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CHAPTER 1

INTRODUCTION

The problem of liquefaction of sands has been well established by

a myriad of investigators over the years (Seed and Lee, 1966; Lee and

Seed, 1967; Seed, 1979; castro, 1969, 1975; casagrande, 1975; and

others) . While specific texminology, methods of sample testing and

design applications may not be universally accepted, there seems to be

. general agreement that loose, clean, cohesionless sand will develop

excess pore pressures and may undergo extreme strength loss and large

defonnations if subjeeted to a sufficient level of undrained (cyclic or

monotonic) loading.

Gravels on the other hand, are not generally considered as being

liquefiable for a number of reasons:

(1) The hydraulic conductivity of gravel is often sufficiently

high that drainage can easily occur and an undrained situation may

never occur in the field.

(2) There is no substantial body of conclusive case histories in

which gravels have liquefied.

(3) No field tests are currently in use to aid in detexmining

the undrained, cyclic behavior of gravels or to correlate field data

with laborato:ry test results (such as the use of standard penetration

testing for sands) •

(4) Little cyclic laborato:ry testing has been perfonned. which

would provide evidence of the liquefaction behavior of gravels.

(5) Membrane compliance plays a significant role in inhibiting

liquefaction in undrained, cyclic triaxial tests perfonned. on gravels
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and there is currently no satisfactory method for accounting for this

phenomenon. Thus, the noncompliant cyclic loading resistance of

gravels is not easily detennined.

Each of the above points will be discussed in the following

Paragraphs:

(1) The hydraulic conductivity of gravel is often sufficiently

high that drainage can easily occur and an undrained situation may

never occur in the field.

Gravels are indeed likely to be free-draining in ideal

cases but drainage may be impeded under particular situations.

For example, a gravel fonuation may be bounded by comparatively

impermeable silty material which renders the gravel layer

undrained. Such fonuations may occur naturally in an abandoned

river channel or an alluvial fan deposit where deposits of gravel

and finer material may be interlayered, or by silt deposition on

the upstream face of a gravel or rockfill dam. Also, some gravel

fonuations may be so extensive (very large dams for example) that

excess pore pressure may not dissipate rapidly enough, thus

momentarily rendering the mass undrained.

Altematively, drainage may also be impeded where a sand

and gravel mixture is involved. Such composite materials will

have a significantly reduced hydraulic conductivity as compared

to that of relatively clean gravels alone. Consider for example

the use of rockfill which had been sluiced with sand in the

construction of the Malpaso canyon Dam in Peru (Park, 1939) or

the Aswa.n High Dam (Abu-Wafa, Hanna Labib; 1970, 1971; Hassouna

et al., 1970; High and Aswa.n Dams Authority, 1969). The upstream
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portion of the 255 foot high Malpaso canyon Dam was constructed

of derrick-laid rocks while the downstream portion consists of

dumped rockfill as shown in Figure 1.1. Both sections of the dam

were sluiced with sand and fine gravel in order to increase the

mass of the dam and to reduce settlement, however, dissipation of

any excess pore pressure that may have been generated in the

event of an earthquake, would have been significantly impeded.

In the Aswan High Dam, large quantities of dumped rockfill were

sluiced with sand, as shown in Figure 1. 2, in order to avoid the

need to construct a filter blanket. The hydraulic conductivity

of the resulting sand-rockfill mixture was not significantly

different from that of the sand alone, about 3 x 10-3 cmjsec.

Thus, if excess pore pressures were generated in such structures,

during an earthquake for example, the rate of pore pressure

dissipation would be significantly reduced due to the presence of

the sand in the gravel voids.

(2) There is no substantial body of conclusive case histories

where gravels have liquefied.

It is certainly true that the abundance of case histories

involving liquefaction of sands does not exist for gravels.

There are a few noteworthy cases, however, as discussed by Harder

and Seed (1986) where liquefaction of gravels has occurred.

These cases include:

(a) The liquefaction of a gravelly-sand alluvial fan

deposit in the 1948 Fukui earthquake (Ishihara, 1985).
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(b) '!he flow slide at Valdez in an alluvial fan containing

large zones of gravelly sand and sandy gravel in the 1964 Alaska

Earthquake (Coulter and Migliaccio, 1966).

(c) '!he slide in the upstream gravelly sand shell of Shimen

Dam in the 1975 Haicheng Earthquake (Wang, 1984) shown in Figure

1.3. '!his is a 46 meter high central clay core dam with

"relatively loose" gravelly sand shells. Moments after the M 7.3

earthquake, an eyewitness reported air bubbles rising to the

surface of the reservoir over the upstream slope, thus,

indicating that an upward flow of water (and air) had occurred in

the shell material, presumably as a result of liquefaction.

Eighty minutes later, a slide scarp appeared just above the

reservoir water surface. '!he time delay between the earthquake

occurrence and the appearance of the slide scarp indicated either

that (1) a progressive slide had taken place or that (2) excess

pore pressure redistribution within the slope led to a gradual

strength reduction eventually causing a slide to occur. '!he

grain size distribution for the gravelly sand shell material is

shown in Figure 1. 4.

(d) '!he slide in the upstream sandy gravel slope protection

layer of Baihe Dam in the 1974 Tangshan Earthquake (Tamura and

Lin, 1983; Wang, 1984) shown in Figure 1.5. '!his is a 66 meter

high inclined core dam with a sandy gravel slope protection layer

having a maximum thickness of about 7.5 meters. '!he slope

protection layer shows evidence of having liquefied during the

main earthquake shock (M=7.8, rntensity=VI) causing a major slide

in the upstream slope involving 150, 000 cubic meters of material.
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Reaenoir 514e

(a) Plan

1-1

w. L. at
Earthquake

2-2

(b) Cross Sections

46m

Figure 1. 3 Slide in the Upstream Shell of the Shimen Dam 
(a) Plan View (b) Cross Section (after Wang,
1984)
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'Ibe top of the slide scarp approximately Paralleled the resel:Voir

water surface and extended as deep as the sloping clay core in

some places. Some of the slide material traveled "hundreds of

meters" upstream from the upstream toe indicating that a flow

slide had develoPed. However, the bulk of the slide material was

deposited within 70 meters of the upstream toe.

'Ibis dam was originally designed to withstand an Intensity

VIII earthquake and the results of a reevaluation before the

Tangshan Earthquake occurred had indicated that the dam was still

safe for the design earthquake level. Wang reported the

following material properties for the gravelly shell material:

Dry density = 2.11 t/m3
,

-3 -4Penneability = 10 to 10 cmjsec, and

Effective friction angle = 40°.

A grain size distribution for the sandy gravel slope protection

material is shown in Figure 1.4.

(e) 'Ibe liquefaction of gravelly soils at the Pence Ranch,

and in sloping ground causing the Whiskey springs Slide, during

the 1983 Mount Borah Earthquake (Youd, et al., 1985; Andrus, et

al., 1986). Grain size distributions for these materials are

also shown in Figure 1.4. curve (4) in this figure was obtained

from a surface sand boil deposit on the Pence Ranch. It may be

seen that particles up to one inch in diameter are present in

this material which was "washed" up to the surface from the

liquefied deposit. since only the ·finer portion of a deposit is

likely to be carried to the ground surface when liquefaction

occurs, it is reasonable to assume that coarser particles existed
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in the liquefied deposit. Grain size curves (5) and (6) show

material obtained by SPl' sarrpling (1.375" 1.D.) and Becker Drill

soundings (4.25" 1.D. ), respectively, in what was believed to be

a liquefied deposit below another nearby sand boil. Particles up

to three inches in diameter are present in this layer.

Clearly, liquefaction related failures have occurred in

gravelly soils and thus a suitable method for accurately

analyzing the liquefaction potential of these deposits must be

detennined.

(3) No field tests are currently in use to aid in detennining

the undrained, cyclic behavior of gravels or to correlate field data

with laboratory test results (such as the use of standard penetration

testing for sands) •

Until recently, it was tnIe that there was no applicable

field test for detennining the cyclic strength properties of

gravels or rockfill materials in-situ. The field density test

and static strength parameters (internal friction angle,

corrpressibility, and strength) were the only parameters which

could be detennined with reasonable accuracy to give the engineer

some infonnation for design evaluations. Beside being tedious

and requiring large scale laboratory and field equipment for

tests on coarse gravels and rockfills, these tests supply

insufficient infonnation about the undrained, cyclic behavior of

such materials.

SPl' and CPr tests are of little use when large particles,

in excess of about one inch, are present in a significant

quantity. Thus, there has been no convenient method to correlate
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the actual perfonnance of gravel deposits during earthquake

loadings with measurable in-situ gravel properties.

Recently, a new penetration test applicable for use in

gravels has been developed (Harder and Seed, 1986). A Becker

Hanuner is used to drive a large diameter closed end bit into the

deposit. Bit sizes range from 5.5 to 9.0 inches O.D. comparison

of SPI' and Becker Hanuner tests in sands show excellent agreement

when appropriately interpreted. '!his test bodes well for the

future development of a data base for liquefied gravel sites.

Once it becomes available, such data will provide a basis for

guiding engineers in the design and evaluation of gravelly sites

or earth structures.

(4) Little cyclic laboratory testing· has been performed which

would provide evidence of the liquefaction behavior of gravels.

'!his is comparatively true since cyclic laboratory testing

of coarse gravels requires large scale equipment which is

available at only a few laboratories in the world. '!he large

monetary expense required for installation and upkeep of such

equipment and its general unavailability has resulted in very

little research being done in the area of gravel liquefaction.

However, research conducted at the university of california,

Berkeley rockfill testing facility has shed some light on the

perfonnance of gravels and rockfill materials under undrained,

cyclic loading conditions (Wong, 1971; Wong et al., 1974;

Banerjee et ale , 1979) . Undrained cyclic triaxial tests

performed on 12 inch diameter gravel specimens as part of this

study have developed pore pressure ratios of 100% and have
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developed over 10% double amplitude strain during the application

of just a few cycles of loading. 'This indicates that undrained

liquefaction of gravels can occur in laboratory tests and, since

gravelly soils have liquefied in the field, must be considered in

the design of earth stru.ctures.

(5) Membrane compliance plays a significant role in inhibiting

liquefaction in undrained, cyclic triaxial tests perfonned on gravels,

yet there is currently no satisfactory method for accounting for this

phenomenon. 'Thus, the noncompliant cyclic loading resistance of

gravels is not easily determined.

Investigators who have studied membrane penetration and

compliance (see Chapter 4) have accurately explained these

phenomena and their effect on the results of various laboratory

tests. However, the magnitude of the effect on the cyclic stress

ratio causing liquefaction or on the shape of the pore pressure

development curves for undrained, cyclic tests perfonned on

gravels is not well understood.

'The purpose of the research described in this report is to

attempt to define the magnitude of the effect of membrane penetration

and compliance on the undrained cyclic loading resistance of various

gravels in order that this factor can be taken into account in

assessing the undrained strength loss which could occur in gravelly

soils.



14

CHAPTER 2

USE OF THE CYCLIC TRIAXIAL TEST IN LIQUEFACTION ANALYSIS

Earthquake-Induced Stresses

Conventional liquefaction analysis involves a comparison of (1)

the earthquake induced dynamic shear stresses in a soil deposit and (2)

the stresses required to cause liquefaction of the soils, as detennined

by laboratory or field tests (Seed and Idriss, 1971; Seed and Peacock,

1971; castro, 1975; Seed et al., 1976). Seed and Idriss (1971) used

the simplified relationship:

L ind ced ~ 0.65 x Yh/g x a x r d ;av- u max

for detennining the average induced shear stresses for leve1-ground

conditions. In this relationship:

L ind ced is the average earthquake induced shear stress;av- u

is the maximum earthquake acceleration; and

is a depth reduction factor to account for the
defonnability of the soil mass with depth.

Altematively, more sophisticated dynamic response analyses using

computer programs like SHAKE or FIDSH may be used to detennine the

earthquake-induced shear stresses.

'!he number of significant stress cycles, Nc ' to which the soil

mass can be expected to be subjected varies with the earthquake

magnitude. Representative numbers of cycles suggested by Seed and

Idriss (1982) are as follows:

Earthquake
Magnitude, M

5.25
6

Number of Significant
Stress Cycles, N~

2 - 3
5



6.75
7.5
8.5

15

10
15
26

'!he next step in the analysis is to detennine if the induced

stress level and the number of stress cycles are sufficient to cause

liquefaction of the soil mass in the field. This may be detennrned

through the use of case studies (Seed et al., 1983, 1984; Yoshbni and

Tokimatsu, 1983) or by performing laboratory tests on representative

soil samples (Seed and Idriss, 1971; Ishihara, 1985). Since laboratory

tests provide a potential basis for such evaluations for gravelly

soils, the use of cyclic load triaxial compression tests is discussed

below.

The Undrained, Cyclic Triaxial Test

Ideally, high quality, undisturbed samples from the soil layer of

interest or representative samples of deposits or fills should be

obtained for cyclic testing. SPeCimens may also be reconstituted in

the laboratory, although such SPeCimens may not appropriately represent

the actual condition of the deposit in the field (Seed and Peacock,

1971; Mulilis et al., 1975, 1977; Mori et al., 1977; Singh et al.,

1979) . Having obtained appropriate samples, the samples are installed

in the triaxial cell and subjected to lateral and axial stresses

representative of the effective stresses which exist in-situ, as shown

in Figure 2.1. The consolidated sample is then subjected to a cyclic

deviator stress, ad' under undrained loading conditions, until the

sample liquefies. Typically, several test SPeCimens are subjected to

various cyclic stress levels in order to define a relationship between
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STRESS SPACE

(J. = (J.-u
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(b)
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@
SOIL ELEMENT

(0 )

•

p

q a 1/2<OV- cTh)

P • 1/2(cTV+ <Yh)

....

EFFECTIVE STRESSES

Figure 2.1 Illustration of the state of stress in a Soil
Element - (a) in the Ground and (b) in the
Triaxial Test (after the Committee on
Earthquake Engineering, 1985)
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cyclic stress ratio, °ci203C' and number of cycles required to cause

liquefaction, N~.

A typical relationship detennined by laboratory tests performed

on sand specimens is shown in Figure 2.2. The use of such results to

evaluate the liquefaction potential of a granular soil deposit is

discussed in the following sections.

Sand Deposits

Suppose that the critical zone of a sand deposit, in tenus of

liquefaction potential, extends from a depth of about 15 to 25 feet

below the ground surface as shown in Figure 2.3.

Given the following Parallleters:

Earthquake Magnitude = 6.5,

N = 10
c '

amax = 0.16 g,

Y = 115 pef, and
d

K = 0.4;o

analysis may be performed for the conditions at a representative depth

of 20 feet below the ground surface.

At this depth, ° ~ 20 x 115 = 2300 psf,o

o ,~ 4 x 115 + 16 x 52.5 = 1300 psf,
o

r
d

~ 0.95,

and the earthquake induced cyclic stress ratio is;

Lav"00' ~ 0.65 x ammlg x 0cloo' x r d ;

~ 0.65 x 0.16 x 2300/1300 x 0.95

~ 0.175.
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Figure 2.3 Soil Profile and Grain size Distributions for
Liquefaction Illustration
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Thus, soil elements at this depth can be expected to be subjected

to about 10 cycles of stress at an average cyclic stress ratio of about

0.18.

Suppose that a cyclic laboratory test program has been performed

on representative samples from the sand deposit under investigation and

the relationship shown in Figure 2.2 was detennined. These results

show that a stress ratio of 0.40 is required to cause liquefaction in

10 stress cycles in the cyclic triaxial test. This value of stress

ratio must be corrected to account for intperfect modeling of the in-

situ stress conditions in the triaxial test as shown in Figure 2.4.

Seed (1979) and DeAlba et al. (1976), proposed using the following

relationship to account for the difference in the laboratory and field

stress conditions.

[Trl°V'] t-field ~

where, Cr ~ 0.57

C x [ad /20 ]n tr' '1'r cfax,- laxla

for Ko = 0.4,

and Cr ~ 0.9 to 1 for Ko = 1.

Thus the stress ratio which can be exPeCted to cause liquefaction

in the field can be calculated as follows:

Trl0v' ~ 0.57 x 0.40 ~ 0.23.

