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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. Emphasis
was placed on high strain level repetitive loading such as that caused
by earthquakes and storm waves.

Consolidated constant volume (CCV) tests were performed using a
Norwegian Geotechnical Institute (NGI) direct simple shear device. The
NGI device has been modified for cyclic loading capabilities.

Because the in situ structure of c¢ohesive soils is an important
parameter in determining their behavior, only natural undisturbed soil
samples were tested. These included a Gulf qf Alaska marine clay from
the Copper River prodelta and Concord Blue ciay.

Test data on the Gulf of Alaska clay include lateral stress measure-
ments. These were made by using calibrated reinforced rubber membranes.
The additional information provided by the lateral stress measurements
considerably adds to the knowledge of the stress conditions existing in
the sample. This aids in the interpretation of test results.

Included in this report is a literature review, a discussion of the
stress conditions existing in direct simple shear samples, a description

of equipment and testing procedures, and the presentation of test results.
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PART 1

INTRODUCTION

The behavior of fine grained soils subjected to transient or cyclic
loading is becoming increasingly more important for the modern geotechnical
engineer. Typical examples of transient or repetitive loading include
earthquake loads, wind and wave loads, traffic loads, blasting, pile driving,
fluctuating 1ive lecads, and machine vibrations.

The failure of goils subjected to repetitive loading can often be
catastrophic., Unsatisfactory performance of soils during earthquakes is
a major contwibutor to property damage and loss of 1ife. The Niigata
and Alaska earthquakes of 1964 are classic examples of this fact. Failures
of slopes and embankments, collapse or settlement of buildings, failures
of retaining walls and waterfront structures, and disruption of lifeline
support systems are typical examples of earthquake induced damage.

Failure during earthquzkes can occur in earth gravity structures (embank-
ments, dams, retaining walls) and alse in foundations. There is clear
evidence that the failures can be attributed to increased stress due to the
earthquake accelerations and also to a deterioration of soil strength or
shearing resistance. The term "liquefaction" is generally applied to this
phenomencon and for most researchers and experienced practitioners this
problem is associated with loose sands and other coarse grained soils. As
a result, researéh and publications bhave been concerned for the most part

with the dynamic response of these so0ils rather than fine grained silts



and clays.

The behavior of fine grained soils subjected to earthquake or other
repeated loading 1s not as clear as for the case of cechesionless soils.

In documented cases where clav slopes have failed during earthquakes, the
failures have been attributed to the liquefaction of sand layers or lenses
in the slope (118). However, there are cther cases which show that clay
soils do lese stréngth and fail under dvnamic or cyclic loading conditions.
For example, pile driving in clay causes strength deterioration (37,84).
The best example is probably the marine landsliding and slumping in soft
clays which rcesult from the cycled pressures caused by storm waves. This
phenomenon has been well documented (86,142), with slopes as gentle as a
half degree having failed (43).

Numerous specific topics could be the focus of a research effort
concerning the response of fine grained soils subjected to repetitive
loads. Compared wirh work on sands, little has been done. The major
objective of the laboratory investigation reported herein is the study
of the fundamental behavior of qlay soils on an effective stress basis.
Emphasis was placed on high strain level repetitive loading such as
occurs during earthquakes and storm wave loads.

All laboratory testing was performed using the Norwegian Geotechnical
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 for cyclic loading studies (149), and
it is an excellent device in spite of some limitations (98,149). Quite
uniform strains and stresses can be obtained with this device (23,82).

As noted previcusly, the NGI direct simple shear device is not perfect,
and it has limitations from a theoretical viewpoint. However, no geotechnical

testing apparatus is perfect; all have their advantages and disadvantages.

N



With consideration for known limitations, the NGI direct simple shear
device will provide excellent results within practical reality,

To obtair an understanding of clay seil behavior in the field, the
soil's structure should be preserved as found in situ. Therefore, only
undisturbed samples of cohesive soils were tested. The soils tested in
this investigation include Concord Blue clay (24,40) and Gulf of Alaska
clay from the Copper River delta (12,45). The Copper River delta region
has experienced extensive sliding and slumping, with a large slide having
been associated with the 1964 Alaska earthquake. Petroleum related
activities in the outer continental shelf of the Gulf of Alaska require
the identification and evaluation of geologic and geotechnical problems
associated with this region.

Consolidated constant volume (CCV) static and cyclic tests were per-
formed. Samples were tested after application of wvarious stress histories
resulting in normally comsolidated and slightly overconsolidated specimens.
Cyclic tests were conducted using loading frequencies applicable to earth-
quake and storm wave loading situations, typiczally 0.5 or 0.1 Hz. Static
tests were performed following cyclic tests in which failure did not occur.

This report contains a summary and interpretation of test results.

Also included are a comparison of results with published literature, some
theoretical considerations, a literature review and a description of labora-

tory testing equipment and procedures.



PART 2
LITERATURE REVIEW, BACKGROUND

A, Research Resul:ts

Some early research efforts investigating cyclic soil behavior have
been published, e.g., Casagrande (13,14). However, most of the work has
been done in the past 10-15 vears, and at present there is a large amount
of research and interest in seoil dynamics (103).

Early studies indicated that cohesive soils were less subject to
.strength loss from cyclic loading. than sands (78). Consequéntlf, most .
cyclic lecading studies have dealt with noncohesive soils, i.e., sands
(119) and even gravels (148). Much of the published literature deals with
the "liquefaction' of these nonechesive soils (15,16,17,43,120,127,143,154).
A variety of specific research topics dealing with noncohesive soils have
also been investigated, for example, time and rate effects (49,104,119),
influence of testing technique and sample preparation (71,89,132,133),
determination of moduli and damping characteristics (20,125,130), effect of
stress and seismic history (128), determination of settlements following
cyclic loading (77,153), effect of relative density (16,119), and the effect
of muitidirectional loading (101). Investigations of specific applied
problens have also been undertaken (21,66,79,81,123,124,126).

Recent planning and construction have frequently encountered c¢lay soils
which may be subjected to cyclic loading. Especially notable is the area

of offshore construction. A number of specific large scale comstruction



projects such as the Alaskan pipeline have also encountered numerous
clay soil deposits. These activities have provided a stimulus [or renewed
interest in the cyclic behavior of clay soils. Emphasis in this
secticn is placed on the behavior of clay soils subjected to large
strain cyclic loading, such as caused by earthquake and storm wave
loadings.

Early studies of the cyelic loading behavior of clay soils were
connected with pavement design (74)., Much of this researéh dealt
with partially saturated, compacted soils. Cyclic loads were typically
applied by repeated compressive loadings on triaxial samples. This
type of load:ing resulted in both a permanent or residual strain and a
cyclic strain during each lecading cycle. It was generally found that
below a certain cyclic stress level, equilibrium conditions resulted.
and failure did not occur in the sample. Lashine (75) found that cyelic
load application less than 0.75 to 0.80 of the static undrained strength
did not cause failure on normally consolidated, reconstituted samples of
silty clay. Other researchers have found similar results (11;115).
These results for ome~directional cyclic loading of clay soils in-
dicated that the cyclic strength was not much less than the static un-

drained streagth. This type of strength reduction could easily be

handled in dasign.

Early earthquake related research investigated the behavior of
clay soils subjected to reversing stresses or strains. The effect of
reversing, two-directional loading cn clays was found to be much more
severe than for one-directional loading. Seed and Chan {122) found that
the ratio of one-directional undrained cyclic strength to two-directional

undrained cyelic strength ranged from 1.2 to 3.5 for the soils tested.



These results provided a stimulus for investigating the two directional
cyclic behavior of clay soils.

Specific research projects have studied the areas of cyclic loading
strength (2,80,85,112,121,146,152), stress strain behavior, i.e., moduli
and damping characteristics (4,5,20,47,48,49,50,70,138,139), shear
strength and stress strain behavior following cyclic leading (80,90,140),
rate effects (86,90,116), soil characteristics, e.g., void ratio and
confining pressure (49,104), stress and seismic history (54), anisotropy
(95,110), and long term effects such as changes in strength and volume
{10,40,90). Specific applications have also been investigated. These
include ground response to earthquake loading (56,57,104), earthquake
and wave loadings on offshore structures (3,8,25,26,38,39,52,53,88,111,131),
pile driving (27,37,60,113), traffic loading (11,75), slope stability
(6,63,86), soil structure interaction (104), and frozen soils (135,136,145).

The cyclic behavior of soils has been investigated on an effective
stress basis and on a total stress basis. Pore presgsure changes have heen
used as an explanation for the liquefaction phenomenon in sands, although
the pore pressure changes and the resulting effective stresses have not
often been used as a basie parameter in predicting soil behavior. Finn,
Martin and others (32,33,34,83) have recently proposed a procedure, appli-
cable to saturated sands, for predicting the masnitude of pore pressure
changes due to cyclic loading. The method is based on é set of constitu-

tive equations which take into account the initial in situ shear modulus,



the variation of shear modulus with shear strain, the simultaneous
generation and dissipation of pore pressures, damping characteristics,
and strain hardening effects. The resulting pore pressures have been
incorporated into soil response analyses to predict the behavior of
horizontal soil layers subjected to earthquake loadings (30,35).

Sangrey {(112,115), working with fine grained soils, has used an
effective stiess approach to study cyclic loading behavior. This épproach
may be briefly summarized as follows. When undrained saturated soil
is subjected to a load-unlecad cyecle there will be a residual pore pres-
sure and distortional strain after the cycle. Depending on the stress
history, this can be either a positive or a negative pore pressure.

With additional load cycles these residuai pore pressures and strains
accumulate until either the soil fails or it attains a staBle equilibrium
condition with no subsequent deterioration even after many cycles of
loading. For a particular soil there is a ""critical level of repeated
stress"” (113) separating these two types of behavior.

These alternative consequences can be explained if the effective
stresses are considered. The accumulation of positive residual pore pres-
sure decreaseé the effective stress in the soil, and 1if the pore pressure

accumulates to sufficient levels the effective stresses decrease to the

failure condition for the soil. If the pore pressures do not accumulate

to this critical level, the soil maintains 2 nonfailure equilibrium con-



dition. Pore pressure build-up is a function of the level of repeated
stress. Consequently, the critical level of repeated stress is just low
enough so that pore pressures do not build up to the failure conditicn.

