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ABSTRACT

This report contains the results of a laboratory investigation on

the behavior of clay with two different consolidation histories.

Emphasis was placed on high strain level cyclic loading such as that

caused by earthquakes and storm waves.

The investigation consists of two parts:

In the first part, consolidated constant volume (CCV) static and

cyclic tests were performed using a Norwegian Geotechnical Institute

(NGI) direct simple shear device. In addition, only natural undisturbed

clay samples were tested because the in situ structure of cohesive soils

is an important parameter in determining their behavior.

Laboratory tests were conducted on Concord Blue Clay having two

different consolidation histories. The first set of tests (Tests 5

through 10) cyclically loaded normally consolidated clay and the second

set of tests (Tests 13 through 18, and 21) cyc'lically loaded

overconsolidated clay. The normally consolidated clay (NC) was tested at

a vertical confining stress of 3.369 ke/cm2. The slightly

overconsolidated clay, (OCR=2), was tested at a vertical confining stress

of 1.685 kg/cm2 , a value that was one-half of its previous maximum stress

2of 3.369 kg/em.

Stress-controlled cyclic tests were conducted so that constant

cyclic shear stress levels were maintained during each test. The test

data consisted of the measurement of lateral shear strains and effective

vertical stresses as a function of the number of loading cycles.

Static loading tests were performed to achieve a comparison with

cyclic loading tests. Static loading Tests 2, 9, and 10 loaded normally
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consolidated clay while Tests 11, 12, and 21 statically loaded slightly

overconsolidated clay.

The laboratory investigation demonstrated that clay strength

degradation can be affected by cyclic shear stress levels, effective

stresses, consolidation ratios, and the number of loading cycles.

The second part of the investigation interprets clay degradation by

employing the Ramberg-Osgood model. A correlation between experimental

and mathematical modelling results is developed to determine the accuracy

of the Ramberg-Osgood model.

Included in the report is a literature review, a description of

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

INTRODUCTION

1.1 Background

In recent years, the geotechnical engineer has recognized the

importance of soil strength characteristics under cyclic loading.

Typical examples of cyclic loadings include traffic activity, blasting,

machinery vibrations, and of course, wave loading and earthquakes.

Designers have increasingly sought to account for soil strength

deterioration during cyclic loading in their analyses.

Soil failure resulting from cyclic loading is a' common destructive

mechanisn. Earthquake damage to every conceivable structure, including

buildings, pipelines, and dams have at times been attributed to soil

failure. Besides the relative frequent occurrence of soil failure when

exposed to cyclic loading, many examples can be cited in which such

failures were catastrophic (14,22).

Soil failures often occur because of rapid increases in stress from

seismic accelerations by soil strength degradation and increased pore

pressures. The term "liquefaction" is generally applied to the extreme

forn of this type of failure. t10st of the research designed to study

this mode of soil strength deterioration has been associated with

cohesionless soils. There has been much less accomplished in determining

soil strength degradation of clays during cyclic loading.

The major objective of the laboratory investigation reported herein

is to study the dynanic behavior of clay soils on an effective stress

basis. Emphasis was placed on the high strain level cyclic loading that

occurs during earthquakes and storm wave loads.
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Direct simple shear devices are increasingly being utilized to study

fine grained soil characteristics, particularly under cyclic loading

conditions. All laboratory testing was performed using the Norwegian

Geotechnical Institute (NGI) direct simple shear device. The NGI device

is an accepted and appropriately sophisticated apparatus for the

measurement of cyclic strength characteristics of fine grained cohesive

soils. This device, with modifications, allows for repetitive loadings

in alternate directions in an attempt to more closely simulate in situ

cyclic loading conditions, such as for earthquakes. Overall it is an

excellent device, although it does have some limitations (20).

1.2 Definitions

There are levels of cyclic shear stress that can be tolerated

indefinitely without causing ultimate soil failure. One cyclic shear

stress category, the "threshold condition", is defined by Sangrey to be a

specific soil strength wherein the shear strains and pore pressures

remain constant for any number of loading cycles (16).

Pore pressures and shear strains can increase to a level after which

a large number of loading cycles generates no significant change in pore

pressure. The "critical stress level" defines the cyclic shear stress

level in which a limiting value of shear strains and pore pressures

occurs. The maximum level of cyclic stress that will not lead to soil

failure (referred to as nonfailure equilibrium), is termed the "critical

level of repeated stress" after Larew and Leondards (16). This

phenomenon is discussed more thoroughly and illustrated with test results

in Sections 4.2.2 and 4.3.

At shear stress levels above the critical level of repeated
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stresses, substantial cumulative increases in shear strains and pore

pressures develop, causing soil failure ultimately (16).

1.3 General Clay Behavior

When an undrained saturated clay is subjected to a stress reversal,

a change in pore pressure can result. Sangrey concludes that the

build-up of positive pore pressures in normally consolidated clays leads

to a reduction in shear strength in which the critical level of repeated

stresses is significantly lower than the peak undrained shear strength

from static loading tests (14). In this study, overconsolidated clays,

tested at an experimental vertical stress exactly 50 percent of that for

normally consolidated clays, developed both positive and negative pore

pressures. In both clay types, however, a nonfailure equilibrium

condition was observed. Andersen has concluded that the amount of pore

pressure accumulation is dependent on the consolidation ratio, and is

more importantly affected by the maximum and current confining stresses

( 1) •

According to Sangrey, when saturated clay is subjected to cyclic

stresses, a net nonrecoverable deformation and substantial amount of pore

pressure remains after the first loading cycle (14). In this study, this

behavior was observed whether or not the clay experienced the failure

condition of ± 3% shear strain. Others have agreed that depending

primarily on the cyclic shear stress level, subsequent loading cycles can

continue to generate larger pore pressures in saturated clay (1, 14).

During cyclic loading, the stress-strain behavior of soils is

nonlinear and hysteretic. Particularly for soft clays, their dynamic

properties can change significantly during cyclic loading. As evidenced
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by test data in this investigation, these changes in properties can

neither be accounted for by assuming equivalent linear properties nor by

assuming nonlinear properties with a constant backbone curve.

4



PART 2

EQUIPMENT

2.1 Shear Apparatus

The NGI direct simple shear apparatus, Model 4, is manufactured by

Geonor and was used in this investigation. Additional details and

procedures for the specific equipment used in this study are more

thoroughly covered in a study by Zimmie and Floess (22).

2.1.1 Background

The NGI apparatus is built for testing undisturbed soil for

conditions of simple shear and plane strain. These conditions are

similar to the strain conditions that exist in the field, and they cannot

be obtained in the laboratory using triaxial and shearbox devices. In

addition, Ladd and Edgers have concluded that consolidated undrained·

direct simple shear tests are easier to perform than Ko - consolidated

triaxial tests to obtain pore pressure measurements (11).

