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ABSTRACT

This report contains the results of a laboratory investigation on
the behavior of fine grained soils subjected to repeated loads. Con-
solidated constant volume static (monotonic) and cyelic loading tests
were performed using the NGI direct simple shear device. Emphasis was
placed on high strain level repetitive loading, such as that caused by
earthquakes and storm waves. All cyclic loading tests were performed

using a square wave pulse shdpe, with complete stress reversal.

Two soils were studied: an offshore marine clay from the Gulf of
Alaska and Concord Blue clay. Because the in situ structure of cohesive
soils is an important parameter in determining their behavior, only
natural undisturbed samples were tested.

Data for the Gulf of Alaska clay include lateral stress measuremeﬁts.
The lateral stresses acting on the soil samples were measured by means
of calibrated wire reinforced rubber membranes. Prior to this study, the
lateral stresses acting on direct simple shear soil samples have seldom
been measured. The additional information provided by the lateral stress
measurements adds considerably to the knowledge of the stress conditions
existing in the soil sample.

The calibrated wire reinforced rubber membrane provides a convenient
method to determine, experimentally, the coefficient of lateral stress at
rest, KO. For tﬁe Gulf of Alaska clay, the measured value of Kb equals
0.54, which agrees well with empirical data. The lateral siress measure-

ments also provide sufficient information to determine Mohr's circle of






stress for an infinitesimal element of soil at the center of the sample.
On the basis of Mohr's circle analysis, information can be obtained
about the state of stress within the soil sample during shear. For
example, it was found (for both the static and cyclic loading tests)
that: 1. the coefficient of lateral stress, K = E£/E;, increaseé

with increasing shear strain; 2. the horizontal plane of the sample

is approximately the plane of maximum shear stress, not the plane

of maximum obliquity.

For direct simple shear tests, it is conventionally assumed that
the horizontal plane of the sample is the plane of maximum obliquity, and
the mobilized angle of internmal friction is computed from the equation:
= tan-l(fh/EQ). Alternatively, if lateral stresses are measured, the
mobilized friction angle can be computed from Mohr's circle: ¢m = gin
(q/ﬁb; For the static tests performed on ﬁhe Guif of Alaska clay, it wés
found that ¢m is greater than ¢, and at large shear strains, the differ~
ence between the two is approximately 7°.

Cyclic loading failure does not occur if the cyclic shear stress is
small. For both the Gulf of Alaska clay and normally consolidated Con-
cord Blue clay, the critical level of repeated loading is approximately
25 percent of the peak static undrained shear strength. For lightly

overconsolidated Concord Blue clay (OCR = 2) the critical level of repeated

loading is approximately 15 percent.






Testing errors inherent to the NGI direct simple shear device
were evaluated. It was found that two testing errors are significant:
1. false (vertical) deformation in the NGI device; 2. secondary
consolidation (creep) in the soil sample. Methods to correct for these
testing errotrs are presented.

Also included in this report are a literature review, a discussion
of the stress conditions existing in direct simple shear samples, and

a description of equipment and testing procedures.

xvii






PART 1

INTRODUCTION

Understanding the cyclic loading behavior of soils has
become increasingly more important for the modern geotechnical
engineer. Typical examples of cyclic loading include: earthquake
shaking, wind and wave action, wvehicular traffic, pile driving,
fluctuating live loads, and machine vibrations.

Early research studies had indicated that the effects of cyeclic
loading were less severe for fine grained silts and clays than they were
for sands and other coarse grained soils (66). As a result, research
and publications have been concerned, for the most part, with the
cyelic loading behavior of these coarse grained soils rather than
the fine grained silts and clays. Recently, however, there has been
a renewed interest in the cyclic loading behavior of fine grained
soils. This interest has been stimulated largely by various comstruc-
tion prejects, such as the Alaska pipeline, offshofe 0il platforms, and
a proposed offshore nuclear power plant in New Jersey.

Numerous specific topilcs could be the focus of a research effort
concerned with the response of fine grained soils to cyclic loading.
Compared with work on sands, relatively little has been done. The
overall purpose of this research project was to investigate, experi-
mentally, the cyclic loading behavior of fine grained soils under con-~

trolled laboratory conditions. Emphasis was placed on high strain






level cyclic loading, such as that caused by earthquakes and storm
waves. |

All laboratory tests were performed using the Norwegian Geotech-
nical Institute (NGI) direct simple shear device. This device has
been modified for cyclic loading capabilities. The NGI direct simple
shear device has been used by a number of researchers and practitioners
for eyeclic loading studies (114), and it is an excellent device in
spite of some limitations (18,79).

Two soils were studied: Concord Blue clay (19) and a Gulf of Alaska
clay (14,35). Comsolidated, constant volume (CCV) static (monotonic)
and cyclic tests were performed on undisturbed samples of these two
soils. All cyclic loading tests were performed using a square wave
pulse shape, with complete stress reversal.

Specific objectives of this research included:

1. Setup and evaluation of the NGI direct simple shear apparatus;
This was the initial phase of the research project. Detailed procedures
were developed for sample trimming and testing. Testing errors inher-
ent to the NGI direct simple shear apparatus were also evaluated, and
methods ko correct for these errors are presented.

2. Investigation of the static and cyclic loading behavior
of an offshore clay from the Gulf of Alaska. Petroleum related activi-
ties in the Gulf of Alaska may stimulate major marine comstruction
in this area. Since it is likely that a number of offshore structures
will be situated on soft marine clays, it is important to determine

the static and cyclie locading behavior of these soils.






3. Measurement of the horizontal (lateral) stresses
acting on the soil samples during consolidation and shear. The
horizontal stresses were measured by means of calibrated wire rein-
forced rubber membranes. The horizontal stress measurements that
were made during consolidation were used to determine the coeffi-
cient of lateral stress at rest, KO. The horizontal stress measure-
ments that were made during shear were used to gain additional
information about the state of stress within the soil sample. The
test results were analyzed on the basis of this extra information.

4, Determination of the critical level of repeated loading
(CLRL) for the soils tested. The ecritical level of repeated locading,
as defined by Sangrey (92,93), was determined for both the Concord
Blue clay and the Gulf of Alaska clay. The concept of non-failure

equilibrium (92,93) was verified for a large number of locading cycles.






PART 2

LITERATURE REVIEW

2.1 Previous Studies of the Cyclic Loading Behavior of Fine

Grained Soils

Early research studies indicated that clay soils were less prone
to strength loss from cyclic loading than sands were (66). Consequently,
most studies of the cyclic loading behavior of soils have dealt with
sands (15,23,24,26,33,57,96,99,111). However, in this section, the
cyclic loading behavior of fine grained soils is emphasized,

Research projects dealing with the cyeclic loading behavior of
fine grained soils have focused on various specific topies: cyclic
loading strength (67,69,72,74,92); cyclic stress~strain relationships,
including moduli and damping parameters {(4,5,37,38,39,40,45,100);
anisotropy (89): static shear strength and static stress-strain behavior
following eyelic loading (102,107,108,109); and long term effects,
such as changes in strength and volume (12,30,73). Various practical
applications have also been investigated: response of level ground to
earthquake shaking (47,48), earthquake and wave loadings on offshore
soils and structures (3,20,22,28,29,42,43), pile driving (21,51,91),
traffic loading (13,63,64,98), slope stability (6,54,70), and cyeclic
loading of frozen soils (105,112).

Early studies of the cyclic loading behavior of eclay soils were

connected with pavement design (63). The cyclic loads caused by traffic






were usually simulated by applying repeated compressive loads on
undrained triaxial samples. It was generally found that if the cyclic
stresses were less than a threshold value, equilibrium conditions
resulted, and failure did not occur in the sample. Lashine (64), for
example, found that cyclic stresses less than 75 to 80 percent of the
static undrained shear strength did not cause failure* for the silty
clay that was tested.  Other researchers have found similar results
(13,93). These results for one-directional cyclic loading of clay
s0ils indicated that the cyclic strength was only slightly less than
the static undrained shear strength.

For earthquake related laboratory research, soil samples were
subjected to reversing, two-directional cyclic stresses or strains.
- The effect of this type of loading Wés found to be more severe than
it was for one-directional cyclic loading. Seed and Chan (97), for
example, found that the cyeclic strength of a Vicksburg silty clay
subjected to reversing, two—-directional loading was only 30 percent
of its eyelie strength for one-directional loading#*#*,

Various theoretical and empirical models have been proposed to
degcribe the cyclic loading behavior of soils. For example, Sangrey

(92,93), in his work with fine grained soils, has developed a qual-

*Failure was defined by Lashine (64) as the point at which the strain
rate begins to accelerate. Typically, failure is defined in terms of

a cyclic strain amplitude (67).

**Cyclic strength was defined by Seed and Chan (97) as the cyclic load-
ing stress level required to induce failure in a given number of loading
cyeles.






itative model to describe cyclic loading behavior. This model may

be briefly summarized as follows: When saturated soil is subjected
to an undrained load-unload cycle, there will be a residual pore
pressure and a residual distortional strain after the cycle is com-
pleted. With additional loading cycles, the residual pore pressures
and strains will increase until the seoil either fails or attains a
state of non-failure equilibrium. For each soil, there is a critical
level of repeated loading separating these two types of behavior.

A general analytical model describing the anisotropic, elasto-
plastic, path dependent, stress-strain-strength behavior of saturated
clays under undrained loading conditions has been developed by Prevost
(78,80). This model is based on plasticity theory, and it uses the
concepts of isotropic and kinematic hardening. With this model, the
stress-strain behavior of clays can be determined for complex loading
paths.

Other models of the cyclic loading behavior of soils that have
been developed are based on plasticity theory (76), endochronic theory

(56), elastic and viscoelastic models (34), and rheologic models (55).

2.2 Laboratory Testing Techniques and Equipment Used for Cyclic

Loading Studies of Soil

The solution of many problems in geotechnical engineering requires
a knowledge of scoil moduli, damping parameters, soil strength, or other
data. Some of this data is measured best in the laboratory under con~

trolled conditions.






There are various laboratory testing devices available today
that are used to determine the strength and stress-strain relation-
ship of soils. These devices are usually designed to simulate field
conditions in the laboratory. Conceptually, it may appear relatively
gimple to build such a device, but in practice, it is extremely diffi-
cult to do so. It may, in fact, be impossible to construct a completely
satisfactory testing apparatus (65).

The triaxial device has been frequently used for cyclic loading
studies of soil (13,65,93), and it is the most widely used testing
apparatus for determing the liquefaction characteristics of cohesionless
soil (114). In a typical cyclic loading triaxial test, the cylindrical
sample is first consolidated under an isotrbpic state of stress. An
axial load or strain is then cycled between two limits ﬁnder undrained
conditions. If care is taken in the preparation and performance of
cyclic loading triaxial tests, then the results of these tests have
been found to be quite repeatable, even when using several different
triaxial devices (103).

As with any laboratory testing apparatus, the triaxial device
has its limitations. In general, the stresses and strains in the sample
are nonuniform (77). Stress concentrations occur near the ends of the
sample, although this effect can be lessened by using lubricated end
plates (52). Experimental details, such as piston friction, membrane
leakage, and air diffusion, must also be considered (9,94). TFor cyclic

testing, the extension and compression phases of the test may produce






different results. TFor example, hysteresis loops may be asymmetric
in strain controlled tests, and necking tends to occur in stress con-
trolled tests. The principal stresses also change directions by 90°
during cyclic tests with stress reversal. In spite of these diffi-
culties, cyclic loading triaxial tests can produce valid results (65,
95).

Direct simple shear devices have also been ffequently used for
cyclic loading studies of soil (2,27,36,73). The direct simple shear
device simulates earthquake loading conditions better than the tri-
axial device (95),

The Swedish Geotechnical Institute (SGI) direct simple shear
device, which was first built in 1936, is described by Kjellman (53).
In this device, a cylindrical sample is confined by a rubber membrane
and a series of sliding metal rings. The Norwegiam Geotechnical
Institute direct simple shear apparatus, which was developed in 1961,
is basically and adaptation of the SGI device. The NGI apparatus also
tests cylindrical samples, but they are confined by a wire reinforced
rubber membrane. This device is described by Bjerrum and Landva (10).
The Cambridge simple shear apparatus is described by Roscoe (86). The
Cambridge device has a rectangular sample, which is enclosed by hinged
rigid walls. Later models of the Cambridge apparatus employ special
load cells in the rigid walls; these load cells are used to measure the

normal and shear stresses acting on the sample (87).






A number of practical problems exist with the direct simple
shear apparatus. The most serious problem is the lack of complementary
shear stresses on the sides of the sample (see Figure 5.1). As
with most laboratory testing devices, the sample size is small, and
no soil element is far away from the sample boundaries and their result-
ing stress concentrations. These problems make the interpretation
of direct simple shear tests difficulr.

Numerous investigators have analyzed the stress conditions pro-
duced in direct simple shear device samples (18,68,79,101,115). The
findings of these theoretical and experimental studies are discussed
further in Part 5 of this report.

The direct simple shear device is not perfect, but the device
has been useful for studying the static and cyelic loading behavior of
soils. The results of direct simple shear tests have been found to be
consistent with the results of triaxial tests and shake table tests
(17,27,75,95). Therefore, while there are some uncertainties with
regard to the stress distributions produced in the soil sample by
direct simple shear devices, these devices clearly produce reasonable
test results.

Cyclic torsional simple shear devices have been developed to over-
come some of the difficulties encountered with the direct simple shear
device (114). However, these devices do not produce uniform shear

strains within the soil sample. When the cylindrical sample is sub-
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jected to a torque, the shear strain varies linearly with distance
along the radius of the sample. 1In an effort to overcome this
difficulty, the hollow cylinder torsional shear apparatus was developed
(49,116).

