the transition occurs. If the unit weight and shear

strength are constant in the upper zone, then

6 cb

X. = (;73—;—337 . (4.10)

If the unit weight and shear strength vary with depth, the value
of x_ should be computed with the soil properties at the depth
where the p-y curve is desired.

If the depth to the p~y curve is less than X s then the value of p
decreases from 0.72pu at y = 3y50 to the value given by the fol-

Towing expression at y = 15y50.

p = 0.72p, (%) (4.11)
r
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The value of p remains constant beyond y = 15y50.

Recommended Soil Tests. For determining the various shear strengths

of the soil required in the p-y construction, Matlock (1970) recommended
the following tests in order of preference:

1. 1in-situ vane-shear tests with parallel sampling for soil iden-
tification,

2. unconsolidated-undrained triaxial compression tests having a
confining stress equal to the overburden pressure with c being
defined as half the total maximum principal stress difference,

3. minjature vane tests of samples in tubes, and

4. unconfined compression tests.

Tests must also be performed to determine the unit weight of the

soil.

Example Curves. Figures 4.6(a), 4.6(b), and 4.6(c) show example p-y

curves for a 36-in., diameter pile in a soft clay with an undrained shear
o strength of 500 1b/sq ft. The submerged unit weight of the clay is 50

1b/cu ft and Egq Was selected as 0.020. Curves are shown for both static

and cyclic loading. The loss of resistance due to cyclic loading is dra-
matically revealed for the particular case that was selected.

So11 Response for Stiff Clay below Water

Field Experiments. Reese, Cox, and Koop (1975) performed lateral

f; load tes*s employing steel-pipe piles that were 24 in. in diameter and 50

j;E ft long. The piles were driven into stiff clay at a sfte near Manor, Tex-

2

Wy as. The clay had an undrained shear strength ranging from about 1.0 T/sq

' @,

Fﬁi ft at the ground surface to about 3.0 T/sq ft at a depth of 12 ft.
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Recommendations for Computing p-y Curves. The following procedure

is for short-term static loading and is illustrated by Fig. 4.7.

1.

Obtain values for undrained soil shear strength c, sofl sub-
merged unit weight ¥', and pile diameter b.

Compute the average undrained soil shear strength c, over the
depth x.

Compute the ultimate soil resistance per unit length of pile

using the smaller of the values given by the equations below:

p

ct anb + ¥'bx +2.83 R (4.12)

P 11 cb. (4.13)

cd
Choose the appropriate value of AS from Fig. 4.8 for the partic-

ular nondimensional depth.
Establish the initial straight-1ine portion of the p-y curve:

p = (kx)y. (4.14)
Use the appropriate value of kS or kc from Table 4.2 for k.
Compute the following:
b. (4.15)

Y50 ~ €50
Use an appropriate value of g from results of laboratory tests
or, in the absence of laboratory tests, from Table 4.3.
Establish the first parabolic portion of the p-y curve, using the
following equation and obtaining Pe from Eqs. 4.12 or 4.13.

p=0.50p, (;‘sla)m (4.16)
Equation 4.16 should define the portion of the p-y curve from the
point of the intersection with Eq. 4.14 to a point where y fis
equal to Asy50 (see note in step 10).

Establish the second parabolic portion of the p-y curve,
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TABLE 4.2, REPRESENTATIVE VALUES OF k FOR STIFF CLAYS

.
b

Average Undrained Shear Strength*

T/sq ft
e (Static) 1b/cu in. 500 1000 2000
kc (Cyclic) 1b/cu 1in. 200 400 800

CECFELPS

*The average shear strength should be computed from the shear
strength of the soil to a depth of 5 pile diameters. It should
be defined as half the total maximum principal stress difference
in an unconsolidated undrained triaxial test,

TABLE 4.3. REPRESENTATIVE VALUES OF egq FOR STIFF CLAYS

! " ’.’ y Y
qx\d'ﬂs#%%&

)
- -l'-l‘- =

Average Undrained Shear Strength

’.5 «'_x 1
2 l')"‘\ &

T/sq ft
€50 (in./in.) 0.007 0.005 0.004
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Fig. 4.9.

0.5 Yy - Ayeo\l.25
p =0.5p J—) - 0.055 p (—-—S—) . (a7
c (yso ¢\ Agygg

Equation 4.17 should define the portion of the p~y curve from the
point where y is equal to Asy50 to a point where y is equal to
GASy50 (see note in step 10).
Establish the next straight-1ine portion of the p~y curve,
p=0.5 pc(GAS)O.s - 0.411 Pe - gigifg-pc(y - 6Asy50).
(4.18)
Equation 4.18 should define the portion of the p-y curve from the
point where y is equal to 6Asy50 to a point where y is equal to
}8Asy50 (see note in step 10).
Establish the final straight-line portion of the p-y curve,
p=0.5p(6A)° - 0.411p_ - 0.75p A, (4.19)
or
p=p.(1.225 VK - 0.75A_ - 0.411). (4.20)
Equation 4.20 should define the portion of the p-y curve from the
point where y is equal to 18Asy50 and for all larger values of y
(see following note).
Note: The step-by-step procedure is outlined, and Fig. 4.7 is
drawn, as if there is an intersection between Eqs. 4.14 and 4.16.
However, there may be no intersection of Eq. 4.14 with any of the
other equations or, if no intersection occurs, Eq. 4.14 defines
the complete p-y curve.

following procedure is for cyclic loading and is illustrated in

Steps 1, 2, 3, 5, and 6 are the same as for the static case.
Choose the appropriate value of Ac from Fig. 4.8 for the parti-

cular nondimensional depth.
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._
N Compute the following:
\‘:\ _
XN Yp =41 AYsg- (4.21)
: 7. Establish the parabolic portion of the p-y curve,
{

2.5

NN y - 0.45y

no P=AP|l - =575 . (4.22)
-.:\ . p

N-\

W=

V) Equation 4.22 should define the portion of the p-y curve from the
..“.

f} point of the intersection with Eq. 4.14 to where y is equal to
1.\:

Rl 0.6yp (see note in step 9).

Qv

8. Establish the next straight-line portion of the p-y curve

> \':..

- 0.085

o = 0.936A - — - 0. . 4,

o P cPe ~ “ygg p(y - 0.6y,) (4.23)
e S

™) Equation 4.23 should define the portion of the p-y curve from the
-
f;{j point where y is equal to 0.6yp to the point where y is equal to
s

T 1.8y_ (see note in step 9).

P
{ 9. Establish the final straight-1ine portion of the p-y curve,

':'Q - 0,102
‘:x p = 0.936Acpc - Yso pcyp . (4.24)
2
@:j Equation 4.24 should define the portion of the p-y curve from the
‘:i, point where y is equal to 1.8yp and for all larger values of y
N

12& (see following note).

) ’.‘.

" *' Note: The step-by-step procedure is outlined, and Fig. 4.9 is
:L drawn, as if there is an intersection between Eqs. 4.14 and 4.22.
o

g However, there may be no intersection of those two equations and
‘4 g
3 X there may be no intersectfon of Eq. 4.14 with any of the other
’E} equations defining the p-y curve. If there is no intersection,
;i; the equation should be employed that gives the smallest value of
Sj§ p for any value of y.

o 1M

2

o:

",.‘

o

R 7 S RIS TR T T TN UL SR R R Y R T T e T e T i T S e
S A R




X

5.8

S

:~.':_E Recommended Soil Tests. Triaxial compression tests of the unconsol-~
l:‘: idated-undrained type with confining pressures conforming to the in situ
(."" y overburden pressures are recommended for determining the shear strength
: of the sofl. The value of tcp should be taken as the strain during the
’_:':: test corresponding to the stress equal to half the maximum
' total-principal-stress difference. The shear strength, ¢, should be
:::.-' interpreted as one-half of the maximum total-stress difference. Values
;:i obtained from the triaxfal tests might be somewhat conservative but would
"; represent more realistic strength values than other tests. The unit
weight of the soil must be determined. |

Example Curves. Figures 4.10(a), 4.10(b), and 4.10(c) show example
;* p-y curves for a 36-in. diameter pile in a stiff clay with an undrained
f-_ shear strength of 2000 1b/sq ft. The submerged unit weight of the clay is
50 1b/cu ft and gy Was selected as 0.005. The value of k to define the
“ initial portion of the p-y curves was selected as 1000 1b/cu in.

.::;:: As for soft clay, the influence of cyclic loading is shown to be sig-
ri nificant.

:': So11 Response of Stiff Clay above the Water Table

; v Field Experiments. A lateral load test was performed at a site in
',;2 Houston where the foundation was a drilled shaft, 36 in. in diameter and
‘f’ an embedded length of 42 ft. A 10-in. diameter pipe, instrumented at
: intervals along 1ts length with electrical-resistance-strain gauges, was
positioned along the axis of the shaft before concrete was placed. The
w average undrained shear strength of the clay in the upper 20 ft was
E'E approximately 2,200 1b/sq ft. The experiments and their interpretation
"E are discussed in detail by Welch and Reese (1972) and Reese and Welch
¥ (1975).
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Recommendations for Computing p-y Curves. The following procedure

is for short-term static loading and 1s illustrated in Fig. 4.11a.

1. Obtain values for undrained shear strength ¢, soil unit weight ¥,
and pile diameter b. Also obtain the values of €gg from
stress-strain curves. If no stress-strain curves are available,
use a value of 0.010 or 0.005 for Ecg aS given in Table 4.1, the
larger value being more conservative.

2. Compute the ultimate soil resistance per unit length of shaft,
P, using the smaller of the values given by Eqs. 4.6 and 4.7.
(In the use of Eq. 4.6 the shear strength is taken as the average
from the ground surface to the depth being considered and J is
taken as 0.5. The unit weight of the soil should reflect the
position of the water table.)

3. Compute the deflection, Ygq» at one-half the ultimate soil-
resistance from Eq. 4.8.

4. Points describing the p-y curve may be computed from the

relationship below.

P . 0_5(.L)1/4 (4.25)
Py Y50

5. Beyondy = 16y50, p is equal to Py for all values of y.

The following procedure is for cyclic loading and is illustrated in
Fig. 4.11b.

1. Determine the p-y curve for short-term static loading by the pro-

cedure previously given.
2. Determine the number of times the design lateral load will be

applied to the pile.
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-y curve for static loading

in stiff clay above water surface

Characteristic shape of p

FIG, 4.11a.
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3. For several values of p/pu obtain the value of C, the parameter
describing the effect of repeated loading on deformation, from a
relationship developed by laboratory tests, (Welch and Reese,
i972), or in the absence of tests, from the following equation.

P 4
C = 9.6( ) (4.26)
Py
4. At the value of p corresponding to the values of p/pu selected in

step 3, compute new values of y for cyclic loading from the fol-

lowing equation.

Yo =Yg Y ¥5p * C* TogN (4.27)
where
Yo = deflection under N-cycles of load,
Yo = deflection under short-term static load,
Ygq = deflection under short-term static load at one-=half
the ultimate resistance, and
N = number of cycles of load application.