Recently, Sangrey ot al (114) presented a behavioral model based
on critical void ratio and critical state concepts (107,117) to describe
the response of soils to cyeclic loading. Egan and Sangrey (24) have
also developed a critical sfate model to predict the magnitude of excess
pore pressures generated by cyeclic loading. The critical state concepts
employ the use of void ratio and effective stresses as key parameters to
define the state of the soil.

Other theoretical models and analytical procedures have also been used
to describe the cyclic behavior of soils. A general analytical model des-
cribing the anisotropic, elasto-plastic, path dependent, stress—strain-strength
properties of saturated clays under unﬁrained loading conditions has been
developed by Prevost {95,96,97,99). This model uses the concepts of iso-
tropic and kinematic hardening from plasticity theory. The stress strain
behavior of clays can then be determined for complex loading paths; and
subsequently used in finité element analyses, Pender (93) also describes a
model for small strain cyclic loading of soil based on the critical state
theory and plasticity theory. Descriptions of cyclic soil behavior have
also been based on elastic and visoelastic models (44), rheologic models

(64), fatigue (1l44), and endochromic theory (65).



Empirical models of the behavior of clay soils subjected to cyclic
loading have also been proposed. A nonlinear response analysis model
has been developed by Idriss et al (56). This model is based on the
degradation of Fhe initial stress-strain backbone curve as cyclic loading
progresses., The numerical value of the degradation is found by means of
strain contrclled laboratory tests. The model has also been incorporated
into nonlinear response analyses of horizontal soil layers subjected to
earthquake accelerations,

Probability theory and reliability analysis have also been used to
describe cyelic loading of soils. From a historical viewpoint, probability
theory has been used in fatigue testing. In fatigue testing of metals
for example, a log-normal distribution is often used as a model for the
number of cycles to failure (100)., TFerritto and Forrest (28) recently
developed a Monte Carleo simulation technique to predict the probability of
liquefaction of sand lavers; stochastic models for predicting the seismic
failure of soil deposits have alsc been developed (22). Due to the many
uncertainties in soil dynamics, especially in determining the loading condi-
tions and the soil parameters for use in analyses, it appears that prob-

ability theory and reliability analysis have many potential applications

(1,51).

B. Testing Techniques and Equipment

Many problems concerning the cyclic loading behavior of soils require
a knowledge of modull and damping parameters, soil strength, or

other empirical data. Some of this data is best measured in the laboratory
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uﬁder controlled conditions. An attempt is usually made to simulate field
conditions in laboratory testing devices. Conceptually, it may appear
relatively simple to bgild such an apparatus, but in practice it is extreme-
ly  difficult to do so. It may be impossible to construct a completely
satisfactory laberatory apparatus (76). The laboratory testing equipment
most commonly used in soil load-deformation studies are triaxial devices and
direct shear or simple shear type devices (72). This is true whether the
tests are static or cyclic.

Kjellman (62) described the Swedish Geotechnical Institute (SGI)
direct simple shear device which was first built in 1936. 1In this device,
a cylindrical sample is confined by a rubber membrane and a series of slid-
ing metal rings. The Norwegian Geotechnical Institute (NGI) direct simple
shear apparatus was developed by Bjerrum and Bishop around 1961 (9). It
is basically an adaptation of the SGI device., The NGI apparatus also tests
cylindrical samples but they are confined by a wire reinforced rubber mem-
brane. The device is described by Bjerrum and Landva (9). The Cambridge
simple shear apparatus is described by Roscoe (106). The Cambridge device
has hinged rigid walls surrounding a rectangular sample. Later models of
the Cambridge apparatus employ special lcad cells in the rigid wallé which
reasure normal and shear stresses (107). These direct simple shear devices
have frequently been used for cyclic loading studies of soil (2,83,90,92).

A number of practical problems exist with the direct simple shear
apparatus. The most serious problem is the lack of complimentary sheax

stresses on the vertical sides of the sample. The sample is also fairly
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small and therefore no sqil element is far away from the displacement
boundary conditions., Also, during shear, the sides of the sample
must stretch (98). These difficulties make the interpretation of
direct simple shear tests rather difficult.

Numercus investigators have theoretically and experimentally
analyzed the stress conditions existing In direct simple shear device
samples (23,82,98,129,150). The findings of these studies are further
discussed in Part 5 of this report. The qualitative conclusions obtained
from these investigations should be recognized, especially when interpreting
test results. The direct simple shear device is not perfect, however the
device has been useful for studying the cyclic loading behavior of soils.
Direct simple shear test results have been found to be consistant with the
results of triaxial tests and shake table tests (19,36,92,119). Thus,
while uncertainties exist as to the stress distributions produced in direct
simple shear devices, they clearly produce reasonable test results.

Direct simple shear devices simulate earthquake leoading conditions
better than triaxial devices (83,119). However, triaxial devices are prob-
ably the most versatile laboratory soil testing equipment available today
from the stardpoint of pore pressure measurements, stress path variability,
and back pressure application. Triaxial equipment has also frequently been
used for cyclic loading studies of soil (11,76,91,115). It is the most
widely used testing apparatus for determining the liquefaction characteristics
of cohesionless soil (149).

In a typical cyclic loading triaxial test, the cylindrical sample is
first consolidated under an isotropic state of stress. The axial load is
then cycled btetween two limits under undrained conditions. It is also

possible to impose an anisotropic consolidation stress or to perform con=
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trolled strain tests. If care is taken in the preparation and per-
formence of cycli; triaxial tests, the test results have been found
to be quite repeatable, even when using different testing devices {(132).
As with any laboratory testing device, the triaxial apparatus has
some limitations. Stress concentrations éccur near the ends‘of the
sample, although this effect can be lessened by using lubricated end
plates (61). The stress and deformation conditions are nonuniform in
most cases (94). Experimental details such as piston friction, membrane
leakage, and air diffusion must also be recognized (7,16). 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 controlled
tests. The major primciple stress also changes directiouns by 90° during
cyclie tests., In spite of these difficulties, cyclic loading triaxial
tests can produce valid results (76,119).

Cyclic torsional simple shear devices have been developed to overcome
some of the difficulties encountered with the direct simple shear device
(149). Thess devices also permit control of Ko conditions in the sample.
When the cylindrical sample is subjected to a torque, the shear stress
varies linearly with distance along the radius of the sample. In an effort
to overcome this difficulty, the hollow cylinder torsiomnal shear apparatus
was developed (58,151). Some of these devices use samples with tapered

ends to ensure uniform shearing strains throughout the sample.
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Heollow cylinder torsional Siﬁple shear aevices also have their
limitations {149,150). Wright et al (150) developed criteria for
selecting sample size and configuration for which the central zone of
the sample is free of end effects. Although stress distributions in
torsional hellow c¢ylinder samples may be more uniform than in direct
simple shear samples, difficulties exist in sample preparation for
undisturbed soils. For some soils it may not be possible to make hollow
cylinder samples.

Shake table tests have also been used to determine the cyelic load-
ing behavior of soils (19,31,101). The large sample size used in these
tests decreases the potential effects of stress concentrations which are
important in the small samples used in direct simple shear tests. Data
from shake tzble tests correlates well with data from direct simple shear
and torsiomnal. shear tests (19). The main difficulties with this test are
the large sample size and the effects of membrane compliance (119).

Resonant column tests and ultrasonic pulse tests have heen used to
determine modulus and damping data (4,5,134,149), These devices are based
on the theory of wave propagation in prismatic rods. These devices are
primarily used for small cyclic strain applications. The resonant column
test is described by Richart et al (105). The ultrasonic pulse test is
not commonly used in soil dynamies.

A number of non routine testing devices alse exist for cyclic loading
testing of sodils (46,147). However, these devices have mainly been used

as research tools to date, and not on a routine basis.
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Model tests have also been employed in seil dynamics studies.
Kovacs et al (63) used this approach in their study of the seismic
behavior of 2lay banks. Rowe (109) used centrifuge model tests to study
the behavior of offshore gravity platforms. Richart.(loé) describes some
sell structure interaction tests for footings using photoelastic methods.
These model tests clearly have their merits and many potential applica-

tions in soil dynamics and earthquake engineering.



PART 3
EQUIPMENT

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 i1s similar to the
machine described by Bjerrum and Landva (9).

The direct simple shear apparatus was designed to produce uniform shear
strains throughout the soil sample. The cylinarical sample is confined in
a wire reinforced rubber membrane that constrains the sample in the radial
direction. The wire reinforcement keeps the horizontal cross sectiomnal
area constani during censolidation and shear. The sample assembly also
keeps the upper and the lower ends of the sample parallel at all times.

Sands, silts, stiff clays, soft clays, and quick clays can be tested
under drained or under constant volume conditions. Either stress controlled

or strained controlled testing modes can be performed.

A. Shear Apparatus

The NGI direct simple shear device cousists of the sample assembly,
the vertical loading unit, and the horizontal loading unit. The sample
assembly is shown iIn Figure 1; the complete apparatus is shown in Figure 2.
Photographs of the device are shown in Figure 3.

The sample assembly consists of the pedestal, upper cap,* lower cap,*

wire reinforced rubber membrane, and O-rings. The upper and lower caps

*Geonor refers to the upper and lower caps as the upper and lower filter
holders.

15
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(b)

FIGURE 3. (a) THE NGI DIRECT SIMPLE SHEAR DEVICE
(b) GENERAL VIEW OF TESTING AREA
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have recesses for porous stones*. Either smooth porous stones or porous
stones with 1 mm long needles can be used. The needles help to prevent
slippage betwéen the sample and the stones. fhe caps are equipped with
drainage tubes that can be connected to an external water source. Alter-
natively, a plastic cylinder can be plaéed around the sample; the eylinder
is filled with water to keep the sample submerged. The O—fings provide

a water tight seal between the wire reinforced rubber membrane and the caps.

The sample asgembly unit is available for either the standard 50 cm2
sample size or a smaller 1.875 in. (4.76 cm) diameter sample size. The
1.875 in. diameter sample size is used to accomodate the smaller undis-
turbed sample cores commonly obtained in the U.S5.A,

The vertical loading unit consists of the base, the tower, the.lO:l
lever arm, the proving ting load gauge, the piston, the sliding shear
box, the vertical dial gauge, and the adjusting mechanism. A counter-
weight balances the weight of the lever arm, the proving ring load gauge,
the piston, the sliding shear box, and the top cap.

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 conmection fork, the sliding shear box,
and the horizontal dial gauge.

The gear box has a stepless speed adjustment with a range of 10
minutes per mm to 300 minutes per mm of travel. The total available travel
ig 45 mm. The direction of movement is controlled by a switch, and the

power will shut off automatically when either end position is reached.