This value is greater than that expected to occur in the field.

Thus it may be concluded that the deposit is safe against liquefaction

for the design earthquake, with a stress ratio factor of safety of

0.23/0.17 = 1.35.

Gravel Deposits

In order to explore how a gravel deposit might behave in a

similar study, let us assume that all of the infonnation used for the
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sand deposit analysis also applies for the gravel deposit, as shown in

Figure 2.3. Since the geometry of the site, the earthquake parameters,

and the soil properties are all unchanged (except for the grain size

distribution), the expected earthquake induced cyclic stress ratio is

again about 0.18.

laboratory sPeCimens may have been obtained either by freezing a

sample of the soil deposit in-situ and thawing it after it had been

trimmed and installed in the triaxial chamber (Singh et al., 1982), or

by reconstituting samples in the laboratory. '!he latter method

requires that considerable judgment be exercised in order to accurately

model the characteristics of the in-situ soil deposit which influence

its cyclic loading resistance. 'Ihese characteristics have been

identified as relative density, Particle structure, cementation that

develops with age, and the seismic history of the deposit (Seed et al.,

1975, 1977). scalping or modeling techniques (Donaghe and Townsend,

1976; Siddiqi 1984) may be used to reduce the required size of the

triaxial sPeCimen in some cases. othe:rwise, a 12 inch diameter

sPeCimen would probably be required in order to maintain a ratio of

sPeCimen diameter to maximum Particle size of at least six for well

graded soils and up to eight for unifonn soils (Holtz and Gibbs, 1956;

leslie, 1963).

let us assume, however, that suitable gravel specimens were

obtained or properly reconstituted, tested in the laboratory, and that

the relationship between cyclic stress ratio and number of cycles to

liquefaction shown previously in Figure 2.2 was again detennined.

since the gravel deposit was found to have the same earthquake-induced

stresses, the same expected number of earthquake stress cycles, and
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the same lal:x:>ratory-detenni.ned. cyclic loading resistance as the sand

deposit, it might well be considered reasonable to conclude that the

gravel deposit is also safe against liquefaction. However, this

conclusion fails to consider the effect of membrane compliance on the

triaxial test results.

Membrane compliance artificially inhibits excess pore pressure

development in an undrained triaxial test as will be discussed. in the

following chapter. It is a phenomenon that occurs only in laboratory

tests and it leads to erroneously higher values of the cyclic stress

ratio required. to cause liquefaction in a given number of cycles than

would actually be required. in the field. Thus, it leads to an

unconservative assessment of the cyclic strength of the deposit unless

a correction is made.

Application of a membrane compliance correction factor, Cm'

(where Cm ~ 1) to the results of the triaxial tests would result in a

more accurate assessment of the true in-situ cyclic strength of the

gravel deposit. However, there is little basis for assessing the

magnitude of the required. correction factor. Values of C
m

ranging from

1. 0 to about 0.60 have been proposed.. If it is assumed that C =1. 0,m

then it would be concluded. that the gravel deposit will not liquefy

during the design earthquake. On the other hand, a membrane compliance

correction factor of, Cm=O. 65, would lead to a value of cyclic loading

resistance equal to 0.57 x (0.65 x 0.40) ~ 0.15 and thus the value of

the shear stress ratio which will cause liquefaction in the field is

less than the shear stress ratio which is expected. to be induced by the

design earthquake. Consequently, the gravel deposit would be expected.
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to liquefy if the design earthquake occurs, with a stress ratio factor

of safety of 0.15/0.18 = 0.83.

This example clearly shows that quantification of the magnitude

of the membrane compliance correction factor, C , to be applied to the
m

results of cyclic triaxial tests on gravels, is an i.np::>rtant step in

assessing the liquefaction potential of gravelly sites and earth

structures. The issue of membrane compliance will be discussed in more

detail in the next chapter and a method for assessing the magnitude of

a membrane compliance correction factor will be presented and explored

later in this report.
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CHAPTER 3

MEMBRANE PENETRATION AND COMPLIANCE IN THE TRIAXIAL TEST

Introduction

The terms "membrane penetration" and "membrane compliance" are

often used interchangeably yet they have different causes and effects

on triaxial test results. Membrane penetration into peripheral sample

voids occurs during an increase in confining pressure in a drained

test. The only effect of this phenomenon is to cause volume change

measurements to be greater than would othexwise occur. Membrane

penetration has no effect on the drained test strength parameters,

unless area and other corrections are made using the inaccurate volume

change data. Membrane compliance, on the other hand, results from a

change in the effective confining pressure during an undrained test.

The effect in this case is to inhibit pore pressure changes (increases

or decreases) that would have occurred in a noncompliant system. Both

of these phenomena are discussed in more detail in the following pages.

Membrane Penetration

Membrane penetration is the intrusion of the confining membrane

into the peripheral voids of a test specllnen; it is caused by a

deformation of the membrane due to increased confining pressure in a

drained system as shown in Figure 3.1. This is a reversible process

and both directions (penetration or rebound) affect only volume change

measurements during drained loading or unloading in the horizontal,

typically minor principle stress, direction. Axial loading or

unloading will not significantly affect membrane penetration. This
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Peripheral
Voids

Interior
Voids

Rubber
Confining
Membrane

Figure 3.1

End Cap

Illustration of Triaxial Specimen Peripheral
Voids (shaded) and Interior Void
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process of membrane penetration or rebound has no direct effect on any

static or dynamic parameter measurement other than volmne change.

However, membrane penetration can, in some cases, lead to the more

serious problem of membrane compliance.

When a triaxial specimen is set up for testing, the membrane is

initially stretched flat over the surface of the specimen, bridging the

peripheral sample voids before any initial effective confining pressure

is applied as shown in Figure 3.2. As the effective confining pressure

is increased, the membrane will penetrate into these voids. Additional

penetration occurs with each subsequent effective pressure increase

until no more penetration is possible and the ultimate membrane

penetration occurs.

The degree of penetration that occurs at any time is a function

of the effective confining pressure, the membrane thickness and

modulus, and the peripheral pore sizes. For any given test specimen,

the membrane parameters and specimen void sizes are essentially fixed

so that the only variable during a test may be the effective confining

pressure. Thus, the amount of membrane penetration that occurs is

uniquely related to the effective confining pressure for a given set of

test constraints. In fact, it is the only quantity that detennines the

amount of membrane penetration that occurs. When confining pressure is

applied to a specimen that is susceptible to membrane penetration,

stresses are built-up and stored in the membrane with each increase in

confining pressure. A portion of the stored energy is released when

the effective confining pressure is reduced. It is this stored energy

that causes the membrane to rebound when the effective confining

pressure is reduced. This behavior becomes quite significant when
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dealing with membrane compliance in undrained tests and. will be

discussed in the following section.

Membrane penetration can only occur when the peripheral voids are

sufficiently large with respect to the thiclmess of the confining

membrane. Fine grained soils, such as very fine sands, silts, and

clays are not susceptible to membrane penetration when typical

thiclmess membranes, about 0.3 nun, are used. Kiekbusch and. Schuppener

(1977) did measure some volume change due to membrane penetration in

consolidation-type tests on silts using a rubber membrane on the upper

loading surface. However, it is doubtful that such minute volume

changes would have any practical effect on the results of triaxial

tests. Consequently, it is only the coarser grained soils that

experience significant membrane penetration effects.

Membrane penetration may only occur during a drained triaxial

test when the effective confining pressure changes. '!he resulting

volume changes have approximately the same value for both loading and

unloading; thus, positive volume changes (contraction) due to increased

effective confining pressure and. increased membrane penetration will be

approxilnately equal in magnitUde to negative volume changes (expansion)

due to reduced effective confining pressure and decreased membrane

penetration.

'!he effect of membrane penetration is to exaggerate volume

changes. Thlring consolidation, volume changes are measured due to the

combination of skeletal contraction as well as membrane penetration

into the sanple voids. '!he amount of volumetric strain due to membrane

penetration, E: ,
vm

may be estilnated by first calculating the true
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skeletal voltnnetric strain, e: vs' and subtracting it from the total

measured voltnnetric strain, e:vt:

i.e. E: =E:
vt

-E: •
vm vs

Skeletal volumetric strain can be detennined by assuming that the

specimen consolidates isotropically so that volumetric strain equals

three times the measured axial strain, e: a' as originally suggested by

Newland and Allely (1957):

E: =3E:.vs a

However, El-Sohby and Andrawes (1972) suggested that a better estimate

may be obtained by using the above fonnula along with volumetric

rebound curves rather than consolidation curves for most granular

soils. Alternatively, a more precise detennination can be made by

measuring both axial and radial defomations with the use of girth

gages (Banerjee et al., 1979) or some other appropriate measuring

system.

Consolidated sample areas and volumes should be detennined using

values corrected for membrane penetration esPecially for medium to

coarse sands and gravels. The author conducted isotropic triaxial

consolidation tests on 2.8 inch diameter sPecimens of loose, clean,

uniform fine gravel, D50=6.5 nun, using one ordinary membrane. The

amount of volumetric strain that occurred due to membrane penetration

in these tests was about 25 times the value attributable to skeletal

contraction alone as is presented in Chapter 9. Isotropic rebound of

these same samples produced a similar result.

Extended Periods under sustained loads produces a small amount of

temporary plastic defomation in the rubber membrane. The amount of

volume change due to this effect is not recoverable in a short period
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of time. Consequently, total volumetric strain calculated from

consolidation curves will be greater than that calculated from rebound

curves for the same change in confining pressure, eSPeCially as the

pericxl of time under sustained. loading is increased. This effect is

Particularly pronounced when systems of multiple membranes are used as

will be discussed in more detail in Chapter 9.

The same properties of rubber membranes that make them desirable

for testing purposes (Le., thin, elastic, and low modulus of

elasticity), also make them more susceptible to membrane Penetration.

A thicker, stiffer material would Penetrate less into Peripheral voids

under the same confining pressure and a plastic material would not

rebound after Penetration had occurred.. However, such materials would

intrcxluce very large errors in the measured strength of the test

sPeCllnen and thus would be undesirable.

Membrane Penetration, in and of itself, is not generally a

problem but it can lead to other complications that are associated with

a change in the degree of membrane Penetration that might occur during

undrained testing. This is what is known as "membrane compliance".

Membrane Comp1iance

Membrane compliance is a phenomenon involving a change in the

degree of membrane Penetration which occurs because of a change in the

effective confining pressure that is due to a volume change tendency of

the soil mass during undrained shear loading (cyclic or monotonic).

This is also a reversible process but it affects pore pressure values

and thus static or dynamic strength parameters. Membrane compliance

tends to inhibit the nomal development of conditions which would
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otherwise have occurred in a noncompliant system. A contractive soil

under undrained, static shear loading, for example, would develop

reduced excess pore pressure and thus appear stronger than would be the

case in a noncompliant system. A dilative soil, on the other hand,

would experience less of a pore pressure reduction and thus appear

weaker than would othe:rwise be the case. 'Iherefore, membrane

compliance leads to an unconservative strength assessment in soil that

loses strength, and an overconservative strength assessment in a soil

that gains strength during shear loading.

It is important to note that while some granular soils may dilate

and gain strength during undrained, monotonic loading, the same soils

may contract and lose strength if subjected to a sufficiently high

level of undrained, cyclic loading as shown in Figure 3.3. 'rhus,

membrane compliance effects may result in either overestimation or

underestimation of undrained strengths as determined from monotonic

loading conditions. However, membrane compliance effects will

invariably result in an overconservative assessment of the undrained,

cyclic loading resistance. Table 3.1 sl.lJlU11arizes the effects of

membrane compliance on soils at different initial test states.

Membrane compliance causes erroneous pore pressure changes

because it pennits the specimen pore fluid to redistribute during

undrained testing. In order to better understand how membrane

compliance affects pore pressure changes, it is first necessary to

examine the process by which cyclic loading can reduce the strength of

a granular soil in a saturated, undrained, noncompliant system. 'Ihis

loading may be due to earthquakes, blasting, construction vibrations,

or loading in laboratory testing apparatus.
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Table 3.1 SUMMARY OF MEMBRANE COMPLIANCE EFFECTS

Noncompliant system

Conditions:
1) contractive Soil 2) critical e 3) Dilative Soil

u increases u constant u decreases

°3
, decreases °3

, constant o' increases
3. strength loss . strength con- . strength gain.. .. ..

during shear stant during during shear
shear

Compliant system

Conditions:
1) contractive Soil 2) critical e 3) Dilative Soil

u increases but u constant u decreases but
not as much not as much
as above as above

° ' decreases but ° ' constant ° ' increases but
3 not as much 3 3 not as much

as above as above

. strength loss . strength con- . strength gain.. .. ..
during shear stant during during shear
but not as shear but not as
much as above much as above

Result of Membrane Compliance':

strength loss is
inhibited- leads to
an unconservative,
high assessment of
the in-situ (non
compliant) strength

no effect strength gain is
inhibited- leads to
an overconservative,
low assessment of
the in-situ (non
compliant) strength

Note: Cyclic loading will typically result in a contractive condition
as described earlier in this chapter,; Monotonic loading, on the
other hand, may result in any of the three conditions described
above depending on the soil state and the test conditions.
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When a soil element is subjected to cyclic loading under a

constant total confining pressure, stresses at grain contacts are

increased to a level al::xJve the previous static condition. This

increased stress, if sufficiently high, can cause Particle breakage at

grain contacts together with Particle rearrangement due to sliding or

rotation. As a few Particles are moved from their previous stable

arrangement, stresses are further increased on nearby Particle contacts

causing additional crushing, translation, or rotation. As this process

progresses, the Particles no longer fonn a stable, continuous structure

and the new structure is not strong enough to support the applied

confining pressure. If the SPeCimen were drained, the grain structure

would contract until it became stable and continuous once again.

However, if it can not contract because the system is undrained, the

excess confining pressure that the soil structure can no longer support

is transferred to the pore fluid phase of the SPeCimen thus increasing

the pore pressure. Transfer of some portion of the confining pressure

to the pore fluid phase will unload the solid Particle phase and tend

to cause it to rebound elastically. Again, since the system is

undrained, the Particle structure can not expand but this tendency to

expand will result in a decrease in the pore water pressure. The

initial increase in pore pressure due to grain shifting and the

subsequent decrease in pore pressure due to elastic rebound hapPen

simultaneously and result in a net pore pressure increase.

At the start of each new load cycle, the effective confining

pressure is lower than at the start of the previous cycle. If the

cyclic loading is continued, the process of grain rearrangement and

pore pressure build-up will also continue until the effective confining
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pressure is reduced to zero (initial liquefaction) and/or large strains

develop in the sample.

Membrane compliance affects this process of pore pressure build

up in the following way. As the pore pressure increases (due to

particles shifting) the effective pressure is reduced, thus unloading

the membrane and causing it to relax and move out of the void space as

shown in Figure 3.4. It is the effective confining pressure across the

membrane which causes the membrane to penetrate into the peripheral

voids. When the value of effective confining pressure is reduced,

energy stored in the membrane during distortion will be released and

this will result in a tendency for the membrane to relax and move out

of the void space. As this occurs, water migrates to the zones

previously occupied by the penetrated membrane. since no volume change

can occur within the membrane, the outward flow of pore water from the

interior sample void spaces to the peripheral void spaces must be

accompanied by a consolidation of the grain structure. '!he amount of

structural volume change that occurs is equal to the sum of all the

recoverable membrane penetration volume over the range of effective

confining pressure experienced as shown in Figure 3.5. '!he drainage of

interior voids causes a structural volume change resulting in

consolidation of the specimen. '!he combined effect of reduced pore

pressure build up and effective consolidation of the grain structure is

to indicate a higher undrained cyclic strength than truly exists in a

noncompliant system.

Many investigators seem to have been confused by the

redistribution of pore fluid and have incorrectly concluded that

membrane compliance causes a volume change within the system. This is
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(a) stress condition just before
cyclic loading - tensile stresses
are stored in the membrane

(b) Excess pore pressure development
as a result of cyclic loading -
a3 I is reduced and stored stresses
are released as membrane rebounds.

pore
fluid
migration

(c) Pore fluid is drawn to membrane
penetration site as membrane
rebounds I causing partial drainage
of the interior voids

(d) Pore fluid redistribution from
interior to peripheral voids causes
consolidation of the grain structure
to balance migration of fluid mass.