Hollow cylinder torsional simple shear devices also have their
limitations (114,115). Wright, et al (115), have developed criteria
for selecting a sample size and configuration that will leave the
central zone of the sample free of end effects. Although the stress
distributions in torsional hollew cylinder samples may be more uniform
than they are in direct simple shear samplés, difficulties arise in
sample preparation for undisturbed soils. For some soils it may be
impossible to make hollow cylinder samples.

Shake table tests have been used to determine the cyclic loading
behavior of soils (17,25,81). The large sample size used in these
tests decreases the stress concentrations that are caused by end effects.
Data from shake table tests correlate well with data from direct simple
shear and torsional shear tests (17). The main difficulties with this
test are the large sample size and the effects of membrane compliance (95).

Resonant column devices have been used to determine soil moduli
and damping data (4,5,104), The resonant column test is based on the
theory of wave propagation in prismatic rods, and it is used primarily
for small strain applications. The resonant column test is described

by Richart, et al (85).
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Model tests have been used for cyclic loading studies of soil.
Kovacs, et al (54), used this approach in their study of the seismic
behavior of clay banks. Rowe, et al (88), used model tests to study
the behavior of offshore gravity platforms during storms. Richart
(84) described some model tests of footings subjected to cyeclic loads.
Model tests clearly have their merits and many potential applications
in geotechnical engineering.

In summary, there are various laboratory testing devices available
that can be used for cyclic loading studies of sodil. All laboratory
testing devices have their limitations, and the test results must be
interpreted accordingly. Triaxial devices and direct simple shear devices
are the laboratory equipment most commonly used for cyclic loading studies

aof soil.






PART 3
DESCRIPTION OF THE NGI DIRECT STIMPLE SHEAR DEVICE

AND RELATED EQUIPMENT

3.1 Introduction

The Norwegian Geotechnical Institute (NGI) direct simple
shear apparatus, model number 4, was used for this investigation.
This device was developed by NGI, and it is manufactured commercially
by Geonor. It is similar to the machine described by Bjierrum and
Landva (10).

The NGI direct simple shear apparatus was designed to produce
uniform shear strains throughout the soil sample. The cross sectional
area of the cylindrical sample is kept constant by a wire reinforced
rubber membrane, which constrains the sample in the radial direction.
The sample is sheared by &isplacing its top horizontally relative to
its bottom. The sample assembly also keeps the upper and lower ends
of the sample parallel at all times.

Sands, silts, stiff clays, soft clays, and quick clays can be
tested under drained or constant volume conditions. Additiomnally,
either stress controlled or strain controlled testing modes can be
performed.

In the following sections, the NGI direct simple shear device
and its associated equipment are described, First, the standard

NGI direct simple shear device and the soil trimming apparatus are

12
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described. This is followed by a description of the wire reinforced
rubber membranes. Modifications that were made to the NGI direct
simple shear device, including modifications for cyclic loading
capabilities, are described next. Part 3 concludes with a discussion
of calibration procedures, including several examples of calibration
curves. Testing errors that are inherent to the NGI direct simple
shear device are also discussed, and methods to correct for these

errors are proposed,

3.2 The Standard NGI Direct Simple Shear Device

The NGI direct simple shear device consists of the sample assembly,
the vertical loading unit, and the horizontal loading unit. The sample
assembly is shown in Figure 3.1; the complete apparatus is shown in
Figure 3.2, A photograph of the device is shown in Figure 3,3.

The sample assembly consists of the pedestal, the upper cap#%,
the lower cap®, and the wire reinforced rubber membrane, The upper
and lower caps have recesses for porous stones**, Either conventional
porous stones or porous stones furnished with 1 mm long needles can
be used. The needles inhibit slippage between the sample and the
stones. The caps are also equipped with drainage tubes, which can
be connected to an external water supply. Alternatively, a plastic
¢ylinder can be placed around the sample; the cylinder is then filled
with water to keep the sample submerged. O-rings are used to provide

a watertight seal between the wire reinforced rubber membrane and

*GCeonor refers to the upper and lower caps as the upper and lower
filter holders.
%% Geonor refers to the porous stones as filter plates.
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A PHOTOGRAPH OF THE NGIL DIRECT SIMPLE
SHEAR DEVICE

17






18

the caps. The sample assembly unit is available for both the
standard 50.0 cm2 sample cross section and the smaller 17.81 cm2
sample cross section.

The vertical loading unit consists of the base, the tower, the
10:1 lever arm, the proving ring load gauge, the piston, the sliding
shear box, the vertical dial gauge, and the adjusting mechanism. A
counterweight balances the weight of the lever arm, the proving ring
load gauge, the piston, and the sliding shear box.

The horizontal loading unit for strain controlled testing includes
the electric motor and gear box, the proving ring load gauge, the
horizontal piston, the locking clamp, the connection fork, the sliding
shear box, and the horizontal dial gauge.

The gear box has a stepless speed adjustment, with speeds ranging
from 10 to 300 minutes per mm of horizontal travel. The total avai-
lable travel is 4.5 cm. The direction of movement is controlled by
a switch, and the power shuts off automatically when either end position
is reached.

The horizontal loading unit for stress controlled testing consists
of the horizontal piston, the locking clamp, the connection fork, the
sliding shear box, the dial gauge, the axle with two mounted pulleys,
and the hanger. The hanger is attached to the connection fork by

two wires, which pass through holes in the table on which the shear

apparatus is mounted. For stress controlled testing, the horizontal
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proving ring load gauge is not needed, and it should be disconnected.

The connection between the upper cap of the sample assembly and
the lower part of the sliding shear box is made by two adjustable
lugs. The lugs are brought inte contact with the cap by two allen-
head screws. The sample is sheared by displacing the upper cap hori-
zontally relative to the lower cap and the pedestal. For strain
controlled tests, a constant rate of shear strain is applied to the
sample by the gear box and electric motor. For stress controlled
tests, the horizontal shear stress is applied by adding dead load incre-
ments to the hanger.

The applied vertical and horizontal loads are measured by the
rectangular proving ring load gauges. Interchangeable proving rings
with ranges of + 50, 100, 200, 400 and 800 kg are available, Vertical
and horizontal displacements are measured by the dial gauges.

During shear, undrained conditions are simulated by keeping the
volume of the sample constant. Assuming that the sample cross sectional
areé does not change, constant volume is maintained by keeping the
sample height constant. The change in vertical stress, needed to main-
tain a constant sample height, is equated to the change in pore water
pressure that would have occurred during an undrained test.

The fine adjustments in the vertical load, needed to maintain con-
stant volume conditions, are made by the adjusting mechanism. After

consolidation, the lever arm is pinned to the adjusting mechanism. Once
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pinned into position, the vertical load can be changed by controlled
movements of the lever arm upwards or downwards. This is accomplished

by rotating a worm gear connected to the adjusting knob.

3.3 The NGI Trimming Apparatus

The trimming apparatus and methods are, in principle, similar
to those described by Landva (62). The trimming apparatus was designed
for use with the soft, sensitive clays that are common in Norway. The
basic design principles are that the sample should be completely and
rigidly supported at all times, and that it should never be touched
by hand.

The trimming apparatus consists of a base, and a set of three
yokes. The base has two vertical columns on which the yokes can slide.
The vokes can be positioned at any point on the columns by locking
thumb screws. The base also has two pins by which it can be attached
to the direct simple shear apparatus.

One yoke acts as a guide for the reinforced rubber membrane expan-
der. The membrane expander consists of a cylindrical porous stone,
which is pressed into the yoke. The wire reinforced section of the
membrane is placed inside the cylindrical porous stone, and the unrein-
forced parts are folded over the ends. The yoke also contains a fitting
to which a vacuum source can be attached. When vacuum is applied, the
reinforced rubber membrane stretches; the membrane can then be mounted

on the sample with a minimum of disturbance.
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The second yoke guides the stainless steel cutting cylinder,
It contains provisions for attaching the lower cap to the bottom of
the sample. The third yoke acts as a guide for attaching the upper
cap to the sample.

Proper use of the trimming apparatus ensures that the sample
stands vertical and that the ends of the sample are horizontal and
parallel. A photograph of the trimming apparatus is shown in Figure

3.4.

3.4 Wire Reinforced Rubber Membranes

The reinforced rubber membranes used in this investigation were
manufactured by Geonor. The reinforcement is constantan wire with
a diameter of 0.015 cm, a Young's Modulus of 1.55 x 106 kg/cm2
(1.52 x 108 kN/mz), and a tensile strength of 5,800 kg/cm2 (5.69 x
105 kN/mz). The wire is wound at 20 turns per centimeter of membrane
height. The rubber material is natural latex. These membranes are
available in two sizes, the standard 50 cm2 size and the smaller
17.81 cm2 gize; both are shown in Figure 3.4.

The membranes must provide adequate lateral resistance to maintain
the sample at a constant cross sectional area during consolidation
and shear. The wire reinforcing will deform as the lateral stress
increases, but this yields only a small error (31). The membranes must

also allow the sample to strain vertically during consolidation and

drained shear. Vertical strains are permitted by the spaces between
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A PHOTOGRAPH OF THE NGI TRIMMING APPARATUS
AND THE WIRE REINFORCED RUBBER MEMBRANES
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the reinforecing wire windings. However, if the consclidation strains
are very large, the wire windings will tend to overlap. This may
present some difficulties in testing highly compressible soils.

Calibrated wire reinforced rubber membranes used for the measure-
ment of lateral stress are alsoc manufactured by Geonor. These membranes
operate on a strain gauge principle; the average lateral stress acting
on the sample is calculated from changes in the electrical resistance
of the reinforcing wire. The eantire length of the reinforcing wire
windings is 3 cm, with the middle third of it acting as the strain
gauge,

The active (strain gauge) reinforcing wire is made from constantan.
This wire has the same physical properties that were given previously
for the conventional membranes. The electrical resistance of the
active wire is approximately 138 ohms, and the gauge factor is approxi-
mately 2.18, Calibrated membranes are available in both the 50 cmz
size and the 17,81 cm2 size.

Calibrated membranes are manufactured by Geonor with either butyl
latex or neoprene as the rubber material. It was found in this investi-
gation that the butyl latex does not form a watertight seal around
the active reinforecing wire. During tests, water came into contact
with the active wire, causing partial short circuits. This resulted in

a decreased electrical resistance, and erroneous microstrain readings.

The membranes made with neoprene did not have this leakage problem.
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The electrical resistance of the active reinforcing wire is
also very sensitive to temperature changes., Temperature variations
result in resistance changes, which can be mistaken for changes in
lateral stress. To compensate for temperature changes, the active
membrane and a matching dummy membrane can be connected in a bridge
arrangement. If both the temperature coefficient of resistivity and
the gauge factor of the active and the dummy membranes are equal,
resistance changes caused by temperature fluctuations will cancel.
Under these conditions, microstrain readings will be unaffected by
small temperature changes. The active and dummy membranes should

be placed as close to each other as physically possible.

3.5 Modification for Cyeclie Loading Capabilities

The NGI direct simple shear apparatus was modified by Geonor
for cyelic loading capabilities. With the existing modifications,
stress controlled tests with square wave loading can be performed.

The cyclic loading mechanism is illustrated in Figure 3.5. The
hydraulic piston travels up and down at controlled frequencies. The
weights shown are attached by wires to the connection fork. When the
piston is in the down position, the left weights hang free; when the
piston is up, it supports these weights. If exactly twice as much
weight (including the weight of the hanger) hangs from the left side
as from the right side, equal shear forces will alternately be trans-

mitted in opposite directions to the sample. Thus, the mechanism
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shown Iinduces a stress controlled square wave lcoading on the sample.
The control unit consists of a counter and a timer. The counter
can be preset for a given number of cycles, and cycling will terminate
after the desired number of cycles has been reached. The timer has a
digital control for the cyeling frequency. Half period frequencies
from 1 to 99 seconds are possible. The timer controls a 4-way solenoid

operated air valve, which actuates the piston motion.

3.6 Additional Modifications

To facilitate data acquisition, some additional modifications
were made to the NGI direct simple shear apparatus.

The vertical lcad proving ring was replaced by a Schaevitz FTD-
1U-200 load cell. This load cell ﬁas a capacity of 200 1b (890 N)
in tension and compression. Its linearity is better than 0.2 percent,
and its resolution is better than 0.1 percent.

A Hewlett—-Packard 7DCDT-050 Linear Variable Differential Trans~
former {(LVDT) was used to measure horizontal displacements. The range
of this LVDT is + 0.050 in. (+0.27 cm). The LVDT was connected in
series with the horizontal dial gauge by an aluminum mounting block.
Thus, horizontal displacements could be measured by either the LVDT
or the dial gauge. Typically, the LVDT and the dial gauge were used

together, thereby providing a convemnient cross-check at all times.
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The voltage outputs of the LVDT and the load cell were recorded
by a Gould Brush 2400 four chanmnel strip chart recorder. The electrical
resistance changes in the calibrated reinforced rubber membranes were

measured by a BLH 120C strain gauge indicator.

3.7 Equipment Calibration

3.7.1 Load Cell. The Schaevitz load cell was calibrated on the

direct simple shear apparatus. Loads were applied to it through the
lever arm, and the corresponding output voltages were measured. The
voltage output was linear throughout (and beyond) the nominal range

of the load cell.

3.7.2 L1LVDT. The Hewlett-Packard LVDT was also calibrated on
the direct simple shear apparatus. Voltage outputs were recorded for
horizontal displacements measured by the dial gauge. The voltage out-

put was linear throughout (and beyond) the nominal range of the LVDT.

3.7.3 Friction. Friction in the wvertical leading unit and the

horizontal loading unit originates primarily in the ball bearing bush-
ings. This friction can be measured by the 50 kg proving ring load

gauge or by the Schaevitz load cell. 1t was found to be negligible.

