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ABSTRACT

The objective of this study is to develop a basic understanding
of the behavicr of clays under combined static and cyclic loading
conditions with particular application to deep water compliant
offshore structures. The research attempts to identify and evaluate
the effects of important factors on the behavior of clay elements
subjected to the complex loading history typical of a Tension Leg
Platform (TLP) foundation system in order to develop more rational and
reliable methods for analyzing and predicting the behavior of pile
shafts supporting such platforms.

A comprehensive laboratory testing program, consisting of the
design and development of necessary testing equipment and the
performance of an extensive number of cyclic direct simple shear (DSS)
tests, was conducted on resedimented samples of Boston Blue Clay {(BBC)
with OCR values of 1, 1.4, 2 and 4. After consolidating the samples
under Kp-conditions to the desired stress levels, they were subjected
in a drained fashion to a horizontal average static (sustained) shear
stress. The samples were then sheared in an undrained stress-
controlled mode using sinusoidal waves with a constant period of 10
seconds.

Results, presented in a normalized format to allow
generalizations and comparisons with other clays, show that there is a
unified definition of failure in undrained cyclic DSS mode of shearing
independent of the value of the average static shear stress acting on
the soil during undrained cyclic shearing. Samples with different OCR
values sheared under various shear stress combinations reach failure
when the effective stress path approaches the maximum obliguity line
from monotonic undrained DSS tests. Moreover, for normally
consolidated BRC, there is a threshold shear stress level below which
failure in stress-controlled undrained cyclic DSS shearing does not
occur, even after subjecting the soil to a very large number of
cycles.

A hypothesis of "Apparent Overconsclidation™ (AOCR)} due to
undrained cyclic loading is presented, and implemented in a framework
for predicting the undrained cyclic behavior of slightly
overconsolidated clay samples from the basic results obtained on
normally consolidated samples. The AOCR hypothesis is also
incorporated in a superposition method for improving prediction of
tests with variable cyclic shear stress levels. Comparisons with DSS3
test results indicate that the AOCR framework provides good
predictions of the number of cycles at failure as well as evolution of
shear strains during undrained cyclic DSS shearing.
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L1ST OF SYMBOLS

Prefix A indicates a change
Suffix f indicates a final or failure condition

A bar over a stress indicates an effective stress.

GENERAL
BRC Boston Blue Clay
z Depth below mudline

INDEX AND CLASSIFICATION PROPERTIES

e Void ratio

€, Initial void ratio

Gg Specific gravity

LY Liquidity Index

Pl Plasticity index

S Degree of saturation
v Water content

Wy, Liquid Limit

Wy Natural water content
wp Plastic limit

STRESSES, STRAINS, MODULI, AND STRENGTH PARAMETERS

B Skempton's pore pressure parameter B = au/Ao.
Ey Undrained secant E

Egg E half way to failure

G Undrained shear modulus

K¢ Ohc/ Ove

Ko Coefficient of earth pressure at rest (in situ)



OCR

o |

P»

Tave

il

LIST OF SYMBOLS

Overconsolidation ratio = E;mfgbo . E;mf3§c

1/2(0, + o), 1/2(oy + op)

1/2 (oy = op)

1/2 (o - 93)¢

Sensitivity = s,(Undisturbed)/s (Remolded)

Undrained monotonic shear strength

Undrained monotonic normally consolidated shear strength
Undrained monotonic overconsolidated shear strength

s, from direct simple shear test

u

s, from triaxial compression test

u

5, from triaxial extension test

Pore water pressure

Strain rate

Axial strain

Average shear strain

cyclic shear strain

Shear strain, shear strain at failure
Normal total stress, normal effective stress
Confining pressure

Consolidation pressure (isotropic)
Horizental normal stress

Horizontal consolidation stress
Vertical normal stress

Shear stress

Average shear stress
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LIST OF SYMBOLS

Te Cyclic shear stress

Tff 1 on failure plane at fallure

h t on horizontal plane (direct simple shear test)

Tm Mooring shear stress

¢, ¢ Siope of Mohr-Coulomb failure envelope
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Vertical strain

Y

Tye Vertical consolidation stress
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CK,UC Ko—consolidated undrained triaxial compression test
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CK,UCDSS K,~consolidated undrained cyclic direct simple shear test

DSS Direct simple shear

TC Triaxial compression

TE Triaxial extension

uv Unconsolidated-undrained shear test

guc UUC triaxial compression test
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CHAPTER 1
INTRODUCTION
1.1 BACKGROUND

l1.1.1 Introduction

Mankind has constantly explored the earth for varlous resources,
including minerals and energy. Land was initially targeted for exploration
and production before the oceans because of its easier accessibility and
because of the limited available offshore technology. As the resources on
1and are dwindling or becoming more difficult to extract, mankind is
turning to the oceans, which cover 70% of the surface of the earth.

The oceans include a vast amount of resources fncluding food,
minerals, and energy. Food 1is the oldest resource to be extracted from the
oceans, although not to 1its full potential. Minerals cannot presently be
extracted economically, but because of thelr abundance, technologies are
being developed to enable future development of marine mining. Marine
energy sources include hydrocarbon in the form of oil and gas, as well as

thermal and kinetic energy in the ocean waters which have become the focus

of recent research programs.1

0il and gas represent the most developed ocean-based resource, about
90% of the value of all sub-sea mineral production.2 The oll and gas
resources of the offshore continental margins are quite significant, and

the ocean frontiers are estimated to contain approximately 30% of the total

lronald L. Geer, "Engineering Challenges for Off-Shore Exploration and
Production in the '80's,” Proceedings of the Third International Conference
on Behavior of Off-Shore Structures, M.1.T., Cambridge, MA, Vol. 2
Supplenent, 1982, p. 1.

21pid, p.l.
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hydrocarbon resource of the world.3

Because of the large offshore reserves of hydrocarbem, offshore oil
and gas production will play an important role in the world energy supply.
This, along with the future increase in production of food and minerals
from the oceans, will require building an increasing number of offshore
structures fulfilling numerous and diverse functions. Currently, the
majority of eoffshore structures have been built for oil and gas
exploration, drilling, production, temporary storage, and distribution, as
well as living quarters.

Figures 1.1 and 1.2 show the evolution of platforms into deeper
waters. Prior to 1947, wells were drilled from structures in inland lakes
in the U.S.A. and in Lake Maracaibo in Venezuela. In 1947, the first
platform was constructed in the open sea, out of sight of land, in 6 meters
(20 feet) of water, Between 1947 and 1975, the height of offshore
platforms increased steadily to 144 meters (474 feet), as the water depth
overlying potentially rewarding offshore sites increased. Figure 1.2 shows
a sudden increase in size of deep water platforms with the installation of
the Hondo platform in 1976 off California in 260 meters (850 feer) of
water, and the Cognac platform in 1978 in the Gulf of Mexico in 312 meters
(1025 feet) of water, Both Hondo and Cognac are fixed steel jacket
platforms, which are submerged trusses connected to the sea floor by driven
piles, and supporting the drilling and operations platform. The Cognac
platform remains the tallest steel jacket structure to date, and has held

this record for nine years. Bullwinkle, a steel jacket type platform under

3Michel T. Halbouty, "Petroleum Still Leader in the Energy Race,”

Offshore, 20 June 1981, pp. 49-52.
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construction, will be installed in 412 meters (1350 feet) of water in the
Gulf of Mexico, in the fall of 1987, and will cause another sharp increase
in platform water depth as shown in Figure 1.2.% There are over 2000 major
offshore structures worldwide, most of which are steel jacket tfpe
platforms. About 17 concrete gravity structures have been built in the

North Sea, and are among the largest and most conmplex structures.”

As the worldwide demand for energy increases, and as hydrocarbon
reserves are discovered in deeper waters, moTe platforme will be built in
deep water (greater than 1000 feet). Exploration wells have been drilled
already in waters deeper than 2500 feet, and in the North Sea off Norway,
significant discoveries were made in over 1100 feetr of water.b

As the water depth increases, fixed platforms connected rigidly to the
sea floor, including piled steel jacket platforms and gravity platforms,
become more flexible. Such structures have their first natural frequency
close to the dominant wave frequency, hence involve large dynamic
amplifications. In order to avold this, the rigidity of the structures
should be increased. Stiffmess and fatigue criteria, not strength, become
dominant in the design process. Fixed steel jacket platforms have been

proposed up to water depths of 1500 feet, assuming the bottom section is

widened to increase the structural rigidity and therefore lower the first

4M. Lawson and J. Tuchman, "Gulf Platforms Head for Record Depths,”
Engineering News Records, Vol. 218, No. 11, 12 March 1987, p. 10.

5¢Griff C. Lee, "Design and Construction of Deep Water Jacket
Platforms,” Proceedings of the Third International Conference on Behavior
of Off-Shore Structures, M.1.T., Cambridge, MA, vol. 1, 1982, pp. 4-5.

6Geer, P+ 3.
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natural frequency.7 However, the cost of increasing the rigidity of fixed
offshore structures becomes prohibitive for large water depths and the
development of new design concepts becomes necessary.

Compliant structures, which are not rigidly connected to the sea
floor, have been proposed for deep waters. These structures involve
flexible lateral connections, hence a first natural frequency much
gmaller than the characteristic wave frequency. The proposed designs
include the following: Articulated or Buoyant Towers, Guyed Towers,
Catenary Anchored Floaters, and Tension Leg Platforms (or TLP), and are
shown in Figure 1.3, Huslid, Gudmestad, and Alm-Paulsen (1982), and Fay
(1985) described the advantages and disadvantages of these alternate deep
water structures for the North Sea. Articulated Towers are structures
connected to the foundation template via an articulated joint, and are kept
in a stable vertical position through a built-in buoyancy in the structure
itself. Guyed Towers are flexible jacket type structures which rely on
guylines for lateral stability. Catenary Anchored Floaters or Catenary
Moored Platforms are fioating platforms which are held to the bottom
seafloor by catenary cables under tension, providing a stabilizing
buovancy. Tension Leg Platforms consist of a buoyant structure connected
to the sea bottom by vertical tension legs, the latter being connected to
piles driven into the soil. The legs consist of tethers which are tensioned
to pull the hull down and provide vertical as well as lateral stability.
The Guyed Tower and the Tension Leg Platform concepts are more promising

than the other two designs, and both types have already been constructed.

TLee, p. 10.
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In 1983, the first Guyed Tower, the Lena Tower, was installed by Exxon in
1000 feet of water in the Gulf of Mexico.8 The first Temsion Leg Platform,
shown in Figure 1.4, was installed in 1984 by Conoco in 485 feet of water
in the Hutton field, the North Sea.? Conoco is currently working on the
second tension leg platform to be installed in the Green Canyon field in
the Gulf of Mexico, in 537 meters (1760 feet) of water, by 1989,10

Because of the large water depths and the peculiarities of the new
concepts, compliant offshore structures offer new challenges in design and
installation. Structural innovations and new materials are néeded, as well
as new and improved methods for geotechnical exploration, analysis, design,

and installation of offshore foundations.

1.1.2 Foundation Design Considerations for Deep Water Compliant Structures

Buoyant Towers, Guyed Towers, and Tension Leg Platforms rely on piled
foundations to resist the environmental forces (wind, waves, currents,
earthquakes, ice). Bea, Dover, and Audibert (1982) reviewed existing pille
design considerations for various deep water platforms, including jacket

structures, and summarized specilal loading conditions for each type of

gtructure:

Jacket platforms have piled foundations which are subjected to large

axial compression loads and minor repeated load components. Load reversals

8M.5. Glasscock et al., "Design of the Lena Guyed Tower," Proceedings
of the Sixteenth Annual Off-Shore Technology Conference, Houston, Texas,
Vol. 1, Paper No. 4650, 1984, p. 19.

9Y4.Bradshaw, E.G. Stokes and M.J. Leece, “Hutton TLP Imstallation,”
Proceedings of the Seventeenth Annual Off-Shore Technology Conference,
Houston, Texas, Vol. 2, Paper No. 4913, 1985, p. 159,

101, awson and Tuchman, p. 10.
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are limited to the top of the piles, and are mot critical. Large lateral

loads also act on the pile heads. Guyed Towers built on piles subject

these piles to the same loading conditions as jacket platforms, namely
large static axial conmpression loads with large repeated components, except
that lateral loads on the piles are small since the structure relies on the
guylines for lateral stability. Important axial load reversals occur.

Bouyant Towers are supported by piles which are acted upon by small axial

compression loading and large cyclic components, leading to important load
reversals along a substantial portion of the plle length. Lateral loads

can be important. Finally, Tension Leg Platforms are supported by several

pile groups. These piles are acted upon by extreﬁely large axial tension
forces due to the pre-tensioning of the tethers creating the buoyancy
forces acting on the platform. Large cyclic tensile loads are superimposed
on the static tension bias. Minimal lateral leoads act on the piles, thch

experience very little or no load reversal.!!

Wave effects on the four platform types of compliant structures
described above cause significant cyclic loading of their pile foundations
and hence can represent an important consideration in pile design. 1In the
case of the Tension Leg Platform, the combination of static and cyclic
tensile loads, which tend to pull the piles out of the seafloor, is
critical. The high construction cost of the foundations of platforms in
deep waters prohibits the designer from being too conservative, This is
why the soil properties must be understood with more certainty, which

requires better estimates of the environmental loads, better site

11R.G. Bea, A.R. Dover and J.M.E. Audibert, "Pile Foundation Design

Considerations for Deepwater Fixed Structures,” Proceedings of the Third
International Conference on Behavior of Off-Shore Structures, M.I.T.,

Cambridge, MA, Vol. 1, 1982, p. 134-135.
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exploration, including geophysical surveys, in situ testing, and soil
sampling, and better understanding of the behavior of soils under sustained

and cyclic loads.l?

This report is concerned with the cyclic properties of clayey deposits
supporting Tension Leg Platform (TLP) piles. Fine grained deposits have
been chosen because they often represent critical and common seafloor
conditions. The TLP type of loading has been chosen because it is the most
gsevere and the most unusual (tensile pile loads), and because TLP platforms
are one of the most promising types of deep water structures. The

following section describes in some detail the loading of a typical TLP

pile.

1.1.3 Typical Loading of a TLP Pile

After installation of the piles in a TLP foundation, the TLP platform
is connected to the foundation template with tethers under tension to
counterbalance the buoyancy of the structure and hence provide its lateral
stability. This imposes a large tensile load at the pile head, which in
turn is resisted by means of shear stresses at the pile-goil interface.
Figure 1.5(a) shows a typical TLP pile with the tensile mooring force Fy,
and the corresponding mooring shear stresses 1p, that generally decrease
with depth z along the pile. Thereafter, a cyclic load Fg, caused
principally by waves (but can also include wind and earthquake effects) 1is
applied to the pile, leading to & cyclic variation in the stress

distribution along the pile. Figure 1.5(b) illustrates the shear stress

121pid.
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history for a soil element located at depth z, adjacent to the pile wall.
During calm sea conditions, loading typically consists of an average shear
stress equal to the mooring stress tp, over which are superimposed small
variable cyclic shear stresses. During a storm, there is a surge in the
mean sea level causing an increase in mean shear stress from Ty to Tayes
This increase in average shear stress is accompanied by large variable or
cyclic shear stresses caused by wave loading. Storm loading represents a
critical condition for pile design and storm-induced shear stresses are
very complex involving wide bands of frequencies and amplitudes.

The prediction of the cyclic load capacity of TLP piles is very
important in TLP design. This requires a thorough understanding of the
cyclic behavior of soil elements surrounding the piles, when subjected to a

variable time load history such as the one in Figure 1.5(b).

1.2 PURPOSE OF THE RESEARCH

The objective of the report is to investigate and determine the
behavior of of fshore sediments under the complex loading imposed by
compliant offshore structures., The research attempts to achieve a better
understanding of the important factors contrclling the behavior of offshore
piles subjected to a combined static and repeated loading typical of
Tension Leg Platforms, in order to develop more rational and reliable
methods for analysis and prediction.

Research consists of an extensive laboratory cyclic testing program on
samples of Boston Blue Clay, using a Direct Simple Shear (DSS) apparatus
modified for cyclic loading. The testing procedure and the type of loading

are chosen to simulate the stresses imposed on soll elements at the
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interface of TLP piles on the DSS samples.
Whereas the research program is aimed at Tension Leg Platforms, its
results are applicable to all deep water of fshore structures since all are
connected to the seafloor by plled foundations which are acted upon by a

combination of sustained and cyclic loads.

1.3 OUTLINE OF THE REPORT

Chapter 1 provides background information and defines the report
objectives.

Chapter 2 presents a summary of previous studies conducted to
investigate the behavior of clays subjected to cyclic loading.

Chapter 3 describes a framework for predicting the behavior of TLP
piles under cyclic loading.

Chapter 4 describes the equipment used in the experimental program,
outlines the testing procedure, and gives a summary of the performed
tests.

Chapter 5 presents the results of undrained Direct Simple Shear (DSS)
tests on nermally consolidated semples of Boston Blue Clay (BBC). The
following behavioral aspects are studied: the effects of Taye and 1o, the
failure conditions and modes, the existence of a threshold shear stress
below which fallure does not take place, and others.

Chapter 6 gives the results of undrained cyclic DSS tests on
overconsolidated BBC.

Chapter 7 presents a hypothesis for apparent overconsolidation {(AOCR)
due to undrained cyclic loading. This hypothesis is used in predicting the

eyclic behavior of slightly overconsolidated samples from test results on
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normally consolidated clays. An improved method for predicting the results
of cyclic tests with variable load levels is also presented.
Chapter 8 summarizes the important results of this study and presents

its main conclusions.



38

(z861 @397 *n°H woil) Juawdoraasq wilojjeld 3Iayde[ 23104YsjjQ [°7 2andyy

F v,

I TS

WE9  ggq)
WOE 161




39

0002

dVHA
066! 086! 0L61

WOTINJOAY WI0JIB]d 2I0YSIJQ Z°'[ udhiuld

096l 0se6l

orsl

OGNOH

OVYNDOD

!

i
/

i
ﬂ FHINIMTING

/
!

1
f

Aw dll

NOANVD N33H9

L] ¥

NOILONBLSNOD H3IANN ©

SWHOLLYd BNLISIX3 O

i ]e])

ooe

ooe

Qor

00S

009

() HLdId ¥31vm



‘i
A

o WA

I
#1 !

t *l (=

40

The Buoyant Tower Structure

(b)

The Guyed Tower Structure

{a)

1985)

(from C.E. Fay,

Figure 1.3 Compliant Offshore Structure Concepts
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Figure 1.4 Hutton TLP Concept Showing Well Template, Foundation
Templates, Floating Platform, and Marinme Pipeline.

{(from Kelland et al., 1085)
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CHAPTER 2

A LITERATURE REVIEW OF CYCLIC BEHAVIQR OF CLAYS

UNDER TLP LOADING CONDITLONS

2.1 INTRODUCTION

The cyclic behavior of clays has previously been studied by numerous
researchers. Most of the previous work has been related to clay behavior
under dynamic loads (traffic loads on highways, earthquake resistant
structures, etc.), and under cyclic loads due to waves and winds in
of fshore structures.

Appendix A presents a conprehensive summary of important publications
dealing with the cyclic behavior of clays. The current research s
concerned with the behavior of clays in undrained cyclic direct simple
shearing (DSS), with cyclic loading typical of Tension Leg Platforms {(TLP).
Therefore, this chapter will only present a summary of previous laboratory
testing programs dealing with stress-controlled cyclic DS5 tests.

The following sections present a partlal summary of the work of
Andersen at the Norwegian Geotechnical Inmstitute, Dyvik and Zimmie at the
Rensselaer Polytechnic Institute, and GCoulois at MIT. Only those topics

which are directly related to the current research are included.

2.2 SUMMARY OF ANDERSEN'S WORK
The Norwegian Geotechnical Institute (NGI) has devoted a comprehensive
effort over the last 10 to 15 years to the understanding of the ilmportant

soil-structure interaction aspects affecting the foundation performance of
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offshore structures. The work initially concentrated on gravity
structures, but has recently focused on deep-water platformé. 0f interest
herein are the efforts carried out by Andersen and his co-workerg related
to the laboratory investigation of clay behavior under cyclic loading
conditions (Andersen, 1975, 1976; Andersen et al., 1980), which included an
extensive number of triaxial and direct simple shear tests mostly on
Drammen clay. Drammen Clay is a plastic clay with an average natural water
content, liguid limit and plasticity index of 52%, 557, and 27%,
respectively.

Samples tested in the Geonor direct simple shear device, of particular
relevance to the current research, were initially K,-consclidated to stress
levels greater than the preconsolidation pressure and then unloaded to the
desired overconsolidation ratio, OCR, with the majority of the tests run at
OCR's equal to 1, 4, and 10. Static (i.e. monotonic) undrained tests were
first performed to establish the stress-strain-strength characteristics of
Drammen clay under monotonic loading conditions. The basic cyclic testing
program consisted of constant volume (i.e. undrained), stress—controlled
tests with horizontal cyclic shear stresses, T. (see Figure 1,5 for
notations), alternating between equal positive and negative values (i.e.,
two—way loading), which were mostly kept constant throughout each test.. A
few two-way loading tests were, however, conducted where the samples were
subjected to variable cyclic shear stress levels during shearing to
simulate storm loading conditions. Sinusoidal as well as trapezoidal
eyelic wave pulses with a period of 10 seconds were used. Upon completion
of the cyclic tests, undrained monotonic tests were performed, without
allowing the samples to drain, in order to investigate the effect of cyclic

loading on subsequent undrained static strength.
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The major findings of the NGI two-way loading DSS testing programe are
presented in Figures 2.1 through 2.4 and are summarized below:

1. During ecyclic shearing, samples experience two-way symmetrical
cyclic shear strains, Y., with no permanent strains. Figure 2.1(a) shows
that the magnitude of Y. increases with increasing number of cycles, N.
However, this rate of increase is a function of the cyclic shear stress
level, The/Thf {The=Tc=cyclic horizontal shear stress; Thf=s,=monotonic
undrained shear strength). For a low cyclic shear stress level, Y becomes
essentially constant with N, whereas for high streés levels, Y. increases
rapidly to failure (defined herein as vg= * 3%).

2. Permanent excess pore pressures, up, develop in the samples as a
result of undrained cyclic shearing. The magnitude of excess pore
pressures increases with the cyclic shear stress level and with the number
of cycles (Figure 2.1(b}).

3. The stress-strain response during cyclic shearing is hysteretic in
nature (Figure 2.2), with the size of the hysteresis loops increasing with
N. The secant modulus, defined as the slope of the line connecting the
peaks of the hysteresis loop, decreases as the number of cycles increases,

4. The number of cycles to failure, N¢ (corresponding to ye= % 3%)
decreases rapidly with increasing cyclic shear stress level. The |
relationship between Ng and Tp/tpf is shown in Figure 2.3, and is a
function of the overconsolidation ratio of the clay. For example, at a
value of The/Tnf of & 0.5, the number of cycles to failure for the normally
consolidated Drammen clay (OCR=1l) is about 50 times larger than that
corresponding to OCR=10.

5. Utilizing the results of stress-controlled tests, it is possible

to construct contour lines of equal cyclic shear strain, Y., as a function
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of cyclic shear stress level and N. Such contours are referred to as the
S-N diagrams, and a set corresponding to the normally consolidated Drammen
clay is illustrated in Figure 2.4. Based on these S-N diagrams, Andersen
developed a procedure for predicting the results of variable cyclic stress
level tests from those performed with constant T.. The procedure, valid
for two-way symmetrical loading, is based on the assumption that the
previous history of cycling is contained in the knowledge of the ecyclic
shear strain at any cycle number less than that to failure. The details of
the Andersen superposition technique, which gives good predictions of Ng
and Y. at intermediate cycles, are given in Chapter 3.

6. The effect of undrained c¢cycling on subsequent monotonic behavior
was also investigated by Andersen. The results indicate that for
overconsolidated clays, the effective stress-strength parameters, $‘and'€
are not influenced by previous undrained cyclic loading. However, for
normally consolidated clay, undrained cyclic loading causes the samples to

behave as overconsolidated in subsequent monotonic shearing. A detailed

pummary of these results is given in Chapter 6.

2.3 SUMMARY OF THE WORK OF DYVIK AND ZIMMIE

Dyvik and Zimmie (1981) conducted constant volume (undrained) cyclic
DSS tests on Gulf of Mexico Clay (PI=75%Z) and on reconstituted Pacific
Iilite (PI=56%). Symmetrical, two-way stress—controlled cyclic tests, with
a period of 4 seconds, were performed using a Geonor DSS apparatus,
modified for cyclic testing. All specimens were consolidated into the
normally consolidated range, after which they were cycled undrained.

The range of cyclic shear stress level, T,, expressed as a percentage
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of the undrained monotonic DSS strength varied between 0.42 and 0.65 for
the Gulf of Mexico clay, and between 0.37 and 0.58 for the Pacific Illite.

Figures 2.5(a) and (b) show the relationship between the cyclic shear
strain Y. (one half the peak to peak strain) and the number of cycles, for
both clays. The shear strain gradually increases, and reaches large values
at failure (in ;xcess of 10%), except for tests with low values of the
cyclic shear stress ratio., Three tests with 1./8, < 0.44 do not fail, but
reach stabilizing strain values.

Figure 2.6(a) and (b) show the excess pore pressure normalized by the
vertical consolidation stress, Versus the cycle number, for both clays.
The excess pore pressure increases with number of cycles until failure or
termination of the test.

Figure 2.7(a) and (b) show contours of equal cyclic shear strain in a
cyclic shear stress ratio versus number of cycles space. The curves seen
to converge to a threshold stress boundary below which no failure occurs.
The value of the threshold is about 0.42 for Gulf of Mexico Clay, and 0.45
for the Pacific Illite.

Figure 2.8 plots contours of equal normalized excess pore pressure as
a function of the cyclic shear stress level, T./8,, and cycle number, N,
for reconstituted Pacific Illite. The excess pore pressure contours are
gimilar to the curves of equal cyclic shear strain shown in the S5-N curves
in Figures 2.7(a) and (b). These excess pore pressure contours were used
to predict the number of cycles to failure N¢ for tests with variable
Tc, by ensuring continuity of excess pore pressure as 1. is varied (as
opposed to the Andersen superposition procedure vhich ensures continuity of
cyclic shear strains). The Nf values obtained using the pore pressure

method are slightly higher than those obtained using the Andersen method,
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but are in good agreement with measured data.

2.4 SUMMARY OF THE WORK OF GOULOIS

At MIT, Goulois (1982) focused on the study of the behavior of a
single tension pile in clay subjected to the storm loading conditions
typical of a TLP foundation system (see Figure 1.5). His work included
three main parts. The first was a theoretical studf of the cyclic
interaction between a TLP pile and the surrounding clay using
elasto-plastic models. The second was an experimental investigation of the
effect of average shear stresses on the cyclic behavior of normally
consolidated plastic Drammen clay, and consisted of twelve constant volune
stress-controlled direct simple shear tests subjected to both Taye and Te.
Finally, the third part involved the development of a computer algoritha
for predicting the cyclic behavior of tension piles by incorporating the
soil degradation data obtained from the DSS tests into a pile model. Only
the results of the experimental program, which are of direct importance to
the present research, are summarized below.

Goulois' work extended NGl's previous results to the case of Taye*0,
and hence represents the first attempt at investigating the behavior of a
clay element adjacenl to a TLP pile shaft using the Geonocr DSS device. The
testing procedure, {l1lustrated in Figure 2.9, consisted of first
consolidating the clay samples under K,-normally consolidated conditions to
a stress level of 392.4 kPa, which is well beyond the maximum past pressure
of approximately 100 kPa. Shortly after the application of the last
consolidation increment, the average shear stress, Tpyes Was applied in a

drained fashion. The samples were left to creep under the application of
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Tave fOr 19 hours, after which constant volume (or undrained) cyclic
shearing was performed. Cycling was trapezoidal in shape, with a period of
10 seconds in all but two tests for which the period was 12 seconds.
Cyclic loading was limited to 2000 cycles or to a failure condition defined
either by Yuye reaching 15% or Y. reaching % 3%. Ten tests were performed
with constant T ye and T., and two with constant Taye but variable Tc. The
range of different values of Taye and T¢ investigated by Goulois is
presented in Figure 2.10, which shows that the values of the average shear
stress ratio, Tyye/Sy, where s, is the undrained monotonic DS$ strength,
varied between 0.3 and 0.7. The values of the cyclic shear stress ratio,
T./8,, varied between 0.3 and 0.6. Figure 2.9 shows the loading stages and
notations.

An example of the results obtained by Goulois is presented in Figure
2.11, which shows the evolution of shear strain (solid lines) and excess
pore pressures (dotted lines) with time (i.e., number of cycles) from four
tests. The deformations plotted in this figure are the envelopes of Ypax
and Ypin (expressed in percent with respect to the end of the
Ko-consolidation sample height). Results in Figure 2.11 show the
following:

1. The average, Oor permanent, component of strain, Yayes Tepresented
by the average of the deformation bands in Figure 2,11, is much larger than
the cyelic strain, v, (given by half of the band's width). Moreover, the
values of v, did not significantly change as samples approached fallure
(L.e., Yaye=15%). 1In other words, the width of the deformation bands in
Figure 2.11 is essentially constant. This is significantly different from
the behavior of soil elements subjected to a symmetrical two-way loading

(ie€s, Taye=0) presented earlier in Figure 2.1 where no permanent shear



51
strain was accunulated.

2. As time increases, the deformation curves exhibit a very rapid
increase. Sanmples 1 and 11 did not accumulate enough strains to reach
failure, and tests were stopped after 1500 and 2000 cycles, respéctively.

3, The excess pore pressure curves show a very rapid increase with
number of cycles, followed by a slower, almost linear region to failure.

4, The influence of T, and Taye oOn the evolution of strains and pore
pressures can be identified by comparing the results of the four tests in

Figure 2.11 (i.e., Test 3 vs. ll, and 7 vs. 11).

In order to present the results in a coherent manner allowing
extrapolations to new stress conditlonms, Goulois introduced the concept of
3-D strain contour, which is an extension of the work done by Andersen for
Taye=0. The 3-D strain contour consists of the average strain, Yaye:
corresponding to given values of T, and Tgye after N shear cycles, and is
presented in normalized T .-normalized taye~log N plot. Surfaces are then
obtained by joinirg points of equal Yaye, creating the iso-yazye network.
Similar surfaces can also be obtained for constant Y., the iso-y, network.

Since 3-D surfaces are difficult to present graphically,
cross-sections at specific values of N would yield curves of 1s0-Yaye and
iso-Y. as a function of Tayae/s, and T¢/sy. Figure 2.12(a) and (b} show
typical iso-Yaye and iso-Y. contours for the case of N=50 cycles. The

degradation of & specific 1so-Y contour with number of cycles may be

presented by plotting the iso-Y curves at different e¢ycle umbers in &

Tave/sy and T¢/s, space. Figure 2.13(a) and (b) show the degradation of

the contours corresponding to Yaye=4% and Y.=0.5%, respectively.

Goulois also introduced a superposition method for estimating the
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results of tests with variable T, for the case of Taye?0- Goulois' method
is identical to Andersen's method, which applies only to the case of
Tgve=0, except that the continuity of Yaye is ensured rather than that of
Yco Goulois evaluated his superposition procedure by comparing its
predictions with the evolutlon of Yaye versus N from two tests with
constant Tgye and variable T, with a fit on Yaye. The maximum error was
about 20%, and the number of cycles at failure was predicted with a 10%
error on the conservative side.

In summary, Goulois' experimental contribution lies in the concept of
3-D strain contour diagrams whiech allow interpolation and extrapolation
over a wide range of data, as well as visuvalization of the degradation
which occurs during cycling. Also, the extension of Andersen's procedure

with a fit on Yaye to the case of Taye?0 allows satisfactory estimates of

clay behavior under constant Taye and variable T..
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Figure 2.2 Typical Stress Strain Curve from Undrained Two-Way Cyclic
DSS Tests on Normally Consolidated Drammen Clay

(from Andersen, 1975)
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CHAPTER 3

RESEARCH FRAMEWORK FOR TLP PILES PERFORMANCE PREDICTIONS

3.1 PREDICTION OBJECTIVES

Prediction of the eyclic load capacity of TLP pilles requires a
thorough understanding of the cyclic behavior of soil elements surrounding
the piles. This report presents the results of an experimental program
aimed at developing a better understanding of clay behavior under cyclic
loading and determining the important mechanisms and factors governing the

cyclic resistance of TLP piles in clay.

3.1.1 Necessary Steps in the Prediction Process

Figure 3.1 shows the sequence of events that requires investigation
in order to identify and quantify the important aspects affecting the
static and cyclic axial response of a single pile in a TLP foundation
system:

a) In situ conditions prior to pile driving, which depend primarily
on the stress (or strain) history of the clay deposit, given by
the overconsclidation ratio, OCR.

b) Changes in stresses and soil properties due to pile installation.
Pile installation induces significant shearing (remolding) of the
soil. 1In deposits having low to moderate degrees of
overcongolidation (OCRSA), pile installation causes high excess
pore pressures and a significant reduction in effective
stresses.

¢) Changes in stresses and soil properties due to consolidation

after pile driving and during the process of dissipation of
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excess pore pressures. In deposits having low to moderate
degrees of overconsclidation, the consolidation process increases:
the effective stresses in the vicinity of the pile-soil interface
and hence increases the shaft resistance of the pile.

d) Changes in stresses and soil properties during loading of the
pile with the static mooring tensile force.

e) Changes in stresses and soil properties due to the cyclic loading

created by wave action.

Most studies ignore the effects of events (a) through (c) on the
cyclic response of piles. In other words, these studies assume that the
initial in situ conditions are not altered by pile driving and the
subsequent dissipation of pore pressures and soil consolidation. However,
research in the last ten years at the Massachusetts Institute of Technology
(MIT) has concentrated on evenis (a) through (c) above. Contributions
i{nvolved a theoretical study based on the Strain Path Method (Levadoux,
1980; Kavvadas, 1982) complemented by an in situ experimental investigation
of pile shaft behavior based on a newly developed device, the Piezo-Lateral
Stress cell (PLS cell; Morrison, 1984). The PLS cell measures the pore
pressure and total radial stress simultaneously at the same location on the
shaft of a long model pile (3.8 cm in diameter) which is pushed into the
soil at a steady rate.l 1t provides continuocus readings of the excess pore
pressure Au and the total radial stress oy during steady state penetration
as well as during the consolidation phase when installation is halted. It

can also be used to study the pile shaft respomnse in subsequent shearing

la velocity of 2 cm/sec was the standard rate used to ensure undrained
penetration of the deposit.
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following complete dissipation of the installation induced pore pressures.
This work confirmed the importance of the radial effective stress Orcs at
the pile soil interface after installation and consolidation, with regards

to the response of pile shafts in clays.