*Geonor refers toc the porous stones as filter plates.
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The horizontal loading unit for the stress controlled testing mode
consists of the horizontal piston, the locking clamp, the conngction
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 that are taken through holes in the table on which the
shear apparatus is placed. Stress incremeﬁts are applied to the sample
by placing suitable weights on the hanger. TFor stress controlled testing,
the horizontal proving'ring locad gauge is not needed and 1is disconnected.

The connection between the top cap of the sample assembly and the lower
part of the sliding shear box is made by two adjustable lugs. The lugs
are brought into contact with the cap by means of two allenhead screws.

The sample is sheared by moving the top cap while holding the bottom cap
and the pedestal stationmary. 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 increments to the hanger.

By using the horizbntal loading unit for stress controlled tests, a
constant static shear stress can also be applied. This can be used to simu-
late shear stresses on horizontal planes that occur in field situations
such as slopes,

To measure the applied verxtical and horizontal loads, rectangular
proving ring load cells are used. Interchangable proving rings with ranges
of 50, 100, 200, 400, and 800 kg are available. Vertical and horizontal

displacements are measured by dial gauges.
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During shear, undrained conditions are simulated by keeping the volume
of the sample constant. Assuminé that the horizontal cross sectional
area does noi change, constant volume is maintainedrby adjusting the vertical
stress on the sample while keeping the sample height constant. The change
in vertical stress is equated to the change in pore water pressure that
would occur durimg an undrained test.

The fine adjustments in the vertical load, needed to maintain conétant
volume condiitions, are made by the adjusting mechanism. After comsolidation,
the lever arm 1s pinned to the adjusting mechanism, providing the desired
consolidation stress. Once pinned into position, thg vertical load can be
changed by controlled movements of the lever arm upwards and downwards.

This is accomplished by rotating a worm gear connected to the adjusting knob.

‘B. Trimming Apparatus

The trimming apparatus and methods are in prineciple similar to those
described by Landva (73). The trimming apparatus was designed for use with
the soft sensitive clays that are cdmmon in Norway. The basic design prin-
ciples are that the sample should be completely and rigidly supported at
all times, and never touched by hand.

The trimming apparatus consists of a base, and a set of three yokes. The
base has two vertical columms on which the yokes can slide. The yckes can
be peositioned 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.
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One yoke acts as the guide for the reinforced rubber membrane expander.
The membrane expander consists of a2 eylindrical porous s;one that is
pressed into the yoke. The wire reinforced section of the membrane is
placed inside the cylindrical potrous stone, and the unreinforced parts
are folded over the ends. The yoke contains a fitting to which a rubber
hose connected to a vacuum source can be attached. When vacuum is applied,
the diameter of the reinforced rubber membrane is increased. The membrane
can then be mounted on the sample with a2 minimum of disturbance.

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 are horizontal and parallel. A photograph

of the trimming apparatus is shown in Figure 4.

C. Reinforced Rubber Membranes

The reinforced rubber membranes used in this investigation were manu-
factured by Geonor. The reinforcement coﬁsists of constantan wire with a
diameter of ,15 mm, a Young's Modulus E of 1.55 x 106 kg/cmz, and a tensile
strength of 5,800 kg/cmz. The wire is wound at 20 turns per centimeter of
height. The rubber material is natural latex. The membranes are manu-
factured in two sizes, the standard 50 cm2 size and the 1.875 in. (4.76 cm)

diameter sizas. A photograph of the membranes is also shown in Figure 4.
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FIGURE 4. NGI TRIMMING APPARATUS AND REINFORCED RUBBER
MEMBRANES
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Geonor recommends a maximum lateral stress of 1.8 kg/cm2 for these
membranes. VMembranes are also manufactured using stainless steel suturé
thread as reinforcement. The maximum recommended lateral stress for these
membranes is 5.0 kg/cmz. Only the constantan wire reinforced rubber mem-
branes were used for this study.

The membranes muét provide adequate lateral strength to maintain a
constant cross sectional area during consclidation and shear. The wire
reinforcement will deform as the lateral stress increases, but this gives
only a small error (41). For the consolidation stresses used in this test-
ing program, the membranes were found to have adequate strength; the rein-
forcement wires did not break and the membranes did not appear to be stretched
after the cowmpletion of tests.

The membranes must also allow for vertical strains in the sample during
consolidation and for drained testing. Vertical strains are allowed by the
spaces betweszn the reinforcement wire windings. If the consolidation strains
are very large, the wire windings tend to overlap. This occurred for a test
on a Gulf of Alaska sample consolidated to 1.0 kg/cmz. Consequently, all
other Gulf of Alaska samples were consolidated under smaller stresses.

Calibrated reinforced rubber membranes fof measurement of lateral stress
are also manufactured by Geonor. These membranes operate on a strain gauge
principle; the change in resistance of the wire windings is measured. The
entire height of the reinforcement wire windings is 3 em; the middle centi-
meter acts zs the strain gauge. These membranes were calibrated by applying
known hydrostatic stresses and by measuring the resulting change in resis-

tance. The resistance changes were measured by a strain gauge indicator
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calibrated directly in microinches per inch.

The active reinforcement wire is made from constantan and it has the
same physical properties as given previocusly for the ordinary membranes.
The electrical resistance of the entire length of active wire is 138 ohms
and the gauge factor is 2.18 for the 50 cm2 membranes.

These membranes perform the same function as the ordinary ones do.

They must ma:intain the sample at a constant cross sectional area, and they
must allow for vertical strains during consolidation and drained.shear.
The recommended maximum lateral stress for these membranes is 1.4 kg/cmz.

Some difficulties were encountered in the use of these calibrated
membranes. With two of the membranes used in this investigation, water
came into contact with the active wire resulting in partial short circuits,
This resulted in a decreased resistance, and erroneous microstrain readings.
It is essential that the rubber material (butyl latei or neoprene) used
for these membranes form a watertight seal around the active wire.

The resistance of the active reinforcement wire is also very sensitive
to temperature changes. Température variations result in resistance changes
that can be mistaken for changes in lateral stress. To compensate for tem—
perature changes, a matching "dummy' membrane and the active membrane are
connected in a bridge arrangement. If the temperature coefficient of
resistivity and the gauge factor for the active and the "dummy" membranes
are equal, resistance changes caused by temperature fluctuations will
balance. Under these conditions, microstrain readings are not affected by
small temperature chénges. The active and dummy membranes must be placed

as close to each other as physically possible.



The resistance of one calibrated mewbrane used in this study was
approximately 18 ohms less than the resistance of the other membranes.
Because of this large difference in resistance, a balanced bridge
circuit could not be obtained unless an 18 ohm resistor was comnnected
in series with this membrane.

Since the material characteristics of the 18 ohm resistor are differ-
ent than those of the wire reinforcement in the membranes, resistance
changes caused by temperature fluctuations were not completely balanced.
This caused observed variations in microstrain readings when this parti-
cular membrane was used.

Difficulties were also encountered in mounting both calibrated and
uncalibrated membranes around the clay samples during the trimming process.
Wrapping the membranes on the cylindrical porous stone expander proved
to be difficult and time consuming, especially for unused membr;nes. After
a few uses, the membranes were easier to work with. Applying too much
vacuum to the membrane expander often resulted with the reinforcement wires
forming chords instead of circular arcs. Although the wires did not break
free from the rubber membréne, it was impossible to mount membranes around
the sample in this condition. Too little vacuum, however, did not stretch
the membranes enough for disturbance free mounting around the sample. With
some practice, the proper amount of vacuum could be obtained.

The average life of membranes which did not have any problems on their

first use ranged from 5 to 10 tests,
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' D. Modification for Cyeclic Loading Capabilities

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

The cyclic loading mechanism is illustrated in Fig. 35, The hydraulic
piston travels up and dpwn at controlled frequencies. The weights shown
are attached by wires to the connection fork. When the piston is in the
down positioca, the left weights hang free; when the piston is up, it
supports these weights. Providing that exactly twice as much weight (in-
cluding the weight of the hanger) hangs from the left side as from the
right side, equal shear forces will alternately be transmitted in opposite
directions to the sample. The mechanism shown therefore induces a stress
controlled square wave loading on the samplé.

The contrel unit consists of a counter and a timer. The counter can
be preset for a given number of cycles, and cyeling will terminate after
the desired number of cycles has been reached, The timer has a digital
control for the cycling frequency. Half period frequencies from 1 to 99
seconds are possible. The timer controls a 4-way solencid operated air
value that actuates the piston motion.

Some difficulities were encountered with the c¢yelic loading mechanism
as supplied by Geonor. TInitially, the timer operated erratically.
Investigation showed that a power relay in the contrel unit caused large
voltage spikes which interfered with the operation of the timer. Some

rewiring in the control unit has alleviated this problem, and the coantrol
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unit has worked properly since then.

Another problem involves the loading system itself. During cyelic
loading it was observed that the shear strains were generally larger on
the left (piston) side than on the right. It was found that this was
caused by the impact loading of the left weight as it dropped free from
its support on the piston. To compensate for this, some weight can be
removed from the left hangers; this results in approximately symmetric

shear strains.

E. Data Acquisition

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

The vertical load proving ring was replaced by a Schaevitz FID-1U-200
load cell. This load cell has a capacity of 200 1b (90.5 kg) in tension or
compression. The linearity and resolution are better than .2% and .1%Z,
respectively.

A Hewlett Packard 7DCDT-050 Linear Variable Differential Transformer
{1LVDT) was used for measurement of horizontal displacements. The range of
this LVDT 4is + .050 in. (1.27 mm). This range was found to provide excell-
ent resolution at small strains. The LVDT was connected in series with
the original dial gauge by a special aluminum mounting block. Horizontal
displacements could therefore be measured by either the LVDT or by the dial
gauge. Typically, the LVDT and the dial gauge were used together, provid-

ing a convenient crosscheck at all times.
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-Both the LVDT and the load cell have integral signal conditioning
for DC operation; both were powered by constant DC voltage power supplies.
The voltage cutputs of the LVDT and the load cell, plus the square
wave loading pattern were recorded on a Gould Brush 2400 four channel
recorder. Microstrain readings from the calibrated reinforced rubber
membranes were measured by a BLH 120C strain gauge indicator.

The data for sach individual test was put into computer files. The
data was processed and reduced at RPI's Interactive Computer Graphics
Center. Appropriate plots could then be produced and viewed on computer

terminals; hard copies could be made if desired.