3.7.4 Membrane Resistance to Shear. The resistance of the

reinforced rubber membranes to shear can be determined by shearing

them while they are filled with water. Using this procedure, Ladd and
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Edgers (59) found that the resistance to shear increases with
increasing shear strain and with decreasing normal stress. It was
determined that the resistance to shear was less than 0.01 kg/cm2
(0.98 KN/m%) for a normal stress of 0.3 kg/cm> (29 kN/m%). Similar
results have been found by Geonor (31).

These results are valid only for the particular membranes
tested. However, it seems reasonable that other membranes should
behave similarly. Since the soil samples tested in this study were

consolidated to stresses greater than 0.3 kg/cm2 (29 kN/mz), the

membrane resistance was considered to be negligible,

3.7.5 False (Vertical) Deformation. The vertical deformation

of soil samples is measured between two reference points, the top half
of the sliding shear box and the base. Since the parts of the direct
simple shear apparatus between these two points will also deform under
the action of a vertical load, it is necessary to distinguish this
deformation (false deformation) from the deformation of the sample
itself. This is especially important for constant volume tests, because
the vertical load is changed in order to keep the sample height (volume)
constant. As the vertical load is changed, the false deformation also
changes, and this must be taken into account.

The parts of the direct simple shear apparatus of interest for
false deformation studies incliude the sliding shear box assembly, the

caps, the porous stones, and the pedestal. The deformation of all these
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parts can be measured by inserting a steel dummy sample between the
caps. Loads are then applied through the lever arm, and the vertical
deflection is measured by the dial gauge. The steel dummy sample
also deforms under stress application, but the deformation of this
steel cylinder can be determined from theoretical considerations.

It was found to be negligible.

An effort was made to determine the false deformation under
conditions similar to those in an actual test., Using the steel dummy
sample, the sample assembly was prepared in the standard way. The
consolidation loading sequence was also identical to that used for
the actual tests. After the final consolidation load was applied,
the vertical load was decreased in small increments; this procedure
simulates the load decrease necessary to maintain constant volume
conditions during shear for normslly consolidated and lightly over-
consolidated soil samples.

The false deformation measured by these calibration tests showed
some variation, especially during the loading sequence. Average false
deformation curves were obtained for each consolidation history used.
An example is shown in Figure 3.6 for the 50 cm2 gize sample consoli-
dated to 0.510 kg/em® (50 Kki/m2).

To correct for false deformation during a constant volume test,
the appropriate false deformation curve is entered at the final consol-

idation load. As the lecad is changed during the test, the vertical
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dial gauge reading is adjusted according to this curve. With the
use of this procedure, the false deformation is accounted for, and

the volume of the sample remains constant.

3.7.6 Calibrated Membranes. The calibrated wire reinforced

rubber membranes {used for the measurement of lateral stress) were
supplied with a calibration curve from Geonor, and they were also
recalibrated in the laboratory. The membranes were calibrated by
means of a calibration cylinder, which is manufactured by Geonor.
Basically, this device is a plexiglass cylinder with a thin, expand-
able rubber membrane attached to the middle part of it.

The wire reinforced membrane to be calibrated is first placed
on the calibration cylinder. A hydrostatic pressure*-is then applied
to the interior of the calibratiom cylinder, causing its membrane to
expand and transmit a lateral stress to the wire reinforced membrane.
The pressure in the cylinder is increased in small increments, and
the corresponding microstrain readings, measured by a strain gauge
indicator, are recorded. After the maximum lateral stress is reached,
the pressure is decreased in small increments, and the corresponding
microstrain readings are recorded.

A number of calibration tests should be performed for each membrane.
A calibration curve can then be obtained by plotting average values

of change in microstrain reading versus lateral stress. The slope of

*Air or water pressure may be used; however, air pressure is recommended
(7). TFor this investigatiom, air pressure was used to calibrate the
membranes. The air pressure supplied to the calibration cylinder was
controlled by a pressure regulator, and it was measured by a mercury
manometer,
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this curve, in the form of change in microstrain per unit of stress,
is the calibration factor for the membrane.

A typical example of a calibration curve is shown in Figure
3.7. It should be noted from this figure that:

1. There is a small bend in the initial part of the
calibration curve, The reason for this bend is that the
membrane in the calibration cylinder needs a certéin pressure
before it begins to expand. This threshold pressure was
observed to be approximately 0.05 kg/cm2 (5 kN/mz).

2. Of primary importance ig the calibration factor of
the membrane. Except for the initial bend, the slope of the
calibration curve is approximately constant. However, for
increased accuracy, thelslope of the curve in the stress

range of interest can be used.

3.7.7 Secondary Consolidation or Creep. Although this section

does not deal with the NGI direct simple shear apparatus per se, it

is included here because of its relevance to constant volume testing.
Creep® in soils has been studied and described, among other ways,

in terms of pore pressure buildup under undrained conditions. Holzer,

HBeg, and Arulanandan (44) concluded that the increase in pore pressure

with time under undrained conditions is caused by the arrest of secondary

consolidation. The undrained creep rate (rate of pore pressure buildup)

#Creep is defined as the phenomenon, when soil is subjected to a
sustained stress, of either continued strain under drained conditions

oY pore pressure buildup and strain under undrained conditions. A
detailed discussion of creep is not included in this report.
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will be greater for a soil sample comsolidated for only a few days
in the laboratory than it will be for the same soil in situ, which
has undergone secondary consolidation for a long period of time. TFor
this reason, undrained creep can be considered to be a testing error
(94).

As a typical example of secondary consolidation, data for a
Gulf Qf Alaska clay sample (Test 1) is presented. For the final con-
solidation load increment, the vertical dial gauge reading versus log
time curve is shown in Figure 3.8, TFor large values of time, the
secondary consolidation portion of the curve can be represented by a
straight line, A linear regression analysis of the data results in

the equation:
DR = 297.34 + 33.74 log t 3.1

where DR is the dial gauge reading, and t is time, in minutes.

Because of secondary comsclidation, constant volume conditions
cannot be maintained in a soil sample for any period of time unless
the vertical stress is reduced. This reduction in vertical stress is
equivalent to an increase in pore pressure with time during an undrained
test, The change in pore pressure caused by creep should be distin-
guished from the change in pore pressure caused by shear. This can
be done in the following ways:

1. Increase the consolidation time in the laboratory

until the effect of secondary consolidation is negligible.
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2. Correct the sample height to account for secondary
consolidation, Prior te shear, the dial gauge versus log
time relation can be drawn, and the secondary consolidation
portion of this curve can be extrapolated and fitted to a
straight line, During shear, the sample height is adjusted
at convenient time intervals according to this relatiom.

3. Perform a creep test by measuring the change in
vertical stress needed to maintain a soil sample aﬁ constant
volume. The equivalent pore pressures can then be used to
correct the results of shear tests for creep. However, this
procedure only corrects the pore pressures; the shear strains
(which depend on the effective stress in the sample during

the test) are not corrected,

Alternatively, the effect of secondary consolidation or creep
can be ignored. This results in conservative laboratory results:
higher pore pressures are developed in laboratory samples than in situ,

and consequently, the laboratory samples are weaker.






PART 4

TESTING PROCEDURES

The soils investigated in this study were stored in an environ-
mentally contrelled room under high humidity conditions (98% relative
humidity). The storage temperature was kept at 3C to simulate in situ
conditions and to inhibit the generation of gases within the samples.
The soils, Concord Blue clay and Gulf of Alaska clay, are described
in Part 6. The block sample of Concord Blue clay was cut into smaller
gections, which were sealed in wax and plastic. The Gulf of Alaska
clay was sealed in its core tube.

The soil samples were trimmed and prepared for testing in an adja-
cent environmentally controlled room. This second room was also main-
tained under high humidity conditions to prevent sample drying during
the trimming operation, but the temperature was kept at 20C.

The NGI trimming apparatus, supplied by Geonor, was used for all
tests, Except for minor details, the trimming procedure is identical
to the one described by Geonor (31). Because of the detailed procedure
and the close mechanical tolerances of the trimming apparatus, it was
found that sample trimming is not only a science, but alsc an art.

The average trimming time was approximately one hour.

After sample trimming was completed, the sample was carefully moved
from the environmentally controlled room to the NGI direct simple shear
apparatus. Drainage hoses, leading to water supplies, were connected
to the upper and lower caps of the sample. For the Gulf of Alaska clay,

a salt water solution (obtained from a local aquarium supply store) was
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used as the water supply. A quantity of water was circulated through
the caps and the enclosed porous stones to flush out any air that
may have been trapped there during the trimming process.

The sample was next clamped to the direct simple shear device.

The sliding shear box was brought into contact with the top of the
sample, and the lever arm was leveled. A small weight (10 grams)

was placed at the end of the lever arm to insure contact between

the sample and the shear box. For tests in which lateral stress
measurements were taken, the calibrated membrane was connected to the
strain gauge indicateor. Because the calibrated membranes are very
sensitive to temperature changes, which may be caused by handling

the sample, the sample was allowed to sit for at least one hour
before an initisl microstrain reading was taken.

The sample was then consolidated. The consolidation loads were
applied in increments, similar to the procedure used in the standard
laboratory consolidation test. The time between each load increment
was approximately twice the time needed for 100 percent primary consol-
idation. The final consolidation load was applied for a minimum of
24 hours before the sample was sheared,

All tests were run as constant volume tests. Since the sample has
a constant cross sectional area, constant volume is maintained by keep-
ing the sample height constant. The change in vertical stress necessary
to maintain a constant sample height is equated to the excess pore

pressure that would have developed in an undrained test (79). It
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should be noted that drainage is allowed during shear, and no
excess pore pressure develops in the sample if the rate of shear

is sufficiently slow to permit drainage. Therefore, all measured
stresses are effective stresses. Typically, static tests were per-
formed in about seven hours. Cyclic tests were performed at fre-
quencies of 0.5 and‘O.l Hz. These frequencies were selected to
simulate earthquake and storm wave loading applicatioms.

Following the completion of testing, the sample was removed from
the shear apparatus. The final water content of the sample was
measured at this time. The measured water content agreed well with
the water content computed for the sample at the end of consolida-
ion. For the Gulf of Alaska clay, for example, the measured and com-
puted water contents agreed within an average of five percent.

The data obtained from each test was compiled from the strip
chart recordings. The data was reduced and processed by computer.

The test results are presented in Part 7 and discussed in Part 8.






PART 5

STRESS CONDITIONS IN THE NGI SAMPLE

5.1 Introduction

As is the case with every lahoratory soil testing device, the NGI
direct simple shear apparatus has some limitations. Numerous investi-
gators have analyzed the stress conditions produced in the soil sample
by direct simple shear devices. The findings of these theoretical and
experimental studies are discussed in the following section.

The assumptions necessary for the interpretation of test results
are discussed next. For the tests in which lateral stresses were measured,
sufficient information is available to determine Mohr's circle of stress
for a soil element at the center of the sample. On the basis of Mohr's
circle, information can be obtained about the state of stress within
the sample (for example, the magnitude and orientation of the principal
stresses). Equations are presented for various parameters that can be

determined from Mohr's circle.

5.2 Review of Theoretical and Experimental Studies of the Stress

Conditions Produced in Direct Simple Shear Samples

Cyclic stresses induced on an in situ soil element can often be
closely approximated by cyclic shear stresses acting on the horizontal
planes of the soil element. If an initial shear stress exists on the
horizontal planes prior to cyclic loading, then the cvelic shear stress-—

es can be superimposed’upon this static shear stress.

40






41

The cyclic direct simple shear apparatus was developed to repro-
duce these field conditions in the laboratory. The stress conditions
imposed on a soil element in the field and on the boundaries of the
NGI direct simple shear sample are compared ih Figure 5.1, ' The lack
of complementary shear stresses on the sides of the sample implies
that the boundary stress conditions are not ideal, making the interpre-
tation of direct simple shear tests rather difficult.

With regard to the SGI direct simple shear device, Kjellman (53)
noted that, for equilibrium regquirements, the normal stresses on the
upper and lower surfaces of the sample must be unevenly distributed.

The shear stresses on these surfaces are also unevenly distributed, since
they must be zero close to the front and rear of the sémple. It was
concluded that the distribution of stresses in the sample is not perfect,
but certainly better than it is in conventional direct shear devices.

Hvorslev and Kaufman (46) also examined the SGI direct simplelshear
device. It was found that neither the vertical normal stresses nor the
horizontal shear stresses acting on the sample are distributed uniformly.
The nonuniformity tends to increase with increasing deformation.

Roscoe (86) analyzed the stresses acting on a sample in the Cambridge
simple shear device. The analysis was based on the theory of elasticity,
assuming that the soil behaves as a linear elastic, isotropic material.

It was concluded that shear loading induces changes in normal stress
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(E; and Eﬁ) near the edges of the sample, but not at its center. The
moment produced by the applied shear stress is exactly balanced by the
moment produced by the nonuniform normal stress distributions acting
on the sample boundaries.

Roscoe {86) also noted that the distribution of shear stresses on
the upper and lower boundaries of the sample is nonuﬁiform. The magni-
tude of the shear stress increases rapidly with distance from the ends
of the sample and is quite uniform in the middle third of the upper and
lower sample boundaries. The shear stress in the central portion of
the sample is approximately 10 percent greater than the average applied
shear stress.