5. The p-y curve defines the soil response after N-cycles of load.

Recommended Soil Tests. Triaxial compression tests of the unconsol-

idated-undrained type with confining stresses equal to the overburden
pressures at the elevations from which the samples were taken aré recom-
mended to determine the shear strength. The value of €5 should be taken
as the strain during the test corresponding to the stress equal to half
the maximum total principal stress difference. The undrained shear
strength,- ¢, should be defined as one-half the maximum

total-principal-stress difference. The unit weight of the soil must also

be determined.
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Example Curves.

Shown in Fig. 4.12a, 4.12b, and 4.12c are example

p-y curves for a 30-in. diameter pile in a stiff clay above the water
table.

The clay has an undrained shear strength of 2000 1b/sq ft, a total

unit weight of 115 1b/cu ft and Egq Was chosen to be 0.005. The p:y cu-ves

are shown for static loading and cyclic loading (100, 200, and 500

cycles).
Using the stiff-clay-above-the-water-table criteﬁia, the influence
of cyclic loading is shown to be significant, but less than the effects

predicted using the soft clay (below the water table) and stiff clay (be-

low the water table) criteria.
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? 3. For several values of p/pu obtain the value of C, the parameter
‘jg describing the effect of repeated loading on deformation, from a
&n relationship developed by laboratory tests, (Welch and Reese,
& i972), or in the absence of tests, from the following equation.
: :

3 C = 9.6 (g’:) (4.26)
\

:3 4. At the value of p corresponding to the values of p/pu selected in
’: step 3, compute new values of y for cyclic loading from the fol-
e lowing equation.

& Ve =¥y * ¥go * €+ logh (3.27)
A where

:% Yo = deflection under N~cycles of load,

i; Yo = deflection under short-term static load,

;? Ygo = deflection under short-term static load at one-half
(:' the ultimate resistance, and
,‘: N = number of cycles of load application.

b S. The p-y curve defines the soil response after N-cycles of load.
;f Recommended Soil Tests. Triaxial compression tests of the unconsol-
i; idated-undrained type with confining stresses equal to the overburden
'é pressures at the elevations from which the samples were taken are recom-
l_i mended to determine the shear strength. The value of €gq should be taken
:: as the strain during the test corresponding to the stress equal to half
:5 the maximum total principal stress difference. The undrained shear
L strength, - ¢, should be defined as one-half the maximum
rg total-principal-stress difference. The unit weight of the soil must also
o be determined.
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CHAPTER 5. COMPARISON OF MEASURED AND PREDICTED BEHAVIOR
OF PlLES SUBJECTED TO LATERAL LOAD

INTRODUCTION

Presented in the previous chapter were methods for computing the
behavior of piles in cohesive soils subjected to both static.and cyclic
lateral loading. Of these methods, the p-y approach seems to be best doc-
umented and the most emptoyed when cyclic loading is to be considered. As
noted earlier, the principal thrust of the research reported herein is to
gain additional 1insight into the exact reasons for the loss of soil
resistance of piles in cohesive soil that are subjected to cyclic lateral
load. Emphasis 1s placed on the p-y method. The studies reported in
Chapter 3 showed the significant loss of resistance in several of the
reported tests due to cyclic loading. Comparison of the behavior of piles
computed by the p-y method with measured behavior, as reported in this
chapter, is useful. The reader will gain an understanding of the accurac&
of the p-y method (assuming the experimental results to be correct) for
predicting both static and cyclic behavior and the importance of the stu-
dfes reported herein will be emphasized.

In order to compare the measured and predicted behavior, p-y analyses
were performed for most of the case histories presented in Chapter 3. For
each case history, three p-y analyses were made. The three analyses are
termed as soft clay, stiff clay below the water table (stiff clay (bwt)),

and stiff clay above the water table (stiff clay (awt)).

The comparisons of predicted and measured response of most of the

]
Al

...‘-‘
1'-:-"
n case histories are presented in the form of curves of lateral load versus
Pl
;rf deflection. Although comparisons of predicted and measured bending
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moments as a function of pile length would also be desirable, measured
vaiues of moment versus lateral load were, in most cases, not presented.
Therefore, to maintain consistency in this presentation, only load versus
deflection curves are compared. The only exception is for Gaul's (1958)
data in vhich only the measured moments were presentied.

For many of the case histories presented in Chapter 3, enough data
were presented to allow the p-y analyses to be conducted; however, in some
cases, assumptions regarding soil or pile properties were necessary. The
particular assumptions made are presented in the discussion of each case
history.

Finally, it should be mentioned that the computed deflections using
the p-y method are very sensitive to the soil and pile parameters used in
the analyses. Previous studies have shown that the computation of the
maximum bending moment is much less sensitive to changes in soil and pile

properties.

MODEL TESTS

The results of three model tests were described in Chapter 3; howev-
er, only the results of the tests by Gaul (1958), and Valenzuela and Lee
(1978) are studied herein. The test described by Scott (1977) is not
included because it was described as a silty material and behaved as a

cohesionless soil. In both model tests, no free water was present to

enter or exit any gaps that might form between the pile and soil.
Gaul (1958
In the series of model pile tests that Gaul performed, measured val-

u2s of moment were recorded for both the static and cyclic cases; however,

126
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A_‘j no data on load versus deflection were presented. Therefore, only compar-
‘R
e isons are made of lateral load versus maximum bending moment.

Values of the shear strength of the clay were not given and are esti-

)S;' mated by varying the values of shear strength used with the soft clay p-y
EEE analyses until a reasonable agreement was reached between computed and
b measured bending moment. A shear strength of 0.5 1b/sq in. was-selected,
based on the comparison shown in Fig 5.1a. The value of €50 axial strain
corresponding to half the stress difference at failure in a triaxial com-
pression test, was selected based on recommendations made by Reese and
j? given in Table 4.1. In addition, a parameter, k, describing the initial
,EE soil modulus of the clay is necessary to define the p-y curves for stiff
:gf clay (bwt), and the recommendations of Reese, outlined in Table 4.2 were
;i used to obtain a value of 1000 1bs/cu in. for the static case and a value
»if of 400 1bs/cu in. for the cyclic case.
o Analyses were performed with all three p-y criteria; the soft clay,
5;; stiff clay (bwt), and stiff clay (awt), and are shown in Fig. 5.1la, 5.1b,
§£§ and 5.1c. As can be seen, the measured values of moment show 1ittle or no
33 increase after cycling. Predictions made using the soft clay criteria
::ﬂ also indicate no increase in moments due to cyclic loading. Analyses per-
;E; formed using the stiff clay (bwt) criteria do predict an increase in maxi-
53 mum moment beginning at a lateral load of approximately 20 1bs and ending
?if at a lateral load of approximately 50 1bs. Predictions of lateral behav-
,E; for using the stiff clay (awt) criteria show an increase in moment for 10
’25 and 100 cycles along the whole range of loading from O to 90 1bs.
._S_f Valenzuela and Lee (1978)
;ES Shown in Figs. 5.2a, 5.2b, and 5.2c are curves showing computed and
f;: measured values of load versus deflection. The three sets of p-y criteria
e
e
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were used in the computations. The curves from the experiments are plot-
ted as dotted lines rather than specific symbols because the curves are
averages from many model pile tests.

A factor that must be considered in analyzing the comparisons in Fig.
5.2 is that Valenzuela and Lee reported that the model pile yielded struc-

turally at a deflection of approximately 0.1 in. with a static load of

;$$: approximately 6 1bs. Although no mention was made of the pile yielding
:?E; during cyclic loading, it 1is expected that yielding would occur at a
Efii cyclic Yoad less than 6 1bs. Therefore, all comparisons between measured
;,g}' and predicted values are made for lateral deflections less than 0.1 in.
’%Ei As before, and in the studies that follow, predictions were made
:{3 using the three sets of p-y criteria for cohesive soils. Curves showing
;%f comparisons of computed deflection versus lateral load and the results
f;f; from the experiments of Valenzuela and Lee are shown in Figs. 5.2a, 5.2b,
:;Qi and 5.2c. In Fig. 5.2a it may be seen that the static behavior is pre-
!::; dicted to be much stiffer than the measured behavior, whereas the pre-
;EEE dicted cyclic behavior is much softer than measured. Thus, the effect of
“i:: cycling in increasing deflection for a given load is predicted to be much

C

T greater than the measurements indicate.

e .
[, Using the stiff clay (bwt) criteria, values of static and cyclic
~i:2 deflections for a given load are predicted to be much greater than meas-
®

T ured. In addition, the difference between static and cyclic deflections
T

;ff for a given load are predicted to be much greater than measured.

2:: Using the stiff clay (awt) criteria, predicted values of deflection
:ﬁ{ for a given load are less than the measured values; however, the effect of
';:f cyclic loading, as measured by the increase in deflection for a given
r:‘-*
hO-. load, is similar for measurement and prediction.
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o FIELD TESTS CONDUCTED WITH NO FREE WATER AT GROUND SURFACE
The results of 7 pile load tests are discussed herein. Comparisons

are shown between deflection versus lateral load from predictions and from

measurements. Predictions were made using the three sets of p-y criteria

previously mentioned. Some of the case histories involvé testing at the

same site, but with changes in the characteristics of the pile or loading

conditions. In each of the cases cited below, free water was not avail-

able at the ground surface. Therefore, no water could enter or exit gaps

formed between the pile and soil.

A Price and Wardle (1982), Tubular Pile
b
EfQ In order to obtain predicted values of Tlateral load versus
E;; deflection, shear strength versus depth was obtained from the triaxial
o tests and field tests shown in Fig. 3.10. The shear strength was assumed
i to vary linearly between the depths at which shear strengths were speci-
- fied.
{
g~ Values of Egy were obtained from the relationship of shear strength
h'-‘:
'tj- and secant modulus shown in Fig. 3.10. For each data point, a value of €c
e
'y” was calculated by dividing the shear strength by the corresponding modulus
izl value. These values were piotted versus depth and estimated values of g
N were based on the plot.
Jﬁi The measured and predicted curves of lateral load versus deflection
. are shown in Figs. 5.3a, 5.3b, and 5.3c. With the use of soft clay crite-
N
:;j ria, shown in Fig. 5.3a, the predicted and measured relationships seem to
x‘:'
N be in reasonable agreement. Very little difference between the static and
..k cyclic behavior is seen for both measured and predicted relationships of
“'-
',G ‘ateral load versus deflection.
N
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Using the stiff clay (bwt) criteria, the influence of cyclic loading

is shown to increase horizontal deflections for a given lateral load much

-
K]
-

>
-

more significantly than was measured.
For the stiff clay (awt) criteria, values of deflection are also
shown to increase with cyclic loading, contrary to the measurements.

Price and Wardle (1982), H-Shaped Pile

An H-pile was also tested at the site used by Price and Wardle.
Because the site conditions were identical, the same soil profile was used
as that presented for the tubular pile.

Shown in Figs. 5.4a, 5.4b, and 5.4c are measured and predicted curves
of lateral load versus deflection for both static and cyclic loading. In
Fig. 5.4a the experimental points are shown along with curves predicted
using the soft clay criteria. Comparisons of measured static and cyclic
behavior can only be made up to a lateral load of about 9000 1bs because no
measurements of static deflection are presented for larger loads. Howev-
er, at a lateral load of about 9000 1bs, some effect of cyclic loading is
seen as an increase in horizontal deflection of the pile head.