F. Equipment Calibration

Proving;Ring Load Cells

Proving riﬁg load cells with ranges of 50, 100, 200, 400 and 800 kg
were supplied and calibrated by Geonor. All were linear throughout their
ranges.
Load Cell

The Schaevitz load cell used for measurement of vertical load was
calibrated directly on the direct simple shear apparatus. While support-
ing the bottom of the sliding shear bex, loads were zapplied to the load
cell through the lever arm, and the corresponding veltages measured. The
voltage output was linear throughout its range.
LVDT

The Hewlett Packard LVDT used for measurement of horizontal displace-

ments was aiso calibrated on the direct simple shear apparatus. Voltage
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outputs were recorded for displaéementS'measured by the dial gauée;
The voltage cutput was linear for + 3.0 mm displacement;
‘Friction

Friction in the vertical lcad unit and the horizontal load unit
originates primarily in the ball bearing bushings; This friction can
be measured by the 50 kg proving ring load cell or by the Schaevitz load

cell. It was found to be negligible.

Membrane Resistance

The resistance of the reinforced rubber membranes to shear can be
determined by shearing them when they are filled with water. Ladd and
Edgers (68) found that the resistance to shear increases with Increasing
shear strain and with decreasing normal lecads, It was also found that the
resistance was less than .01 kg/cm2 for a normal stress of .3 kg/cmz.
Normal loads greater than .3 kg/cin2 caused the O—ringé that seal the mem-—
brane to the caps tc slip., Data was therefore not available for normal
stresses greater than .3 kg/cmz. Similar results were also found Dy
Geonor (41).

Results such as these are valid ounly for the particular membrane tested.
It seems reasonable however, that results for other membranes would be
similar. Since the samples tested for this study were consolidated to
stresses greater than .3 kg/cmz, it was felt that the‘membrane resistance

could be considered negligible.
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Vertical Deformation

Vertical deformations.of tﬁe so0il sample are measured between twe
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 deforn under the action of a vertical stress, it is important to
distinguish this deformation from the deformation of the sample itself.
This is especially important for constant volume tests, where the vertical
stress is changed to keep the sample height {(volume) constant. As the
vertical strass 1s changed, the equipment deformation also changes, and
this must be taken into account,

The parts of the direct simple shear apparatus of interest for deforma-
tion studies include the sliding shear box assembly, the caps, the porous
stones, and the pedestal. The deformation of all these parts can be
measured by inserting between the caps a steel dummy sample in place of
a soil sample. Vertical loads are applied through the lever arm, and the
vertical deflection is measured by the wvertical 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.

Most of the vertical deformation is due to the seating and compression
of the porous stones. To insure consistent results, the same porous stones
were placed in the upper and lower caps for all tests. These stones were
matrked so that they could always be placed with the same orientation in

the caps.
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An effort was made to determine equipment deformation such as would
occur during the actual testing situation. Using the steel dummy sample,
the sample agsembly was prepared just as it would be during test condi-
tions; the consolidation loading sequence was also identical to that im
actual tests. After the final consolidation load was applied, the vertical
load was decreased in small increments. This vertical load decrease is
necessary to maintain constant volume conditions for the normally consoli-
dated and slightly overconsolidated soils tested in this program.

Equipment: deformation measured during these tests showed some variationm.
The variation occurred mainly during the loading sequence; the slope of
the deformation-load curve for unloading was virtually identical for each
trial. Average deformation curves for loading and unloading were obtained
for each consolidation history used. An example is shown in Figure 6 for
50 cm2 diameter samples normally consolidated to .510 kg/cmz.

During constant volume testing, the equipment deformation curve is
entered at the appropriate censolidation stress. As the load is changed,
the vertical dial gauge reading is changed according to this curve. Thus,
the equipment deformation is accounted for, and the volume of the sample

remains constant.
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PART 4
TESTING PROCEDURES

The soils investigated in this study were stored in an environmentally
controlled storage room under high humidity conditions. The storage temper—
ature was kept at approximately 3°C to simulate in situ conditioms and to
prevent the generation of gases in the samples. The soils used, Concord
Blue Clay and Gulf of Alaska Clay are described in PART 6. The Concord
Blué Clay samples were sealed in wax and plastic; the Gulf of Alaska Clay
was sealed in its core tube.

When a sample was needed for testing, it was removed from the storage
room and placed in an adjacent environmentally controlled room for sample
trimming. This room was also maintained under high humidity conditions to
prevent sampie drying during the trimming operation. However, room temper-
ature (approximately 20°C) was maintained in this chamber. TFor the Gulf of
Alaska Clay, only the soil needed for the test was extruded from the tube.
The core tube was then immediately resealed foliowing the extrusion.

The trimming apparatus supplied with the NGI direct simple shear de-
vice was used for all tests., The NCI direct simple shear device and the
trimming apparatus are described in PART 3. Except for minor details, the
trimming method used was identical to that described by Geonor (41). Be-
cause of the ratrher lengthy procedure, and the close mechanical tolerances
of the trimming apparatus, some practice was needed to obtain consistent

results. The average trimming time was approximately 45 minutes.

36



37

From the leftover trimmings, 4 water content samples were taken. If
possible, undrained shear strength and sensitivity were measured by using
the Swedish fall cone method, a pocket penetrometer and a torvame device.
The initial sample height was also measured during the trimming operatiomn.

After sample trimming was completed, the sample was carefully moved
from the envirommentally controlled room to the NGI direct simple shear
apparatus. Since the sample was now sealed in its membrane, sample drying
was not a problem. Drainage hoses leading to water supplies were connected
to the upper and lower caps of the sample. For the Gulf of Alaska Clay,

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

Tha‘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 nor-
mal load 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 cali-
brated membrane was connected te a strain gauge indicator. Because the
calibrated mombranes are very sensitive to temperature changes which may
be caused by handling the sample, the sample was allowed to sit for 1 hour
before taking an initial reading on the strain gauge indicator and beginning
consolidation.

After taking an initial reading on the vertical deformation dial
gauge, sample consolidation was begun. Consolidation loads were applied
in increments similar to the standard laboratory cousolidation test, The

time betweer each load increment was approximately twice the time for 100%
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primary consolidation. The final consolidation load was applied for a
minimum of 24 hours, and the sample was then ready for testing.

All tests were run under "undrained' conditions by maintaining the
sample at a comstant volume. Since the sample has a constant cross-—
sectional area, constant volume tests are conducted by adjusting the
normal lqad to keep the sample height comstant. During shear, drainage
is allowed, and a rate of strain is selected such that no excess pore
water pressures develop in the sample during the test. The change in
vertical stress 1in the sample is equated to the change in excess pore
pressures which would have been measured had drainage been prevented
(98).

Static tests were run at a sufficiently leW’réte to prevent a build-
up of pore pressure while keeping a reasonable testing time. Typically,
static tests were performed in 7 hours. Square wave form, controlled
stress cyclic tests were performed at frequencies of ,53 or .1 Hz. These
frequencies were selected to simulate earthquake or storm wave loading
applications. It may be argued that the use of such high frequencies can
impede accurate pore pressure measurements. However, previous research
has shown that the permanent accumulation of pore pressures can be measured
under these conditions (90). However, the measurement of pore pressure
changes within a given cycle of loading may not be possible at high load-
ing frequencies. Tor cyvelic tests that did not fail, a static test was

performed immediately afterwards.
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Following the completion of testing, the sample assembly was removed
from the shear apparatus. A final water content of the sample was taken
at this time.

The dataz obtained from each individual test was compiled from the
strip chart recordings. The data was reduced and processed by computer
to obtain the desired results. Using a computer graphics system, the data
was plotted For quick visual observation. The test results are presented

and discussed in PARTS 7 and 8.



PART 5

STRESS CONDITIONS IN THE NGI SAMPLE

A. Background

Cyclic shear stresses induced on an in situ soil element by either wave
or earthquake loadings can often be clcsely approximated by cyclic shear
stresgses applied on the horizontal planes of the soil element. If an initial
shear stress exists on the horizontal planes prior to cyclic loading, the
cyclic shear stresses can be superimposed on this static shear stress.

The cyelic direct simple shear apparatus was developed to reproduce
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 shown in Figure 7. The lack of complementary shear stress-
es on the vertical boundaries of the sample imply that the boundary stress
conditions are not ideal, making the interpretation of direct simple shear
tests rather difficuit.

With regard to the SGI direct simple shear device, Kjeliman (62) noted
that for equilibrium requirements, the normal stresses on the upper and
lower surfaces of the sample must be unevenly distributed. The shearing
stresses on these surfaces must alsoc be unevenly distributed, since they
must be zero close to the front and rear of the sample. It was concluded
that the distribution of stresses in the sample is not perfect, but cer-—
tainly better than in conventional direct shear devices.

Hvorslev and Kaufman (55) alsc noted that with the SGI direct simple
shear devicz 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.
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Roscoe (106) analyzed the stresses acting.on a sample in the
Cambridge simple shear device using the theory of elasticity and
assuming a linear elastic, isotropic material. He concluded that the
moment produced by the shear stresses acting on the upper and lower
sample boundaries is exactly balanced by the moments produced by the
nonuniform horizontal and vertical stress distributions acting on the
sample boundaries. The distribution of shear stresses acting on the
upper and lower boundaries of the sample is also nonuniform. The mag-
nitude of the shear stress is zero at the outer edges since there are
no complimenzary shear stresses on the end faces of the sample. How-
ever, the shear stress increases rapidly with distance from the ends of
the sample, and it is quite uniform in the middle third of the upper and
lower boundaries of the sample, The sample was also found to be approxi-
mately subjected to simple shear strain. Roscoe points out that these
results are strictly valid only for elastic materials, but that the
solutions should apply to soils for small strains, and that they can be
considered as a guide for the behavior of scils at larger strains.

Duncan and Dunlop (23) also investigated the stress distributions
within a sample tested in a Cambridge simple shear apparatus., The stress
conditions were analyzed using the finite element method, and employing
nonlinear and anisotropic stress strain characteristics for the material.
Stress conditions were found to be nonuniform, For equilibrium, the
horizontal shear stresses increase in magnitude from the top and bottom

of the sample, reaching a maximum at midheight. These stress non-
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uniformities result from the lack of complimentary shear stresses on the

ends of the sample. It was also determined that progressive failure

occurred within the sample, with failure begioning near the ends of the speci-
men. The size of the failure zones gradually increase and they eventually
merge with increasing shear strain, It is eﬁident that the stress condi-
tions are suifficiently nonuniform to result in early failure of some

zones within the sample.