Consequently, simple shear tests of various forms have been

conducted to simulate the cyclic stress-strain conditions of a soil

element in the field during an earthquake. The NGI direct simple shear

apparatus has increasingly been used for the determination of dynamic

properties and cyclic strength of soils.

2.1.2 Basic Principles

The basic principle of the NGI direct simple shear apparatus is the

application of a shearing force to a cylindrical soil sample, which is

confined in the radial direction by a wire reinforced rubber membrane.

The shearing action causes a shearing displacement of the top of the

5



sample relative to the bottom. The reinforcement in the rubber membrane

allows for vertical deformations and horizontal displacements in the

soil, but retains a constant cross-sectional area during consolidation

and shearing.

Consolidation is conducted by applying a vertical normal stress to

the sample, allowing for drainage. During shear, constant volume

conditions are maintained by adjusting the applied vertical stress, thus

simulating undrained shear conditions. In such tests, the change of

vertical stress required to keep a constant volume is equal to the change

in pore pressure.

Figure 4 presents traces of stress-time and strain-time histories

that show two typical cyclic tests conducted on soft clay specimens (9).

The upper two traces are results from a strain-controlled cyclic loading

test in which a uniform sinusoidal strain-time history is applied and the

corresponding cyclic stress measured. The stress decreases with time and

indicates soil strength degradation, or soil structure weakening. The

lower two curves are taken from a stress-controlled cyclic loading test

in which a uniform sinusoidal stress-time history is applied and the

corresponding shear strain measured. The shear strain increases with

time and indicates soil strength degradation.

In this study, stress-controlled tests applied square wave loading

to the soil specimen instead of sinusoidal wave loading. This change in

wave loading geometry did not affect the sample's response because shear

strains increased as a function of time, in a similar manner as

illustrated by Figure 4.
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2.1.3 General Description and Operation

The NGI direct simple shear apparatus is composed of a sample

assembly, vertical loading unit, and horizontal loading unit.

The sample assembly consists of a pedestal, an upper and lower cap,

a reinforced rubber membrane and O-rings. The sample assembly unit is

available in either the standard 50 cm2 sample cross-sectional area or

the smaller 17.81 cm2 area. In this study, the smaller cross-sectional

area (17.81 cm2) was utilized and the soil sample heights varied from

1.326 to 2.045 em.

The upper and lower caps have recesses for porous stones and were

connected to water tanks through drainage tubes. The O-rings provided a

water tight seal between the reinforced rubber membranes and caps.

Reinforced rubber membranes, manufactured by Geonor, were used for the

measurement of lateral shear stresses and shear strains in the sample.

These membranes provided adequate lateral strength to maintain a constant

cross-sectional area during consolidation and shear loadings.

The vertical loading unit, used for consolidation, consists of a

base, tower, 10:1 lever arm, load gauge, piston, dial gauge, and load

adjusting mechanism.

The horizontal loading unit includes a gearbox with a variable speed

motor, proving ring load gauge, connection fork, sliding shear box,

locking clamp, and horizontal dial gauge. The gearbox and electric

motor, which applied a constant rate of shear strain during static

loading, has a speed adjustment range between 10 and 300 minutes per

millimeter. From Table 2, the static loading speed utilized was about 75

minutes per millimeter.
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With cyclic loading capabilities available, stress-controlled tests

applying square wave loadings were conducted. The loading unit consists

of a hydraulic piston connected to a set of pulleys, wires, weights on

hangers, and connection forks. A pulse generator and timer controlled a

four-way solenoid operated air valve that caused air pressure fluctuation

and actuated piston motion. This piston motion, which created the square

wave loading used in this investigation, was maintained at a frequency of

0.5 cps.

2.1.4 Trimming Apparatus

The trimming apparatus was developed so that soft and sensitive soil

specimens could be trimmed and tested with a minimum of sample

disturbance.

The trimming apparatus consists of a base, pedestal, and a set of

yokes. The soil specimen was cut into a cylindrical test sample by a

system of stainless steel cutting blades. With a minimal amount of

handling, a reinforced rubber membrane was mounted on the sample. Proper

use of the apparatus resulted in a vertical ooil sample with both of its

ends being horizontal and parallel.

2.2 Data Acquisition

A proving ring load cell and a DCDT-050 Hewlett Packard Linear

Variable Differential Transformer (LVDT) were electrically connected to a

stripchart recorder in order to give a graphical representation of the

clay's dynamic characteristics. The vertical load proving ring measured

vertical loads on the sample.

Pore pressures were determined from the change in vertical stresses

used to maintain a constant sample height. The LVDT measured horizontal

8



displacements of the sample, which were later converted to shear strains.

A horizontal dial gauge was also connected to the sample mounting block.

As a result, horizontal displacements could be measured by either the

LVDT or by the dial gauge, thus providing a crosscheck at all times.

The voltage outputs of the LVDT and load cell were recorded on a

four channel recorder. The three output channels utilized in this study

consisted of the cyclic shear stress level, the shear strain level, and

the pore pressure level.

2.2.1 False Deformation

Some of the changes in vertical stress of the samples could be

attributed to the seating and compression of the porous stones. It was

important to distinguish the porous stone deformation from the soil

sample deformation in order to perform constant volume tests.

The false deformations were measured by inserting a steel dummy

sample between the caps. Vertical loads were applied incrementally until

consolidation loads were reached, and then unloaded while vertical

deformations were measured and recorded.

During soil testing, the deformation curves were entered at the

appropriate consolidation (vertical stress), and the vertical loads were

further compensated to maintain constant soil heights, and hence constant

soil volumes.

2.3 Assumptions and Limitations

Evaluation of NGI direct simple shear test results is contingent on

several assumptions. An undrained shear condition is simulated by

sustaining a constant soil sample volume. Because a reinforced rubber

membrane keeps the sample cross-sectional area essentially constant, a

9



constant volume test is performed by adjusting the normal vertical load

to maintain a constant soil sample height. Measured changes in the

vertical normal stress is assumed to equal the changes in excess

hydrostatic pressure (pore pressure) in an undrained test.

In addition, shear stresses acting at the center of the soil sample

are assumed to be uniform and complementary. As previously, discussed,

the NGI direct simple shear apparatus subjects a cylindrical soil sample

to a shearing displacement of the top of the sample relative to the

bottom. Horizontal and vertical normal compressive stresses are applied

and a reinforced rubber membrane constrains the lateral expansion of the

soil. This type of loading involves stress distributions that are not

exactly symmetrical about the axis of the cylinder. In small test

specimens, soil elements are not far from a ,boundary where shearing is

imposed. Therefore, a coupling of shear and normal strains exists in a

specimen.