Whittle (1987), as part of a parallel MIT research program aimed at
predicting the behavior of piles supporting temnsion leg platforms, has
developed a generalized constitutive mode, the MIT-E3 model, for simulating
the behavior of soils under monotonic and cyclic loading. This model was
evaluated by comparisons with the results of monotonic triaxial and direct
simple shear (DSS) tests of resedimented Boston Blue Clay, and was found to
give good predictions. Also, comparisons with the results of undrained
e¢yclic DSS tests conducted as part of this report indicated that the model
is capable of predicting the essential features of soil behavior during
cyclic loading. The model provides good qualitative predictions of cyclic
degradation, pore pressure generation, and strain aceumulation (in
stress—controlled tests, or shear stress reduction in strain-controlled
tests) with number of cycles.

In order to make predictions of actual or field performance of TLP
piles, Whittle implemented the MIT-E3 model in the framework of the Strain
Path Method and made predictions of effective stresses and pore pressures
at the various stages of a driven pile. His results were evaluated using
field data from the PLS cell in Boston Blue Clay at the MIT field testing
site in Saugus, MA (Morrison, 1984), and compared favorably with the field
data for penetration, consolidation, and monotonic shearing.

0f special interest to this report is Whittle's prediction of the
pile shaft behavior for undrained axial loading using the MIT=E3 model in

conjunction with the stress field predicted at the end of pile
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consolidation. Figure 3.2 shows the variation of shear strength 1 with
radial distance r away from the pile with radius R, for initial undisturbed
OCR values of 1.0, 1.5, 2.0 and 4.0, as predicted by MIT-E3 for DSS mode of
gshearing. The shear strength is normalized by the strength at the
pile-soil interface, and increases monotonically with radial distance from
the pile shaft. The figure also shows the shear stress variation with r,
t(r), required for equilibrium under an imposed shear stress Tghafy at the
pile-soil interface. This equilibrium line was constructed assuming

vertical equilibrium which is given by:
Tghaft = R = 1{r) o r - (3.1)

It can be seen from the figure that a soil element at the pile-soil
interface has the largest applied shear stress and the smallest shear
strength, indicating that failure will occur in the soll element next‘to
the pile shaft (assuming no slippage occurs at the interface). Figure 3.3
shows the effective stress paths and stress-strain curves for the soil
element adjacent to the pile shaft, for initial undisturbed OCR values of
1.0, 1.5, 2.0 and 4.0. The results are normalized by 6y, and the peak
strength values 1/0,, range from 0.1l at OCR=1.0 to 0.31 at OCR=4.0. Using
the approach suggested by Azzouz and Baligh (1984), the same results are
presented in Figure 3.4, normalized with respect to the effective radial
stress at the end of consolidation E}c' It can be seen that normalization
by Erc leads to monotonic behavior that is independent of the initial OCR
of the clay (same peak resistance equal to 0.26 for all OCR values). The
figure also shows MIT-E3 predictions for Ko—-consolidated undrained direct
simple shear tests on Boston Blue Clay at OCR=1.0 and 1.2, Comparison of

the solid curves (subsequent shear after pile installation and
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consolidation) wigh the dashed curves (undisturbed shear) indicates that
undrained monotonic shearing after pile installation and consolidation
causes the soil to behave as if it were undisturbed at an equivalent OCR
between 1.0 and 1.2, when normalized with respect to the.radial stress at
the end of consolidation. This important result has the following
consegquences:

1. The performance of pile shafts during rapid monotenic axial
loading can be estimated on the basis of the undrained monotonic behavior
of Kg—normally to very slightly overconsolidated clay (OCR<1.2)« This
result applies to deposits with in situ OCR values up to 4.03

2. Assessment of pile capacity requires accurate and reliable deter-

mination of Op., the radial effective stress at the end of consolidation.

3.1.2 Focus of the Research

In the preceding section, it has been established that, after
normalization by E}C, the undrained monotonic response of the soll adjacent
to cylindrical pile shafts (following driving and consolidation in deposits
with in situ OCRC4) closely resembles the behavior of a Ky,-normally to very
slightly overconsolidated clay in a DSS mode of shearing. This suggests
that, if the effective stresses at the end of consolidation can be
reasonably well estimated, then the behavior of pile shafts during
undrained cyclic loading can also be interpreted from the behavior of
normally to very slightly overconsolidated clay subjected to undrained
cyclic DSS shearing. This hypothesis provides the rationale for the main
thrust of the experimental program conducted in this research involving

measurements of the undrained cyclic behavior of K,—normally consolidated
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clays in laboratory DSS tests.

This report is only concerned with the behavior, under axial loading,
of soll elements at the interface of the TLP pile. The axial load history
(Figures 3.1(d) and 3.1(f)) following consolidation involves two phases:
first, the tensile mooring force induces shear stresses along the shaft
under mostly drained conditions; then, cyclic loading, due to storm waves,
causes cyclic shear stresses, which may occur under undrained or partially
drained conditions when subjected to the mooring and wave induced repeated
loadings (steps d and e in Figure 3.1).

The TLP pile is subjected to variable and complicated wave loading
throughout the design life of the structure. At each depth z below mudline,
the solil is subjected to different time histories of shear stresses.

Figure 3.5(a) shows the distribution of the mooring shear stresses Tp,
decreasing with depth z along the pile. Figure 3.5(b) illustrates the
shear stress history of a soil element located at depth z adjacent to the
pile wall. During calm sea conditions, loading typically consists of an
average shear stress equal to tp, over which are superimposed small
variable cyclic shear stresses due to wave loading. However, during storm
loading, the shear stresses vary and increase drastically and hence lead to
critical loading conditions of the pille. Therefore, the current reseérch
focuses on storm loading conditions.

During a storm, there is a surge in the mean sea level cavsing an
increase in mean shear stress level, accompanied by large variable shear
stresses caused by storm waves. The storm induced shear stresses are
almost random and very complex in shape (frequencies as well as
amplitudes). Attempts to faithfully duplicate a glven storm loading

condition in an experimental program are very difficult to achieve and
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would serve little purpose at this stage when reliable rational design
methods are needed. Instead, a more fundamental and systenmatic
experimental study that incorporates important characteristics of this
variable loading was conducted. Figure 3.5(b) shows various loading
characteristics investigated herein:

- Tgye, which is the average shear stress at any depth z, during the
storm. The value of Ty, is generally larger than T, because of the storm
surge;

- 1., the variable component of shear stresses invelving changing
amplitudes, but with constant average value equal to Tyyg:s

Therefore, this study specifically does not include changes in the
frequency of the applied wave loading. This means that studies of
rate effects during cyclic loading are beyond the scope of this
investigation.

In order to study the effect of variable shear stresses due to storm
wave loading on a given soil element, a systematic investigation can only
consider the behavior of the soil under a uniform cyclic loading as shown
in Figure 3.5(c). A superposition or integration scheme is then required
to predict the combined effect of N; cycles at T followed by Ny cycles at
Te2 +44eo+ Ny cycles at Tgj representing the various components of the
actual storm loading.

This scheme of superimposing the effects of wave packages of equal
eyclic stresses is very important and must be carefully examined since it
will determine whether the predicted behavior of the soll under variable

storm loading is correct or not. This is especlally complicated by the

highly nonlinear nature of soils.
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3,2 TYPES OF EXPERIMENTS
In order to study the effect of cyclic shearing on an element of

clay, various tests can be used in the laboratory. The triaxial test has
been used extensively in research related to earthquakes and liquefaction
as well as offshore cyclic loading. However, the mode of shearing of the
soll around a pile is very similar to that in the Direct Simple Shear (DSS)
test.2 It can be seen in Figure 3.6 that the DSS provides the best
simulation of the shearing conditions around piles.

At any time during DSS testing, one can control:

- the stress history (vertical effective stress 6y and shear
stress T),

- the strain history (vertical strain €, and shear strain ¥y},

~ a combination of 5; and y, or gy and T.
The focus of the present research is on the undrained eyclic behavior of
clays since undrained storm loading is believed to be the most critical
type of loading of moderately overconsolidated offshore clay deposits.
Perfectly undrained storm loading seldom occurs because storms tend to last
a period of several days over which some drainage can occur, especially 1if
non-cohesive soll layers are present at the foundation site. However,
partial drainage during shearing is very difficult to quantify and
duplicate in the laboratory, and is replaced in this experimental study by
the more severe case of no drainage. Therefore, a value of €y=0 (Figure
3,6) is imposed during shearing. This limits the remaining testing options

to either stress-controlled DSS tests where the stress history of 1 is

2M.F. Randolph, C.P. Wroth, "Application of the Failure State in
Undrained Simple Shear to the Shaft Capacity of Driven Piles,”
Geotechnique, Vol. 31, No. 1, 1981, p. lé44.
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known and specified, or strain-controlled DSS tests where the history of vy
is known and specified. The right choice is the one whose results can
easily be incorporated in the integration process mentioned in section
3.1.2, in order to predict undrained behavior under general variable

leoading conditions.

3.2.1 Typical Cyclic DSS Behavior

3.2.,1.1 Stress-controlled tests

Figure 3.7 shows the time history of shear stresses applied in a
stress—controlled DSS test, as well as a schematlc response of the sample.
Also shown are the definitions of the various terms related to DSS
testing.

Figure 3.8 shows typical results from an actual cyclic DSS test with
nonzero average {l.e., Taye?0) as well as cyclic shear stress components.
The major features indicated by Figure 3.8 are:

- a continuous buildup of pore pressure with the number of cycles, N,
—~ a significant increase in average shear strain, AYgye, with N,
- a modest increase in cyclic shear straln, Y, with N, indicating a

gradual degradation of stiffness.

3.2.1.2 Strain-controlled tests

Figure 3.9 gives the time history of shear strain applied in a
strain-controlled DSS test, as well as a schematic response of the sample.
Also shown are definitions and notations.

Figure 3.10 shows typical results from an actual straln-controlled
DSS test, with zero average shear strain (i.e., AYaye=0) and nonzero cyclic

shear strain. The major features are:
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- a very sharp increase followed by a continuous buildup of pore

pressure with N,

— a decrease in cyclic shear stress as well as a decrease in

gstiffness with N.

3.2.2 Stress vs Strain-Controlled Tests

Results in Figures 3.8 and 3.10 indicate that clay behavior in
stress—controlled tests is different from that in strain-controlled ones.
In actuval situations, the imposed loading conditions at a soil element at
any depth z along the pile are not necessarily stress—controlled (constant
1.) nor strain-controlled (constant Y.). This is due to the fact that, at
the top of the pile, the load is not cyclic with constant anplitude, but
rather variable with changing amplitudes and frequencies. Also, the
plle-soil interface provides an inelastic shaft resistance, leading to

unsteady and non~uniform load transfer characteristics along the pile

length.

3.3 SUPERPOSITION OF CYCLLIC LOADING DATA

As mentioned earlier, laboratory testing programs conducted to
investigate the behavior of soil under variable loading were actually
performed for uniform cyelic loading rather than irregular {(random)
loading. Data from uniform cyclic loading tests have then been utilized to
predict behavior under irregular loading conditions using certain
integration schemes. This section reviews integration methods adopted in
dynamic studies (earthquake and liquefaction analyses), as well as in

cyclic studies for gravity offshore platforme subjected to cyclic wave
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loading.

3.3.1 Fatigue of Materials

All materials subjected to repeated loads lose stréngth, or
stiffness, or both with increasing number of cycles. This weakening is
called fatigue, and is conveniently represented by S-N diagrams. Figure
3.11 shows 5-N curves for various materials, which are plots of the cyclic
stress ratio (uniform cyclic stress divided by the static strength) versus
number of cycles to cause failure. The trend is the same for all material,
ranging from steel to soils, namely that the number of cycles to cause
failure increases with decreasing cyclic stress ratic. The large scatter
in the data for solls is mainly due to material differences (sand versus
clay), and also due to differences in the testing procedure. However, even
the data from steel, which are obtained from identical laboratory
specimens, shows a large error band in contrast to what one would expect
from well machined identical steel specimens. The S-N curves for steel
show that for a given cyclic stress ratio, there is a difference of a
factor of ten in the number of cycles causing failure, and at any given
cycle number, there is a range of 20% between the lowest and highest stress
level. Figure 3.11 shows that there is almost as much scatter for metél

specimens as for solls, which is a useful observation to remember when

evaluating the results of cyclic tests on soils.

3.3.2 Dynamic Analyses

The most widely used superposition method in dynamic analyses is the
equivalent uniform number of cycles method. The method has been described

and used by various investigators in analyses of liquefaction potential and
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seismic stability of solls (Seed and Idriss, 1967; Seed, Lee and Idriss,
1969; Seed and ldriss, 1971; Donovan, 1971; Lee and Chan, 1972; Faccioli
1973; Seed et al. 1975). Annaki and Lee (1977) have reviewed the method
along with its basic assumptions, and have provided some experimental
verification for its applicability.

The method is based on the approach of Palmgren (1924) and Miner
(1945) methods of extrapolating the effects of repeated loading from
regular to irregular cyclic stress levels, on the strength of materials.
The method is logical, simple, and convenient, and has been found to be
reasonably satisfactory for many conditions. "The basic premise of the
Palmgren—Miner hypothesis is the assumption that the energy applied during
any stress cycle has an accumulative damaging effect on the material, This
damaging effect is assumed to be directly proportional to the energy level
of the particular cycle and independent of where in the time history that
particular stress pulse is applied."4

Figure 3.12 shows how the equivalent uniform cycle concept is used.
The damage or strength deterioration behavior due to continued cyclic
loading must be available. This information can be obrained from laboratory
tests with constant cyclic stress levels and presented in the form of S-N
curves shown in Figures 3.12(e) and 3.12(d). § is defined as the uniform
cyclic stress intensity (usually as a percentage of strength), and N is the
number of uniform cycles to cause & specified degree of damage, which is

typically measured by the cyclic strain reached after N cycles. All points

3M, Annaki, K.L. Lee, "Equivalent Uniform Cycle Concept for Soil
Dynamics,” Journal of the Geotechnical Engineering Division, ASCE, Vol.
103, NO- GTG, June 1977, pp- 5"9"5510

41bid, p. 551.
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on the same S-N curve are equivalent to each other since they all
correspond to the same fatigue damage or cyclic strength degradation. In
the case of Figures 3.12(c¢) and (d), the 5-N curve shown corresponds to
failure, and Nif cycles are required to cause failure at stress.level S5i

Figure 3.12(a) shows the actual time history of dynamic loading
expressed in terms of variable stress, S, versus time, t. This loading is
divided into a number i of packages each involving Nj cycles of fixed
intensity S5. The relative amount of damage caused by the ith package 1s
Dj = Nij/Nif. The method then assumes that the cunulative damage, D, due to
i packages is the sum of Dj, that is D = Y1 Ni/Nig-

As a corollary of this hypothesis and for purposes of implementation
in laboratory testing, the actual loading history, shown in Figure 3.12(a),
can be replaced by an equivalent cyclic loading described by a number of
cycles Ngg of intensity S,, which has the same damage potential. In order
to estimate the equivalent loading, S¢ is customarily chosen as a
"reasonable” average cyclic stress, and is expressed as S,=RSpax where Sgax
is the maximum stress iIn the given irregular stress pattern, and R is a
dimensionless factor (usually chosen between 0.65 and 0.85). Next, the S-N
curve in Figure 3.12(d) is used to obtain Ny, the number of uniform cycles
with intensity S5, leading to failure. Assuming linearity, the nunber of
uniform cycles of level S, which have a damaging effect equivalent to the

entire irregular stress time history shown in Figure 3.12(a) is:

§

Neq = ¥, z (3.2)

=z

if

In order to evaluate the equivalent uniform cycle method described
above, Annaki and Lee performed laboratory tests with irregular eyclic

stress levels and compared their results with method predictions. Tests
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were run on three different solls (sand, clayey sand, clay) using the
triaxial apparatus. Their results show that there is "good agreement”
between the experimental results and those predicted by the N~equivalent
method. The scatter in test results on sand was higher than clay and
involved differences in the number of cycles to failure, N¢ (at a given 5)
on the order of 10. They finally conclude that "while the damage potential
or equivalent cyclic concept may not be exactly valid for all cases, 1ts
continued use in the field of seismic stability analyses of solls seeas to

be a valid pragnatic approach.”5 i

3.3.3 Irregular Cyclic Wave Loading

The equivalent uniform number of cycles method was used in offshore
soil engineering in a study by Lee and Focht (1975) of the liquefactiom
potential of the Ekofisk Tank in the North Sea.

Andersen (1975), as part of a research program aimed at investigating
the effects of repeated loading on clay deposits supporting offshore
gravity platforms, proposed a method for predicting the response of clays
subjected to variable loading on the basis of laboratory tests performed
with constant cyclic stress levels. His method was developed for the case
where the average component of stress is zero (1gye=0 as defined in Figure
3.5(b) and utilizes S5-N curves obtained by running stress controlled cyclic
DSS tests, Figure 3.13(b). There are four S-N curves {or strain contours)
corresponding to four different damage values expressed by the cyclic shear
strain, Ye= 0.5%, 1%, 1.5% and 3%, In cyclic DSS tests with Tgye=0, it was
found that Yo=3% corresponds to failure (1.e., Y§=3%). Figure 3.13(a)

ghows the N=1 curve relating the cyclic stress ratio to the corresponding

51pid., p. 562.
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cyclic strain y. after one cycle. According to Andersen (1975), the two
diagrams in Figure 3.13 can be used to predict the effect of variable
eyclic loading according to the following procedure:

For a sample subjected to N=100 cycles of shearing with tpc/The=
$0.45 and Tgye=0, Figure 3.13(b) shows that the path moves from point A to
point B, hence the sample reaches a cyclic shear strain, y.= % 1%, 1f the
cyclic stress level is then increased to * 0.50, the path follows the
strain contour ve= * 1.0% up to the cyclic stress level of * 0.50 (point C)
and the clay experiences an immediate increase in shear strain, AYs. The
value of Ay, 1s found from the curve for N=l, Figure 3.13(a), and the path
moves from point C to point D, Figure 3.13(b). 1f the sample is then
subjected to 100 cycles, the path moves horizontally from point D (N=70) to
point E (N=170). From the strain contours it can be seen that the predicted
cyclic shear strain, Yo is about ¥ 1.6%."6

The main assumption in this hypothesis is that at any point in the
history of cycling, knowledge of the current cyclic shear strain is enough
to predict all aspects of subsequent behavior (or, that all effects of
previous cyclic history are inherently incorporated in the current cyclic
ghear strain). Andersen used his procedure to predict the behavior of four
DSS tests with variable cyclic loading. His predictions agreed favorably
with the measured values.

For applications to TLP piles, Gouloils (1982) extended Andersen’s

procedure to cyclic shearing with Tgye*#0. 1In order to ensure continuity of

6X.H. Andersen, Research Report, Repeated Loading on Clay: Summary and
Interpretation of Test Results, NG1 Report No. 74037-9, 15 October 1975, p.
923.
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Taye as the cyclic stress ratio is increased, Goulois uses $-N curves with
1s0-Y,4ye rather than iso-y.. Predictions of this method were compared to
results of two cyclic DSS tests conducted with Tgye#0 and variable levels
of cyclic shearing and were found to be "very satisfactory” with an error

in the number of cycles to failure within 10%.7

3.4 SUMMARY AND CHOICE OF EXPERIMENTAL PROGRAM

Most researchers have used results of stress—controlled laboratory
tests with a constant cyclic stress level to predict the behavior of solils
under variable {irregular) loading (Sections 3.3.2 and 3.3.3). Predictions
of ecyclic behavior under irregular seismic or wave loading are then
obtained by various superposition methods based on $-N curves from
stress-controlled tests. In view of the reasonable success achieved by this
approach, the research program conducted herein consists mainly of |

stress—controlled undrained direct simple shear tests, The results of these

tests can then form the basis for predicting the behavior under irregular
undrained storm loading using an adequate superposition method. The tests

are performed on resedimented Boston Blue Clay (BBC), and mainly comnsist of

undrained cyclic DSS tests on normally consolidated samples. The study

focuses on the effects of varying Tgye and T, with Tyye equal to the
mooring shear stress Tpe The applied frequency of cyclic testing is fixed
at 0.1 Hz since it 1s typical of storm ocean waves. Additional tests are

performed to study the effects of overconsolidation.

7A.M. Goulois, “Contribution to the Study of Tension Piles Under Cyclic
Loading," Ph.D thesis, MIT, Cambridge, MA, 1982, p. 211.
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(from Whittle, 1987)
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CHAPTER 4

EQUIPMENT DESCRIPTION, EXPERIMENTAL PROCEDURE AND SUMMARY OF TESTING
PROGRAM

4,1 THE GEONOR APPARATUS FOR MONOTONIC DIRECT SIMPLE SHEAR TESTING
Previous direct simple shear (DSS) research and testing at the
Massachusetts Institute of Technology (MIT) was done using the Geonor
Model 4 Direct Simple Shear Apparatus. This machine was developed at the
Norwegian Geotechnical Institute, and is very similar to the one described
by Bjerrum and Landva (1966). The DSS apparatus was built for testing
undisturbed samples of soils under conditions of simple shear and plane
strain (i.e., uniform strain throughout the soil sample and no change in
the horizontal cross-sectional area). Plane strain conditions occur of ten
in practical situations and cannot be simulated in the laboratory by means
of conventional testing devices (e.g., triaxial test). The simple shearing
mode imposed by the DSS test causes glippage on horizontal planes and hence
simulates the shearing conditions along horizontal failure surfaces in
slope stability analyses. Also, the DSS mode of shearing is the closest to
the shearing mode of a soil element adjacent to a pile shaft (see Chapter
3), For a full description of this apparatus, the reader 1s referred to

Ladd and Edgers (1872).

4.1.1 DS5 Testing Description

Figures 4.1 and 4.2 schematically show the original Geonor Model 4
DSS device. After trimming, the soil sample is held by a wire-reinforced
rubber membrane between top cap and pedestal, and is placed in a water bath

in the DSS device (Figure 4.2)., Drainage is provided at the top and bottom
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of the sample, by means of porous stones communicating with the water bath.
Two sample sizes can be tested, 35 cm? or 50 cm? in area with a height
ranging from 1 to 2 ems The first phase of the test 1s to consolidate the
sample by load increments to the desired stress state. Throughout this
process, the wire-reinforced membrane prevents lateral deformations,
hence, the consolidatlon is performed under one dimensional loading
conditions (K, consolidation). The consolidation stress, recorded by means
of a vertical proving ring, 1s applied by a dead weight lever arm system.
Anisotropic, non K, consolidation can be achieved by applying a horizontal
shear stress during the consolidation phase, using the dead weight and
pulley system. The second phase consists of shearing the sample by applying
a horizontal load to the top cap. This can be done by either controlling
the rate of displacement, using the gear box, or controlling the horizontal
force on the top cap. The generated force is measured using a horizoﬁtal
proving ring. Shearing can be performed under drained or undrained
conditions. Because of the difficulties in sealing the sample, undrained
shearing is carried out by imposing a condition of no volume change during
shearing. Due to the high radial stiffness of the wire membrane, changes
in the area of the specimen are very small and negligible compared to
changes in height. Therefore, constant volume is achieved by keeping the
sample height constant, which is done by adjusting the vertical stress.
During this constant volume shearing, the measured pore pressures in the
sample are zero. Vertical load adjustments were done manually in the
original Geonor apparatus, and accounted for apparatus and porous stones
compressibility during the correction phase. Later, the manual system was
replaced by an automatic feedback system connected to a stepping motor

which did not correct for apparatus compressibility. The congtant volume
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test is equivalent to an undrained test, and the change in applied vertical
stress is equal t; the change in pore pressure which would have occurred in
the sample 1f it had been prevented from draining for a condition of
congtant applied vertical stress {see Section 4.,2.3), A strain rate of 5%

per hour is usually used in strain-controlled monotonic tests.

4.2 THE MIT APPARATUS FOR CYCLIC DIRECT SIMPLE SHEAR TESTING
Several modifications to the original MIT DSS device were necessary
to allow cyclic DSS testing. These modifications fall in various

categories and are described below.

4.2.1 Modification to the Geonor Model 4 Apparatus

The most significant change is the replacement of the shear gear box
(0005, in Figure 4.1), responsible for application of the monotonic shear
displacement, by an MTS hydraulic actuator connected to a closed-loop
servo-hydraulic feedback system. Additional modifications wére made to the
DSS device and can be seen in Figure 4.3. The two proving rings were
replaced by Data Instruments load cells. A 450 Kg capacity load cell for
the vertical load was added to stiffen the measuring system, thus
decreasing the response time of the height controller. The second load
cell, 225 Kg in capacity, stiffens the horlzontal loading system allowing
displacement control by the MIS system without compliance corrections.
Special mounts (€ and D in Figure 4.3) were designed for these load cells
to provide stiff, but moment free connections, both in tension and
comnpression.

In addition to the load cell mounts, a structural bracket (A in

Figure 4.3) was fabricated for the MIS actuator. This bracket is
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compatible with the gear box mount needed for the static testing, thereby
allowing quick exchange of the two systems. A nevw dead weight hanger (B in
Figure 4.3), and connection to the height control mechanism were designed
to be compatible with the geometric constraints imposed by the new
actuator. Finally, a twin ball bearing assembly (E in Figure 4.3) was
designed to apply positive and negative shear to the sample without
backlash. This assembly is also designed to provide no resistance to the
vertical motion of the upper cap, which takes place during sample

consolidation prior to shear.

4,2,2 The MIS System

An MTS system was installed in order to allow cyclic DSS testing.

The system consists of an actuator, controller, control unit, and hydraulic
punp. The actuvator has a 500 Kg capacity over a 10 cm stroke. It is
regulated by a servovalve and powered by a 3/4 GPM (2.84 2/min) pump at
3,000 psi (21,000 KPa)} of pressure. The servovalve, controller and control
uanit constitute a closed loop system capable of performing displacement or
load controlled testing. The control pulse is generated by a simple signal
generator, but the controller can also be linked to an external signal
source, such as a computer activated analog device.

After assembling all the MIS components, the system was calibrated
and its performance was evaluated. The internal LVDT in the actuator as
well as the horizontal load cell were calibrated, and all the adjustments
in the electrical components (Controller and Control Unit) were done. As a
result of these calibrations, the system is capable of running

gtress-controlled cyclie DSS tests to a maximunm horizontal force of * 175
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Kg, corresponding to a waximum shear stress of = 5 kg/cmz, and
strain-controlled cyclic D5S tests to a maximum displacement of + 1.0 cm
corresponding to approximately * 50% shear strain (depending on the
preshear sample height). An internal limit detector circuit and external
limit switches ensure that the maximum load and maximum displacement
respectively are never exceeded. The minimum horizontal force than can be
applied to the sample is 0.175 Kg, corresponding to a horizontal shear
stress of 0.005 Kg/cmz, and the minimum horizontal displacement is 0.001
c¢m, corresponding to about (.067% shear strain. The average as well as the
cyclic stress (in stress-controlled tests), or strain (in strain-controlled
tests) can be varied separately. The Control Unit has a built-in mini
function generator, which is capable of procducing sinusoidal, triangular,
or square waveforms at frequencies varying between 0.0l and 1110 Hz. The
testing frequency however cannot exceed 1 Hz. because of_fric:ion and
inertia effects in the DSS device. A counter in the Control Unit keeps
track of the cycles applied up te 100,000 cycles.

The performance of the DSS-MTS system was checked and evaluated.
This was done by running a series of stress—controlled as well as
strain—controlled tests, on a rubber sample placed in the device. The
sample was subjected to known cyclic loading of various shapes, |
frequencies, mean values and cyclic values, and the response was monitored
on an oscilloscope. After careful adjustment of the gain, rate and
stabllity of the feedback control, it was found that the actual stresses
{(in stress-controlled tests) and the actual displacements (in
strain-controlled tests) measured externally on the oscilloscope were

identical to the specified input value applied by the MIS5 system.
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4.2.3 Pedestal with Pore Pressure Measurements

As was mentioned in Section 4.l.1, undrained DSS shearing is achieved
by shearing at constant volume while allowing drainage in the soil. The
equivalence between undrained shearing and constant volume shearing, which
is the same as comnstant height shearing in the DSS (since the sample area
is unchanged), can be explained as follows.

At the end of consolidation, the pore pressure in the sample 1s zero
since drainage is allowed. Immediately after shearing starts, shear
induced pore pressures are generated in the sample, causing the sample
height to change, if they are allowed to dissipate. However, the sample
height is constantly monitored, and the onset of sanple height change 1is
detected and the vertical load is immediately varied until the tendency for
height change stops. In order to keep the sample helght constant, the
change in vertical load must cancel the shear-induced pore pressures by
generating egqual but opposite volumetric pore pressures, leaving a net zero
pore pressure in the sample. This condition of zero pore pressure ensures
zero pressure gradient, resulting in the sample not compressing nor
dilating, and hence constant volune. The vertical stress measured with the
outside proving ring (or load cell) is therefore the vertical effective
stress, and the difference between the vertical preshear consolidation
stress and the measured effective vertical stress is equal to the
shear-induced pore pressure in a truly undrained D55 test vhaere drainage 1is
prevented.

Monotonic undrained DSS tests are sheared at a strain rate not
exceeding 5% per hour, which is slow enough to permit manual or automatic
vertical stress adjustments with a slow response time. However, in a

cyclic test with a period of 10 seconds and a cyclic strain value of * 3%,
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the strain rate can reach 4000% per hour which is 800 times faster than the
monotonic strain rate. At this strain rate, it is necessary to use a
height adjustment mechanism with a very small response time, and it becones
necessary to measure the pore pressure in the cyclic DSS sample in order to
ensure zero pore pressures, and hence undrained conditions.

A speclal pedestal was designed and fabricated for this purpose, and
is shown in Figure &4,4. The top surface of the pedestal is impervious and
knurled to prevent slippage of the specimen. A flush mounted fine cerawic
porous stone contacts the bottom of the sample, and is hydraulically
connected to a miniature pressure transducer.. Two O~rings are placed
around the bottom of the wire-reinforced membrane in order to seal the
bottom of the sample, and therefore obtain accurate pressure measurements.
The sample is only drained at the top via a porous stone connected to a
water bath.

The porous stone and transducer were dealred, and subsequently
saturated with deaired water, in order to achieve a hipgh degree of
saturation leading to an instantaneous pore pressure response. The pore
transducer is capable of accurately and instantaneously measutring changes

in pore pressure in the sample.

4.2.4 Helght Adjustment Mechanism

The height adjustment mechanism used in monotonic DSS tests previous
to this research consisted of an automatic feedback system connected to a
stepping motor. This old system had several problems, the major ones being

a slow response time, and frequent shifts in the initi{al or zero value of
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the sample height. These limitations could be circunvented while running
slow monotonic tests, but caused major problems during fast cyclic DSS
tests. A height adjustment mechanism capable of detecting very small
changes, and capable of almost instantaneous vertical stress changes was
required for cyclic testing. Therefore, a new digital control system,
consisting of an Electrocraft moter and Controller connected to the data
acquisition computer (described in the next section) has replaced the old
one. The system reads the sample height and vertical stress, computes the
apparatus compressibility correction, and sends the feedback voltage
necessary to keep a constant height. The system has an instantaneous

response, and its performance during cyclic tests was found to be perfect.

4.2,5 Development of the Data Acquisition and Reduction Systen

Cyclic testing generates a3 very large amount of data and therefore
requires automated data acquisition and reduction systems. Data acquisition
using strip chart recorders has the advantage of providing continuous data,
but the disadvantage of c¢reating an enormous amount of strip charts,
especially for tests with large number of cycles. Also, reduction of such
data reguires manual reading of the strip chart record or digitizing of
discrete points along the record for later reduction using a computer.

This digitizing process not only defeats the purpose of taking continuous
readings, but is very time consuming, especially for tests with hundreds or
thousands of cycles. The most efficient method of data acquisition is to
use a computer with an analog to digital converter, for reading the data
and storing it on permanent media such as disk or tape. The time interval

between successive readings can be varied, and depends on the speed of the
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computer, the software package used, and the number of different devices to
be read. The choice of hardware should be carefully studied, and should be
tailored to the particular application.

An Analog Devices Macsym 150 computer, with multitasking capability,
was chosen for reading, storing, and reducing the data from the various
transducers in the cyclic¢ DSS apparatus (vertical and horizontal load
cells, vertical and horizontal displacement transducers, pore pressure
transducer, and input voltage). Analog to digital cards are used for
reading the data, and a digital to analog card is used for sending control
voltages to the height adjustment mechanism. Three separate software codes
were developed, the first for data acquisition, the second for data
reduction, and the third for plotting the results.

The data acquisition code reads 12 sets of data in each l{Q=-second
¢eycle (i.e., one set every 0.83 seconds) and stores them in memory. Each
set consists of the cycle number, the input voltage, the vertical load, the
vertical displacement, the horizontal load, the horizontal displacement,
and the measured pore pressure at the base of the sample. The raw data
from every cycle is later stored on disk, while important test information
necessary for control is displayed in real time. The sample height is
simultaneously monitored in a continuous fashion, as part of a separate
task, and the appropriate control voltage is sent to the Electrocraft
controller to either increase or decrease the vertical stress, ensuring
constant sample volume.

The data reduction code is a separate program that reads the raw data
from disk, reduces it, and prints it in a tabulated format. For each cycle
of interest, there are 12 values of horizontal stress and strain, vertical

stress and strain, and measured pore pressure, corresponding to the 12 sets
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of readings taken along each cycle by means of the data acquisition
program. Because of the enormous amount of data generated during each
test, the code allows reduction of only selected cycles, that is to reduce
data every 1,2,+:., 5,000,510, ++., x number of cycles if necessary. The
printout also includes for each cycle the average shear stress and shear
strain, the cyclic shear stress and shear strain, as well as the average
computed (vertical stress difference) and measured pore pressures.