Duncan and Dunlop (18).investigated the stress conditions existing
within a sample tested in the Cambridge simple shéar apparatus. The
stress conditions were analyzed by the finite element method, assuming
nonlinear and anisotropic stress-strain characteristics for the sample
material. The stress distributions were found to be nonuniform. These
stress nonuniformities result f£rom the lack of complementary shear stress—
es on the sides of the sample. It was also determined that progressive
failure occurs, with failure beginning near the ends of the sample. The
size of these failure zones gradually increases, and with increasing

shear strain, the failure zones eventually merge.
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Duncan and Dunlop (18) pointed out that their analysis shows that
the stress nonuniformities are most severe mear the ends of the sample.
They concluded that the stresses in the center of the sample are
reasonably uniform and correspond closely to pure sheax conditions.

The assumption of a uniform stress condition provides a simple and
useful means of comparing strength values measured in simple shear tests
with those measured in other tests.

Lucks, et al (68), analyzed the stress conditions existing in a
NGL direct simple shear sample. A three-~dimensional finite element model
was emploved, assuming linear elastic, isotropic material parameters.

It was found that stress concentrations are quite local. Approximately
70 percent of the sample has fairly uniform stress conditions, which
are representative of the applied boundary stresses. It was also con-
cluded that progressive yielding is only of minor importance,

Provost and HGeg (79) recently investigated the stress conditions
occurring in simple shear test samples. The effects of partial boundary
slippage at the interface between the soil sample and the caps of the
Cambridge simple shear apparatus were determined, using an isotropic
elastic analysis. Such slippage increases the nonuniformity of stress
within the sample. For the case of no boundary slippage, it was found
that an applied shear stress does net iInduce significant changes in nor-
mal stress in the central portion of the upper and lower faces of the
sample. The shear stress in the central portion of these faces is

approximately 10 percent greater than the average applied shear stress.






45

A finite element study of the NGI direct simple shear sample
subjected to cyclic loading conditions was cﬁnducted by Shen, et al
(101). 1t was found that the shear strain distribution in the soil
sample is nonuniform and asymmetric. For the soils studied, the
measured shear modulus was found to be in error by 5 to 15 percent.

It was concluded that this magnitude of error may be viewed as accept-
able for most geotechnical engineering work.

Wright, et al (115), studied the stress distributions in samples
for the Cambridge simple shear device aﬁd the NGI direct simple shear
device. Results were based on elasticity theory, using the Saint
Venant solution (110) for a fixed end beam of square or circular
cfoss section subjected to an end load. It was concluded, on the basis
of this study and an experimental photoelastic study, that the stress
distributions within the'sample are totall& nonuniform. However, the
authors noted that their conclusions were based on elasticity theory,
and that the boundary conditions in the Saint Venant problem are not
exactly the same as they are in simple shear samples, It was argued
that it is important to determine the character of the stress distribu-
tions, and to compute their order of magnitude, in order to interpret
simple shear test results.

In a recent state of the art publication on the measurement of
dynamic soil properties, Woods (114) conciuded that despite the inter-

nal complexities and uncertainties associated with the simple shear
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test, it has been a useful tool in studying cyclic shear phenomena.
For practical purposes, the potential effects of stress nonuniformities
may be minimal.

It should be noted that all laboratory soil testing devices have
their advantages and disadvantages. Most devices test relatively small
samples, thereby making boundary effects and end conditions, with their
resulting stress concentrations, a major concern. Nevertheless, it is
typically assumed that the stress conditions are uniform throughout the
soil sample and are representative of the stresses imposed on the bound-

aries of the sample.

5.3 Assumed Stress Conditions in the NGI Direct Simple Shear Sample

On the basis of the previous discussién, it can be seen that there
- is some disagreement with vegard to the state of stress within direct
gimple shear samples. Nevertheless, it will be assumed that the stress
conditions existing in the central part of the NGI direct simple shear
sample are reasonably uniform and representative of the stresses imposed
on the sample boundaries.

Undrained conditions are simulated in the NGI direct simple shear
device by maintaining the sample at constant volume. Prevost and Hoeg
(79) have noted that it will not be possible in general to conduct a
constant volume direct simple shear test that is truly idemntical to an
undrained direct simple shear test. In a constant volume test, incom-

pressibility is satisfied only in an average sense for the entire
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sample, while in an undrained test, incompressibility is satisfied
everywhere within the sample.

Although some argument may exist, it will be assumed for this
investigation that a constant volume test is equivalent to an undrained
test. The change in vertical séress that is necessary to maintain a
constant sample volume during shear is equated to the excess pore pressure
that would have developed in an undrained test (10).

During constant volume shear, drainage is allowed, and no excess
pore pressure develops in the sample if the rate of shear is suffi-
ciently slow to permit drainage. TFor both the Gulf of Alaska clay and
Concord Blue clay, the time needed for 100 percent primary comnsclida-
tion in the soil sample is approximately 10 minutes*. Since the static-
tests were performed in about 7 hours, it seems likely that there is
adequate time for complete drainage during these tests. It is question-
able, though, whether there is adequate time for drainage during the
cyclic loading tests, especially for tests of short duration (less than
10 minutes). Nevertheless, it will be assumed for this investigation
that the sample is completely drained, and therefore, all measured stress-
es are effective stresses.

For tests in which lateral stresses were measured, the vertical nor-

mal stress, E;; the horizontal normal stress, E'; and the horizontal

h

shear stress, acting on the boundaries of the sample are known. The

Th,

#This value was determined from consolidation test data






three measured boundary stresses acting on the NGI direct simple
shear sample are shown in Figure 5.2. The stresses assumed to be act-
ing on an infinitesimal element at the center of the sample are also
shown in this figure. The shear stresses acting on the sides of this
element are assumed to be equal in magnitude to the measured (hori-
zontal) shear stress.

From the three measured stresses, a Mohr's circle of stress can
be drawn for the soil element at any time during the test, as shown
in Figure 5.3. The variables indicated in the figure can be determined

from the geometry of the Mohr's circle, as follows:

__rrv+ch=01+03 51
p = 2 5 .
(o, - Eh)z 2.1/2 %1~ 93
where p and g define the effective stress point (61), which is the
uppermost point of the Mohr's circle;
by = sin”t (~§jﬂ 5.3
o ,
where ¢m is the mobilized friction angle of the soil;
T
0, = tan"t [—L& ] 5.4
(o, - ch)
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where Gp is the angle between the horizontal plane of the sample and

the plane on which the major principal stress acts;

o
q

=45 -0 .
p 5.5

where Gq is the angle between the horizontal plane of the sample

and the plane on which the maximum shear stress acts;

®¢

¢

m

where Gf is the angle between the horizontal plane of the sample

and the plane of maximum obliquity; and

@]

93
Where-gl is the

minor principal
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major principal effective stress, and Eé is the

effective stress. Note that ¢m is computed for the

case of zero cohesion (¢ = 0).

All tests that included lateral stress measurements were analyzed

on the basis of

the assumptions and equations presented here. The

tests without lateral stress measurements were analyzed in the con-

ventional way (on the basis of E; and Th). Test results are presented

in Part 7.






PART 6

DESCRIPTION OF THE SOILS TESTED

6.1 Introduction

To obtain an understanding of clay soil behavior in the field,
the soil structure should be preserved as found in situ. Therefore,
only undisturbed samples of cochesive soils were tested in the labora-
tory.

Two fine grained soils wers studied: a Gulf of Alaska clay
{(from the Copper River prodelta) and Comcord Blue clay. They are
described in the following sections. Pertinent background informa-
tion about these soils is noted, along with the reasons for obtaining

laboratory test data.

6.2 Gulf of Alaska Clay

Petroleum related activities in the ocuter continental shelf region
of the Gulf of Alaska may stimulate major marine construction in this
area. Therefore, it is important to identify and evaluate the geological
and geotechnical characteristics of the marine soils associated with
this region.

Marine geologic studies were conducted by the United States Geo-
logical Survey (USGS) in the cbntinental shelf and the upper contin-
ental slope regions of the Gulf of Alaska. Several areas of slope
instability were discovered. One area of instability is the Copper
River prodelta, from which the clay samples used in this study were

obtained.
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The Copper River is a major source of Holocene sediment, with
an annual sediment discharge of 107 x lO6 tons. Much of this
sediment has accumulated on the prodelta, reaching a maximum thick-
ness of 350 m, with an average thickness of 150 m. The rate of
sedimentation is very high in this area, being on the order of 1l{-

15 meters per 1,000 years (14).

Seismic reflection surveys of the Copper River prodelta show
disrupted bedding and irregular topography, indicating submarine slides
and slumps (14,35). This type of structure is evident across the
entire span of the prodelta, an area of 1,700 kmz. The seafloor in
this area has a slope of approximately 0.5° (14).

Submarine slope failures can dccur on extremely flat terrain,

Since the extent of many submarine slopes is fairly large, the infinite
slope method of analysis can be used to advantage (71). Using this
simple model (Figure 6.1), the equation for stability* (for the case of

zero cohesion) is:

FS = resisting force _ [1 - Au 1 tan ¢ 61
driving force ' tan 1 :
¥ Heos 1
where
FS = Factor of safety
Au = Excess pore water pressure
(in excess of hydrostatic)
y' = Buoyant unit weight of soil =~y _ - Ve
H = Depth of failure surface measured

from the surface of the sediment

#Adopted from Hampton, et al (35).
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FIGURE 6.1. SUBMARINE SLOPE STABILITY ANALYSIS:
(a) SUBMARINE SLOPE; (b) SOIL
SLICE USED FOR STABILITY ANALYSIS
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i = 8Slope angle

#' = Effective stress friction angle of soil

Any excess pore water pressure reduces the normal effective

stress on the failure plane. The shearing resistance is thereby
reduced, while the applied shear stress, caused by the weight of the
soil, remains constant. The effective stress friction angle for the
Copper River prodelta sediment is approximately 24° (35). 1If the
excess pore pressure is zero, the theoretical maximum sleope angle
for this soil is also 24°,

Excess pore pressure in marine sediments can be produced by
high rates of sedimentation, cyclic loading, and the presence of
gas—charged sediments (90). TFor the Copper River prodelta, all of
these factors are important and they must be taken into consideratiom.
In determining the stability of submarine slopes, other factors should
also be considered: removai of slope support by faulting or erosion,
seismic forces and accelerations, and tectonic slope steepening.

A high rate of sedimentatioan causes a lag between sediment accumu-
lation and subsequent consolidation, resulting in an accumulation of
excess pore pressure, In the literature, this is frequently referred
to as undercomnsolidation. Hampton, et al (35), investigated the signi-
ficance of the excess pore pressures resulting from high sedimentation
rates in the Copper River delta. The theoretical approach developed

by Gibson (32) was used to determine the magnitude of the excess pore
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presgures. Using the infinite slope method of analysis and the
theoretical pore pressures, Hampton et al (35), determined that

only slopes with an inclination less than 2.6° would be stable.

This is a substantial decrease from the 24° angle determined for the
case of zero excess pore pressure.

Excess pore pressures are also developed by earthquake loadings.
The forces and accelerations generated by the earthquake increase the
applied shear stresses acting on potential failure surfaces, causing
further instability. Reimnitz (82} attributed the slump structures
seen on seismic records from the Copper River prodelta to the 1964 Alaska
earthquake.

Excess pore pressures can also be generated by storm waves. The
waves Induce pressure fluctuations on the seafloor. The magnitude of
these pressure fluctuations depends upon wave height, wave length, and
water depth. Hampton, et al (35), showed that wave induced pressure
fluctuations are significant in water depths up to at least 150 m.

The wave action can also cause erosion on the seafloor.

Indications of free gas were noted by seismic data in the Copper
River prodelta. The gas could be methane generated within the Holocene
sediments, or it could be gas that has been liberated from underlying
rock and then migrated up fault planes (58).

In summary, all of the factors noted above can lead to the instability
of submarine slopes. F;r the Copper River prodelta, the rapid rate of

sedimentation is important. The Gulf of Alaska is also in an area of
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intense seismic activity. Storms with large waves are common, especially
in the winter months (16). Therefore, it is imperative to determine
the behavior of these submarine soils under cyclic loading.

A four inch inside diameter undisturbed core sample was obtained
from the United States Geological Survey for laboratory testing. The
sample was taken in the Copper River prodelta, and it contained sediment
from one to two meters depth below the seafloor. Pertinent geotechnical

data is given in Table 6.1.

6.3 Concord Blue Clay

Concord Blue clay is a silty glacial lacustrine clay obtained from
a site near Colden, New York, which is southeast of Buffalo. Undisturbed
block samples, containing approximately one cubic foot of soil, were
cut by hand from a test pit. The samples were taken at a depth of ten
feet below the ground surface.

Concord Blue clay was selected for laboratory testing because high
quality undisturbed samples are readily and economically available.

Pertinent geotechnical data is presented in Table 6.2.
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TABLE 6.1
GEOTECHNICAL DATA FOR THE

CULF OF ALASKA CLAY

SITE: COPPER RIVER PRODELTA

TYPE: 4 INCH DIAMETER UNDISTURBED
CORES

GEOTECHNICAL DATA

WATER CONTENT 57% - 65%
LIQUID LIMIT 50%
PLASTIC LIMIT 27%
SPECIFIC GRAVITY 2.84%
FRICTION ANGLE 24°%
SENSITIVITY (FALL CONE) 3.8
CONSOLIDATION HISTORY UNDERCONSOLIDATED
PERCENT SAND 1%

PERCENT SILT 34

PERCENT CLAY 65%

#*Data from Hampton, et al (35).






TABLE 6.2

GEQTECHNICAL DATA FOR

CONCORD BLUE CLAY

SITE: COLDEN, NEW YORK (SOUTHEAST OF BUFFALO)

TYPE: UNDISTURBED BLOCKS

GEOTECHNICAL DATA

WATER CONTENT

27% -~ 28%

LIQUID LIMIT 34%
PLASTIC LIMIT 21%
SPECIFIC GRAVITY 2.76%
FRICTION ANGLE 25°%%
SENSITIVITY (FALL CONE) 1.4

CONSOLIDATICN HISTORY

NORMALLY CONSOLIDATED

#Data from Egan and Sangrey (19).