Woods has concluded that because of this complex behavior, an

applied shearing strain cannot, in general, produce a uniform

distribution of stresses in a soil specimen. In addition, the generation

of nonuniform stress conditions causes samples to experience failure at

lower applied stresses than those required in the field (20). These

differences, however, can be minimized by careful sample preparation and

cap seating (20).

It has been concluded by others, however, that the distribution of

stresses in an NGI apparatus tested specimen is better than in other

conventional direct shear devices (13, 18). Lucks, et al. observed that

approximately 70 percent of the stresses can be considered uniform in the
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PART 3

TESTING CRITERIA

3.1 Soil

The undisturbed clay specimens used in this investigation were

obtained from a trail cut southeast of Buffalo, New York. Concord Blue

clay geo-

technical data is listed in Table 1.

Block samples of the clay were cut in the field, encased in wax, and

stored in a cool damp container. Core samples for testing were cut from

block samples using a fine wire saw. From the sample trimming apparatus,

the final trimmed size of the test specimens was 4.763 cm in diameter and

varied in height from 1.326 to 2.045 cm after initial consolidation.

Table 2 lists the specimen's geotechnical characteristics and

dimensions for each test. As shown in Table 2, there was an

insignificant variation in the post consolidation void ratio for each

test specimen. Hence, it was assumed that a constant void ratio existed

for each soil sample. Consequently, this investigation did not study

void ratio effects on the clay's dynamic behavior.

3.2 Testing Procedure

After the clay specimen was removed from its wax encasement, sample

trimming was completed. The sample was supported in a reinforced rubber

membrane and transferred to the NGI apparatus for consolidation and

shearing. The upper and lower caps of the sample were connected to

drainage hoses leading to small tanks of water. The water was circulated

through the caps and porous stones to insure saturated soil conditions

during testing.
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The sample was then clamped in the NGI apparatus. The sliding shear

box was brought into contact with the top of the sample by a small

mass to the normal (vertical) loading lever arm. After the vertical

loading lever was leveled and the initial vertical dial reading recorded,

consolidation began. Consolidation loads were applied in increments

similar to standard laboratory consolidation tests, and the final load

was applied for a minimum of 24 hours.

After consolidation, the clay sample was ready for shear loading.

In the static and cyclic tests, changes in the vertical stress necessary

to maintain constant sample volume were equated to the excess hydrostatic

pressure, and noted as pore pressures.

Static loading tests, loaded at small loading rates to minimize

strain rate effects, were typically completed in approximately six hours.

Stress-

controlled cyclic tests were conducted at a frequency of 0.5 cps with

square wave loading applications. Lateral displacements, changes in

vertical stress, and the cyclic shear stress level were monitored and

recorded on a stripchart recorder during cyclic loading.
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PART 4

TEST RESULTS ArID AlJALYSIS

4.1 Initial Backbone Curves

4.1.1 Curve Determination

Initial backbone curves were obtained by plotting the shear strain

as a function of shear stress during the first loading cycle for each of

the stress-controlled NGI direct simple shear tests.

4.1.2 Comparison with Static Loading Tests

Figure 1 compares the initial backbone curves with the static

loading stress-strain curves tested at various loading rates. The

initial backbone curve, derived as the best fit to data, was reproduced

in Figure 1 for NC and (OCR=2) clay in addition to static loading tests.

In Figure la, a stress-strain curve was obtained from Test 1, a very

rapid static loading monotonic undrained test (1l.8%!hour) performed at a

lower vertical confining stress (1.123 kg!cm2 ) than the cyclic loading

tests for NC clay (3.369 kg!cm2 ). Test 2 was performed at a much lower

static loading rate (2.1%!hour) than Test 1 (11.81o!hour), but had the

same vertical stress as during cyclic loading. The other set of curves

include static loading Tests 9 and 10, performed after cyclic loading on

nor~lly consolidated clay. Tests 9 and 10 utilized loading rates of

4.5%/hour and 4.3%!hour, respectively.

From Figure 1, Tests 2 and 9 most accurately represented the initial

backbone curve. The prior cyclic loading in Test 9 and Test 10 probably

lowered the ultimate shear strength of the NC clay by rearranging and

loosening its structure. Therefore, the curves for Tests 9 and 10
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resembled the curve for Test 2 at loading strain rates approximately

twice that for Test 2. Test 1, which utilized the lowest vertical

confining stress (1.123 kg/cm2 ) and hig,hest loading rate (1l.8%!hour),

produced a less stiff and weaker soil structure. Consequently, in spite

of the high loading rate, the ultimate shear strength of NC clay in Test

1 was less than that indicated by the initial backbone curve.

The stress path diagram in Figure 3a illustrates the changes in

effective stress in a clay specimen subjected to cyclic loading. The

effective stress path for a typical undrained static loading test started

at point "a" and reached the Mohr-Coulomb failure line at point "gil. The

static loading effective stress path for a specimen that had experienced

previous cyclic loading is represented by the curve between points "h"

and "i". Point "i" has a lower shear stress value than at point "g"

indicating that the failure shear stress, or clay shear strength, has

been reduced by cyclic loading.

The same results are shown in Figure lb for static loading Test 12,

performed on (OCR=2) clay using the same vertical stress as in the cyclic

loading tests (1.685 kg/cm2 ). Test 12 was performed at a relatively high

loading rate (S.O%/hour), and closely simulated the initial backbone

curve. The (OCR=2) clay in static loading Test 21, loaded at a slightly

higher loading rate (5.6%/hour) than Test 12, had a lower ultimate shear

strength attributed to previous cyclic loading. Static loading Test 11,

performed at the lowest loading rate (4.2%!hour), yielded the largest

shear strength. This was attributed to Test 11 utilizing a vertical

confining stress (6.738 kg!cm2 ) four times as large as the vertical

confining stress in the cyclic loading tests. The higher confining
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stress stiffened and strengthened the clay structure to a larger degree.

As previously mentioned, static loading tests initially subjected to

cyclic loading developed a reduction in clay stiffness and ultimate shear

strength. Figure 2a indicates that for NC clay, the reduction in

undrained shear strength from Tests 2 and 9 was approximately 50 percent

of the NC clay initial backbone curve. In Figure 2b, (OCR=2) clay in

Test 21 also gave an approximate 50 percent reduction of the initial

backbone curve. Dobry has determined that this reduction is independent

of. the cyclic shear stress level and consolidation ratio (4).

ConsequentlY,the stress-strain data acquired from cyclic loading

tests was significantly larger than the curve obtained from slow static

loading undrained tests. Test results concluded that the stress-strain

curves obtained from rapid static loading tests, which were about 50

percent greater than those from slow static loading tests with no prior

cyelic loading, agreed with the initial backbone curves in Figures 1 and

2. This 50 percent difference between rapid and slow static loading

tests is of the order reported by others (5). Dobry has ascertained that

initial backbone curves can be approximated by undrained rapid static

loading tests (4).