Plotting the results is done by first using a modified version of the
data reduction program to print the reduced data to a disk file, and then
using the disk file as input for a plotting program developed by Lutz

(1985), for the Macsym 130 computer.

4.3 RESEDIMENTED BOSTON BLUE CLAY

The aim of this research is to develop a better understanding of clay
behavior under cyclic loading rather than the determination of the cyclic
strength of a particular clay for a gspecific design problem. Boston Blue
Clay, which has been studied and tested extensively at MIT, provided a good
reference clay for research purposes, hence, samples of resedimented

Boston Blue Clay (RBBC) were used in this cyclic DSS testing program.

4.3.1 Resedimentation Procedure

Resedimented Boston Blue Clay has been used routinely at MIT (Ladd
and Lambe, 1963; Ladd, 1964; Wissa and Heiberg, 1969; Ladd et al., 1971;
Ladd and Edgers, 1972; Germaine, 1982; Bensari, 1984; O'Neill, 1985; Fayad,

1986). The resedimentation equipment and procedure have been constantly
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upgraded, the latest improvewents being attributed to Germaine (1982) to
ensure production of saturated samples.

The resedimentation process consists of mixing dry deaired BBC clay
powder with deaired water in an upper vacuum chamber. Sodium chioride
(NaCl) is added to the mixture to produce a final slurry salt concentration
of 16 g/l to control the segregation of the particles. After mixing, the
slurry is rained into a lower vacuum chamber for consolidation. Dead
weights are used up to a vertical stress of 0.063 kg/cm?, and a rigid
loading frame with an air activated piston is used for higher stresses., A
lcad increment ratio of one is used, and each stress level is maintained
until the end of primary consolidation. The sample is subjected to a
maximum consolidation stress of 1 kg/cmz, which is maintained for one
cycle of secondary compression, after which the vertical stress is
decreased to an overconsclidation ratio of 4. Water is removed from the
chamber before the last load is removed, and the chamber is taken to the
hunid room for trimming immediately after load release. The cake of
resedimented BBC is removed from the consclidation chamber by excavating a
trench around the circumference of the sample and 1lifting the chamber
without applying any shear stresses to the clay. The cake 1s then divided
into individual DSS samples which are plastic wrapped and sealed with hot
wax, and stored in the humid room for later testing.l

Germaine (1982) has evaluated the quality of resedimented samples

13.7. Germaine, "Development of the Directional Shear Cell for
Measuring Cross Anisotropic Clay Properties,” Sc.D. Thesis, MIT, Department
of Civil Engineering, Cambridge, MA, 1982, pp. 82-87.
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obtained by using the above technique. Uniformity within each batch was
confirmed by the absence of siltation, or the separation of silt and clay
size particles. This was checked by measuring the water content variation
with depth in each batch, (which was very small, on the order of 1%), by
slow drying vertical slices of clay from each batch {which showed no
difference in color due to stratification), and by performing x-ray
diffraction tests on samples from different depths in each batch (which
showed no change in either quartz or clay peaks). Batch to batch
uniformity was confirmed by comparing the consolidation characteristics,
compressibility and rate of consolidation, and the water content between
batches, both of which showed very small changes. Full saturation of the
batches was confirmed by Germaine from direct measurements of weight and
volume, to compute the degree of saturation from the phase relation, and
from measurements of Skempton's B parameter in triaxial tests. Finally,
Germaine compared the properties of BBC samples obtained using the above
procedure, with those of previous research programs, and found them to be
similar.?

From the above quality evaluation of BBC, it follows that the latest
technique for resedimenting Boston Blue Clay, which was described above,
produces very uniform and repeatable batches of fully saturated clay, with
properties very close to previous research BBC. Therefore, two batches of
RBBC (Nos. 111 and 112} were completed for this research, and ylelded 64

fully saturated DSS samples with very uniform properties and known Stress

history.

21pid, pp. 126-134.
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4.3.2 1Index Properties

Boston Blue Clay is a lean sensitive clay exhibiting normalized
behavior. Table 4.] summarizes the index properties for the two batches of
RBBC.

The water content in each batch is very uniform, and the difference
between the average value of each batch is also small (only 0.8%). The
average water content for the two batches was 39.3% with a standard
deviation of 0.7%, which compares very favorably with the values obtained
by Germaine (1982) and Ladd and Edgers {(1972).

Two Atterberg limits tests were performed on each bateh. The samples
used in each test included trimmings from three different DSS samples. The
Atterberg limits values differ slightly between batches, with a maximum
difference less than 1.5% in the plasticity index. The combined values for
the two batches give a liquid limit of 44.1%, a plastic limit of 22.7%, and

a plasticity index of 21.4%, which are close to the values of Germaine

(1982) and Ladd and Edgers (1972).

4.3.3 Engineering Properties

Five monotonic K,-consolidated undrained direct simple shear
(CK,UDSS) tests were performed, four on samples from batch No. 111, and one
on a sample from batch No. 112. These tests were done in order to
determine the undrained strength of the batches, and obtain a measure of
strength uniformity. Table 4.2 gives important information about the
tests, and summarizes their results. The five tests were performed on
normally consolidated samples, at different vertical consolidation stresses
(3, 4 and 6 Kg/cm2), using the test procedure described in Section 4.1.1.

Tests 5-1 and 5-2 were run using the old height adjustment mechanisn,



112
whereas tests $-3, S-4, and $-5 were run using the computer controlled
Electrocraft height adjustment mechanism with correction for apparatus and
stone compressibility (see Section 4.2.4). The normalized undrained DS3
shear strength, defined as the maximum horizontal shear stress divided by
the preshear vertical consolidation stress, Th(max)fgvc» is given in the
Table and ranges between 0.192 and 0.222.

Figure 4.5 plots shear stress versus shear strain, excess pore
pressure versus shear strain, stress paths, and measured pore pressure
versus shear strain. The stress strain curves in Figure 4.5(a) show
similar trends, namely a stiff response at low strains, with a peak
occuring between 5% and 10% shear strain, followeﬁ by strain softening for
strain values above 15%. Tests S5-1 and S-5 however peaked at a rather
gmall strain value of 2.5% and 3,5%. The pore pressure curves in Figure
4.5(b) are very consistent, with the normalized excess pore pressure
reaching large values ranging between 0.7 to 0.8 for strains greater than
20% to 25%. The stress paths in Figure 4.5(c) are very similar, showing a
constant decrease in vertical effective stress with increasing strain.
Test S-5 however shows an initial increase in vertical stress, leading to
negative pore pressures, followed by a constant decrease in vertical
stress. At large strains, all stress paths converge to the maximum
obliquity line, which passes through the origin of the stress path space,
and makes a 30° angle with the vertical effective stress axis. The
measured pore pressure at the base of the sample is plotted in Figure
4.5(d). Except for test $-2, the values are very small and negligible
compared to the vertical stress difference G;CQE;. This confirms the fact
that constant volume tests are jdentical to undrained tests, and that the

excess pore pressure in the undrained DSS test can be computed as the
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difference in vertical effective stress during shearing (see Section
442.3). The measured pore pressure during tests S-1 and S-2, using the old
constant height mechanism, show more scatter than the measured values 1in
tests 5-3, 5-4, and S$-5, which used the new Electrocraft system. This
scatter 1s related to the sloew response and the constant zero shift of the
old system, which had to be changed for cyclic tests. The performance of
the new coastant height mechanism is very good, as demonstrated by tests
8-3, 8-4, and 5-5. The data shows a trend of increasing measured pore
pressure with ilncreasing shear strain, which is mainly attributed to an
increasing uncertainty in apparatus and stone compressibility with
decreasing vertlical stress. Because of this increasing uncertainty, the
error in apparatus compressibility, used for maintaining a constant sample
height, increases and results in a maximum measured pore pressure equal to
6% of the computed excess pore pressure, at a shear strain y,.=30%.

The data from the five monotonic undrained DSS tests are consistent,
and plot within a narrow band (Figure 4.5), indicating uniformity in the
two RBBC batches. The normalized undrained monotonic DS5 strength,
rh(max)/E;c, equals 0.205 * 0.013 $D, which compares very well with the
value of 0.20 * 0.0] SD reported by Ladd and Edgers (1972)3. This average

value will be used as a reference strength in cyclic DSS tests.,

4.4 CYCLIC DSS TESTING PROCEDURE AND NOTATIONS
This section describes the testing procedure during stress-controlled

undrained cyclie direct simple shear testing. Sample trimming and

3¢.C. Ladd, L. Edgers, "Consolidated Undrained Direct Simple Shear
Tests on Saturated Clays,” Research Report R72-82, Soils Publication No.
284, Department of Civil Engineering, MIT, Cambridge, MA, 1972, p. 61.
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positioning in the testing apparatus is similar to that of monotonic DSS
tests, except that the pedestal with built-in pore pressure transducer,
described in Section 4.2.3, 1s used. The pore pressure is measured at the
base of the sample, and drainage is allowed at the top only., Figure 4.6
shows the testing sequence and notations.

First, the sample is consolidated under K, conditions to the desired
consolidation stress, Uyce 1n the case of a normally consolidated sample,
the vertical consclidation stress is increased to at least 1.5 to 2 times
the maximum past pressure, as recommended by the SHANSEP# approach (Ladd
and Foott, 1974), in order to minimize the effects of sample disturbance.
Overconsolidated samples are obtained by first consolidating the sample to
a minimun of 1.5 to 2 times the maximum past pressure for a period of 24
hours, and then unloading to the desired overconsolidation ratio.

The second step, labeled drained sheat in Figure 4.6, is the
application of the average shear stress, Tgye, on the sample. This is done
in a drained fashion, using the horizontal force dead welght system shown
in Figure 4.1. Three hours after applying the last consolidation
increment, the horizontal stress i{s increased while the sample pore
pressure is monitored and kept below 2% of the vertical consolidation
stress, and thus ensuring mostly drained conditions. This is done by
varying the magnitude of the applied horizontal stress increment and/or the
time interval between increments (a maximum horizomtal stress increment of
0.086 kg/cmz, corresponding to a weight of 3 kg, applied at an interval of

6 minutes was found to be adequate for RBBC). The sample is allowed to

4GUANSEP is an acronym for Stress History and Normalized Soil
Engineering Properties.
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consolidate under the applied average shear stress for a period of 24 hours
starting from the time the last consolidation load was applied. During
this period, the vertical strain as well as the shear strain stabilize. At
the end of the 24 hour period, the rate of strain development is small
enough so that during undrained shearing, the tendency for deformation due
to secondary compression and drained creep are small compared to the
shear-induced deformations.

The third step, labeled undrained cyclic loading in Figure 4.6, is to
subject the sample to the horizontal cyclic shear stress component, 1.,
under undrained conditions. A sinusoidal cyclie shear stress with a period
of 10 seconds and an amplitude 1, is applied using the MIS equipnment.
Cycling is continued until the sample fails or until a specified number of
cycles 1s reached for mon failing tests.

A typical sample response is shown in Figure 4.6. At the end of the
drained creep period, the sample accumulates a shear strain y4q. due to the
application of the drained average shear stress. The response of the
sample during the cyclic phase Includes two components, the average shear
strain yvazye and the cyclic shear strain y.. The figure also defines
BYaye™Yave—Ydc, Which is the shear strain due to the application of T,

alone, and which does not include the drained creep component of shear.

4.4.1 Limitations of the Testing Procedure

Figure 3.6 in Chapter 3 compared the stress system applied to the
soll sample in the DSS apparatus to that of an element of soll next to the
pile shaft, and section 3.2 indicated that the DSS test provides the best
gimulation of pile loading condition. However, there are two major

differences between laboratory and field conditions which must be pointed
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out:

1. After pile driving and consolidation, theoretical analyses
(Whittle, 1987) indicate that soil elements adjacent to the pile shaft are
under the following stress state: a major principal effective stress?rC
acting radially, an intermediate effective principal stress'gz acting
vertically, and a minor effective principal stress Eb acting tangentially.
The DSS sample however is subjected to K, condition with equal intermediate
and minor principal stresses, and does not allow control over the

intermediate effective stress.

2. 1In the laboratory, the DSS sample is trimmed and placed in the
apparatus with planes of isotropy (i.e. the horizontal planes of
deposition) perpendicular to the direction of the vertical consolidation
BtTess E}c. In case of normally consolidated clays, the latter direction
(vertical) coincides with the orientation of the major principal stress.
Hence, during subsequent DS5 shearing, the horizontal shear stress is
applied parallel to the planes of isotropy. In the field, after pile
driving and consolidation, a s0il element adjacent to the pile shaft has
its major principal stress perpendicular to the pile shaft, and the shear
gtress (due to axial pile loading) acts parallel to the pile shaft (i.e.
vertical). If the planes of isotropy in the field are parallel to the pile
shaft, then the DSS test would be properly accounting for the effects of
inherent soil anisotropy. However, the planes of isotropy in the field
after pile installation and consolidation cannot be estimated with
certainty because pile driving causes severe remolding of the soil,
changing its fabric and the initial directfon of inherent anisotropy.
Existing data suggest that these planes of isotropy are close to being

vertical, and hence almost parallel to the direction of shear (Strain Path
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Method’). Also, as reported in Section 3.1.1, Whittle (1987) has shown that
DSS shearing on normally to slightly overconsolidated {OCR<1.2) samples,
sheared in a direction parallel tc the planes of isotropy, produces
stress-strain curves and stress paths (normalized by the vertical
consolidation stress) which are similar to the stress—-strain curves and
stress paths (normalized by the horizontal stress after driving and
consolidation) of soll elements adjacent to the pile shaft when sheared in
a direction parallel to the plle (see Figure 3.4). The curves in the
figure correspond to predictions for clays with different OCR values and
indicate that, after installation disturbances, the soil behavior is very
close to predictions for the undisturbed {regular) DSS test results. This
indicates that the effects of inherent anisctropy on the disturbed soil
behavior are not significant, and that DSS testing, with the planes of
inherent isotropy parallel to the direction of shear, 1s appropriate for
predicting pile behavior.

3, The Geonor DSS apparatus cannot impose uniform stresses on the
sauple., Theoretical analyses assuming linear elastic samples have shown
that the stresses imposed on the DSS5 sample are not uniform (e.g. Lucks et
al., 1972; Wright et al., 1978; and Shen et al., 1978). However, results
of tests on real soil samples using different height to diameter ratios by
Vucetic and Lacasse (1982) have shown that the non-uniformities do not
affect the measured soil behavior.

Alrey and Wood (1987) performed DSS tests on normally consolidated

Kaolin using two different DSS devices: the regular Geonor apparatus and

5M.M. Baligh, “Strain Path Method," Journal of Geotechnical
Engineering, ASCE, Vol. 111, No. 9, September 1985.
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an instrumented circular simple shear apparatus with five load cells
capable of measuring the stress distribution at the base of the sample.
Their results indicate that for constant volume DSS tests, the shear
strains were uniform and the volumetric strains were zero up te a ghear
strain of 11%. They conclude that, because of the non-uniformities in the
standard DSS test sample, the shear strength determined from the average
stresses which are measured at the boundaries of the sample, underpredicts

the simple shear values by about 10%.

4.5 SUMMARY OF THE DSS TESTING PROGRAM

The cyclic experimental program conducted as part of this report
consisted of K,-consolidated undrained cyclic direct simple shear tests
{CK,UCDSS tests). Thirty-nine tests were performed in a stress—controlled
mode of shearing and one test was strain-controlled. The majority of the
tests were conducted on normally consolidated samples, with only eight
tests performed on overconsolidated samples (up to OCR=4). In the
stress—controlled tests, the average shear stress component Taye and the
cyclic shear stress component T, were applied separately, with 23 tests
performed with t3ye=0, and 16 tests with Taye#0. Three of the tests were
conducted with variable 1. values. Tables 4.3 and 4.4 list all the
stress-controlled tests, along with the maximum consolidation stress Gyp,
the overconsolidation ratio OCR, and the average and cyclic components of
shear stress Taye and 1o (expressed as a percentage of the monotonic
undrained normally consolidated DSS strength, su{NC)). The results of

these tests are presented in Chapters 5, 6, and 7.
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TABLE 4.1
INDEX AND COMPOSITIONAL PROPERTIES OF
RESEDIMENTED BOSTON BLUE CLAY

RESEDIMENTED BOSTON BLUE CLAY WATER CONTENT

Water Content (%)

Batch Number Number of Average ~ Standard
Observations Deviation
111 19 39.46 0.48
112 17 39.16 0.79
Combining batches 111 & 112 39.32 0.65
Ladd and Edgers {1972) 37 2
Germaine {(1982) 40.24 0.64

RESEDIMENTED BOSTON BLUE CLAY ATTERBERG LIMITS

Reference Liquid Plastic Plasticity
Limit Limit Index
(%) (%) (%)
Bateh 111 44,35 22.85 21.50
Batch 112 43.80 22.60 21.20
Combining batches 44,08 22,73 21.35
111 & 112
Ladd and Edgers 41 20 21
(1872)
GCermaine (1982) 41.8 21.6 20.20

BOSTON BLUE CLAY COMPOSITIONAL PROPERTIES
(from Ladd and Edgers, 1972)

Specific Gravity 2.78
Percent Clay Fraction 50%
Quartz 15-20%
Chlorite 5%

Illite 30~45%
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TABLE 4.3
SUMMARY OF UNDRAINED CYCLIC DSS TESTS
WITH Taye=0
TEST 2 T
NC. Kg/ ca? OCR By Failure COMMENTS
c-1 4,00 1.0 0.25 YES Average test, load
cell zero shift
c-2 4.00 1.0 0.50 YES Average test, load
cell zero shift
c-3 4.00 1.0 0.62 - No data, failure of
data acquis. system
C-4 8.00 1.0 0.62 YES Previous shear,
game as sample C-3
C-5 6.13 1.0 0.56 YES Good test
C-6 4,08 1.0 C.70 YES Good test
c-7 4.08 1.0 0.85 YES Good test
c=22 6.01 1.0 0.25 NO after Excellent test
10,000 cycles
C~-23 6.01 1.0 0.35 NO after Excellent test,
10,000 cycles same sawmple as C-22
C-24 6.00 1.0 0.37 YES Excellent test,
same sample as C-23
C-26 6.00 1.38 0.60 YES Excellent test
c-27 6.01 1.38 0.76 YES Excellent test
c-23 6.01 1.0 0.56 YES Excellent test,
0.71 variable cyclie
loading
€-29 4,00 1.0 0.56 NO after 29 Excellent test,
. cycles test stopped after
29 cycles
c-30 8.01 1.0 0.56 YES Experimental prob-
lems, same sample
as C-29
* 5, = s,(NC) = 0.205 oy for OCR = 1
sy = $,(0C) = sy(NC) (0CR)®™"! w = 0.8  for OCR > !

(from Ladd and Edgers, 1972)
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TABLE 4.3 (continued)

SUMMARY OF UNDRAINED CYCLIC DSS TESTS

WITH Tgye=0

TEST - Taya* 1%
No. | xgfem? | OCR -ﬂe-su ™ Failure COMMENTS
c-31 6.00 4 0 0.55 YES Experimental prob-
- lems with height
adjustment mechan-
ism
c-32 6.00 4 0 0.50 YES Excellent test
Cc-33 6.01 2 0 0.56 YES Excellent test
C-34 6.01 2 0 Q.70 YES Excellent test
C-35 6.01 2 0 0.56 YES Excellent test
C-36 6.00 2 0 0.85 YES Excellent test
c-37 6.00 1 0 0.50 YES Excellent test,
0.64 variable ecyclic
loading
c-38 6.00 1 0 0.50 YES Excellent test,
0.70 varlable cyclic
0.56 loading

*

B, = 8,(NC) = 0.205 9y, for OCR = 1

u

8, = 5,(0C) = s,(NC) (ocR)*"l 1 = 0.8  for OCR > 1

(from Ladd and Edgers, 1972)
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TABLE 4.4

SUMMARY OF UNDRAINED CYCLIC DSS TESTS
WITH Tg,%0

ot Kgfgmz OCR Egﬁﬂf %ﬁ* Failure COMMENTS

Cc~8 4.09 1 0.45 D.46 YES Good test

c-9 4.08 1 0.45 0.46 YES Good test

C-10 4.08 1 0.69 0.40 YES Excellent test

C-11 4,09 1 0.69 0.40 YES Excellent test

c-12 6.13 1 0.49 0.40 YES Excellent test

c-13 6.12 1 0.59 0.40 YES Excellent test

C-14 6.13 1 0.59 0.41 YES Excellent test

C-15 6.14 1 0.59 0.50 YES Excellent test

C-16 6.13 1 .49 .60 YES Excellent test

c-17 6.12 1 .59 0.30 NO after Excellent test
10,000 cyeles

c-18 6.13 1 0.39 G.60 YES Excellent test

t-19% 6.00 | 0.50 0.51 YES Excellent test

c-20 6.00 1 0.40 G.51 YES Excellent test

C-25 6.01 1 0.35 0.33 NG afrer Excellent test -
15,000 cycles

c-139 6.02 1 0.15 0.38 NG after Excellent test
100,000 cycles

C-40 6.01 1 0.80 0.20 NO after Excellent test
30,000 cycles

* 8, = s,(NC) = 0.205 0,. for OCR = }
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Plexiglass

Fine ceramic
stone

O-ring —

Pore pressure ________//r—'——

transducer

Brass pedestal

Figure 4.4 DSS Pedestal Showing Details of the Pressure Transducer
and Fine Ceramic¢ Stone System for Measuring the Pore
Pressure at the Base of the Sample
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CHAPTER 5

UNDRAINED CYCLIC BEHAVIOR OF NORMALLY CONSCLIBATED RESEDIMENTED
BOSTON BLUE CLAY

This chapter presents the results of undrained cyclic direct simple
shear tests (CK,UCDSS) on normally consolidated samples of resedimented
Boston Blue Clay (RBBC). All the tests reported in this chapter were
performed in a stress—controlled fashion, with varying values of average
shear stress, Taye, and cyclic shear stress, T.. The value of 1,,, was
applied after the last consolidation stress increment, and was kept
constant throughout cyeling, except in the case of three tests with
variable 7., Thus, the results of the tests correspond to field conditions
with the mooring stress Ty equal to the average shear stress Tgye. All
specimens were cycled at a frequency of 0.1 Hz., or a pericd of 10 secoads,
using a sinuscidal cyelic stress with cyclic amplitude 1.. All samples
were cycied until failure except for seven specimens, six of which did not
fail after application of 10,000 to 100,000 cycles.

A convenient way of summarizing the tests is shown in Figure 5.1,
which plots the cyclic stress ratio T./s,{(NC) versus the average stress
ratio tgye/s,(NC) for each test. The undrained monotonic normally
consolidated DSS strength, s,(NC), 1s used as a reference strength for

normalization, and is given by the following expression:
8,(NC) = 0.205 . oy, (5.1)

where 0Oy, is the vertical effective consolidation stress. The figure shows
lines of equal Tg,y/s,(NC), where Tp,x=Taye + Te, and indicates that tests

were conducted with Tpay/s,(NC) exceeding unity. This is possible because
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of the high strain rate during cyclic DSS tests as compared to the rate of
shearing in standard monotonic tests performed to obtain s,{NC). The figure
identifies two regions: a failure zone where specimens reach failure, and
a non-failure zone where cycling can be performed in an undrained mode for
very large number of cycles. The threshold stress boundary which separates
these two zones 1ls examined in detail in Section 53.3. It is drawn in the
figure however, so that the closeness of each test relative to this

threshold boundary can be assessed easily.

S.1 BASIC TEST RESULTS

This section presents the results of the tests which were cycled to
failure. Results of tests with zero average sLress will be presented
first, followed by the results of tests with nonzero average stress.

The results will be presented in terms of:

1. The horizontal shear stress T (Kg/cmz), computed as the horizon-
tal force divided by the area of the sample, with no membrane correction;

2. The shear strain vy (%), computed as the horizontal displacement
divided by the sample height at the end of consolidation;

3. The excess pore pressure Au (Kg/cmz), computed as the change in
vertical effective stress, starting from the end of consolidation. Au =
Gye - Oy, where Oye 1s the vertical effective stress at the end of
consolidation, and o, is the vertical effective stress.

In order to facilitate comparisons between results of various tests,
all stresses and excess pore pressures are normalized by the vertical
effective consolidation stress E;c, except in the stress path plots where

the shear stress and the vertical effective stress are normalized by the

maximum consolidation stress Oyp (which equals Uy for normally
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consolidated tests).

5¢.1+1 Results of tests with T_oya/5,(NC)=0

Table 4.3 in Chapter 4 summarized all tests with zero averége stress.
Some of the early tests had experimental problems, such as failure of the
data acquisition system or fluctuation of the applied stresses due to poor
testing procedure, and their results are not presented herein. Also, sone
of the tests in Table 4.3 were performed on presheared samples, and their
results are not reported elther.

Table 5.1 1ists six good tests, (-2, C-5, C-6, C-7, C-29, and C-30,
with zero average stress ratio, performed on normally consolidated samples
until failure, and Figure 5.2 plots the position of the six tests in a
¢cyclie stress ratio versus average stress ratio space. For each test, the
table gives the following information: the test number, the vertical
consolidation stress E}c which ranges between 4 and 8 Kg/cm2 and equals
the maximum past pressures E}m {because the samples are normally
consolidated), the average stress ratio Tzye/s,(NC) which equals zero for
all tests, the cyclic stress ratio t./s,(NC) which ranges between 0.5 and
0.85, and finally information at % 37 cyclic shear strain (or 6% peak to
peak strain) including the number of cycles required to reach this strain
value, the normalized excess pore pressure AufE}c, and the average shear
strain yvuye (%) at 6% peak to peak strain.

Figures 5.3, 5.4, 5.5, 5.6, 5.7, and 5.8 show results of tests C-2,
-5, C-6, C-7, C-29 and C-30 respectively. Each figure includes four
plots: (a) normalized excess pore pressure Au/E;c versus the number of
cycles N;

(b} shear strain v (%) versus the number of cycles N;
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{(c) normalized shear stress 1/0y. versus shear strain ¥ (%) at
selected cycles;

(d) effective stress path, which plots normalized shear stress rlﬁgm
versus normalized vertical effective stress g/ Oyme

Results from all tests show the following general trends:

1. The average normalized excess pore pressure versus number of
cycles increases rapidly in the first cycles, and then increases steadily
to failure. There is a cyclic component of excess pore pressure, which is
very small compared to the average eXcess pore pressure. At failure, the
excess pore pressure stabilizes at its maximum value. The cyclic nature of
excess pore pressure can be clearly seen in tests C-6 and C-7 because the
physical scale of the plot is large enough conpared to the total number of
cycles, causing separation between cycles.

2, The shear straln versus number of cycles shows a maximum and
minimun within each cycle, which are in phase with the applied shear
stress. The shear strain plots are symmetrical, with the average strain
very close to zero, due to the symmetrical two-way cyclic loading imposed
on the samples. The shear straln increases steadily with number of cycles
antil it reaches a value of %t 3% cyclic shear strain (or 6% peak to peak
shear strain), after which it increases very rapidly and reaches values in
excess of * 10%. The sample fails due to increasing cyclic shear strain
component Yo(%). Andersen {(1975) and other investigators have defined
failure in two way symmetrical cyclic DS5 tests as the point at which the
eyclic shear strain reaches a value of & 3%, and Table 5.l presents
pertinent information at this traditional failure state. However, in this

research, failure will be defined differently as discussed subsequently in

Section 5.2.
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3. The normalized shear stress versus shear strain plots, at
selected number of cycles, show the same trend.for all tests. The cyclic
etrain is small at low number of cycles, and increases with increasing
nunber of cycles while the maximum cyclic stress remains constant.
Hysteresls loops are formed, and increase in size as the cycle number
increases. For a given cycle, the secant modulus is defined as the slope
of the line connecting the peaks of the hysteresis loop. The secant
modulus gradually decreases with number of cycles, and at * 3% cyclic shear
strain the secant modulus is 2.5% to 20% the secant modulus at c¢ycle mumber
one, and continues to decrease with increasing cyclic strain.

4. The effective stress paths consistently exhibit a decrease in the
vertical effective stress with increasing number of cycles. This decrease
occurs rapidly in early cycles, then becomes slower until the effective
stress path reaches a final position at failure.

Tests C-2, C-5, C-6 and C-7 utilized the old height adjustment
mechanism which had a slow response time and was not very accurate {see
Section 4.2.4). This 1s why the curves of normalized excess pore pressure
versus cycle number are not very smooth, especially for tests C-6 and C-7
which failed in small number of cycles (less than 50) and required very
fast height adjustments. Tests C-29 and C-30 were performed using the new
Electrocraft height adjustment mechanism which is very responsive and
precise, yielding very smooth excess pore pressure curves. However, some
experimental difficulties were encountered at the end of test C-30, which
led to the failure of the height adjustment mechanism at cycle 128. This
resulted in drainage being allowed after cycle 128, which explains the

atypical behavior in the excess pore pressure versus number of cycles and

in the stress path (see Figure 5.8(a) and (d)).
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The horizontal displacement readings taken during tests C-2, C-3,
c-6, and C-7, were very nolsy due to ground loop problems in the data
acquisition system. This resulted in scatter or fluctuations in the
measured shear strain, especially in tests C-2 and C~5 (see Figures 5.3(b)
and 5.4(b)). This problem was later corrected by using a specially
designed filter to eliminate all electrical noise from the horizental
displacement readings.

Tests C-5, C-29, and C-30 are tests with identical values of cyclic
stress ratio To/s,(NC) which equals 0.56. Tests C-5 was performed on a
sample which was normally consolidated to G}c=6.13 Kg/cm2, and was cycled
to failure in about 160 cycles. Test ¢-29 was performed on a sample which
was normally consolidated to E§C=4.00 Kg/cmz, and was cycled for 29 cycles
only, without reaching failure. Test C-30 was performed on the same sample
as test C-29 after reconsolidating it into the virgin compression range at
E}c=8.01 Kg/cn?, and the specimen was cycled until failure was reached in
about 139 cycles. The results of the three tests are in excellent agree-
ment up to cycle number 128 for test C-30 (because of the experimental
problem described earlier). The normalized excess pore pressure versus
cycle number curves are almost identical for all three tests, and the shear
strain versus cycle number curves are identical for tests $-29 and C-30,
and indicate slightly smaller cyclic strains than in test C-5 because of
the data acquisition noise problem described earlier. The results of these
three tests prove that the cyclic DSS apparatus, which was used in this
research, can provide good repeatability of test results. Also, the fact
that test C-30 was performed on a sample of RBBC which was previously
sheared cyclically, and then reconsolidated into the virgin compression

range, proves that the clay exhibits normalized behavior even under cyclic
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loading, and reconfirms the applicability of the SHANSEP approach.

5.1.2 Results of Tests with T,,./5,{NC)*0

Table 4.4 in Chapter 4 summarized all cyclic undrained DSS tests
performed with non-zero average shear stress. Table 5.2 provides the
details of twelve tests with OCR=1, listed in Table 4.4, and which have
reached failure. Tﬁese are tests C-8 through C-16 and C-18 through (=20,
which were performed on normally consolidated samples of RBBC. For each
test, Table 5.2 gives the following information: the test number, the
vertical consolidation stress E&c which equals the maximum past pressure
E;m and ranges between 4 and 6 Kg/cm?, the average stress ratio Taye/sy(NC)
which ranges between 0.39 and 0.69, the cyclic stress ratio 7./s,(NC) which
ranges between 0.40 and 0.60, and finally information at 15% average shear
strain including the number of cycles, the normalized excess pore pressure
Auf0y., and the cyclic shear strain y.{%). Figure 5.9 plots the position
of the twelve tests in a cyclic stress ratio versus average stress ratio
space., All the tests lie in the failure zone, and eight of them have
maximum shear stress values equal to or exceeding the monotonic undralned
DSS strength sy (NC),

Figures 5.10 through 5.21 present the results of tests C-8 through
€-16 and C-18 through C-20 respectively. Each figure includes four plots:

{a) normalized excess pore pressure Au/oy. versus the number of cycles

N;

{b) shear strain ¥{(%) versus the number of cycles N;

{c) normalized shear stress ‘/E§c versuc shear strain y(X) at selected
cycles;

(d) effective stress path, which plots normalized shear stress T/E;m
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versus normalized vertical effective stress E;/E;m.

Results of all the tests show the following general trends:

1. The average normalized excess pore pressureé Versus number of
cycles increases rapidly in early cycles, and then more gradually until
failure. The excess pore pressure is cyclic in nature, with a small cyclic
component compared to the average one. At failure, the minimum excess pore
pressure in each cycle seems to stabilize or increase slowly, while the
maximum value continues to increase at a faster rate.

The excess pore pressure curves of tests C~8 and C-9 show a much
larger cyclic component than other tests, and a zone where the excess pore
pressure was constant with increasing number of cycles (see Figures 5.10(a)
and 5.11(a)). This is not believed to represent true clay behavior, but
results from testing imperfections. Vertical stresses were applied by a
dead weight lever arm systen which involved a dead zone during which the
vertical stress remained constant despite the fact that the height
adjustment mechanism was attempting to change it. Within this dead zone,
the vertical stress could not be changed very quickly, resulting in a large
c¢yclic component of excess pore pressure. This problem was corrected in
later tests, resulting in smooth excess pore pressure curves with smaller
cyclic cooponents.

2. The shear strain versus number of cycles increases gradually with
¢ycle number until failure. For all the tests, the shear strain at the
beginning of cycle one is not zero, but is equal to the drained creep shear
strain Ygc(%) resulting from the drained application of the average shear
stress Tayes Ine cyclic component of shear strain, Ye(%), varies with the
cyclic stress ratio, and increases slightly with cycle number. The average

shear strain Yaye(%) is much larger than the cyclic shear strain, and



139
increases gradually until failure occurs, and Yuya{%) exceeds 15% shear
strain. Previously, Goulois (1982) has defined failure, in cyclic
undrained DSS tests with non-zero average shear stress, as the point at
which the average shear strain Ygye(X) reaches 15%, and Table 5.2 has
presented pertinent information at this traditional failure point. However,
as in the case of cyclic DSS tests with zero Tgye, fallure will be defined
differently in Section 5.2.