PART 7

TEST RESULTS

7.1 Gulf of Alaska Clay

7.1.1 Introduction. All direct simple shear tests performed on

the Gulf of Alagka clay are summarized in Table 7.1. An explanation
for each column of data is given in Table 7.2,

Prior to shear, all samples were consolidated in the NGI direct
simple shear device. The soil samples were consolidated to stresses
greater than the in situ maximum preconsolidation stress. This pro-
cedure was used because it minimizes the effects of sample disturbance,
and it ensures that the samples will be normally consolidated (60).

For all direct simple shear tests performed on the Gulf of Alaska
clay, the horizontal (lateral) stresses acting on the soil sample during
consolidation and shear were measured by using calibrated wire reinforced
membranes. The horizontal stress is computed by the equation:

(r - ri)

1
= == 7.1
h (1 - sv) k

Q

where
r = Microstrain reading corresponding to the hori-
zontal stress, o
r, = Initial microstrain reading corresponding to
zero horizontal stress
€, = Vertical strain in the sample
k = Membrane calibration factor

(microinches per inch/unit stress)

60
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TABLE 7.2
EXPLANATION FOR TABLES 7.1, 7.6, AND 7.7

Column Symbol Explanation

1 Test Number

2 A Sample Cross Sectional Area

3 W, Water Content of Trimmings

4 e, Void Ratio of Trimmings

5 Hi Sample Height Before Cousolidationm

] sLL Undrained Shear Strength (Swedish Fall Cone)
7 S: Sensitivity (Swedish Fall Cone)

8 Evo Final Consolidation Stress

9 E;m Maximum Consolidation Stress
10 OCR Overconsolidation Ratio

11 Hf Sample Heigh:‘After Consolidation

12 . Vertical Strain After Consolidation

13 Te Cyclic Shear Stress
14 Tc/Su gggiig ggizggigress as a Percentage of Peak
15 I x Number of Cycles Tested
16 Ty Shear Strain at N Cycles

i 17 ay Pore Pressure at N Cycles
18 £ Frequency of Loading
19 3 Static Undrained Shear Strength (Peak of Stresg-
[ u Strain Curve)

20 te Shear Strain at Peak of Stress=Strain Curve
21 Ug Pore Pressure at Peak of Stress-Strain Curve
22 Strain Rate
23 g Water Content of Sample (After Test)
24 ef ' Yoid Ratio of Sample (After Test)







64

The tetrm (l-ev) is a correction factor that takes into account the
decrease in distance between the reinforcing wire windings caused by
the vertical strain of the sample (8). This correction factor is
necessary because the vertical distance between the wire windings is
constant during the calibration of the membranes.

The static tests were performed under controlled strain condi-
tions, and the cyclic tests were performed under controlled stress con-
ditions. For the cyclic tests, a square wave load shape with complete
stress reversal was used, and the cyelice loading frequency was 0.1 Hz.
The standard 50 cm2 sample size was used for all tests.

The results of a consolidation test, in the form of void ratio
versus consolidation stress, are shown in Figure 7.1 (arithmetic) and
Figure 7.2 (logarithmic). )

In the following three sections, the test results for the Gulf of
Alaska clay are presented. First, the coefficient of lateral stress at
rest, KO, ig determined, based on the lateral stress measurements that
were made during the consolidation phase of each test. The static test
results are presented next, and this is followed by the c¢cyelic loading
test results. With the use of the equations presented in Part 5, variocus
information is determined about the state of stress within the soil
sample during static and cyclic shear.

1t should be noted that whenever test results are presented graphically,

the curves for individual tests represent a large number of data points,






65

AVIO VISVIV 40 47109 - ISEL YILIWOAIO A0 SIINSHA

(383) SSHMIS NOILVAITOSNOD

*T°L JENDIA

AVID VASVTIV A0 4TND

+9°1

8°'1

2 ‘0IIVY QI0A






66

AVID VASVIV d0 4109 - LSIL YHIANOQEO 4O SIINSTL

0'01

(383) SSHYLS NOIIVAITOSNOD

0°T

T°0

‘7L FENOIA

1070

AVID VASVIV 40 4100

90

Lt 8°0

| 0°1

- C'1

At

F 9°T

L 8°T

2 ‘0IIVY QIoA






67

typically, between 25 and 50. The curves depict a smooth fit through
the data points and are representative of the actual data, excluding
minor irregularities.

7.1.2 Determination of KO. The horizontal (lateral) stresses act-

ing on the soil samples were monitored during the consolidation phase
of each test. The consolidation stress was applied in three increments,
and for each vertical stress, the corresponding horizontal effective
stress was measured after the completion of primary consolidation. The
results are summarized in Table 7.3.

The measured horizomtal effective stress is plotted versus the verti-
cal effective stress in Figure 7.3. The data points tend to fall on a
straight line, which does not pass through the origin. Fitting a straight

line to the data by the method of least squares results in the equatidn:

o, = 0.536 0 - 0.034 7.2
h v

where Eh and E; are in kg/cm;. Experimental evidence has shown that
the KO line for one dimensional consolidation is essentially straight
(61). However, the Ko line should pass through the origin.

The reason that the least squares line does mot pass through the
origin can be attributed to the difficulty of obtaining an initial
microstrain reading corresponding to zero horizontal stress. Since

changes in the zero reading usually occur while the membrane is mounted

on a sample, the recommended procedure is to take an initial reading after
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VERTICAL STRESS, Ev(kg/ cmz)

FIGURE 7.3.

RESULTS OF LATERAL STRESS
MEASUREMENTS MADE DURING
CONSOLIDATION ~ GULF OF
ALASKA CLAY
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sample preparation is completed (8). This procedure was followed for
all tests.

It seems unlikely that the horizontal stress acting on the sample
will be zero after sample preparation is completed. During sample
preparation, the wire reinforced rubber membrane is stretched in the
expander and then released around the sample. Because of this procedure,
it seems probable that the membrane exerts a horizontal stress on the
sample. Furthermore, during sample preparation, the upper cap is placed
on tep of the sample. The cap exerts a vertical stress of 0.017 kg/cm2
(1.7 kN/mz) on the sample.

Therefore, after sample preparation is completed, a known vertical
stress and an unknown horizontal stress are acting on the sample.
Tdeally, however, both the vertical stress and the horizontal stress
should be zero in order to obtain a true initial microstrain reading.
These two situations are contrasted in Figure 7.4a.

Further insight may be gained by studying the diagram in Figure 7.4b.
In the primed coordinate system, stresses are measured relative to the
assumed initial stress conditions (E£ = E; = 0) acting on the sample.
The data points obtained for each test were plotted relative to this
coordinate system. The unprimed coordinate system corresponds to the
actual (true) stresses acting on the sample.

After sample preparation is completed, it is known that the actual

vertical stress acting on the sample is 0.017 kg/cm2 (1.7 kN/mz).
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IDEAL
(ASSUMED) ACTUAL )
,=0 o, = 0.017 kg/cm
- g, o
Op=0—= —h _h=] T Eh = 7
--1\ | j (a)
Oy Ty

Ql

—== |=— 0.017 k.g/cm2

“-SLOPE = 0.54

(b)

0.043 kg/cm?

FIGURE 7.4, STRESSES ACTING ON THE SOIL SAMPLE
AFTER SAMPLE PREPARATION IS COMPLETED:
(a) COMPARISON OF IDEAL AND ACTUAL
STRESSES ACTING ON THE SAMPLE; (b)
DETERMINATION OF THE INITIAL HORTZONTAL
STRESS ACTING ON THE SAMPLE
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Therefore, the true Eg axis can be drawn offset to the 5; axis, as’

shown. If the true relationship between the horizontal effective
stress and the vertical effective stress is linear, then this line

can be extended until it intersects the E£ axis. The true E; axis must
also pass through this point of intersection, as shown.

The actual stresses acting on the soil sample when the initial

microstrain reading was taken can now be found from Figure 7.4b:

(o)

2 2
v initial 0.017 kg/em” (1.7 kN/m")

i

7.3

(@) 0.043 kg/em® (4.2 kN/m>)

initial
Note that the deduced initial wvalue of the horizontal stress is an

average value for all tests. The coefficient of lateral stress at rest,

K, is equal to the slope of the straight line (Figure 7.4b):

K = 0.5 7.4
© Gulf of Alaska Clay

Note that this value of Ko is also an average value for all tests on the
Gulf of Alaska clay.

The measured value of Ko (equal to the slope of the straight lime)
agrees favorably with values of Ko derived from empirical relationships.
For example, the following relationship is commonly used for normally

consolidated clays (11):
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KO = 0.95 - sing = 0.543 7.5

Alpan (1) recommends an alternative relationship for normally consoli-

dated clays:
Ko = 0.19 + 0.233 log PI = 0.507 7.6

where PI is the plasticity index, in percent. Brooker and Ireland
(11) developed a chart relating Ko’ overconsolidation ratio, and

plasticity index; for this relationship:
XK = 0.56 7.7
o]

Note that these three empirical values of KO were computed using
the data in Table 6.1.

In summary, it will be assumed that the true relationship between
the measured horizontal effective stress and the vertical effective
stress 1s linear. Accordingly, the coefficient of lateral stress at
rest is equal to the slopé of this line, and it is a constant.

A true initial microstrain reading, corresponding to zero hori-

zontal stress, can now be computed by rearranging Equation 7.1 and

1]

substituting KO 0.54:

K o =g¢ _—._(_lj'_i_)__];.
0 v h (l—Ev) k

7.8

r,=r -K o (l-e)k
i c v v
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where r is the measured microstrain reading corresponding to the final
consclidation stress, ov. This procedure was used to calculate an

initial microstrain reading for all tests performed on the Gulf of

Alaska clay.

7.1.3 Static Test Results. The results of the static tests were

used primarily as a basis of comparison for the cyclic loading tests.
This is a common practice in geotechnical engineering. For example,
cyclic stresses are often expressed as a percentage of the static shear
strength. An additional objective was simply to obtain static test
data, including lateral stress measurements, and to analyze this data
using the equations presented in Part 5.

Stress-strain curves for the static tests are shown in Figure 7.5.
The shear stress was normalized by dividing it by the consclidation
stress, E§o' Tests 1, 2, and 3 were true static tests; Test 9 was
performed following a sequence of cyclic loading that did not cause
failure.

There is some scatter in the stress—strain curves, but the reason
for it is not evident. Since there is a lack of conclusive evidence
to prove otherwise, it will be assumed that the observed scatter is
random in nature. The scatter can be attributed to the basic hetero-
geneity of the soil and to the sources of error inherent in laboratory
testing (41). The magnitude of the scatter is typical for laboratory

tests of this nature.
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During cyclic.loading, the sample for Test 9 developed a shear
strain of only 0.04 percent. Previcus research has shown that cyclic
shear strains of this magnitude will have little effect on the results
of a subsequent static test (73,107). Therefore, it seems reasomable
that the stress-strain curve for this test should f£all within the scatter
of the other stress-strain curves.,

The nominal value of the undrained shear strength is dependent on
the failure criterion that is used. Typically, it is assumed that failure
occurs either at the peak of the stress-strain curve or at some specified
value of shear strain, such as two or three percent. TFor the data shown
in Figure 7.5, the average normalized undrained shear strength is 0.293
at peak shear stress, and it is 0.239 at three percent shear strain.

For practical purposes, a shear strain of three percent (or even less)
constitutes failure for most geotechnical engineering applications, and
this is the failure criterion that was used for this investigation.

Ladd and Edgers (59) have compiled undrained shear strength data
(measured in direct simple shear tests) for 13 clays of varying compo-
sition, Atterberg limits, and sensitivity. They found that the normalized
undrained shear strength (Su/E;O at peak shear stress) is approximately
0.21 for clays with a plasticity index between 10 and 25 percent. The
measured normalized undrained shear strength of the Culf of Alaska clay

is slightly higher than 0.21, indicating reasonable test results.
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Excess pore pressure is plotted versus shear strain in Figure 7.6.
The pore pressure was also normalized by dividing it by the consolida-
tion stress. The curves for Tests 1, 2, and 3 follow a sequence directly
opposite to that of the stress-strain curves shown in Figure 7.5; that
is, the test with the lowest stress-strain curve had the highest pore
pressures. However, the curve for Test 9 does not fit into this pattern.
The average normalized pore pressure is 0.311 at 3 percent shear strain,
and it is 0.428 at 15 percent shear strain.

Stress paths, with shear stress plotted versus vertical normal effective
stress, are presented in Figure 7.7. The stress paths for Tests 1, 2,
and 3 are typical for a normally comsolidated clay (59,73). However,
the stress path for Test 9 is similar in shape to a stress path for a
lightly overconsolidated clay (59,73); that is, the initial part of the
stress path is relatively steep.

The pore pressures that are gemerated by low level cyclic loading
reduce the effective stresses within a soil sample. This causes the
soil to behave as if it were overconsclidated (73,107). However, this
"apparent overconsolidation" is not identical to true overconsolidation.
For "apparent overconsclidation", the volume of the sample remains con-
stant during unloading, whereas for true overconsclidation, the volume
of the sample is allowed to change during unloading. If the change in
volume that occurs during rebound is small, the difference between
"apparent overconsolidatién" and true overconsolidation will also be

small. This is the case for the Gulf of Alaska clay (see Figures 7.1 and
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7.2). Therefore, the "apparent overconsolidation'" model provides a
simple qualitative description for the static loading behavior of the
Gulf of Alaska clay after it has been subjected to low level cyclic
loading.