Predicted behavior of the pile based on soft clay criteria shows no
influence of cyclic loading up to a lateral load of approximately 23,000
1bs. Shown in Fig. 5.4b are predictions using the stiff clay (bwt) crite-
ria. As can be seen, a much greater influence on cyclic loading is shcwn
than either of the other two prediction methods or by the measurements.
The lateral load versus deflection behavior predicted using the stiff clay
(awt) criteria appears to give the influence of cyclic loading in close
agreement with the measured influence. However, at levels of load between
0 and 1000 lbs, the predicted curves for static and cyclic loading are

stiffer than indicated by the measurements.
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U. S. Naval Civil Engineering Lab, Free-Head Loading

Comparisons between predictions and measurements from the testing of
the special pile constructed by USNCEL, described in Chapter 3, are shown
in Figs. 5.5a, 5.5b, and 5.5¢. In order to make the analyses, estimates
of shear strength and €y were made based on results of triaxial tests of
samples obtained from the site. However, during the testing program,
which lasted over one year, no provision was made to keep the water con-
tent constant in the top several feet of soil. Thus, there was a wide var-
fation of soil strength, as shown in Fig. 3.12. Values of shear strength
were estimated by back computation, assuming the clay to behave as stiff
clay above the water table. However the computed shear strength was unre-
alistically high (in fact, higher than any values measured and shown in
Fig. 3.12); therefore, a value of 10.0 1bs/sq in. was used because it was
the highest reasonable value of shear strength. The shear strength was
assumed to vary with depth in the following manner: from the ground sur-
face to a depth of 6 ft, 10 1b/sq in., below 6 ft, 2.0 1bs/sq in. Values
of € were based on recommendations provided by Reese, and presented in
Chapter 4.

Shown in Fig. 5.5, is a definite effect of cyclic loading in the
experiment with increased deflection measured at each load level.

For the soft clay criteria, the measured and predicted results are in
reasonable agreement, although the predicted values of deflection at any
load above 5000 1bs greatly exceeds the measured values. No effect of
cyclic loading is predicted using the soft clay criteria which obviously
does not agree with the measurements. Using the stiff clay (bwt) p-y cri-
terfa, the prediction for static loading agrees well with the measured

values; however, for cyclic loading, much greater deflections were pre-
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??j dicted than measured for lateral loads above 6000 1bs. For the stiff clay

(awt), predictions for both static and cyclic behavior agree well with the
measured values; however, for loads above 5000 1bs the predicted values of
deflection exceed measured values.

U. S. Naval Civil Engineering Laboratory, Restrained-Head Loading

In addition to the free-head tests, restrained-head tests were con-
ducted. The investigators attempted to keep the pile head vertical, and
the fixed-head condition is assumed in the analyses. Because these tests
were performed at the same site as the free-head tests, the same soil pro-
file is employed.

Results of analyses, along with experimental results, are shown in
Figs. 5.6a, b5.6b, and 5.6c. The measurements are inconsistent with
observed behavior at other locations and with theory because the curvature
of the load-deflection curve is opposite to what was expected. No specif-
ic reason can be given for the unexpected data. However, significant
increases in deflection due to cyclic loading can be seen. As shown in
Fig. 5.6a, predictions using the soft clay criteria show no effect due to
cyclic loading. Predictions using the stiff clay (bwt) criteria show both
the static and cyclic behavior of the pile to be stiffer than measured;
however, the predicted effect of cyclic loading appears to be similar to
the measured effect. The stiff clay (awt) criteria also exhibits a stif-
fer relationship than the measured values, although at a lateral load of

10000 1bs, agreement between predicted and measured values of both static

and cyclic deflections is good.

1@

’4
= 1

Gilbert (1980), Piles A and B

LA

As described in more detail in Chapter 3, two piles, piles A and B,

LA

T

were tested in a very soft clay. The two piies were driven into essen-
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tially the same material; thus, the soil profile was assumed to be identi-

cal for both piles. The differences in the 1load-versus-deflection

behavior of the two piles are assumed to be due to the characteristics of
(1§t the piles only. The behavior under lateral load of the piles, measured
and predicted, are shown in Figs. 5.7a, 5.7b, and 5.7c for pile A and
Figs. 5.8a, 5.8b, and 5.8c for pile B.

Both piles show an increase in lateral deflection due to cyclic load-
ing at a given lateral load; however, for both piles, all three prediction
methods jJreatly under-predicted the load carrying capabilities of the
pile. A comparison of the effects of cyclic loading as measured and as
predicted is difficult; however, it is of interest to note that very lit-

tle effect of cyclic loading was predicted using the soft clay criteria,

as shown in Figs. 5.7a and 5.8a. For the other two criteria, the pre-

Carhr
?.Jt"' ]

dicted effects of cyclic loading are certainly apparent as shown in Figs.

ﬁ
ARAS

5.7b, 5.7c, 5.8b, and 5.8c. The agreement between the measured and pre-
dicted behavior under static loading for the two piles, however, is so
poor that comparisons between measured and predicted effects of cyclic
loading are of little importance.

Tassios and Levendis (1974)

The results of cyclic, lateral-load tests for both one-way, and
two-way loading are shown in Figs. 5.9a, 5.9b, and 5.9c. In order to per-
form anaiyses of this load test, assumptions were required in regard to
soil and pile properties. Values of shear strength versus depth were
determined from Fig. 3.19. Values of Egq Were selected from the recommen-
dations made by Reese and presented in Chapter 3. The geometric proper-
ties of the pile were given; however, neither the strength of the concrete

nor the rotational stiffness (EI) of the piles were provided. In order to
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calculate values of EI, a value of E was estimated using the following

equation:
E = 57000 /?:
where
E = modulus (1b/sq in.)

fc= compressive strength of concrete (assumed to be 4000 1bs/sq
in.).

Shown in Fig. 5.9a are the predicted and measured load versus
deflection relationships using the soft clay criteria. As can be seen,
the predicted and measured behaviors under static load agree reasconably
well, but the agreement between the predicted and measured effect of
cyclic loading is poor. No effect of cyclic loading was predicted; howev-
er, in all cases and at all levels of lateral load, increased deflection
with number of cycles was experienced.

Using the stiff clay (bwt) and stiff clay (awt) criteria, some effect
of cyclic loading was predicted and is shown in Figs. 5.9b and 5.9c.
Although the agreement between measured and predicted effect of cyclic
loading is close for load levels below approximately 8800 1bs, the pre-
dicted increases in deflection at the higher load levels were much less
than measured.

Reese and Welch (1972)

Shown in Figs. 5.10a, 5.10b, and 5.10c are the measured and predicted
load versus deflection for a laterally loaded drilled shaft. The predic-

tion using the soft clay criteria follows the measured values for static

loading; however, no influence of cyclic loading is predicted. Obviously,

the effect of cyclic loading is significant as shown from the measured

values plotted in Fig. 5.10a.
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Using the stiff clay (bwt) criteria, the predicted deflections for
static loading are slightly less thar measured; however, predicted
deflections for cyclic loading are greater than measured for loads above
6000 1bs. The best agreement is found with the results of the stiff clay
(awt) criteria. This is hardly surprising because the stiff clay (awt)

criteria were developed from this test.

FIELD TESTS CONDUCTED WITH FREE WATER ABOVE GROUND SUR-
FACE

The results of four series of lTateral load tests are discussed below.
As explained previously, predictions of load-versus~deflection behavior
were made for each case history and compared with the measured behavior.
Predictions were made based on the three sets of p-y criteria presented in
Chapter 4. In cases cited below, water was ponded above the ground sur-

face; thus, water was free to enter and exit any gaps that formed between

~ the soil and pile.
Harvey
. A structural framework was used at the Harvey site that was designed

to cause equal values of displacement at two points along the portion of

WTe e
> > 8
l- .l- .)

Ty

the pile located above the ground surface. To model the pile-head bounda-

By
»

J’_'.

E: ry conditions in the computer program used for the analyses an equivalent
*gL rotational stiffness was calculated for the pile head.

.."\

:: The results of the lateral load test and the corresponding p-y ana-
A

f: lyses are shown in Figs. 5.1la, 5.11b, and 5.11c. The analyses employ a
. value of shear strength of 3.2 ibs/sq in.

:ﬁi Using the soft clay criteria, the predicted and measured results were
“2; found to be in close agreement; however, the effect of cyclic loading was
()

o
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ﬁ}ﬂ predicted to be much less than measured. Using the stiff clay (bwt) cri-
i;; teria, the predicted effect of cyclic loading is too severe beginning at a

‘3%3 lateral load above 2500 lbs. The effect of cylic loading using the stiff

K i} clay (awt) criteria, Fig. 5.11c, is less than was measured.

Eii Lake Austin

ASLH

.::" The results of the tests performed at Lake Austin are shown in Fig.

Aiy 5.12a. Three data points for each load level are.plotted to demonstrate
N

~_i§ the effect previous cycling had on the behavior of the pile at higher load

?;x levels. Data points termed static are representative of load-deflection
o behavior measured during a test in which the load was monotonically

Zi;; increased to the maximum value of lateral load. The points corresponding

{:}: to 1st cycle and 500th cycle are representative of the 1load and

5;%3 deflections measured during the cyclic test in which the pile was loaded
;Eg to a certain magnitude and cycled at that load. Upon completion of.the
:S last cycle (or 500th cycle), the load level was increased and cycling was

o reinitiated. Thus, the effect of the previous load cycles at lower levels
E;E of loading can be seen by comparing the load-versus~deflection relation-
-:j ship for the static test with the load-versus-deflection relationship

‘E&).

measured during the first cycle of loading in the cyclic test.

o}
) ‘-”‘\
- ’- 3 . .
-2 The predicted curve of load versus deflection using the soft clay
¥ ._'-h
’“:: criteria is shown in Fig. 5.12a. The predicted and measured behavior
L
A under static load are in good agreement; however, the effect of cyclic
:f loading is predicted to be much less than measured. The predicted behav-
J;' ior using the stiff clay (bwt) criteria is shown in Fig. 5.12b. The pre-
o -
o dicted behavior under static loading is stiffer than measured; however,
A
A
K~ the predicted behavior under cyclic loading exhibits a much more severe
o
¥
N
o increase in deflection between 10,000 and 13,000 1bs than was measured.
o
..
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::: The stiff clay (awt) criteria was used to predict lateral-load behavior as
:_ES shown in Fig. 5.12c. Although the predicted relationship for static load-
"': ing is reasonably close to that measured, the effect of cyclic loading was
‘( 7 predicted to be much less than measured.
E-_j Sabine, Free- and Restrained-Head Tests

" The results of a series of tests are shown in the form of lateral
;:”_. load versus deformation in Figs. 5.13 and 5.14 for free-head and
: restrained-head conditions. Because the tests were performed at the same
::' site, identical soil properties were used for each of the p-y analyses. A
value of shear strength of 2.4 lbs/sq in. was selected based on both the
\_"r' shear-strength profile presented in Fig. 3.29 and the close fit between
:: measured and predicted behavior of the free-head pile subjected to static
.-q" loading. Values of €y were selected to be 0.0091 on the basis of results
:;_}" from triaxial tests conducted on soil from the Sabine site.