3, The plots of normalized shear stress versus shear strain at
selected cycle numbers show a large increase in average strain with a much
smaller increase in cyclic strain as the cycle number increases. The
secant modulus decreases with increasing cycle number, but less than in the
case of tests with zero average stress. At 15% average shear strain, the
secant modulus is 1.7% to 14% of the secant modulus at cycle one.

4. The effective stress paths are very consistent, showing similar
trends to those of tests with zero average shear stress. There 1s a
constant decrease in effective vertical stress with cyclie shearing. In
early cycles, the rate of decrease is higher than in the middle of the
test. Also, before failure, the rate of decrease in vertical effective
stress increases again, and at failure, the effective stress path reaches a
final position. The effective stress path of tests C-8 and C-9 show an
unusual behavior near the end of the test due to the lever arm experimental

problem which was described earlier.

5.1.3 Effect of TC/su(NC) and Tave/su(NC)

This section compares the nunber of cycles at failure, Ng, of
different tests with different values of the average and cyclic stress

ratios. Sections 5.1.1 and 5.1.2 have given the previous definition of
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failure which is t 3% cyclic shear strain for tests with zero Taye, and 15%
average shear strain for tests with non-zero Tgye. However, in this
research, the definition of failure is different, and is based on the
concept of maximum obliquity, as will be explained in Section 5.2. Hence,
all quoted values of Nf in this section as well as the rest of this report,
are based on the maximum obliquity definition of failure, and not the
traditional one. The advantage of this method is that it adopts the same
failure criterion for tests with Taye=0 as well a8 Taye*0-

Figure 5.22 summarizes results of tests c-2, C~5, C-6, and C-7 with
Tave=0 and 1./8,(NC) varying between 0.5 and 0.85. Figure 5.22(a) plots
the average normalized excess pore pressure versus the cycle number, and
Figure 5.22(b) plots the envelope of maximum shear strain versus the number
of cycles (the maximum strain envelope being a curve comnecting the polnts
of maximum shear strain). Clearly, by increasing the cyclic stress ratio
T¢/8y(NC), both the excess pore pressures and the cyclic shear strains
increase for any cycle number. Furthermore, the number of cycles required
to reach failure increases as the cyclic shear stress ratio decreases.

Figure 5.23 plots results of tests C-10, c-11, C-12, C=13, and C-14
which have equal 1./s,(NC)=0.4, and different Taye/8y(NC) values. Figure
5.23(a) shows the average normalized excess pore pressure, and Figure
5.23(b) shows envelopes of minimum and maximum shear strain. Tests C-10
and C-1! are identical tests and show excellent agreement in their results.
Tests C-13 and C~14 also involved identical loading but show differences in
response which can be attributed to the variability between samples.
Despite the small discrepancy between tests C-13 and C-14, the figure shows
a definite trend of decreasing number of cycles to failure with increasing

Tave/8u(NC) (C-12 falls after 1827 cycles, C=13 and C-14 after an average
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value of 666 cycles, and C-10 and C-11 after an average value of 306
cycles). Also, increasing T,,./s,(NC) causes a more rapid buildup of
excess pore pressure.

Figure 5.24 shows the effects of increasing T1./s,(NC) in the case of
tests with non-zero average shear stress. The figure plots results of
tests C-13, C-14, C-15, and C-17. Test C~17 does not fail after 10,000
cycles whereas tests C-13 and C-14 fail after 666 cycles, and test C-15
fails only after 80 cycles (complete results of test C-17 are presented in
Section 5.3). It is also evident from this figure that increasing
To/84(NC) decreases the number of cycles to fallure and causes a more rapid
increase In excess pore pressure.

Finally, Figure 5.25 plots the position of tests c-10, C-11, C-12,
and C-16 on a To/s5,{NC) versus Tgye/8,(NC) space, and compares their number
of cycles to failure, Nf. Tests C-10 and C-11 are identical, and comparison
of their Nf with that of test C-12 indicates that a 20% increase in the
average shear stress ratio leads to a one order of magnitude decrease in
Nf. However, comparison of Ny in tests C-12 and C-16 indicates that a 20%
increase in cyclic shear stress ratio leads to two orders of magnitude
decrease in Ny. This means that the number of cycles to failure is more

sensitive to changes in T./s,(NC) rather than changes in Taye/8,(NC).

5.2 DEFINITION OF FAILURE

5.2.1 Effective Stress Paths to Faillure

The effective stress paths from tests C-5, C-7, and C-30 with

Taye=0, and tests C-15, C-16, C-18, C-19, and C-20 with Tay®0 are shown in

Figures 5.26 through 5.33 respectively. In all these tests, the effective
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stress path moves towards the origin rather quickly in the first couple of
cycles, corresponding to the rapid excess pore pressure increase at small
number of cycles. Throughout the tests, the stress path 1is almost vertical
with small increases in excess pore pressure with every cycle. In the case
of tests with Tgye=0, when fallure is reached, the effective stress path
ceases its migration towards the origin as can be seen in Figures 5.26 and
5.27. In the case of tests with Tpyye*0, the maximun peak of the effective
stress path seems to reach a stationary point at failure, while the minimun
peak still moves towards the origin, as shown in Figures 5.29 through 5.33.
For all the tests, a straight line connecting the stationary peak of the
effective stress path at failure to the origin define a fallure envelope.
This envelope has been drawn in each of the figures, and its inclination
varies between 28° and 34°. At failure, the effective stress path either
touches the failure envelope, or moves along it, but never crosses it;
Beyond the failure point, the effective stress path may cross over the
failure line due to the very high strain rate of shearing (strain rates in
excess of * 3% in 5 seconds, or half the period of cycling)}, and due to
nonuniformities and inaccuracies in the DSS sample at large shear strains
(greater than 15%). This is not problematic since the post=-failure
behavior is not of interest.

Figure 5.34 plots the stationary location of the effective stress
path when failure is reached for all the tests listed in Tables 5.1 and 5.2
except tests C-2, C-6, C-8, C-9, and C-30 which either used the old MIT
height adjustment mechanism, or experienced experimental problems. There is
some scatter, but an average failure envelope with a 30.0° * 1.2°
{nclination can be drawn through all the peints. This angle 1s also equal

to the maximum obliquity measured in monotonic vndrained DSS tests, shown
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in Figure 5.35.

Therefore, it can be concluded that, for any value of Tuye/s,(NC),
failure in stress-controlled undrained cyclic D$S tests occurs when
effective stresses reach the Maximum Obliquity (MO) line; For
resedimented Boston Blue Clay, this line has an inclination of ;ﬁ0=30.0°
t 1.2° on a 1/0,, versus E}l;&m plot. This result provides a consistent
definition of failure, independently of the value of the average shear
stress ratio, hence allowing direct comparison of results of tests
conducted with or without Tay.#0.

The definition of failure on the basis of maximum obliquity is
different from the definition used by previous researchers. Andersen
(1975) defined failure in the case of tests with Tave=0 as occuring when vy,
reaches * 37, and Goulois (1982) defined failure in tests with Tu,e#0 as
occuring when yaye reaches 15%. However, for RBBC, the difference between
the number of cycles to failure, N¢, based on the maximum cbliquity
definition and that based on Y=t 3% or vuye=15% is small:

Tests with Tyye=0:  Ng(MO) - Ne(yo=3%) = 4 cycles

Tests with Ta4e<0:  Ni(Ygya=15%) = Ne(MO) = 2 to 3 cycles

Therefore, the two definitions of fallure yield values of N¢ which

are very close (within a couple of cycles).

5.2.2 Pore Pressure at Failure

Figure 5.36 shows the maximum obliquity (M0O) line on a plot of
1/0yy versus 3}/3§m. All normally consolidated tests start at ;;/;;m-l.
After N cycles at given values of 1,,. and Te, the stress path migrates
towards the origin by an amount Au/G}m which is the average normalized pore

pressure generated during cycle N. As cycling continues, and failure is
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approached, the stress path reaches the maximum obliquity line, and the
value of pore pressure at failure is dug. From the geometry in Figure

5.36, it is possible to write the following expression for Aug:

Bus _ 1 - Tagve + Tp
Svm Tym tandpyo

which is equivalent to:

dug _ | _ lave * Te (5.2)
L Oye tandyo

for normally consolidated clays.
For RBBC with su/0yp(NC)=0.205, and ¢y = 30°, Equation 5.2 can be

rewritten as:

0.205 NC L(NC -
N (1322{221302 * Tolen () ) Oye (5.3)

dup = [ 1
Therefore, knowing the stress ratios Tave/ 84y (NC) and t./s,(NC), as
well as the vertical consolidation stress d,., Equation 5.3 enables

estimates of the excess pore pressure at failure, bduf, to be obtained for

normally-consolidated samples.

5.3 THRESHOLD SHEAR STRESS LEVEL

In the context of the present research program, the threshold shear
stress level is defined as the combination of Taye/su(NC) and te/8,y(NC)
below which failure does not occur in stress—controlled undrained direct
simple shear loading. The existence of such a threshold level is crucial
for tension leg platform stability since its absence means that with
continued cyclic loading, fallure progresses downwards along the pile, thus
resulting in increased deformations and potential pullout of the pile.

In the course of investigating the effects of the average and cyclic
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shear stress ratios on cyclic clay behavior, failure, as defined by
reaching the maximum obliquity line in a stress path plot, did not occur
for certain combinations of Tyyae/s,(NC) and t./s5,(NC) even after subjecting
the s0il to a very large number of undrained cycles. Test C—17; with
Tave/8y(NC) = 0.59 and 1./s,(NC) = 0.30, was the first no-fallure test,
during which strains and pore pressures were stabilizing with increasing
number of cycles, up to N=10,000 cycles.

A total of six stress—controlled cyclic DSS tests with small cyclic
shear stresses were performed in order to better define the threshold
region in the Tgye/sy(NC) versus 1./s8,(NC) space. Two of the tests were
performed with Tyye=0, and the other four with Tgye*0, and their details
can be found in Table 5.3. For each test, the table lists the test number,
the vertical consolidation stress E}c in Kg/cm2, the average shear stres§
ratio Tgye/sy(NC), the cyclic shear stress ratio 7./s,(NC), and finally
information at the maximum cycle number reached, including the normalized
excess pore pressure Aufs;c, and the cyclic shear stress Y.(%) for tests
with zero Taye, or the average shear strain yYaye(Z) for tests with non-zero
Tave*

Figures 5.37 through 5.42 plot normalized excess pore pressure versus
cycle number, shear strain versus cycle number, and stress path at selected
number of cycles for tests C-22, C-23, C-17, C-39, and C-40 respectively.
Because the tests involve a large number of cycles, the plots do not show
every cycle, but every 100th cycle for tests C-22, C-23, C-17, C-25, and
C-40, and every 1000th for test C-39. There are missing data in Figures
5.37, 5.39, 5.41, and 5.42 due to occasional failures of the data
acquisition computer system during testing. Very little change occurred in

these periods, hence the computer failures are not critical.
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Tests C-22 and C-23 were performed on the same sample and in reality
correspond to one test with zero average shear stress, and two different
cyclic stress ratios. The sample was first subjected to 10,000 cycles at
1./8,(NC)=0.25 followed by 10,000 cycles at 1./5,(NC)=0.35, which explains
why the values of excess pore pressure and shear strain, at cycle one in
test C-23, are not equal to zero. The tests involved small cyclic shear
strains, with values very ¢close to the minimum measurable strain of the
data acquisition system used (1 Least Significant Bit corresponds to 0.1%
shear strain). This explains the measured scatter in the shear strain data,
and the fact that no increase in shear strain with cycle number can be
accurately detected in Figures 5.37(b) and 5.38(b) (a small real increase
is masked by the scatter caused by measurement inaccuracies). All six
tests did not fail after large numbers of cycles (10,000 cycles in the case
of tests C-17, C-22, and C~23, 15,000 cycles in the case of test C-25,
100,000 cycles in the case of test C-39, and 32,000 cycles in the case of
test C-40), but rather developed cyclic strains that stabllized.
Throughout cycling, the excess pore pressure was increasing at a rather
slow rate with increasing number of cycles. The stress path plots indicate
that, when cycling was stopped, the effective stress path was far from
reaching the maximun obliquity line, hence failure. Comparison of the
excess pore pressure at a given cycle number, between test C-39 and tests
c-22, C-23, C-17, C-25, and test c=40 shows a higher excess pore precsure
level in test C-39. This indicates that the loading conditions in test
C-39 are the most severe. Figure 5.43 plots the excess pore pressure ver-
sus the logarithm of cycle number for test -39, and shows a linear in-
crease in excess pore pressure with log N between cycle 1,000 and 100,000.

The estimated value of the excess pore preesure at failure according to
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Equation 5.3 (in Section 5.2.2) is also shown in Figure 5.43. Extrapolation
of the straight line in Figure 5.43 beyond cycle number 100,000 indicates
no failure in one million ¢ycles, and potential failure in about B million
cycles of undrained shearing. While the exact cycle number at failure is
not known, extrapolation of the data for one logarithmic cycle of N can be
done with confidence, leading to the conclusion that Test C-39 does not
fail in one million cycles. This, coupled with the fact that test (-39 has
the most severe loading conditions among the six non-failing tests, leads
to the conclusion that all six tests listed in Table 5.3 do not fail in one
million cycles.

Figure 5.44 shows the six tests along with a curve showing a proposed
no-failure boundary. Combinations of Taye/sy(NC) and 1./5,(NC) below this
boundary correspond to no failure conditions, while combinations above the

threshold lead to failure.

5.4 EQUAL STRAIN AND FAILURE CONTOURS FOR TESTS WITH Taye=0

Results from cyclic undrained stress-controlled DSS tests with Taye=0
are summarized in Figure 5.45 which plots the cyclic stress ratio 1./s,(NC)
versus the logarithm of cycle number. The plot is traditionally referred
to as an S-N diagram, and shows four iso-y, curves, or curves of equal
cyclic shear strain, corresponding to progressively higher values of yo. A
curve corresponding to failure, which 1is defined as the stress state
corresponding to maximum obliquity 1is also shown. These curves were
obtained by using the results of all the tests run on N.C. RBBC samples
with Taye=0, and by selecting from each test the appropriate number of

cycles corresponding to the desired y.. For example, during test C-5 (with
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T1c=0.56 sy{NC)}, the sample reached a cyclic shear strain of 0.3% after 20
cycles, 0.5% after 70 cycles, 1% after 125 cycles, and finally a strain of
32 after 160 cycles. These data are plotted in the figure as four points
at T./s,(NC)=0.56 and N=20, 70, 125, and 160 respectively. The 1iso-v.
curves can be used to determine the eyclic shear strain resulting from the
application of N cycles at a given constant cyclic shear stress level
T./sy(NC). Also, the maximum obliquity (MO) curve can be used to obtain

the number of cycles to failure, Ng, for any given cyclic stress ratlo

1co/s,(NC).

5.5 EFFECT OF Tgye ON CONTOURS OF NUMBER OF CYCLES AT FAILURE

Figure 5.46 plots contours of equal numbers of cycles to failure, or
iso-Ng curves, for various combinations of average and cyclic shear stress
ratios. These curves were obtained from the knowledge of Nf, the number of
cycles required to reach maximum obliquity, as well as Taye/Su(NC) and
T./84(NC) for all the undrained cyclic DSS tests performed with Tgye*0.
The curve of Nf>105 is the threshold shear stress boundary. All the other
contours of various Ng values (Ng=10, 50, 100, 1000) are constructed by
connecting points of equal Ng values in the T./s,(NC) versus Tave/ 5y (NC)
space.

1t is important to observe that the iso-Ng contours are smooth and
continuous in the region close to Taye=0e This indicates that the
definition of fallure, based on effective stresses reaching maximum
obliquity leads to comnsistent results for tests performed with Tgye=0 and
those with T,ye*0, despite the very different strains at fallure in the two

cases. In all tests conducted in this study, the effective stress paths
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reached the maximum obliquity line of 30.0° % 1.2° when Y.=% 3% in the case
of Taye=0, and Ya;e=122 in the case of 1,44,%¥0. The continuity and
consistency of the iso-Nf curves in Figure.4.46 provide a check on the
proposed unified definition of fallure in terms of effective stresses.

Another important observation is the fact that all iso-Ngf curves are
parallel to each other and to the threshold shear stress boundary. This
has a very important practical consequence, namely that knowledge of Nf
from tests with T,ye=0 as well as the threshold shear stress boundary, is
suf ficient to draw iso-Nf contours, and hence predict Nf, for cases of
Taye?0. Any desired N¢ contour can be obtained by locating the value of
To/5y,(NC) which would lead to fallure in Nf cycles with zero average shear

stress, and then drawing a curve parallel to the threshold boundary.

5.6 NORMALIZED RESULTS

5.6.]1 Normalized Excess Pore Pressure Plots

Having a predictable and consistent definition of the pore pressure at
failure, normalized excess pore pressure plots versus normalized number of
cycles can be prepared and compared for various testing conditions. The

test results were thus normalized as follows:

Au = AufAug (5.4)

where Au : excess pore pressure during undrained cyclic shearing
Aug: excess pore pressure at failure.
N : number of cycles

Nf: number of cycles at failure
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Figure 5.47 presents plots of AU vs. N from five tests with Tgye=0
(¢-2, C-5, C-6, C-7, €-30), with To/54(NC) values ranging from 0.5 to 0.85.
Figure 5.48 shows plots of AG vs. N from 12 tests with T,,.#0 (C-8, C-9,
¢-10, ¢-11, ¢-12, €-13, C-14, C-15, c-16, c-18, c~19, C-20), with
Tave/$,(NC) ranging from 0.39 to 0.69, and t./s,(NC) ranging from 0.4 to
0.6. The number of cycles to failure In the seventeen tests ranges from 11
to 1827. 1In both figures, the normalized curves exhibit similar trends and
fall within consistent bands.

Comparing the two figures, it appears that results of tests with
Tave=0 plot within the scatter of those with Tgya*0, except for N>0.5 where
they are slightly higher. This discrepancy is believed to be due to
experimental imperfections in the early tests with T,,.=0, performed using
the old MIT height adjustment mechanism instead of the newer, more accurate
Electrocraft system.

In summary, normalized plots of Au vs. N from stress—controlled

undrained cyclic DSS tests on resedimented Boston Blue Clay fall within a

narrow band, with an average that can be fitted by the expression:

A = 0.94 N(0.623) (5.6)

5.6.2 Normalized Strain Plots

Figure 5.49 presents plots of Yel%) vs. N from the five tests with
Tave=0, and Figure 5.50 presents plots of AYaye(X) = Yave(%) —Yac(%) vs. N
from the twelve tests with Tgye?0. In each figure, the normalized curves
plot within a well defined band despite the large variation In Tave, T¢»

and Ny for each test. The mean curve in each band can be fitted by the

equations:
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3.751 N
Tave=0: Y{%)} = 0.127 e (5.7)

3.466 N
Tave®0: MYaye(%) = 0.326 e (5.8)

Equations 5.7 and 5.8 can be combined with Equation 5.6 to estimate Au

from Y. or AYaye, rvespectively:

Tave=0: Aa = 0,413 [In (515=)10"0% (5.9)
Tave?0: b3 = 0.433 [In (Flaye)]0+0%3 (5.10)

5.6.3 Prediction of Cyelic Behavior of Normally Consolidated Resedimented
Boston Blue Clay

This section presents a method for predicting the behavior of a
normally consolidated sample of resedimented Boston Blue Clay when
subjected to undrained stress-controlled cyclic direct simple shearing.

If the average shear stress Taye, the cyclic shear stress 7., and the
vertical consolidation stress E}c are known, then the excess pore pressure
Au and shear strain (Y. In the case of Tp,e=0 and Ayyye 1n the case of
Tgve?() can be estimated as follows:

l. Determine Auf from Equation 5.3, and Ny from Figure 5.46;

2. At any shearing cycle N, calculate the normalized cycle number
E;N/Nf, hence determine the normalized excess pore pressure, d:, from
either Figure 5.47 or Figure 5.48, and the accumulated shear strain
(Yo OT AYgye) from either Figure 5.49 or Figure 5.50;

3. Calculate Au = Au . Aug.

This method applies for normally consolidated RBBC samples with no

previous cyclic history. It is restricted to combinations of tgye/s,(KRC)
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and t./s,(NC) above the threshold shear stress boundary shown in Figure

5.44, and for undrained cycling with a period of 10 seconds.

5.7 BEHAVIOR OF NORMALLY CONSOLIDATED CLAY UNDER VARIABLE CYCLIC LOADING
In order to investigate the effect of storm loading which is variable
in nature, three cyclic undrained DSS tests were performed with variable
cyclic shear stress ratios. The three tests, which are listed in Table
5.4, were performed on normally consolidated sampies of resedimented Boston
Blue Clay, with zero average shear stress Tuye. For each test, the table
gives the test number, the vertical consolidation stress EQC, the average
shear stress ratio Tave/sy(NC) which equals zero for all tests, the cyclic
shear stress ratio T./6,(NC) which varies between 0.5 and 0.7, and
information at failure including the number of cycles, the excess pore

pressure, and the average shear strain YavelZ).

5.7.]1 Results of test C-28

Test C-28 consists of two phases. During the first, cycling was
performed at t¢/s,(NC)=0.57 for the first 29 cycles, then in phase two, the
cyclic stress ratio was increased to 1o/5,(NC)=0.70 and maintained at this
level until sample failure. Results of test (-28 are presented in Figure
5.51, and show the following trends:

1. During phase one, the excess pore pressure Versus cycle number
shows a trend similar to normally consolidated samples, namely a sharp
increase followed by a more gradual one. There is a discontinuity in
excess pore pressure at the interface of the two phases (end of cycle 9)

resulting from the increase in cyclic shear stress ratio., During phase
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two, the excess pore pressure curve is concave upward (as opposed to
concave downward in phase one), due to an increasingly faster rate of
excess pore pressure generation. At failure, the excess pore pressure
reaches a final value of 8u/0,.=0.72.

2. The shear strain increases slowly with cycle number during phase
one, then quickly in phase two, due to the higher cyclic stress ratio.
There is an instantaneous increase in strain due to the jump in Tc/Su(NC)
at cycle number 30. The sample falils due to accumulation of cyclic shear
strain v.{%), with almost zero average shear strain.

3. The normalized shear stress T/;;C versus cycle number curves
shows larger hysteresis loops resulting in smaller secant modulus with

increasing number of cycles.

4, The effective stress path clearly shows the variable nature of
the cyclic loading. The stress path migrates towards the origin with
increasing cycle nunmber until failure occurs at Ng=53 by reaching the
maximun obliquity line (close to 30°). This is the same failure criterion
as tests with constant cyclic stress ratio. At failure, the cyclic shear

strain exceeds 3% as shown in Figure 5.51(b).

5.7.2 Results of test C~37

Test C-37 consists of two phases, the first is from cycle number 1 to
62 with a cyclic shear stress ratio t./s,(NC)=0.50, and the second from
cycle number 62 to faillure with 1,/s,(NC)=0.64. The results are plotted in
Figure 5.52, and show identical trends to results of test C-28.

1. The excess pore pressure curve is discontinucus at cycle 62,
which corresponds to the increase in eyclic stress ratio. The pore

pressure increases slowly, with a concave downward curve in phase one, then
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very rapidly, with a concave vpward curve in the second phase.

2. The cyclic shear strain increases with cycle number, and at
failure, Yo(%) exceeds 3%. There is a jump in cyclic shear straln at cycle
62 because of the increase in the cyclic stress ratio;

3. The secant modulus decreases with increasing cycle number as
shown in Figure 5.52(c).

4. The effective stress path migrates towards the origin as cycling

progresses. Failure occurs at maximun obliquity, after 112 cycles.

5%.7.3 Results of test C-38

Test C-38 consists of three phases with different values of ecyclic
shear stress ratio. The test sample was first subjected to 265 cycles at
1¢/84{NC)=0.50, followed by 10 cycles at T./s,(NC)=0.70, after which fhe
cyclic stress ratio was decreased to to/sy(NC)=0.56 until failure. The
results are shown in Figure 5.53, and indicate similar trends to those of
tests C-28 and C-37.

l. In the first phase up to cycle 265, the excess pore pressure
incteases gradually, in a manner similar to tests with constant cyelic
stress ratio, with a concave downward curve. Then, during the 10 cyclés
with 1./s,(NC)=0.70, the pore pressure increases very rapidly, with a
concave upward curve., In the third phase, after decreasing the cyclic
shear stress ratio to t./s,(NC)=0.56, the excess pore pressure continues to
increase until failure, but at a lower rate, resulting in a concave

downward curve.

2. The cyclic shear strain increases slowly in the first phase up to

cycle 265. There is a sudden increase in cyclic shear strain at cycle 266



155
due to the increase in T./s,(NC), and there 1s a sudden decrease in cyclic
shear strain at c§cle 276 due to the decrease in T./s,(NC). At failure,
the cyclic shear strain {s greater than 3%, and the average shear strain is
small.

3. The normalized shear stress versus shear straln curves are
plotted in Figure 5.53(c¢), and show hysteresis loops. The secant modulus
constantly decreases with eycle number as the size of the loops increases.

4. The effective stress path shows three distinct levels of cyclic
shear stress ratio. The vertical effective stress decreases, and hence the
stress path migrates towards the origin, with increasing number of cycles.

At failure, the stress path reaches the maximum obliquity line {(30°%), after

a total of 303 cycles.

5.7.4 Summary of Tests with Variable Cyclic Loading

Results of three tests with zero Tgye and variable 1./s5,(NC) indicate
similar trends to results of tests with constant cyclic stress ratios.
Failure occurs when maximum obliquity is reached, at which point the cyclic
shear strain exceeds 3%, and the average shear strain is very small.

The normalized excess pore pressure at failure, Auf/EQC, can be estimated
using either equation 5.2 or 5.3, with T equal to the last value of cyclic
shear stress applied prior te failure.

The rate of increase in excess pore pressure varies with the cyclic
shear stress ratio. This gives the excess pore pressure curve a concavity
which is upward following an increase In cyclic shear stress ratio, and a
concavity which is downward following a decrease in T¢/s,y{(NC).

The cyclic shear strain Is proportional to the cyclic stress lavel,
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and changes suddenly when the cyclic stress ratio is changed. Any increase
(or decrease) in To/sy(NC) results in an instantanecus increase (or
decrease) in vc.(%).
A method of predicting the results of tests with variable cyclic
loading, using results of tests with constant cyclic stress ratio, is
presented in Chapter 7. The method is then evaluated using the results of

tests C-28, C-37 and C-38.
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TABLE 5.1

SUMMARY OF UNDRAINED CYCLIC DSS TESTS
WITH Taye=0 ON NORMALLY CONSOLIDATED BBC

Yo = HX)

TEST Oye Jaye | _Ie . N du_ Yave
NO. Kg/cm? s,(NC) s, (NC) Bve (%)
c-2 4.0 0 0.50 525 0.72 0.70
c-5 6.13 0 0.56 160 0.78 0.35

C-6 4.08 0 6.70 43 Q.67 0
c-7 4.08 0 0.85 11 0.59 0.05
Cc-29 4.00 0 0.56 No failure in 29 cycles
Cc-30 8.01 0 0.56 139 0.82 1.1
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TABLE 5.2

SUMMARY OF UNDRAINED CYCLIC DSS TESTS
WITH T5ye*0 ON NORMALLY CONSOLIDATED BBC

Yave = 15(%)

TEgT E\ft:z Taye | _To N du_ Te

. Kg/cm 5, (NC) s,(NC) [J* (%)

c-8 4.09 0.45 0.46 427 | 0.76 1.2
c~9 4.08 0.45 0.46 275 0.77 1.7

c-10 4,08 0.69 0.40 300 0.63 0.56
c-11 4.09 0.69 0.40 312 0.65 0.61
c-12 6.13 0.49 0.40 1827 0.73 0.73
c-13 6.12 0.59 0.40 801 0.67 0.59
Cc-14 6.13 0.59 0.41 532 0.68 0.67
c-15 6.14 0.59 0.50 80 0.64 0.81
c-16 6.13 0,49 0.60 47 0.69 1.64
c-18 6.13 0.39 0.60 66 0.73 2.91
c-19 6.00 0.50 0.51 73 0.69 1.73
c-20 600 0.40 0.51 156 0.74 1.82
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TABLE 5.3

SUMMARY OF UNDRAINED CYCLIC DSS TESTS
NOT REAGHING FAILURE ON NORMALLY CONSOLIDATED BBC

TESTS WITH Tye=0
AT END OF CYCLING
T G || e | | & | n
NG. Kg/cm 8,(NC) 5,(NC) By (%)
c-22 6.01 0.25 10000 0.15 0.05
c-23 6.01 0.35 10000 0.27 0.15
TESTS WITH T,aye?0
AT END OF CYCLING
TEST Oye Taye | _Te by Yave Ye
NO. Kg/cm? s, (NC) s,(NC) N Oye (%) (%)
c=-17 6.12 0.59 0.30 10000 0.24 2.93 0.1
c-25 6.01 0.35 0.35 15000 0.37 1.80 0.1
c-39 6.02 0.15 0.38 160600 0.54 0.90 0.3
C-40 6.01 0.80 0.20 30000 0.20 4.40 0.1
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TABLE 5.4

WITH Taye=0 AND VARIABLE t¢
ON NORMALLY CONSOLIDATED BBC

SUMMARY OF UNDRAINED CYCLIC DSS TESTS

Failure: Max. Opliquity
TEST °vc2 Taye T Range - N Au Yave
NO. Kg/cm 8,(NC) 54 (NC) of N Bye 2)
c-28 6.01 0 0.536 1 to 29 53 0.72 -0.5¢
0.71 30 to failure
¢-37 6.00 0 0.50 1 to 62 112 0.75 -2.39
0.64 62 to fallure
Cc-38 6.01 0 0.50 1 to 265 303 0.76 ~2.54
0.70 265 to 275
0.56 275 to failure




161

—— e —— g —

7 7

ave max

SHEAR STRESS
T

NUMBER OF CYCLES N
CYCLIC STRESS INPUT

c.6 Clé

¢ Dcs.c29,c30
S, (NC) 0.5 [Hcz
FARILURE

C10,C1l1

N2 FAILURE

'l i | A "3 '] 2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Tave

5, (KC)

Figure 5.1 Summary of Stress-Controlled Cyclic CKyUDSS Tests
on N.C. BEC




Figure 5.2

.5l 2

IV/ZRLVALV/A VIR B

T 7,

min ave max

SHEAR STRESS
T
|
>
{
-
——01
"
{
|
|
}

NUMBER OF CYCLES N
CYCLIC STRESS INPUT

] c5,c29,c30

FAILURE

NO FAILURE

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Tave

s, (NC)

Summary of Cyclic CK,UDSS Tests with Taye = 0

1.

0




163

[ ] 1- ﬂ Ll T ¥ ¥ L L L) LJ L] L) rr T ¥ ¥ N LJ v | ] ¥ L) T L L)
|r;> *
2 I ;
y 0.8
wy
E 2.6
E | :
"~ 2.4
E [ ]
jom)
4 - o
B.2 e
E A _ 4 I I Y 3 'l & Fl 'l ' ;- I Il A A i | - | I Il
2 182 200 390 420 500 600
CYCLE NUMBER ()
IB- B L] L) LJ L) L) L) L] L) L ] L L L) L) L ) L} v L L J L . A e B |

5.8

SHERR STRAIN (X)
=

2 A A A B E_L __& _B A A B A& B L A |

-10, g i
2 180 200 300 480 S0P 622

CYCLE NUMBER (b)
Figure 5.3 Test C~2: N.C. BBC, T14ye = 0, 1./s,{(NC) = 0.50

a) Normalized Excess Pore Pressure versus Cycle Number
b)Y Shear Strain versus Cycle Number



164

18.8

y B. 15 L | . | | ¥ | ) L] bI: - lz.‘OO ]  J ¥ ] ) |
-E_’b M SOC/)‘ 520 534
- .1 4 =
i
\n // P""”’//'/}
£ oo
&
£ ° /
g -B-BS
= &

"B-j H

X =10
—B.ls ] F 1 3 '] N1 [ ] | & & g [ ] [ | 4
-10.0 -5.8 %) 5.8
SHEAR STRAIN (%)
(c}

wn 0.2
(Tal
:
8.1
E o
&
E. -Bal

-9.2

.1 .2 B.3 8.4 B.5 B.6 B.7 2.8 2.9 1.8 1.1

NORM. VERTICAL STRESS 6y/Gym

Figure 5.3 Test C-2: N.C. BBL, Taye < 0, Tc/sy(NC) = 0.50

c)
d)

Normalized Shear Stress versus Shear Strain
Normalized Stress Path

(d)



165

3] l.ﬂ n i T L] L L} L L i r R J B L J L L] T L |
& -
E ]
g 2.8 I
V2] J L
W L o
E 8.6
N -
| ]
~ 2.4
x s o
o =3 -
g o -
2.2
B '] g a 'l 'l Il k il ' '] & i L 3 »
% 40 8P 120 168 220
CYCLE NUMBER (a}
10.2
5'B

SHEAR STRRIN (X)
=

~5.P
"IB.B
@ 40 8e 128 160
CYCLE NUMBER (b)
Figure 5.4 Test (-5: N.C. BBC, Tgye = 0, 7./5y(NC) = 0.56

Normalized Excess Pore Pressure versus Cycle Number
Shear Strain versus Cvcle Number

aj
b)

20

)



166

16.9

B.]S B ] B L] L} k J ¥ L | L | L J L J L Ll L ) L} E ]
U N =|1 50
e i 155 164 169
o1 A A\
g
E 2.85
&
W 2
(V3]
L -2.05
: =

-2.1 > v 7

+4
N = 150 1
-a.ls & » B a2 & '] & 0[) B i [ N a 2 il »
-IB-B -5¢E B S.B
SHEAR STRAIN (X}
(¢}

£
o B8.2
N
o
w B.1 H
&
bl %
[Ta)
E: -8.1
e

-9.2 : . . .