In summary, Figures 1 and 2 illustrate that for both NC and (OCR=2)

clays, the cyclic loading shear strengths were about 50 percent larger

than those from static loading tests with previous cyclic loading. In

Figure 2b, however, the overconsolidated clay's stress-strain curves for

the initial backbone curve and Test 2 intersected at a shear strain of

0.6 percent, indicating possible experimental errors, measurement

deviations, or a sudden weakening of the clay structure.
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The initial backbone curve's maximum slope at the origin of Figure 2

signified that the clay structure was the stiffest, since no degradation

had occurred. The maxi~um slope at very small cyclic shear stresses and

shear strains defines (GO)l' the maximum shear modulus during the first

loading cycle. Figures 2a and 2b show that (GO)l for NCand (OCR=2) clay

was 516.7 kg/cm2 and 437.5 kg/cm2 , respectively. The higher shear

modulus value indicated that the normally consolidated clay structure was

initially stiffer than (OCR=2) clay. This could be attributed to (OCR=2)

clay having a smaller vertical confining stress than that for NC clay.

4.2 Other Cyclic Loading Curves

4.2.1 Curve Determination

Figure 2 indicates that the strength degradation behavior of Conccrd

Blue clay specimens was analyzed from the first through the 400th loading

cycle. These curves were obtained by plotting the shear stress and its

corresponding shear strain as a function of the number of loading cycles

for each test. Subsequent cyclic loading curves plotted below previous

loading cycles (i.e., the second loading cycle plotted lower than the

first loading cycle, etc.), exhibiting typical soil strength degradation

due to cyclic loading.

4.2.2 Clay Behavior

Figures 2a and 2b show the backbone curves for normally consolidated

clay and overconsolidated clay, respectively. In Figure 2a, at very low

cyclic stresses, a threshold condition existed because there was no

variation between the shear strains for the first and subsequent loading
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cycles. However, as the critical cyclic stress level line pp' was

approached in Figure 2a, the shear strains became progressively larger

than during the first loading cycle. At line PP', soil structure

equilibrium was no longer possible in that cumulative cyclic shear

strains increased without bound. Figure 2a and Table 2 for NC clay

indicate that line PP' corresponded to a critical cyclic stress level of

0.184 kg/cm2 • Figure 2b and Table 2 indicate that (OCR=2) clay did not

have a threshold condition, but possessed a critical cyclic stress level

of 0.067 kg/cm2 •

Andersen ascertained that the critical cyclic stress level is the

lowest level that brings the clay's failure strength to the ~1ohr-Coulomb

failure line (1). Figure3a illustrates that the shear strength at low

cyclic stress levels moved from points "a" to "b" during loading and from

"b" to "e" during unloading. Points "a" and "e" did not coincide because

the clay was not purely elastic, and after one loading cycle, a permanent

pore pressure, ~~, remained. During a series of loading cycles,

permanent pore pressures accumulated, the effective stress reduced, and

the effective stress path moved from points "a" to "b" in Figure 3a. At

low cyclic stress levels and a large number of loading cycles, Table 2

and Figure 3a indicate that for Tests 9 and 10, the effective stress path

moved an insignificant amount toward the failure line.

Concord Blue clay subjected to higher levels of cyclic stress had

its effective stress path move from points "a" to "d" during the first

cycle due to larger pore pressures being generated. During a certain

number of loading cycles, the effective stress path moved quickly to the

left and intersected the failure line at point "c". Consequently, the
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specimen experienced large shear strains and failed during cyclic

loading.

From Figure 3a, the most noticeable difference between Tests 5 and

10 was that the large amount of pore pressure generation in Test 5 caused

the effective stress path to intersect the Mohr-Coulomb failure line.

That is, nonrecoverable specimen deformations increased with the number

of loading cycles in Test 5.

However, the lower cyclic stress level during Test 10 developed a

minimal amount of pore pressure accumulation in the clay. This resulted

in a nonfailure equilibrium condition because the small amount of pore

pressure generation was insufficient to bring the effective stress path

to the Mohr-Coulomb failure line. An increase in pore pressure, or a

reduction in effective stress, would not exceed point "k" in Figure 3a

unless the cyclic shear stress level increased.

From Table 2, undrained cyclic loading for NC and (OCR=2) Concord

Blue clay resulted in a reduction in shear strength due to pore pressure

accumulation. Clay failure occurred (defined as a soil condition of ±3%

shear strain) when the cyclic stress during a test exceeded the critical

level of cyclic stress. Sangrey determined that the critical stress

level, which separates the failure and nonfailure conditions, is related

to the effective stress state of the clay prior to cyclic loading and to

the cyclic stress level (14). The results of this study were based on

this conclusion.

4.2.3 Secant Shear Modulus Degradation

During stress-controlled cyclic loading tests, a uniform cyclic

stress-time history was applied and the shear strain measured. The
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secant shear modulus at cycle N, (Gs)N' is equal to the ratio of the

shear stress at loading cycle N divided by the shear strain at loading

cycle N. Idriss has termed the decrease in the secant shear modulus with

the number of loading cycles as "modulus degradation" and attributes it

to cyclic loading (9).

Modulus degradation is illustrated in Figure 5, which shows the

values of the secant shear modulus calculated from the graphical method

mentioned in a study by Idriss (9). The secant shear modulus values in

Figure 5 were calculated by dividing the shear stress by the shear strain

at specified loading cycles for each test, and are listed in Table 4.

Figures 5a and 5b, for NC and (OCR=2) clay respectively, show that tests

at lower cyclic stresses yielded higher secant shear modulus values than

tests at higher cyclic stresses. This agrees with Figure 3 in that tests

at higher cyclic stresses generated larger pore pressures and soil

strength degradation than tests at lower cyclic stresses. Consequently,

the amount of soil strength degradation was influenced by the amount of

pore pressure generation. This concept is thoroughly discussed in

Section 4.5.

Figure 6 illustrates the effect of the cyclic stress level on secant

shear moduli. In Figure 6, the secant shear moduli decreased as a

function of increased normalized cyclic stress levels and number of

loading cycles. Figures 6a and 6b both indicate that the secant shear

modulus at the first loading cycle was higher than the secant shear

modulus from a static loading test, and can be attributed to the strain

loading rate. Static loading tests were performed at a strain rate of

2.l%/hour for NC during Test 2 and 5.0%/ hour for (OCR=2) clay during
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Test 12, whereas cyclic loading was applied at a frequency of 0.5 cps.

In Figure 6a, the secant shear modulus values converged at low cyclic

stress levels indicating normally consolidated clay's threshold

characteristic. The curves in Figure 6b did not converge at low cyclic

stress levels for (OCR=2) clay.