Duncan and Dunlop (23) pointed cut however, that their analysis shows
that the stress nonuniformities are most severe near the ends of the
sample. They concluded that the stresses in the center of the sample
correspond closely to pure shear conditicns. Assuming a uniform stress
condition provides a simple and useful means of comparing strength values
measured in simple shear with those measured in other tests.

Lucks et al (82) analyzed the stress conditions existing in a NGI
direct simple shear sample. A three-dimensional finite element model was
employed assuming linear elastiec, isotropic material parameters. It was
found that stress concentrations can be expected at the edges of the
sample, but that these concentrations are quite local. Approximately 70%
of the sample was found to have fairly uniform stress eonditions; espec—
ially at low strains. The authors also concluded that pregressive yield-
ing is of minor importance.

Prevost and Hoeg (98) recently investigated the stress conditions
occurring in simple shear test samples. The effects of partial boundary
slippage at or immediately inside the interface between the soil specimen
and the top and bottom caps of the Cambridge simple ghear apparatus were
determined using an isotropic elastic analysis. Such slippage was found

to increase the nonuniformity of stress distributions in the sample. It
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is therefore important to provide the best possible seating between the
sample and the caps. It was also noted that a2 substantial change in
lateral stress can occur on soil samples being tested in simple shear
devices,

A finite element study of the NGI direct simple shear test sample
for cyelic loading conditions was conducted by Shen et al (129). It was
found that the shear strain distribution in the soil sample is nonuniform
and asymmetric. TFor the soils studied, the NGI direct simple shear device
may introduce an error of 5 to 13% in shear modulus determinacion. It was
concluded however, that this magnitude of error may be viewed as acceptable
for most geotechnical engineering work.

Wright et al (150) also studied the stress distributions in samples
tested by the Cambridge simple shear device and the NGI direct simple
shear device. Results were based on elasticity theory using the Saint
Venant solution (141) for a fixed end beam of square or circular cross-
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 totally nonuniform. The authors noted however, that
their conclusions were based on elasticity theory and that the boundary
conditions in the Saint Venant problem are not exactly the same as in
simple shear samples. It was argued however, that it is important to de-
termine the character of the stress distributions, and to compute their

order of magnitude in order to interpret simple shear test results.
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In a recent state of the art publication on the measurement of
soil properties, Woods (149) noted that the results of analytical studies
are dependent. on the assumptions made in the analysis. Quantitative
interpretation of the results may te limited by the assumptions made,
but the general trends observed should not be ignored. It was concluded
that despite the internal complexities and uncertainties associated with
the cyclic simple shear test, the test has been a useful tool in studying
cyciic shear phencmena. For practical purposes, the potential effects
of nonuniformities in stress distribution may be minimal.

It should be noted that all.laboratory soil testing devices have
their advantages and disadvantages, Most devices test relatively small
samples and thereby make boundary effects and end conditions, with their
resulting stress concentrations, a major concern. Just as theoretical
studies are dependent on the assumptions made, the same can be said for
experimental results.

Even though quantitative results based on assumed stress conditiomns
may not be strictly wvalid, the general conclusions and trends cannot be
ignored, and these have sucessfully been used in geotechnical engineering

practice.

B. Assumed Stress Conditions Used For the Interpretation of Test Results

Because of difficulties in maintaining undrained conditions in direct
shear devices, undrained tests have often been carried out as constant
volume tests. Taylor (137) first used this approach in 1952 for a box
shear test. He demonstrated that simply running a fast test did not prevent
drainage for typical clays.

Undrained conditions are simulated on the NGI direct simple shear device

by maintaining a constant volume (9). Since the reinforced rubber mem-



branes maintzin the sample at a constant cross-sectional area, constant
volume tests are conducted by adjusting the normal vertical load to keep
the sample height constant. During shear, the sample is drained and a
rate of strain is selected so that excess pore pressures in the sample
are zero during the test. The change in vertical stress on the sample
is equated to the change in excess pore pressures which would have been
measured had drainage been prevented (98).

Prevost and Hoeg (98) note that it will not be possible in general
to conduet a constant volume test which is truly identical to an undrain-
ed test. In a constant volume test, incompressibility is satisfied only
in an average sense for the entire sample, while in 2 truly undrained
test, incompressibility is satisfied everywhere within the sample., How-
ever, in a truly undrained test, there is also a redistribution of pore
pressures within the sample, and the measured excess pore pressure is
valid only as an average value.

Although some arguments may exist, it will be assumed for this invest-
igation that the measured change in vertical normal stress is equal to
the pore pressures which would be generated in an undrained test. Because
the excess pore pressures are zero throughout the sample during shear,
all measured normal stresses are effective stresses.

For tests in which lateral stresses were measured, the vertical
and horizontal normal stresses along with the shear stress acting on the
upper and lower horizontal boundaries of the sample are known. The
measured stresses acting on a NGI direct simple shear sample are shown
in Figure &. The stresses assumed to be acting on an infinitesmal

element at the center of the sample are also shown in this figure.
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The shear stress acting on the sides of this element are assumed to be
equal to the horizontal shear stress.

From the three measured stresses, a Mohr's circle of stress can be
drawn for the soil element at any stage during the test as shown in
Figure 9, The variahles indicated in the figure can be determined from
the geometry of the Mohf's circle along with the known values of the
vertical effective normal stress 8;, the horizontal effective normal stress

55, and the horizontal shear stress T, as follows:

h
_ Gv-i-dh Gl+0'3
p= =
2 2
(o 6)2 g, -0
" “h 2 .1/2 1 3
q=1— +Th]/ =
4 2

where 5~and q define the uppermost point of the Mohr's circle or the
effective stress point (72). The major and minor effective principle

stresses are Ei and Eé.

where Gp is the angle between the horizontal plane and the plane on

which the major principle stress acts,

§ =45 -9
9 P

where Gq is the angle between the horizontal plane and the plane on

which the maximum shear stress acts.
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¢ .
= =2
bp =45+ ep

where Bf is the angle between the horizontal plane and the plane of maxi-

mum obliquitv, and

qQ
il
v
+
Nal

Note that the above equations are valid for no cohesion, i.e., ¢ = O.
All tescs that were performed during this study were analyzed on
the basis of the assumptions and equations presented here. Actual test

results are presented in Part 7.



PART 6

SOTLS

Te obtaim an understanding of clay soil behavior in the field,
the soil's structure should be preserved as found in situ. Therefore,
only undisturbed samples of cohesive soils were tested in the laboratory.
Two different: fine grained scils were used in this investigation; these
soils are described in this section. The problems associated with these
gsoils are also noted, along with reasons for obtaining laboratory test
data.

A, Gulf of Alaska Clay

Petroleum related activities in the outer continental shelf region
in the Gulf of Alaska may stimulate major marine construction in this
area. Therefore, it is dimportant to identify and evaluate geologic and
geotechnical problems asscciated with this region.

Marine geologic studies were conducted by the United States Geological
Survey on the continental shelf and the upper continental slope in the
Gulf of Alaska. Several areas of slope instability were discovered; these
are characterized by submarine slides and slump blocks (12,45). One area
of instabilicy is the Copper River prodelta from which the clay samples
used in this study were obtained.

The Copper River is a major source of Holocene sediment; the annual
sediment discharge being 107 x lO6 tons. Much of this sediment has
accumulated on the prodelta, reaching a maximum thickness of 350 meters,
with an average thickness of 150 meters. The rate of sedimentation is
very high in this area, being on the order of 10-15 meters per 1,000 years

(12).
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Seismic reflection surveys of the Copper River prodelta show dis-
rupted bedding and irregular topography, indicating submarine slides or
slumps. This type of structure is evident across the entire span of the
prodelta, an area of 1,700 kmz. The sgea floor in this area has a slope
of approximately 0.5° (12).

The most notable characteristic of submarine slope failures is
that they can occur on extremely flat slopes. Since the extent of many
submarine slopes is fairly large, the infinite slope method of analysis

can be used to advantage (87). TFrom this simple model (Figure 10), the

equation for stability is

where
FS = Factor of safety
Au = ExXcess pore water pressure
v' = Buoyant unit weight of soil

H = Depth of failure surface measured from the
surface of the sediment

i = Slope angle

¢' = Effective stress friction angle of soil.

The effect of the excess pore pressure is to reduce the effective normal
stress on the failure plane. The shearing resistance is therefore reduced,
while the applied shear stress caused by the weight of the slope material

remains consiant. The effective stress friction angle for the Copper River

prodelta is about 24° (45). If no excess pore pressures are present
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in the sediment, the theoretical maximum slope angle should also be
24°,

Excess pore pressures in marine sediments can be produced by cyclic
loading, high rates of sedimentation, and the presence of gas charged
sediments (111). All of these factors must be taken into consideration in
the Copper River prodelta. Other factors which should also be comsidered
fér mariﬁe slope stability determinations are removal of slope support
by faulting or erosion, seismic forces and accelerations, and tectonic
slope steepening.

The high rate of sedimentation in the Copper River prodelta causes
a lag between sediment accumulation and subsequent consolidation leading
tc an excess pore pressure build up. This is frequently referred to in
the literature as underconsolidation. Hampton et al (45) investigated the
significance of the excess pore pressure resulting from high sedimentation
rates in the Copper River delta. The theoretical approach developed by
Gibson (42) was used to determine the excess pore pressures. Using the
infinite slope method of analysis, along with the theoretical pore pressures,
it was determined that only slopes with angles less than 2.6° would be
stable. This is a substantial decrease from the 24° angle determined for
the condition of no excess pore pressures.

Excess pore pressures are alsc developed by earthquake loadings.

The forces and accelerations generated by the earthquake increase the
applied shear stresses acting on potential slope fallure surfaces causing
further instability. Reimmnitz (102) attributed slump structures seen on

seismic records from the Copper River prodelta to the 1964 Alaska earthquake.
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EXcess pore pressures can also bé generated by storm wave loading.
The waves incuce pressure variations on the seafloor. The magnitude of
these pressure fluctuations depends upon wave height, wave length, and
water depth. Hampton et al (45) show that wave induced pressure fluctu-
ations can be of importance in water depths of up to at least 150
meters. 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
sediment or it could be gas that has been liberated from underlying rock
and has migrated up fault planes (567).