P 9.1 p.2 2.3 8.4 9.5 8.6 2.7 2.8 8.9 1.0 1.1l
NORM. VERTICRL STRESS &y/dynm
{d)

Figure 5.4 Test C-5: N.C. BBC, Tgye = 0, To /8y (NC) = 0.56

c)
d)

Normalized Shear Stress versus Shear Strain
Kormalized Stress Path



v 1.8
0.8

:

E o

4

= g4

p 3

S

z

10.P9
EE 5.0
=z
E o
&
&
-5.8
-18.8
Figure 5.

167

LJ L] L L) L) L] Ll L LJ L] LJ L] L} v Bl L] ] L L}

o

of . -
= -
o -
L -
- -
o L

P 1B 20 e 48 1%}
CYCLE NUMBER (a)
- r:
[ 1|
[ AH :
b -
f ..mnmnnmnwnnnfmnnnnrnnnnnnﬂnﬂflﬂnnn )
T VYUYV VYRV VTV WUWWWWWUL ]
: |-
! i
) 19 20 an 40 SP
CYCLE NUMBER (b)
5 Test C-6: NK.C. BBC, Tgye = 0, 1./8,(BC) = 0.70

a)
b)

Normalized Excess Pore Pressure versus Cycle Number
Shear Strain versus Cycle Number



168

19.@

K= 1*10
+

o E-ls L l- L] R J L}  J L | "AZZ. 4; L | L | k §
IC>
T .1
e
(78]
E 2.8s /
: [/
£ P 7 /
g -8.05
: (

-E.l L/ (/

_B-ls [y [ ) N 3 ] A 1._l‘r A 1 A A ¥ 4 i [

-10.0 -5.0 =30 20 p 5. B
SHERR STRAIN (%)
(c)

t§
b B.2
(V2]
2
= 8.1
&
& 1]
(Va}
g 2.1 \RAELL l

-8.2

Figure 5.5 Test C~6:

c)
d}

NORM. VERTICAL STRESS 6v/8vn

X.C. BBC, Tgye =

Normalized Shear Stress versus Shear 5train
Normalized Stress Path

(d)

0, 1c/sy(NC) = 0.70

2.1 8.2 8.3 8.4 0.5 8.6 0.7 0.8 0.9 1.8 1.1



v« 1.8
ch
E
w p.8
&
(V2]
v
¥ g.6
B
&
-~ 0.4
=
2
B.2
%}
10.8
EE S.8
=
E g
&
&
—S-B
-18.08

Figure 5.6 Test C-7:

169

N.C. BBC, 1y

= 0, T¢/5u(NC) = 0.85

a) Normalized Excess Pore Pressure versus Cycle Number
b) Shear Strain versus Cycle Number

. o
/’/_ﬁ“

L /f/r

%] 8 12 16
CYCLE NUMBER (2)

L L} T L Ll L L L} L J UIH

b

- n -

[ T

'__mr\h/\{\f\f‘f\nn[‘ﬂ ]

SR A AA VAVAVAY 4

- L

- L

3 1

f ]

P Il ¥ 'l " '] A 2 a [l °

2 B i2 16
CYCLE NUMBER (b)



170

. 3.2 | QEEEN SR | ™ | B T Nl= l'+'l3 T Y
IO> - M -
un
=
m - -
&
¥ 2
v
E | ‘
z -p.1 </
-0.2 - Nl rl KN A Kl » [l N1 A a2 & &
-18.9 -5.0 0 5.9 1.2
SHEAR STRAIN (X)
(c)
3
u"‘: 2.2 ’
. AL
: AW TRTTARN
g
- \ | |
E \ 4 J
-8.2
g ©.1 8.2 9.3 8.4 2.5 B.6 0.7 8.8 B.9 1.0 1.1
NORM. VERTICAL STRESS 5,/6yn
(d)
Figure 5.6 Test C~-7: N.C. BBC, 1gye = 0, T /sy(NC) = 0.85

¢) Normalized Shear Stress versus Shear Strain

d) Normalized Stress Path



171

1'5 L) L L - L) L L LJ L] L] L i J

8.5

ltDg

3

:

N

E .
2

[

0.4

z

2

d
5P 120 150
CYCLE NUMBER (a)
IB.E L _' L) . k] L) L L] . L ] | ¥ J
E 5.9 I )
= i )
E - -
— B e
" ) .
& I )
~5.8 )
[ ]
L 4
-1B.ﬂ _B _ B | .| 2 & a Fl B I a 1
] S0 100 158
CYCLE NUMBER (5)

Figure 5.7 Test C-29: N.C. BBC, Tave = 0, 1./5,(NC) = 0.56

a) Normalized Excess Pore Pressure versus Cycle Number
b) Shear Strain versus Cycle Number



172

5015 L | L J ] L L] ] L) L] | ] LJ " L) | J L}
o
o5
8.
i
Wt
E 0.05
v
o
&
W ]
Vsl
é "ﬂ.ﬂs
x

-8.1

N=
_8’15 » & N | A '] B Il A ' ) 1 & [ ] ' 4
-18.0 -5.8 e 5.8 1.8
SHERAR STRRIN (%)
{c)

E
ID>
n 8.2
i
5o “r*
E
&
g‘ -8.1

-ﬂ.2

? B8.1 8.2 8.3 8.4 0.5 2.6 8.7 2.8 8.9 1.8 1.!
NORM. VERTICAL STRESS &v/Ovn
(d)

Figure 5.7 Test C-29: N.C. BBC, Tgye = 0, 1o/5,(NC} = 0.56

c¢) Normalized Shear Stress versus Shear Strain

d) Normalized Stress Path



Ove

NORM. PORE PRESSURE Au/

SHERR STRRAIN (X)

Figure 3.8 Test C-30:

173

1.0

LA

158

19.@
5.8
2
-513
-10.8 A i ol M A 2 4 A 4 i N
2 5e 180
CYCLE NUMBER o)

a)
b)

N.C. BBC, 1gye = 0, 1./5,(NC) = 0.56

Normalized Excess Pcre Pressure versus Cycle Number

Shear Strain versus Cycle Number

158



174

o B-}S L] Ll L LJ 1 J L} L 'Nsl' 56106 i L | L} L} L] L)
e Ty 140 144
R [] A
W/
E B.B5
; / /

‘%‘ )
g

14

 N=]20

i A ' Fl il '] '

Tvm

SHERR STRAIN (X}

(c)

2.2 '
IN=128
¥

B.1

NORM. SHERAR STRESS 1/

BN

Figure 5.8 Test C-30:

NORM. VERTICAL STRESS &y/dyp

N.C. BBC, Taye =

¢) Normalized Shear Stress versus Shear Strain
d) Normalized Stress Path

0, To/sy(NC) = 0.56

(d)

@ .1 B.2 8.3 9.4 9.5 8.6 0.7 0.8 8.9 1.8 1.1



175

IAVAR VAR VAR VIS N

min Tsve Tm:

SHEAR STRESS
T
|
>
>|
Eﬂ
I
I
|
f

NUMBER OF CYCLES N
CYCLIC STRESS INPUT

sy, (NC) 0.5 FAILURE

Cl0,Cl1

NC FAILURE

0 c.» 0.2 0.3 0.4 0,5 0.6 0.7 0.8 0.9 1.0 1.

Tave

s (KC)

Figure 5.9 Summary of Cyclic CK,UDSS Tests with Tgye ¥ 0




NORM. PORE PRESSURE au/d..

SHERR STRARIN (X)

Figure 5.10 Test (-8:
Normalized Excess Pore Pressure versus Cvcle Number
Shear Strain versus Cycle Number

1.8

B.6

2.4

8.2

20.08

15.8

1.9

5.8

LASER| U BRLL AR )

176

2 100 200 320 400 174
CYCLE NUMBER (o)

3 -

o L

B 100 280 329 400 589
CYCLE NUMBER )

a)
b)

N.C. BBC, Tgye/sy(NC) = 0.45, 1./sy(NC) = 0.46



177

ﬂl25 L L L L L | ] L) L} ¥ ¥ ¥ LI L] L L)
55 N=% 100 300 690 ﬁlO 4%2 43ﬁ
ooR2 *r v
in F
e L] I
: ] Y/ /i
o /

Sl (ViR A/ /AN
z 9.85
= ML rryry
2 1 -
N=200
-,BS ;Y S S | I R N [ ] 'l l-l.l N SR e e |
) 5.0 10.02 15.8 2.2
SHEAR STRAIN (%)
(C.)
é 0.3
& 2.2
- /
W B3
(Ta]
z 0
&
-p. 1

e ©.1 8,2 2.3 8.4 0.5 B.6 2.7 0.8 2.9 1.0 1.1
NORM. VERTICAL STRESS 6y/6yn

(d)

Figure 5.10 Test C-8: N.C. BBC, 75,e/s,(NC) = 0.45, T./8,(RC) = 0.4¢
¢) Normalized Shear Stress versus Shear Strain
d) Normalized Stress Path



178

l.B

yr v 7

L) ¥ ¥ ¥

L LA |

T ¢ ¥ ¥

F ¥F 7 ¥

L AL

NORM. PORE PRESSURE au/d,,

20.0

15.08

10.2

SHERR STRAIN (X}

5.0

Figure 5.

2 _ A B

[ T |

23 4 i

s 2 2 _}

17

190

150

CYCLE NUMBER

200

250

(a)

300

[ e

2 & & J

AL b A b

Test

a)
b}

=1

C-9:

100

150

CYCLE NUMBER

280

258

(b)

380

N.C. BBC, Taye/Sy(BC) = 0.45, 1¢/s (NC} = 0.46

Normalized Excess Pore Pressure versus Cycle Number
Shear Strain versus Cycle Number



178

5.25 rr 1 14 T r r. I Y L] L ) ¥ T T
rcg
ey N=1 100 200 240 260 271 277

8'2 + 4 B ¥ + 4 ¥
wn ]
¢ [ / A /]
w
E @.15 /7 7 /
& /] / // // /
&g g.1 7
; NIV Ay
E .05
o]
= L Y

2 4 $ v

_B‘Bs _ N A 1 [l ] A & & a2 a2 [l 2

Y 5.8 10.8 15.82
SHEAR STRAIN (%)
(c)

ICE
m 0-3
[Fa]
&
n 8.2
g Bg.1
&
;§:' e

-g.1 y ' '

g 0.1 8.2 8.3 .4 8.5 8.6 B.7 2.8 8.9 1.2 1.1
NORM. VERTICAL STRESS &v/Oyp
(d)

Figure 5.11 Test C-9: N.C. BBC, Tgye/sy(NC) = 0.45, 1./s5,(NC) = 0.46

c)
d)

Normalized Shear Stress versus Shear Strain
Normalized Stress Path



1.8

8.4

NORM. PORE PRESSURE au/Gy.

R.2

20.4

15.9

10.8

SHERR STRRIN (%)

S.p

Figure 5.112

1

80

L e I J

L B B

L I

LA L)

F §F

LB B B |

b)

Shear Strain versus Cycle Number

B 5@ 180 158 208 2582 320 3sa
CYCLE NUMBER (a)
o
B S0 190 1508 200 250 300 350
CYCLE NUMBER b)
Test C-10: N.C. BBC, Taye/sy(NC) = 0.69, 1./s,(RC) = 0.40
a) Normalized Excess Pore Pressure versus Cycle Number



NORM. SHEAR STRESS 1/dyc

/8ym

NORM. SHEARR STRESS

Figure 5.12 Test (-10:

B.25

=
N

=
—
o

=
.
[ ]

Bl 55

B.3

8.2

8.1

181

- r\:=1 an ) '200' 1250 3C')0 . '_:oal 1
o 4 + + + 4 b
: L )3
: | ﬁ / / / :
p ( (/ .
e 5.0 18.02 15.8 20.02
SHERR STRAIN (Z]
(c)
g 9.1 8.2 8.3 0.4 0.5 0.6 6.7 8.8 8.9 1.0 1.1

NORM. VERTICAL STRESS 5,/6yn

(d)

N.C. BBC, Tyye/sy(NC) = 0.69, 1./54(NC} = 0.40

¢} Normalized Shear Stress versus Shear Strain
d} Normalized Stress Path



182

g I-E T s ¥ F ¥y ¥ 7 ¥ T v v ¥V T F ¥ 9 T v ¥ ¥ BB r r vy
< [ )
3 ! )
g 2.8
o L
5} - -
3 -
£ o6t ]
& - ]
5 -
E. 2.4 t
E - ]
o
=
B.2
. L
E a & B 1 _h b b I e . [ T A _h & & a4 4 2 [ N . |
(4 58 180 158 282 250 382 350
CYCLE NUMBER (a)
25-3 ¥ LB L) yr vy LB L LI L LB LB 1T ¥ 7 ¥
[ ]
E 15.9 " )
- - o
E 10.0 } 1
E 3 -
o L
5 : .
5.0
B i [ N W N . i i I | 3 & 4 A I I e | f EIN S .
=1 180 150 209 250 K% 35@
CYCLE NUMBER b)
Figure 5.!3 Test C-11: K.C. BBC, Tgye/sy(NC) = 0.69, 1o/sy(BC) = 0.40
a) Normalized Excess Pore Pressure versus Cycle Number

b)

Shear 5train versus Cycle Number



183

atzs ¥ B L) ] ¥ L | L ) L J ¥ L ) I ; J | Li L
> 200 250 300 310 316 y
L3 + ‘ ¥ + + y
q
| -
o
i ]
EE .
% .15 | 4 f
-
< @.1 f
- -y
= T
L N=100 -
B.Bs N "1 - 3 'l rl Il N B R y [l | & ] F
(%) 5.0 12.2 15.8 20.8
SHERR STRRAIN (%)
(c)
3
8.3
A
2
tn 8.2
&
w B.l
&
E‘ 4]
-2.1
g 9.1 0.2 2.3 0.4 8.5 8.6 0.7 9.8 8.9 1.8 1.1
NORM, VERTICAL STRESS &y/6yp
(d)
Figure 5.13 Test C-11: N.C. BBC, 15ye/sy(NC) = 0.69, 1./s,(NC) = 0.40

¢} Normalized Shear Stress versus Shear Strain
d) Normalized Stress Path



184

Iog 1.9 X T T Y L Y Y T 71 | S ) T | — Y T
tg 3
g g.8 )
U'i o -y
& ‘ ]
o B-s L
E -
R a 4 )
E | ]
.2 )
g I DR W W | U S U 1 L1 3 2 N W B 1
") 1 1880 1502 2009
CYCLE NUMBER h(
&)
28.9 Y .. Y 7 S ™3 Y s ]
[ ]
E 15.9 )
E -
EE L
5'8 -
) 3
2 S0P 1002 1500 2000

CYCLE NUMBER by

Figure 5.14 Test C-12: N.C. BBC, Tg4e/sy{(NC) = 0.49, 1./5,(NC) = 0.40

a) Normalized Excess Pore Pressure versus Cycle Number
b) Shear Strain versus Cycle Number



i85

E: 6.2 r N=l' 300 120D 15007 T1760 77 Jeod NEECH
. IR .
7 B.15 f 1
x
= j/J / / |
o
(o3 g _ | r o
E”-‘.L/Yv /l / .
" LY I
< B.85
2.0 - | y ) &{ ]
RN’ :
N=600 d00 | 1600 -
g rl o - N '] i ' a r g A i Il ] Il F |
%) .8 19.2 15.08 20.
SHEAR STRAIN (%)
(c)
g
w 2.3
Ta)
2
= 2.2
&
w 2.1
&
E:' 1)
-2.1
g ©0.! 2.2 8.3 0.4 2.5 6.6 B.7 2.8 B.9 1.8 1.1
NORM. VERTICAL STRESS 6y/6yn
(d)
Figure 5.14 Test C-12: N.C. BBC, 14ue/s,(NC) = 0.49, 1./s,(NC) = 0.40
¢} Normalized Shear Stress versus Shear Strain

d)

Kormalized Stress Path



1.8

8.4

NORM. PORE PRESSURE bu/y.

28.8

g 15.08
=
E 10.0
&
%
S.0
4]
Figure 5.

186

b -
g 2808 480 602 [ 15]% 18060
CYCLE NUMBER
(a)
o
9 200 400 620 8802 1800
CYCLE NUMBER b)
15 Test C-13: N.C. BBC, Tave/SU(NC) = 0,59, chsu(NC) = 0.40

a) Normalized Excess Pore Pressure versus Cycle Number

b) Shear Strain versus Cycle Number



U e.zs L Ll ) ) L) L) L L 3 L Bl L) L} ¥ L) LJ L i o
£ [ K=l 200 440 600 700 750 800 815 1
= 3 + ¥ + v + + ¥ + o
o 8.2 | - ' '
th §
u - -
iy - {] :
n o -
. B.1
[ved s -
(=) 3 of
z - -
g.25 | | . , .
b .
E i 2 N ] - | 'l B F & b N —_— 1 [ A s h
%) 5.8 12.9 15.0 28.0
SHEARR STRAIN (X)
(c)
£
w B.3
in
[}
e
= 8.2
[ 4
0.1
i
E’ e
-2.1
P ©.1 9.2 8.3 8.4 B.5 8.6 0.7 B.8 8.9 1.2 1.1
NORM. VERTICAL STRESS &y/yg
(d)
Figure 5.15 Test C-13: N.C. BBC, 1,4a/sy(NC) = 0.59%, 1./s5,(KC) = 0.40

187

c) Normalized Shear Stress versus Shear Strain
d} Normalized Stress Path
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Normalized Stress Path
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CHAPTER 6

UNDRAINED CYCLIC BEHAVIOR OF OVERCONSOLIDATED RESEDIHENTED

BOSTON BLUE CLAY

This chapter presents results of cyclic undrained DSS tests on
overconsolidated  samples of resedimented Boston Blue Clay RBBC!, up to
OCR=4. A summary of monotonic shearing is given-first, followed by the
results of the cyclic DSStests. Finally, a hypothesis  regarding Apparent
Overconsolidation AQCR! caused by undrained cycling is presented. The
AOCRhypothesis enables predictions of the behavior of overconsolidated
clays during undrained cyclic shearing to be made on the basis of test
results on ~ormally  consolidated soil. In addition, the AOCR hypothesis

allows predictions of clay response due to cyclic shearing with variable

intensities.

6.1 OVERCONSOLIDATED BEHAVIOR UNDER UNDRAINED HONOTONIC SHEARING
Figures 6.1, 6.2, and 6.3 present results of eight undrained
monotonic CKoUDStests performed on RBBGamples with overconsolidation
ratios ranging from Ito 8, as reported by Ladd 6 Edgers 972! ~ The
samples in these tests were first consolidated under K conditions to a
value avmin the virgin compression range and then the vertical effective

stress was decreased to ovc in order to reach the desired OCRovm/crvc.
The samples were then sheared in an undrained modeat a constant rate of

strain.

Figure 6.1 showsthe stress paths from these tests at OCRvalues of
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1,2,4and8. Comparéad the normallyconsolidatedNClsoil, the
overconsolidated OC! samplesshowa tendency for swelling as shearing
starts, as indicated by the increasein ov/ovm.For high OCRalues,
OCR!, this tendencyf av/avnto increasecontinuesintil the peak
resistance is reached. For mediumalues of OCROCR~2-4lthe initial
increasen aviovns followedby a decreasantil peak. After the peak
strengthis reachedstrain softeningof the soil occursat all OCRs.
Bothav/avrandT/ovitendto decreasandhe stresspathsapproadhe
maximuoivliquity line with 1'gp=30Ihepeakiormalizestrengthsu/ovm
'trna+/adecreaseagth increasin@CRsis showm thefigure.

Figure6s2presentsnormalizedhearstress andnormalizeg@ore
pressurgs. sheastrain. Bothl anchuarenormalizday avc,the
vertical effective stress prior to undrained shearing. The stress vs.
strain curvesshowan increasein xm»/ovcwith increasing OCRnot to be
confused with the decrease in ~ma</crviwith OCR!. The pore pressure Vvs.
strain curvesshowa decreasan hu/ovc negative pore pressures!followed
by anincrease. Thehigherthe OCRhe morenegativethe porepressures,
and the smaller the final value of bu/ovc.

Figure6.3 plots the peakundrainedtrengthratio su/ovcvs. OCR.

The data points can be fitted by the equation:

s OCI! s NC! S
Nss OCI IJ s NC!

whichcanbe usedto estimatethe undrainedDSStrength for any OCR

value.
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6' 2 OVERCONSOLIDATED BEHAVIOR UNDER UNDRAINED CYCLIC SHEARING

Eight undrained cyclic DSS tests were performed in this study on
overconsolidated samples of RBBC, and are listed in Table 6'1l. Two tests
were performed at OCR=1-38, four at OCR=2, and two at OCR=4, and all had
zero average shear stress, rave 0. For each test, the table gives the
test number, the maximum consolidation stress  rr~, the vertical effective
consolidation stress ovc, the overconsolidation ratio OCR, the average
shear stress ratio rave/su OC!, where s OC! is the undrained monotonic
DSS strength at the proper OCRfor each test, the cyclic shear stress
ratio vc/su OC! which ranges between 0.5 and 0.85, and finally information
at failure or maximum obliquity!, including the cycle number at failure,

the normalized excess pore pressure Au/avc, and the average shear strain

~ave <!
6.2.1 Results at OCR=1.38

Tests C-26 and C-27 were performed on slightly overconsolidated
samples with OCR=1.38. The test samples were first consolidated into the

virgin  compression range to ovm=6.0 Kg/cn¥, then the vertical stress was
decreased to ave=4.36 Kg/cn?,and undrained cyclic shearing was performed
with tave Oand rc/suOC! 0.60 and 0.76, respectively.

Figures 6.4 and 6.5 show results of tests C-26 and C-27. Each

figure  includes:

al  normalized excess pore pressure Au/ovc versus number of cycles

b! shear strain Y X! versus the number of cycles N;

¢!  normalized shear stress r/favc versus shear strain y X! at

selected cycles;
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d! effective stress path, which plots normalized shear stress
r/ovmversusnormalizedvertical effective stress av/ovm.

The results indicate generally similar trends:

1. The normalized excess pore pressure du/avc is cyclic and does
not increase sharply in the first cycles, as in the case of normally
consolidated samples, but remainsvery smalLlfor the first couple of
cycles andthenstarts increasingslowly with continuedcyclic shearing
until  failure is reached and the pore pressure stabilizes.

2. The shear strain versus nu~ber of cycle plots showidentical
trends to those of normally consolidated sampl.es. The cyclic shear strain
yc %%nutreaseswith numbeof cycles, while the averagestrain component
remains zero, and the sample fails by increasing cyclic strain.

3. The normalized shear stress versus shear strain plots show
hysteresis loops increasingin size with cycle numberwhichleadsto a
decreasing secant moduluswith cycle number. At failure in test C-26, the
modulus reaches 6%%6uthe initial value at cycle one, and in test C-27, it
reaches 10/ of the initial value.

The stress paths start from avalue of ov/avm 0.73 corresponding
to an OCR=1.38and t/avm varies betweenthe specified peakswhile the
stress path migrates towards the origin. At failure, the stress path
reaches the maximunobliquity line with $~0 30.0' +1.2', and the cyclic

shearstrain yc X! is closeto 3X as for normally consolidatedsamples.

Tests C-26 OCR=1.38!and test C-S OCR=1!have the samevalue of
~c/ovm=0.116yt different valuesof the cyclic shearstressratio rc/s
dueto differences in the su/avcvaluesresulting fromthe different

overconsolidation ratios. Test C-26has a cyclic shear stress ratio

rc/su OCR~1.38!60whichis higherthanthe cyclic shearstressratio
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tc/su NC! 0 56 of test C-5, and thus has a lover numberof cycles at
failure  Nf 140! than test C-5 Nf 160!. Also, tests C-27 OCR=1.38and
C-6 OCR=1! have the samevalues of tc/avm 0.144, but different values of
cyclic shear stress ratio.  Test G-27 has Ic/su OCR=1.38!0.76, and test
C-27 has tc/su NC!=0.70, which also results in alower numberof cycles at
failure for the overconsolidated sample Nf 37 for test C-27 versus Nf 43

for test C-6!.

6.2.2 Results at OCR 2

Tests C-33 through C-36 were performed on samples with OCR=2. The
test samples were first consolidated to v~=6.0 Kg/cn?,then unloaded to
ave=3.0Kg/cm2,and shearedunder undrained cyclic loading with rave=0and
<c/su OC! ranging between 0.56 and 0.85.

Figures 6'6through 6.9 show results of the four tests which
indicate the following:

1 ~ The normalized excess pore pressure, hu/ovc, is cyclic. During
early cycles, it decreases and reaches a maximunnegative value of -0.05.
However, it gradually increases and becomes positive  with increasing
numbers of cycles until  failures

2. The shear strain versus cycle number plots indicate increasing
cyclic strain yc %%dith cycle number, until failure occurs by increasing
yc X!, while yave X! remains zero.

3. The secant modulus decreases with increasing cycle number, and
at failure, the modulus is typically equal to 8X to IIX of the initial
value at cycle one.

4. The effective  stress path starts at av/avm 0.5, corresponding to

OCR~2,and moves away from the origin  corresponding to negative excess
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porgressurdaalthebeginninfthetests,thent migrateéewards
the origin aspositiveexcesporepressuregregeneratedintil failure
is reached at the maximunobliquity line.

Tess C-3xandC-35nvolveidenical loading- Compéesonof their
results,whiclareshown Figure6.6and.8,showserygood
agreemdmgngaresengothe@onfirmatiofitestrepeatability.
Thenal!odifferences a 10Xhange thecyclenumbat failure

Nf=26dr testC-3and®40or testC-35\hicks smalhnd
negligible Thedwvaestshavéhesamaluefrc/ovi@. , which
almostqualthatof test C-2vithOCR=Howevédheoverconsolidated
tests have highewalueof rc/su OCR 0.56thanthe normally
consolidataest with rc/su NQD.50,andhusa smallenumbaf cycles
at failure Nf=25@r testsC-3andC-3%ersuNf=526r testsC-2!.

6.2.3 Results at OCR4

TestsC-31landC-32vereperformednsamplewith OCR=he
sample®reonsolidatedvrb.0Kg/entherunloadamovd.5 and
cycledndrainadthTaveadc/su OQG!I5@and.50espectively.
Theesultsareshowin Figure6.10and.11 ,andndicateéhefollowing

|. Thenormalizezkcesporepressurdu/avc, is cyclic and
initially startswithlargenegatiwaaluesipto a maxinofiro~15!,
therbecomassitiveandncreasegeryrapidlyuntil failure. TestC-31
experiengedblemghtheheighadjustmeogusiragJunip excess

pore pressure at cycle 56.
2. Thesheasstrainversusyclenumbashowa graduahcreasen

cyclicsheastrainuntil failurebyincreasesiclicstrain,anaero
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average shear strain.

3. Thenormalizedshearstress versusshearstrain showdysteresis
loopsncreasing size,asthesecannhoduldecreaseshcycle
numbeandat failure, it reacheéS%U8/&Xof theinitial valueat cycle

4. Theeffective stress path starts at av/avn0.25, andmoveso
the right to aboubv/avr.28befordat starts migratingowardghe
origin. Atfailure,thestrespathreachesaximabhquity 30+
1.2'. Thesuddedecreasa vertical effectivestressin Figures.10{d!

due to the experimental problem mentioned above.

6 '2.4 Summarof Overconsolidated Behavior

Undrainedyclic DS$ests oneight samplesf overconsolidated
resedimentBdstoBlueClay,with zeroaveragsheastressindicatethe
following:

1. Thefailure mechanisandcriterion arethe samas for normally
consolidatedamplespamelyhat failure occurswherthe effective stress
pathreachabemaximabtiquityline, at whiclpointthecyclicshear
strainVc{%®&atthdargevaluesandheaveragsheastrainremains

2 ~ Therate of excesspore pressuregenerationdiffers for
overconsolidatesamples.At the beginningf cyclic testing, the excess
porgressurasenegativeyithincreasingiggatiwaluesor higher
OCRalues. At failure, the excesgporepressuresre positive, andcan
be estimated from:

Auf &vQ
Ve ~vctan O!
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whichs obtaineffomthegeometig Figures.12,ands identicalto

Equatiob.2for normallgonsolidatezlay samples.
ForRBBAith~s=OC! 0.2030CR# and- dO=3@&gquatiol 2

vc OC!

can be rewritten as:

0.2050CR! avelu OCG! ¢/ u OC!!

Suf tan 30’

whichreducet equatioh.3for normallgonsolidateshmples.

3. Forthesamealuesf tc/avmpverconsolidategimplesil at
smallenumbef cyclesNfthannormallgonsolidateshmplesHowever,
overconsolidatadplasestrongemndail atlargeNfvaluethan
normaltpnsolidabe@shesubjectexthesanvaluefrc/ovc.

4. S-'Aurveat maximabhquityfor OCRaluesf 1.38.2, and!
areshown Figuré.13Thesmurvearedrawinontheknowledde
Tc/su C&ldhenumbefrcycleat failureNffor eachbf thetests
listedin Tablé.1. Theurve®mr OCR=RB& areverycloseand
plotslightiyhighetharthenormaltpnsolidagdturvatmaximum
obliquity.Howev#recurveorrespondo@CRstdtsbelovhe
normalgonsolidatadve Anders@&75! performeyclicundrained
DSestavithtavead@aryinQGRluesFiguré.14howadersen's
S-Murvesat failure defineds+ 3/cyclicsheastrainlat OCR 4,
andLOandndicatea trendf lowe&-Nurvest failurewith
increasinQCRComparisdfrigures.13and.14ho~goodgreement
at OCRndmelyattheS-=urvat failurefor OCRs4owetharthe
S-Murvat failurefor N.Cclay. Howeveodataarereportdaly
Andersiralloncomparisatiewe® CRlues Theesultat IoWDCR
valuesf 1.3&n@, in Figuré.13seelo indicata contradiction
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the expected trend with OCR. However, before such a conclusion is made, a
more careful  examination of the data is required, and is presented in the
next paragraph.

The S-N curves in Figure 6.13 were constructed wusing the cyclic
stress ratios listed in Table 6.1. These were computed based on the
overconsolidated  undrained monotonic DSS strength su OC! given by Equation
6.1, which is an average fit of the experimental data shownin Figure 6.3.
There is scatter in the overconsolidated strength, which induces an
equivalent scatter in the cycl,ic shear stress ratio, resulting in a
scatter in the position of the S-N curves. Figure 6.15a! and b! plot
the range of S-N curves at failure corresponding to the scatter in
undrained strength at OCRvalues of 2and 4for Boston Blue Clay. Figures
6.15a! and b! showthat, depending on the value of s OC! used, the S-V
curves far OCR=2and 4can be either above or below the normally
consolidated S-N curve. Therefore, a definite trend with OCRcannot be
expected, andwould be very difficult to see at low OCRalues becauseof
the high sensitivity  of the S-Ncurves to the undrained strength, and the
high sensitivity of numberof cycles at failure to the cyclic stress
ratio.

The important conclusion from Figures 6.13 through 6.15 is that
there is ageneral trend of lower S-N curves at failure with increasing
OCR. However, the position of the S-N curves is very sensitive to the
undrained strength value used in computing the cyclic stress ratio, which

might mask this trend.
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6.3 APPARENJVERCONSOLIDATTANSEBY UNDRAINEDYCLICSHEARING

The results in Chapter 5 and previous sections of Chapter 6 showed
that undrained cyclic shearing causes excess pore pressures in the soil,
hencechangesin effective stresses as well as changesin soil properties.
This section investigates the effects of undrained cyclic shearing on
subsequentundrained monotonicclay behaviors Various researchers have
studied this problem, and someof their results which are of particular

interest to the current research are summarized below.

6.3.1 Results of Andersen 975!

Andersen 975! at the Norwegian Geotechnical Institute NGI!
reports results of several undrainedmonotonisheartests whichwere
performedat NGlusing both the triaxial andthe direct simpleshear
devices, on Drammeclay sampleswhich were preshearedcyclically in an
undrained fashion for a prescribed numberof cycles. Thetriaxial samples
weresubjectedto onewaycycling, andthe DSS$ampledo twowaycycling
t»e=0! beforetheywereshearednonotonically.Figure6.16showshe
stress paths during subsequentundrained monotonicshearing of these

samples and indicates the following:

"Normallyconsolidatedsamplesvhichare subjectedto undrainedcyclic
loading of someseverity. ~ behaveas overconsolidatedn a subsequent
static monotonic!  test."

"The reasonwhythe effective stress paths for static loading on
normally consolidatedsamplesvhichhavebeensubjectedto undrained
cyclic !oadlnggapproacthe failure envelopéor overconsolidated
clays, is mostprobablythe reductionin effective stressesdueto
the generationof porewater pressureduring [undrained]cyclic
loading. This effective stress reductionhasthe samesifect as if
the effective stresses had beenreducedby a real unloading which

will  increase the OCRof the clay sample."

"Onthe average, the effective stress path for static loading on
overconsolidated clay endsup at the sameeffective strength envelope
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whether the clay has been subjected to previous undrained cyclic
loading or not. However, there is atendency for the cohesion
intercept to be larger for sampleswith alow cyclic stress level than
for those with high stress level.">
Figure 6.17 showsthe stress-strain  and pore pressure curves during
undrained static loading, with and without undrained cyclic preshearing,
for DSSsamples with OCR=l1land 4. The results indicate:
"the deformation modulus has decreased due to cyclic loading, and it
seems like the decrease in modulus is a function of the amount of
cyclic shear strain that the clay samplehasexperienced.”
"..the samples which have been subjected to undrained cyclic loadi~g
are not able to mobilize as high horizontal shear stresses at failure
as samples without previous undrained cyclic loading- This behavior
is also in agreemenwith the effective stress paths.~*2
In conclusion, research at NGI has indicated that undrained cyclic
loading of normally consolidated samples leads to a decrease in effective

stress which has the same effect as overconsolidation in subsequent

monotonic shearing.

6.3.2 Results of Researchers at the Universit of Chile

Ortigosa et al. of the University of Chile report results on the
behavior of Qvilicura clay subjected to cyclic triaxial testing. part of
their research involved the performance of monotonic undrained triaxial
tests on clay sampleswhich were previously cycled in an undrained fashion.
The clay samples, which exhibit normalized behavior, were first
consolidated into the normally consolidated range to acmax,then subjected

to undrained cyclic loading with  constant, as well as variable cyclic shear

1K.H. Andersen, Research Re ort, Re eated l.oadin on Cla : Summar and
Interpretation  of Test Results, NGI Report No. 74037-9, 15 October 1975,
pp. 10-1, 10-2.

