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GLOSSARY OF SYMBOLS

principal stress axis rotation

damping Ratio

Young's modulus

hertz

coefficient of earth pressure at rest

ambient consolidation stress

consolidation stress in triaxial test apparatus

cyclic deviator stress

effective overburden stress

vertical stress

effective major principal stress

effective major principal stress at failure

effective minor principal stress

shear stress (on horizontal and vertical planes)

maximum shear stress
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INTRODUCTION

A variety of laboratory test apparatus have been developed to replicate the stresses in soil sub-

jected to earthquakes. Of these, the most common are the cyclic simple shear, the resonant

column, and the cyclic triaxial devices. The resonant column test is used to obtain dynamic re-

sponse properties in the 10-5to 10-2percent strain range. The cyclic simple shear and the cyclic

triaxial tests are used to obtain dynamic response properties in the 10-2 to 5.0 percent strain

range, as shown on figure 1.

The purpose of this study was to examine and evaluate the use of the cyclic simple shear and

the cyclic triaxial tests to obtain dynamic response properties.

The Engineering and Research Center geotechnical laboratory has both the cyclic simple shear

apparatus and cyclic triaxial equipment. However, the cyclic simple shear device needs modification

to become a state-of-the-art apparatus. Therefore, shear modulus and damping ratio has routinely

been determined by use of the cyclic triaxial equipment.

To evaluate the cyclic simple shear and the cyclic triaxial tests, it is important to consider the

complexity and system compliance of the testing apparatus, the sample preparation procedure,

and the ability of the equipment to simulate in situ stress conditions.

/0-5 /0-4 /0-3 /0-2 10-1 /00 10

SHEAR STRAIN, Percent

Figure 1. - Approximate strain range of laboratory tests used to obtain dynamic response. From [20. 21].
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CONCLUSIONS

The USBR (Bureau of Reclamation) cyclic simple shear apparatus should not be modified. This

apparatus needs several modifications to make it a state-of-the-art testing apparatus. Some of

the most important of these modifications involve adding a confining chamber, reducing "free

play" in the apparatus, and strengthening the frame for reduced system compliance. Because the

cyclic triaxial apparatus produces data adequate for the 10-2 to 5.0 percent strain ranges (fig. 1),

it is impractical to modify or to continue using the cyclic simple shear device.

The USBR now uses only the cyclic triaxial apparatus for evaluating dynamic properties. These

test results have provided adequate information for analyses. Because previous investigations have

indicated that modulus and damping data obtained from either cyclic simple shear or cyclic triaxial

test methods are acceptable, the USBR should continue to use cyclic triaxial testing to obtain

modulus and damping values in the 10-2 to 5.0 percent strain range.

EQUIPMENT

Cyclic Simple Shear Apparatus

The cyclic simple shear apparatus was developed to evaluate the shear modulus of soil under

stress conditions that attempted to replicate those believed to occur during an earthquake. During

a test, shear strains are applied to the specimen, and the shear modulus is calculated from the

ratio of shear stress to shear strain.

The Swedish direct shear apparatus [1]* was one of the first simple shear devices. A cylindrical

sample was confined by a rubber membrane, and a series of thin, evenly spaced rings were placed

over the specimen to uniformly distribute the lateral deformations over the height and cross section

of the test specimen.

Later, in 1953, Roscoe [2] developed a modified simple shear apparatus that accepted square

specimens. Instead of using a rubber membrane to confine the specimen, he used a solid box.

His modifications were intended to eliminate the "edge effects" of the standard shear box then

available. More recently, Ansell et al. [3] simplified the end plate mountings by eliminating the

external hinges.

.Numbers in brackets refer to entries in the bibliography.
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The original NGI (Norwegian Geotechnical Institute) apparatus [4], developed in 1965, was a direct,

simple shear apparatus developed for testing Norwegian quick clay. The 8-cm-diameter by 1-cm-

high sample was confined by a wire-reinforced rubber membrane around its circumference, which

allowed vertical deformations and horizontal displacements with no change in diameter. A cap and

a base completed the confining components.