‘;:: Under free-head conditions, the measured and predicted values of

- gy

A

Yoad versus deflection were close when the soft clay criteria were

)j employed. The measured values of load versus deflection under static
loading were followed closely by predicted values up to loads of approxi-
:, mately 18,000 1bs. For cyclic loading, predicted increases in deflection
ii were slightly less than measured.

,,.: For the stiff clay (bwt) criteria, predictions of behavior for both
.- static and cyclic loading did not agree well with measured behavior. For
; both types of loading, excessive deflection was predicted and excessive
Z deformations at loads less than half of the maximum lateral loads measured
.- during the tests. Predictions of lateral-load behavior employing the
’ stiff clay (awt) criteria are shown in Fig. 5.13c. The agreement between
..
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:i\ predictions and measurements is closer than that for the stiff clay (bwt)
k)
¢ N criteria, but not as good as that using the soft clay criteria.
o .
[ In addition to the free-head tests performed on the piles,
'
W
t::. restrained-head tests were also conducted. Values of lateral load and
A _\:
;\}:. bending moment were recorded for each testing sequence. These recorded
e
.—j Joads and moments were used to obtain values of lateral load and the cor-
A responding restraining moment at the pile head for use as boundary condi-
Y
;E?E tions in the computer program.
L%
Shown in Figs. 5.14a, 5.14b, and 5.14c are the measured and predicted
‘:ﬁkf relationships of load versus deflection for the soft clay, stiff clay
o
‘:if (bwt), and stiff clay (awt) criteria. The predicted behavior using the
SR
if* soft clay criteria agrees best with measurements; however, cyclic loading
‘fri; is seen to increase deflection more than predicted.
H _-_'.)_
SRR . : . . :
:ﬁi Using the stiff clay (bwt) criteria, computed deflections for both
e
A .
i—' the static and cyclic loading are greater than those measured.
~:i§ Deflections predicted by the stiff clay (awt) criteria are slightly larger
;jf than those measured under static loading; however, agreement is good
e between measured and computed increase in deflection due to cyclic load-
)
RS .
S ing.
N Manor, Piles 1 and 2
3 \.-::‘
‘:F* The soil and pile properties for this lateral load test were pre-
;f; j sented in Chapter 3. Shown in Figs. 5.15a, 5.15b, and 5.15c are measured
.
R
i
{,Q§ values of pile behavior and predictions using the three sets of p-y crite-
g
Td,
T ria. Three measured values for each lvad level are shown and correspond
.;fq to a static load, the lst cycle, and the 100th cycle. The three points
(- give an indication of the effect of previous cycles at lower load levels
SRS
:(i{' in determining the deflection of the lst cycle at a new load level.
. A
e
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.
N
L
N
N
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Shown in Fig. 5.15a are the measured deflections versus lateral loads
and the behavior computed by using the soft clay criteria. The prediction
for static load agrees poorly with measured values and the p-y criteria
predict no increased deflection with cyclic loading, obviously in disa-
greement with the measurements. Using the stiff clay (bwt) criteria,
excellent agreement is shown in Fig. 5.15b between predictions and meas-
urements for both static and cyclic loading. This was expected because
these tests form the basis for the stiff clay (bwt) criteria. Using the
stiff clay (awt) criteria, predictions of deflection for both static and
cyclic loading are larger than measured.

Manor, Pile 3

In addition to the lateral load tests performed on the 25.25-in.
diameter piles, lateral load tests were performed on a pile measuring
6.625 in. in diameter. The results of the lateral load test and the pred-
ictions of lateral load behavior are presented in Figs. 5.16a, 5.16b, and
5.16¢.

As shown in Fig. 5.16a, the deflections predicted using the soft clay
criteria agree well with measured values. However, much less effect due
to cyclic loading is predicted than measured. Predictions of behavior for
both cyclic and static loading are best by the stiff clay (bwt) criteria;
however, a slightly stiffer relationship is predicted for the static case,
and excessive deflections are predicted at slightly lower loads than meas-
ured in the cyclic case. The stiff clay (awt) criteria shows an effect of
cyclic loading; however, neither static nor cyclic predictions are seen to

be close to those measured.
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SUMMARY

Sixteen case histories have been reviewed and their behavior com-
pared with the load verus deflection behavior predicted using the soft
clay criteria, the stiff clay (bwt) criteria, and the stiff clay (awt)
criteria. As expected, no particular method provided clearly superior
agreement between measured and predicted behavior; however, a closer look
at the comparisons presented in Figs. 5.1 to 5.16 yields some interesting
results. Shown in Table 5.1 is a 1ist defining which p-y criteria best
predicted the effects of cyclic loading for each case history. Each cri-
teria was assigned a number (1, 2, or 3) depending on how well the crite-
ria predicted the measured behavior with respect to the other criteria.
Thus, the number 1 was assigned to the criteria which best predicted the
measured effect of cyclic loading, and the number 3 was assigned to the
criteria that least agreed with measured behavior.

For clays above the water table, it appears that the stiff clay (awt)
criteria predicted the effects of cyclic loading best. This observation
is expected because the stiff clay (awt) criteria seems the most appropri-
ate.

For the lateral load tests conducted in which water was ponded above
the ground surface, no single p-y criteria was clearly superior in pre-
dicting the effects of cyclic loading. This was expected because two p-y
criteria (soft clay and stiff clay (bwt)) are currently available for pre-

dicting the lateral load behavior. Only two lateral load tests, Manor

(piles 1 and 2), and Manor (pile 3), fall into the category particularly
suited for a p-y analysis using the stiff clay (bwt) criteria. The agree-

ment between the predicted and measured effect of cyclic loading was good;
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however, this agreement was expected because the p-y criteria were based

on the results of these tests.

For lateral load tests conducted in soils that may be considered
medium (Lake Austin), or soft (Harvey, and Sabine), the soft clay p~y cri-
teria seems the most appropriate. However, although the Sabine test
results appear to agree with predictions from the soft clay p-y criteria,
the results from tests performed at Harvey and Lake Austin exhibit a much
greater effect of cyclic loading than predicted. This is an important
point because it emphasizes that the cyclic behavior of piles in clay may
be very different, and not easily predicted by current techniques. Addi-
tional knowledge is required regarding the behavior of the soil subjected
to cylic loading and the susceptibility of the soil to the scouring action
of the water.

Other, more general conclusions can be drawn from reviewing the pred=
jctions plotted in Figs. 5.1 through 5.16. In most of the cases studied
herein, the soft clay criteria predicted the smallest effect of cyclic
loading and the stiff clay (bwt) predicted the greatest effect of cyclic
loading. The stiff clay (awt) usually predicted the effect of cyclic
loading to be at some intermediate value between the soft clay and stiff
clay (bwt) criteria. These observations are limited to the cases being
studied currently and therefore will probably vary for pile or soil prop-

erties different than those studied here.

158




";‘. . A S " Sk Skl el Unlh Bl Salk Sl el Sl Sl Sl Sk Yt Sl WA Sl el Baf i Sad Snf Yol Gnld ol Wk gl Sul Gaf Aok S R Sab Son 4
R X 11
-\'.
..kl
..‘el
e
',ﬁ CHAPTER 6. SPECIAL PROCEDURES FOR TESTING SOILS
el
oad FROM SITES WHERE LATERAL-LOAD TESTS WERE PERFORMED
A
Lo
(
N INTRODUCTION
;;i It is obvious that the behavior of a pile subjected to static and
h .
S cyclic lateral loads is dependent on the characteristics of the soil sur-
\
_ff rounding the pile. In order to determine these characteristics, labora*o-
»iﬁg ry tests were conducted on soil specimens obtained from soils very near
.
S
O two locations at which lateral load tests were conducted. Of course, soil
::}: testing was performed at the time the testing program was conducted; how-
A .\_:.
:} ever, tests were not performed originally that now appear to be important.
L'i; Two aspects of the soil that are deemed particularly important are the
®
i behavior of the soil subjected to cyclic loading and the resistance of the
_-."_‘-
;}3 soil to erosion when subjected to water flowing over the soil surface.
o Discussed herein is a description of the testing equipment and testing
NS procedures used to assess the behavior of the soil when subjected to
t\.
fj:: cyclic and static loading, and to assess the resistance to erosion of the
-
Y soil.

O

-

[
3

W
L

e TRIAXIAL TESTING

“A

i:: In order to determine the static stress-strain characteristics of
®

PN the soil, and its behavior when subjected to cyclic loads, two types of
:%? triaxial tests, static and cyclic, were conducted. The set-up procedure,
fk; triaxial cells, and all procedures except for the application of axial
®. , .

A Tcad, were the same for all triaxial specimens, whether they were to be
A
W tested cyclically or statically.
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Set-up Procedure

Specimens of soil that were to be tested triaxially were first verti-
cally extruded from three inch-shelby tubes, and then carefully trimmed to
the dimensions required; 3.0 in. in length and 1.5 in. in diameter. Our-
ing trimming, loss of moisture was retarded by covering the exposed parts
of the trimmed specimens with a plastic wrapping. Upon completion of
trimming, soil specimens were placed on the base pedestal of the triaxial
cell, lateral filter-paper drains added, and a thin latex rubber membrane
was used to seal the specimen.

After the base of the triaxial cell was flushed of any air bubbles,
the cell was filled with de-aired water and a pre-set cell pressure was
applied using a self-compensating mercury-pot system (Bishop and Henkel,
1962). Volume changes of the specimen were measured versus time. Upon
completion of consolidation, back-pressure and cell pressure were applied
at a rate of 10 1b/sq 1in. per day until acceptably high values of
B-coefficient were measured. Final B-values measured during the tests
were generally in excess of 0.97. The procedures followed thereafter were
dependent on whether the triaxjal test was to be conducted statically or
cyclically.

Static-Triaxial Tests

After back-pressure saturation, the cell was moved onto a Wyke-
ham-Farrance loading press and a proving ring and dial gauges were
installed to measure load and deflection of the triaxial specimen. The
loading rod was then lowered until slight contact was made with the top
cap. At this time, shearing was started, and readings of load, deforma-
tion, and pore pressure were recorded. Shearing rates were preset and

were calculated to shear the specimen at a rate slow enough to allow pore
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pressures generated in the center of the specimen to be measured at the

base of the specimen.

After the specimen failed, the specimen was removed from the triaxial
cell and water contents were taken. Failure was defined as either 20 per-
cent strain or as the specimen passed through both maximum principal
stress difference and maximum principal stress ratio.