2lbid, p. 10-3.
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stresses. At the end of cycling, an increase in excess pore pressure,
equal to the decreasein effective stress from acmaxo ac, wasmeasured.
The pore pressures were allowed to equilibrate, andthen the samplewas
sheared in undrained monotonic loading. The measuredundrained shear
strength normalizedby the effective confining stress at the endof cyclic
shearing is plotted in Figure 6.18 versus the "quasi-overconsolidation
ratio' equal to ac»x/oc. Thefigure also plots the range of normalized
strength with increasing OCR for typical clays obeying normalized

behavior. This range is given by:
su OCl!/ave<DCl!su NC!/ovc NC! OCR !

where m~ 08 +0 "1

There is goad agreement between the experimental data and the range
of overconsolidated strength values obtained from the equation. Therefore,
it seemghat normally consolidated samplesof Qvilicura clay, subjected to
previousundrainedycling of either constanbr variablemagnituddyehave

as overconsolidated samples whensheared in undrained monotonic loading’

6.3.3 A arent Overconsolidation in ResedimentedBoston Blue Cla

First Observation

Test C-21wasperformedon a normally consolidated RBBGamplersThe
test wasthe only strain-controlled test in the series and consisted of
applyinga cyclic shearstrain yc + 0'5Xwith AyaveD two waycycling! ~
The results are shownin Figure 6'19 and indicated that there is a gradual
decreasein cyclic shear stress and therefore in modulus!, and after 8500

cycles, failure hadnot occured,andthe stress path hadmovedrominitial

values of Qv/avrn=land t/avm 0,15 to final values of av/a~=0.25 and
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T/avm=0.06, which is below the maximunobliquity line of 30" ~1.2'.

After cycling had stopped, the sample was sheared in an undrained
monotonic fashion and results are shown in Figure 6.20. In discussing
these results note that, due to cyclic shearing, the vertical effective
stress decreased from avalue of av/avm 1to 0.25 and hence resulted in an
"Apparent Overconsolidation Ratio," AOCR=4.Comparison of results in Figure
6.20 with results of a"mechanically overconsolidated” sample of OCR4in
Figures F1 and 6.2, shows the following:

1! The effective  stress paths in the normalized ~/avm vs. av/a~
plane! are very similar in shape compare Figure 6.20 al and 6.1!;

2!  The peak shear strength for the cycled sample to AOCR=4s given
by s/am-0.155. This value is very close to the su/avm 0.15 +0.01!
given by the mechanically overconsolidated samples with OCR~4see
Figure 6.2a! and note that for OCR4, avm/ave=4! or values calculated by
means of Equation 6.1;

3! The stress-strain behavior of the cycled sample to AOCR=4Figure
6.20 b!"! is very similar to overconsolidated samples having OCR=4Figure
6.2 all such that the peak strength is reached at the same strain level
y= 10K.

In summary, undrained cyclic DSSshearing of normally consolidated RBBC
appears to develop an apparent overconsolidation of the clay as reported in
previous NGI and other studies. Furthermore, the monotonicundrained shear
behavior following undrained cycling loading is very similar to clays
mechanically overconsolidated to the same Apparent Overconsolidation Ratio
AOCR am/av!. In particular, this meansthat the shear strength, su, of
acyclically  sheared sample can be estimated at any stage of cyclic loading

by means of Equation 6.}
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Second  Observation

Results of a triaxial test on RBBCLutz, 1985! are shownin Figure
6.21. This test consists of first shearing a K -normally consolidated
samplan compressioto anaxial strain of +1X,thenshearingt in
extensionto -1X axial strain. Followingthis load-unload cycle to + 1X,
the samplewasfinally shearedio 10Xaxial strain in compression.

The stress path and the stress-strain responseare shownin Figures
6.21 a! and b!, respectively. Thestress path indicates that after the
loading-unloadingcycle, Path AB!the samplénasan apparentOCRnd
behaves like a mechanically overconsolidated sample. Moreover, the
stress-strain  curve showsthat the secondcompressionoading resulted in a
value of su/a«=0.25whichis lowerthan that of the first compression
su/a«0.320. Also,in thesecondompressilmading the stiffnesshas
decreased. Thevalues of p/avmandg/aat the beginning of the first
compressiopoint A! wherthe samplevasnormallgonsolidated, andthose
at the beginningof the seconccompressiotoading point B! wherthe
samplevasapparentlyoverconsolidatedueto the onecycleof cyclic
strain! canbeusedto computéhe AOCRyhichequalsAOCR5.2 see Figure
6.21!. Usingthe appare@®@CRndEquatiob.1, a valueof the peaksu/avm
for the secondcompressioloadingof the test can be estimated, andequals
0.230.

The estimatedvalue of 0.230 is close to the measuredalue of 0.25

the error is 8/!, whichfurther supports the apparenbvverconsolidation

observation.

6.3.4 Aarent Overconsolidation H othesis

For purposesf estimatinthe undrained behaviasf clayssubjected
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to complicated and often unknown! stressing or straining  histories  which
eight involve cyclic or variable! loading around TLP piles, results
described above suggest that "Reasonable predictions of the undrained
stress-strain-strength behavior of clays can be obtained on the basis of:
I' the effective stress state prior to undrained shearing, and 2! the
maxi~un past pressure to which the soil has been subjected."

This simplifying hypothesis avoids insurmountable difficulties by
neglecting the detailed history of straining of asoil elenent adjacent to
aTLP pile. Onthe other hand, the hypothesis contradicts well established
concepts of soil behavior, e.g. the unique relationship between void ratio
and undrained  strength. A careful evaluation of this hypothesis and its

limitations is  therefore needed.
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TABLE 6'1

SUMMARYOF UNDRAINEDCYCLIC DSS TESTS
KITH t'~ ~~O0OHOVKRCONSOLIDABBD
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CHAPTER 7

IHPLICATIONS OF THE APPARENT OVERCONSOLIDATION HYPOTHESIS

Chapter 6has shown that undrained cyclic shearing of normally
consolidated clay samples causes apparent overconsolidation in their
subsequent monotonic shearing behavior. The term "apparent
overconsolidation” is used rather than  "overconsolidation" because the
latter requires changes in water content in the sample as the effective
consolidation stress is unloaded, which is not the case in samples
undergoing overconsolidation due to undrained cyclic shearing. The major
consequence of apparent overconsolidation is that it wil allow prediction
of overconsolidated cyclic clay behavior from results of cyclic tests on
normally consolidated samples, as well as predictions of clay response due
to cyclic loading with variable intensities, as will be described in the
following sections. This is an important finding since it reduces the

number of necessary tests in any cyclic testing program.

7.1 EFFECT OF APPARENT OVERCONSOLIDATION ON RESULTS OF NORMALLY
CONSOLIDATED CLAYS

Having recognized that undrained cyclic loading causes an apparent

overconsolidation, it is necessary to redefine the cyclic stress ratio to
take into account the effects of apparent overconsolidation. As undrained
cycling takes place, the initially normally consolidated sample goes to an

apparently overconsolidated  state, with the AOCRincreasing as the number

of cycles Nincreases. After N cycles, the normally consolidated
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corresponding N.

Figures 7.1 and5.45 give the samanformationas far as the cyclic
shear strain yc X! versus cycle number,and the numberof cycles at
failure. However, Figure 7.1 contains additional information about the
apparent overconsolidation causedby undrained cyclic shearing. For any
test with zero rave anda given cyclic stress ratio rclrsu NC!the
apparent overcansolidation ratio at an intermediate cycle numbem can be
estimated by obtaining wc/su AOCRfrom the figure andusing the following

relationship:

AOGR=1~ aocr! ' 7% N

This apparent overconsolidation at intermediate cycles is the key to

the method described in the next section, which is aimed at predicting

overconsolidated cyclic results from results of normally consolidated

samples.

72 USE OFAPPARENJIVERCONSOLIDATNQIRREDICTINGVERCONSOLIDATED
CYCLIC  BEHAVIOR

The Apparent Overconsolidation Hypothesisallows us to predict the
undrainedcyclic behaviorof a mechanicallyoverconsolidatectlay sample
based on the results of tests performed on normally consolidated samples.
A method of Prediction in the case of tave 0is Presented, and the results
of six mechanically overconsolidated tests, at OCRalues of 1.38 and 2,

are comparedo the predictions basedon the AOCRypothesis.



Figure7 2 showshe S-Hcurvedhasean~c/su AOCRY tests on
normallyconsolidatedamplewith Tavé)~ Theheavilydrawrcurve
correspoiala cyclidestwithtave~&ndc/su AOCR-I01.56
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and/cShouldesubtracted.hdollowintablegiveanexamte

illustrate  this prediction methods
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HS=70 H-~

t /su AOCR!=0.64 c/su OCR2! 0'6

,=0.5X y, OC!-OX
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intermediate intermediate point

NBtoo N NB-HS=100-7D cycles
yCB=0~75X yc OC!B=YcB-yes=0.75€025X
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Point Bis an intermediate point which corresponds to 30 cycles with
tc/s OCR=2!=0.64a samplenechanicallgverconsolidateiw OCR=2The

value of Ycafter 30 cycles is estimated at 0.25%%d.

The numberof cycles at failure of the overconsolidated test is

estimated using:

bfOC! hF h'S Al

andthe cyclic shear strain at any intermediate point B is estimated
usi~g:

YCOCIB  YcB YcS -5t

The excesspore pressure at failure can be estimated using equation

6.2 which gives equation 6.3 for RBB@ndis rewritten below:

0.2050CR '8 ~ /s OC!+~Is OC!!]

iuf OC! [1 w30 ave 6!

The pore pressure hu OC! versus N for the mechanically
overconsolidated samplecan be predicted using Figures 7.2 and 5.47 and
the method outlined below. For any intermediate point such as point B,

the cycle numbecorrespondingo the overconsolidatedests is estimated

using:
7!
N OCIB =NB -Ng

Also at point B, NB=100/165=0.686estimated, andyields a value of
buB=0.%&eeFigure5.47!. Forthe mechanicallgverconsolidateshmple

at point B, the excesspore pressurecan be estimatedfrom:
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AuOClp= ~he Lus hug OC! ~ 8!

wherehuB, bus and huF are the Auvalues obtained from Figure 5.47 at NB,

NS,andNFcorrespondingo points B, 8, andF respectively, andhuf OC!

is obtained from equation .61,

The method outlined above is based on the apparent overconsolidation
hypothesis, and gives predictions of Nf, buf, yc vs. N, andAuvs. N for
overconsolidated clays based on the results of normally consolidated
samples. The accuracy of this methodis now checked by comparing
predictions with measurementsn mechanically overconsolidated samples.
This evaluation is achieved by means of results of tests C-26 and C-27

with  OCR=1.38, and C-33, C-34, C-35 and C-36 with OCR=2

7.2.2 Evaluation at OCR=1.38

7'2'21 Test C-26

Test C-26 was performed on an overconsolidated sample of
resedimented Boston Blue Clay, with OCR=1.38, tave 0, and
tc/su OCR=1.38!-IN0.60.  This section predicts the results of test
C-26 using the methodology outlined in the previous section.

The S-N curve to be used in prediction is the one corresponding to a

test on anormally consolidated sample with:

c/suNC!~ c/suOCR!! OCR!m m 0.8 from Eq. 7.2!
60! . .38
0.56.

This curve is drawn heavily in Figure 7.3, and starts from avalue of

tc/su AOCR-1!~NL 0.56 which increases with cycle numbem.
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4 point 8, which is located at vc/su AOCR! 0.60, indicates the beginning
of test C-26, and corresponds to a number of cycles Ns 29, and a cyclic
shear strain ye=0.35%.
~ Point F, indicates the failure point of test C-26, and corresponds to
acycle number NF=165, and acyclic shear strain Yc>3%.
Point Bis an intermediate  Point with NB~90and Yc 0.65%-~
The following table gives the parameters necessary for prediction,

with  N=N/NF,and Au obtained from Figure 5.47.

POl AT CYCLE NUMBER ~v % >
29 0. 35 Ol 18 0-38
165 3 F 00 1.00
90 0. 65 0. 55 0. 68

Using equation 7.4, the number of cycles at failure in test C-26 is
estimated: Nf =165-29 =136.
4 Using equation 7'6, the excess pore pressure at failure in test C-26

is  estimated:

~205! ~ [.38! ~ . 60!
-0 ~72 'vc

~ Using equation 7.7, the cycle number at point B corresponding to test
C-26 is estimated: NCIB =90-29 =61
~ The cyclic shear strai.n at point B, corresponding to cycle number 61

in testC-26, is estimated using equation 7.5:

Y OC! %! =0.65 -0.35 0.30%

~ The excess pore pressure at point B, correspondingto cycle number 61
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in test C-26, is estimated using equation 7.8:

OCIB '00 0'38L .72! a

0.35 ovc

Thefollowingtable comparése predictedaluesvith theactualmeasured

ones.

TEST G-26 OCR~1.38

MEASURBIALUES PREDICTERALUES ERROR

20/

138 136
huf 0.70 avc 0.72 avc 3%%d
Yc at N61 0.44% 0a35% 20%
bu at N=61 0-25 Gvc 0'35 ovc 40%

7.2.2.2 Test C-27

Test C-27wasperformedn an overconsolidatedsampleof

resedimentedBostonBlue Clay, with OCRL.38, rave 0, and

rc/su OCB8tN =@6- ThisectioRredictheresult®ftestC-27
usinthe methdmhsedntheapparenterconsolidatitypothesisThe

details of the procedurare similarto thoseof test C-26 andtherefore,
onlya summangh comparisaithe resultsvithmeasuréataare

presented'

TheS-Ncurveusedn predictioms heavily drawnn Figure7 4. |t

correspondsto a normally consolidated test with:
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tc/s NCI 76! . 1.38! from equation 7 -2!

Figure 7.4 showgoint S correspondingo the first cycle in test
C-27, point F correspondingdo failure, andpointB at anintermediate
cycle number.Thefollowing table givesthe parametengquiredfor

prediction.
FOIST CYCLE NUMIER 1 <0
0. 55 0. 26 0. 46
42 1. 00 1.00
25 F 00 0.59

Usingthe abovearameterandequation¥ .4 through/.8, predictionsof

results of test C-27 are made, and the following table comparesthe

predictions to the measureddata.

TEST C-27 OCR=1.38

MEASUREMALUES PREDICTED/ALUES ERROR

9R/

34 31
buf ove 0'65 ovc 0%%d
~c at N=14 0.55%%d OR45R 18%%d

hu at N=14 0.13 avc 0'30 alvc 131%%d
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7'2' 3 Evaluation at OCR=2

7.23.1 Tests C-33 and C-35
TestsC-33andC-35are identical tests onoverconsolidateshmples

of resedimentd&@bstorBlueClaywith OCR~Za e=0and
rc/su OCRNL 0.56.Thé&-Murvesetb predictheirresultss
drawheavilyn Figur& .5, anccorresporntdsa normalonsolidated

test  with:

xc/s NC! 56! | from equation 7.2!

0. 49.

ThestartingpointS correspondiiogcycleoneof tests C-3&and
C-3%s shown Figureg 5, ands locateat a valu®f rc/su AOCR!
0.56aswellasthefailurepointF, ancnintermedigteintB. The
list of parametenssedn the predictionis showbelow.

POI'AT CYCLE NU%S3ER ~v<>| N
370 0~20 0.62 0.73
coo 3 F 00 100

480 0. 50 0. 80 0.88

Usintheabovearametarsbquatiodsdthrough 8,thefollowing
predictiorntd testsC-3andC-3&remadmaompavdththeaverage

data from the two tests.
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TESTS C-33 AND C-35 OCR=2

HEASURBIALUES PREDICTEDALUES ERROR

252 230 9%%d
b,uf 0.66 ovc 0.65 ovc 1.5X
yc at ILO 0.42/ 0 ~30%%d 29X
cycles
hu at 110 014 've 0.36 avc 160%
cycles

7.2.3.'2 Test C-34

TestC34wasperformednanoverconsolidateschmplavith OCR=2,
‘Tave=hdc/su OCR=RON0.Thé&-Nurvesetb predicthe
results of the test is showm Figure7.6, andcorrespond® a normally

consolidated test  with:
T/s NC! = 70! .| from equation 7.2!
OF 6

PointS attc/su AOCRY0!, pointF atfailure, andntermediate
poinB arshown theFigureT hdollowingarametarsuseth the

prediction.
POINT CYCLE NUNEEE ~v X!
100 3 1.00 1-00
70 1.00 0.70 0.80

The above parametersyield the following predictions'
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TEST C-34 OCR=2

MEASUREMNALUES PREDICTED/ALUES ERROR

50 50
Auf 0.57 avc 0.57 'vc (o)¢
yc at 20 0.60X 0. 25X 58X
cycles
Au at 20 0-02 ovc 0.25 avc 1150X
cycles
7.2.3.3 Test C-36

Test C-36wasperformedn a samplevith OCR=2yave), and
vc/su OCR=2085. Figure’ 7 shovikeS-Nurveisedor predicting
the results test C-36, and correspondsto atest on a normally

consolidated sample with:

c/su NGt '85! 1-0.2 from equation 7.2!
0.74.

PointS atxc/su AOGR85!, pointF atfailure, andntermediate
point3 areshowin Figur&'.7,andjivethefollowingparametersedn

the prediction.

POINT CYCLE NUIIBER ~Y Xl
18 1.00 0.56 0.68
32 3 ].. 00 1~00
24 2. 00 0.75 O. 84

The aboveparametersyield the following predictions.
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TEST C-36 OCR=2

HEASURENALUES PREDICTED/ALUES ERROR

14 7%
huf 0.48 avc 045 ovc
at 8 1.6% 1.0% 38%
cycles
hu at 8 003 ovc 0.23 ovc 850%

cycles

7.2.4 Accuracy of the Prediction Method

A methodor predicting the behaviorof overconsolidatectlay
samplefomresults of normallyconsolidatedamples,singthe apparent
overconsolidatiohypothesisyasoutlinedin section7.2.l andevaluated
for OCRaluesof 1.38and2 in sections 7.2.2 and7.2.3 respectively.

Themethodseemdgo predict very well the numberof cycles at
failure andthe excesspore pressureat failure, with a maximuetror less
than 10' Theestimatesof cyclic shearstrain yc X! at intermediate
cyclesarereasonabl&ith a maximeanor of abou60%vhichncreases
with OCR.Ho~evergstimatesof excesspore pressureat intermediate
cyclenumbeasepoowvitherrorsupto 1200% hisis mainlguego the
fact that overconsolidated samplesexperience negative excesspore
pressurem theinitial phasef cycling,a featurevhiclcannobe
predicted, sincethe normallyconsolidate@xcesgorepressurecurves
which were used in Figure 5.47 showno negative pore pressures.

Despitethe lack of accuracyin the predicted excesspore pressures
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at intermediate cycles, the method allows very good estimates of Nf and
huf, andfair estimates of yc X! at intermediate cycles. It should be
noted that the method is limited to an overconsolidation ratio smaller

than 2, with decreasing accuracy as OCRincreases.

8 A SUPERPOSITIONIETHOPORPREDICTINGCLAY BEHAVIORUNDER/ARIABLE
CYCLIC LOADING

This section presents a superposition methodaimed at predicting the
results of undrained cyclic DSStesta with variable cyclic loading
history.  Sucha superposition methodis crucial for predicting the cyclic
clay behavior under variable storm loading from the results of tests with
constant cyclic loading, which were presented in Chapter 5.

Andersen 975! has presented a superposition scheme, which was
described in Section 3.3.2 of the report. His method is based on S-N
curves from DSStests with rave 0 and constant vc/su NC!, and assumesthat
at any point in the history of cycling, knowledgeof the current cyclic
shear strain is sufficient to predict all aspects of subsequent behavior.
While his method gives good predictions, it neglects the effects of
apparent overconsolidation resulting from undrained cycling, and therefore
it does not incorporate changesin the stress history which occur during
cycling.  Hence, a modified procedure, which utilizes S-N curves corrected
for apparent overconsolidation, is introduced herein in order to achieve
more accurate predictions.

The following sections will present predictions of the results of

tests C-28, C-37, and C-38, performed with rave=0 and variable tc/su NC! ~
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Predictions, using the original Andersen superposition procedure, and the

new proposed procedure accounting for apparent overconsolidation, will be

compared.

7.3.1 Prediction of Results of Test C-28

The results of test C-28 were presented in section 5.7.1, and are
summarizedin the following table. The sample was first subjected to 29
cycles at wc/su NC!=0.56,at the endof which the cyclic shear stress

ratio was increased to Tc/su NC! 0.71 and kept at this level until

failure.

TEST C-28, TO
MEASURED DATA

CYCLE NUMBER

~c/suNC!=0 F 56 1to 29
at  N=29 c~ 0'35K hu/avc 0.29
rc/s NC!=0.71 29 to end
at  N=30 Yc =0 -~50%%dhu/avc 0.30
at Nf=53 c!  3%%d bu/avc 072

73.11 Predictions  Usin the Andersen Su er osition Method

Figure 7.8, which plots the S-Ncurves for BostonBlue Clay, shows
the steps involved in Andersen's procedurefor predicting the results of
test C-28. Line AB corresponds to the first phase of the test with
Tc/su NCI0.56. At point B, the cycle numbeis 29 andthe cyclic shear
strain is estimated by curve BCwhich corresponds to yc 0'35/. Path BCD
correspondsto the transition from tc/su NC!=0-56to Tc/su NC!0 #1~ BC
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Is a constant cyclic shear strain path correspondingto the state of the
samplemmediatelgfter the endof phasene point 8! or immediately
before the start of phase two point C!. PathCDcorrespondt the
immediatencreasein shear strain, bycl X!, dueto the increase in cyclic
shearstressratio from 0.56 to 0.71. Ayclis obtainedfromFigure 7 9

which plots shearstress ratio, vc/su NClversuscyclic shearstrain

ycl Xlin thefirst cycle. Thdigurels constructefiomthe resultsof
normallyconsolidatedyclic DS$ests C-2,C-5,C-6,C-7,C-29,andC-30
with eave=0.Aycis estimatedt 0.1X,whichbringsthe sampl¢o the
Iso-yccurvecorresponditg0.45! pointD!. PathDRcorresponds the
secondphase,with the sampldailing whemoint F is reachedat maximum

obliquity. Thepredicted numbeof cycles during the seconghasas

therefore
NF-ND=43-6=37,
and the predicted total numberof cycles for test C-28is
N1¥ NF ND! 29 + 37 ~ 66~

Thefollowing table comparethe predicted versusneasurealuesof the
numbeof cycles at failure Nf, andthe cyclic shearstrain at points

andD correspondingo the endof 'thefirst phasendthe beginningf the

second phase respectively.
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PREDICTIONS BASED ON THE

ANDERSEN SUPERPOSITION METHOD

Cycle  Number Measured Predicted Error in
Vc C> Ve X> Ve X>
Point B 29 0.35 0.35
Point D 30 0' 50 0.45 10/
Vv, %%d! Measured Predicted Error in
Nf Nf Nf
Failure 131 53 ee 25/,
There is good agreement in the number of cycles at failure, Nf which is

predicted within 25/, and in the cyclic shear strain values, which show a

maximum error of 10/
7~3~1.2 Predictions Using the Modified Andersen Super  osition Method
The new modified Andersen procedure is identical to the regular

Andersen procedure except that it wuses S-N curves modified for apparent
overconsolidation, and plots of cyclic stress ratio tc/su AOCR! versus
cyclic  shear strain  ycl/! at cycle one, at the appropriate apparent
overconsolidation ratio.

Figure 7.10 shows the prediction of test. C-28 using the new
superposition  method. The sample starts at point A with vc/su AOCR!=0.56
until point Bis reached. At point B, the sample has an apparent
overconsolidation ratio which is estimated using equation 7.3 and the
values of Tc/su AOCR! at points A and B:

/-0.8!
AOCRB-= .6  /0.56! I-41 "
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path BCcorrespondso constant-c 0 35il, andconstanAOCR+1.4IHence,
at poiniC, thenewyclicstressatiois computed usingquation7.2and
the value of tc/su NC! 0.71 and AOCR=1.41;

GsuAOCRI ~11 41 076

Path CDcorresponds the immediatencreasein cyclic shear
strain, whichoccursat constant and constant AOCRyndhenceat
constantc/su AOCRIhancreasa cyclicsheastrain  Ayciis
estimatedfromFigure 7.11whichplots the cyclic shearstress ratio
'rc/su AO@&sugcl X!'at OCkaluesf 1, 2, andt. Thisplotis
obtainedusingthe dataof cyclic tests onmechanicallgverconsolidated
BBGwith OCR=12, and4. Theincrease in ycl at AOCR.41 dueto
increasingc/s AOCRYromO0.6to 0.76is estimatedy interpolation
betweerihe curvescorrespondingo OCR=dnd?2, andequals0.17%%®bint
D is thereforeonthe iso-yc curvecorrespondirtg 0.52%%ith ND=I0.

The total numberof cycles is estimated as follows:
NB+ NF ND! ~29+ 9 -10! ~58.

Thepredictiorbasednthenewnodified\ndersenethocare summarized

below.
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PREDICTIONS BASED ON THE

MODIFIED ANDERSEN SUPERPOSITION METHOD

Cycle  Number Measured Predicted Error in
v, %! v, %! v %!
Paint B 29 0. 35 0. 35
Paint D 30 0. 50 0. 52
Vv, X! Measured Predicted Error in
Nf Nf Nf
Failure >3% 53 58 9%

There is excellent agreement between the numberof cycles at failure
with an error of 9%which is within the scatter range in Nf values caused
by test variability at identical cyclic stress ratio ~ The intermediate

strain at points B andD is very well predicted, with a maximurarror of

4%.

7' 3'2 Predictions of Test C-37

The results of test C-37 were presented in section 5.7 2, and are
summarizedin the following table. The sample was first subjected to 62
cycles at tc/su NC!=0.50, at the end of which the cyclic shear stress

ratio wasincreased to Tc/su NC!=0.64and kept at this level until

failure.
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TEST C-37, tO
MEASURED DATA

CYCLE NUMBER

~c/su NCI=0 50 1to 62
at  N=62 c0 '25K hu/ovc 0 28

~c/su NC! 0.64 62 to end
Bt N63 yc =0 ~ 35! hu/avc 0 28

at Nf~lI2 yc ! 3%%d Au/avc

7.3.2.1 Predictions Using the Andersen Su er osition Method

Figure 7'12 showsthe steps used in the prediction process. The
end of the first phaseis indicated by point B, with NB62 and a predicted
val.ue of yc 0.25; . Path CDcorresponds to the imraediate increase in yc
caused by the increase in cyclic shear stress ratio, and is estimated from
Figure 7.9, and equals 0.08%%dHence, point D, which corresponds to the
start of phasetwo of the test, lies on the iso-yc curve equal to 0.33%%d.

The predicted numberof cycles at failure is estimated as follows:

NB+ NF ND! 62 + 5 6! ~131.

The following table summarizeghe predicted versus measuredvalues

of Nf and yc.
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PREDICTIONS BASED ON THE

ANDERSEN SUPERPOSITION METHOD

Cycle Number Measured Predicted Error in
yc ~! v, X! yc /!
Paint B 62 0.25 0. 25
Point D 63 0.35 0'33 5.7/
v. /!l Measured Predicted Error in
Nf Nf Nf

Failure I3, 112 131 17/

Asfor test G-28,thereis goocagreemebetweepredictedandmeasured
data, with a 17%%a0r in numbeof cyclesat failure, anda maximwor

of 6/ in yc.

7.3.2.2 Predictions Usin the Modified Andersersuer osition Procedure

Figure7.13showshe predictionprocedure®r test C-37usingthe
modified Andersersuperpositionmethod. At point B, the samplehas an
apparewotverconsolidatratio whicls estimatadingequation.3and
the valuesof rc/s AOCRcorrespondingo points A andB:

/-0.8!

AOCRSB .52 /0.50! =1.22.
Path BCcorrespondgo constantyc 0.25X,andconstantAOCR=1.2Zence,
at pointC,thenewyclicstresgatiois computesingequation.2and
the value of xc/su NC!~0-64 and AOCR=22:

-0.8!

u AOCRt .64! ~ '22! 0.67~

Theincreasen cyclic shearstrain Ayclat AOCR=1.2Rgto
increasing's AOCORING.5200.67is estimatesingiguré 11
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and interpolating betweenthe curves correspondingto OCR=and 2. Ay
is estimated at 0.09%, and therefore, Point Dis on the iso-yc curve

correspondingto 0.34%,with ND=6. Thetotal numberof cycles is

estimated as follows:

NB+ NF ND! 62+ 0 6! ~126

Theprediction basedon the newmodified Andersesuperpositionmethodire

summarized below, and indicate excellent agreement.

PREDICTIONS BASED ON THE

MODIFIED ANDERSEN METHOD

Cycle Numbe Measured Predicted Error in
yc %! v, %!
Point B 0.25 0. 25
Point D 63 0. 35 0. 34 3%
yc %! Measured Predicted Error in
Nf Nf
Failure % 112 126 13%
7 3. 3 Predictions of Test C-38

The results of test C-38 were presented in section 5.7.3, and are
summarizedn the following table. Thetest samplewasfirst subjected to
265cycles at ~c/su NC!=0.50at the endof whichthe cyclic stress ratio
wasincreasedto rc/su NC!=0.7Gor 10cycles, followed by a final

decreasdan cyclic shearstress ratio to vc/su NC!0.56, until failLure.
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TEST C-38, ~-0

HEASURED DATA

CYCLE NUHSER

‘rc/su NC!=0.50 1 to 265
at  N=265 Yc 0~41X bu/ave=0.5I
rc/su NC!=0.70 266 to 275
at N=266 Yc =0 7IX bu/avc 0.5l
at  N=275 Yc 1.47%%d bu/ avc-0 ' 56
.,Is NC!-0 ~56 276 to end
at N=276 Yc I. X bu/avc 0 58
at Nf=303 3% bu/ avc 0.76

7331 Predictions Usin  the Andersen Su er osition Method

Figure 7.14 showsthe S-N curves and the steps involved in
Andersen's procedure for predicting the results of test C-38. Line AB
corresponds to the first phase of the test with tc/su NC!=0 F5' At point
B, the cycle numberis 265 and the cyclic shear strain is estimated by
curve BC, which corresponds to Yc 0.33X. Path BCDcorresponds to the
transition  from tc/su NC! 0.50 to Tc/s NC! 0.70' Path CDcorresponds tp
the immediate increase in cyclic shear strain, bYcl X!, due to the
increase in cyclic shear stress ratio from 0.50 to 0.70' bYcl is obtained
from Figure 7.9 which plots shear stress ratio, Tc/su NC!, versus cyclic
shear strain, Ycl X! in the first cycle~byc is estimated at 0' 12X,
which brings the sample to the isp-Yc curve corresponding to 0.45X Point
D!. Path DEcorresponds to the second phase, consisting of 10 cycles at
rc/su NC!=0.70,at the endof whichyc reachest valueof 0.7!X point

E!. Path EFGcorresponds tp the decrease in tc/suNC! flom Q7Qtp Q
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with FG giving the immediatedecreasein cyclic shear strain AVcl. The
latter is estimated from Figure 7.9, and equals -0.1X which puts point G
on the iso-Vc curve equal to 0.61%%dith NG80. Path NGcorrespondsto
the last phaseof the test, with failure occuringat point H with NH170

The predicted total numberof cycles at failure for test C-38 is
NB+ NE ND! + NH NG! 265+10+ 70 80! ~ 365.

The following table comparesthe predicted versus measuredvalues of the

numberof cycles at failure Nf, andthe cyclic shear strain at points B,

D, E, G, and at failure.

PREDICTIONS BASED OV THE

ANDERSEN SUPERPOSITION METHOD

Cycle Number Measured Predicted Error  in
v, XI! v, XI! v X!
Point B 265 0.41 0'33 20X
Point D 266 0.71 0.45 37X
Point E 275 1.47 0.71 52X
Point G 276 0'61 45%%(d
Measured Predicted Error in
Nf Nf Nf
Failure %%d 303 365 21%%(d

There is good agreementin the numberof cycles at failure, Nf, whichis
predicted within 21/, andaverageagreemenin the cyclic shearstrain
values at the intermediate points, with an error ranging between20X to

52X.
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7,3.3.2 predictions Usin  the Modified Andersen Su er osition Method

Figure 7 445 shows the prediction of test C-38 using the modified
Andersen superposition  method. The sample starts at point A with
tc/su AOCR!=0.50until point Bis reached. At point B, the samplehas an
apparent overconsolidation ratio which is estimated using equation 7.3 and
the values of tc/su AOCR! at points Aand B:

1/-0.8!!

AOCRB .56 /0Oe50! - 1.76.
Path BCcorresponds to constant yc 0.33/, and constant AOCR=1.76. Hence,
at point C, the newcyclic stress ratio is computedusing equation 7 2 and
the value of zc/su NC} 0.70 and AOCR=1.76:

-0.8!

<c/su AOCR! 70! 76! 0'78
Path CD corresponds to the iramediate increase in cyclic shear strain,
bl'cl %%d}due to the increase in cyclic shear stress level. Figure 7.11 is
used to estimate bycl for AOCR=1.76and vc/su AOCR!increasi~g from 0.56
to 0.78, by interpolation betweenthe curves corresponding to OCR=land 2.

equals 0.27/, and therefore point Dis on the iso-yc curve
corresponding to 0.60/, with ND=10. Path DE corresponds to the second
phaseof the test 0 cycles at Tc/s NC!=0.70!, with point F.on the
iso-yc curve correspondingto 0.95K, and having NE20. The apparent OCR
at point E is estimatedusingequation 7.3 with the value of rc/su AOCR!
at point Z, and ~c/s NC! 0.70:

/1-0 '8!
AOCRE= .82 /0.70! 2-2.
Path EFGcorresponds to the decrease in cyclic shear stress ratio

from Tc/s NC!=0.70 to tc/su NC! 0.56. Path KF corresponds to constant
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yc 0.95X, and constant AOCR=2.2.Hence,at point G, the newcyclic
stress ratio is computed using equation 7.2 and the value of

tc/su NC!=0 '56 and AOCR=2.2:
I-0.8!