Figure 3.4 Membrane compliance Effects Resulting in Partial
Drainage of the Interior voids During Undrained,
cyclic Triaxial Loading



-~--

38

.
~"
.~

Expanded View t
Shown Below

Initial Particle Position

.. :.;:'/.~

:;·,,:·:"4:~': '--- Final Particle Position
!:

Initial Membrane Position

Final Membrane Position
(VJhen u=o3C)

Where: E. ~V . =
1 pl

Figure 3.5

Total Volumetric Compression of the
Particle Structure,

= Total Volume of Redistributed Pore Fluid
Due to Membrane Compliance.

Illustration of Particle Structure compression
and Pore Fluid Redistribution Caused by Membrane
Compliance



39

not possible from a purely physical point of view. No volume change

can occur within the sealed system bounded by the confining membrane

and the end platens. A saturated (8=100%) triaxial soil specimen is

composed of soil grains foming a continuous Particulate structure with

the void space filled with water. The top and bottom ends of the

specimen are confined by end caps and a thin :rubber membrane envelopes

the sides of the specimen and it is sealed at the end caps. The

material confined within the membrane and end caps (soil Particles and

water) is essentially incompressible over a typical range of confining

pressure. Thus, no change in volume can occur within the confines of

the end caps and the confining membrane, and stress redistribution must

occur in order to comply with this constraint.
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CHAPl'ER 4

REVIEW OF PREVIOUS INVESTIGATIONS INTO MEMBRANE PENETRATION
AND MEMBRANE COMPLIANCE EFFECTS

Introduction

OVer the last 30 years, many investigators have explored the

phenomena known as membrane penetration and membrane compliance and

attempted to account for their effects on triaxial test results. A

great many experimental and theoretical corrections for these phenomena

have been developed and used with varying degrees of success. 'Ihis

chapter provides a review of most of the studies related to these

subjects. A list of the previous investigators is presented in Table

4.1.

Review of Previous Investigations

Newland and Allely (1957)

'Ihe effects of membrane penetration on the results of triaxial

compression tests were first noted by Newland and Allely in 1957. 'Ihey

performed axial load tests on specimens of lead shot to detennine if

the difference between peak and residual strength could be accounted

for by the energy required to cause volumetric expansion during shear.

During the course of the testing program, they noted that the membrane

was in contact only with the outer edges of the particles comprising

the sample and that the membrane spanned across the voids between

particles. 'Ihey called this phenomenon "membrane misfit". 'Ihey also

noted that during various stages of shear and hydrostatic compression,

the membrane would penetrate into the peripheral voids to varying

degrees. During reloading, small strains would result in a sudden
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LIST OF PREVIOUS INVESTIGATORS OF MEMBRANE
PENETRATION AND MEMBRANE COMPLIANCE EFFECTS

Investigator(s)

Newland and Allely
Newland and Allely
Roscoe, Schofield and

Thurairajah
El-Sohby
Holubec
steinbach
Chan
El-Sohby and Andrawes
Pickering
Frydman, Zeitlen and Alpan
Raju and Sadasivan
Wong, Seed and Chan
DeAlba, Chan and Seed
Lade and Hernandez
Kiekbusch and Schuppener
Martin, Finn and Seed
Chan
Banerjee
Raju and Venkataramana
Ramana and Raju
Chan
Ramana and Raju
Wu and Chang
Baldi and Nova
Torres
Vaid and Negussey

1957
1959

1963
1964
1966
1967
1972
1972
1973
1973
1974
1975
1975
1977
1977
1978
1978
1979
1980
1981
1982
1982
1982
1983
1983
1984
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volume expansion due to frictional release of the membrane. They

concluded that this alternate penetration and expansion of the membrane

could result in erroneous volume change measurements, and thus they

attempted to quantify this effect. Hydrostatic compression tests were

performed in which axial defonnation and total volumetric defonnation,

(Vt ), were measured. Newland. and Allely assumed that the sample would

defonn isotropically so that:

E: volumetric = 3 E: axial'

and from this equation, the volumetric strain due to membrane

penetration, (E:vm), could be computed as

E: vm = E: vt - E: vs

where E:vt = total volumetric strain, and

E: vs = skeletal volumetric strain.

Newland and Allely (1959)

Newland and Allely continued their investigations of membrane

penetration effects by perfonning "simulated" undrained triaxial

compression tests. In these tests, constant pore volume was maintained

by adjusting the cell pressure as required thereby simulating an

undrained condition. They noted that the amount of membrane

penetration increased with increasing effective confining pressure.

Thus as the skeleton expands, membrane penetration increases along with

increasing effective confining pressure as shown in Figure 4.1. A plot

of the change in volume attributed to membrane penetration versus

effective confining pressure was generated as shown in Figure 4.2. The

effect of the membrane penetration, they observed, is to considerably

reduce the value of effective confining pressure at failure. They
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Figure 4.1 Increased Membrane Penetration with Increasing
Effective Pressure (after Newland and Allely,
1959)
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Figure 4.2 Volume Changes Due to a Change in Effective
Pressure (after Newland and Allely, 1959)
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concluded that this effect could be reduced by (1) using thicker

membranes and (2) testing samples with larger dimensions.

These early studies by Newland and Allely provided an accurate

assessment of the phenomenon known as membrane Penetration. Their work

laid the groundwork for future investigations into this subject.

Roscoe, Schofield and Thurairajah (1963)

Roscoe, Schofield and Thurairajah introduced the dunnny rod method

for quantifying volumetric strains due to membrane Penetration. In

this method, several triaxial test specimens of sand, 3 _inches high by

1-1/2 inches in diameter, were constructed, each with a full height

cylindrical brass rod placed coaxially within it. Rod diameters varied

from 1/4 inch to 1-3/8 inches.. It was assumed that the volumetric

strain due to membrane Penetration would be the same for all tests.

However, the total volumetric strain, caused by soil skeleton

compression and membrane Penetration, would decrease with increasing

rod diameter and. decreasing soil volume. Thus, extrapolation to a rod

diameter equal to the sample diameter, or zero soil volume, would

indicate the value of volume change attributable only to membrane

Penetration. Figure 4.3 shows a typical plot generated for a constant

soil state and. an increase in cell pressure from 5 psi to 100 psi for

several dtmnny rod diameters. Extrapolation to the specimen diameter of

1-1/2 inches in this figure, indicates a value of membrane penetration

volume change equal to 0.92 cc. Assuming that a specimen height to

diameter ratio of 2.5 exists, this value of membrane Penetration volume

change represents a volumetric strain of about 0.9%. It may be seen

from Figure 4.3 that the value of volume change due to membrane

penetration accounts for about 65% of the total measured volume change
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in specimens where no durmny rod was used. These results were obtained

from tests performed on sand specimens. It would be expected that the

effect of membrane penetration on the results of similar studies

performed on gravelly soil specimens might be much greater.

Roscoe et al. (1963) also further investigated the method of

isotropic compression introduced by Newland and Allely. In these

studies, the sample was again assmned to defonn isotropically so that

volumetric strains were computed as three times the axial strain, and

tests were performed on specimens of rounded leighton Buzzard Sand at

relative densities of 43% and 100%. The tests were rePeated for

membrane thicknesses of 0.02, 0.01, and 0.005 inches and the total

measured volumetric strain was found to be about 5 times that of the

skeleton strain alone. For all membrane thicknesses, however, the

volume changes due to membrane penetration were within ±5% of the mean

indicating that membrane thickness may not be as significant as

suggested by Newland and Allely.

Both methods I the durmny-rod and the isotropic consolidation

methods, were used to evaluate the volume changes due to membrane

penetration for specimens constructed of unifonn glass beads (D50=1

rom) I and good agreement was found between the two sets of results.

However, it was concluded that the second method, which assumes

isotropic defonnation, probably provided the better results since the

brass rods may interfere with the Particle structure. comparison of

the results obtained by these two methods are shown in Figure 4.4.

Note that Roscoe et al. used the word "sleeve" for what is commonly

referred to as a "membrane".
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E1-Sohby (1964)

El-Sohby suggested that sand samples may not deform isotropically

even when subjected to isotropic stresses and, for this reason, he

thought that the Roscoe et al. durrany rod method may be a more reliable

way of detennining membrane penetration volume changes.

Ho1ubec (1966)

Holubec also suggested that sand specimens may strain

anisotropically and thus true skeletal strains should be determined by

measuring both axial and radial defonnations.

steinbach (1967)

Steinbach perfo:rmed tests on 18 different gradations of sands

with various mean particle sizes. He assumed that the specimens would

deform isotropically under hydrostatic consolidation so that soil

skeleton volumetric strain could be detennined by measuring the axial

strain only. Membrane penetration was detennined by subtracting

skeletal volumetric strain from the measured total volumetric strain.

He found that the membrane penetration effect for well graded soils was

similar to that for uniform soils with the same mean grain diameter,

and he proposed a relationship expressing volume change due to membrane

penetration in terms of D50 . However, this study was conducted only on

sands and thus it is not readily apparent that the proposed

relationship based on D50 will also apply to gravelly soils.

Chan (1972)

Chan developed a special membrane for testing rockfill at high

confining pressures, as shown in Figure 4.5. During this

investigation, he experimented with covering the surface of the sample



Figure 4.5

48

SJain/~ss SJ~~J Band

36"Oio.
x90" hI.

Special Membrane Developed for Testing
Rockfills (after Chan, 1972)



49

with square plates of high density polyethylene to prevent membrane

rupture. This procedure would also be useful for reducing membrane

penetration, since the plates would bridge over the surface

interstices. However, the plates defonned plastically over the surface

irregularities of the sample when significant confining pressures were

applied, thus fonning a stiff, rigid shell for which substantial stress

corrections would be required.

El-Sohby and Andrawes (1972)

EI-Sohby and Andrawes perfonned hydrostatic compression tests on

loose and dense sand specimens. They divided the specimen deformation

into elastic (recoverable) and sliding (non-recoverable) components.

For dense sands, they found that most of the deformation was elastic

and the material behaved isotropically as shown in Figures 4.6 & 4.7

respectively. For loose samples, on the other hand, the sliding

component of deformation was much larger, resulting in values of radial

strains which were significantly larger than those for axial strains.

Thus, it was concluded that loose sands could not be assumed to behave

isotropically.

Pickering (1973)

Pickering considered the problem of membrane penetration (and

system compliance) in cyclic simple shear tests on saturated sands. He

proposed the use of the equivalent drained constant-volume liquefaction

test to overcome system compliance problems associated with undrained

tests. In this procedure, dry sand samples are kept at constant volume

by locking the vertical load ram in place to maintain constant height.

Reductions in the values of vertical stress which occur during loading

reflect the reductions in vertical effective pressure that would occur
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due to a pore pressure increase in undrained tests Perfonned on

saturated samples. Cornparative studies between the results from

typical undrained cyclic simple shear tests and Pickering's modified

equivalent drained cyclic simple shear test yielded a compliance

reduction factor value, ~, of about 25% in order to model the results

expected from true, noncompliant test systems. '!hat is, the results

from cyclic simple shear tests Perfonned in compliant systems should be

reduced by about 25%. '!his study introduced the first attempt to move

beyond simply understanding the problem of membrane compliance and to

quantify the effect of membrane compliance on the results of undrained,

cyclic load tests.

Frydman, Zeitlen and Alpan (1973)

Ftydrnan, Zeitlen and AlPan noted that volume change measurements

may be made on water entering or leaving either the sample or the

triaxial chamber, provided that corrections are made for expansion of

the chamber due to an increase in confining pressure. '!hese

investigators reviewed previous studies and concluded that Particle

size was the major factor influencing membrane penetration effects for

a given change in cell pressure. Particle shape, size distribution and

sample density were thought to have only minor effects. Hydrostatic

compression tests were perfonned on specimens composed of three

different sizes of unifonnly graded glass beads. Both loose and dense

packings of full specimens and hollow cylindrical specimens were

tested. Test results for material A, for which D50=0.18 nun, are shown

in Figure 4.8. '!he hollow cylinder apparatus used in this stUdy was

based on a design by Proctor, shown in Figure 4.9, for which, instead

of a metal cylindrical inclusion, a cylindrical cavity was fonned
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within the specimen, with a separate membrane, so that it could be

pressurized to the same pressure as that in the cell.

Tests were perfonned on full samples (no hollow space) and

samples with two different size hollow cylinders. '!he test results

were plotted in terms of /'NjV versus A IV where V = initial sampleo m -0 0

volume and Am = membrane surface area. The resulting linear plot

intercepted the ordinate at the true volumetric strain with a slope

equal to the membrane penetration volume per unit area, as shown in

Figure 4.10.

Plots of unit membrane penetration I:.VrlPm versus ICXJ chamber

pressure showed that there was little difference in membrane

penetration effects for cycles of either loading or unloading or for

dense or loose packings. The greatest differences arose from the three

different materials (based on the mean grain diameter) used in the

study, as shown in Figure 4.11.

A numerical relationship between the slope of the membrane

penetration curve, S, and the particle size diameter, d (notation used

by Frydman et ale for DSO) , was developed from the results of this

study and the work of others. The resulting relationship, shown in

Figure 4.12, is expressed by the equation:

S = 0.014 ICXJ d - 0.001

This equation is applicable for standard thickness latex rubber

membranes, about 0.03 centimeters thick, as used by Frydman et ale

This study established that particle diameter does indeed

contribute more significantly to membrane penetration than does the

state of the specimen. An equation is suggested for computing the

slope of the tmit membrane penetration curve for a range of grain
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However, it has not been determined whether this proposed

relationship is applicable to specimens composed of gravel-size

particles. Furthennore, the effect of the membrane Penetration volume

change on the results of triaxial compression tests still remains to be

determined.

Raju and Sadasivan (1974)

Raju and Sadasivan identified four major factors controlling the

effect of membrane Penetration volume changes: (1) the change in

effective confining pressure, (2) the specimen pore characteristics at

the soil/membrane interface, (3) the dimensions and characteristics of

the membrane and (4) the surface area of the soil/membrane interface.

These investigators suggested two areas in which the dummy rod method

proposed by Roscoe et ale could be improved. First, the use of a

flep{ible, annular top cap was proposed in order to induce a more

unifoDn, isotropic stress state in the sample. Second, a nonlinear

relationship was proposed to exist between the total volume change and

the rod diameter as opposed to the linear relationship between these

Parameters proposed by Roscoe et al. Raju and Sadasivan noted that the

volume compressibility of the soil is independent of the dummy rod

diameter and used this infonnation to illustrate the nonlinear

relationship between total volume change, fj, Vt' and dummy rod diameter,

d, so that:

therefore,

fj,Vt = fj,Vm + fj,Vs

= fj,V + £ X Vm vs 0

= fj,Vm + £vs[ (7TD
2
h/4) - (7fd

2
h/4)]

= fj,Vm + £vs (D
2

- d
2

) x 'lTh/4

2fj,Vt=A-Bxd.
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2
A =!':.V + £ ('rrD hj4) ,m vs

B = £vs (nhj4) ,

m = membrane,

s = soil skeleton,

D = sample diameter.

A linear relationship was found to exist, however, between the

total measured volume change and the volume of the soil specimen (or

rod volume) as shown in Figure 4.13. Note the break in the curves that

occurs for specimens with rigid top caps between specimens with and

without dummy rod inclusions. There is no corresponding break in the

data curves generated for specimens with flexible top caps indicating

that the rigid top caps interfere with isotropic compression of the

specimen in tests with dummy rod inclusions. Comparison of volume

change measurements for samples having full rigid and flexible annular

top caps as shown in Figure 4.14, indicates that rigid caps yielded

lower volume change measurements and thus result in membrane

penetration volume changes that were as much as 30% higher than those

for tests in which flexible top caps were used. Thus, using flexible

top caps may result in a more accurate assessment of the membrane

penetration volume changes which occur in isotropic compression tests

when employing the dummy rod method.