Cyclic-Triaxial Tests

In order to apply cyclic loads to the triaxial specimen, a device to
apply constant levels of cyclic deformation was fabricated and is shown in
Fig. 6.1. The device consists of a rotating disk upon which a freely
rotating rod is connected. The position of the rod on the disk is adjust-
able; therefore, variable eccentricities are possible. Connected to the
rod is an arm which is restricted to linear motion by two linear-motion
stainless-steel bearings. The motion at the end of this arm varies
approximately in a sinusoidal manner, and its amplitude can be adjusted by
varying the eccentricity of the connection at the rotating disk. In addi-
tion, the frequency can be controlled by a variable-speed motor that
rotates the disk.

Between the linear-motion arm and the loading rod of the triaxial
cell are located connections  for  the load cell and a
direct-current-displacement-transducer (DCDT). These two devices measure
the Joad applied to the loading rod and the deformation of the triaxial
specimen. The output from these electrical sensors were recorded using an
X-Y plotter.

Before any testing was initiated, the loading rod had to be brought
into contact with the top cap. This particular connection was more com-

plicated than the static case because tensile loads between the loading
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FIG. 6.1. Laboratory device for applying cyclic
strains to triaxial specimens
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f-' rod and the top cap developed during the extension phase of the aprlied
%;% cyclic deformations. In order to allow necessary tensile loads to devel-
v op, a specially designed loading head and top cap was fabricated. The top
%;j cap and loading head were designed to come into contact along their perim-
Eﬁi eter and form an air- and water-tight seal. After the seal was made, a
2 vacuum could be drawn in a chamber inside the loading head. The total
{j; tensile force that the connection could resist was then calculated as the
Ezgz cross-sectional area of the chamber times the differential pressure
o between the outside cell pressure and the inside chamber pressure. A
:}: schematic drawing of the loading head and top cap is shown in Fig. 6.2.
552 After contact was made between the loading head and the top cap, a
;é‘ vacuum was applied to the chamber within the connection. At this point,
.f;j the cyclic triaxial test was ready to begin; thus, the motor controlling
;3; the cyclic device was activated and applied cyclic deformations as the X-Y
i

plotter recorded the load-deformation behavior of the triaxial specimen.

Y
2

Pore pressures at the bottom of the specimen were measured for most of the

e

;:E specimens; however, the values obtained from these measurements are
:fi thought to be unrepresentative of the pore pressures at the center of the

[ specimen. The pore pressures generated near the center of the sample have
..\-

i:} too little time to equalize during the short duration of one cycle.

'E:: Several cycles of loading were applied to each specimen, generally
;}; greater than 100. After testing was completed, either another cyclic or

static triaxial test was performed, or the specimen was removed from the

triaxial cell and water contents were determined.
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EROSIONAL TESTING

An aspect of the behavior of cohesive soil believed to play an impor-
tant role in the response of piles subjected to cyclic lateral loading is
the susceptibility of the soil to erosion along the interface of the pile
and soil. As water rushes up and down along the gap, the water has the
tendency to erode or scour the soil. In order to investigate this phenom-
enon, two types of tests were conducted. One test involved a rod inserted
into soil and moved cyclically in the horizontal direction (Wang and
Reese, 1982). Although it was not intended to model the behavior of a
real pile exactly, it was felt that perhaps some of the elements important
in a real pile would also be important in the experiment with the rod.
After the pile was inserted into the sample of soil and cyclic defor-
mations applied, the amount of s0il scoured out between the soil and the
model pile wall was measured. The weight of soil measured during the. rod
test was used as an index parameter for assessing the sucepibility of the
soil to scour.

Another test used and performed in parallel with the rod tests was
the pinhole-dispersion test. The pinhole-dispersion test is conducted by
flowing water through a one-eighth in. diameter hole that has been drilled
through the specimen. The dimensions of the specimen as well as the
applied gradient are specified and measurements are made of the color and
turbidity of the water exiting the specimen. A more detailed description
of the test procedure and requirements are presented by Wang and Reese

(1982) and by Sherard, et al (1976).
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:::: CHAPTER 7. RESULTS OF SOIL

::Z:j EXPLORATION AND PROGRAM OF TRIAXIAL TESTING

o

{

Y INTRODUCTION

-‘_‘J

::j:: In order to obtain information on the behavior of the soils encount-
. ered at locations where lateral load tests were conducted, a program was
jf:':j initiated to obtain samples at the site. These samples would then be
‘-.:\‘

::\-; brought back to the laboratory and tested to evaluate specific aspects of
o

' the behavior of the socil and see if the behavior measured in the laborato-
-.-._L ry could be correlated in some manner to the behavior measured in the
::'_‘

:*E field.

® Two sites were selected for this study. The first site was located
i" near Manor, Texas where the soils in the area are considered to be stiff,
1% 0

e
‘:f' fissured clays. The second site was located near Sabine Pass, Texas.  In
N
i : general, the soil found at this site consisted of soft clays and silts.
:::;Z The field investigation and results of the laboraory testing program for
\ both sites are described herein.

9]

:.:} MANOR SITE

.' Site Location
-.-‘3 As shown in Fig. 7.1, the site is located along U.S. Highway 290
':Zj between Austin and Manor, Texas, about 3.7 miles northeast of the inter-
section of Highway 183 and 290. Specifically, the site is located along
;* U.S. Highway 290 at Station 319.5, and just west of a residence with the
g address 9741 U.S. Highway 290E.
P,

o Tn 1966, a 50 ft by 45 ft test pit was excavated to a depth of 6 ft
I8
s and all the lateral-load tests were performed within this excavation.
o,

‘h
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YR
:-:"j This excavated area is located approximately 70 ft south of U.S. Highway
U

e 290, and approximately 30 ft west of the nearest residence as shown in
h
| Fig. 7.2.
[\,
Lo History of Site

:j:: In 1966, an investigation was made to assess the behavior of
O) full-scale piles in stiff clay subjected to lateral loads. A suitable
'\_'r site was selected and a pit was excavated. As the excavation proceeded,
,r_...:
oy soil borings were made and soil specimens were tested to determine mois-
B
” ture content, Atterberg limits, and shear strength. A chronological list
f‘? of the borings with respect to the excavation of the pit and pile instal-
SR
o lation is shown below:
o

‘.'_f.
.'_-i: Borings Date of Borings Status of Test Program
j'.-_'-i; B-1, B-2 October 14, 1966 Before excavating test pit.
{ B-3, B-4 December 15, 1966  After excavating pit to 3 ft depth
and just prior to ponding.
)

v B-5, B-6 April 19, 1967 After ponding for 4 months. Prior
'-j'.:: to installation of test piles in
M period of May 2-9, 1967,
AN B-7, B-8 June 30, 1967 Pit excavated another 2% ft to total
poed depth of 5% ft on April 21, 1967.
K. Test piles installed and pit exca-
Y vated a final % ft to total depth of
6 ft in period May 2-9, 1967.

®

n‘:
L
t_‘-.
\::::
.:'._J‘.' The location of these borings, and the locations of the two piles are
}_;‘: shown in Fig. 7.2.
_.\:.
-:?:-: After interpretation was completed of the data obtained from the
o
;_-_, sofl-testing program, the original investigators reached conclusions
WAl
e
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regarding in situ shear strength. Shown in Fig. 7.3 is the resulting soil

NE profile, along with the original estimate of the shear strength of the
% soil. The original estimate of the shear strength (shown as the heavy
;EE solid line) was based on results of unconfined compression tests, uncon-
ii; solidated-undrained compression tests, and pocket penetrometer tests.
’;d After completion of the testing program, the excavated area was filled,
3§‘ and the site was abandoned. No further work or research was done at this
é site until 1981,

N4 Boring Campaign in 1981

'EZ During the time from September 28 to October 2, a subsurface investi-
_E; gation of the test site was performed. The purpose of the investigation
'2; was to define the current subsurface conditions and relate them to the
"if conditions described in 1966. Several boreholes were advanced to define
_%f soil stratigraphy and to obtain shelby tube sampies.

;‘ In order to compare the current soil profile with the profile that
N existed in 1966, an exploratory borehole was advanced, and shelby tube
f; samples were taken continuously from a depth of 5.0 ft to a depth of 15.0
:?z ft. After each sample was taken, the soil was extruded, and visually
'f' classified. The depths of easily distinguishable layering were compared
;ﬁg with the depths of similar layers reported in the 1966 investigation. It
i: was concluded that the top of the pit excavated in 1966 was approximately
g? 6 ft below the current ground level,

E; After establishing the depth to the top of the previously excavated
;& area, shelby tube samples were taken. A total of four holes were advanced
; with continuous sampling; however, due to large pieces of gravel and very
-EE stiff soil, some tubes were either bent or lost in the hole. Shown in Fig.
.2: 7.4 is a plot of the depths at which soil samples were taken, and shown in
®
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o Fig. 7.5 is a best estimate of the locations at which the soil borings
S .
R were advanced. The exact location of the boreholes could not be ascer-
5 \".“
tained because some landmarks used in he 1966 investigation were not pres-
) s
%%: ent during the 1981 investigation.
T
T Laboratory and Testing Procedures
Y
[ In order to define characteristic-material parameters for the soil
fﬁf specimens taken at the Manor site, one-dimensional consolidation tests,
1 \':\‘
Sy static triaxial and cylic triaxial tests were performed. The special pro-
A *i. .
. cedures that were used for some of these tests are described in Chapter 6.
P
:ja One-Dimensional Consolidation Tests. One-dimensional consolidation
ijf tests were performed on samples 2.5 in. in diameter and 0.5 in. in height.
e
. Upon trimming the specimen into the consolidation ring and mounting the
. -4
b -
g ring in the consolidation device, a vertical pressure of 125 1b/sq ft was
-
-
ij:j applied to the specimen. The dial gauge was watched carefully to deter-
pot
i mine if any swelling occurred. If swelling was detected, additional pres-
A
f:k: sure was applied until no swelling was apparent.
T Geometric-loading increments were applied at approximately 24-hour
e _"_
E:{ intervals during loading whereas for unloading, a factor of four (64000
i:j 1b/sq ft, 16000 1b/sq ft, 4000 1b/sq ft, ... etc.) was used at approxi-
(o mately 48-hour intervals.
o
" A total of five one-dimensional consolidation tests was performed
o
o and the resulting consolidation curves are shown in Fig. 7.6 on a plot of
£50
p- vertical strain versus log of the effective vertical pressure.
"
‘255 The shape of the one-dimensional consolidation curves presented in
vﬁ}} Fig. 7.6 is characteristic of a heavily overconsolidated clay. There is
‘ﬂff no clear indication of any point which might be selected as a maximum pre-
b
i;- vious overburden pressure.
]
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Static-Triaxial Tests. Two types of static triaxial tests were per-

formed on the soil specimens taken from the Manor site. These two tests
are (1) isotropically-consolidated, undrained triaxial compession test
with pore pressure measurement (ETU-TC), and (2) isotropical-
ly-consolidated, undrained triaxial extension test with pore pressure
measurement (ETU-TE). Chapter 6 presents details of the procedures
employed.