In Figure 7, the secant shear modulus decreased as a function of

decreasing normalized effective stresses. Figure 7a illustrates that

tests performed at lower levels of cyclic stress developed larger secant

shear modulus values for a given effective stress and decreased

proportionately less than tests at higher cyclic stresses. This was

attributed to NC clay in Tests 9 and 10 developing less pore pressures

than Tests 5 and 6. For overconsolidated clay, Figure 7b did not

indicate the same trend as in Figure 7a. A single curve could be fitted

to the data in Figure 7b to approximate the results of all the tests.

4.2.4 Degradation Index Variation

The degradation index is a measure of the irreversible degradation

process and is denoted as 11 0 11 in this study. Idriss defines the

degradation index as the ratio of the cyclic stress level of the degraded

backbone curve divided by the cyclic stress level of the initial backbone

curve at a specified cyclic shear strain (9). The degradation index

1 f th Nth 1 d' l'va ues or e oa ~ng cyc e ~s:
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(1)

in which the equation parameters ~, BN, and CN are defined in Figure 2.

Figure 8 illustrates that cyclic loading developed lower strengths



because the oN values decreased, or strength degradation increased, as

the number of loading cycles increased. The degradation index curves,

evaluated at different cyclic stress levels and numbers of loading

cycles, converged at a low cyclic stress of 0.119 kgjcm2 , indicating that

a threshold condition existed for normally consolidated clay. In Figure

8b, (OCR=2) clay did not exhibit a threshold condition because the

degradation index curves remained parallel at very low cyclic stress

levels.

However, Figures 8a and 8b both reveal a noticeable increase in the

degradation indexes, or a reduction in soil strength deterioration, at

higher cyclic stress levels. Dobry's explanation for the increase in

degradation indexes is illustrated by the degradation of the initial

backbone curve at high levels of cyclic stress in Figure 8c (4). From

Figure 8c, lines "1" and "2", at higher cyclic stresses, experienced less

degradation than at lower cyclic stresses depicted by lines "3" and "4".

ConseQuently, degradation of the initial backbone curve at high cyclic

stress levels produced larger degradation index values than those at low

stress levels.

4.2.5 Synopsis

Sangrey and Andersen have concluded that the critical level of

cyclic stress depends primarily on the consolidation history of a clay.

In addition, they have determined that an ultimate failure condition or

nonfailure equilibrium condition resulting from cyclic loading is also

dependent on the cyclic shear stress level (1, 14). This study will

discuss the influence of the cyclic stress level on the amount of pore

pressure generation, the number of loading cycles to achieve a failure
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condition, and the effective stress state of the Concord Blue clay.

4.3 Effect of Cyclic Shear Stress Level

4.3.1 Total Stress Level

The magnitude of change in pore pressure and shear strain generation

during cyclic loading depended on the cyclic shear stress level. This

level can be defined as the degree of strength mobilization on a total

stress basis from the equation,
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in which The' the horizontal cyclic shear stress, is normalized with

respect to Su' the undrained ultimate shear strength for static loading.

The static loading tests, :used for normalizing Equation 2, most

accurately simulated the initial backbone curves for NC and (OCR=2) clay

in Figure 1. The clay used in Tests 2 and 12 developed ultimate shear

strengths of 0.734 kg/cm2 and 0.700 kg/cm2 , respectively.

The behavior of the NC and (OCR=2) clays during undraiqed cyclic

loading is summarized in Figures 13a and 13b. The total cyclic stress

level, (SSL)T' was plotted as a function of the number of loading cycles

necessary to develop a failure condition of ±3.0% shear strain. Sangrey

ascertained that the highest level of nonfailure equilibrium corresponds

to the limit of failure, or the critical level of cyclic stress (14).

Figure 13 indicates that NC and (OCR=2) Concord Blue clay developed

critical stress levels of approximately 26.0 percent and 14.0 percent of

the static undrained shear strength. These critical stress levels

approximated the cyclic stresses in Tests 10 and 21.

Figures 2 through 13 illustrate the strength degradation process of



Concord Blue clay. This process, manifested by shear strain

accumulation, progressively decreased the secant shear modulus and

degradation index values as a function of increasing cyclic stress

levels. An example of strength degradation is illustrated during Tests 5

and 13 in Figures 10, 11, and 12. Substantial strength degradation did

not occur for Tests 9 and 21, as shown in Figures 10 and 12.

Figure 10 indicates that the cyclic shear stress level was an

important parameter in determining Concord Blue clay failure or

nonfailure conditions. In each part, tests with higher cyclic stress

levels (Tests 5, 6, 13, and 17) produced larger shear strains at a

specified normalized pore pressure. Figures 9, 12, and 13 illustrate

that higher cyclic stress levels caused the clay to reach a failure

condition at a lower number of loading cycles because the shear stains

increased more ~uickly at lower normalized pore pressures. Extremely low

cyclic stress levels produced a nonfailure e~uilibrium condition in the

clay, as evidenced by a stabilization of shear strains and pore pressures

in Tests 9, 10, and 21.

Examples of the development of shear strains and pore pressures as a

function of the cyclic stress level are presented in Figures 10 and 12.

The number of loading cycles to produce a failure condition increased

rapidly for decreasing cyclic stress levels. As shown in Figure 14a, a

total stress level less than 0.25 for the NC clay, caused cyclic loading

to have a negligible effect on development of the specified shear strain

levels of 0.5, 1.0, 1.5, and 3.0 percent. The total stress level of

0.184 kg/cm2 , approximately 0.25 of the static undrained shear strength

in Test 2 (0.734 kg/cm2 ), corresponded to the critical stress level of
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0.180 kg/cm2 in Figures 2a and l3a. Figure l4b shows that the (OCR=2)

clay possessed a critical stress level of approximately 0.14 of the

static undrained shear strength from Test 12 (0.700 kg/cm2 ). This

critical stress level, calculated to be 0.100 kg/cm2 , corresponded to the

critical stress level in Figures 2b and l3b.

4.3.2 Effective Stress Level

Andersen has concluded that the cyclic shear stress level can also

be defined on an effective stress basis,
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(SSL)E =
tan ¢MOBILIZED

tan ¢

in which ¢ is the angle of internal friction (1). Figure 3a illustrates

the procedure for obtaining the ¢ parameter in Equation 3. For the

effective stress principle to be utilized, a reliable prediction of pore

pressures had to be made for different cyclic stress levels.

In Figure 15, cyclic strains were plotted as a function of the

effective stress level for tests with different types of cyclic loading

perfor~ed on Drammen clay (1). Figure 15 contains data from triaxial and

simple shear tests using one-way and two-way cyclic loadings at a

frequency of 0.1 cps. In addition, the Drammen clay had consolidation

ratios of 1, 2, 4, and 10. Andersen determined that the relationship

between the cyclic stress level and its associated shear strains is

independent of the number of loading cycles (1).