In summary, all of the factors noted above can lead to the instability
of submarine slopes. TFor the Copper River prodelta, the rapid rate of
sedimentation is important. The Gulf of Alaska ig alsec in an area of
intense seismic activity. Storms with large waves are common; egpecially
in the winter months (18). Therefore, it is imperative to détermine thé
behavior of these submarine soils under cyclic loading.

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

data is given in Table 1.

B. Concord Blue Clay

The Concord Blue Clay used in thils study was obtained from a site
Southeast cf Buffalo, New York, The clay is a glacial lake deposit, and
it is readily attainable. Samples were taken in 1 ft3 undisturbed blocks
from a depth of approximately 10 ft below the ground surface, Pertinent

geotechnical data is given in Table 2.



GULF OF ALASKA SAMPLES

SITE: CCPPER RIVER DELTA

TYPE: 4" DIAMETER UNDISTURBED CORES

GEQTECHNICAL DATA

WATER CONTENT 57 - 65%

LIQUID LIMIT 48%

PLASTI( LIMIT 25%

SPECIFIC GRAVITY 2.84

¢ 24°

SENSITIVITY (FALL CONE) 4.0

CONSOLIDATION HISTORY UNDERCONSOLIDATED
% SAND 1

% SILT 34

% CLAY 65

SEDIMENTATION RATE 10~15 m/1000 vears

TARLE 1.

GEOTECHENICAL PATA FOR THE GULF OF ALASKA CLAY
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SITE:

TYPE:

CONCORD BLUE CLAY

SE CF BUFFALO, N.Y.

UNDISTURBED 1 ft3 BLOCKS

GEOTECHNICAL DATA

WATER CONTENT 27 - 28%
LIQUID LIMIT 347
PLASTIC LIMIT 21%
SPECITFIC GRAVITY 2.76
¢ 25°
SENSITIVITY (FALL CONE) 1.4

CONSOLIDATION HISTORY NORMALLY CONSOLIDATED

TABLE 2. GEOTIECHNICAL DATA FOR CONCORD BLUE CLAY
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PART 7
TEST RESULTS
This section summarizes the data obtained from the laboratory direct
simple shear tests that were performed for this investigation. The data

include  Thorizontal stress measurements for the tests on the Gulf of

Alaska clay, but not for the tests on the Concord Blue clay,

A. Gulf of Alaska Clay

Introduction

The tests performed on the Gulf of Alaska clay are summarized in
Table 3. A test number followed by an § indicates a static test znd
a C indicates a cyclic test. An explanation for each column of data is
presented in Table 4.

A total of 9 tests were performed on Copper River prodelta clay sam-
ples which were normally comnsolidated in the laboratory. Data for all of
these tests include the measurement of lateral, horizontal stresses using
calibrated rveinforced rubber membranes.

The static tests were performed under controllied strain conditions
with a strain rate of 75 minutes per millimeter of horizontal movement of
the sample top. The cyelic tests were performed using a controlled stress
mode with various magnitudes of cyclic stresses. Square wave load shapes
were used with a cyclic frequency of 0.1 Hz. This frequency was chosen
to simulate both earthquake and storm wave loadings while allowing ample
time for data acquisiticn. The standard 50 cm2 sample size was used for

all tests.
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COLTMN EXPLANATION
1. Test No.
2, Sample Size : 1L = Large, S = Small
3. Water Content of Trimmings
4. Void Ratio of Trimmings
5. Sample Height
6. Undrained Shear Strength (Pocket Penetrometer)
7. Undrained Shear Strength (Torvane)
- 8. Undrained Shear Strength {Swedish Fall Cone)
9. Sensitivity (Swedish Fall Come)
10. Vertical Consolidation Stress
11. Static Shéar Stress
12. Maximum Consolidation Stress
13. Overconsolidaﬁion Ratio
14, Sample ﬁeight Following Consclidation
15. .Vertical Strain
16. Cyelic Shear Stress
17. Cyclic Shéar Stress as a Percent of Static Strength
18. Number of Cycles Tested
19, Shear Strain at N Cycles
20. Pore Pressuré at N Cycles
21. Frequency of Loading
22. Static Undrained Shear Strength (Peak of Stress-Strain Curve)
23. Shear Strain at Peak of Stress-Strain durve
24, Pore Pressure at Peak of Stress-Strain Curve
25. Strain Rate
26. Water Content of Sample (After Test)
27. Void Ratio of Sample (After Test)
TABLE 4. EXPLANATICON FOR TABLES 3 and 5
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Static Test Results

Stress—strain curves for the static tests are shown in_Figure 11.
The shear stress was normalized by dividing by the counsolidation stress
To" Test No. 01 was performed on a highly disturbed sample taken from
the bottom of the core tube. This was a pilot test, and the results will
not be presented. Test No. 02 was performed on a sample taken from the
top of the ccre tube; it appeared to be somewhat disturbed. This may ex-—
plain the low stress-strain curve cbtained for this test. The normalized
stress strain curve for Test No. 03 was taken to be typical for undisturbed
samples tested at the strain rates used in this investigation. Test Neo. 09
was performed following cyclic loading which did not cause failure. The
stress-strain curve obtained for this test is consistent with published
literature (30,90,140).

Pore pressure-strain curves for the static tests are shown in Figura
12. The pore pressure was normalized by dividing by the comsolidation
stress. The pore pressures increase continuously throughout the tests,
although the largest increase occurs during the first few percent of strain.
These curves are directly opposite of the stress-strain curves in Figure 11,
i.e.,, excess pore pressures are greatest for the lowest stress-strain curve.
Therefore, there is a good correlation between excess pore pressures and
the shear stress that a sample can develop. Test No. 03 was again taken
to be typical for undisturbed samples. Note that Test No. 09 had signifi-
cant pore pressures at the beginning of the test that were caused by the

previocus cyzlic loading.
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"Stress path" data for the static tests showing horizontal shear
stress vs, vertical normal stress is presented in Figure 13, The data
for Test 02 does not seem consistent with the other test results; this
is probably caused by sample disturbance. A failure line was drawn
through the tips of these curves. This line corresponds to approximately
227 shear strain at which the statiﬁ tests were terminated. Using the

assumption that
¢ = témml [slope of the failure linel],

the angle of intermal friction ¢ for the clay was computed to be 30°. An-
other failure line based on the more realistic assumption of failure at 3%
shear strain is alse shown in Tigure 13. For this failure line, ¢ was computed
to be 21°,

Shear modulus vs. shear strain data for the static tests are shown
in Figure 14. The shear modulus was normalized by dividing by the
consolidation stress.

Vertical and horizontal normal stress vs. shear strain for the static
tests are shown in Figures 15 and 16. The data was normalized by dividing
by the comsolidation stress. The vertical normal stress decreases through-
out the tests corresponding to the continuous increase in pore pressures
shown in Figure 12. The horizontal normal stress that was measured using
calibrated wire reinforced rubber membranes first decreases, reaching a
minimum value at approximately 6.0 to 9.0 percent shear strain. Thereafter,

the herizontal normal stress increases, reaching values equal to or greater

than the initial horizontal normal stress. Since pore pressures do not
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develop in the sample during constant volume tests, the measured
horizontal and vertical stresses are effective stresses,

The ratio of the horizontal normal stress to the vertical normal
stress vs. shear strain for the static tests is shown in Figure 17. The
ratio increases continuously during the tests from an initial wvalue
corresponding to the coefficient of lateral stress at rest, KO. .At very
large strains, the ratio approaches a value of unity. The ratio 53/5&
vs. shear strain is shown in Figure 18. This ratio was computed based
on the assumstions and equations presented in Part 5. The value
of this ratio decreases throughout the tests. Initially, its value also
corresponds to KO conditions. The results for Test No. 09 fall below
the curves for the static tests without previocus cyclic loading.

The angle Bq between horizontal plane and the plane on which the
maximum shear stress acts vs. shear strain 1s shown in Figure 19 for the
static tests. The angle Gq decreases rapidly up to 3 percent shear
strain, and thereafter decreases gradually throughout the test. At large
values of shear strain, Bq approaches zero indicating that the horizontal
plane is the plane on which the maximum shear stress acts. Roscoe et al
(107) found similar results for sands and isotropic plastic materials
using the Cambridge direct simple shear device. Although the assumption
that the horizontal plane is the plane of maximum shear stress may not be
valid for all soils, it seems to be walid at large strains for the Copper

River prodelta clay tested.



71

SLSAL JILVLS ¥04 NIVYILIS dVAHS °SA SSHYLS 'TVIION

AVTID VASVIV 40 47109 NO CHH0AdHdd

TVOLILYIA 01 SSHYLS TVIION TVINOZIYOH 40 OLLVY HHL

%e

81

%4 NIVYLS 4VHHS
[A)

"

LT JEA0I1d

€0

0

g *




72

AVTID VASVIV 40 41N9 NO GIWI0AYHd SISAL
JILVIS ¥04 NIVIIS 9vdas ‘sA Ho\mo OILVI HHL '8T H4NOId

Z NIVYLS ¥VEHS
ve BT T 9

Iy A

60

€0 ~—

- 0°1



73

AVIO VASVIV J0 4100 NO QUWH0A¥dd SLSHL JIIVIS ¥Od
NIVYLS ¥VHEHS °SA SLOV SSAMIS WVAHS WAWIXYW HHI HDIHM NO
ANVId HHI ANV ENVId TVINOZINOH FHI NAAMIAY AIONY FHIL

% NIVYLS ¥YVIHS

20
SN A 2

‘6T FENDIA

01

0z °

0t

<
<

0s

e

SEFEDEd



74

The angle ef between the horizontal plane and the plane of maxi-
mum obliquity vs. shear strain is presented in Figure 20 for the static
tests. The angle Gf decreases rapidly at small shear strains after which
it remains fedirly conétant. At large shear strains, Sf again decreases
slightly. Because of the large values of ef throughout the test, the
common assumption that the horizontal plane is the plane of maximum
obliQuity does not appear to be valid for this clay. Roscoe et al (107)
found similar results using the Cambridge direct simple shear device.

Figure 21 presents static test results showing the angle ep between
the horizontal plane and the plane on which the major principle stress
acts vs. shear strain. The angle Sp increases rapidly at small strains
followed by a gradual increase throughout the remainder of the test. At
large values of shear strain, Sp approaches 45°, This is consistent with
the result that the horizontal plane is the plane of maximum shear stress.