Wong, Seed and Chan (1975)

Wong, Seed and Chan perfonned cyclic loading tests on 2.8 inch

and 12 inch diameter samples of Monterey Sand to investigate the

effect of sample size on cyclic stress ratios causing soil

liquefaction. Figure 4.15 shows that the cyclic deviator stresses

required to cause initial liquefaction in any given number of cycles is
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about 10% lower for the 12 inch diameter sanples than for the 2.8 inch

diameter samples. This difference was attributed largely to the

decreasing effect of membrane penetration as sample size increases.

Pore pressures built up faster in SPeCimens with reduced membrane

compliance and thus, a condition of initial liquefaction (ru~100%) was

reached in fewer cycles for a given applied cyclic stress ratio. In 12

inch diameter cyclic tests perfonned on a well-graded gravelly soil

from the Oroville Dam, these investigators elected to use a thick

membrane in order to minimize the effects of membrane compliance. It

may be recalled that Newland and Allely (1959) originally suggested the

use of (1) thicker membranes and (2) larger specimens to reduce the

effects of membrane Penetration and corrpliance. However I Roscoe et al.

(1963) had concluded from their study that membrane thickness was not a

significant factor in controlling membrane Penetration volume changes.

Thus, the potential effects of membrane thickness on membrane

penetration has not been clearly established .

DeAlba, Chan and Seed (1975)

DeAlba, Chan and Seed developed a membrane compliance correction

based on an analytical model of soil behavior proposed by Martin et al.

(1975). '!his model is based on the relationship between the volume

change of my sand subjected to cyclic shear stress and the increase in

pore pressure of an equivalent saturated, undrained sand under the same

stress conditions. It involves the use of relationships between shear

modulus, G, and sample volumetric strain decrement, e: vd' and shear

strain, Y, developed from exper:ilnents perfonned on SPeCllnens of

equivalent my or drained soil. The liquefaction model operates as

shown in Figure 4.16, by perfonning the following steps in each cycle:
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(1) For a known applied shear stress, l, nonnal effective stress

at the end of the previous cycle, 0 I , and total accumulated volumeno

change up to the previous cycle, Evd, the value of shear strain, y, for

the cycle is determined as shown in Figure 4.16(a).

(2) For the value of y, obtained from step (1), and for the known

value of Evd' the incremental volume change for that cycle, tJ.E vd' is

obtained from Figure 4.16(b) and added to the previous value of EVd to

obtain E'vd.

(3) For the value of E'vd obtained from step (2), the value of

stress release due to unloading, tJ.U == tJ. 0 " is obtained from Figure
n

4.16(c) and a new value of nonnal effective stress is calculated:

(J , = (J , - tJ.o' •
nf no n

This value is then used in step (1) of the next cycle. step (3) is

where additional volume change due to compliance may be introduced,

using modified rebound cm:ves that include both material rebound and

system conpliance (after DeAlba et al., 1975).

Pore pressure increases, tJ.U, in a saturated, undrained system may

be detennined based on the volume decrease of an equivalent dry soil,

tJ.E:vd' subjected to the same stress conditions such that:

tJ.U = tJ.Evd![ljkr + l/kmJ

where, k represents the rebound modulus of the material for the
r appropriate stress level and boundaJ::y conclitions,

and k is the gradient of volume change due to membrane penetration
m for the testing system.

This procedure was first used to detennine how accurately the

model predicted the results of undrained, compliant shake table tests

performed by D9Alba. Input parameters were modified until reasonable

agreement with the actual test data was obtained, as shown in Figure
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4.17. A second program TIm was made to simulate the results of an

ideal, noncompliant system. The ratio of 1'/a ' computed for the ideal
o

system was corrpared to the value detennined from the compliant system,

at the appropriate number of cycles, to detennine the value of the

stress ratio correction factor which would account for the effects of

membrane compliance in the actual laboratory test results. The

correction factors obtained are summarized in Figure 4.18. The result

of this analysis for sand yielded a stress reduction factor ranging

from 0.7 to 0.8 in the range of 30 stress cycles. This was considered

to be a very good. approxiJnation of the results that would be obtained

in an ideal, noncompliant testing system.

Volumetric strain due to membrane penetration was detennined by

performing rebound tests on large-scale shake table specimens of sand

which were 0.125 inches and 4.0 inches in height. The results of such

tests are shown in Figure 4.19. It may be noted from this figure that

there is no substantial effect of a change in specimen density on the

volume change measurements. It was assumed that the change in height

of the specimens would not affect the value of volumetric strain due to

specimen rebound. Extrapolation to zero specimen height, and thus zero

membrane penetration volume change, indicates the value of volumetric

strain due to membrane penetration.

This study provided a valuable assessment of a correction factor

which may be applied to the results of cyclic triaxial tests to account

for the effects of membrane compliance. The magnitude of the

correction factor proposed in this study is similar to the value

proposed by Pickering (1973). However, the ratio of the sample surface

area covered by the membrane to the specimen volume is significantly
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smaller in the shake table tests of this study than in the simple shear

tests perfonned by Pickering. The area to volume ratio provides some

indication of the possible severity of membrane compliance effects. It

might be exPeCted that the stress ratio correction factor would be

lower for specimens with higher surface area to volume ratios.

The correction factors shown in Figure 4.18 were develoPed for

Monterey No. 0 Sand. It might be expected that the correction factor

would be much more significant for coarser diameter Particles such as

gravels. Further study in this area is clearly necessary to determine

the true, noncompliant cyclic loading resistance of gravelly soils.

Lade and Hernandez (1977)

Lade and Hernandez identified average Particle size, soil void

ratio, change in effective pressure and surface area covered by the

membrane as the most important factors influencing the magnitude of

membrane Penetration. Factors considered to have negligible effect

were soil gradation, particle shape and membrane thickness (up to 0.6

nun) at low to medium confining pressures. '!hey further stated that the

effects of membrane Penetration were negligible for soils with mean

Particle diameters less than 0.1 to 0.2 nun. '!he effect of membrane

Penetration on volume change was illustrated graphically in Figure

4.20, and the effect of sample size on the cyclic loading resistance of

sPeCimens with 1.4 inch and 2.8 inch diameters is shown in Figure 4.21.

'!hese investigators also identified the critical confining

pressure as a factor playing a major role in membrane Penetration

effects. They noted that volume changes during shear are more

significant at confining pressures far removed from the critical

confining pressure, and that for such conditions membrane Penetration
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effects are most problematic. Soils tested at an effective confining

pressure greater than critical would be contractive while undergoing

shear strain. '!he subsequent pore pressure buildUp would be reduced by

:membrane penetration effects and the sample shear strength would appear

higher than it truly is. However, for samples tested at confining

pressures lower than the critical confining pressure, the samples would

be dilative and the opposite effect would be observed. Pore pressure

decreases would be inhibited by :membrane Penetration and the sample

shear strength would appear lower than its true undrained value

In this study, undrained triaxial compression tests were

Perfo:r:med. on 2.8 inch diameter sPeCimens of unifonnly graded sand. In

order to reduce membrane Penetration effects, 1 inch x 1 inch x 0.0006

inch thick brass plates were placed over the surface of the mernbrane-

covered sample before a second :membrane was applied. '!hese plates

overlapped slightly in the vertical direction but gaps were left in the

horizontal direction to reduce plate interference as the sPeCimens

strained axially. '!his arrangement was not intended to reduce :membrane

penetration completely but it did reduce membrane flexibility, f , to
m

about 1/3 of that for regular membranes. Membrane flexibility was

defined as the volume change of the SPeCimen due to membrane

penetration Per unit change in effective confining pressure. Pore

pressures developed in tests with plates were more than double those

for tests without plates. However, although membrane compliance

effects are reduced with this arrangement, axial loads would have to

be corrected for the load carried by the plates. '!hus, this method is

not a completely viable alternative for Perfonning true, noncompliant,

undrained tests.
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Kiekbusch and Schuppener (1977)

Kiekbusch and Schuppener concluded after reviewing the findings

of previous investigators, that membrane penetration was controlled

mainly by particle size. They perfonned. one-dimensional consolidation

tests on six different gradations of fine sand, silt and clay, most

with mean grain diameters less than 0.15 nun. The sides and bottom of

the testing apparatus were sealed except for one drainage line to

measure volume change. The top of the sample was covered with a

flexible membrane, the inside surface of which was first coated with a

thin layer of latex rubber. The liquid rubber penetrated the surficial

voids, as shown in Figure 4.22, and was allowed to harden under a small

confining pressure before testing began. Surface settlements under

consolidation pressures were measured using a dial gage and a small

tripod with three legs resting on the surface of the speclinen to obtain

an average height change. The difference in voltnne change between that

calculated from the axial defomation and that recorded from the volume

change burette was attributed to membrane penetration. Control tests

were set up in a similar manner except that no liquid rubber coating

was applied to the membrane. Membrane penetration was reduced

significantly for all materials tested with rubber coated membranes.

For a fine sand, membrane penetration with a rubber coated thin

membrane was only about 15% of the corresponding value found for

untreated membranes.

Three different fine to medium sands were tested in the undrained

triaxial test, both with and without rubber coated membranes. Pore

pressures measured for samples with treated membranes were up to twice

those for samples with conventional membranes. Significant differences



70
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Surficial Voids (after Kiekbusch and
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in stress path were noted and Figure 4.23 shows that tests with normal

membranes led to significant overestimates of the undrained shear

strength. '!his investigation also confinued that a relationship exists

between mean grain diameter and membrane penetration as shown in Figure

4.24. However, the investigators concluded that no simple correction

was applicable and they suggested only that the influence of membrane

penetration could be significantly reduced by using rubber coated

membranes in triaxial tests. Rubber coating was shown to work better

with thin membranes rather than thick.

'!he method described previously is an effective alternative for

significantly reducing the effects of membrane compliance subject to

two constraints: (1) '!he method is only appropriate for specimens

which are reconstituted inside the confining membrane; undisturbed

specimens would need to be self supporting (i.e., have some cohesion)

to allow a rubber coated membrane to be installed onto the specimen;

(2) '!he method is probably not applicable to gravelly soil specimens

since relatively thick rubber coatings would be required. '!he required

rubber coating would probably be about as thick as the mean grain

diameter of the soil in order to fill the peripheral voids. '!his may

be over 1 inch thick for some 12 inch diameter specimens of gravelly

soil. Construction of the specimen may prove to be difficult if not

impossible without disturbing the rubber coating. Also, a large axial

load correction would be involved for thick coatings of rubber.

Martin, Finn and Seed (1978)

Martin, Finn and Seed studied system compliance in the triaxial

and simple shear tests. '!hey concluded that: (1) Membrane penetration

was the main contributor to system compliance in the triaxial test,
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although a small amount was attributable to compliance in lines, valves

and fittings; (2) Investigations perfonned by others have indicated

that membrane penetration is priJ:narily a function of particle size as

characterized by the mean grain diameter, and is reasonably independent

of sample density; and (3) Membrane penetration tests perfonned on

specimens of ottawa Sand (D50=0.4 rom) indicated that membrane

penetration characteristics are essentially independent of membrane

thickness in the range of 0.51 to 0.051 rom.

Martin et al. also developed a theoretical stress ratio

correction for cyclic s:i.nple shear tests and applied this correction to

cyclic stress ratios for 1. 4 inch diameter triaxial test specimens.

using data presented in Figure 4.25 for medium density sands and data

published by EI-Sohby (1969), the membrane compliance ratio, ~ (the

ratio of the average slope of the rebound CUIVe of the sand skeleton to

that of the membrane penetration volume change CUIVe), was computed and

the results are shown plotted versus D50 in Figure 4.26 for 1.4 inch

diameter specimens requiring 30 stress cycles to develop initial

liquefaction. CUrves for 2.8 inch and 12 inch diameter specimens,

shown in Figure 4.27, were constructed by reducing this error in

proportion to the inverse of sample diameter.

Although the CUIVes shown in Figure 4.27 were developed for only

a small range of particle sizes, it was assumed that they could be

extrapolated linearly into the gravel size range. The significance of

these corrections was then assessed for actual cyclic triaxial test

data as shown in Figure 4.28. Test data for 2.8 inch and 12 inch

diameter specimens showed essentially the same results after correction

for membrane compliance effects, suggesting that differences in initial
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liquefaction resistance for different sample sizes are priInarily due to

increased membrane Penetration effects with decreasing sample diameter.

It may also be noted that this curve suggests that membrane Penetration

is insignificant for values of D50 less than 0.1 rran. This correction

was develoPed for uniform soils and. may not apply to well-graded soils

because of the less severe effects of membrane Penetration in the

latter due to a reduction in the size of Peripheral voids. This has

been illustrated experimentally by both lee and. Fitton (1968) and. Wong

et ale (1975).

Although no experiments were Perfonned on gravelly soils in this

study, the authors suggest that the relationships develoPed between ~

and D50 may be extrapolated to coarser grained soils. Also, it may be

noted from Figure 4.26 that the effects of membrane compliance are more

pronounced in undrained cyclic tests perfonned on dense soils than on

loose soils. This study was the first to call attention to the fact

that although membrane Penetration volume changes are similar for both

loose and dense soils, the effects of membrane corrpliance on the

results of cyclic tests is more significant for dense soils than for

loose soils.

Chan (1978)

Chan Perfonned isotropic corrpression tests on 36 inch diameter

samples of Monterey No. 20 sand to assess the magnitUde of membrane

Penetration volume changes. Total volume changes were measured by

obse:rving water column height changes in a burette, soil skeleton

volumetric strains were computed from measured height and. radius

changes, and radial defonnations were measured by using a system of

several "girth gages" around the circumference of the sample which
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utilized a horizontal LVIJI' to monitor changes in circumference. The

roller wheels on the girth gage were of sufficient size that they would

not be influenced by the surficial irregularities of the membrane

caused by membrane penetration and would record only skeletal volume

changes. This method of monitoring radial deformations appears to be a

promising means to detennine the tnle value of skeletal volumetric

strains which are unaffected by membrane penetration.

Banerjee (1979)

Banerjee studied the effects of membrane penetration on the

undrained cyclic triaxial strengths of gravels from Oroville Dam. He

performed hydrostatic consolidation tests on 12 inch diameter sPeCimens

of gravel with 2 inch maximum particle size. These tests indicated

that defonnations were isotropic for values of effective confining

pressure that were less than critical, hovvever, for values greater than

the critical confining pressure, it was found that;

E ~ 3.3 E •
V a

since the material was shown to behave somewhat anisotropically, it was

considered desirable to measure both axial and radial deformations to

detennrne volumetric strains. Radial deformations were measured by

using a set of four girth gages with nine sets of double contact point

rollers each, similar to those used by Chan (1978). Again, it was

assumed that the rollers would not be affected by the indentations

caused by the membrane penetration and that they would measure only

skeletal volume changes. After consolidation and back pressure

saturation, the back pressure was raised in order to reduce the

effective confining pressure and the volume of water flovving into the

sample was measured. At the same time, the height and girth gage
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LVDr's were used to measure total changes in the volume of the

specimen. Results from typical tests perfonned on specimens of

Oroville Gravel and Monterey No. °Sand are shown in Figure 4.29. '!he

volumetric strain due to membrane penetration, E vrn' was computed as the

difference between (1) the total volume change, E:
vt

, measured from the

burette and (2) the skeletal volume change, E vs ' such that;

E: vrn = E: vt - E
VS

'

'!he membrane compliance ratio, ~, defined by Martin et al. (the

ratio of the average slope of the skeletal rebound curve to the average

slope of the membrane penetration volume change curve) was detenuined

for the material in this stUdy by experimental testing, as shown in

Figure 4.30, and from the chart developed by Frydrnan et al. shown in

Figure 4.31. '!he error in cyclic stress ratio caused by membrane

compliance effects, C:RM' detenuined in this study, is compared to

results presented by Frydrnan et al. and by Martin et al. in Figure

4.32. '!he value of the stress ratio corrections for dense Oroville

gravel in 12 inch diameter triaxial tests were jUdged to be about 10%

(Le. cyclic stress ratio obtained from lab testing should be reduced

by about 10% to accurately predict actual initial liquefaction at 30

cycles) using the method proposed by Martin et al. (1978).