The results of Tests 5 through 10 using NC Concord Blue clay and

Tests 13 through 18, and 21 using (OCR=2) Concord Blue clay were included

in Figure 15 for comparison. In this investigation, Concord Blue clay



was tested at a frequency of 0.5 cps.

The good agreement in Figure 15 revealed that one characteristic

curve, based on effective stresses, could reasonably describe the dynamic

behavior of both clays. Consequently, the good correlation between the

normally consolidated and overconsolidated Drammen clay and Concord Blue

clay indicated that the dynamic behavior of clays could be explained by

considering effective stresses.

Figure 7 relates the secant shear modulus to the nornalized

effective confining stress (crv{crvo), in which avo is the initial

effective confining stress. Figure 7 discloses that the clay was

stiffest when the effective confining stress was at its maximum value.

As cyclic loading progressed, pernanent pore pressures accumulated and

normalized effective stresses decreased. At high cyclic stress levels,

an increase in the pore pressures caused the effective stress path to

intersect the Mohr-Coulumb failure line, as indicated in Figure 3 for

Tests 5 and 17. For Tests 9 and 21 (performed at low cyclic stresses),

the shear strains and pore pressures increased to a limiting level after

which a large number of loading cycles did not produce a change in the

effective stresses. Consequently, the effective stress paths for Tests 9

and 21 remained far to the right of the failure line.

4.4 Effect of Number of Loading Cycles

Table 2 shows the cyclic stress-strain behavior of NC and (OCR=2)

clays during undrained stress-controlled cyclic loading conditions. As

presented in Figure 11, the cyclic stress level during Test 5, maintained

at ±0.353 kg/cm2 , caused the shear strain to increase from ±0.19 percent

during the first loading cycle to ±1.02 percent for the 400th loading
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cycle.

In addition, the development of symmetrically assumed shear strains

and pore pressures with an increasing number of loading cycles is

depicted in Figures 11 and 12. The increase in pore pressure was

relatively small at first, but after 300 loading cycles, the pore

pressures increased rapidly. After 520 loading cycles, the pore pressure

was 2.9 kg/cm2. Figure 11 also illustrates that there was extremely good

correlation between the rate of increase in shear strains with respect to

the rate of pore pressure accumulation.

Figures 5, 11, and 12 illustrate that the clay became increasingly

less stiff for an increasing number of loading cycles. Figures 2 and 12

indicate that for all cyclic stress levels above the critical stress

level, shear strains increased and secant shear moduli decreased with the

number of loading cycles. In addition, Figure 8 shows that as the number

of loading cycles increased, the degradation index decreased.

4.5 Effect of Pore Pressure Changes

Andersen and Sangrey concluded that pore pressure accumulation

resulting from cyclic loading controls the effective stress conditions in

clay, and consequently its ultimate dynamic behavior (1, 14). In Figure

7, the secant shear moduli decreased as pore pressure generation

increased in the clay. Figure 9 shows that the degradation indexes

decreased, or the amount of strength degradation increased, for

increasing values of pore pressure. This indicated that the amount of

pore pressure accumulation determined the degree of soil strength

degradation. Figure 9 also illustrates that the normally consolidated

Concord Blue clay produced only positive pore pressures while the
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overconsolidated clay generated both negative and positive pore

pressures.

As shown in Figure 10, the increase in shear strains was a function

of the increase in pore pressures. In addition, Figure 10 indicates that

as the normalized pore pressure values approached approximately 0.85, the

Concord Blue clay experienced extremely high shear strains. Figure 10

also shows that the shear strain curves at a specified normalized pore

pressure value were different for each test. This indicated that pore

pressure accumulation did not completely describe the Concord Blue clay's

dynamic behavior. As previously mentioned, other factors considered were

the number of loading cycles and more importantly, the cyclic shear

stress level.
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PART 5

CYCLIC LOADING MODELS

5.1 Ramberg-Osgood Model

Degradation in soils due to cyclic loading has been recognized for

many years, but it has not been explicitly incorporated into current

methods of analysis until the last few years (9). The initial backbone

and other backbone curves can be expressed in various forms, either in

terms of discrete experimental cyclic stress-strain coordinates, or as a

function of mathematical modelling equations. For the purpose of

application to clays, several simple mathematical models have been

developed. These include the bilinear (9), multi-linear (9,10),

hyperbolic, and Ramberg-Osgood models (3,9,10). In this study, the

Ramberg-Osgood (R-O) formulation was adopted and analyzed (9).

The equation of the R-O initial backbone curve is (9):

=
'c 'c R-1

Yy [eG ) Y J[l + al CG ) Y I ]
o 1 Y 0 1 Y

(4)

Values of the secant shear modulus for the first cycle, (Gs)l' can be

explicitly derived as a function of the same equation parameters:

Equations 4 and 5 consist of the same terms and are derived in Section

Yy is the reference strain, a and R are dimensionless constants,

(Go)l is the maximum shear modulus during the first cycle at very low
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shear strains as shoYTn in Figure 2,and (YC)l and .c are points on the

initial backbone curve describing the coordinates of hysteresis loops

(9). Idriss concluded that writing the R-O formulation in this manner

allows the use of non-integer values of R, thus providing more

flexibility in simulating experimental data (9).

Consequently, the Ramberg-Osgood model was utilized to describe the

nonlinear and degraded cyclic stress-strain behavior of Concord Blue

clay. Potential applications of the proposed model to experimental

results are discussed in Section 5.1.3.

5.1.1 Derivation of R-O Parameters

A backbone curve for a given loading cycle describes the coordinates

defining the tips of hysteresis loops measured during that particular

loading cycle. R-O backbone curves can be fitted from the appropriate

selection of R-O parameters.

5.1.1.1 Yy and (Go )l Determination

Idriss has defined Yy ' the reference strain, as the shear strain at

which the backbone curve initially becomes nonlinear (9). Figure 16

indicates that the NC and (OCR=2) clays had reference strains of 0.016

percent and 0.013 percent, respectively.

(Go )l is the maximum slope of the initial backbone curve. The

(Go )l values, calculated in Figures 2a and 2b for the NC and (OCR=2)

clay, were 516.7 kg/cm2 and 437.5 kg/cm2 , respectively.

5.1.1.2 R Determination

A procedure utilized by Idriss (9) for the direct determination of R

was used as an initial estimate of R. At large shear strains, Equation 4

can be simplified to:
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Yc proportional to

or

log Yc proportional to

• R
c

R log 'c

(6)
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Therefore, a graph of log Yc versus log 'c yields a straight line whose

slope equals R. The coordinates describing the tips of hysteresis loops

during the first cycle are presented in Figure 17. The line that

provided the best fit to the data points had a slope of R=2.9 for both

the normally consolidated and overconsolidated Concord Blue clay.