Typically, for direct shear tests and direct simple shear tests,
it is assumed that the horizontal plane of the sample is the plane of
maximum obliquity. The angle of internal friction, ¢, can then be com-

puted from the equation:
tan ¢ = Th/Gv 7.9

where T is the maximum applied shear stress on the horizontal plane

of the sample, and E; is the normal effective stress on this plane.

The angle ¢ can also be evaluated as a function of shear strain by sub-
stituting suitable values of 2% and E; into Equation 7.9. In this case,
the computed value of ¢ represents the mobilized friction angle at the
corresponding shear strain. For the Gulf of Alaska clay, the average
value of the angle of internal friction is 27.9° at peak shear stress,
and the average value of the mobilized frictiom angle is 18.8° at 3 per-
cent shear strain and 25.7° at 15 percent shear strain.

Strain contours are also shbwn in Figure 7.7. Since the strain con-
tours are straight lines passing through the origin, they are equivalent
to the average values of ¢ determined previously. For example, the
contour for three percent shear strain corresponds to a (mobilized) fric-—

tion angle of 18.8° (the strain contour shown in Figure 7.7 is not

inclined at 18.8° since the scales on the two axes are unequal).
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The relationship between normalized shear modulus and shear strain
is presented in Figure 7.8. 1In this report, the shear modulus is defined

as a secant modulus:

G = Th/"y 7.10

where T is the shear stress applied to the sample, and v is the
corresponding shear strain. The data for all four tests tend to form
a narrow band. The scatter in the stress-strain curves (Figure 7.5) is
not evident here because the shear modulus is plotted on a log scale.

The relationship between the vertical normal stress and shear strain
is presented in Figure 7.9, and the relationship between the horizontal
normal stress and shear strain is presented in Figure 7.10. Both the
vertical normal stress and the horizontal normal stress were normalized
b& dividing them by the consolidation stress. Since it is assumed that
excess pore pressures do not develop in the sample during shear, the
measured normal stresses are effective stresses. The vertical normal
effective stress decreases throughout each test; this decrease corresponds
to the buildup of pore pressures that would have occurred during an
undrained test. The horizontal normal effective stress first decreases
slightly, reaching a minimum value at approximately four percent shear
strain, and thereafter, it gradually increases.

Mocdeling the direct simple shear soil sample as an elastic-plastic
material, Prevost and Hieg (79) determined that the octahedral normal
total stress (={ov + 2 ch]/B) increases when the sample is subjected

to an increment of simple shear strain. Since the vertical normal total
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stress remains constant during a constant volume test, this implies
that the horizontal normal total stress increases. By combining the
" results shown in Figures 7.6 and 7.10, and noting that total stress
is equal to effective stress plus pore pressure, it can be seen that
the horizontal normal total stress does increase during static shear,
as predicted. |

The coefficent of lateral stress, K, is defined as the ratio of

the horizontal normal stress, to the vertical normal stress, Gv.

Eh,
The relationship between the coefficient of lateral stress and shear

strain is shown in Figure 7.11. Initially, at zero shear strain, the
coefficient of lateral stress corresponds to at rest conditions (Ko).
The coefficient of lateral stress increases throughout each test, and
at large shear strains, it approaches a value of unity. At 3 percent
shear strain, the average coefficient of lateral stress is 0.63, and

at 15 percent shear strain, it is 0.79.

The ratio of the minor principal stress, Eé, to the major princi-

pal stress, o

1° will be defined as the principal stress ratio, R, in

this report. The relationship between the principal stress ratio and -
shear strain is presented in Figure 7.12. At zero shear strain, the
principal stress ratio is equal to the coefficient of lateral stress
at rest, KO. The principal stress ratio decreases throughout each
test, although at large shear strains, it remains relatively constant.
At 3 percent shear strain, the average principal stress ratio is 0.35,

and at 15 percent shear strain, it is 0.27.






86

AVID VASVIV 40 47700
- SISAL JIIVIS ¥04 NIVYLS dVHHS SNS¥HA
0 =) ‘SSAYLS TVIAIVT 40 INAIDIAJHOD HHI "TT°/ HENDIL

% NIVILS dVIHS
Ye 81 ¢l 9 0

[ A H s

0°0

[ ¢°0







87

AVTID

VASVIV 40_J4T11D ~ SISHL DILVLIS Y04 NIVILS dVAHS

snsuan ‘To/®o = w ‘orive ssmais TvaronT¥d @HI

% NIVILS ¥vHHS
¢ 81 , ¢t

[ i

*¢1°L FANOIA

0°0

F¢°0

ALY

F9°0







88

The angles Bq, 6., and ep were defined in Part 5 as:

£

1. eq is the angle between the horizontal plane of the
sample and the plane om which the maximum shear stress
acts.

2, Sf is the angle between the horizontal plane of the
sample and the plane of maximum obliquity.

3. Sp is the angle between the horizontal plane of
the sample and the major principal plane.

The relationship between Sq and shear strain is presented in
Figure 7.13. Initially, at zero shear strain, Bq is 453°. The angle
eq decreases rapidly at small shear strains, and thereafter, it
decreases gradually for the remainder of each test. At large shear
strains, Gq approaches a value of zero. Therefore, for large shear
strains, the horizontal plane of the sample is approximately the plane
on which the maximum shear stress acts. Roscoe, et al (87), using the
Cambridge simple shear device, found similar results for sands.

The relationship between GP and shear strain is presented in Figure
7.14. Initially, at zero shear strain, the horizontal plane is the
major principal plane (ep = 0). The angle ep increases throughout each
test, and at large shear strains, 6p approaches 45°. This result is

equivalent to the previous observation that eq approaches a value of

zero at large shear strains.
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The relationship between ef and shear strain is presented in
Figure 7.15. The angle ef decreases throughout each test, and at large
shear strains, the average value of ef is approximately 25°. The
large values of 6, (Figure 7.15) indicate that the horizontal plane
of the sample is not the plane of maximum obliquity. Roscoe, et al (87),
found similar results for sands,

As mentioned in Pért 5, there is sufficient information available
to determine q - E-data, since lateral stresses were measured. Accor-
dingly, the mobilized angle of internmal frictiom, ¢m’ can be determined

by means of Equation 5.3:
N § =
¢, = sin = (a/p) 7.11

The mobilized angle of internal friction is a function of shear
strain, and this relationship is presented in Figure 7.16a. The data
for Tests 1, 2,and 3 show little scatter, and the curves for these
three tests form a narrow band in the figure. However, the values of
¢m for Test 9 seem to be unreasonably high. It wés noted previously
that non-failure cyclic loading of normally consolidated clays tends
to make them behave as if they were overconsolidated. 1In fact, Ander-
sen (2,3) concluded that cyclic loading of normally consolidated clays
causes the cohesion parameter, c, to increase, while the angle of inter-
nal friction remains unchanged. This behavior as an overconsolidated

clay, with a nonzero cohesion parameter, will cause the computed
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values of ¢m to be too high because the computations were based on the
assumption of zero cohesion.

It is of interest to compare the average values of ¢m (for Tests
1,2, and 3) with the average values of ¢ that were determined on the
basis of the stresses acting on the horizontal plane of the sample
(tan ¢ = Th/EQ). Accordingly, the average values of ¢m and ¢ are pre-
sented in Figure 7.16b as a function of shear strain. As can be seen
in this figure, ¢m is always greater than ¢, and at large shear strains,
the difference between the two is about 7°, At zero shear strain, ¢
is greater than zero since the samples were consolidated under KO condi-
tions. |

A g - D stress plot is shown in Figure 7.17. The KO line, shown in
the figure, corresponds to the measured coefficient of lateral stress at
.rest (KO = 0.54). Strain contours (based on Tests 1, 2, and 3) are also
shown. Since the strain contours are straight lines passing through
the origin, they are equivalent to the average values of ¢m determined
previously®.

The stress paths for Tests 1, 2, and 3 begin at the Ko line and end
near the strain contour for 15 percent shear strain, The stress path

for Test 9 extends beyond this strain contour,

*If the q and ; axes have the same scales, the strain contours would

be inclined at an angle o = tan_l(sin ¢u9.
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7.1.4 Cyclic Loading Test Results. Six cyclic loading tests were

performed on the Gulf of Alaska clay, each with a different cyelic shear
stress. The cyclic shear stresses used for each test are summarized

below:

Test T, (kg/cmz) TC/Su (2%
4 0.047 30
5 0.056 36
6 0.070 45
7 0.084 54
8 Q.O98 63
9 0.035 | 23

The relationship between cyclic shear strain and the number of load-
ing cycles is presented in Figure 7.18. The cyelic shear strain is one-
half of the peak to peak shear strain. Typically, the cyclic shear
strains increase gradually until failure is imminent, after which they
increase very rapidly. In Test 9, there were no indications of imminent
failure, even after 3,000 loading cycles.

Normalized pore pressure is plotted versus the number of loading
cycles in Figure 7.19. These curves represent rhe excess pore pressures
that were genérated by the cyelic loading. It should be noted that when
the normalized pore pressure in the sample approaches a value of approxi-
mately 0.4, the rate of pore pressure generation (per cycle) accelerates,

and fajilure occurs with further cyelic loading.

*S,; 1s the peak static undrained shear strength corresponding to the con-
solidation stress used in the cyclic loading tests (Su = 0,155 kg/cmz).






98

AVID
VASVIV 40 A1) - SHTIIAD DONIAVOT 40
JIGUON SNSYHA NIVYLS dVHEHS DITIDAD

STTOAD 40 JAGWAN
0091 00¢T 008

[ — [}

‘81, d4nO1d

00v

oA
NEU\wx L350 = o

o¢ 9¢

Sy

K

\/. 0T
¢ €9

% NIVALS d4VIHS






99

AVTID VASVTIV 40
4110 ~ SHTDAD ONIAVOT 40 ¥HIWAN
SNSYHA HINSSHId dI0d AAZITVWEON 61 °L HINDIAL

SAI0ZD A0 YAIWAN
0091 002t 008 v 00%

% 3. ) 2

0°1

o/ TINSSHId TI0d TAZITVIION

oA






100

In Test 9, the pore pressure and the cyclic shear strain remained
approximately constant during the latter part of the test. This
implies that the sample was in a state of non-failure equilibrium. Con-
sequently, the critical level of repeated loading for the Gulf of Alaska
clay is estimated to be about 25 percent of the peak static undrained
shear strength.

Stress paths (Tc versus E;) are shown in Figure 7.20a. Only the
positive peak points of the stress paths are shown; that is, when the
shear stress has its maximum positive value. The actual stress paths
would cycle above and below the 3% axis.

Strain contours are also shown in Figure 7.20a. 8Since the strain
contours were approximated by straight lines passing through the origin,
they can be expressed equivalently as average values of the mobilized

friction angle for cyclic loading, (¢)C, which is defined by the equation:

tan (cp)C = tclg; 7.12

The average values of (¢)c, determined from the cyclic loading tests,
are presented in Table 7.4. TFor comparison, the values of ¢ that were
computed from the static tests are also presented in this table.

TABLE 7.4

COMPARTSON OF AVERAGE VALUES OF ¢ AND (¢}, AT DIFFERENT
SHEAR STRAINS ~ GULF OF ALASKA CLAY

SHEAR STRAIN 0.25% 0.5% 1.0% 2.0% 3.0% 15.0%

ol 8.1 1l.1 14.0 17.2 18.8 25.7

(3) 9.3 11.7 14.9 18.6 20.9 31.7
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The wvalues of (¢)c are consistently higher than the values of
¢, but the difference between the two values is small, except at large
shear strains. This implies that the strain contours for the static
and the cyclic loading tests are also quite similar, as shown in Figure
f.ZOb. Therefore, for the Gulf of Alaska clay, the strain behavior
of the sample during cyclic loading can be approximately predicted from
the static test results if the effective stresses in the sample can be
determined.

The relationship between normalized shear modulus and the number
of loading cycles is presented in Figure 7.21. The shear modulus de-
creases gradually with increasing number of loading cycles until failure
igs imminent; thereafter, the shear modulus decreases rapidly. As the
cyclic shear stress increases, the initial shear modulus (for the first
loading cycle) decreases.

The relationship between the vertical normal stress and the number
of loading cycles is presented in Figure 7.22, and the relationship
between the horizontal normal stress and the number of loading cycles
is presented in Figure 7.23. Both of these stresses were normalized by
dividing them by the consolidation stress. The vertical normal stress
decreases with increasing number of loading cyeles; this decrease is
directly related to the increase in excess pore pressure that would occur
in an undrained test. The measured horizontal stress also decreases

with increasing number of loading cycles.
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The coefficient of lateral stress is plotted versus the number
of loading cyeles in Figure 7.24. As for the static tests, the coeffi-
cient of lateral stress tends to increase, and it approaches a value
of unity at large shear strains. At 3 percent shear strain, the average
value of X is 0.81, and at 15 percent shear strain, it is 0.92.

The principal stress ratio, R, is plotted versus the number of
loading cycles in Figure 7.25. As the shear strains increase, the prin-
cipal stress ratio decreases, At 3 percent shear strain, the average
value of R is 0.38, and at 15 percent shear strain, it is 0.20.

The relationships between the angles Sq, SP, and ef and the number
of loading cycles are presented in Figures 7.26 to 7.28. As the shear
strains increase, eq approaches 0°, and SP approaches 45°. Therefore,
at large shear strains, the horizontal plane of the soil sample is
approximately the plane on which the maximum shear stress acts. It
is also evident from Figure 7.28 (ef versus number of cyeles) that the
horizental plane of the sample is never the plane of maximum obliquity

at any time during the test.