Results of all the triaxial tests of soils from the Manor site are
shown in Table 7.1. Stress-strain curves and pore pressure-strain curves
for the triaxial compression tests are shown in Fig. 7.7 and the corre-
sponding effective stress paths are shown in Fig. 7.8. Stress-strain
curves and pore pressure=-strain curves for the triaxial extension tests
are shown in’'Fig. 7.9 and the corresponding effective stress paths are
shown in Fig. 7.10,

Cyclic-Triaxial Tests. Several controlled-strain, cyclic triaxial

tests were conducted on specimens obtained from the Manor site. The
results of these tests are summarized in Table 7.1, and the relationship
of stress difference versus number of cycles measured during the tests are
shown in Fig. 7.11 through 7.18. The peak stress difference is seen to
decrease with increasing number of cycles.

Erosion and Pinhole-Dispersion Tests. In addition to the triaxial

tests performed on the Manor soil, rod tests and pinhole dispersion tests
were performed as described in Chapter 6. The results of thest tests were
used to determine the susceptibility of the soil to the scouring action
that takes place in the gap that is formed along the pile wall. For the
rod study, a scour index value of 0.27 was determined. The scour-index

value is meant to be compared with scour~index values obtained from tests
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TABLE 7.1

FROM MANOR, TEXAS

RESULTS OF LABORATORY TESTS ON SPECIMENS

Swatic Terazied Cyelte Triamial
Oete Test | Tobe Bopth Type & v -n
] . (1) o | X0 e it togogte | 0 {4 oo | * .o Comments
Test | It i) | () sin) creles
h7 mer 02 | st-at .0 th-1c 1 3.0 2.6 12.8 10.9 |iem
17 me- 821 2 st-n 9.0 T | 5.0 3.0 15.2 20.0 |1e0
17 mer B2 3 st-n 8.3 te.1c | 7.0 n.0 8.8 n.¢ 1203
8 dor 82 4 §T.12 5 tl-w | 2.0 9.1 .8 3.0 300
10 Apr 82 L) st-12 11.0 CN-w | 6.0 »s 17.9 1.8 400
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.2 100
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2R ©
He ae| w©
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¥, ] £15.0 H
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Quring extension
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on other soils. Once experience is gained in correlating scour-index val-
ues of soils with observed scouring behavior of the soil around the pile,
better methods of predicting pile-soil behavior will become available.

In addition to the scour-index tests, pinhole-dispersion tests were
also performed on specimens of Manor soil. The results of pin-
hole-dispersion tests conducted on both compécted and natural Manor soil

indicated the clay to be non-dispersive.

SABINE SITE

Site Location

The Sabine test site is located south of Sabine Pass, Texas, along
the west bank of the Sabine River as shown in Fig. 7.19. The original
site, and the location of the test pits used in the field study are shown
in Fig. 7.20. Unfortunately, it was impossible to return to the original
site and obtain samples because the immediate area had been filled, paved,
and served as a storage yard for steel casing used in the petroleum indus-
try. Therefore, soil specimens were obtained from the nearest suitable
location, which was about 100 to 200 ft from the original site. This
location is shown in Fig. 7.20.

History of Site

In 1958, a soil boring and testing program was conducted to determine
the subsurface profile and the shear strength of the soil. In addition to
visual classification, Atterberg limits, and water content tests, several
vane tests and unconfined compression tests were conducted. Shown in Fig.
7.21 are the results of the original testing program.

Upon completion of the soil boring program, the original investi-

gators decided to excavate three rectangulariy-shaped test pits measuring

191
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12 ft wide, 16 ft long and 4.5 ft deep. The excavations were made to elim-
inate the presence of the stiffer, oil-stained clay near the ground sur-
face, and to expose the softer clay material.

After the lateral-load testing program was completed, the Sabine
site was abandoned until 1978. At this time, additional vane tests, tri-
axial tests, and a series of self-boring pressuremeter tests were con-
ducted. The results of this investigation are shown in Fig. 7.22. Since
1978, no other data concerning shear strength and soil properties of the
Sabine site have been made available.

Boring Campaign in 1982

On June 29, 1982, a subsurface investigation of the Sabine test
location was conducted. Three boreholes were advanced and 3.0 in.
thin-walled shelby tube samples were taken. The holes were drilled
approximately on ten ft centers and the depths at which specimens were
obtained are shown in Fig. 7.23. The samples were obtained by drilling to
a specified depth, then lowering the shelby tubes to the bottom of the
borehole while pumping drilling fluid through the tube. When the tube
reached the bottom of the hole, the shelby tube was pushed into the
ground. The tube was slowly rotated, and then extracted slowly.

After the tube was raised to ground level and disconnected from the
drill-string, any cuttings within the tube were removed, and both ends
were sealed and waxed. The tubes were then stored vertically in a special
wooden box and brought back to the University of Texas for laboratory
testing.

Laboratory and Testing Procedures

In order to obtain information on the consolidation characteristics

and the static and cyclic stress-strain behavior of the soil obtained from
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the Sabine site, several one-dimensional consolidation tests, static tri-
axial tests, and cyclic triaxial tests were performed. In Table 7.2 are
listed the type of tests, corresponding test numbers, and important infor-
mation for each test.

The results of one-dimensional consolidation tests performed on the
Sabine clay are shown in Fig. 7.24. The curves are characteristic of a
soft clay.

Four static triaxial compression tests with pore-pressure measure-
ments were also conducted on specimens of soil from the Sabine site. The
results of the four CIU-TC tests are listed in Table 7.2 and shown in
terms of stress-strain and pore pressure-strain curves in Fig. 7.25.
Additionally, the effective stress paths measured during the four tests
are plotted in Fig. 7.26.

Several controlled-strain, cyclic triaxial tests were performed._on
the Sabine soils and the results are also listed in Table 7.2. The
results of the cyclic triaxial tests are presented in Figs. 7.27 through
7.32 in terms of maximum peak stress difference versus number of cycles of
loading. As can be seen in the figures, as the number of cycles increase,
the value of peak stress difference decreases.

Erosion and pinhole-dispersion tests were also conducted on speci-
mens of soil from the Sabine site. Results from the rod tests indicated a
scour-index value of 0.36. This value is somewhat higher than that meas-
ured for the Manor soil.

After the rod test was performed, the equipment was dismantled, the
mcdel pile was extracted from the soil, and the soil surrounding the model
pile was cut along the pile axis so that a cross-sectional (profile) view

of the soil could be observed. It was found that the soil nearest the cav-
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;Q? ity formed by the pile consisted primarily of coarse sand. Gradually, the
:;; percentage of silt and clay sized particles increases with distance from
| the pile cavity. The thickness of this transitional layer was observed to
té; be about one-half inch. It is expected that this veneer of coarse materi-
:SE als eventually forms a protective cover that prevents further significant
:.. scour of the soil and may therefore aid in reducing the amount of soil
LEE resistance lost due to the scouring action that may be present during
EE? cyclic loading.
; Results of the pinhole-dispersion tests conducted on the soil from

f\; Sabine indicated the clay to be non-dispersive.
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; CHAPTER 8. EFFECT OF CYCLIC LOADING ON PILE BEHAVIOR
':':3 INTRODUCTION
-f: Two methods to evaluate the effect of cyclic loading are presented
;;; herein. The first method utilizes the results of laboratory tests con-
;: ducted on soil specimens obtained from two different sites. Results of
i*j cyclic triaxial tests and scour tests are compared and conclusions are
::§ made regarding their application to pile behavior measured during the
- field tests.
o The other study of pile behavior uses the results of field tests more
'Eé directly. This approach used the stiff clay (above the water table - awt)
ji procedure as a basis for determining what steps were necessary to allow
: predicted and measured values of displacement to agree with each other.
‘-
X ::: ANALYSIS OF LABORATORY RESULTS
(f: As mentioned in Chapter 6, cyclic triaxial tests and scour tests were
fﬁz: performed on soils obtained from two sites in which field tests were con-
3% ducted, namely, Manor and Sabine Pass, Texas. The results of these labo-
) . :
oo ratory tests were presented in Chapter 7 and are summarized and compared
i; with each other herein.
E; Cyclic-Triaxial Test Results
.:j The behavior of soil subjected to cyclic loading is complex and dif-
E;; ficult to model. Of major concern is the stress~strain behavior of the
*;3 soil and how this relation is affected by the number of applications of

load. One method of demonstrating the effect of cyclic loading is to plot

l..l;};..

the logarithm of the value of the secant modulus at N cycles versus the

logarithm of the number of cycles. A straight line is often used to
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approximate the relationship; therefore, a simple mathematical equation

can be used and is as follows:

E

N BNt
where
E,, = Secant modulus at N cycles,
E0 = secant modulus at first cycle,
N = number of cycles, and
t = degredation parameter (defined as the slope of the
straight line relationship on the log-log plot described
above.

The degredation parameter, t, can be used as a measure of the sensi-
tivity of different soils to cyclic loading. As the value of t increases,
the secant modulus decreases more rapidly with number of cycles. Thus, it
is expected that results of laboratory tests yielding high values of t are
representative of a soil more affected by cyclic loading than those test
results on soils that yield low values of the degredation parameter.
Idriss, et al (1978) first used this procedure to compare the results of
controlled~-strain, cyclic triaxial tests on different soft clay soils.

The above procedure was employed to compare the results of laboratory
tests on the soils from Manor and Sabine, Texas. Shown in Figs. 8.1 and
8.2 are the values of the degredation parameter, t, versus the axial
strain for cyclic loading for Manor and Sabine soils, respectively. For
the soils obtained from Manor, the value of t is seen to increase with
strain as shown in Fig. 8.1. Scatter of the data is certainly apparent;
however, considering the fissured nature of the soil, scatter in the data

should be anticipated.
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Results of tests of soils from the Sabine area are shown in Fig. 8.2

,g; and show the same trend of increasing value of t with increasing strain.
w}[r By comparing the t versus strain for both Manor and Sabine soils, it can
f:j be seen that for a given value of strain, the value of t for the Sabine
Eé soil is slightly higher than the value of t for the Manor soil. Thus,
;:: based on results from the cyclic triaxial tests, it appears the Sabine
;y& soils show slightly higher rates of degredation due to cyclic loading than
ﬁj soils from the Manor site.
) Scour Test Results
i{\ The soils from Manor and Sabine were subjected to laboratory tests
;E designed to evaluate their susceptibility to scour or erosion. The proce-
!Si dure for the test is described in Chapter 6 and the results are presented
i.’ in Chapter 7. The laboratory scour-test results yielded values of the
‘-#. scour index of 0.27 and 0.36 for the Manor and Sabine soils, respectively.
iﬁj The scour index is a parameter that can be associated with degree of
}f? scour susceptibility. An increasing scour index indicates an increasing
Ezi susceptibility of soil to scour. Thus, based strictly on the results of
:E the laboratory tests to evaluate scour, the Sabine soils appear more sus-
iiz_ ceptible to scour than do the soils from Manor.
fg However, as noted previously in Chapter 7, the soil from Sabine was
~E? found to form a layer of sand in the soil along the perimeter of the test
< rod. The sand could contribute significantly to reducing the effect of
7?2 cyclic loading by forming a scour-resistant veneer, thus preventing any
S;i further erosion. It is unlikely that the rod test was fully effective in
~é measuring quantitativejy the influence of the sand particles in the Sabine
Z; clay. There were thin strata of sand at the Sabine site, in addition to
i sand particles in the clay. Thus, although the scour index of the Sabine

badt i
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soil was measured to be greater than that of the Manor soil, factors such
as the precise stratigraphy of the soil are important to consider.