5.1.1.3 a (Alpha) Determination

Once Yy ' (Go)l' and R were selected, Equation 4 was used directly to

calculate alpha at a given shear stress and shear strain for each test.

Table 3 shows that the scatter in alpha values ranged from 0.01 to 0.30

for NC clay and from 0.10 to 1.0 for (OCR=2) clay. The average! alpha

values were 0.155 for NC clay and 0.215 for (OCR=2) clay. These values,

which correlated well with the alpha values obtained by Idriss (9), were

incorporated into Equations 4 and 5.

Substituting the previously calculated values of Yy ' (Go)l' Rl and a

into Equation 4 yielded the following relationships for the initial

backbone curve for NC clay,

=

and for (OCR=2) clay,

= (8)



in which Yc was expressed in percentage and Tc in kg/cm2 •

5.1. 2 Other Cyclic Loading Curves

Test results could also be used to predict the behavior of Concord

Blue clay after the first loading cycle. As previously defined, the

degradation index during the Nth cycle, oN' is equal to the ratio of the

shear stress during the Nth cycle divided by the shear stress for the

first cycle at a specified shear strain. Consequently, the shear stress

during the Nth cycle is equal to the product of the shear stress during

the first cycle and the degradation index during the Nth cycle, or
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=

Incorporating Equation 9 into Equation 4 yields (9):
I

=
TC TC R-1

Yy [0 (G ) Y 1[1 + Ct I0 (G ) Y I ]
NON Y NON Y

(10)

For the first cycle, 0
1

equalled one and Equation 10 reduced to Equation

4. As cyclic loading progressed, oN became less than one, and the

backbone curves in Equation 10 reduced accordingly. The results of

Equation 10 are plotted in Figure 18 and compared to the initial backbone

curves from experimental data in Section 5.1.3.1.

Secant shear modulus values during the Nth loading cycle, (Gs)N' can

be explicitly derived as a function of the R-O parameters in Equation 5.

For the Nth loading cycle, Equation 5 becomes (9),



=
1 + T / ~la[ C c (G ) Y ]

N 0 1 y
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(11)

and is plotted in Figures 5 and 19·

5.1.3 Comparison with Experimental Results

5.1.3.1 Backbone Curves

Having derived an expression representing the backbone curves for NC

and (OCR=2) clay, it was possible to examine the accuracy of the R-O

model for fitting experimental data.

Backbone curves in Figure 18, obtained by using E~uations 7, 8, and

10, were compared with experimental results. From Figure 18, a

comparison between the initial backbone curves disclosed that the

predicted backbone curves accurately simulated the experimental curves at

lower and moderate cyclic stress levels, but did not simulate the test

data as well at larger levels. However, the overconsolidated clay

yielded a better correlation than did the normally consolidated clay, for

the entire range of cyclic stress levels.

Dobry's explanation for this discrepancy at higher cyclic stresses

and shear strains is that the Ramberg-Osgood model does not account for

initial degradation of the initial backbone curve, and therefore will

plot above the experimental curve (4).

5.1.3.2 R-O Model Sensitivity

Table 3 presents shear stresses and shear strains calculated from

E~uation 4 during the first cycle for a large range of Rand Yy values.

The R values ranged from 2.5 to 3.0 for both clay types, while the range

of Yy values was from 0.0125 to 0.0190 percent shear strain. The





PART 6

DISCUSSION AND CONCLUSIONS

The results obtained in this investigation indicated the following

characteristics of Concord Blue clay:

6.1 Test Parameter Results

6.1.1 Number of Loading Cycles

Soil strength degradation developed with an increasing number of

loading cycles for tests performed at cyclic stress levels greater than

the critical level of cyclic stress. In these tests, the secant shear

modulus and degradation index values decreased while the shear strains

and pore pressures accumulated as a function of the number of loading

cycles. However, as evidenced by test data, a large number of loading

cycles generated a limiting value of shear strains and pore pressures in

some tests, compared to large increases in shear strains and pore

pressures in other tests. Consequently, to describe the dynamic behavior

of the clay, other test parameters must also be considered.

6.1.2 Pore Pressure and Effective Stress Changes

Experimental results indicated that the degree of soil degradation

was associated with the amount of pore pressure accumulation. A decrease

in the effective stress (or an increase in pore pressure) degraded the

clay structure, as manifested by the effective stress path moving toward

the Mohr-Coulomb failure line. Some tests did not develop large pore

pressures and shear strains. Instead, limiting values were reached after

a certain number of loading cycles. In addition, as indicated by Figure

10, normalized pore pressures did not reach comparable values at the clay
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failure condition (± 3.0% strain) for each test. Therefore, the clay

failure condition was also a function of other test parameters.

6.1.3 Cyclic Shear Stress Level

Experimental results indicated that Concord Blue clay tests that

experienced higher cyclic stress levels re~uired a smaller number of

loading cycles to generate a specified shear strain and pore pressure

level than at lower cyclic stresses. In addition, a critical level of

cyclic stress existed in which cyclic stresses smaller than the critical

stress level created a state of nonfailure e~uilibrium. Cyclic stresses

greater than the critical stress level eventually produced a failure

condition. Conse~uently, the dynamic behavior of Concord Blue clay was

considerably affected by the cyclic stress level.

6.2 Comparison Between NC and (OCR=2) Clays

6.2.1 Similarities

The elastic state in clays is indicated by the condition in which no

residual shear strains remained after an applied shear stress is removed.

Applied cyclic stresses less than the critical stress level develop an

insignificant amount of pore pressure accumulation. This critical stress

level can be considered as an approximation to the upper limit of elastic

properties. In this study, cyclic stresses larger than the critical

stress level carried the clay beyond its elastic range. Cumulative pore

pressure increases, associated with a reduction in effective stress

caused the effective stress path to move toward and eventually intersect

the Mohr-Coulomb failure line.

It was concluded from cyclic test results that:

- Cyclic shear strains and pore pressures increased gradually until

36



failure was imminent, after which they increased very rapidly.

- Cyclic loading failure did not occur if the cyclic shear stress

was below the critical level of repeated stress.

- The shear modulus was found to decrease gradually until failure

was imminent; thereafter the shear modulus rapidly decreased.

6.2.2 Differences

Experimental results yielded the following comparisons between the

two clay types:

- The normally consolidated clay exhibited both a threshold

condition and a critical level of cyclic stress. The

overconsolidated clay did not develop a threshold condition, but

exhibited a critical cyclic stress level.

- The critical cyclic stress level was found to be 25% of the static

shear strength for the NC clay and 14% of the static shear

strength for the (OCR=2) clay.

- The backbone curves for the NC clay generated lower shear strains

than the (OCR=2) clay at specified cyclic shear stresses.

- At comparable cyclic shear stresses and shear strains, the shear

moduli and degradation index values were larger for the NC clay

than the (OCR=2) clay.