The apparatus most commonly used today is of the NGI-type. The original NGI apparatus was

modified to accept different specimen sizes to investigate the effects of various specimen diameter-

to-height ratios on test results. Modifications by Dyvik et al. [5] permitted application of cyclic

stress-controlled tests with square wave loading at a frequency of 0.25 Hz. The specimen, confined

by a membrane, was located in the load frame and secured by the bottom plate. The cap was

attached to a specimen carriage to allow application of vertical and horizontal forces. (Details of

the stress conditions applied to the specimen are discussed later.) An MTS Systems Corp. closed-

loop servohydraulic system allowed stress- or strain-controlled testing in a variety of waveforms

and frequencies.

The BAW (Bundesantalt fUr Wasserbow - Federal Institute for Waterways Engineering) cyclic

simple shear apparatus was developed in 1979, in an attempt to eliminate the effects of the rubber

membrane [6]. Instead of using a rubber membrane or rigid side plates, an automatic measuring

and regulating system was used.

The cyclic simple shear apparatus developed at the Nanjing Hydraulic Research Institute [7] uses

a rubber membrane and a stack of steel rings attached to the end plates by tapered sleeves. The

vertical and horizontal loads are applied pneumatically.

The cyclic simple shear apparatus used by the USBR was developed by M.S. Silver. The test

apparatus uses a wire-wound membrane to confine the soil specimen. The test can be performed

using either a stress- or strain-controlled loading sequence. It is normally conducted at a frequency

of 0.5 Hz with continuous monitoring of load and deformation. The current apparatus has a good

deal of equipment "free play," poor system compliance, and no method of applying or varying a

confined stress.

In general, the complexity of the simple shear apparatus and the intricacy of specimen preparation

and testing procedures are the major disadvantages of this type of testing. Use of a membrane

to confine the specimen requires skill and experience to ensure that a good seal exists along the

edges of the membrane, that the membrane does not draw away from the sides of the machine,
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and that membrane bursting is avoided without using a membrane so thick as to contribute to

shear resistance [8].

Cyclic Triaxial Apparatus

The cyclic triaxial test method has been widely used to evaluate soil liquefaction and the dynamic

shear modulus and damping ratio. This is primarily due to the availability and familiarity with the

triaxial test procedure and equipment.

The cyclic triaxial test consists of a cylindrical specimen subjected to a confining stress and

repeatedly loaded by a series of axial compression and extension loads while the vertical defor-

mation is monitored. The axial load can be either strain- or stress-controlled.

The configuration of the test specimen in the cyclic triaxial test is standard; however, there are

many methods of loading and controlling'the equipment. Much of the equipment now used to test

for properties of the soil uses strain-controlled devices. However, a servosystem usually applies

cycles of controlled load. Pore pressure, vertical load, and vertical deformation are recorded as a

function of the number of cycles of the load. Some of the common load-control systems are

pneumatic, hydraulic, electro-hydraulic, and pneumatic-hydraulic.

The USBR cyclic triaxial test apparatUs uses a pneumatically actuated loading system that produces

a sine wave loading. The test specimen is typically subjected to a loading pattern in the form of

a O.5-Hz sine wave after consolidation. The load and deformation are continuously monitored.

STRESS CONDITIONS

Cyclic Simple Shear Test

The stress conditions desired in the cyclic simple shear apparatus are intended to simulate those

that a soil element is subjected to in situ. Many researchers have analyzed actual stress conditions

applied by the various cyclic simple shear apparatus using numerical methods and by instrumen-

tation.

The loading conditions and resulting stresses that occur in situ are shown on figures 2 and 3.

During an earthquake, the forces resulting from upward propagation of shear motions result in the

sequence of stress applications for a horizontal ground surface shown on figure 2. For in situ
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Figure 2. - Conceptual in situ conditions due to earthquake loading: (a) before earthquake. (b) and (c) shear stress reversal during
earthquake.
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Figure 3. - Characteristic soil elements in typical in situ loading conditions: principal stress directions during consolidation and
failure.

conditions in which the ground surface is sloping, the orientation of the principal stress directions

is rotated, as shown on figure 3.