Measured Degredation During Pile Load Tests

Strictly from the quantitative results of the cyclic triaxial tests
and the scour tests, it appears that a larger effect of cyclic loading
should be seen for the pile at Sabine than for the pile at Manor. However,
the results of the field tests show that the opposite was true.

The two field tests were compared by using the stiff-clay (bwt) p-y
criteria to analyze the Sabine test and the soft clay p-y criteria to ana-
lyze the Manor test. As shown 1in Fig. 5.12b, the predicted
load-deflection curve for Sabine for cyclic loading above 4000 1bs shows
much greater deflection than measured. As shown in Fig. 5.15a, the pre-
dicted load-deflection curve for Manor shows little effect of cyclic load-
ing compared to the measured results. Thus, based on these results, i}
can be concluded that the pile-soil system near Manor, Texas was affected
by cyclic loading to a greater extent than the pile-soil system located
near Sabine.

The reasons why laboratory results indicate that the piles at the
Sabine site should have exhibited more effect of cyclic loading than the
piles located near Manor, and field tests indicate the opposite to be
true, points to the need for consideration of other important factors.
Several additional considerations can be proposed and include the follow-
ing: 1) the scale of the laboratory triaxial tests were much smaller than
experienced in the field, 2) the scils from Manor were observed to be fis-
sured, and thus, scale should certainly be expected to have some effect on
the soil behavior, and 3) the scale of the rod tests to measure scour

potential was also small compared to the field tests. If the fissured
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soil at the Manor site did break into small pieces during cyclic loading
and then was scoured out by the water rushing in and out of the gap, and
through the open fissures as was observed in the field tests, the process
could not be accurately modelled by the small rod and small soil speciman
used in the laboratory. These considerations are discussed in more detail
later in this chapter.

Because the results of the laboratory tests indicated behavior oppo-
site to the measured behavior, additional studies of all the case histo-
ries were undertaken to compare the behavior of piles tested in which
water was above the ground surface with piles tested in which no water was

above the ground surface.

STUDY OF CASE HISTORIES

In order to study and compare all of the case histories presented in
Chapters 3 and 5, a consistent p-y criteria had to be selected. In each of
the cases, the pile was subjected to cyclic loading; however, the number
of cycles of load varied considerably. In some of the tests, only 15
cycles of load were applied, while others were subjected to 500 cycles or
more. Both the soft clay and the stiff clay (bwt) p-y criteria have no
provision for accounting for the number of load applications; however, the

stiff clay (awt) criteria does allow for a different number of cycles. In

addition, the '"stress level" at which the cycling occurs can have an

LA RNCES 1

Y ol

i

IARA A

important effect as indicated by the parameter C1 as described in Chapter

4. Using the stiff clay (awt) criteria, all the case histories could be

o) @

L

analyzed on the same basis, and the effect of cyclic loading could be

4
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accounted for in a consistent manner.
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jsg In performing the analysis for each case history, a specific proce-
;:é dure was followed. First, the measured static relationship of load versus
{ ) deflection was modelled using the stiff clay (awt) criteria, and values of
’E:; shear strength were adjusted until a favorable comparison was obtained
Eqﬁ between prediction and measurement. Then, the value of C, was varied
t’f until the predicted cyclic deflection of the pile equalled the measured
.SE cyclic deflection of the pile at the proper number of cycles of loading.
;iz The results from the above procedure showed considerable variation
- in the value of C1 required to explain the effect of cyclic loading meas-
;é; ured in each case history. Shown in Figs. 8.3 and 8.4 for each history are
isg the values of C, versus the shear strength of the sofl, and the value of s
.. versus the liquidity index of the soil. In Fig. 8.3, there seems to be no
2:& consistent trend of C1 as a function of undrained shear strength. Plots
:Eé of C1 versus pile diameter, C1 versus ecg of the soil, and C1 versus
(x deflection were also made; however, scatter was observed to be about the
i:;: same as presented in Fig. 8.3.

N However, one consistent trend {s apparent. For case histories in
which pile tests were conducted under conditions of a free water surface
above the ground surface, much greater values of C1 were required to fit
the measured cyclic behavior.

Presented in Fig. 8.4 are the values of C1 versus the liquidity index

- . . 5 » o
o "'.."'f'.",s'_-.':'-' & )

i
" e ‘

of the soil. Although there appears to be some trend of decreasing values

)]

of C1 with increasing values of liquidity index, conclusions regarding

e g s
@ - FREE
i . L R R R .
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’ this trend should be considered guarded due to the small amount of data,
E«: and the apparent scatter of the data points.
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.:’ SUMMARY DISCUSSION OF RESULTS

TEE; The studies described herein were designed to shed 1ight on the proc-
(jjj esses 1involved in the significant, and sometimes severe, loss of soil
".: resistance coincident with the cyclic loading of piles in clay at offshore
}EE sites. At the outset of the studies there was some reason to think that
af: the proposed studies could be employed to explain quantitatively the field
’;;2 results where full-scale piles in clay were loaded cyclically. While the
ézs detailed analyses that are presented in this Chapter were unable to
57:\ achieve a complete explanation of the observed field behavior of the test
;“:2 piles, the data that have been obtained in the laboratory do help in iden-
:~\; tifying the importance of certain parameters and in providing guidance for
5? : further research. The following discussion serves to illustrate the sig-
.::g nificance of the findings from the present studies.

éii Example Computations

:%: Figure 8.5 shows an offshore pile that has been installed in either
fﬁfﬁ soil 1ike the site at Manor or at Sabine. A 24-in. OD pile has been
;;f selected for purposes of illustration. Figure 8.6 a shows computed p-y
é:: curves for the two cases employing the criteria developed from the Manor
o, tests for both static and cyclic loading and Fig. 8.7 shows the same com-
JE putations for the Sabine site. The depths selected for the curves were 0,
‘Ei 1, 2, 4, and 8 diameters or 0, 2, 4, 8, and 16 ft. For the Manor site, p-y
'.L curves at the ground surface were not plotted because soil resistance is
E;;E predicted to be zero at all values of deflection. Studies of the behavior
%ﬁé of piles under lateral loading show that the response of a pile is depend-
,%&3 ent strongly on the soils near the ground surface, a factor that deter-
;'EE mined the depths that were selected.
e
P

e
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PN To indicate the importance of the surface soils, the deflected shape
»'.':\
:}: of the pile was computed on the assumption that the piles were subjected
LA
ikf’ to cyclic loading, that the pile head was fixed againt rotation, and that
ooy a bending stress of 20 kips/sq in. was the maximum that could be sus-
'h)\
:j: tained.
N
:73- Influence of Cyclic Strain
]
;:}: In order to determine the influence of cyclic deflections of the pile
J‘,;.
NI upon the resistance provided by the soil mass, a study was conducted to
NIN.
N
al compare the amount of reduction predicted using the current soft clay and
;*k; stiff clay (bwt) p-y procedures with the amount of reduction predicted
L
;jﬁ using the results of the cyclic triaxial tests conducted on the soils
W
‘*‘ located near Sabine and Manor.
®
?{fi Shown by solid lines drawn in Figs. 8.8a through 8.8e and Figs. 8.9a
1O
-53§ through 8.9d are the relationships between deflection and loss of resist-
) ’
;#': ance determined for the soils located near Sabine and Manor, respectively.
Y
oy This relationship was computed by selecting a specific deflection, and"
oy
';{ then comparing the static and cyclic values of soil resistance predicted
ad
o using the appropriate p-y analysis. The amount of reduction in soil
D
o resistance is defined as follows:
Y
o R =1-P/P,
&
o where
@
o R = reduction in sofl resistance,
0
;:, Pc = value of p (1b/in.) predicted for cyclic loading, and
~ P = value of p (1b/in.) predicted for static loading.

A
w

As can be seen, at smaller deflections, no loss of resistance is

LI

observed (where the static and cyclic p-y curves coincide); however, the
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loss of resistance increases with deflection and may reach a value of 100
percent depending on the deflection and depth.

In order to compare the amount of reduction predicted using the
results of the cyclic triaxial tests, the following procedure was adopted.
Firstly, cyclic strains were calculated by taking 1/3 of the pile
deflection divided by the diameter. This factor is an approximation based
on preliminary finite element calculations and was reported by Poulos
(1983). Secondly, the amount of reduction in soil resistance was pre-
dicted using the results of the cyclic triaxial tests. For various
strains, associated values of the degredation parameter (t) were selected
based upon the results of cyclic triaxial tests. The results of these
tests are presented in Figs. 8.1 and 8.2 for the Sabine and Manor soils,
respectively. Thirdly, t parameters were used to predict a reduction fac-
tor by the following equation:

F=Nt
where

F = reduction factor,

N = number of cycles, and

t = degradation parameter.
In the equations used for predicting soil resistance, terms other than
shear strength, such as unit weight, also contribute to soil resistance.
Thus, to predict the reduction in soil resistance for one particular level
of cyclic deflection, the shear strength of the soil was multiplied by the
factor, F,’and the value of soil resistance was calculated using the p-y
procedures described in Chapter 4. Shown by dashed lines in Figs. 8.8a

through 8.8e and 8.9a through 8.9d are the predicted values of reduction
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vl in soil resistance versus cyclic pile deflection at 100, 200,and 500
n cycles for the Sabine and Manor soils, respectively.

:'; For the Sabine soil, predictions of reduction in soil resistance
__J using the results of cyclic triaxial tests exceed those using the p-y
'P: approach, whereas for the Manor soils, the p-y approach predicts values of
:' reduction in soil resistance greater than those predicted using the
‘._ results of cyclic triaxial testing. That the procedure using cyclic tri-
.’: axial results predicts too much loss of resistance for the Sabine soil and
'." not enough for the Manor soil emphasizes that other factors such as scour
:.,;: must play an important role in determining the loss in soil resistance.
Sa Reinforcing the above comment is that the original 1nvestig$tors observed
: much more evidenlce of scouring action during cyclic loading at Manor than

. at Sabine. The following sections in this discussion address the factors

, that can account for loss of resistance in addition to that due to cyclic
- strain.

& Influence of Scour

: The earlier report on this project described the development of a
f laboratory test that could be used to assign an index to the scour resist-
:_ ance of a soil. Early in this study it was considered that the values of
3: the scour index could possibly be used with an empirical adjustment factor
f to account for the loss of resistance due to cyclic loading that was
_‘;: ob<erved at Sabine and at Manor. Such is not the case, however, because
:_:' the scour index for the Manor soil is less than that at Sabine and the
B'_; resistance loss was greater at Manor than at Sabine. Some of the other
-'—~ factors that must be considered, in addition to the scour index, are
’\ addressed in the following paragraphs.
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One of the factors has to do with the depth to which a space, formed
by the forward and subsequent backward motfon of a pile, will remain open.
If the assumptions are made that the soil around the pile behaves accord-
ing to plane strain and if failure is assumed to be initiated at the base
of the opening, the critical height Hc at which the opening would collapse
is given by Zsu/r, where Sy is the undrained shear strength of the clay
and ¥ is the unit weight of the soil. Therefore, the greater the shear
strength the deeper the gap that could develop.