Similar tests were perfonned on a modeled gradation of gravel

from the Oroville Dam in 2.8 inch diameter samples. Values of the

cyclic stress ratio corrections, ~, for these samples were detenuined

to be about 50%, indicating that the effects of membrane penetration

are significantly greater for specimens of smaller diameter.
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Raju and Venkataramana (1980)

Raju and VenkataraInana investigated membrane penetration effects

in the undrained triaxial test by perfonning isotropic compression and

rebound tests on specimens composed of a uniform sand with D50=O.63 rom.

Three different systems of confining membranes were used in this stUdy.

In the first, greased polythene strips were attached to the inside of

the rubber membrane before the sand sample was built by "raining" the

sand into the sample mold. In the second, a thin film of polyurethane

was spread onto the inside of the membrane after it had been installed

on the sample mold and the sand was again rained into the forming mold.

Both of these membrane systems, along with samples confined with

ordinary membranes, were used to assess membrane penetration effects by

using the modified durmny rod method described by Raju and Sadasivan

(1974). After testing, the polythene strips were found to be indented

by angular sand particles indicating that significant frictional forces

developed between the strips and the sand particles, while the

polyethylene-coated membranes visually appeared to perform well.

Results from isotropic compression tests perfonned. on very loose

(Dr=21%) and loose (Dr=33%) sand specimens using the three membrane

systems are shown in Figure 4.33. Note that these results indicate

that there is a significant difference in the membrane penetration

volume changes measured for specimens of 21% or 33% relative density

when ordinary membranes are used. This finding is not in agreement

with the results of previous studies which indicate that there is

little difference in membrane penetration volume changes for specimens

of different densities. For the sand specimens of both 21% and 33%

relative density tested in this stUdy, membrane penetration volume
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changes measured using coated membrane systems were reduced to 15% to

25% of the values measured using ordincn:y membranes. Again, this

approach seems satisfactory for fine grained soils but may not be

satisfactory for gravelly soils.

Compensated undrained tests were also perfonned in this study in

order to assess the magnitude of the pore pressures that would develop

if the effects of membrane penetration could be eliminated. Volume

changes due to membrane penetration for a given change in effective

stress can be detennined from isotropic consolidation curves such as

those shown in Figure 4.33. Compensation is perfonned by injecting a

volume of water, equivalent to the membrane penetration volume change,

into the sample to correct the pore pressures for the membrane

penetration effects. This volume correction further changes the

effective confining pressure and thus the amount of membrane

penetration volume which must, in turn, be corrected further. The

process is repeated several times until a constant value of pore

pressure is obtained confonning to a no volume change condition.

Undrained axial loading triaxial tests were perfonned on specimens of

loose sand and compared to the results of equivalent, compensated load

tests. Pore pressures generated in compensated tests were highest,

since the effect of membrane penetration was eliminated, and undrained

shear strengths were correspondingly lower. This method of

compensating for the effects of membrane compliance is effective but

requires that the test be stopped for several minutes while the

compensation is completed. This presents serious drawbacks in using

the method for compliance compensation in the cyclic triaxial test as

several adjustments would be required during each of the load and
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unload phases of each cycle. Thus the method does not apPear to be

viable for cyclic tests conducted in the range of typical frequencies

of about 1 Hz.

Tests Perfonned with polyurethane-coated membranes develoPed the

next highest pore pressures. Membrane penetration effects were not

eliminated but they were reduced significantly. The axial loads

carried by the polyurethane were assessed to be very low and these

values were easily detennined and applied to axial stresses.

Polythene strips were least effective in reducing membrane

penetration effects although the reduction in membrane penetration

volume change was still significant. Axial loads carried by the

strips, on the other hand, were large and not easily determined.

Results from axial compression tests perfonned on specimens of very

loose sand are shown in Figure 4.34. stress-strain cw:ves and pore

pressure development cw:ves are corrpared in this figure for specimens

confined by the three membrane systems as well as the results of

compensated tests. The significance of these results has been

previously discussed.

Ramana and Raju (1981)

Ramana and Raju further investigated the application of

compensated-undrained tests for eliminating the effects of membrane

penetration by testing a unifonn medium sand at relative densities of

21% and 33%. Again, the effects of membrane compliance were

compensated by injecting a volume of water equal to the value of the

change in membrane penetration volume for a given change in effective

confining pressure. The step-by-step procedure is outlined below:
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1. Define tNt vs. /':, Vs using the modified dummy roo methoo for

various changes in effective confining pressure, /::'03 ', as

shown in Figure 4.35.

2. Prepare a CillVe showing lUlit membrane penetration (f.,.Vrrf!t)

for various effective confining pressures similar to that

shown in Figure 4.36.

3. Prepare a CillVe showing membrane penetration volume vs.

/':,03'as shown in Figure 4.37.

4. At various stages of an undrained test, /':,° 3 ' is noted and

the corresponding change in membrane penetration is read

from CillVes such as that shown in Figure 4.37. A

corresponding volume of water is injected into the sample

causing an increase in pore pressure. This change in

pressure must be further compensated and the process

continued lUltil no change in volume is required.

Cyclic load and unload tests were Perfonned on several test

specimens at 21% relative density. The pore pressure responses for

compensated and uncompensated tests are shown in Figure 4.38. These

tests were Perfo:rmed at a frequency of one cycle per minute. For

compensated tests, adjustments were made at zero and peak stress values

as well as at several inte:rmediate stress values.

Compensated tests developed peak pore pressure values in

significantly fewer cycles than lUlcompensated tests, once again

illustrating that the effects of membrane penetration can lead to an

overestimation of cyclic load strength. The methoo of compensating for

membrane compliance effects may become more practical if a computer
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controlled system were developed so that each adjustment requires no

more than a few seconds to perform.

Chan (1982)

Chan attempted to minllnize the effects of membrane penetration in

undrained cyclic tests on sand by applying a coating of liquid latex

rubber to the outside of the membrane. 2.8 inch diameter sPecimens

were setup on the triaxial cell base, confined with a rubber membrane,

and a vacuum was applied to an internal drainage line. A uniform

coating of latex rubber was then applied to the outside of the membrane

in vertical sections over the entire membrane and allowed to set.

During cyclic loading of sPecimens prePared in this way, a marked early

build-up of pore pressure was noted to occur in tests with latex coated

membranes as compared to those with ordinary, uncoated membranes.

Typical test results showed that pore pressure ratios of 90% were

developed in latex coated sPecimens in 1/3 to 1/2 the number of cycles

required for uncoated samples. However, the effect of membrane

compliance on the cyclic stress ratio required to cause liquefaction

could not be accurately determined because of gross data scatter

between sPecimens with rubber coated membranes. This is probably due

to inconsistent rubber coating thicknesses from test to test because a

large number of operators were involved in sample preParation. A

uniform stress ratio correction was applied to account for the load

carried by the rubber coating but no allowance was made for the

variability of the coating thickness. This method shows some promise

for future application, however, the thickness of the rubber coating

first needs to be controlled. Also, this method can not eliminate all

of the effects of membrane corrpliance since the membrane is allowed to
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penetrate the specimen voids before the rubber coating is applied.

Energy is stored in the defonned membrane as described in the previous

chapter. A substantial thickness of rubber would be required to

prevent all of the membrane penetration rebound. Thus either large

axial load corrections would be required or some effects of membrane

compliance would still cccu.r.

Ramana and Raju (1982)

RaInana and Raju reviewed earlier investigations into the effects

of membrane penetration and developed a numerical relationship for

volmnetric strain due to membrane penetration as a function of D50 and

sample diameter, d, based on the data shown in Figure 4.39. This

relationship is applicable for "standard thickness" membranes and soils

with D50 between 0.001 and 2.0 nun

Evm = f x (D5c1d) x log (°3 '/°3' i)

Where f = 0.050 for medium soils,

0.057 for loose soils, and

0.047 for dense soils.

Values of E vm detennined by this equation compared favorably with

measured values of membrane penetration as shown in Figure 4.40.

Wu and Chang (1982)

Wu and Chang analyzed the stress conditions in specimens using

the dununy rod method proposed by Roscoe and found that the stress

conditions were anisotropic. These investigators concluded that this

method is therefore not suitable for detennining membrane penetration

effects since it does not adequately represent the stress state of a

sample subjected to actual triaxial test conditions. The modified

dununy rod method suggested by Raju and Sadasivan (1974) was found to
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more closely reproduce true isotropic stress conditions in triaxial

test sPeCimens. These investigators concluded that the modified dummy

roo methoo would most accurately predict the effects of membrane

penetration. They also suggested that: (1) Volume change measurements

should be made along the unload-load portion of the stress-strain curve

rather than beginning with the initial load cycle; and (2) A straight

line may be drawn through the hysteresis loop to estinlate volume

changes due to membrane penetration.

Baldi and Nova (1983)

Baldi and Nova noted that the influence of membrane penetration

dePends not only on the flexibility of the membrane but also on the

volumetric stiffness of the soil sarrple. The latter factor depends

upon the state of stress which exists within the test sPeCimen and is

continuously changing during an undrained test. They proposed the

following equation for determining the unit membrane penetration, vM'

where vM = Vn/Al or the ratio of volume change due to membrane

penetration to the lateral area of the sPeCimen:

vM = 1/8 x dg x [(<J3 I x dg)/(Em x t m)]1/ 3

where dg = average grain diameter (may be estinlated by D50) ,

E = membrane mOOulus,m

and t m = membrane thickness.

This equation compares favorably with the linear relationship found by

Frydman et al. as shown in Figure 4. 4l.

Experimental determinations to test the applicability of the

proposed relationship were carried out on dense (D ~93%),
r

38 nun

diameter sPeCimens of a unifonnly graded siliceous sand with values of

C
U
=l.48 and D50=O.6 nun. Total and skeletal volumetric strains under
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Baldi and Nova

Frydman et al.

0.006

0.004

0.002

50 100

Figure 4.41 Comparison of Membrane Penetration Volume
Changes Predicted by Baldi and Nova and from
Frydman et al. (after Baldi and Nova, 1983)

1.5

1.0

0.5

""From vertical and
lateral transducers

011------,.-----.-- ........__•

o ~ ~ ~ ~~~

Figure 4.42 Total and Skeletal Volume Change Measurements
Made to Determine the Volume Change Due to
Membrane Penetration (after Baldi and Nova,
1983)



94

isotropic compression were measured and the results are shown in Figure

4.42. Membrane characteristics were determined to be t =0.3 rron and
m

Em=1300 kPa. '!he change in volume attributed to membrane penetration

by experimental methods is shown in Figure 4.43 together with the

values determined by the preceding equation; the results are shown to

be in good agreement.

'!heoretical pore pressure corrections were also developed to

account for membrane flexibility and the state of stress in the

specimen. Undrained, axial compression tests were perfonned on

specimens of the sand described al::xJve, and pore pressures were recorded

during the test. '!he theoretical values of pore pressure, corrected

for the effects of membrane penetration, were determined to be twice

the values measured in the COIlpliant system.

'!hese investigators concluded that volumetric strains due to

membrane penetration decreased linearly with an increase in specimen

diameter. Also, the factors with greatest influence on membrane

penetration volume changes were identified as grain size (this stUdy

was conducted on unifo:r:m soils only), confining pressure, and thickness

and rigidity of the membrane.

Torres (1983)

Torres attempted to reduce membrane penetration effects by

coating the outside of the sample membrane with a thin layer of liquid

latex rubber as suggested by Chan (1982). Cyclic triaxial tests were

perfonned on two materials; (a) A unifonn subrounded coarse sand; and

(b) A well-graded slightly silty sand. Both materials were tested at

relative densities of 40% and 70%, and tests were perfonned with and

without rubber coatings. A sufficient coating of latex rubber was
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and Nova, 1983)
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applied, with the sarrple under a vacuum, to just fill the surficial

voids created by membrane penetration. The results of cyclic load

tests performed. on 2.8 inch diameter specimens indicated that the

cyclic stress ratios required to cause 5% double amplitude axial strain

in 30 stress cycles were reduced by about 6% to 10% when the liquid

rubber coating was used. 'Ihe resulting stress ratio correction factors

detennined by this study, were significantly lower than correction

factors predicted by Martin et al. (1978), indicating that the rubber

coating does not appear to account sufficiently for the effects of

membrane compliance.

Volumetric strains due to membrane penetration were also

detennined in this study by Perfonning isotropic consolidation tests

and measuring total volume change as well as axial and radial

deformations. The results of these tests are shown in Figure 4.44.

Reductions in unit membrane penetration for an effective confining

pressure change of 1 kg/cm2 ranged from 73% to 91% with the use of

rubber coating as shown in Table 4.2. 'Ihese results show that,

although membrane penetration was not eliminated, the effects on volume

changes were significantly reduced.

vaid and Negussey (1984)

Vaid and Negussey concluded that previous methods for detennining

membrane penetration effects involved stress condition errors and

proposed two new methods for detennining the value of volumetric strain

due to membrane penetration. The first method stems from the fact that

results from simple shear tests indicate that hydrostatic unloading is

isotropically elastic. Therefore, a single hydrostatic unloading test

may be performed. on a triaxial specimen such that:
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MATERIAL Dr MEMBRANE PENETRATION
% REDUCTION %

A Uniform 70% 78.7
A Uniform 40% 90.7
B Well Graded 70% 74.5

B Well Graded 40% 72.5

Table 4.2 Reductions in Membrane Penetration Volume
Changes for 03'=1.0 kg/cm2 with the Use of
Rubber Coated Membranes (after Torres, 1983)
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Negussey, 1984)
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E = 3 x Evu au

where E and E represent the volumetric and axial SPeCimen strainv a

resPectively, and u indicates unloading. It may be recalled that the

use of volume change data from the isotropic rebound portion of the

curve was originally suggested by Wu and Chang (1982).

In the second method, hydrostatic compression or rebound tests

were perfonned on several SPeCimens at the same density but with

different diameters, D. ':!ben, the following linear relationship

between /:;'Vrr/As and D can be used to detennine the volumetric strain due

to membrane Penetration, Em:

where

and

/:;.Vrr/As = (E~4) x D + Em.

/:;'VT = the total measured volume change,

As = the surface area of the SPeCimen covered by
the membrane.

Since this equation is in the form y=1llX+b, the results of several

tests may be plotted and the value of Em may be detennined as the y

intercept of the resulting straight line as shown in Figure 4.45.

Experimental investigations were perfonned in this study for SPeCimens

of ottawa sand using the two proposed methods. It may be seen in

Figure 4.45 that both unloading and loading cycles show the same value

of Em for a given value of confining pressure. '!his indicates that

membrane Penetration effects are reversible for either an increase or

decrease in effective confining pressure.

Test results for the single SPeCimen method are shown in Figure

4.46 illustrating the use of the relationship shown above. '!he results

of both of the proposed methods are shown in Figure 4.47 and it can be

seen that they yield nearly identical results. '!he hypothesis that

hydrostatic unloading is isotropic was confinued by the test results
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shown in Figure 4.48. It may be seen from this figure that the results

of isotropic loading are somewhat anisotropic whereas the results of

isotropic unloading are indeed isotropic. '!his study provides the

investigator with yet another method to determine the volume changes

due to membrane penetration. However, it provides no info:r:mation to

aid in assessing the effects of membrane compliance on the results of

undrained triaxial compression tests. '!his latter point needs to be

addressed further.

Conclusions

The objective of this investigation is to explore the effects of

membrane compliance on the results of undrained, cyclic triaxial tests

on gravels. After reviewing the previous studies, it became clear that

much groundwork has been laid but that additional investigation into

this topic was warranted because there is apparently no well accepted,

conclusive method to account for membrane compliance effects. '!he

objective of assessing the magnitude of volume changes due to membrane

penetration seems to have been thoroughly addressed. Also, a fair

amount of research has been directed toward assessing the effects of

membrane penetration volume changes on the results of cyclic and

monotonic undrained, triaxial load tests. '!heoretical stress ratio

corrections have been proposed as well as corrections based on tests

perfonned on sPeCimens of smaller grain sizes. However, both of the

latter approaches require some verification of their Validity for

application to the results of tests perfonned. on gravels . Ideally,

membrane compliance effects should be accounted for during testing

rather than applying a correction after completion of the test. A
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methcxl for perfonning noncompliant tests on gravel triaxial specimens

will be presented and discussed in subsequent chapters of this report.
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CHAPTER 5

SLUICING GRAVELS AND ROCKFILLS WITH SAND

Introduction to Research Program

After reviewing the previous investigations noted in Chapter 4,

it was apparent that further research should be directed toward

detennining the effects of membrane compliance on the results of

undrained cyclic loading tests perfonned on gravels. A potential

method for perfonning such detenninations was conceived after reviewing

studies "Which described the field Sluicing of rockfills with sand.