As mentioned previously, there is sufficient information available
to determine q - p data for the cyclic loading tests, since lateral

stresses were measured. Accordingly, the mobilized angle of internal

friction for cyclic loading can be determined by means of Equation 5.3:

(6 ), = sin”t (a/p) 7.13
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The relationship between (¢m)c and the number of loading cycles is
shown in Figure 7.29.

Aq - 5-stress plot is shown in Figure 7.30. The Ko line corres-
ponds to the measured coefficient of lateral stress at rest (K0 =
0.54). Only the positive peak points of the stress path are shown;
that is, when the shear stress has its maximum positive value. The
stress paths do not begin at the KO line because the first data point

is for the first loading cvele, and therefore, 1, is not equal to

h

zero.,

Strain contours are alsc shown in Figure 7.30. Since the strain
contours were approximated by straight lines passing through the origin,
they can he expressed alternatively as average values of (¢m)c. In
Table 7.5, ‘the average values of (¢m)c, determined from the cyclic load-
ing tests, are compared with the values of ¢m'that were computed from
the static tests. The average values of (¢m)c and ¢mrare also compared

in Figure 7.31.

TABLE 7.5

COMPARTSON OF AVERAGE VALUES OF ¢m AND (¢m)c AT DIFFERENT SHEAR
STRAINS - GULF OF ALASKA CLAY

Shear Strain 0.25% 0.5% 1.0% 2.0% 3.0% 15.0%
¢m 19.0 20.8 23.0 25.8 27.1 32.2
(cbm)c 19.0 19.8 22.4 24.9 27.1 41.3
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The values of (cbm)c computed from the cyclic test results are
virtually identical to the values of ¢m computed from the static test
results, except at 15 percent shear strain. Consequently, the strain
contours for the static tests and the cvelic loading tests are virtually
identical, except at large shear strains,

Conventionally, cyclic loading strength is expressed as the number
of loading cycles to fajlure, where failure is a specified shear strain
level. This relationship is presented in Figure 7.32, in which the cyclic
stress ratio (rc/su) is plotted versus the number of loading cycles.
Several curves are shown, each corresponding to a differeﬁt cyelic shear
strain. It is evident that the curves are asymptotic to a lower bound
éyclic stress level, which cerresponds to the critical level of repeated

loading for the Gulf of Alaska clay.

7.2 Concord Blue Clay

7.2.1 Introduction. All direct simple shear tests performed on the

Concord Blue clay are summarized in Tables 7.6 (normally consolidated
samples) and 7.7 (lightiy overconsclidated samples). The columns of data
are explained in Table 7.2.

Prior to shear, all samples were consolidated in the NGI direct simple
shear device. The soil samples were consolidated to stresses greater
than the in situ maximum preconsolidation stress. A series of 10 tests
were performed on samples that were normally consolidated (OCR = 1) in

the laboratory. Another series of 9 tests were performed on samples that
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were overconsolidated in the laboratory to an overconsolidation ratio
of two (OCR = 2).

The static tests were performed under controlled strain conditions,
and the cyclic tests were performed under controlled stress conditions.
The small sample size was used for all tests. For the cyelic tests,

a square wave load shape was used, with complete stress reversal. The
cyclic loading frequency was 0.5 Hz. Horizontal (lateral) stress measure-
ments were not taken for any of these tests.

In the following sections, the test results for Concord Blue clay
are presented. First, the test results for the normally consolidated
samples are presented, and this is followed by the test results for the

lightly overconsolidated samples.

7.2.2 Normally Consolidated Samples. Four static tests were per-

formed. Tests 1 and 2 were true static tests; Tests 9 and 10 were per-
formed feollowing a sequence of cyclic loading in which failure did not
ocecur.

Static stress-strain curves are shown in Figure 7.33. The shear
stress was normalized by dividing it by the consolidation stress. For
Tests 9 and 10, the soil samples developed only small shear strains
(0.04 and 0.13 percent) during cyclic loading. Therefore, it seems
reasonable that the stress-strain curves for these two tests should
be similar to the curves for the true static tests (73,107). The

average normalized undrained shear strength is 0.240 at peak shear
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stress, and it is 0.192 at three pe;cent shear strain. The normalized
undrained shear strength of the normally consolidated Concord Blue
clay is slightly higher than the value of 0.21 proposed by Ladd and
Edgers (59).

The pore pressure versus shear strain curves for the static tests
ére shown in Figure 7.34. The pore pressure was normalized by dividing
it by the consolidation stress. The average normalized pore pressure
is 0.277 at 3 percent shear strain, and it is 0.418 at 15 percent shear.
strain.

Six cyclic loading tests (Tests 5 - 10} were performed on the nor-
mally consolidated Concord Blue clay, each with a different cyclic shear

stress. The cyclic shear stresses used for each test are summarized below:

TEST To (kg/cgz) TC/Su ()%
5 0.352 44
6 0.437 54
7 , 0.296 37
8 0.212 26
9 0.156 19
10 0.184 23

For the cyclic tests, the relationship between cyclic shear strain
and the number of loading cycles is shown in Figure 7.35, and the relation-

ship between excess pore pressure and the number of loading cycles is

%S 1s the peak static undrained shear strength corresponding to the

consolidation stress used in the cyclic loading tests (S8 = 0.809 kg/cm2
u

)-
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shown in Figure 7.36. As mentioned previcusly, the cyclic shear strain

is one-half of the peak to peak shear strain. The curves shown in Figureé
7.35 and 7.36 are typical for normally comnsolidated clays (2,3); It
should be noted that when the normalized pore pressure in the sample
approaches a value of approximately 0.4 or 0.5, the rate of pore pressure
generation (per cycle) accelerates, and failure occurs with further cyclic
loading.

The samples for Tests 9 and 10 showed no indications of imminent
failure during cyelic loading. Test 9 was terminated after 3,000 load-
ing cycles, and Test 10 was terminated after 5,000 cycles. The shear
strains and the pore pressures remained approximately constant during
the latter part of these two tests, This implies that the samples for
Tests 9 and 10 were in a state of non-failure equilibrium (93). Con-
sequently, the critical level of repeated loading for normally comsoli-
dated Concord Blue clay is estimated to be about 25 percent of the peak
static undrained shear strength. The critical level of repeated loading
for the (normally consolidated) Gulf of Alaska clay was also found to
be approximately 25 percent.

The relationship between the cyclic stress ratio, Tc/Su, and the
number of cycles to failure (specified by a cyclic shear strain) is
showm in Figure 7.37. Curves are shown for several shear strain levels.
The critical level of repeated loading cam also be foﬁnd from this figure,

as showm.
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Stress paths (t versus E;) for the static tests are shown in
Figure 7.38, and stress paths for the cyclic tests are shown in
Figure 7.39. For the cyclic tests, only the positive peak points of
the stress paths are shown; the actual stress path would cycle above
and below the E; axis. Several strain contours are also shown in
the figures.

The mobilized angle of friction for the static tests (tan ¢ =
Th/5§) is compared with the mobilized angle of friction for cyelic

loading (tan(¢), = TC/EV) in Table 7.8.

TABLE 7.8

COMPARISON OF AVERAGE VALUES OF ¢ AND (¢)c AT DITFERENT SHEAR
STRAINS - NORMALLY CONSOLIDATED CONCORD BLUE CLAY

Shear Strain 0.25% 0.5% 1.0% 2.0% 3.0% 15.0%
o 4.3 7.0 9.5 | 12.9 | 14.9 | 22.4
(0) 5.7 8.4 11.8 | 17.7 [23.0 44,9

The values of (d))c are consistently higher than the wvalues of ¢,
especially at large shear strains. Similar results were found for
the Gulf of Alaska clay, except that the discrepancy between ((b)C
and ¢ is smaller. Consequently, for the normally consolidated Concord
Blue clay, the strain contours for the static tests and the cyelic
tests (at the same shear strain) do not coincide, except at small shear

strains.
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7.2.3 Lightly Overconsolidated Samples. Three static tests

were performed. Tests 11 and 12 were true static tests; static Test
19 was performed following a sequence of cyclic loading that did not
cause failure.

The statie stress-strain curves are shown in Figure 7.40. The
average normalized undrained shear strength is 0.358 at peak shear
stress, and it is 0.299 at 3 percent shear strain. The normalized
peak undrained shear strength for the lightly overconsolidated Con-
cord Blue clay is considerably higher than it is for the normally
consolidated Concord Blue clay (Su/-c;vD = (0.24). This observation is
congistent with published literature (59,60,73).

The relationship between normalized excess pore pressure and shear
strain for the static tests is shown in Figure 7.41l. Initially,
at small shear strains, the pore pressures are negative. As the shear
strains increase, the pore pressures become positive. The average
normalized pore pressure is -0.069 at 3 percent shear strain, and it
is 0.113 at 15 percent shear strain.

Seven cyclic loading tests (Tests 13 ~ 19) were performed on the
lightly overconsolidated Concord Blue clay, each with a different cyclic
shear stress. The cyeclic shear stresses used for each test are summarized

below:
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Test . T, (kg/cn’) T /8, (%) *
13 0.219 36
14 | 0.191 ' 32
15 0.163 27
16 0.185 - 31
17 0.350 58
18 0.124 21
19 0.067 | 11

Cyclic shear strain is plotted versus the number of loading cycles
in Figure 7.42. TFor Test 19, the cyclic shear strain remained constant
throughout the latter part of the test, and the sample showed no indi-
cations of impending failure, even after 6,000 loading cycles.

Normalized pore pressure is plotted versus the number of loading
cyeles in Figure 7.43. Typically, negative pore pressures develop at
the beginning of the test. However, the pore pressures increase rapidly,
and they are positive during the latter part of the test, In Test 19,
the pore pressure was approximately zero throughout the test, It should
be noted that when the normalized pore pressure in the sample approaches
a value of approximately 0.4, the rate of pore pressure generation (per

cycle) accelerates, and failure occurs with further cyclic loading.

*Su = 0.601 kg/cmZ,






138

AVID 40719 dY0ONOD dILVAITOSNOD
—dHA0 ATEIHOI'T - SATIDAD ONIAVOT d0
JIIWON SNSYHA NIVELS 4VHHS JITOAD 7% °/ A¥NHIA

SHTIAD 40 EHIRAN

0009 000% 000¢

VAR s/ 2

Nau\wx wo.ﬁu o>o

1¢ Le T¢

g€ 9¢

8¢

% NIVALS dvdHS






139

AVIO 0T @E0IONOD UTHIVAITOSNODEIAO
ATLHOIT -~ SHTIOAD ONIGVOT A0 ¥ATWAN
SNSYAA HINSSHEd TI0d CAZITVIRION €% "L 3¥0d1d

SHTOAD 40 YHIWAN

0009 000 0002
. . ooy . 0 ; 20~
0°0
n_ o
2T = 8/ 2
 C°0
A
(“o - ®0) o1 Tvnda qaWASSV N :EION
2 2 L
%0
OA
Nao\mx 89'T = ©
, - 9°0
85 :
[T el zellog 8°0

12

o/n TINSSHId HTYO0d dIZITVIREON

OA.






140

Based on the results of the cyclic loading tests, the critical
level of repeated loading (93) for the lightly overconsolidated
Concord Blue clay is estimated to be approximately 15 percent of the
peak static undrained shear strength.

The relationship between the cyclic stress ratio, TC/Su, and
the number of cycles to failure (specified by a cyclic shear strain)
is shown in Figure 7.44. Curves are shown for several shear strain
levels., The critical level of repeated loading can also be found from
this figure, as shown.

Stress paths (t versus E;) for the static and the cyclic tests
are shown in Figures 7.45 and 7.46. Several strain contours are also
shown in these figures. The stress paths for the static tests are
typical for a lightly overconsolidated clay (59,73).

The mobilized angle of friction for the static tests (tan ¢ =
Th[5§> is compared with the mobilized angle of friection for cyeclic load-

ing (tan(¢)c = TC/E;) in Table 7.9.

TABLE 7.9
COMPARISON OF AVERAGE VALUES OF ¢ AND (¢)c AT DIFFERENT SHEAR
STRAINS - LIGHTLY OVERCONSOLIDATED CONCORD BLUE CLAY

Shear Strain | 0.25% | 0.5% 1.07 | 2.0% 3.0% 15.0%

b 6.0 8.7 11.4 14.1 |15.6 21.6

(@) 7.5 9.2 11.6 15.7 119.9 37.4
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The values of (¢)c are consistently higher than the values of
¢, especially at large shear strains. This trend was also found for
the normally consolidated Concord Blue clay. TFor the static tests,
the mobilized angle of intermal friction, ¢, is approximately the same
for both the normally consolidated and lightly overconsolidated Concord

Blue clay (at the same shear strains).






PART 8

DISCUSSION

An understanding of the behavior of fine grained soils subjected
to cyclic loading has become important for the modern geotechnical
engineer. The importance of laboratory testing and research on the
cyclic loading behavior of soils was stressed at a recent workshop
on "Research Needs and Priorities for Geotechnical Earthquake Engineer-
ing Applications' held at Austin, Texas (83).

A major portion of this research deals with the analysis of static
and cyclic loading direct simple shear tests, using the additional infor-
mation provided by lateral stress measurements. The lateral stresses
were measured by means of calibrated wire reinforce& rubber membranes.
Prior to this study, the lateral stresses acting on direct simple shear
samples have seldom been measured. TFor examplie, Roscoe, et al (87),
using the Cambridge simple shear device, have measured the lateral stress-
es in sands during static shear. Youd (117) has used NGI calibrated
membranes to measure lateral stresses in sand samples during cyclic lcad-
ing.

The analysis of the static and cyclic loading tests in which lateral

stresses were measured was based on the following assumptions:

145
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1. The stress conditions existing in the central part of the
sample are reasonably uniform and representative of the stress-
es imposed on the boundaries of the sample.