The cyclic simple shear test simulates in situ loading conditions (fig. 2) more closely than the cyclic

triaxial test. For both the field loading condition (fig. 2) and the cyclic simple shear test laboratory

loading condition (fig. 4), the soil element is subjected to an effective overburden stress, ao'. The

specimen is restrained from lateral deformation by the sides of the shear box or by a wire-reinforced

membrane; thus, a lateral pressure equal to Koao'develops, as shown on figure 4 condition 1. To

simulate the application of shear stresses imposed by an earthquake loading, an application of a

horizontal and vertical shear stress, 'Z'hv,results in condition 2 shown on figure 4. Because of the

initial stress conditions, the maximum shear stress imposed on the soil element is 'Z'max,
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Figure 4. - Cyclic loading simple shear test: Condition 1 - stress conditions due to consolidation; Condition 2 - stress conditions
due to shear stress application.

where:

'Cmax2= 'Ch} + [
Go' (1 - Ko)

2 r
Orientation of the principal stress directions rotates through a small angle of less than 40" on each

side of the vertical.

The cyclic simple shear test attempts to simulate the above stress conditions. The ability of the

cyclic simple shear apparatus to replicate those conditions depends on the state of stress, state

of strain, and system compliance.

Cyclic Triaxial Test

In the cyclic triaxial test, shown on figure 5, soil is consolidated under an ambient stress, Ga, to

simulate a soil element under a horizontal ground surface. Then, to simulate earthquake conditions,

a cyclic load is applied by increasing the axial stress, Gdc/2, and simultaneously reducing the lateral

stress an equal amount. This results in an unchanged normal stress on a 45" plane in the sample.
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Figure 5. - Cyclic loading triaxial compression test: Condition 1 - stress conditions due to consolidation; Condition 2 - stress
conditions due to application of a cyclic deviator stress.

The direction of shear stress on this 45° plane is reversed when the above axial and lateral stresses

are reversed. Conditions on the 45° plane simulate those on the horizontal plane for the in situ

condition.

The cyclic triaxial test is commonly performed with the lateral stress held constant, while the axial

stress is cycled by :!: adc; the same effective stress conditions are produced for saturated soil

samples. Only under true isotropic stress conditions (Ko= 1)does this relationshiphold true. Under

anisotropic stress conditions (Ko -+ 1), the desired symmetrical changes in shear stress required

to simulate those in the field for a horizontal ground surface do not occur on any plane. Thus, the

cyclic triaxial test can simulate field conditions for a horizontal ground surface only under isotropic

stress conditions, and only while rotating the direction of principal stresses through a 45° angle.

STATE OF STRESS AND STRAIN

Cyclic Si'mple Shear Test

For the cyclic simple shear test apparatus to simulate in situ conditions, ambient and shear stresses

must be applied. Simulation of the ambient or consolidation stress is possible with an apparatus
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that has a confining chamber around the soil specimen; the USBR apparatus does not have this

ability. Seed et al. [9] have shown that the value of Ko greatly affects the stress required to cause

failure. This stress increases with increasing values of Ko and, thus, necessitates careful control

of Ko.

Application of a uniform shear stress is much more difficult. The uniformity depends on the stress

transfer mechanism between the cap and base and the specimen [9].

For proper simulation of shear stresses occurring in situ, the soil specimen must be subjected to

complementary shear stresses at the vertical boundaries of the specimen. Because these stresses

cannot be applied in the simple shear apparatus, the effects are minimized by using a large diameter-

to-height ratio for the specimens. Kovacs [10] conducted a detailed investigation of the effect of

sample configuration in simple shear testing. Based on tests of a mixture of kaolinite and bentonite,

he found that a sample diameter-to-height ratio of at least 6: 1 was necessary to reduce or eliminate

boundary effects. Assuming that soil behaves as an elastic-plastic material, Prevost et al. [11]

determined the effects of partial boundary slippage between the soil and loading platen interface.