Such rockfills may be found in the Malpaso canyon Dam in Peru (Park,

1939) or the Aswan High Dam in Egypt (Abu-Wafa, Hanna I...abib, 1970,

1971; Hassouna et al., 1970; High and Aswan Dams Authority, 1969) as

noted previously in Chapter 1. Although sluicing was perfonned in

these darns for reasons that were totally unrelated to membrane

compliance, it seemed that gravel triaxial specimens "Which were sluiced

with sand would have a smoother specimen/membrane contact surface, and

thus experience reduced membrane penetration volume changes during

consolidation. Any reduction of membrane penetration during

consolidation would lead to reduced membrane compliance effects during

undrained, cyclic loading. And, if these effects could be eliminated,

the true, noncompliant cyclic loading resistance of gravel specimens

could be accurately detennined.

A preliminal:Y research investigation was undertaken to detennine

if: (1) Gravel triaxial specimens could be satisfactorily sluiced with

sand in the laborato:ry, and (2) Sluicing sand into the voids of a

gravel specimen would sufficiently reduce the effects of membrane
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penetration so that the noncompliant cyclic loading resistance of the

gravel specimens could be accurately detennined. 'Ihe trial sluicing

program, described in the following sections of this chapter, indicated

that satisfactory sluicing could be accomplished under controlled

conditions. It was noted that the outer surface of the sluiced

triaxial specimens was, in fact, considerably smoother than the outer

surface of the unsluiced specimens, as shown in Figures 5.1 through

5.4, leading to significantly reduced membrane penetration in the

sluiced specimens.

As a result of these observations, several undrained, cyclic

loading tests were perfonned on specimens of sluiced and unsluiced

gravel. 'Ihe results of these tests are shown in Figure 5.5 where it

may be noted that the cyclic loading resistances of the sluiced gravel

specimens are considerably lower than the cyclic loading resistances of

the unsluiced gravel specimens. In fact, only about 65% of cyclic

stress ratio which resulted in 5% double amplitude strain in 10 stress

cycles in the unsluiced gravel specimens was required to cause a

corresponding failure in the sluiced gravel specimens.

It is believed that the difference in these values of cyclic

loading resistance is due primarily to the reduction of membrane

corrpliance effects in the sluiced specimens. Sluiced gravel specimens

were corrpletely constructed in order to create the desired Particle

structure, and then the water in the voids was replaced with sluicing

sand as will be described in Chapter 6. 'Ihus, the individual gravel

Particles fonned a continuous, stable load carrying structure and the

voids between these Particles, rather than being filled with water,

were filled with sand. 'Ihe presence of sand in the gravel voids may
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Figure 5.1 photograph of a 12 Inch Diameter,
Sluiced Gravel Specimen
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Figure 5.2 Photograph of a 12 Inch Diameter,
Sluiced Gravel Specimen
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Figure 5.3 Photograph of a 12 Inch Diameter,
Unsluiced Gravel Specimen
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Figure 5.4 Photograph of a 12 Inch Diameter,
Unsluiced Gravel Specimen
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contribute slightly to the cyclic loading resistance of the sluiced

gravel specimens by preventing rearrangement of the gravel particles.

It may be recalled from the discussion in Chapter 3 that liquefaction

is caused by particle rearrangement or crushing due to the applied

cyclic load. If particle rearrangement or crushing is inhibited,

however slightly, the effect will be to increase the cyclic loading

resistance of the specimen. 'Ihe sand which is sluiced into the gravel

specimen voids is in a very loose condition, however, even the very

loose sand has greater shearing resistance than the water (which has no

shearing resistance) in the voids of the unsluiced specimens.

'Iherefore, it is considered that the sand in the gravel voids may

contribute slightly to the cyclic loading resistance of the sluiced

gravel specimen if it has any direct effect on loading resistance at

all. 'Ihe contribution of the sand to the cyclic loading resistance of

the sluiced gravel specimens was considered to be negligible and only

the reduction in membrane compliance effects was considered to be

significant. Additional evidence that the Sluicing sand did not

adversely affect the cyclic loading resistance of the gravel specimen

was obtained during the testing program and is summarized in Chapter

10.

'Ihis preliminary investigation indicated that sluicing seemed to

be a viable method of reducing membrane compliance effects in gravel

specimens. It was decided that additional laboratory testing should be

perfonned on sluiced specimens, but first, previous field and

laboratory sluicing efforts were investigated. 'Ihe early sluicing

programs perfonned for the Malpaso canyon Dam and the Aswan High Dam

provide a basis for evaluating the sluiced triaxial specimens as
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perfonned in this study. Thus, these studies are reviewed in the

following sections. A laboratory sluicing study was then perfonned as

part of this investigation and the results of this study are also

presented in this chapter.

Malpaso Canyon Dam Rockfill Sluicing

The Malpaso canyon Dam was constnlcted on the Mantaro River by

the Cerro de Pasco Copper Corporation during the years 1929 to 1937.

The purpose of the dam was to store and supply water for hydroelectric

power generation to be used by the Oroya smelting and refining plants

located downstream. The dam was constnlcted of derrick-placed rock in

the upstream portion and dumped rockfill in the downstream portion as

previously shown in Figure 1.1. A masonry wall ranging in thickness

from 3 to 6 feet was constructed on the upstream face over which was

applied a 23 inch thick concrete apron.

Prior to constnlction of the masonry wall and apron, surface

voids on both faces of the dam were hand chinked with stones and then

river sand and gravel were washed into the rockfill mass through any

remaining openings. The purpose of Sluicing sand into the dam was

reported to be threefold: (1) To increase bearing and contact areas of

the rock; (2) To reduce settlement of the dam; and (3) To add to the

mass of the upstream derrick-laid section of the dam. The dam was

sluiced with river sand and gravel by using streams of water 1-1/2

inches in diameter and having a nozzle velocity of more than 100 feet

per second. No control or monitoring of the sluicing process was

reported.
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Aswan High Dam Rockfill Sluicing

Completed in 1970, The Aswan High Dam was constructed as a joint

venture between the united Arab Republic (Egypt) and the U.S.S.R. At

that time, it was the the world's largest rockfill dam with a total

volume of about 42 million cubic meters and a height of about 111

meters. This is one of the few major rockfill dam to have had major

portions of its dumped rockfill mass sluiced with a fine dune sand

during construction (see Figure 1.2). Soviet engineers have reportedly

sluiced small dams and dykes subject to 6 to 8 meters of head (Hassouna

et al., 1970) but no infonnation regarding construction of these

structures was found in the literature.

Rockfill sluicing was proposed for this project in order to avoid

the need to construct a filter blanket over the alluvial foundation

sand deposits. By filling the rockfill voids with sand, it was judged

that foundation sands would not be washed upward into the voids of the

completed rockfill dam, thus, eliIninating the need for a filter

blanket. construction of the filter blanket, as originally proposed,

would have been particularly difficult in this instance since the

filter and a large portion of the dam were to be constructed under 35

to 40 meters of water in the upstream reservoir of the old Aswan Dam.

The water level in the reservoir could not be lowered significantly

during construction since the stored water was vitally needed for crop

irrigation. Also, construction of a separate upstream cofferdam was

judged to be too expensive. Therefore, about 4 million cubic meters of

crushed rock were dumped and sluiced through standing water in order to

form the lower portion of the dam.
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An extensive evaluation of field and laboratory rcx::kfill sluicing

was undertaken by soviet engineers at the time of construction of the

Aswan High Dam. These studies were reviewed for this research and a

discussion of the findings is included in the follONing sections.

Field Sluicing of the Aswan High Dam

Thlring construction of The Aswan High Dam, the sluiced rcx::kfill

mass was divided into two distinct sections: (1) Rcx::kfill that was

placed and sluiced under water; and (2) Rcx::kfill that was placed and

sluiced above water. Rockfill placement and Sluicing prcx::edures for

these sections are discussed below.

In the early stages of construction, all rcx::kfill was placed

through water up to 40 meters deep. Barges with 250 and 500 ton

capacity were floated into position on the reservoir and du:rrped to fonn

zones or "prisms" of rcx::kfill. Once these zones were completed, a dune

sand slurry, composed of 90% water and 10% sand, was pu:rrped to the

upper surface of the rcx::kfill and deposited there. Sand penetrated

into the rcx::kfill voids mainly by gravity, aided by a low head of 2 to

3 meters at the discharge pipe opening. Sand sluiced into the rockfill

voids in this manner achieved a density of 82 to 88 pef.

Once the darn attained a height above the reservoir water level,

rcx::kfill was trucked on to the dam and du:rrped using conventional

earthmoving equipment. The surfaces of these sections constructed

above water were prepared for sluicing by removing the upper layer of

fine crushed rcx::kmuck created by equipment traffic. A sand slurry was

then washed into the rcx::kfill by high pressure jetting. The sand

sluiced into the rcx::kfill voids above the reservoir water level in this

way achieved a dry density of 85 to 88 pef.
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Grain size CUI.Ves for the screened rockfill and the dune sand

used for sluicing are shown in Figure 5.6. The rockfill material was

excavated from quarries comprised of migmatites, medium grained pink

gneiss-granite and fine granite (Hassouna et al., 1970). The dune sand

consisted mainly of a light gray quartz with rare feldspar grains.

Table 5.1 summarizes the properties of these materials.

The quality of sluicing that was achieved in the dam was checked

by various direct and indirect methods as described below.

(1) The quantity of sand added to the rockfill was compared to

the volume of the rockfill voids. Sand consumption into the rockfill

mass was calculated to be about 40% of the volume of voids of the

rockfill prisms with a dry density of 82 to 88 pef (Abu-Wafa, Hanna

rabib, 1970).

(2) Trenches were excavated into the sluiced rock mass for visual

evaluation of the quality of sluicing accomplished and also for

performing large-scale field density tests. The zones that were

inspected were described as being either "well filled with sand" or

"partially filled with sand" (Hassouna et al., 1970). The latter zones

were flushed with water and resluiced.

(3) The in-situ coefficient of penneability was determined

through drilled boreholes and test pits. This quantity was determined

-3 -3to range between 2.5 x 10 and 8 x 10 crnjsec (Hassouna et al.,

1970).

Laboratory Sluicing Studies for the Aswan High Dam

During 1959 to 1962, two Soviet research agencies conducted

laboratory and large scale sluicing experiments on modeled rockfill

masses. Additional laboratory tests were also conducted by the
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Research Deparbnent of The Aswan High Dam at the darn site in 1964 and

1965. All of these tests were designed to accorrplish the following

goals:

(1) Select a method of delivering the sand to the rockfill;

(2) Establish an optimum gravel/sand grain size relationship
which results in a well-sluiced rockfilli

(3) Evaluate the filtration stability of a sluiced rockfill;

and (4) Evaluate the degree of compaction of the sand in the rockfill
voids.

Sand and screened rock similar in gradation to those used in the

Aswan High Dam were used for the initial laboratory tests. large scale

model tests were conducted in a trench 16 meters wide and 100 meters

long. Truckloads of screened rock were dumped into the trench to fonn

the model rockfill. The trench was then filled with enough water to

cover the rockfill and then sand was pumped to the surface of the

rockfill in the fonn of a slurry.

The laboratory rockfill mass was sluiced with sand in the fonn of

a slurry since it had been decided that the use of a slurry was the

most practical and efficient means of delivering the sand to the

rockfill in the darn. Also, an ample supply of reservoir water and dune

sand was available nearby for processing to fonn a slurry.

Model tests were conducted with various sand concentrations in

the slurry ranging from about 1% to 20%. Slurries with lower

concentrations of sand produced flatter slopes with a smoother surface

within the rock mass, thus, producing a higher degree of sluicing,

since the sand could flow more readily into hard-to-reach voids beneath

rock particles. Higher sand concentrations produced steeper and

rougher sand surfaces which left more of the voids beneath particles
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unfilled. However, a higher concentration of sand reduced the quantity

of slurry that was required to be processed and pumped. '!he amount of

time required to complete the sluicing operation was also reduced,

thus, making the operation more efficient. A slurry concentration of

10% was selected as a practical compromise between efficiency and

completeness of sluicing.

Experiments were conducted using various gradations of rockfill

sands to explore the relationship between coefficient of sluiceability,

cs ' defined as D10 (gravel/d50(sand) , and the degree of sluicing

achieved. Figure 5.7 shows a qualitative relationship developed

between the mean rock diameter, D50, Cs ' and the resulting quality of

sluicing. A coefficient of sluiceability of 65 to 70 was considered to

be the minimum value where a good quality of sluicing could still be

achieved.

Size, shape and orientation of the screened rock particles were

all found to affect the quality of sluicing (High and Aswan Dams

Authority, 1969). Figure 5.8 shows how the shape and the orientation

of model grains may prevent complete sluicing from being accomplished

in some instances when the sand is deposited through standing water.

By jetting the sand slurry above the standing water level, all of the

model voids were filled with sand.

Sand washed out of the surficial voids of the rockfill when

gradients exceeded about 0.20 to 0.25. However, when the surface of

the rockfill was protected by an inverted filter, gradients as high as

0.60 to 0.65 had no adverse effect even when applied for several months

(High and Aswan Dams Authority, 1969).
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Figure 5.8 (a) Scheme of Under-Water Sluicing Around a
Single 2-Dimensional Particle and (b) Effect of
Particle Shape and Orientation on Sluicing
Quality (after High and Aswan Dams Authority,
1969) •
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'!he density of the sand (and rockfill) was detennined directly by

performing large-scale density tests in pits excavated into the surface

of the sluiced rock mass. Also, densities were detennined indirectly

by weighing the quantity of sand used for sluicing and comparing it to

the calculated volume of rockfill voids.

'!he highest density of sluiced sand was achieved by above-water

sluicing. All of the rockfill voids were visually well filled with

sand when sluiced above water. When sluicing was performed through

standing water, however, the rockfill voids were often poorly filled

with sand. Table 5.2 sununarizes the my densities of the sand sluiced

into the rockfill voids and the hydraulic conductivities of the sluiced

rockfill mass for both laboratory and field Sluicing applications.

Sand sluiced into the rockfill voids was compacted to a higher

density than the value at which it was deposited by the development of

a gradient through the rockfill. Dry densities were increased by about

4.5% under a downward gradient of about 1.

It may be seen from. Table 5.2 that the coefficient of

penneability of the sluiced rockfill mass was detennined to be lower

than that for sand deposited through water alone.

Laboratory Slueing Studies Perforrred in this. Investigation

Experimental sluicing was performed as a preliminary Part of this

research in order to detennrne if gravel triaxial sPeCimens could be

sluiced with sand with satisfactory results. '!he purpose of this study

was to achieve a degree of Sluicing in the laboratory similar to that

achieved in the Aswan High Dam. '!he general sluicing procedures and

methods of evaluation used for the Aswan High Dam were used in this

study. It was shown in Table 5.2 that sand sluiced into the dam below
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the water level achieved an average dry density of 85 pcf which is only

about 90% of the minimum dry density value. A degree of sluicing at

least that good or better, as indicated by the dry density of the sand,

was considered acceptable for sluiced triaxial test specimens.

laboratory sluicing tests conducted for the Aswan High Dam

indicated that the use of sands and rockfills with a high value of

sluiceability coefficient, Cs ' would typically result in achieving a

satisfactory degree of Sluicing. A high value of sluiceability

coefficient may not be readily achieved in the triaxial test, however,

since size constraints are placed on both the material fonning the

gravel specimen and the sand used for sluicing the specimen. Unlike

the screened rock gradation used in the Aswan High Dam, maximum

Particle sizes of materials tested in the triaxial test are limited to

about 1/6 to 1/8 the diameter of the triaxial specimen. It is not the

maximum Particle size, however, but D10 which is used to define Cs . In

order to maximize D10 and thus maximize Cs in the triaxial test, two

requirements were placed on the gravel gradations used to construct

triaxial specimens: (1) '!he largest acceptable Particle sizes were used

for both 2.8 inch and 12 inch diameter specimens; and (2) Unifom grain

size distributions were established for the gravel.