Perhaps one of the most important elements in determining the degree
of scour along the pile-soil interface is the velocity at which the water
enters and exits the gap. A tentative procedure for estimating this

velocity was proposed by Wang and Reese (1983) and is as follows:

V = L/(2At)
where:
V = velocity of fluid exiting the gap,
L = depth of gap, and
At = time required for gap to close.

The depth to which the gap may form is considered to be controlled by
two factors. The first factor controlling the depth of the gap is the
bending characteristics of the pile. In this study, it was assumed that a
gap formed between the pile and soil to a depth were the displaced posi-
tion of the pile intersected its original position.

However, an additional constraint was imposed upon the calculated
depth of the gap. Assuming plane strain, failure at the base of the gap
would occur at a critical height (Hc) dependent on the undrained shear
strength (su) of the soil and its effective unit weight (¥'). The crit-

ical height is computed as 25u/x'. Therefore, in each case history, the
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;:3 depth of the gap was determined from the deflection versus depth charac-
be

:j teristics measured from the pile load test data, and a maximum depth was
iy

o calculated using the relationship Zsu/!'. The smaller of the two values
(

igp was selected as the representative value of gap depth.

o .

%3 The time required to close the gap was estimated from the values of
22

o frequency reported in the original studies. The value of At was selected
‘.
SO to be one-fourth of the cyclic period. This approximation is subject to
1
f:j- some error because the load versus time relationship was not exactly sinu-
v ,:
:T“ soidal. A load versus time relationship for cyclic lateral-load tests
o~ performed at the Lake Austin site is shown in Fig. 8.10. As can be seen
J':'d

:i: readily, the rate of loading varies considerably during the cyclic loading
Lo
!_:‘ and unloading of the pile; thus, it is expected that pile displacement
Y
F~ rates and the velocity of the fluid entering and exiting the gap would
;:f also vary greatly during the cyclic load test.
?F:“ Shown in Table 8.1 are the factors associated with the calculation of
{
. the velocity of the fluid, and the computed value of the gap velocity.
r{f The case histories are arranged in increasing order of observed reduction
1R

%:{ in soil resistance; that is, Sabine was reported to have experienced the
;3, smallest amount of reduction of sofl resistance whereas the soil at Manor
.N ’

;3 exhibited the most. Soil at the Lake Austin site exhibited more reduction
. \? in soil resistance than the Sabine soils, but less than that experienced
[N
-.k, in the Manor soil.

s
-:i: As can be seen from investigating the results in Table 8.1, the
'£§: velocity of the fluid for the Lake Austin site is greater than that calcu-
::; lated for the Sabine site; however, the computed velocity of the Manor
-"‘J
; :: site is the lowest of all three sites studied. Thus, it appears that oth-
R

th er factors are involved as well,
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W TABLE 8.1, ESTIMATED VELOCITIES OF WATER EXITING GAP FOR

o SABINE, LAKE AUSTIN AND MANOR TEST SITES

%

R \‘

{ Depth to Zero EEE

B Case Pile Deflection Y at Velocity
T, History (in.) (in.) (sec) ft/sec
- Sabine 264 to 289 15 5 1.28
o Lake Austin 219 to 225 384 3.75 2.50
3 Manor 192 > 2000 7.5 1.07

e

There are two other factors that can be considered qualitatively,

EE both of which involve the character of the soil at Manor and at Sabine.
izs The Manor soil has a highly developed secondary structure, probably from
" desiccation, consisting of cracks and joints. The secondary structure was
;Eg evident in the vicinity of the ground surface as it existed at the time of
;;? the Manor tests. The cyclic loading of the 24-in. pile at Manor not only
('. caused soil to be scoured away at the interface of the pile and soil but
‘;5 after testing was completed an opening was discovered in the clay in front
1;3 of the pile. The opening was several centimeters across, it began at the
- face of the pile about a half meter below the ground surface, and exited
E: about one to two ft from the pile. This opening undoubtedly resulted in
‘23 Toss of soil resistance and was certainly due to the joints and cracks
z& that allowed the flow of water from the face of the pile as the water was
’5; put under pressure due to the pile deflection.

;} The second point with regard to the character of the clay concerns
'ié the Sabine soil. The site is close to the Sabine River that forms the bor-
i; der between Louisiana and Texas and the soil at the test site is undoubt-
‘ES edly an alluvial deposit. Thin seams of sand were evident at some depths
.:1
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and, while grain-size-distribution curves are unavailable, it is likely

that some sand-sized particles are mixed in with the silt sizes and clay
sizes that predominate. The coarser grains could logically have separated
from the clay and collected at the interface of the pile and the soil and
served as a barrier to more serious degradation than was observed. A sim=-
ilar phenomenon was observed during the cyclic scour tests performed in
the laboratory. It was found that the finer particles were washed from
the specimen and that the coarser particles collected at the pile-soil
interface. It was further noted in the scour tests in the laboratory that
sand did not scour appreciably. Thus, the sand-sized particles at Sabine
could have served to mitigate the effects of the scour.

It appears the most significant point recognized in this study is the
effect of the free water surface upon the value of C1 required to predict

cyclic deformations.

CONCLUSIONS

The results of laboratory tests conducted on soils from two different
lateral load test sites demonstrate the need to consider several other
characteristics of the soil such as grain size, shear strength, and sec-
ondary structure (fissures) of the soil.

The effect of free water above the ground surface was shown to be
significant in several ways. The relationship of the degredation parame-
ter, t, versus cyclic strain was similar for both Manor and Sabine soils;
however, a much greater loss in soil resistance was experienced at the
Manor site than at the Sabine sfte. In addition, analyses conducted on
all the pile load tests showed much higher rates of degradation of soil

resistance for piles in which water was above the ground surface.
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The loss of soil resistance is therefore sensitive to the effects
caused by water above the ground surface. Cohesive soils that have a
large percentage of sand-size particles may form a protective layer of
coarser sand along the perimeter of the pile due to the water carrying
away the fine-grained material. Water velocities, and therefore scour
potential, may be higher for piles in soils possessing high shear
strengths because the gap between the pile and soil will remain open deep-~
er than for a softer soil. The character of the soil also plays an impor~
tant role in its susceptibility to the scouring actfon that occurs.
Highly fissured soils may easily be carried away as small particles, wher-
eas intact or slightly fissured soils would demonstrate a much greater

resistance to scour.
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CHAPTER 9. CONCLUSIONS

Based upon the results of this investigation, several conclusions
may be drawn regarding the behavior of vertical piles in cohesive soil due
to repetitive lateral loading. Laboratory studies were designed and car-
ried out to investigate (1) the effect of cyclic loading upon the
stress-strain characteristics of the supporting soil, and (2) the effect
of the scouring action of water as it enters and exits the gap formed
along the pile-soil interface. Strain-controlled cyclic triaxial tests,
pinhole dispersion tests, and scour tests were conducted on soil specimens
obtained from two sites (Sabine and Manor, Texas) which had been used as
tocations for cyclic lateral load tests.

The resu]fs of several cyclic lateral load tests were presented and
the following conclusions drawn:

1) horizontal deflection of piles due to cyclic lateral load-
ing at small levels of load (with respect to ultimate lat-
eral Tload) increase with the number of applications, but
may stabilize at a large number of cycles,

2) in many instances, the relationship between deflection and
the logarithm of the number of cycles may be approximated
with a straight line, furthermore,

3) the slope of this line increases with increasing load lev-
els,

4) cycling at lTow levels of load affects the behavior at higher
levels of Toad,

5) when both static and cyclic tests are performed on a single

pile, the lateral deflection on the first cycle may measure

243

ﬁ‘ﬁéﬂVhVV“V&ﬁﬁjﬂﬂ¥?74v’Hﬁﬁv¢¢ﬁwcfcwvvvggﬁg’""
AT TR L e L) { W e S i ¥ e T R g VT AR A M S P Py



[ al i Wl e b il

o IO e e
& N

) .

less than the deflection for static loading due to the dif-

ferences in the rate of loading of the pile head, and

6) the effect of a free water surface above the groundline may
be significant due to the potential for scour along the gap
formed between the pile and soil.

Some other methods exist to predict the behavior of piles due to
cyclic lateral loading; however,the p-y analyses seem to be well suited
for making these predictions because p-y curves are based upon the results
of field tests, the analyses require input commonly obtained during field
investigaivions, and specific procedures for generating p-y curves are
well documented. Broms' method of predicting pile behavior due to cyclic
loading suggests reducing the ultimate soil resistance by a factor of two,
and the procedure used by Poulos requires data not commonly obtained in a
typical site investigation.

A1l of the load versus deflection relationships measured during the
cyclic lateral tests which were presented in Chapter 3 were analyzed and
are compared with predicted relationships in Chapter 5. Using the p-y
method and applying each of the three different p-y curve generation
relationships, soft clay, stiff clay (below the water table), and stiff
clay (above the water table), the following conclusions were drawn:

1) the soft clay criteria, in general, predicts less influence
of cyclic loading than the other two methods, and

2) the stiff clay (bwt) criteria, in general, predicts the
most influence of cyclic loading,

3) for all of the cyclic lateral load tests conducted with no
free water at the ground surface, the stiff clay (awt) per-

formed best in predicting the effect of cyclic loading, and
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4) for the cyclic lateral load tests conducted with free water
at the ground surface in soft clay, the soft clay p-y crite~
ria predicted the effect of cyclic loading for the tests at
the Sabine site well; however, the p-y criteria predicted
the effects of cyclic loading to be less than those measured
for the Harvey, and Lake Austin test sites.

Soil specimens were obtained from two sites (Sabine and Manor, Texas)
in which cyclic lateral load tests were conducted. These specimens were
tested in a cyclic controlled-strain triaxial device, and the specimens
were also tested to evaluate their susceptibility to scour. The results
of these tests are as follows:

1) the soil specimens obtained from Sabine exhibited a greater
reduction in shear resistance versus number of cycles than
the Manor soils, and

2) the soil specimens from Sabine exhibited a greater suscep-
tibility to scour than did the Manor soils.

The resuits from the triaxial testing program and scour tests indi-
cated that a greater loss in soil resistance for the Sabine soil should
have been experienced; however, from the results of field lateral load
tests, the opposite behavior was observed. Therefore, it is important
that several additional factors must be considered which include the foi-
lowing:

1) velocity at which the water enters and exits the gap is
dependent on both the rate at which the gap closes, and the

geometric characteristics of the gap (i.e. depth of crack),
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2) the secondary structure of the soil,

such as fissures, may

allow the water to erode small blocks of soil, or provide a
path to flow through during cycling, and
3) if the soil grains are composed of a well graded material
(i.e. both sand size and clay size), it is possible for some
of the smaller soil particles to be eroded and leave the
larger particles to form a type of scour resistant cover.
A1l of these considerations are necessary to consider and important
to recognize when attempting to evaluate the effect of cyclic loading on

piles.
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