2. The shear stresses acting on the sides of an infinitesimal
element of soil at the center of the sample are equal in magni-
tude to the applied horizontal shear stress.

3. A constant volume direct simple shear test is equivalent to an
undrained direct simple shear test. The change in vertical
stress necessary to maintain a constant sample volume during
shear is equated to the excess pore pressure that would have
developed in an undrained test.

The results and conclusions obtained from the tests with lateral stress
measurements are dependent on the assumptions made about the state of
stress within the soil sample. Since stress nonuniformities tend to
increase with increasiﬁg shear strain (46), it will be assumed that the
numerical results obtained are reasonably accurate for small shear strains
(say, less than three percent). Only the general observed trends should
be recognized for larger shear strains. From a practical viewpoint, a
shear strain of three percent constitutes failure for most geotechnical
engineering applications, and the behavior of soils at larger shear strains
is relatively unimportant.

The calibrated wire reinforced rubber membrane provides a convenient

method to determine, experimentally, the coefficient of lateral stress
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at rest. TFor the Gulf of Alaska clay, the measured value of Ko
agrees well with empirical values of KO.

For the tests in which lateral stresses were measured, sufficient
information is available to determine Mohr's circle of stress for a
soil element at the center of the sample; On the basis of Mohr's
circle analysis, various information was obtained about the state
of stress within the sample during shear (for example, the magnitude
and orientation of the principal stresses).

For direct simple shear tests, it is conventionally assumed that
the horizontal plane of the sample is the plane of maximum obliquity,

and the mobilized angle of internal friction, ¢, is computed from Equation
7.9:

4 = tan T ('rh/EV) 8.1

Alternatively, the mobilized angle of internal frictiom, ¢m’ can be

computed from q - E-data:
.=l - :
¢ = sin = (g/p) 8.2

For the static tests performed on the Gulf of Alaska clay, it
was found that ¢m is greater than ¢, and at large shear strains (157),
the difference between the two is approximately 7°. It is of practical
significance to determine how these two angles of internal frictiom
compare with triaxial test results, However, there is insufficient

data to make any definite conclusions.
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Static and cyclic loading test data were plotted as stress paths
(both T versus E; and q - 5') in this report. Strain contours, approxi-
mated by straight lines passing through the origin, were determined
for these stress paths. It is of practical significance to determine
whether the strain contours for the static and the cyelic loading tests
are the same. To facilitate this comparison, the strain contours were
represented by the mobilized angle of internal friction, which is directly
related to the inclination of the strain contour.

Therefore, the mobilized angle of internal friction was computed for
both the static tests and the cyclic tests at several shear strain levels, and
the results were compared. For the Gulf of Alaska clay, it was found
that the strain contours for the static and cyclic tests were approxi-
mately the same, except at large shear strains. For Concord Blue clay,
the discrepancy between the two is somewhat larger, egpecially at large
shear strains.

The cyclic loading strength of soils is commonly expressed as the
number of cyclés to failure (specified by a cyclic shear strain).

This relationship is summarized in Figure 8.1 for the Gulf of Alaska
clay and Concord Blue clay (failure equals three percent shear strain).

The critical level of repeated loading (93) can also be determined from






149

— NIVELS ¥VIHS INHDYHd 0°€ Ol SHTIOAD 40 WIIWAN *T°8 HINDIA

101d XEVHWAS

SHTIDAD 40 YHEWNN

0T

'y

com.
I

%6 = S/ 1

(T = ¥00) AVID

1019 @IOINOD—

AVID VASVIV 40 47109 —

(Z = 4920) AVID
—ANTY CYI0ONOD

o
L

o
3]

o
o

0y

Q
wn

09

1 ‘0ILvd SSMILS ¥VAHS OITOAD

n_ o
s/

(%)






150

this figure, as shown. For both the Gulf of Alaska clay and the
normally consolidated Concord Blue clay, the critical level of re-
peated loading is approximately 25 percent of the peak static undrain-
ed shear strength. For the lightly overconsclidated Concord Blue clay
(OCR = 2), the critical level of repeated lcading is approximately 15
percent.

Lee and Focht (67) summarized triaxial and direct simple shear cyclic
loading strength data (Tc/Su versus number of cycles to failure) for a
wide variety of clays. All data presented are for two-directional load-
ing, with symmetric stress reversal, It can be inferred from this data
that the critical level of repeated loading varies between approximately
10 and 50 percent. For cyclic loading without stress reversal, the
critical level of repeated loading is typically larger, with values
between 50 and 100 percent (13,64,93).

For the cyelic loading tests, it was observed that when the normal-
ized pore pressure (u/g;o) in the sample approaches a value of approxi-
mately 0.4, the rate of pore pressure generation (per cycle) accelerates,
and failure occurs with further cyclic loading. As long as the nor-
malized pore pressure is less than this critical value of 0.4, the rate
of pore pressure generation tends to decrease with increasing number
of loading cycles. Therefore, it appears that there is a fundamental
difference in the behavior of the soil sample depending on whether the

normalized pore pressure is greater or less than approximately 0.4.
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In this report, the data for the cyeclic loading tests were presented
as a function of number of loading cycles, whereas the data for the
static tests were presented as a function of shear strain. A better
comparison can be made between the cvclic test data and the static test
data if the data are compared at the same shear strain. Such a compari-
son is made for the Gulf of Alaska clay in Appendix B. In Tables B.1
through B.6, the test data are compared at 0.25, 0.50, 1.0, 2.0, 3.0,

and 15.0 percent shear strain.






PART 9

SUMMARY AND CONCLUSIONS

This report presents the results of a series of consolidated
constant volume (CCV) direct simple shear tests performed on two
undisturbed clays: Concord Blue clay and a Gulf of Alaska clay.

The Nerwegian Geotechnical Institute direct simple shear device was
used for all tests. Both static and cyclic tests were performed.
Emphasis was placed on high strain level cyclic loading, such as
that caused by earthquakes and storm waves.

Testing errors that are inherent to the NGI direct simple shear
device were evaluated. It was found that two testing errors can have
a significant effect on the test results:

1. TFalse (vertical) deformation

2. Secondary consolidation or creep
Methods to correct for these errors are presented in Part 4. All
tests were corrected for both false deformation and creep.

A series of nine tests were performed on undisturbed clay samples
from the Copper River prodelta in the Gulf of Alaska. The Gulf of
Alaska is in an area of intense seismic activity; storms with large waves
are also common. Since petroleum related activities in the Gulf of
Alaska region may stimulate major marine construction in this area, it
is important to evaluate the static and cyclic loading behavior of these

soils.
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All test results for the Gulf of Alaska clay include lateral
stress measurements that were taken during comsolidation and shear.

From the lateral stress measurements that were taken &uring consolida-
tion, the coefficient of lateral stress at rest, KO, was determined

to be 0.54. The additional data provided by the lateral stress measure-
ments that were taken during shear add to the knowledge of the stress
conditions existing in the soil sample.

From the results of the static tests that were performed on the
Gulf of Alaska clay, it was concluded that:

1. The pore pressure increases throughout each test; therefore,
the vertical normal effective stress decreases during the test.

2. The horizontal normal effective stress remains approximately
constant throughout each test, but the horizontal total stress
increases.

3. The coefficient of lateral stress, K = 5£/E;, increases through-
out each test, and at large shear strains, K approaches a value of unity.

4, The principal stress ratio, R = ES/E', decfeases throughout each
test.

5. At large shear strains, the horizontal plane of the sample is
approximately the plane on which the maximum shear stress acts. Roscoe,

et al (87), have found similar results for sands.
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6. The horizontal plane of the sample is never the plane of maxi-
mum obliquity at any time during the test. Roscoe, et al (87), have found
similar results for sands.

7. The mobilized angle of internal friction determined from Mochr's
circle, ¢m = sin_l(qlgj, is greater than the conventional mobilized friction
angle, ¢ = tan-l(rh/E;). At large shear strains the difference between
o and ¢ is approximately 7°.

For the Gulf of Alaska clay, it was concluded from the cyclic loading
test results that:

1. Cvclic shear strains increase gradually until failure is imminent,
after which they increase very rapidly.

2. Cyclic loading failure does not occcur if the cyclic shear stress
is small, The critical level of repeated loading (93) is approximately
25 percent of the peak static undrained shear strength.

3. Both the vertical and the horizontal normal effective stresses
decrease throughout each test.

4. The coefficient of lateral stress increases throughout each test,
and it approaches a value of unity as the cyelic shear strain increases.

3. The principal stress ratio, R, decreases throughout each test.

6. At large shear strains, the horizontal plane of the sample is
approximately the plane on which the maximum shear stress acts. The
horizontal plane is never the plane of maximum obliquity at any time

during the test.
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7. The mobilized angle of intermal friction for cyclic loading is
virtually identical to the mobilized friction angle for the static tests,
except at large shear strains. This implies that the strain contours
determined from the static tests are identical to the strain contours
determined from the cyclic tests.

The static and cyclic loading behavior of Concord Blue clay was also
investigated. Both normally consolidated and lightly overconsolidated
(OCR = 2) samples were tested. Lateral stress measurements were not
taken for these tests. It was concluded that:

1. For the normally conmsolidated samples, the critical level of
repeated loading is approximately 25 percent of the peak static undrain-
ed shear strength.

2. Tor the lightly overconsclidated samples, the critical level of
repeated leoading is approximately 15 percent of the peak static undrained
shear strength.

3. The concept of non-failure equilibrium (112) is valid for a large
number (6000) of loading cycles.

4, The mobilized angle of internal friction for cyclic loading is
consistently higher than the mobilized friction angle for the static
tests, especially at large shear strains. Because of this discrepancy,
the strain contours for the static tests and the cyclic tests do not

coincide.






PART 10

RECOMMENDATIONS FOR FURTHER STUDY

The measurement of lateral stresses acting on the NGI direct simple
shear soil sample adds considerably to the knowledge of the stress condi-
tions existing in the soil sample. However, it is not an easy task to
measure the lateral stresses, largely because of the shortcomings of the
calibrated reinforced rubber membranes,

It is of practical importance to eliminate the problems associated
with the calibrated membranes, so that they can be regularly used on a
routine basis.

If lateral stresses are measured, the angle of internal friction can
be determined in two ways:

1. On the basis of the assumption that the horizontal plane
is the plane of maximum obliquity
2. On the basis of Mohr's circle
From a practical viewpoint, it is important to determine how these two
friction angles correlate with triaxial data. Further research is needed
to answetr this question.

The critical level of repeated loading is an important parameter
determined from cyclic loading tests. From published data, it can be
seen that the critical level of repegted loading varies over a wide range.
It is of interest to find if there are any correlations between the

critical level of repeated loading and soil parameters, such as plasticity
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.index, sensitivity, and void ratio. The relationship between the
critical level of repeated loading and overconsolidation ratio should
also be found.

The number of cycles to failure (specified by a cyclic shear strain)
is also an important parameter determined from cyeclic loading tests.
The random nature of this parameter should be investigated. TFor example,
the number of cycles to failure could be modeled by a Weibull probability
distribution function, as is frequently done for fatigue studies of
metals.

For the cyeclic leoading tests, it was observed that when the normal-
ized pore pressure (u/G;O) in the sample approaches a value of approxi-~
mately 0.4, the rate of pore pressure generation {(per cycle) accelerates,
and failure occurs with further cyelic loading. This eritical pore
pressure may be a fundamental parameter in understanding the cyelic load-
ing behavior of fine grained soils. Its significance should be investi-

gated.
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APPENDIX A

LIST OF SYMBOLS

A Area of sample

Dﬁ Dial gauge reading

FS Factor of Safety

G Shear Modulus (secant)

H Height of soil slice

H Initial height of sample

u Final height of sample

£
K Coefficient J0f lateral stress
K.O Coefficient of lateral stress at rest
N Number of cyecles
N Normal stress

OCR Overconsolidation ratio

PI  Plasticity index

R Principal stress ratio

S Shear stress

S¢ Sensitivity

Su Undrained shear strength
-0 Resultant of excess pore pressure on soil slice
W Effective weight of soil slice

b Width of soil slice
c Cohesion

e Void Ratio
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Hh

g

LIST OF SYMBOLS

(CONTINUED)

Frequency

Slope angle

Membrane calibration factor

(ol + 03)/2

(Gl - 03)/2

Microstrain reading

Initial microstrain reading

Time

Pore pressure at failure (static test)
Pore pressure at N cycles

Water content

Sheatr Strain

Bouyant unit weight

Shear strain at failure (static test)
Shear strain at N cycles

Pore pressure in excess of hydrostatic
Vertical strain

Angle between the horizontal plane of the sample and the
plane of maximum obliquity
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LIST OF SYMROLS

(CONTINUED)

9 Angle between the horizontal plane of the sample and the
P major principal plane

§ Angle between the horizontal plane of the sample and the plane
of maximum shear stress

Major principal stress

03 Minor principal stress

Horizontal normal stress

g.. Vertical normal stress

¢ Vertical consolidation stress

¢, Maximum preconsolidation stress

T Shear stress

T_ Cyclic shear stress

T Horizontal shear stress

¢ Angle of internal friction = tan—l(r/e;)

9 Mobilized angle of internal friction = sin—l(q/5)

Note: A bar over a symbol {(e.g., E;) denotes an effective stress

A subseript c denotes cyclic leading






APPENDIX B

TEST DATA

In this report, the data for the cyclic loading tests were presented
as a function of the number of loading cycles, whereas the data for
the static tests were presented as a function of shear strain. A better
comparison can be made between the cyclic test data and the static
test data if the data are compared at the same shear strain. Such a
comparison is made here for the Gulf of Alaska clay. In Tables B.1
through B.6, the test data are compared at shear strains of 0.25; 0.5,

1.0, 2.0, 3.0, and 15.0 percent.
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