Cs could also be increased by using a finer sluicing sand having

a low value of d50 . However, it seems reasonable that only sands

should be used as a sluicing material. Finer materials might introduce

errors into the undrained strength test if the hydraulic conductivity

of the material was so low that it caused localized excess pore

pressure development. Additionally, finer materials might contribute a

cohesional strength component to the cyclic load resistance of the
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gravelly specimen. '!hus, soils no finer than fine sands were used as

sluicing materials for the tests described in this study. '!he grain

size distributions and the material properties for the sands and

gravels used in this thesis will be described in the following chapter.

Trial sluicing tests were perfo:rmed in a clear lucite cylinder,

12 inches in diameter and 24 inches tall. 'Ihree different gravel

gradations and two sluicing sands were used to conduct these initial

tests. Gravel was placed in the lucite cylinder by the same methods

that would be used to construct the triaxial test specimens. '!he

cylinder was next filled with water in order to simulate below-water

sluicing in the Aswan High Dam, and sluicing sand was added slowly to

the top surface of the specimen. '!he sand settled through the gravel

voids and accumulated in the voids at the bottom of the specimen. As

sand was continually added to the specimen and the voids in the bottom

of the specimen were filled, the UPPer surface of the sand progressed

from the bottom of the specimen to the top. Sluicing was considered to

be completed and no more sand was added to the specimen once the

progressing sand front reached the upPer surface of the gravel

specimen.

'!he effectiveness of the sluicing procedure was evaluated by

quantitative and qualitative methods. '!he dJ:y density of the sluicing

sand was detennined by using a known mass of sand and calculating the

volume of the gravel voids. Figure 5.9 shows the effective dry density

of the sand sluiced into the voids of three different gravels with four

values of sluiceability coefficient ranging from 12.5 to 50. '!he

effective dry density is defined as the mass of the sand used for

Sluicing divided by the total volume of all the specimen voids whether
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or not they are completely filled with sand. It can be seen from this

figure that by increasing the coefficient of sluiceability of the

gravel/sand system, the quality of sluicing as assessed by the

effective dry density is significantly bnproved. The average effective

dry density of the Sluicing sands varied with Cs as shown below:

-Ss- Effective !2fY Density..LP2f

12.5

25

42

50

55

82

87

100

The minimum dry density of the Monterey No. a sand was detennined to be

about 89 pef. 'Iberefore, any value of effective dry density greater

than about 81 pef indicates that the gravel triaxial specimen is

sluiced as thoroughly as the rockfill in the Aswan High Dam. Thus, it

seems likely that any value of Cs greater than 25 should result in a

satisfactmy degree of sluicing being accomplished.

'Ibis stUdy indicated that a laboratory triaxial specimen could be

satisfactorily sluiced. The actual procedure followed in sluicing

gravel triaxial SPeCimens with sand will be described in the following

chapter.
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CHAPl'ER 6

TRIAXIAL TEST MATERIALS AND EQUIPMENT, AND SPECIMEN
CONSTRUCTION PROCEDURES

Gravels

All of the gravels tested in this study were formed from a

,crushed granite obtained from Granite Rock Quarry of Watsonville,

california. 'Ibis material was actually derived from a homblend

gabbro-diorite deposit but it is generally called a granite at the

Granite Rock Quarry (Bowen, 1986). Some of the gravel particles showed

some slight evidence of hydrothernal alteration but all of the material

was still hard and sound with a subangular shape. 'Ibe specific gravity

for this material was detennined to be 2.78.

About 2000 pounds of crushed rock were obtained in assorted

particle sizes and separated by sieving into discrete particle sizes

ranging from 2 inch to #4, plus sand and fines. 'Ibis material was

stored in 55 gallon drums until such time as it was needed for triaxial

testing. Gravel particles were taken from these drums in the

appropriate sizes and quantities and mixed together in order to fom

the grain size distributions that were desired for testing.

'Three different gravel grain size distributions were tested in

2.8 inch and 12 inch diameter triaxial specimens as listed below:

(1) A unifonnly graded 3/8" x #4 gravel;

(2) A unifonnly graded 1-1/2" x 3/4" gravel; and

(3) A 2" maximum, modified gradation gravel.

'Ibe grain size distribution cw:ves for these gravels are shown as solid

lines in Figures 6.1 & 6.2. 'Ibe dashed line cw:ves also shown in these

figures indicate gravel gradations which were used only for maximum and
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minimum density detenninations; no triaxial tests were perfonned on

these materials. The 3/4" x 3/8" gradation material was used in order

to define the maximum and minimum densities of the other two illlifonnly

graded gravels more precisely.

Originally, it was intended to use a 2" maximum Particle size

gradation that was Parallel to the 40" maximum particle size Aswan High

Dam field gradation for triaxial testing in this study. The grain

size curves for this material and two Parallel gradations are shown as

dashed lines in Figure 6.2. This gradation was later modified,

however, in order to increase the sluiceability coefficient of the

gravel/sand system. This was accomplished by fonning a new gravel

gradation; the tail end of the original, Parallel gradation curve was

shifted to the right in order to fonn a more illlifonn material. This

shift increased the value of D10 from about 5rnrn to lOrnrn and thus

doubled Cs ' thereby greatly improving the sluiceability of the gravel.

The 2" maximum, modified gradation, shown as a solid curve in Figure

6.2, was used for the triaxial test program.

Maximum and minimum densities were detennined for all of the

various grain size distributions described above. The minimum density

for all of these materials was detennined by the lower result obtained

from the two following methods:

(1) A quantity of material was placed in a tall cylinder of

appropriate size, filling it no more than 1/3 to 1/2 full. The ratio

of cylinder diameter to maximum particle size was at least eight. The

cylinder was caPPed and then tumbled end over end and rolled along its

length in order to thoroughly mix the material and achieve a very loose
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state. The cylinder was then quickly yet carefully set upright and

volume measurements were made to determine the dl:y density.

(2) Particles were carefully placed one or a few at a time into a

cylindrical mold of known volume (0.5 ft3 for the coarser gradation

gravels containing particles greater than 3/4", and 0.1 ft3 for the

finer gradation gravels). The dl:y density was calculated when the

cylinder was filled with soil level with the top of the mold.

The maximum density was detennined using AS'IM D-2049. The gravel

specimens were vibrated both wet and dl:y in the appropriate size mold

with various vibrating table amplitudes in order to detennine the

densest .possible state. A second method used to determine the maximum

density of the two coarser gravel gradations involved compacting

material inside a 12 inch diameter triaxial specimen mold. A quantity

of material that fonned a lift about 4 inches high was deposited inside

the mold. An 11 inch diameter circular vibrating plate was then

lowered onto the surface of the material and the compactor was

activated for about 3 minutes. Four to six additional lifts were

compacted in the mold in the same manner before volume measurements

were made and the dl:y density of the specimen was detennined. This

method typically resulted in higher maximum density values than those

detennined by AS'IM D-2049. Grain size distributions were checked after

these detenninations to be sure that grain breakage was minimal.

'Ihe results of the maximum and minimum density detenninations are

plotted in Figures 6.3 & 6.4. Earlier studies (Becker et al., 1972)

have shown that for parallel grain size distributions, lines defining

the maximum and minimum density values are approximately parallel and

the slope of these lines increases with increasing grain size. This
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tendency was considered in defining the maximum and minimum densities

used in this study.

The static strength envelope of the 3/8" x #4 grain size material

was detennined by a series of drained compression tests on 2.8 inch

diameter specimens. The results of these tests are shown in Figures

6.5 and 6.6. 'Ihe latter figure, after Leps (1970), shows the

relationship between effective confining pressure and friction angle

for various gravels compared to the 3/8" x #4 gravel used in this

study. Gravel material properties are surmnarized in Table 6.1.

Sands

A number of different sands were used in this research inclUding:

(1) Monterey No. 0 Sandi

(2) Monterey Fine Sand;

(3) San Francisco Dune Sand; and

(4) Banding Sand.

Grain size distributions and material properties for these sands are

shown in Figure 6.7 and Table 6.2. The maximum and minimum density

values presented in the table were detennmed using the same test

procedures eIT\Ployed for the 3/8" x #4 gravel. Undrained, cyclic

triaxial tests were perfonned. on specimens of Monterey No. 0 sand (see

Appendix A) in order to verify that various test parameters, such as

rate of loading and sample size, did not significantly affect the

cyclic loading resistance of the soil specimens. All of the other

sands, along with Monterey No. 0 sand, were used only for sluicing

gravel specimens.
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Pressure and Friction Angle for the 3/8" x #4
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(after Leps, 1970)
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Membranes

The properties of the membranes used in this study are obviously

very significant since they influence the amoll1t of membrane

penetration volume change that occurs during consolidation. The

subject of membrane penetration volume changes, together with membrane

axial load corrections and a suggested membrane compliance correction

based on volume changes, is presented in detail in Chapter 9.

The membranes used for testing the 2.8 inch diameter specimens

were obtained from 3-D Polymers of Gardena, california. These were

latex rubber membranes, 2. 70 inches in diameter, 9 inches tall and

0.012 inches thick. Young's Modulus for this material is about 195 psi

(Baldi and Nova, 1983).

The membranes used for testing the 12 inch diameter specimens

were obtained from the American Rubber Manufacturing Co. of Emeryville,

california. '!hese membranes were constnlcted of black tire-tread stock

and were about 0.1 inches thick, 36 in. tall and 12 in. in diameter.

Young's Modulus for this material is about 500 psi (Banerjee et al,

1979).

Several 12 inch diameter test specimens were confined by two thin

latex rubber membranes, about 0.025 inches thick, rather than the

single, 0.10 inch thick tire-tread stock membrane. Differences in

cyclic loading resistance for specimens confined by the two different

membrane systems were small indicating that membrane compliance effects

were not significantly influenced by variations in the membrane systems

for the 12 inch diameter test specimens. Therefore, the single,

thicker membrane was used for the majority of the 12 inch diameter

tests that were perfonned. However, membrane penetration was more
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easily observed in photographs taken using the lighter color, thinner

membranes, thus, photographs of specimens confined by the two thinner

membranes were shown previously in Figures 5.1 and 5.2.

Specimen Construction Procedures

Two basic types of gravel specimens, sluiced and unsluiced, were

tested in this study, both with some minor variations during the

testing program. Unsluiced SPeCimens were set up in the manner

typically used for sand or gravel sPeCimens. The general procedure

employed is outlined below:

(1) Install a robber membrane on the lower end platen;

(2) Assenrole a rigid sample mold around the membrane and attach

the membrane to it;

(3) Evacuate the air between the mold and the membrane;

(4) Place the gravel material inside the membrane using one of

several placement techniques which will be described in the

following paragraphs;

(5) Level the top of the specimen and install a top platen;

(6) Fix the membrane to the top platen and apply a full or

partial vacuum to the inside of the membrane; and finally,

(7) Remove the sample mold and assemble the triaxial cell for

testing.

Most of the samples of the two uniformly graded materials (3/8" x

#4 & 1-l/2" x 3/4"), both 2.8 and 12 inch diameter, were prepared by

pluviating the gravel particles through air in order to achieve a low

relative density. A tube which fit inside the sarnple mold and membrane

was equipPed with a series of baffle screens which acted to distribute

the Particles unifonnly over the sample area and reduce the height of
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fall of the particles (MUlilis et al., 1975, 1977). Gravel particles

were poured into the top of the tube and allowed to rain through the

tube and screens to form a sPeCimen. The tube was raised as the sample

grew in height in order to maintain a constant height of fall. This

construction procedure resulted in samples of uniform density

throughout their height. Sample density was varied from one sample to

the next either by raising or lowering the tube and screen arrangement

thereby changing the height of fall of the particles or by adjusting

the rate of flow of the material into the tube. Densities were

increased by increasing the height of fall of the particles or by

decreasing the rate of flow of material through the tube. The opposite

procedures resulted in SPeCimens with lower densities. The method of

pluviation described above was generally suitable for preParing samples

in the range of 30% to 60% relative density. other methods were

required to construct either denser or looser SPeCimens.

Some 12 inch diameter SPeCimens of 1-1/2" x 3/4" gravel were

prePared to 20% to 25% relative density. This was achieved by gently

placing a few Particles at a time into the sample mold using a small

scoop.

Some 2.8 inch diameter SPeCimens of 3/8" x #4 gravel were

compacted to values over 60% relative density by placing the material

in six individual lifts and tamping the surface of each lift until the

desired density was achieved.

12 inch diameter samples of 2" maximum, modified gradation

material were prePared by placing the material in six individual lifts.

The material for each lift was placed into a SPeCial "bottom dump"

bucket and thoroughly mixed by mechanically rotating the bucket for 3
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minutes. The bucket was carefully set upright in order to minimize

particle segregation and then lowered into the sample mold to the

desired distance above the bottom platen or the top of the previous

lift. The hinged bucket bottom was then tripPed OPen thus allowing

the material to fall into the SPeCimen mold. By a trial and error

procedure, a height of fall of 12 inches was detennined to result in

forming specimens with the desired relative density value of about 40%.

Specimen S1uicingProcedure

Sanples which were going to be sluiced were prepared in exactly

the same manner as unsluiced samples. The speciJnen forming mold was

set-up and the gravel specimen was constructed using the method which

resulted in specimens of the desired relative density. The procedure

varied beyond this point, however, in that, before the top platen was

installed, the gravel "skeleton" was sluiced with sand.

Sluicing was accomplished by first filling the gravel voids with

water and then adding sluicing sand to the surface of the gravel

sample. Provided that Cs (Le.: DlC/d50) is SUfficiently large, the

sand flows into the sample voids by gravity forces alone. This process

was sometimes supplemented by oPening the bottom drainage port and

allowing a small gradient to develop. As sand accumulated in the

specimen voids, however, the gradient was reduced to a very small value

and consequently had negligible effect on compacting sand in the voids.

Thus, it was not a routine part of the sluicing procedure. Sand was

added to the top of the specimen until no more would be accepted into

the sample. However, this does not necessarily mean that all of the

gravel sample voids were filled, only that all of the accessible voids
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were filled with sand. In fact, all of the skeletal voids were not

filled as will be shown later in this chapter.

since the objective of this study was to perfonn triaxial tests

on gravel specimens, whether they were sluiced or unsluiced, care was

taken so that no excess sand was added to the top of the specimen. A

layer of sand over the topmost gravel particles, no matter how thin,

was considered unacceptable. Sand. was added to the point where it

would just contact the top platen when it was put into place and. the

tops of the gravel particles were still visible in the sand.

since the objective of sluicing the gravel specimen was to

minimize membrane penetration, only the peripheral sample voids, those

adjacent to the confining membrane, were required to be filled with

sand. Filling of the interior sample voids occurs naturally as part of

the sluicing process and. is considered to have no influence on test

results as will be discussed in later chapters. In order to aid in

filling the peripheral sample voids, the outside of the sample mold was

tapped lightly while adding the sand. For 12 inch diameter samples, a

light rubber mallet was used, while for 2.8 inch diameter samples, a

thin 6 inch long steel rod was used to tap the specimen mold. The

height of the gravel skeleton was checked before and after sluicing on

several samples to dete:nnine that the light tapping did not change the

height of the sample and. thus did not disrupt the gravel particle

arrangement. It should be noted that the loosest gravel specimens had

relative densities of about 25% and. most were over 40%. The sand used

for sluicing, on the other hand, was very near zero relative density

because of the methcxl of deposition. '!he sand was pluviated gently

through water and followed a tortuous path through the gravel skeletal



146

voids resulting in a very loose structure. Consequently, even very

light tapping helps to densify the sand in the peripheral voids while

significantly harder tapping is required to change the density of the

gravel skeleton.