Tc/s AOCR! = .56! 2! = 0.66.

Path FGcorresponds to the immediate decrease in cyclic shear
strain, Decl, due to the decrease in cyclic shear stress level. Figure
7' is usedto estimate Aycl for AOCR=2.2and rc/su AOCR!decreasing
from 0.82 to 0.66, by interpolation betweenthe curves corresponding to
OCR=and 4. hycl equals -0.27A, and therefore, Point G is on the iso-yc
curve corresponding to 0.68K, with NG70. Path GHcorresponds to the last
phaseof the test, with the samplédfailing at point H with NHI35. From

the above, the total number of cycles to failure is estimated as follows:
NP+ NE NO!I' + NH NG! 265 +10 + 35 70! 340'

The following table compares the predicted versus measured values of the

numberof cycles at failure Nf, andthe cyclic shear strain at points 8,

D, E, G, and at failure.
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PREDICTIONS BASFD ON THE

MODIFIED ANDKRSENMETHOD

. E .
Cycle Number Measured Predicted rror in
v x! ve X! ve %%u!
20/
Point B 265 0.41 0. 33
Point D 266 0.71 0.60 15%%u
oin
Point E 275 1.47 0.95 35/
397
Point G 276 F11 0.6S
V. %%d! Measured Predicted Error in
’ Nf Nf Nf
12/
Failure >3K 303 340

Thene goodgreemanihenumbmicycleatfailure Nf,withan
errorof 12%sPieks withirthescatterangm Nfvaluesausdxtest
variabilityat identicatyclicstressatio. Thestrainat intermediate
pointss wellpredictegitha rrraxiracrorof 29%%d.

7.3.4 Discussionof the Suer osition Methods
ThenewnodifieAnderssnperpositiorethambnsistentlyives
betteestimatesf thenumbefcycleatfailure,Nf,andhecyclic
sheastrainVvc,atcyclenumblesstharNf, thartheoriginaAndersen
methodlhigs a directesultof usintheapparerdverconsolidation
hypothegibjcdllowsfollowhehangastressistorinthe

claysampdesthecyclishearstresievels varied.
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CHAPTER 8

CONCLUSIONS

The objective of this report is to contribute to the understanding
of the behavior of clays under the complex loading imposed by deep water
compliant offshore structures. Nore specifically, the research attempts
to identify andevaluate the effect of important factors on the behavior
of clays subjected to cyclic loading in order to achieve morerational and
reliable design and prediction methods for friction piles supporting
Tension Leg Platforms  TLP! ~

An extensive laboratory testing program consisting of the design and
development of equipment and the performance of stress-controlled
Kp consolidatedundrainedcycli ¢ direct s impleshearteats CKoUCOS&s
conducted on Boston Blue Clay in order to determine the undrained cyclic
behavior of asoil element next to the TLP pile. The testing procedures
and the stresses imposedon the laboratory DSSsampleswere chosen to
simulate the stresses imposed on soil elements at the walls of long TLP
piles.  Host sampleswere normally consolidated, with afew tests
performed on overconsolidated samplesup to OCR~4

Thetesting procedure consisted of first consolidating the samples
under Ko conditions to the desired OCRthen applying an averageshear
s tress, tave, in adrained f ashion, in order to simulate the mooring
stress, Tm,onthe TLPpile. plenty-four hoursafter the application of
Tave the samplavasshearedo f ailure by applyingan undrainedcyclic

shear stress with an amplitude tc anda constant period of 10 seconds
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Cycl.icshearing wasundrained becauseit represents the most critical
condition for soft clays. Storm loading was simulated by undrained cyclic
shearing, becausemost storms have limited duration, henceallow little

or no drainage to occur in the soil.

8.1 RESULTS

Thetesting programconsidered the effects of the following factors
on the performanceof TLPpiles subjected to cyclic loading:
The mooring shear stress rm~+aye
The cyclic shear stress
- Variable  amplitudes of the cyclic shear stress
OCR

-Undrained cyclic shearing on subsequent monotonic behavior.

Test results indicated  the following:

1! Thereis aunified definition of failure in undrained cyclic DSS
modeof shearing, which is independent of whether cycling is one-way
rave<O!or two-wayra e 0!~ Samplesvith OCR~1,4, 2, and4 which
were shearedcyclically undervarious combinationsof tave and xc
constant or variable!, reachedailure wherthe effective stress path
approachethe maximuabliquity line frommonotoniecindrainedDSS
testing, with fgO30' + 1.2". This definition of failure is different
frompreviougdefinitions introducedy Andersefl975for the caseof

0, andby Goulois 982! for the caseof tave~0,in undrainedcyclic

DSSesting. Andersenlescribedfailure as the condition leadingto
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cyclic shear strain yc=+-3%fihd two-way cyclic shearing whereas Goulois
defined failure  through the average shear strain reaching yave 15K in
one-way cycling.  Clearly, previous definitions of failure based on shear
strain rather than effective  stresses introduced an artificial distinction
between tests with ~ave~0versus those with tave+0. In contrast, when
failure is defined in terms of effective stresses, test results indicate a
continuous and smooth transition fram cases involving t»e O0to those with
~ave

2! At failure, samples with rave~0 experience large cyclic shear
strains in excess of ye=+3:;, with the average shear strain yave very close
to zero. Also at failure, samples with tave40 experience large average
shear strain values close to yave 15X, with arelatively small cyclic
shear strain yc= -3/ depending on the value of tc!. This was observed
for all samples tested having an initial OCR 4.

3! The unified definition of failure in terms of effective  stresses
allows estimates of the average excess pore pressure at failure, Auf, to
be calculated directly from the geometry of the effective stress path.
This can be done for any OCRvalue, and for constant as well as variable
cyclic  shear stress levels.

4! The cyclic shear stress ratio tc/su has a more important effect
on the failure of soft clays than the average shear stress ratio rave/su.
This means that the number of cycles to failure is more sensitive to
changesin rc/su than tave/su.

5! For normally consolidated samples, there is athreshold shear
stress level, defined as the combination of average and cyclic shear
stress ratios in atave/su NC! versus rc/su NC! space, belowwhich failure

in undrained cyclic DSSshearing does not occur. The existence of this
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no-failure regionat sufficiently small levels of shearingis crucial to
the feasibility anddesign of TIP piles. Somdests were carried out to
100,000ycleswithoutreachindailure whichis far moreseverghanany
real  storm.

6! Fornormallyconsolidatedlay samplesheareavith tave0, S-N
curvesverepresented. Thesglots canbeusedio determinéhe numbenf
cyclest failure, Nf, for anygivercyclicsheastresgatio, aswellas
the cyclic shear strain, yc, at anycycle, N.

7! Fornormallyconsolidatedamplesgontourof equalnumbeof
cycleat failure,Nf,wer®@resentedch tc/su N@rsutave/su NC!
space.Theseso-Nfcontourare parallel to thethresholdurve,and
therefore canbeconstructedomtheknowledgé the S-Ncurveswhich
givethestartingpointat t ave=04ndrontheknowledgktheshapef
the  threshold curve.

8! For normally consolidatedsamplesplots of the normalized
excesporepressurefu/Aufyersusiormalizecumberf cycles,N/Nf,
are showro be independendf the cyclic shearstresses TcandTave.
Hencethese normalized plots can be used, along with the iso-Nf contours,
to estimatethe excesspore pressureat anycycle numberN, for anyvalue
of tave/su, ncls.

9! For normally consolidatedsamplesundrainedcyclic shearing
developspositive excesspore pressures,hencean "apparent
overconsolidationdf the clay suchthat wherit is subsequentsubjected
to monotonishearing, it behavess an overconsolidatedsoil. This
observationvasextendetiereinto subsequesticlic shearingo formthe
basisof the "apparenbverconsolidatiohypothesis,’AOCR\hichis then
usedto developa methodor predicting the undrainedcyclic shearing
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behavior of slightly  overconsolidated clay samples, from test results on
normally  consolidated samples.

IO! An evaluation of the AOCRiypothesis by meansof comparisons
between predictions and test results on samples with initial OCRvalues up
to 2 showsgoodagreemenwith respect to the numberof cycles at failure,
Nf, the excesspore pressureat failure, Auf, andthe cyclic shearstrain,

at intermediate cycles, N. However, the method cannot provide
accurate predictions of the excess pore pressures, hu, vs N,

11! The AOCRypothesis has been incorporated in the original
Andersensuperposition procedurein order to predict the effect of
variable cyclic loading using the test results with constant tc/su. The
proposedmethodnot only keepstrack of the strain history of the sample
as the cyclic shear stress level is varied, but can also realistically
incorporate the changesin vertical effective stress, hence excess
pore pressure developmenwith N, as given by the changein apparent
overconsolidation with increasing number of cycles.  An evaluation of the
proposedsuperposition methodby meansf three tests with variable Tc
indicates a better prediction of the numberof cycles to failure, Nf, and
a better prediction of the cyclic shear strain, yc versus N, than the

original Andersen procedure.

8r2 RESEARCHLIMITATIONS AND PROPOSEFUTUREWORK
The research program did not consider several secondary parameters
of cyclic loading on clay elementsadjacent to the TLPpile shafts These

parameters, listed below, are candidates for future research in order to



334
increase the overall understandingof cyclic clay behavior with
application to TLP piles:

1! Effect of tm different from tave. The average shear stress
during stormloadingy Tave is Usually higher than the mooringshear
stressrm. In this study, it wasassumebat tm~xave Hencefuture
research needs to consider the effect of increasing the average shear
stress, in anundrainedfashion fromvmto Taveonthe undrainedcyclic
clay behavior in the DSSmodeof shearing.

2! Effect of cyclic frequency. In this study, afixed cyclic
period, Tc 10secondwasusedbecause is typical of stormloading.
Future studies must consider the effect of Tc on clay behavior.

3! Effect of drainage. All tests performedin this research were
conductedin an undrained mode.No consideration wasgiven for partial
drainage during the cyclic loading, or for partial or full drainage
following a given storm. For a better representationof stormloading,
the effect of partial drainage should be taken into account.

4! Stormeffects, with variable averageshearstress tave, aswell
asvariablerc. Thenewmodified Andersersuperpositionmethod,
incorporatingAOCHRS only applicablefor the caseof zero averagshear
stress, whichis notthecasdor TLPiles. Goulois982! haspresented
a modified Andersesuperpositiormethodvith a fit ongave, whichgave
goodstimate®f testswithvariabletaveandic. Gouloishethodshould
be evaluatedurther, andimprovedy modifyingit to incorporatehe

apparent overconsolidation ~
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APPENDIX A

PREVIOUSTUDIE®FTHERESPONSH-CLAYSSUBJECTEID CYCLICLOADING

I! Seed,McNeill andde Gueninl958!, "IncreasedResistance to
Deformation of Clay Causedby RepeatedLoading."

The authors investigated the influence of repeated loading on the
foundation clay of highwaypavements,in particular the increased
resistance to deformations due to cycling. Partially saturated compacted
silty clay samplesveretested in triaxial compressionSamplewerefirst
cycled undrained,with the averagedeviatoric stress equalto the cyclic
one ice. no stress reversals!, using a period of 3 seconds. The deviator
stress waslarge enoughto cause 1Xto 2/ permanentaxial strain after the
application of 80,000to 180,00Ccycles. After cycling, the samplesvere
removedand placed in triaxial cells that allow drainageand shearedin a
drained fashion.

For specimenwith moderatalegreesof saturation 0X!, the drained
strength of previously cycled samplesvasfoundto be higher than that of
uncycledones, the increasein strength beinglarger for larger levels of
cycling. Also the stiffness wasincreased,andthe samplexhibited
strain softening to a residual strength approximatelequalto that of the
previouslyncycledpecimens. Samplewith higherdegreesf saturation
86X! werestiffer than previously uncycledones, but did not.consistently
havehigher strengths. Furthermoretherewasnoincreasean resistance to
deformations oncethe permanent strain exceeded 4X.

A series of tests were conductedat various water contents and
densities in order to determine the significance of a density increase on
compactedlay behavior Resultsof the tests indicated that the increase

in stiffnress and sometimesn strength resulting frompreviouscycling
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cannot be attributed simply to an increase in density during repeated
loading.

Tests were also conducted in order to study the effect of sustained
confining pressure during the testing period on subsequent strength. The
results indicated that the stiffening due to the application of a sustained
confining pressure is partially responsible for the increased stiffness
observed in previously cycled samples, which were considerably stronger and
stiffer.

The test data indicated that specimens subjected to greater
deformations during repeated loading subsequently have greater resistance
to deformation. However, the magnitude and the numberof applications of
the repeated stress, rather than the resulting strain are primarily
responsible for the increased stiffness of the samples. A large numberof
lighter stress applications has a greater effect on subsequentbehavior of
asoil than asmaller number of applications of ahigher stress, both
samples having the samestrain at the end of the repeated loading.

Possible causes of increased resistance to deformation might be: 1!
changes in moisture distribution  or structural arrangement of the soil
grains, 2! thixotropy. Their effects howeverare cancelled if the soil

deforms appreciably  greater than 4X!.

! Seedand Chan 966!, "Clay Strength Under Earthquake Loading
Conditions.
The authors studied the effects of various combinations of sustained

average! and pulsating cyclic! stresses on strength and deformation
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characteristics of clays. Samples were tested in a triaxial cell capable
of applying one-directional and two-directional cyclic loads, at a
frequency of 2 Hz. The tests included unconsolidated undrained, as well as
isotropically ~ and anisotropically  consolidated triaxial = compression tests,
sheared in a stress-controlled fashio~. Changes in pore pressure were not
measured  during shearing.

One-directional cyclic shearing was performed on samples of
undisturbed San Francisco Bay Mud medium sensitivity, W1~88%%g=43/!.
Symnetrical as well as unsymmetricalstress pulses were applied in
compression only no stresses in extension even in the case of a non-zero
sustained shear stress!. Unconsolidated undrained triaxial tests with
various average and cyclic stress componentswere performed and yielded
curves of equal numberof cycles at failure, or iso-Nf curves in a
pulsating versus sustained shear stress space. The cyclic shear stress
ranged from 0/ to 160%%fd the conventional UUstrength, and the average
shear stress from 0/ to 100%%d.

Two-directional cyclic shearing in the triaxial apparatus were also
performed and their results presented in the form of iso"Nf curves. The
reversal in direction of the shear stresses is afar more severe condition
than that caused by one-way stress pulses of equal magnitudes.

The shape of the stress pulses wasvaried, andit wasfound that
pulses with flat peaks are more destructive than pointy ones.

The effect of anisotropic  consolidation  was investigated and the
results differ very little X! from those of isotropically  consolidated
samples, assumingthat the sustained and pulsating stresses are expressed
as apercentage of the appropriate s s from CIUTCtests in the case of

isotropic  consolidation, end su from CAUTQests in the case af anisotropic
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consolidation!.
Soil deformation during cycling can be estimated using curves of
equal axial strain. Equal strain contours are presented as a function of

pulsating and sustained stresses, and for various numberof cycles.

! Ellis and Hartman 967!, "Dynamic Soil Strength and Slope Stability."
The authors presented results of undrained cyclic triaxial tests,

performed on compactedand undisturbed clays. The paper was not clear in

describing  whether the apparatus could apply one-directional or
two-directional loading, therefore, it is assumed that testing was
one-directional. The frequency of loading was 2 Hz., and the sustained and

pulsating stresses were varied over awide range expressed as a percentage
of conventional strength! ~

Contours of cycles at failure Nf failure being defined as 15X axial
strainl  were drawn in an impulse versus sustained stress space. Also, the
data were rearranged to give contours of equal axial strain at the end of
30 pulses as afunction of impulse and sustained stresses. This plot can
be used in design, and yields the maximuntyclic stress that an element of
soil can sustain, given the pre-earthquake average stress and the maximum
level of strain that can be tolerated in the earthquake. This procedure
assumes that atypical earthquake record contains 30 pulses at maximum

acceleration.
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I Thiers andSeed 968!, "Cyclic Stress-Strain Characteristics of
Clay."

The authors presentedresults of cyclic simple sheartests which were
usedn analyzingsurfacgroundmotiorduringearthquakesSurface ground
motionsare dueprimarily to the upwargropagatioof sheamwavesfroman
underlyingock formatiornwhiclsub!ectsoil elements cyclic simple
shearing.

Thetesting apparatusvasan NGHElirect simpleshearmachinenodified
to runcyclic tests. Thesampleasedvere8 cmn diameteby 2 crrhigh
andweresurroundedy a wire reinforced membrandgth sire clampsat the
top andbottontapsto preventirainage.The top capwadeld fixed while
the bottom movecdhorizontally underthe action of an oi.l driven
reciprocatingpiston, with a frequencef 1 Hz. Thesampleweresheared
cyclically in a strain-controlledfashion,at a constantyclic strain
value, for a maximwh?200cycles. Theappliedcyclic strain wasvaried
up to 4/ 8/ peakto peak~

Thetest resultsindicate that the stress-strain curvesduringcycling
can be approximatetly a bilinear modeblith parameter$l, G2, andyy

Gandsdeinthe twanoduliangybeintheyieldstrain!. During
undrainedcycling, porepressureare generatedandthereforethe
stress-straincurvesecontéatter with increasinghumbeaf cycles. By
fitting thebilineamodaéb theexperimental curvedhevariatioof the
moduliandthe yield strain with numbeaf cycleswasobtained at various
cyclistrains.For anygiverappliedyclistrainGlands2lecrease by
about30/ duringthe first 50cyclesandthenremairfairly constant.  The

yield strainyydoesotvarywithnumbef cyclesputis proportional

to the applied cyclic strain.
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The effect of cycling on static strength was obtained by performing
undrained static tests on samples which were previously sublected to 200
cycles of cyclic shearstrain no drainageallowedbetweerthe two tests!.
Static strength wasfound to be unaffected by 200 cycles of straining as
long as the applied cyclic strain remainedess than 1-5%%odpeakto
peak!. A cyclic strain of 3%Pféducedstrength by only 10%%ilhe static
secant modulus at 1% reduced by 20%fdd an applied strain  of about 1%%d,

and reduced by 50X for astrain of 3%%d.

! Sangrey,Henkeland Esrig 969!, "The Effective Stress Responsef a
Saturated Clay Soil to RepeatedLoading.”

The authors summarizedresults of previous research on cyclic clay
testing which indicate that "repeated loading, at a particular stress
level, leadsto larger deformationghanare obtainedfor a single cycle of
loading." Previoustesting also indicated that total collapse or failure
can occur at stress levels below the maximunthat can be supported by one
cycle, andthat cycling belowa "critical level of repeatedstress” canbe
tolerated indefinitely.

The authors' testing program consisted of undrained cyclic triaxial
tests, with pore pressure measurementspn block samplesof low plasticity
Newfield, N.Y. clay. The sampleswere backpressuredin order to achieve a
high degreeof saturation. Nostwereisotropically consolidated, fewwere
anisotropically consolidated, and somewere overconsolidated from an
isotropic normally consolidatedstate. Static triaxial compressioand
extension tests indicated that pore pressure equilization was achieved when

the strain rate useddid not exceed0.0002%%d/mirhis strain rate wasthen
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used in the undrained cyclic tests, which required 10 hours per cycle.
After consolidation, cycling wasperformedbetweenfixed values of minimum
and maximundeviator stress, which were applied undrained, with the average
deviator stress equalto the cyclic deviator stress no stress reversall!,
until either a failure or a nonfailure condition wasreachednonfailure
beingdefined as a state wherethe stress-strain andthe pore
pressure-straircurvedollow closedhysteresisloops!. The"single
loading to failure test" wasused as acontrol test.

For isotropically normally consolidated samples, it wasobservedthat
a sampletl2! failed after 10cycles of shearingat an averagedeviator
stress equalto the cyclic deviator stress equalto 43/ of the static
stress deviator at failure.  Another sample //T3! shearedat 24Kof the
static stress deviator at failure doesnot fail, andhysteresis loopsform
after 6 cycles, anddonot changaipto 100cycles 1 days!. In the case
of T2, the stresspathhits the failure envelopafter 2 cycles,whereas
that of T3, porepressuréuildupcausesnigrationof the stress pathuntil
stabilization occurs. Results of manytests reaching the no-failure
condition indicate that the stress path migrates to aterminal position
which is a function of the applied stress levels Thelocus of stress path
peakslefinesanequilibriumline, thereis "a linear relationshipbetween
the level of cycledstress andthe porewater pressureat the peakof the
nonfailure equilibrium cycle." Theintersection of this equilibrium line
with the f aillure envelopggives the maximustress level whichmustnot be
exceededh order to ensureno failure. For the Newfieldclay, andfor
undraineayclingwith gaveqgc, the thresholdstresslevel ga e+ gclm»

»3  quit ~
The threshold value for anisotropically consolidated sampleswasfound
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to be higher than that for isotropically consolidated ones.

! Wilson and Greenwood 974!, "Pore Pressures and Strains After
RepeatedLoadingof Saturated Clay."

Repeatedand sustained loading tests on undrained samples of normally
consolidated clay were usedto prove the existence of a relationship
between pore pressure and strains.

Isotropically  consolidated undrained cyclic triaxial tests with pore
pressuremeasuremeniereperformednHamiltonOntariolacustrine  clay
medium sensitivity, low plasticity!. The static compressive strength, os,
was obtained from CIUTC tests. Cycling was performed at one cycle per
minute, between O and or repeated deviator stress, expressed as a
percentage of asl.

During cycling, there are two component®f pore pressure: an elastic,
recoverable one, and a plastic nonrecoverableone. Also, there are two
component®f strain: elastic, recoverable strain, anda plastic,
nonrecoverable one. For small applied deviator stresses, belowa threshold
value of 37K of the compressive strength 0s, the strains and pore pressures
are small and elastic, andthe sample does not fail. For stresses above
the threshold, failure occursand the pore pressures and strains are
nonrecoverable' By plotting pore pressureversusstrain for tests below
the threshold, the authors found a linear relationship betweenthe elastic
porepressur@andthe elastic strains, aswell as a linear relationship
betweerplastic pore pressuresandplastic strains. Theelastic
recoverable pore pressure componenis thoughtto be attributed to the
elastic deformation of the soil skeleton, whereas the plastic

nonrecoverablepore pressure components dueto a partial collapse of the
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soil grain structure with subsequent transfer of stresses from the failed

grain contacts to the pore pressure.

! Eide 974!, "Marine Soil Mechanics,” NGI Publication No. 103.

Thepaperis areprint of alecture presentedat "Offshore North Sea"
TechnologyConferenceand Exhibition, Stavanger, Norway,Sept. 1974. The
author reviewed some of the most important topics in offshore foundation
engineering, which included soil investigations, soil conditions
specifically in the North Sea!, pile design, andfinally, foundation
problemsrelated to offshore gravity structures, which include: contact
between structure and sea floor, stability against sliding and overturning
under static loading, installation, settlement, displacements under static
loading, effect of cyclic loading, dynamic behavior, scour, and
instrumentation. Only the discussion about the effects of cyclic loading
on gravity offshore platforms is surrrrarized herein.

According to the author, it is not enoughto check the stability  of
the structure under the maximumforce due to the 100-year wave acting as a
static force, but one must determine to what extent previous cyclic wave
loads have reduced the shear strength of the soil, atrend observed in the
laboratory.

Tn the case of sands, cycling under constant total stresses causes the
pore pressure to increase. A linear relationship betweenthe shear stress
level and the average pore pressure generated per cycle is given. Under
severe cycling, all the total stress can be transferred to pore pressure,
and liquefaction  occurs. The author stresses the importance of the
previous stress history since small storms with small cyclic stress levels

followed by drainage cause the sandy soil to densify, leading to improved
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factor of safety. Also, the effect of drainage during the storm mustbe
taken into consideration because it affects the magnitude of pore pressure
buildup.

In the case of clays, research at NGl indicates that strain is the
basic parameter. Strain during cyclic loading has beenfound to decrease
the undrained shear strength of clays' Having estimated the accumulated
strain from the design storm, the decrease in undrained strength can be
estimated by using plots of reduction in undrained strength versus peak
cyclic shear strain presentedbyThiers andSeed,1968 paper P4!. This
revised undrained strength is then used in the stability  calculation for
the 100-year storm. The author finally concludesthat muchresearch work

is needed in order to better understand the cyclic behavior of clays.

S! Andersen 975!, NGI Research Report 74037-9~ See Chapter 2.

9!  Brown,Lashine and Hyde 975!, "RepeatedLoadTriaxial Testing of a
Silty  Clay."

The authors present results of undrained cyclic triaxial ~ tests on
overconsolidated samples of Keuper marl silty clay, Pl 14X!. The samples
were resedimented and isotropically consolidated in the triaxial device,
and then rebounded to OCRvalues of 2, 4, 10 and 20.

Cycling wasperformedn a stress-controlled  fashion, with the
sinusoidal deviator stress qr gqave+ gc applied at afrequency of 10 Hs.,
with gave~ge Becausef the highfrequencgf cycling, onlythe average
pore pressure could be measured.

Previous workby Lashineusingthe sameclay, testing apparatusand

procedure, but on normally consolidated samplesgave the following
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conclusions:

al there is no frequency effect for cycling between O. Hz. and 10
Hz ~

b! Failure in cyclic testing did not occur, after 10 cycles, when
the deviator stress (r gave + qc was less than 75Kof the undrained
strength failure being defined as the point wherethe rate of strain
starts to increase, and undrained strength being obtained from "quick
undrained triaxial tests"l.

c! failure did occur whenqr was greater than 80/ of the undrained
strength.

d! there was a 50/ chance of failure for qr between 75/ and 80/.

Test results on the overconsolidated samples included only three
failure  situations. Samples that did not fail were still accumulating
permanengtrains after 106cycles

Under comparable applied stress conditions, the permanent strains
after 10<cycles were considerably larger than those in the static test.
In both tests, pore pressures levelled out, with larger values both
positive andnegative! occuring in the cyclic tests undercomparablshear
stress conditions. Under the same conditions of deviator stress and pore
pressure, similar permanentstrains occurred in both tests'

Information  about modulus degradation was given. Refer to paper for

more  information.

IO! Lee and Focht 916!, "Cyclic Testing of Soil for OceanWave Loading

Problems."
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The authors illustrate the 1976 state of the art methods for
evaluating the strength of sail, especially clays, to be used in foundation
stability analyses of large offshore structure and embankments sub/ected to
severe  wave loading.

Because the governing loads are due to wave forces, it is important to
use realistic wave time histories in design. The most useful form of wave
data is an envelope of peak wave heights throughout the duration of the
design storm, as well as distributions of wave heights and frequencies
within ~ half or quarter-day increments  during the storm. This information
can be obtained by oceanographers for any given site from wind, water
depth, and geography data, as well as previous history. Typical storm
records indicate that the wave height is random, but the frequency s
approximately constant at |Z seconds per cycle. Hydraulic and analytical
models use the wave data as input, and give forces acting on the structure,
which In turn lead to estimates of the cyclic stresses acting on the
foundation soil. The stresses acting on the soil are cyclic at

approximately the same frequency as the waves, and their amplitude is

proportional to the wave height.
Ideally, laboratory tests can apply such storm loading histories to an
element of soil in order to obtain its cyclic behavior. However, this is

not done since the most severe time history wave pattern is not known in
advance. Instead, an equivalent uniform  cyclic loading pattern is applied
to the laboratory soil sample. Usually, the "significant wave" height and
frequency are used, and are probabilistic  rather than deterministic values.
The "significant wave"height is defined as the averageof the highest 1/3
of the waves in agroup. The average period is called the "significant

period."  The height of the maximunsingle wavein the group can be up to
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1.5 to 2times the significant wave height, and it usually occurs near the
middle of the storm.

The stresses applied to elements of foundation soil are not known
exactly, andare very difficult to reproducein the lab. Theyinclude
static normal and shear stresses as well as cyclic normal and shear
stresses. The direct simple shear and the triaxial tests are used in the
laboratory ta study the cyclic soil behavior, but both of them cannot
reproducethe exactfield stresses. Samplesested in direct simpleshear
are subjected to non-uniform stress distributions because vertical
complementangtresses are not possible!, and cannot be subjected to
changinglateral normal stresses' This results in the fact that the most
critical failure plane is alwayshorizontal. Thetriaxial test is limited
since it can only give results in the case of either compression or
extension, andnot any other intermediary state. The authors did not
express any preference towards either test.

Typical cyclic testing proceduresare given as well as typical cyclic
stress-strain  curves and strain  versus numberof cyclic curves. The
effects of undrained cycling on subsequent undrained strength with no
drainage allowed in between!are also given. The following effects are

noted:

cyclic strains increase with numberof cycles andwith the magnitude
of the applied cyclic stress;

the average strain maydevelop in a preferred direction if the
loading is not symmetrical, or if the strength is anisotropic;

there is areduction in static strength following undrained cyclic
loading no drainage in between!, andthere is an increase in strain

required to develop the maximurstatic strength after cyclic loading.



355

At the element level, the cyclic test data is wusually presented in the
form of S-N curves which are lines of equal strain in acyclic stress ratio
versus number of cycles space the cyclic stress ratio being defined as the
ratio of the applied cyclic stress to the undrained cyclic strength!.

At the element level, amethod of converting irregular field loads to
equivalent uniform cycles is presented. It is based on the Miner 945!
damagepotential and the procedure given by Lee and Chan 972! ~ Because
storm loading can occur over several days, it is convenient to estimate the
equivalent uniformcycle Negat stress level Sefor various parts of the
storm quarter or half daily increments!. The Se-Neqcurve for the entire
stor~ can be plotted in astress ratio versus number of cycles space by
doingthe following. First, plot the Se-N«curvefor eachincrementof
storm 0/, 40/,-..100/ using the Lee and Chan procedure. Second, locate
the point on each curve corresponding to the numberof cycles, in the
portion of the actual record, with magnitudes greater than a threshold
value below which no significant strains occur after large number of
cycles. The line connecting these points is the Se-Neqcurve for the
entire storm, which can give, when superimposed with the S-N curves, the

history of strain accumulation at the element level due to the storm.

1! Ficher, Koutsoftas and Lu !976!, "The Behavior of Marine Soils Under
Cyclic  Loading."

The authors present results of two series of cyclic triaxial tests on
the foundation soil  of a rockfill breakwater, off the coast of New Jersey.

The first series was on aclay material and the second on asandy sail
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encountered in the foundation.

The offshore clay is an overconsolidated Holocene clay with OCR
ranging between3.5 and 9. Normally consolidated behavior was obtained by
running cyclic tests on isotropically consolidated samplesto an effective
stress equal to 1.5 to 2 times the maximurpast pressure. Sinusoidal,
cyclic, stress controlled tests were performedat a frequency of 1 Hz-
Overconsolidated samples, with  OCR=4vere also tested at two different
frequencies  Hz. and 1/15 Hz !~ Thesesampleswere first consolidated up
ta 1.5 to 2times the maximunpast pressure before being unloaded to OCRA4.
Nospecific details were given about whether the tests were undrained, or
whether the loading was one-way or two-way. However, from certain comments
in the paper, one can infer that cycling was undrained, and of two~ay
symmetric nature.

The test results are given in terms of S-N curves, or normalized peah
cyclic shear stress ratio ~c/sust versus logarithm of the numberof cycles
required to induce double amplitude strain of 1, 2.5, 5 and 10 percent.
The static undrained strength sust wasobtained from undrained triaxial
compressiontests performedon specimensconsolidated in the sameananneras
those in the corresponding cyclic tests. The samples developed muchlarger
strains in extension than in compression, and most of them failed in
extension.  Overconsolidated samples suffered larger strains than normally
consolidated onessublected to similar loading conditions samexc/sust,
and samenumberof cycles! ~ At both OCR=hnd OCR~4the silty clay has
lower dynamicstrength than the plastic clay, that is it develops larger
strains at the samestress ratio and the samenumberof cycles. Comparison
of the results of two tests with the sameconsolidation history and cyclic

stress ratio, but with different frequencies  Hz versus 1/15 Hz.! shows
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that the slower tested specimenexperiencedmorestrain than the fast one,
especiallyin extension.This canbeexplainedy the fact that the static
undrainedclay strength in extensionis 30%660d0/ less than that in
compressioatrengthanisotropy!,andthat the magnitudef the cyclic
shearstress is the saman compressioandin extension the soil is
closer to failure in the extensionpart!. Becausé¢he rotation of
principalstressesn thefield arelessseverghanin the triaxial test,
the authors believe that results of cyclic triaxial tests maybe too
conservatives

In conclusion, cyclic shearstrength of clays obtai.necat high
frequendpadingare significantlygreaterthanthoseobtaineat low
frequendypading. In contrast,the cyclic sheastrengtlof sandss not

significantly  affected by the frequency of loading'

2!  Anderser®76!, "Behavioof ClaySubjectetb Undraine@yclic
Loading. "

Theauthor recognizesthat the behaviorof clay subjectedto cyclic
loadings themostmportanproblenm the desigrof offshoregravity
structures dueto the enormousyclic forces applied by these structures on
the foundationsoil. This behaviormaybe separatednto a short-term or
undrainedituation, anda long-ternor drainedsituation. This paperfs
concerneavith the short-terracondition, andpresentsthe results of
undraineayclic triaxial anddirect simpleshear DSStests, with a
cyclic periodof 10secondenDrammeay samplesverconsolidatedan

OCR of 4.
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Undrainedycling causeshe porepressurd.oincreaseandthe
effectivestresspathto moveowardthe origin until thefailure envelope
Is reachedndhe soil elemerdgxperiencémsrgestrainsandails in
cyclicloading' Two-weyclicDS&stsindicatghatthepermanguaire
pressurerease@ghincreasingmhicyclesyithrsmailariations
withineacleycle. Thecyclicstrainsareapproximatsijymmetriedth
almossercaverageheastrain. One-whaxial testingindicateghe
existencef a permanstrainin additiorio thecyclicstrain. Both
componehiheastrainincreaseithincreasimgimbefrcycles.

Fortwo-wagyclic DS&sting, the numberf cycleso failure

definedsreachingor-3/ cyclicsheastrainlincreaseapidlyvith
decreasiggclicsheastresdevel definedsa percentagithestatic
strength! Theesultalsoseeto indicatéhatcyclicloadinjasa
negligibleffectonclaybehavidoeloa certainyclicstresdevel
whicldependsclaytype,overconsolidatratio, andypeof cyclic
loading.