The mobilized angle of intermal friction ¢m vs. shear strain relatiom~
ships for the static tests are shown in Figure 22. The maximum value of
the ¢ parameter for static test Nos. 02 and 03 is approximatelvy 35°. This
strength value was mobilized at about 10 percent shear strain. UNote that
this value of the strength parameter is considerably different than the
one that was computed from Figure 13 using the.assumption that the horizon-
tal plane i3 the plane of maximum obliquity. The ¢ parameter obtained for
Test No. 09 seems to be unreasomably high. However, Andergen (2,3) con-
cluded that cyclic loading of normally consolidated clays causes an increase

in effective cohesion ¢ while the effective friction angle ¢ remains un-~
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affected. The values of ¢m presented in Figure 22 were based on the assump-~

tion of zero cohesion, and the presence of even a small cchesion ¢ will
reduce the internal frictiom angle to the value indicated by Test Nos.
02 and 03. Az 3 percent shear strain, ¢m is approximately 31° for Test

Nos. 02 and 03.

A'E -~ g stress plot is shown in Figure 23 where

il
I

V=
|

= (5, = 9,)/2

The KO line was drawn based on the KO conditions measured in the soil samples
prior to shearing. A Kf failure line was drawn through the tips of the
stress paths for static test Nos. 02 and 03. These points correspond to
approximately 22 percent shear strain. It is believed that the inconsistent
shape of the stress path for Test No. 02 was caused by sample disturbance.
Another failure line is shown in Figure 23 based on the assumption that
failure occurs at 3 percent shear strain.

Test No. 09 was performed following non-failure e¢yelic loading. The
stress path for this test crosses the failure lines shown, but this can be

explained by an increase in effective cohesion (2,3).

Cyclic Loacing Test Results

Cyclic shear strain vs. number of cycles of loading is shown plotted
in Figure 24. The shear strain for all cycelic loading tests is taken to
be one-half the peak to peak shear strain. Typically, the ¢yclic shear

strains increase gradually until failure is imminent, after which the cyclic
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shear strains increase very rapidly, Test No. 09 showed no. signs of
imminent failure after 3,000 cycles of loading, and the cyclic sheaxr
strains remained approximately constant throughout the test. Such
conditions have been defined to be a state of nonfailure equilibrium.
for the soil (115).

Normalized pore pressure vs.number of cycles of loading is shown
plotted in Figure 25. These curves represent the permanent or résidual
excess pore pressures that are generated after a given number of loading
cycles. The variations in pore pressure during a given cycle of loading were
not measured. These curves show the éame general trend as the cyclic shear
strain vs. number of cycles curves in Figure 24, It appears that there
is an excellent correlation between excess pore pressures and shear
strains for these stress controlled tests. Test No. 09 shows a very gradual
increase in pore pressure with number of loading cycles., It is uncertain
whether the pore pressures will level off or continue to increase with
further cycles of loading. Therefore it is also uncertain whether the
state of nonfailure equilibrium will persist with further loading cvcles.
However, 3000 loading cycles is an adequate practical limit for earthquake
and storm wave loading situations.

"Stress path'' data showing horizontal shear stress ve vertical normal
stress is presented in Figure 26. The failure lines determined by the static
tests are also shown in this figure. The data for the cyclic tests is shown
for the positive peak points only, i.e., when the shear stress has its

maximum positive value. The actual "stress path' would cycle symmetrically
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above and below the horizontal aﬁis. The points shown on each stress path
correspend to 3 percent shear strain; the stress paths terminafe at 15
percent shear strain. For the tests in which failure occurred, thie stress
paths reach and crﬁss the static failure iines. The reason the stress paths
cross the failure lines may be attributed to an increase in effeétive cohesion
¢ caused by the cyclic 1oading (2,3). It should be noted however thgt at 3
percent shear strain, the stress paths correspond closely with the failuré
line. The stress path for Test No. 09 which exhibited a state of nonfailure
equilibrium did not reach the static failure lines.

Normalized shear modulus vs. number of loadiﬁg cycles is presented in
Figure 27. The shear modulus decreases gradually with number of loading
cyeles until failure is imminent; thereafter the shear modulus rapidly
decreases, GBefore failure, the shear modulus vs. number of loading cycles
relation can be approximated by a straight line on this log-log plot.

As the cyclic shear stress increases, the initial shear modulus (for the
first loading cycle) decreases and the slope of the modulus vs. ﬁumber of
¢cycles curve increases,

Normalized vertical and horizontal normal stress vs. number of loading
¢cycles are shown in Figures 28 and 29. Both the vertical and horizontal
normal stresses decrease with increasing number of loading cycles. The
decrease in vertical normal stress is directly related to the increase
in excess pore pressures. The measured horizontal stresses show some
scatter with various curves crossing each other. This is probably caused
by experimental error originating from the calibrated reinforced rubber
membranes used to measure the lateral stresses. The problems associated
with the use of these membranes is discussed in Part 3. However, the
general trend of decreasing lateral stresses with increasing number.of

loading cyecles was displaved by each test, and appears to be walid for

the soil tecsted.
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The ratic of the horizontal ﬁormal stress to the vertical normal
stress vs. number of loading cycles is shown in Figure 30. Similar to the
static test results, this ratio tends to increase, and approaches a value of
unity when failure occurs. The ratio remained. approximately constant for
Test No. 09 which exhibited a state of nonfailure equilibrium. Some
geatter is again evident in this diagram, but this is a direct consequence
of the scatter obtained in the lateral stress measurements. The general
trend with the ratio of lateral stress to vertical stress approaching unity
as failure occurs seems to be valid for this soil.

Figure 31 presents data showing the variation of the ratio ES/Ei Vs,
number of loading cycles. Thé value of this ratic approaches zero
as failure occurs. This trend was also found for the static tests.

The ratio remained approximately constant for Test No. 09 which did

not fail during cyclic loading. The scatter shown in this diagram can
again be attributed to the.scatter present in the lateral stress méasure—
ments.

The angle Gq between the horizontal piane and the plane on which the
maximum shear stress acts is plotted vs number of cycles in Figure 32.

The angle eq approaches zero as failure occurs. Similar results were
found for the static tests. The angle eq remained approximately con-
stant for Test No. 09 which did not fail during cyclic loading. The

assumption that the horizontal plane is the plane of maﬁimﬁm shear

stress seems to be valid at failure for the Copper River prodelta clay

that was tested.
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Figure 33 shows the relationship for the angle Sp between the
horizeontal plane and the major principlé plane vs. ﬁUmber of loading
cycles. Similar to the static test results, this angle approaches 45°
as failure occurs. Since at failure the horizontal plane is approxi-
mately the plane on which the makimum shear stress acts, the'angle 8

should approach 45° at failure as shown in fhe figure.

The angle ef between the horizontal planme and the plaﬂe of maximum
obliquity is plotted vs.number of loading cycles in Figure 34. It can
be observed that this angle generally dectreases with iﬁcreasing number of
loading cycles, An exception is Test No. 06 that was cycled at 507 of
the static shear strength. This is assumed to be caused by experimental
error in the measurement of lateral stresses. It is evident however,
that the horizontal plane is not the plane of maximum obliquity for the
clay tested. This fact was also noted in the discussion of the static
test results.

A p=q stress plot is shown in Figure 35. The Kb and Kf lines as
determined by static test results are also shown. The stress paths for all
tests in which failure occurred reach and cross the failure lines. As
noted previnusly, cyclic loading causes an increase in effective cochesion
¢ for the soil (2,3). This may explain the reason why the stress paths
cross the failure lines. The stress path for Test No., 09 which exhibited
a state of nonfailure equilibrium did not reach the failure line.

For practical purposes, the failure line determined by the static

tests can be used for the interpretation of the cyeclic loading tests.



93

AVID VASVIV 40
41N NO SLSHL ¥04 SHTIDAD 40 YAIWAN °“SA ANVId ATIIONTII
YOLVR HHL ANV ANVId TVINOZIMOH HAHI NAAMIAI FTONV HHI ‘€€ qH0o1d

STTOAD JA0 VHATHAN

00001 000T 00T 0T
60
90
%0
S0 80

L0

ot

0c

0t

0%

0s

SATYDEA &9



9%

AVIO VASVIV 40 4709 NO
SIS4L 404 SHTORD 40 YHIRON ‘SA AIINOITHO WAWIXVH J0
ANVId HHI ANV dNVId TVINOZINOH AHI NAAMIAY #'IONV aHL

SATDXD A0 YIIWNN
00001 000T v 001 0T

‘HE FINOLA

60

SETIDIQ ;9



95

HHY,
HHL

‘NIVELS ¥VHHS INADEEd € 0L aNOdSTIMO0D NMOHS SINIOA
"SLSHL DILVLIS WOdd CANIWIALEA d9IM SANIT O pue Iy
TAVID VASYIV 40 ATND NO SISHL OITIAD ¥04 I0Td SSHALS

d

‘Gg FINOIA

(ureaas zg) oy

(ureaas yzz) *x

0¢*



96

The points shown in Figure 35 on each stress path correspond to 3 percent
shear strain. These points correspond closely with the static failure
line for 3 percent shear strain. For practical problems a shear strain
of 3 percent (or even less) constitutes failure. The shear strain rapidly
increased after this failure line was reached, and only a few more cycles
of loading were applied before very large shear strains were generated and
the test terminated. Note that the stress paths shown correspond to the
positive peak points only, i.e., when the shear stress has its maximum

positive wvalue.
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B. Concord Blue Clay

Introduction

The tesi:s performed on the Concord Blue clay are summarized in Table
5. A test number followed by an S indicates a static test, whereas a
C indicates a cyclic loading test. The columms of data are expléined in
Table 4.

A series of 10 tests were perforﬁed on . normally consolidatéd Coneord Blue
clay. Two of these were not completed. Another series of 11 tasﬁs were per-
formed on samples overconsolidated in the laboratory to an overconsolidation
ratio of 2. The maximum precomnsolidation stress applied to these samples was

identical to the consolidation stress applied to the normally consolidated samples.

The static tests were performed under controlled strain conditions with
a strain rate of 75 minutes per millimeter, The stress controlled cyelic
tests were performed with various magnitudes of cyclic stresses. Square
wave load shapes were used with a cyclic frequency of 0.5 Hz., This fre-
quency was chosen to simulate earthquake loading conditions. Since lateral
stress measurements were not taken, there was ample time for data acquisition
at this frequency. The smaller 1.875 in diameter sample size was used.