Shear and normal stresses developed in the soil specimen are greatly affected by these slippages.

Dyvik et al. [5] measured the lateral stresses that developed in the soil specimen by using calibrated,

wire-reinforced membranes in tests on three types of clay. The membranes measured the average

lateral stress within the soil specimen by monitoring the electrical resistance of the reinforcing

wire, which changed as a result of the elongation. The calibrated membranes successfully meas-

ured the lateral stresses that developed. These measurements compared favorably with those

from other indirect and experimental determinations of Ko, using the measured values of Ko allowed

by definition of the complete Mohr's circle state of stress, stress paths, and lateral stress ratios.

By using the measured values of Ko, results of the cyclic simple shear test can be compared with

those obtained in other testing apparatus, such as the cyclic triaxial apparatus.

Shen et al. [12, 13] performed a finite element analysis to determine stress and strain states within

a soil specimen restrained by a wire-reinforced rubber membrane and tested in the NGI simple

shear apparatus. They assumed soil to be a linear, elastic-isotropic cylindrical solid and concluded

that shear stress or strain distribution developed in the NGI simple shear apparatus was far from

uniform. The applied strain was not equal to the actual strain in the soil specimen. This nonuni-

formity is the result of the creation of an external moment from application of a uniform horizontal

displacement and a vertical loading to the soil specimen. Large horizontal displacements develop

at the soil-platen interface. Shen et al. concluded that the state of shear strain in the soil specimen
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is nonuniform and asymmetric. This results in an error ranging from 5 to 15 percent in shear

modulus measurements. This range is on the conservative side because the measured shear

modulus is always lower than the actual shear modulus of the soil.

Cyclic Triaxial Test

Stress and strain conditions in the triaxial test are reasonably well known [14, 15, 16, 17]. The

dynamic properties, Young's modulus, E, and damping ratio, 0, are measured by strain-controlled

tests. Several authors have cited limitations of the cyclic triaxial test for testing soil properties

[14, 17, 18]. Some of these limitations are (1) shear strain measurements of 10-2percent or less

are difficult to obtain; (2) the extension and compression cycles may produce different results

affecting the hysteresis loop and, therefore, modulus values; (3) void ratio redistribution occurs

during testing because of the cyclic loading; and (4) the specimen configuration induces stress

concentrations at the top and bottom specimen contact surfaces.

COMPARISON OF RESULTS OF CYCLIC SIMPLE SHEAR
AND CYCLIC TRIAXIAL PROPERTIES TESTING

Several studies have compared the testing of dynamic properties by the cyclic simple shear and

by the cyclic triaxial apparatus. The dynamic properties measured by both tests are affected by

shear strain amplitude, density (unit weight), and confining pressure.

Generally, shear modulus values resulting from a simple shear test are lower than those from a

cyclic triaxial test at any strain amplitude, for a given pressure of ae = av. But, the vertical stress

applied in the simple shear test is not a good index of confinement of the sample. Similarly, damping

ratio values obtained from cyclic triaxial tests are slightly lower than those from simple shear tests

[19,20,21,22].

Some investigators have developed correlations between cyclic triaxial and cyclic simple shear

test results. When the correlation equations have been used, the damping ratio values agree

reasonably well, as do the modulus values [21, 22].

CURRENT PRACTICE

The current method for determining the shear modulus and damping ratios for soil varies throughout

the geotechnical community. Use of the cyclic simple shear apparatus is not widespread; it is
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limited to some Government organizations, a few universities, and a small number of private

consultants. This apparatus is generally used for research activities.

Most production-oriented geotechnical laboratories test dynamic properties using the cyclic triaxial

apparatus. This is primarily due to the availability of the triaxial equipment and the amount of

experience with its test procedures. Shear modulus and damping ratio values obtained using

properly instrumented cyclic triaxial equipment are adequate for most geotechnical applications.
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