- For the normally consolidated clay, a larger pore pressure

accumulation and a larger number of loading cycles were required

to develop a specified shear strain.

6.3 Ramberg-Osgood Modelling Results

A good correlation between the experimentally and mathematically

derived backbone curves were obtained for lower to moderate cyclic stress
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levels. The agreement was somewhat less at higher cyclic stress levels.

This could be attributed to the degradation of the experimentally derived

initial backbone curves. The overconsolidated clay yielded better

agreement than normally consolidated clay for the entire range of cyclic

stress levels.

6.3.1 Model Sensitivity

The R-O model was found to be more sensitive to the variation of R

values than Yy values. However, the Rand Yy values calculated in this

investigation yielded the best correlation between the experimentally and

R-O mathematically derived backbone curves.

6.3.2 Secant Shear Moduli Comparison

A good correlation was obtained between secant shear modulus values

derived from experimental data and the Ramberg-Osgood model.
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TABLE 1. GEOTECHNICAL DATA FOR CONCORD BLUE CLAY

CONCORD BLUE CLAY

SITE: SE OF BUFFALO, N. Y.

TYPE: UNDISTURBED 1 ft3 BLOCKS
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GEOTECHNICAL DATA

WATER CONTENT

LIQUID LIMIT

PLASTIC LHUT

SPECIFIC GRAVITY

(/;

SENSITIVITY (FALL CONE)

CO~SOLIDATION HISTORY

27 - 28%

34%

21%

Nom·ffiLLY CONSOLIDATED
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TABLE 2 APPENDIX. EXPLANATIONS FOR TABLE 2

COL~rn EXPLANATION

1. S = Static Loading Test, C = Cyclic Loading Test,
cis = Test with both loadings

2. Sample Size: L = 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 Cone)

10. Vertical Consolidation Stress

11. Static Shear Stress

12. Maximum Consolidation Stress

13. Overconsolidation Ratio

14. Sample Height Following Consolidation

15. Vertical Strain

16. Cyclic Shear Stress

17. Cyclic Shear Stress as a Percentage of Static Strength

18. Number of Cycles Tested (NT)

19. Shear Strain at NT Cycles

20. Pore Pressure at NT Cycles

21. Frequency of Loading

22. Static Undrained Shear Strength (Peak of Stress-Strain
Curve)

23. Shear Strain at Peak of Stress-Strain Curve
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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)
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TABLE 3
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FIGURE 2a. SHEAR STRESS VS. SHEAR STRAIN FOR NORMALLY
CONSOLIDATED CLAYS

61

N
E
u......
O'l...

Test 6

.4

Test 5

.3
Test 7

Test 8
.2

Test 10

Test 9

.1

o

Go = 516.7 kg/cm2

PP'

Cyclic Loadino Tests

Stat; c Load; no Test 2

Test 9 (S~~ ~vcl;c Loadiryg)

o .1 .2 .3 .4 .5 .6 .7

SHEAR STRAIN %



62

FIGURE 2b. SHEAR STRESS VS. SHEAR STRAIN FOR OVERCONSOLIDATED CLAYS
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FIGURE 4. TYPICAL CYCLIC TEST RESULTS

(a) Typical Controlled-Strain Tests for Clays
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FIGURE 6a. SHEAR MODULUS VS. NORMALIZED SHEAR STRESS FOR NORMALLY
CONSOLIDATED CLAYS
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FIGURE 6b. SHEAR MODULUS VS. NORMALIZED SHEAR STRESS FOR
OVERCONSOLIDATED CLAYS

Cyclic Loading Tests
Static Loading Test 12 __

69

N
300

\
E
u.......
en
~

Vl

\::>
....J
::>cc

\
:E
~

c:::....
~ 200

\ N Cycles
1

100

6~
100 200----.

l88 ---
o

/ 0

Tests 21

.1

18

.2

15161413

.3 .4

17

.5 .6 .7

NORMALIZED SHEAR STRESS Lh/"hf



FIGURE 7a. SHEAR MODULUS VS. NORMALIZED VERTICAL STRESS FOR
NOffi'~LLY CONSOLIDATED CLAYS
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FIGURE 7b. SHEAR MODULUS VS • NORMALIZED VERTICAL STRESS FOR
OVERCONSOLIDATED CLAYS
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FIGURE 8a. DEGRADATION INDEX VS. SHEAR STRESS FOR NORMALLY
CONSOLIDATED CLAYS
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FIGURE 8b. DEGRADATION INDEX VS. SHEAR STRESS FOR
OVERCONSOLIDATED CLAYS

N Cycles
-------------------- 1

73

.9

.8

.7

.6
><.....
0z

z
0- .5l-
e::
0
e::
IX
(,:l.....
0

.4

.3

.2

.1

2
3
16
50

.2

SHEAR STRESS kg/cm2

a
o

Tests 21

.1

18 15 16 14 13

.3



74

FIGURE 8c. DEGRADATION OF INITIAL BACKBONE CURVE FOR BOTH
CLAY TYPES
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FIGURE 9a. DEGRADATION INDEX VS. NORMALIZED PORE PRESSURE FOR
NORMALLY CONSOLIDATED CLAYS
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FIGURE 9b. DEGRADATION INDEX VS. NORMALIZED PORE PRESSURE FOR
OVERCONSOLIDATED CLAYS
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FIGURE lOa. SHEAR STRAIN VS. NOR~~LIZED PORE PRESSURE FOR NOR~~LLY
CONSOLIDATED CLAYS
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FIGURE lOb. SHEAR STRAIN VS. NORtIALIZED PORE PRESSURE FOR
OVERCONSOLIDATED CLAYS
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FIGURE 11. SHEAR STRAINS AND PORE PRESSURES VS. N CYCLES
FOR TEST 5
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FIGURE 12a. NORMALIZED PORE PRESSUREVS. N CYCLES
FOR NORMALLY CONSOLIDATED CLAYS
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FIGURE 15. EFFECTIVE SHEAR STRESS LEVELS VS. SHEAR STRAIN
FOR VARIOUS CYCLIC LOADING TESTS AND CLAYS
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FIGURE 16. DETERMINATION OF Yy FROM INITIAL BACKBONE
CURVES FOR BOTH CLAY TYPES
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FIGURE 18a. RAMBER~-OSGOOD MODEL BACKBONE CURVES
FOR NO~tALLY CONSOLIDATED CLAYS
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FIGURE lab. RAMBERG-OSGOOD MODEL BACKBONE CURVES
FOR OVERCONSOLIDATED CLAYS
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FIGURE 19a. SHEAR MODULUS VS. SHEAR STRAIN FOR
NORMALLY CONSOLIDATED CLAYS
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FIGURE 19b. SHEAR MODULUS VS. SHEAR STRAIN FOR
OVERCONSOLIDATED CLAYS
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