OCHffectsthenumbeaf cyclego failure. Forthesameyclic
stressgevelwc/swsubeinghestaticundrainetfengtof a normally
consolidatesdmplehormallgonsolidatethyis moreesistanthan

overconsolidated clay.

Thesheamodulwdecreaseasth increasingumbeaf cycles,andhis
decrease especiallgignificantat highcyclicsheastresdevels.

Theresultsof static DS$estsonclay samplesib/ectetb previous
undrainedyclic loadingndicatea reductiom stiffnessandshear
strengtWhichncreaseithincreasimmyclicsheastrainanchumbefr

cycles.

Baseantests with constantyclic shearstresses,a methotbr
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predicting clay behavior under variable cyclic stresses as in the case of

storm loading! was presented. The method is based on accumulated cyclic
strains, and was found to be successful.
3! Herrmann and Houston 976!, "Response of Seafloor Sails to Combined

Static and Cyclic Loading."

The authors present results of stress-controlled cyclic  triaxial tests
on two deep ocean soils: a hemipelagic arganic  silt  or turbidite, which is
a cohesive sail of slight sensitivity, and a calcareous ooze, which is a
non-plastic sand with fines. "Undisturbed" box core samples were tested in
the triaxial apparatus. After K consolidation, a static deviator  stress

is applied undrained, followed by an undrained cyclic component of deviator
stress. Cycling was continued until 300,000 cycles or failure. The static

and cyclic deviator stresses were such that stress reversal did not occur.

A frequency of 2Hz. was used. Samples which did nat fail during the

cyclic loading phase were cyclically loaded again after arest period up to
three times. Therefore, not all tests were performed an "virgin" samples,
which makes interpretation of the results difficult. Static  control tests
were also performed to determine the static undrained  strength. During

static shearing of normally consolidated samples, the turbidite developed
positive  pore pressures whereas the calcareous ooze developed negative pore
pressures due to dilation.

Results of cyclic tests on the turbidite indicate no failure after
300,000 cycles even when the shear stresses cycled between 63K and 95! of
the undrained strength. The pore pressure during cycling decreased first

then increased ~ The secant modulus decreased with  number of cycles. The
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results of tests onthe calcareousooze are similar exceptfor more

negative pore pressure during shear.

4! Leeand~och©76!, "Strength of GLa8ubjectetb Cyclit.oading."”
Theauthorspresenta state-of-the-art literature review of the 1975
dataon cyclic cLaybehavior. Theyarrive at the following conclusions

concerning the effect of cyclic loadingonclay strength.

"1l. Thestrength is significantly less with reversing cyclic stress
than with one directional puLsating loading.

2. Cyclic Loadindeadsto a buildupof excesgporepressure. Large
strains develop especially if the combinationof excesspore
pressureandcyclic stressresultsin aneffectivestress failure
condition defined by a 1/a'3Imax.

3. Cyclic strength deterioration is best explainedas a strain
dependenphenomenortoft samplesvith lowinitial — static
tangentmoduluandlarge static strainto failure will beweaker
under cyclic loading than stiff samples, because every stress
cycle ona soft sampleausesoratrain  andhencenoreaemolding
than for a stiff sample.

4. Becauseof the strain dependencyandbecauselay soil creeps
underload, cyclic loading conditionsthat producehe longest
duration of high sustainedload per cycle will lead to the
greatestamourtdf cyclic strengthdeterioration.Thusjow
frequenciesandflat toploadforms leadto thelowest cyclic
strengths. Laboratortests shouldbe performedsingthe load



shape and frequency representative of the field loading
conditions.

5. Onacyclic/static strength ratio basis, the cyclic strength of a
clay appears not to be affected by soil anisotropy or test method,
provided both the cyclic and static tests are performed using the
sameprocedures. This suggests that the laboratory tests results
can be used directly for field conditions.

6. Cyclic strength data from a wide range of clLay soils form a broad
band but consistent pattern of strength ratio versus number of
cycles. All data suggests that for 1000 or more cycles the cyclic
stress needed to cause significant strains  will be only 20-50i." of
the static undrained strength.

7. The available data suggests that on an effective  stress ratio basis
overconsolidated clays are stronger than normally consolidated and
normally consolidated clays have cyclic strengths similar to
saturated sands. However, on a cyclic/static strength basis,
overconsolidated clays appear to suffer more rapid cyclic strength
deterioration than normally  consolidated clays.

8. In static loading following acyclic test the strength is less and
the strain to failure is greater than for the same soil before
cyclic loading. Howeverthe changeis small provided that the
cyclic loading produces cyclic strains less than half of the
normal static strain  to failure. It is suggested that this may be
a useful design criterion, in which case the appropriate failure
criterion under cyclic Loading would be half the strain to failure
in acorresponding  static test on an undisturbed samplers

9. Few data are available concerning the effect of sustained shear
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stress prior to the cyclic loading for cyclic stress reversing

conditions.  More information is neededon this topic."

5!  HydandBrowrd76!, "ThePlastic Deformatioof a Silty ClayUnder
Creep and RepeatedLoading' "

The authors carried out tests in order to establish a relationship
betweerplastic strains developedindercreepandthoseundercyclic
loading conditions in the sub-failure region. Thematerials and
experimenttdchniqueseresimilarto thoseof Browat al. 97S!.
ReconsolidatedKeupermarl sampleswere isotropically consolidated, in a
triaxial cell, to different stresses in the normally-consolidated range,
and then unloadedto OCR'sof 4, 10and 20, andto the sameconsolidation
stress values. Filter paper side drains were used, and the pore water
pressuremeasuragsinga 1 cmmcerami@robeconnectetd a transduceat
the baseof the sample. Loadingwasapplied with a servo-controlled
electro-hydraulic apparatus' Creeploading as well as repeatedoading
were carried out using the sameequipment. Sinusoidal cycling wasdoneat
a frequencyf 10Hz.with gave=qc.Somerift upto I0OXloccuredluring
creep testing due partly to a sticky servo-valve.

Analysis of the results showsthat for OCRLO, the pore pressure
varied from positive to negativewith increasingtime. Thefinal
equilibriunporepressurgaluewagreaterfor creepr repeatetbading,
for a giveng value,thanthat obtainedn a strain-controlledtest. Pore
pressurevariation with timefor bothcreepandrepeatedoadingtests were
very similar, with higherpeaksuringcreeptesting. Forbothcreepand
repeatedoadingtests, plots of log strain rate versudog timeyielded
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reasonably  straight parallel lines, with the parallel lines  representing
different deviator stresses. The mean slopes of these lines were found to
be the same for both creep and repeated loading, but they were dependent on

the sample stress history  OCR!~The above data can be replotted using log

strain rate versus deviator stress, and vyields parallel lines at different
times.

A method for predicting the strain rate in acyclic test after a
certain time or number of cycles!, using the results of creep tests, is

given. The method is based on breaking the sinusoidal loading in a
repeated test into afinite number of creep stress increments, obtaining
the strain rate for each increment from creep test plots of log strain
rate versus deviator stress for given elapsed time!, and finally taking the
average value of strain rate as the sinusoidal strain  rate. The method
gave good predictions.

Finally, tests performed with rest periods between sets of loadings

indicated no effect on the accumulation of plastic strain.

6! Castro and Christian {1976!, "Shear Strength of Soils and Cyclic
Loading.”

The authors discuss the effect of undrained cyclic shearing on
subsequent monotonic strength, with no drainage allowed in between. While
undrained cycling increases both pore pressure and strain, its effect on
strength is not obvious. "It is completely misleading to compute the
available undrained shear strength on the basis of the Nohr-Coulomb

relation for  effective stress from the values of effective confining stress
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thatexistan thesoil immediataftercyclicdoadingSuchnapproach
ignorethechangiesporpressutdatakelacduringundrained
shear.'Previousorkndicatethatsubsequemdrainsttengtis much
largethamwhabohr-Coulammiidredictmainlipecausmgnificant
negativeporepressurehangexcuduringshearing.
Undrainestress-controlledyclictriaxial tests  with symmetric
loadingzeraverageviatostr'essfolloweayundrainedmpressive
monotorasts nodrainage betweemiergerformegitheauthors.
Theiresultsndicat¢hat"thestaticundrainsbdeastrengtts equal
toor verycloséo thestatieindrainesheastrengtfor samplésat
failedwithoutnitial cyclidoading. Possiblexceptiorts this
statemeatesensitivelaysandreryloosesands.'Thaesultsalso
indicate¢hat"themodulwd deformaticarbegreatlyreducedby
cyclingnthathesffecofcyclingustancludadestimatas

deformations.

7! Franc@76!, "AnnvestigatiaftheEffect®f Drainagethe
RepeatetloadBehaviorof Soils."

See summaryof paper No. 20.

8! 1-e®76!,"CyclibtrengtiiOutarde£lays Confidential

Report.

See summaryaf paper No. 2%.
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9! Mitchell andDougla&ing 976!, "Cyclic Loadingf anOttavaArea
Champlain Sea Clay."

Theauthorsinvestigated the cyclic properties of Champlaiseaclay.
Theclayis highlysensitive sensitivity~1%o0 25!, anchasa liquidity
indexof unity. Blocksamplesereusedn undrainedriaxial testing with
backoressure.Static testswergerformeat 0.5X/houo establishthe
static failure envelope. Samplewereconsolidatedisotropically for 24
hoursprior to testing at effective confiningpressuresess thanthe
preconsolidatiopressure thereforeall samplegestedwere
overconsolidated.

Mostyclic triaxial testswerdoadeavith gave~qendnoshad
valuesof gmaga e+ gcof 70Kof static strengthat different
consolidation stressesup to 88/ of the preconsolidationstress. Most
sampleserecycledat 2 cycles/miandsomat 15cycles/min. The
frequencyf loadinghada marginadffect onthe behavioof similar
samplesThenumbef cyclesto failure is a functiorof thedeviator
stress level aswell as the confining stress, andvaried betweerl00to
20000, "Failure undercyclic loading results fromcontinuedporewater
pressur@creasesausing migratioof theeffectivestresgathuntil
the failure envelopdas attained." Therate of porepressureincrease
dependsthe"initial stateof stressthecyclicstresdevel, andhe
raagnitudéthecyclicstresancremeht Largéistortionaktrains
accompanthdporepressurbuildupo failure, andsample®ppeardd
reachanequilibriunstage closedhysteresisoopin axial strains!
betweeB00and100@ycles, after whichthe strains increasedintil the

samples failed.

Theequilibriumconditions no failure! undercyclic loadingwere
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investigated by performingtests with qc rangingbetweer25 and 55%ffthe
static undrained strength, gmaxot exceeding70%@86dhe static strength.
Theeffective confining stress wasvaried between5 and88/ of the
preconsolidatigmessure.All of thesdestsdid notfail, butreached
closedhysteresisconditionof elastic equilibriumafter morehan2000
cycles. "At lowinitial confiningstresses,early increasesn porewater
pressuredueto cyclic loadingwerefollowed by pore water pressure
decreasegprior to reachingan equilibrium condition." This behaviorcan
be explainedby the existence of twocomponentsf pore pressure: a
decrease porepressuraueto dilation causedbythe closely spaced
weaknesplanesin the soil, andanincreasein pore pressuredueto
structural disturbances "At higher confining stresses the pore water
pressurancreasegraduallyterminatedcreatinganequilibrium
condition." Thetests indicate that gmaxf 70%g¥oundrainedstatic
strengthcanbeimposaththis sensitivesoil withoutfailure aslongas

gc doesnot exceed50! of static strength.

0! FranceindSangrey977!, "Effects of Drainagén Repeatedbading
of Clays."

Havingecognizethat drainageccursin practical cyclic loading
schemesyuchas drainageéetweestorms,the authorspresenta descriptive
modelfor the responseof clays subjectedto repeatedloading with drainage
periods.

Cyclic triaxial compressiotests wereperformedn laboratory
sedimente@ndagedillite clay PI=3IX!. Conventionalndrainedmonotonic
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compressiotests on both isotropically normally consolidatedand
overconsolidated samples were done in order to provide areference frame
for dynamicbehavior, Stress controlled multistage undrained cyclic
compressiotests wereperformednisotropically normallyconsolidated
samples. Thetest consists of cyclically loading the specimenat two or
moresuccessively higher deviator stress levels. At eachlevel, cycling
was applied until either failure occuredor a state of nonfailure
equilibrium wasreached. Stress controlled semidraineatyclic compression
tests were performed on isotropically  normally consolidated,

anisotropically normally consolidated,andisotropically overconsolidated
specimens.This test consistedof repeatedlyapplyingundrained
load-unload cycles of constant deviator stress andallowing complete
drainage of all residual pore pressures during the unload portions.
Cyclingwascontinueduntil either failure occuredor a state of nonfailure
equilibrium wasreached. In all cyclic tests, the deviator stress was
varied betweena specified maximumalue and a value which is essentially
zero for stability in the Loadingapparatus, a value of 4.9 kN/M was
applied instead of zero!. It follows that the averagecomponeruf
deviator stress wasequal to the cyclic componenbf deviator stress which
equaledhalf of the maximuwalue of deviator stress. In semidrained
tests, drainageperiodswerelong enoughior completedissipation of excess
porepressures' Nofrequencyf loadingwasnentionedyut the authors
state that in the case of undrained multi-stage cyclic tests, "both the
loaded and unloadedstresses were maintained for at least t95...of the last
consolidation increment.” In the case of semi-drainedcyclic tests, "the
time intervals for loading, unloading and drainage were always at least

equalto t95 .of the last consolidationincrement." Howeverin both
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kinds of tests, the loading intervals werereducedin later cycles whenthe
pore pressureandstrain responséecammorerapid.

Contractive soils. Theseare normally consolidated soils which tend
to decreasein volumewhensheared, and therefore producepositive pore
pressuresvhershearedindrained. Zsotropicallyas well as anisotropically
normally consolidated samples were tested.

Multistage undrained cyclic compressiontests confirmed the previous
results of Sangreyet al. paper No. 5!, namely that undrained cycling
below a "critical level of repeatedloading” produceshysteretic nonfailure
equilibriu~. It wasalso foundas reportedby Sangregt al. that "the
peakpoints on the nonfailure stress path loops defined a straight
equilibrium line...that intersected the failure envelopeat the critical
level of repeatedloading” in a Cambridge/pe p-q diagramt+ Basedon the
work of Sangrey et al.,, the critical levels of repeated loading were
assumedo represent the remoldedundrained compressivestrengths of the
soil, or critical state.

Semidrained cyclic compression tests on five isotropically
consolidated samplesreacheda nonfailure equilibrium state. After 10to
12 cycles, the residual pore pressureswerealmostzeroandthe peakpore
pressuretiaddeclinedto almostconstanwalues. Also, the rate of strain
and volumechangeaccumulation decreasedrapidly.  After 5 cycles, the
strain reached80%8bdhe total accumulatedstrain, and 70" of the total
volumechangehad taken place. During the drainage phase, the excesspore
pressuresdissipate andlead to a decreasan water content, Subsequent
monotonic shear of the specimensafter reaching the equilibrium phase
indicate an increase in undrained monotonicstrength by about 30%8¢dr the

original  undisturbed undrained strength.
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Semidrained  compressive  tests on two anisotropically consolidated
specimens exhibited nonfailure  equilibrium  behavior. Their behavior is
similar to the isotropically consolidated samples except that the increase
in subsequent strength is only 15X.

Ln summary, for normally consolidated clay, "when drainage is
introduced into the repeated loading history, the soil tends towards an
equilibrium behavior as long as undrained failure does not occur prior to
drainage' " Also, "if drainage is allowed, the water content decreases and
the undrained shear strength increases to the undisturbed strength at the
new water content."

Dilative soils. These are overconsolidated soils that tend to
increase in volume when sheared. Under undrained shearing, negative excess
pore pressures are generated. Samples with OCRvalue of 8 were tested.

Semidrained cyclic  compression Loading tests were performed on six
specimens of isotropically overconsolidated clay.  The maximumdeviator
stress ranged between 40! and 88/ of the undrained compressive strength.
Failure  was observed at the four highest stress levels, while  nonfailure
equilibrium occured at the others. These results indicate the existence of
a critical level of aemidrained repeated loading above which failure
occurs, and below which there is equilibrium. By plotting the stress path
on a Cambridge type p-q space, it appears that for OCR=8, failure occurs
under semidrained  conditions when the point corresponding to repeated
loading failure lies above the normally consolidated failure envelope. On
the other hand, nonfailure  occurs when the peak point of the nonfailure
hysteresis loop lies below the normally consolidated failure envelope.
Fromthis study, it appears that this level of critical repeated loading is

given by the intersection of the undrained monotonic stress path for OCR3
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and the normally consolidated failure envelope.

1! HerrmanandHouston978!, "Behaviorof SeafloorSoils Sublectetb
Cyclic Loading.”

The authors present the results  of cyclic triaxial tests on eight
different soils.  Five were deep marine soils, with water depths ranging
between 1000 meters and S400meters, and were sampledusing either the box
core sampleror the piston core sampler. Thesanarinesoils rangefrom
clayey sandto clayeysilt to silty clayto clay. Theother soils included
an artificially consolidated clayey silt, and SanFrancisco BayMud,a
highly plastic clayeysilt.  Stresscontrolledundrainedyclic triaxial
tests were performedon isotropically as well as anisotropically
consolidatedsamples Cyclingwassinusoidal in nature with a frequencyof
2 Hz , andwascontinuedto 300,00Qcycles or failure whichis defined as
axial strain greater than 10/. Cyclic tests with zero average stress
deviator, havingsymmetricastress reversals, aswell as tests with non
zero averagestress deviator or "static bias', with or without stress
reversal depending@n the relative magnitudef the averageandcyclic
shear stress components. The average stress deviator was applied
undrainedfollowedy undrainedyclic deviatorstressesn the caseof
tests with static bias. Finally, monotoniandrainedriaxial tests were
performedndethe sameonsolidatiorconditions orderto obtairthe
undrained static strength for normalization purposes.

Results of about 125stress controlled consolidatedundrained cyclic
triaxial tests gavethe followingtrends. Plotsof axial strain versughe
logarithm of the numbepf cycles indicate sudderfailure in testswith
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zero averagedeviator stress and a moregradual failure with gradual strain
accumulation in tests where the average shear deviator stress is nonzero.
This is dueto the dif ferent nature of axial strain in both kinds of tests,
cyclic axial strain in the caseof zero averagedeviator stress, and
cyclictaverageaxial strain in the casewherethe averagedeviator stress
IS nonzero. Tests that did not fail after 300,000cycles showvery small
or zero strain accumulation. Thenumberof cycles at fai.lure wasfound to
decrease as the cyclic stress level was increased.

In tests reaching failure, the secant moduluswas found to decrease to
small value, andin somecaseto almostzero. In tests that did not fall,
the modulusdecreasesinitially  dueto breaking of bondsbetweenparticles,
followed by a subsequennodulusncreaseor stiffening.  Plots of pore
pressureversusthe logarithmof the numbesf cyclesindicate significant
pore pressure increases as failure is approached.

Cyclic strain threshold valueswereidentified for the various soils.
Thehigher the plasticity, the larger the valuesof the threshold strain
belowwhichsignificant moduluslegradationandfailure will not likely
occur. Stress levels expressedas a percentage of the static undrained
strength! as high as 50/ averagedeviator stress and25Xcyclic deviator
stress did not causefailure in 300,000cycles. For plastic soils, strain
accumulation was insignificant ~ for specimenswith average deviator stress
less than 25Kas long as the cyclic deviator stress is kept below 75X.

Thesethreshold values can be usedin design to prevent excessive strains

or failure.

2! Koutsoftas 978!, "Effect of Cyclic Loadson Undrainedtrengthof



372
Two Marine Clays ~"

Fischer, Koutsoftas andLu, in paper No. 12, presentedresults of
cyclic tests ontwo marineclays. The author, in this paper, presents a
summanyf triaxial tests conductedo determinethe behaviorof the clay
following aseries of cyclic loadings.

Oneof the clays is "plastic" with a Pl of 40K, a sensitivity ranging
from 2 to 5, andan OCRanging from 3.5 to 6. Theseconds a "silty
clay" with a Pl of 18/, a sensitivity betwee8 and10, andan OCRarying
between5 and 9. Tests wereconducted on both normallyconsolidatedand
overconsolidated samplesat OCR=4 The clays exhibited normalized
behavior, andtherefore, in order to minimize the sampledisturbance,
testing conformedo the SHANSERhnique. Normallyconsolidatedsamples
were obtained by isotropically consolidating the specimensto 1.5 to 2
times the in situ preconsolidation stress. Overconsolidated samples were
obtained by subsequentunloading to OCR=4 Onecycle of secondary
compressiowasallowedat the final consolidation stress, before shearing.
Cyclic loading followed, andconsistedof sinusoidally varying
stress-controlled two-wayloading at 1 Hz. All normally consolidated
samplevere subjectedto a "cyclic stress ratio" of 75K,whereasll
overconsolidated sampleswere subjectedto aratio of 5%, until a
prescribedoublamplitude strain developedThecyclicstress ratio is
definedhereas qg/suwheresuis the undrainedhearstrength froma
consolidatedundrainedriaxial compression test. Thespecimenswere then
left to curefor 24 hours at zero shearstressesin order to allow the pore
pressurewm equilibrate. Thespecimenserethemmonotonicallgheared
undrained until failure occurred. A numberof consolidated undrained

static triaxial compressiotests wereperformedn order to provide a
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basis for interpretation. = Thesespecimenswvere curedfor the sameamount
of time as the cyclic ones, prior to static shear,in orderto accountor
the creep effects during the cure period.

Theresults for bothclaysindicatethat "the undrainedhearstrength
after cyclic loadinglecreasesdhe strain at failureincreasesasthe
doublamplitudtrainat theendf cyclicloadingncreases.Also,"at
all stress levels, the secantandtangentmodulidecreasesignificantly as
the doubleamplitudestrain at the endof cyclicloadingncreases.The
results also indicate that "the exces@orepressures inducedin normally
consolidatedspecimenare larger than thosefor averconsolidated
specimens.Theauthorsummarizéuk results onplots similar to those
usetby ThiersandSeedpapeiNo .4~ Theseareplots of cyclic strength
ratio strengthafter cyclic loading/static strength!versuscyclic strain
ratio peakcyclic strain/failure strain in statictest!. Theplots
indicate that as the strain ratio increasesthe reductionn undrained
shearstrength increases. Wherea$hiers andSeedreported a large
reduction in undrainedstrength for strain ratios exceedin@.5 upto 50/
reduction for a strain ratio of 0.8!, the authorreports relatively small
reductions 0%%d-2@4&4gk strain ratios up to 0.8!. This smaller

reductionin strength is also confirmeldy Castro andChristian paperNo.

Havingecognizethat theexcesporepressurasduced by cyclic
loadingaus@ reductionin effectivestress,whicltanbevieweds
havingn effect similar to that of overconaolidatiorthe authordefines
an overconsolidationratio dueto cyclic loading. OCRoyqualsthe ratio
of maximueffective stress beforecyclingto the effective stressmeasured
after cyclic loadingandimmediatelgrior to undraineshear. Comparison
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of the undrained shear strength ratio versus OCRplot as obtained from
static tests with that of the undrained shear strength after cycling versus
OCRmlot showgreat similar'ity, andindicates that "excessporewater
pressuresnducediuringyclicloadindpave aneffect similar to that of
overconsolidation."

Finally, the results indicate that there is a dramaticreductionin
moduluswith cyclic loading, as reported by previous researchers. This
reduction in modulus is perhaps of muchmorepractical significance than

the reduction in undrained shear strength.

3! Sangrey,Castro, Poulos, and France 978!, "Cyclic Loadingof Sands,
Silts and Clays."

Basedon availLable laboratory data, the authors present a "behavioral
model...based oncritical void ratio andcritical state concepts.”

For contractive clays, "cyclic loading leads to failure whenthe
excesspore pressuresresult in an effective stress condition at the cyclic
limit state for the soil...Laboratory data indicate that the cyclic limit
state coincides with the remoldedstrength state for clays." There is a
“critical level for repeated loading" CLRL!below which no failure
oceurs

For dilative clays, "the rates of @ accumulation of strain are
relatively small for maximuoyclic stress levels less than approximately
85 percenbf the undrainedompressive strength." Theauthordelieve
that "for dilative clays there are no data available indicating strength
reductionor continuousleformationnducedby cyclic loadingat cyclic

stress levels less than 90 to 100 percent of the monotonicundrained
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compressivarength. Thereforejt appearthat for dilative claysthe
undrainedCLRlandthe undrainedhearstrengthafter cyclic loadingare
approximatedgjuato the undrainesionotonsheastrength."

4!  GaskiandAbbo-Abefi79!, "Repeaté&bmpressiviadingfl.eda
Clay."

Theauthorspresenta study of the behavioof sensitive, weak,
saturated Ledaclay underundrainedrepeatedompressivdriaxial loading.
Theclay sensitivity rangebetwedh andl5,the plasticity indexequals
46%8edithe natural watercontentequals91Xwvell abovethe liquid limit
of 66/. Repeatediaxial loadingwagerformedrainedat a frequencyf
1 Hz.,onisotropically consolidatedpecimerabtainettonblocksamples.
Therepeatedxial stresdifferencer stressdeviatovariedoetweetero
anda specified maximuralue the averageomponentf stressdeviator
equalghe cyclic componendindcyclingwasontinuedntil failurear

100,000 cycles were reached.

Anaxial stress difference factor wasintroduced,andis defined as
the ratio of the repeatedaxial stress difference to the axial stress
difference that causedailure in a static drainedtest at the same
confiningoressure. A threshol@xial stressdifferencefactor was
observedndequal®4K. Stresglifferencdéactorsabové4kcausethe
rate of permaneakial aswell asvolumetrgtrainsto increasentil
failure occurred. Failure wassuddewith a well definedfailure planets
At failure, permanenakial strains weresmallandless than2%%ddthe
permanertlumetristrainsweresmallethar0.15%%dluesf axial

stress difference factors below 54%%slilted in no suddenfailure up to
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]00,000cycles, andpermanerdeformationscontinuedto increase. Plotting
the permanentaxial and volumetric strains versus the stress difference
factor for all the tests indicates the following. At about the threshold
stress factor, the axial and volumetric strains are similar which indicates
no lateral strain. Belowthe threshold, the lateral strain wascompressive
decrease in diameter!, and above the threshold, the lateral strain was
negative increase in diameter!. Sucha plot canbe usedto give a good
definition of the threshold stress value.

Plots of resilient modulus or stress difference divided by
recoverable strain! versus cycle number at various stress difference
factors were presented. For each test, the modulus dropped slightly  first

before increasing to an almost constant value at 100,000 cycles. A

nonlinear relationship was given between the stress difference factor and
the resilient modulus at 100,000 cycles for values of stress difference
below the threshold.

As mentioned earlier, sails that were cycled above the threshold

stress failed without much volume change. This can be explained by the
fact that, even though the tests were carried out under drained conditions,
dissipation of excess pore pressures during the early cycles would have
been minimal at afrequency of 1Hz. for such alow permeability soiled For
stress factors above the threshold, failure  was probably induced by
excessive  buildup of pore pressures as evidenced by the fact that

volumetric  strains at failure were small, of the order of O.ll, indicating
that agreat portion of the applied stresses were carried by the pore
pressure. For stress levels below the threshold, the initial increase in
pore pressure is not large enough to cause failure, and dissipation occurs

after continued cycling-
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Leds clay has a flocculated structure with  cementation bonds at the
particle  contacts. In early cycles, part of the cementation is broken,
leading to amore deformable  structure, which explains  why the resilient
modulus  decreases first at very small volume changes. The increase in

modulus is observed after appreciable volumetric compression, and was

probably due to the particles coming closer together, thus increasing the

stiffness.

5! Lee 1979, "Cyclic  Strength  of a Sensitive Clay of Eastern Canada.

The author presents asummary of acomprehensive cyclic  testing

program on very sensitive Champlain clays sensitivity index between 380
and 35! Specimens were obtained from block samples from two distinct
locations.

Cyclic triaxial undrained tests on isotropically and anisotropically

consolidated samples were performed, as well as undrained simple shear
tests. In triaxial tests, both clays failed by liquefying along one or
more thin well defined shear planes after reaching single amplitude cyclic
strains between 2/ and 6%%uThe failed  specimens remained strong, firm, and
brittle away from the shear plane. This failure  mechanism development of
a shear plane! is in contrast with the behavior of less sensitive clays
which fail by bulging or necking after accumulating strains. The author
states that the traditional definition of failure X single amplitude
cyclic strain! is consistent with the failure  definition based on
development of shear planes to within afew cycles difference.

The results indicate that cyclic strength decreases as the loading

becomes more nearly symmetrical in nature.  Also, the cyclic strength
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obtainedromboththe simpleshearandthe triaxial test are almost
identical, as reportedby Thiers andSeed969!.

Static loadingtests, onsamplewhichweresubjectedirst to cyclic
undrainetbadingwithoutfailure, indicatedsubsequestatic strength

close to 80/ of the undisturbed monotonic value.

6! AnderseRool,BrowrandRosenbraf80!, "CyclicandStatic
LaboratoryTests on DramméZiay.” SeeChapter2.

7! MatsuiOharandto 980!, "CyclicStress-StrairlistoryandShear
Characteristics of Clay."

Theauthors presentresults of undrainedstress-controlled cyclic
triaxial tests onnormallyandoverconsolidatectlays. Cyclingis
performday/varyingooththevertical stressandcell pressureoasto
keepthe meatotal principal stress constant. Thismakeporepressure
interpretation moreconveniensinceit eliminatesthe contribution, to
porepressurgeneratiomf theisotropicstresscomponenthepore
pressurgeneratedringyclings onlydudo deviatoristresschanges.
Duringycling,the stressdeviatowvariesbetweenor 1.5 timesthe
pealkhange verticalstress symmetri¢alonvayoadingwithzero
averag#eviatostress!. Theclayuseavassenrclay,withPlof 55X.
Thesamplesergreparedyremoldingbovéheliquid Limitin a large
container. Normallonsolidatedamplewaerepreparedby isotropic
consolidatiofor 1 dayuindethedesiredtress. Overconsolidaszanples
wereisotrapically consolidatedhenreboundddr 1 dayto the desired
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OCR. The samples were backpressured to ensure saturation.

The testing program investigated the effects of various parameters. A
summaryof the results is presented below.

The effect of loading frequency on excess pore pressure and strain  was
obtained by conducting four tests on normally consolidated samplesat
frequenciesrangingfrom0.2 to 0.5 Hz. or periodsrangingfrom2 to 50
seconds! at the samecyclic stress ratio + or 42X!. The results
indicated that for agiven number of cycles, higher excess pore pressures
and axial strains are generated at lower frequencies. The clay exhibits
normalized behavior in cyclic loading, and the effective confining pressure
has no effect on the pore pressure versus numberof cycles relationship.

The effect of cyclic shear stress ratio on excess pore pressure
generationwasinvestigated for both normallyandoverconsolidatectlay
samples. It wasfoundthat the pore pressureincreasesmorerapidly with
increasing cyclic stress ratio. For normally consolidated Senri clay,
there exists alower boundfor the cyclic stress ratio equal to 20K single
peakamplitude! belowwhichno pore pressuredevelops sameas for Drarrmrerr
clayl. Theresults of overconsolidated clays are similar in trends except
that for OCR~2negative pore pressures developin early cycles and
increase gradually to positive values. Theeffect of the overconsolidation
ratio wasalso determined, and the higher the OCRthe morenegative the
pore pressureat early cycles, andthe less positive at larger numbeof
cycles. At OCRralues less than 1.5, negative pore pressures are
negligible. Theresidual excesspore pressurewasfoundto increasewith
increasing maximurayclic shear strain andwith decreasing OCRand a
formula expressing this relationship was given.

The authors recognize that undrainedcycling leads to an increase in
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pore pressure, therefore to a decreasein effective stress, define an
equivalent overconsolidation ratio dueto cycling. By running monotonic
tests on previously cycled normally consolidated samples, without drainage
of the residual pore pressure, the authors conclude that overconsolidation
due to cycling is similar in strength to tradiational overconsolidation
same results as Koutsoftas, paper No. 21!. By running monotonic tests on
previously cycled normally consolidated samples, after allowing drainage
of the residual pore pressure, it is concluded that in spite of the
temporaryloss af strength and modulusimmediately after cyclic loading,
the dissipation of pore pressures leads to a higher strength and modulus
than initially. This implies that cyclic stress-strain  history can be one

of the factors causing natural deposits to becomelightly overconsolidated.

7! Dyvik and Zimmie 981!, "Strain andPore Pressure Behavior of Fine

Grained Soils Subjected to Cyclic Shear Loading." See Chapter 2.

8! Selig andChang981!, "Soil Failure Modesn UndrainedCyclic
Loading."

The authors describe the various cyclic triaxial tests which include
two main categories, one in which the cyclic deviator stress is
symmetricallyvaried aroundanisotropic stress state zero averageshear
stress! ~ and another in which the cyclic deviator stress is symmetrically
varied around an anisotropic non-zero stress state. In the anisotropic
case, the cyclic deviator stress can be greater than the averagedeviator

stress in which case shear stress reversal occurs, or the cyclic deviator



381

stress can be less than the average deviator stress with no shear stress
reversals. The strain  and pore pressure behavior of asaturated soil
element subjected to undrained cyclic loading dependsuponwhich of these
three categories the tests is being conducted. Using experimental data
from other references, and mainly from triaxial tests on sand samples, the
authors offered the following conclusions. Failure can be defined by a
specif ied magnitude of strain in the sample~ Twodistinctly  dif ferent
failure  modes occur, the first is by increased cyclic strain and the second
by increased permanent strain. Shear stress reversal is the governing
factor, and the permanent shear strain failure modegoverns whenno shear
stress reversals occur. The pare pressures generated during cycling with
shear stress reversals were larger than those generated during cycling
without stress reversals ~Only for the case of shear stress reversal can

the pore pressure ratio reach 100%%ukl thus the effective stress reach

zero.

9! Goulois 982!, "Contribution to the Study of Tension Piles Under

Cyclic Loading." See Chapter 2.