Any exceptions to these conditions are noted in Table 3.

Normally Congolidated Samples

Static stress—strain curves for the normally consolidated samples are
shown in Figure 36. The shear stress was normalized by dividing by the con-

solidation stress Gvo' Test Nos. 09 and 10 were performed following cyclic load-
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ing which did not cause failure., - The stress-strain curves for these tests were
considerably lower than the curve obtained for Test No. 01. This can be
expected since cyclic loading reduces the stiffness and undrained shear
strength in & subsequent static test (80,9Q&140). Test No. 10 was testad

at a larger cyclic shear stress than Test No. :09;.as e result the stress-
strain curve for Test No. 10 is lower than the one obtained from Test No.

09. The stress-strain curve for Test No. 02 appears to be rather low. The
reason for this is not readily apparent, but it may be caused by the differ-
ent strain rates used or sample disturbaunce.

Pore prassure vs.shear strain data are shown in Figure 37 for the static
tests. The conselidation stress was used to normalize the pore pressures.
The pore pressure increases continuously throughout the tests, although the
largest increase occurs during the first few percent of shear strain. Com-
paring these curves with the stress-—strain data shown in Figure 36, it is
evident that there is a corrélation between the pore pressures generated and
the shear stress that the sample can sustain. The samples with the lowest
stress-strailn curves have the highest pore pressures. Higher pore pressures
are generated in the samples that were previously subjected to cyclic load-
ing than those that were not. The pore pressures are highest for Test No.
10 that was tested at a higher cyclic stress level than Test No. 09. Note
that there is also an initial pore pressure for these tests that was caused
by the previous cyclic loading.

Cyclic shear strain vs, number of loading cycles is shown in Figure 38.
The shear strain for all cyelic loading tests is one-half the peak to peak

shear strain. Typically, the cyclic shear strains increase gradually until
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failure is imminent, after which the cyclic shear strains increase very
rapidly. Test Nos. 09 and 10 showed no indication of failure even after
5,000 loading cycles.

Normalized pore pressure vs numbet of loading cycles is shown in
Figure 39. As mentioned previously, these curves show the permanent or
residual inctease in excess pore pressure resulting from cyelic leoading.
The pore pressure variation within a given loading cycle was not measured.
The pore pressures increase gradually until failure 1s imminent after which
they rapidly increase. A comparison with Figure 38 shows that there is
an excellent correlation between the excess pore pressures and the shear
strains that are developed in these stress controlled tests. The pore
pressures remain constant during the latter parts of tests 09 and 10,
1t appears that the pore pressures will remain constant with further
loading cycles. Therefore, these samples exhibit a state of nonfailure
equilibrium.

"Stress path™ data for the static and cyclic tests are showm in
Figure 40. In this diagram the horizontal shear stress is plotted vs.
the vertical effective normal stress. A failure line was drawn through
the tip of the stress path for static test No. 0l. Test No. 02 was not
used to determine this failure line because it was terminated at a lower
strain than the other tests. The angle of internal friction as determined
from this failure line is 24°. The data for the cyclic tests are shown
for the positive peak points omly, i.e., when the shear stress has its maxi-
mum positive valuel The actual stress path would cycle symmetrically above

and below the herizontal axis. For the tests in which failure occurred, the
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stress paths 1each the static failure line. The stress paths for test
Nos. 09 and 10, which exhibited a state of non failure equilibrium, did

not reach the static failure line.

Slightly Overconsclidated Samples

Stétic stress-strain curves for the overconsolidated samples are
shown in Figure 41. The data was normalized by the final consolidation
stress Ovo' Test No. 21 was performed following cyclic loading which did
not cause failure.

Normalized pore pressure vs, shear strain data are shown in Figure 42
for the static tests. Initially, negative pore ppessures_develop. This
is followed by a steady increase in pore pressures, and at large strains
the resulting pore pressures are positive. Higher pore pressures were
generated in the sample that was previously subjected to cyeclic loading
than in those that were not.

Cyclic shear strain vs, number of loading cycles is shown in Figure 43,
The behavior is similar to the normally consolidated samples. The cyclic
shear strains increase gradually untii failure is imminent, after which
they increase very rapidly. Test No. 21 showed no indication of failure
even after 6,000 loading cycles.

Normalized pore pressure vs. number of loading cycles is showm in
Figure 44. Negative pore pressures develop during the initial loading
cycles. The pore pressures rapidly increase however, and they are positive
throughecut thte latter part of the test. The pore pressure for Test No., 21

that did not fail during cyclic loading remained approximately zero.
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"Stress path” data for the static and cyclic tests are shown in
Figure 45. A failure line was drawn based on the static test results.
The angle of internal friction as determined from this failure line is
24°. For the cyclic tests in Whiéh failure occurred, the stress paths
reach the static failure line; The stress path for Test No. 21 which
exhibited a state of nonfailure equilibrium did not reach the statie

failure line.
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PART 8

DISCUSSION AND CONCLUSIONS

An understanding of the behavior of fine grained soils subjected to
¢yelic loading has become increasingly important for the modern geotechnical
engineer. The importance of laboratory testing and research on the cyclic
loading behavior of soils was gstressed at a recent workshop on "Research
Needs and Priorities for Geotechnical Earthquake Engineering Applications"
held at Austin, Texas {(103).

This report deals primarily with the results of a series of consolidated
constant volume (CCV) direct simple shear tests performed on undisturbed clay
samples using the Norwegian Geotechnical Institute (NGI) device. Static and
cyclic tests were performed. Emphasis was placed on high strain level
repetitive lcading such as that which is caused by earthquakes and storm-
wave leoads.

The stress conditions existing in direct simple shear devices were ex-—

amined based on published literature. Tt was concluded that:

- The stress conditions existing in the direct simple shear
device are not ideal. However, no geotechnical testing
apparatus is perfect, and it may be impossible to comstruct
a completely satisfactory laboratory apparatus.

- The stress conditions existing in the central part of the
sample are reasonably uniform, and they are representative

of the stresses imposed on the boundaries of the sample.

114
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— Direct simple shear test results have been found to be
censistent with the results of triaxial tests and shake
tzble tests.

- Despite the internal complexities and uncertainties
agssociated with the direct simple shear device, the test
has been a useful tool in studying static and c¢yelic shear
phenomena.

A series of 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 CGulf of Alaska region
may stimulate major marine construction, it is important to identify and
evaluéte’the cyclic loading behavior of these soils. The importance of
testing marine sediments and improving the existing data base for these
soils has also been noted in the literature (8,103,131).

All test results on the Gulf of Alaska clay include the measurement
of lateral stresses using calibrated reinforced rubber membranes. The
additional data provided by the lateral stress measurements considerably
adds to the knowledge of the stress conditions existing in the sample.
This information aids im the interpretation of test results and in the
comparison of the direct simple shear apparatus with other testing devices,
The assumptions used for the interpretation of the test results are dis-

cussed in Part 5, It was concluded from the static test results that for



the Gulf

of Alaska clay:
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- The pore pressures increase throughout the test.

Therefore the vertical effective normal stress (E;)

decreases during the

test.

The horizontal effective normal stress (E£) £irst decreases

and then increases as the shear strains increase.

At large shear strains, the ratio EA/E; approaches unity.

At large shear strains, the horizental plane is approximately

the plane on which the maximum shear stress acts. This

result is important for the interpretation of tests in which

lateral stress measurements are not made.

Roscoe et al (107) found similar results for sands using

the Cambridge simple
- The horizontal plane
any stage during the

the horizontal plane

shear device.
igs never the plane of maximum obliquity at
test. Therefore, this common assumptilon that

is the theoretical failure plane is un-

warranted for the Gulf of Alaska clay. Roscoe et al (107) found

similar results for sands using the Cambridge simple shear device.

- Based on the assumption of failure at 3 percent shear strain,

the angle of internal friction was found to be 31° based on

B-— q stress paths.

plane is the theoretical failure plane (i.e., tan¢

Using the assumption that the horizontal

T/E;)

]

the angle of internal friction was found to be 21°.
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It was concluded from cyclic test results on the Gulf of Alaska clay that:

- Cyclic shear strains and pore pressures increased gradually
until failure was imminent, after which they increased very
rapidly.

- Cyclic loading failure did not occur if the cyelic shear
stress was small. The critical level of repeated stress (112)
was found to be approximately 25 percent of the static shear
strength.

- The concept of a critical level of repeated stress was found
to be valid for a large number (3000) of loading cycles.

- The shear modulus was found to decrease gradually until failure
was imminent; thereafter the shear modulus rapidly decreases.
Prior to failure, the shear modulus vs. number of cycles relaticn
is linear on a log-log plot. As the cyclic ghear stress incre-
ases, the slope of this relationship increases.

-~ The ratio E£/5§ approaches unity as failure occurs. Similar
results are also cited in the literature. Youd (155) found that
repeated shear straining increased the coefficient of lateral
stress for sands. Ishihara et. al. (59) found that the lateral
stress will change to produce an isotrepic state of stress upon
liquefaction in sand samples.

~ At failure, the horizontal plane is approximately the plane
of maximum shear stress. The plane of maximum obliquity does

not corregpond with the horizontal plane,
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- Stress paths for the cyclic tests in which failure occurred
reach and cross the failure lines that were established
on the basis of static test results. This occurs for
both stress paths used in this investigation (5‘— q and
T - E;). However at 3 percent shear strain, the cyclic
stress paths and the failure lines correspond quite well.

The static and cyclic loading behavior of Concord Blue clay was
also investigated. Lateral stress measurements were not made for these
tests, It was concluded:

- The development of cyclic shear strains and pore pressures
were similar to that reported for the Gulf of Alaska clay.

For the slightly overconsolidated (OCR = 2) samples, negative
pore pressures were generated during the early loading cycles.
However, these pore pressures became positive with further
cyeling.

- The critical level of repeated stress was found to be 25% of
the static shear strength for the normally consolidated samples
and 204 of the static shear strength for the slightly overcon—
solidated (OCR = 2) samples.

~ The concept of a critical level of repeated stress was found to
be valid up to 6000 loading cycles.

- Siress paths (1 vs. E;) for the cyclic tests in which failure
occurred reach and cross the failure line that was established
on the basis of static test results. Stress paths for samples
wailch exhibited a state of nonfailure equilibrium do not reach

the static failure line.
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- The angle of internal friction was computed to be 25°

based on the assumption that tané = 1/5#.

Further research based on the results of these and other subsequent

tests is currently being conducted.
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