Even with some special effort, it is not possible to fill all of

the sample voids. However, it is convenient to assume that the voids

are filled when evaluating the quality of the sluicing effort for a

series of test specimens. By dividing the mass of the sluicing sand by

the total volume of the gravel skeletal voids, one can compute the

effective density of the sand. Figures 6.8 & 6.9 show the resulting

effective dl:y density of the Monterey Fine sluicing sand sluiced into

specimens of 3/8" x #4 gravel, and San Francisco Dune sand sluiced into

specimens of 2" maximum, modified gradation gravel respectively. It

may be seen from these figures that, in general, the sand achieves a

higher effective dry density in the gravel specimens with a looser

structure because the voids here are more open and continuous

throughout the specimen. For gravel specimens with a denser structure,

the void spaces are less open and continuous, and the sluicing sand

achieves a lower effective dry density. These figures indicate that a

true measure of sluiceability should consider not only particle size

ratios (Le.: Cs=D
H
!d50), but also the degree of compaction of the

gravel skeleton.

Gravel Specimens with an Annular Sand Shell

In the initial phase of this study, it was decided to investigate

the effects of a thin annular sand shell constructed around the outside

of the confining membrane for the gravel specimen. It was believed

that the presence of this shell might serve to prevent the penetrated
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membrane from rebounding during undrained cyclic loading. Such

specimens were constructed as follows:

(1) 'Ihe gravel specimen was constructed to the structure and

state desired for testing, the top end platen was installed and

attached to the membrane, and a full vacuum was applied to the specimen

drainage line. As a result of the applied confining pressure, the

membrane penetrated into the surficial specimen voids.

(2) A second membrane, about 0.025 inches thick, was installed

around the outside of the 12 inch diameter specimen and sealed to the

lower end platen. A 13 inch diameter fonning mold was then constructed

around the outer membrane and attached to the top of the membrane.

(3) 'Ihe 1/2 inch thick annular space between the two membranes

was filled with water in order to keep the space open, and then

Monterey No. 0 sand was poured into the annulus through the opening in

the top of the mold. When construction of the shell was completed, the

top of the outer membrane was attached to the upper end platen, a

partial vacuum was applied to the shell drainage line, and the forming

mold was removed.

A cross-section of the gravel specimen and sand shell is shown

schematically in Figure 6.10. Both the specimen and shell had separate

drainage lines so that the effective pressure of both components could

be independently controlled. All specimens were initially consolidated

under an effective confining pressure of 2.00 ksc and then cyclically

loaded in an undrained condition. As excess pore pressure was

generated in the specimen, the effective confining pressure was reduced

from. its initial value to a value that approached zero at initial

liquefaction. However, the effective confining pressure of the sand
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> a31-sample = a3-cell

au-sample

~12"

t

au-sample

au-shell

a3-cell

~O.5"

I

°3 -shell =a3-cell -
au-shell

Figure 6.10 Schematic Diagram of a Gravel Specimen with an
Annular Sand Shell Constructed Around the
Perimeter
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shell was ma.intained at a constant value of 0.25 ksc during the entire

test.

Undrained, cyclic load tests were performed in the usual manner

on gravel specimens with sand. sbells constructed as described. above. A

correction to the results of these tests was applied to account for the

portion of the applied cyclic load that was carried by the sand shell.

Such corrections were ma.de by assuming that the strength of the sand

was fully mobilized during each load cycle with an effective friction

angle, <P " equal to 33° (lade, 1972). The stress state of the shell was

calculated by using the following formula:

sin ¢' = (0 ' - ° ')/(0 ' + 03').1 3 1

For ¢' = 33° and °
3

' = 0.25 ksc, the axial stress in the sand shell,

°1 ' shell' was calculated to be equal to 12.05 psi. The average cross

sectional area of the sand shells was about 18 square inches. Thus,

the portion of the applied cyclic load that was carried by the sand

shell, Is, was computed as:

. 2 . 7 .._..:I~LS = 18 ill x 12.05 psl. = 21 poUUI..U::,

(i.e., about 12% to 16% of the total applied axial load).

The load value calculated above was subtracted from the measured

value of the total applied axial load so that the corrected cyclic

stress ratio felt by the gravel specimen, 0df203c, was calculated as:

0~203C = [(~ - Ls)/AG]/203C

where ~ is the applied load as measured by the load cell,

LS is the load carried by the sand shell as computed above, and

AG is the cross-sectional area of the gravel specimen.
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TRIAXIAL TESTING EQUIPMENT

Laboratory Equipment

'!he geotechnical engineering laboratory on the campus of the

University of california at Berkeley is maintained at a constant

temperature at all times to prevent temperature change which may affect

soil-water interaction in test specimens, or general laboratory and

electronic equipment used in long-tenn tests. '!he laboratory is served

by a house air compressor which is capable of providing a steady

pressure supply of approximately 6.5 kilograms per square centimeter

(ksc) . A house vacuum pump is capable of providing a steady vacuum

supply of about 0.75 ksc and a portable vacuum pump was also available

which was capable of developing a vacuum pressure of about 0.95 ksc. A

de-aired water reservoir, filled by spraying a fine mist of water

through a cylinder under house vacuum and maintained under vacuum,

provides de-aired water for general laboratory use. Supplemental de

airing was accomplished with the use of the portable vacuum pump before

the water was used to saturate specimens. '!he laboratory also contains

standard laboratory support equipment such as drying ovens and scales

in addition to the more specialized triaxial test equipment that is

described below.

2.8 Inch Diameter Triaxial Testing Equipment

General

All 2.8 inch diameter triaxial tests performed in this study

were performed using an automated version of the CKe electro-pneumatic

(ejp) loading system (Chan, 1981; Li et al., 1986). Testing with this

system requires that the operator set up the specimen, choose the
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desired mode of testing, answer the prompts, and then start the test

with the computer. '!he computer automatically controls and runs the

test, collects and stores the data, and calculates and plots the

results. A photograph and a schematic diagram of the automated

system are shown in Figures 6.11 and 6.12, respectively.

'!he system is capable of performing either stress or strain

controlled loading, or various types of stress-path loading under both

drained and undrained conditions. Both static and dynamic loading

tests may also be perfo:rmed. '!he tests are controlled by a

microcomputer which detennmes the magnitude and frequency of the

electronic signals that are generated and sent to the e/p transducers

which, in turn, control pneumatic anplifiers for the application of

lateral or axial loads. All but one of the available modes of loading

is controlled by a closed-loop feedback scheme. '!he cyclic, stress

controlled loading mode used in this study was not controlled by a

closed-loop feedback scheme since it was desired to apply sinusoidal

loadings at a rate up to one cycle per second. '!his loading rate was

too fast for the computer to control precisely with a closed-loop

scheme, thus the desired loading piston pressures were predetermined by

the computer and then applied via the e/p transducers. load cell

output data was collected during the test in order to verify that the

desired cyclic loads were actually applied.

Controller

The automated triaxial system has two independent feedback loops

for control of the axial and lateral e/p transducers which may be

operated individually or in a synchronized manner. A block diagram of

the axial feedback loop is shown in Figure 6.13. It may be seen from
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this figure that four control parameters are needed to specify the

operation of the loop: (1) The Loop Switch either turns the feedback

path on or off; (2) The Loop Selector detennines whether load or

displacement control will be used; (3) The Reference specifies the

expected value of the selected control mcx:le; and (4) The Optimizer

adjusts the dynamic range of the analog to digital (A-D) converter. A

high degree of testing flexibility can be achieved by properly

selecting the parameters for each control loop. The roajor parts of the

control loop are shown in Figure 6.13 and comprise a computer, a

process interface unit, a pneumatic loader, the testing chamber, and

various electronic sensors. A description of each of these various

units is given below.

Computer and Software

A Radio Shack TRS 80 Model 4 microcomputer with two disk drives

controls the automated system. It receives and stores the real-time

data in its memory and sends electronic control signals to regulate the

testing process. Through the keyboard and the display screen, the

computer provides the means for effective interaction between the

operator and the testing system. The computer also performs other

functions such as data reduction, data processing, etc. An Epson F'X-80

printer is used to record the output from the system. It prints out

hard copies of test results in tabular and/or graphic fonn.

A software package has been develoPed by Li et al. specifically

for use with the automated testing system. The programs are

interactive, providing prompts which guide the operator through each

phase of the test. Programs are available for controlling the

following test operations:
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- Back Pressure Satlrration and B-Value Check;

- Consolidation - Isotropic, Anisotropic, and Ko ;

- Shear Loading - stress or Strain-Controlled,
- Drained or Undrained;

- stress Path Loading;

- Cyclic Loading - stress or strain-Controlled,
- Loading Rates up to 1 Hz,
- sinusoidal or Triangular Wave Fonus;

- eustomized Loading;

- Data Retrieval and Plotting.

'!he software package is organized into three main function

blocks: calibration, Test, and Plot. '!he calibration program may be

used to update the input values of the calibration coefficients of the

five sensors. Any minor changes in the sensitivities of these

instruments may be detennined by periodic calibration and then may be

input into the computer by using this program. '!he Test control block

is organiZed into three subgroups as follows: (1) Test management,

system optimization, and load control; (2) Data acquisition and

storage; and (3) Real-time data display via a digitized, multichannel

display or, for most test modes, a high resolution graphics display.

'!he Plot program loads test data, converts the data to anyone of 20

quantities connnonly used for plotting geotechnical engineering data,

and generates X-Y plots of the desired quantities for viewing on the

display. Display plots may then be sent to the dot-matrix plotter, if

desired. Both logarithmic and linear scales are available using either

automatic scaling or user SPecified scaling. Also, data may be

conditioned using three levels of smoothing, and specific portions of

the data may be enlarged for viewing in greater detail.
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Process Interface Unit

The process interface fonns the conununication link between the

computer and the loading system. The unit consists of a 16-channel, 12

bit, high speed A-D converter, an 8-channel, 12 bit, high speed D-A

converter and a 24-channel digital input/output port. The D-A

converter channels can also be configured as gain controllers to suit

specific purposes of a designed system.

Seven channels of the A-D converter are used in the automated

triaxial testing system - five channels are used to monitor the signals

from the five sensors provided with the system; one is used to indicate

whether the test conditions are drained or undrained; and the other is

grounded· as a zero reference to minimize the zero shift of the system.

The digital input/output port is not used in this system.

Loading System

The dual channel e/p system is used to convert the computer

generated coromand electronic signal to pneumatic pressure, which then

applies the axial load and the lateral pressure. The entire loading

system is shown schematically in Figure 6.14. The e/p transducer

operates essentially by balancing the force on the torque bar caused by

the pressure at the end of a nozzle acting against the electronically

controlled moving coil. The back-up pressure is then amplified by a

pneumatic relay and a volume booster in order to perfonn the desired

loading. A test gage is used to monitor the pressures being generated

by the e/p transducers (i. e., the cyclic and lateral pressures), or

controlled by the regulators (i. e., the steady and back pressures) . A

supply of clean, dry conpressed air is required to operate the system.
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The load frame consists of two 1-1/2 inch diameter posts with an

adjustable height crossbar and a flat base plate. The double acting

(push/pull) pneumatic loader may be a bellofram type or similar low

friction seal system on the piston and the rod. An oil filled loader

may also be used for strain controlled testing of strain softening

specimens. The actuator that was used for the tests described in this

study was a low friction and low mass pneumatic loader designed

specifically for use in stress-controlled dynamic testing of weak

specimens. A rather flexible coupling device is used to connect the

guided loading rod and the guided triaxial rod to allow for minor

misaligrnnent of the system. Hold down clamps for the triaxial cell are

threaded into the base plate.

Triaxial Chamber

The triaxial cell used in this study is capable of testing 1.4

and 2.8 inch diameter specimens up to a chamber pressure of 100 psi

with a clear acrylic chamber or 200 psi, if an optional aluminum

chamber is used. The cell was built by the civil Engineering machine

shop at the University of california, Berkeley with the latest low

friction piston rod seals, three external tie rods, and straight

through-tube fittings on all pore fluid lines.

This cell was designed to allow drainage (or pore pressure

measurement) at the top and/or bottom of the sample during sample

saturation, consolidation, and testing. £)]ring this investigation,

drainage from the top of the sarrple was always used to aid in specimen

saturation. The walls of the chamber consisted of a 1/4 inch thick,

clear lucite cylinder.
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'!he loading piston guide provides a low friction seal with

accurate alignment by using two sets of '!horrpson ball bushings and a

Teflon ring seal on the top and a close-fitting diffusion control seal

on the bottom. Piston friction was measured to be approximately equal

to the weight of the piston/top cap assembly.

Conventional, non-lubricated lucite caps and bases were used.

since the investigation was concerned with the initiation of

liquefaction, which is known to occur at very low strain values, the

effects of cap and base restraint on the stress conditions within the

sample were considered to be very small in the strain range of primary

interest.

Transducers and Signal conditioning

A total of five sensors are used in the system - a load cell to

monitor the axial load, a linear variable differential transfonner

(LVIJI') to measure the vertical displacement, and three pressure

transducers to measure the chamber pressure, the effective pressure,

and the volume changes. '!he output signals of these sensors are

conditioned and then received by the process interface unit.

'!he signal conditioning unit made by Validyne can accommodate ten

channels for various transducers. A total of five channels are

available for the five sensors (the load cell, the three pressure

transducers, and the LVD!') .

Included in the front panel of this unit is a 4-1/2 inch digital

panel meter which may be used to monitor transducer output during

testing or to calibrate the transducers prior to testing. Each channel

may be switched for viewing on the panel meter. '!he output from this

unit ranges from -10.0 to +10.0 volts DC.
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An Interface SSM-3000 load cell which has a 3000 pound capacity

in either tension or compression, was used to measure axial loads with

the automated loading system. The shape of the load cell was selected

so that the LVDI' could be mounted as close to the center of the

specimen as possible in order to give reliable low strain readings.

Axial defonnation was measured with a G. L. Collins Corp. IMB

114E55 linear motion transformer (such devices are typically called

LVDI's). The LVDI' exhibited essentially linear response over a total

range of about ±1.5 inches. The case size of the LVDI' was selected in

order to minimize the inertia loading on the sample and allow closer

mounting to the center of the specimen.

Two of the three differential pressure transducers were Validyne

DP-215-52, wet to wet type with diaphragms of the required flexibility

for measuring pore pressures and chamber pressures. These transducers

have a rated differential pressure range of about 200 psi. Full scale

rated differential pressure causes deflection of the internal diaphragm

which results in a volume change of only 0.0003 cubic inch. Effective

stresses were measured directly by connecting one port of the

transducer to the triaxial cell chamber while the other port was

connected to the sample drainage line. The transducer could then

measure the effective confining pressure as the difference between the

pressure on the outside of the sanple and the pressure on the inside of

the sample.

Volume changes were measured during consolidation using a special

volume change device designed by C.K. Chan of the University of

California, Berkeley. This volume change device allows specimen

drainage to be switched to any of three volume-calibrated tubes, each
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of which has a different diameter. The back pressure is applied at the

air/water interface at the top of the tubes. The pore pressure

transducer is connected to the volume change device in such a way that,

by closing a valve, drainage of the sanple is prevented and pore

pressure measurements can be made. The transducer used for this

purpose was a Validyne DP-215 with a specially machined diaphragm which

has a maximum differential pressure range of about 1. 25 psi. Thus, by

selecting a volume change measuring tube of the appropriate diameter,

accurate measurements of very small volume changes can be obtained.

12 Inch Diameter Triaxial Testing Equipment

The 12 inch diameter cyclic testing equipment set-up used in this

study consisted of an MIS Mcx:lel 90308, described in detail by Wong

(1971) and Banerjee (1979). Thus, only a brief description of this

equipment is included in this report.

The testing apparatus, located at the University of California

Richmond Field Station, is capable of applying static or dynamic loads

in either a displacement-controlled mode or a stress-controlled mode

through its two channel electro-hydraulic system. Axial loads are

applied to the specimen with a 16 inch diameter hydraulic piston system

connected to a 12 inch diameter load ram. The bottom platen is

attached to this load ram, and thus, axial loads are applied to the

bottom of the specimen. A steel chamber, 58 inches tall, 18 inches

inside diameter, and with a 1 inch thick wall, provides the necessary

load reaction. The specimen top cap is bolted to the top of the

chamber and the base of the chamber is locked onto the load-ram flange.

A 500 kip load cell is incorporated inside the top of the chamber for

load measurement.
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Axial displacements up to 12 inches or ± 6 inches can be applied

in static and dynamic loading modes , respectively. Defonuations were

measured by using an LVIJI' installed inside the MrS loading system.

Cyclic loads were progranuned via a Data Trak programmer on which a

sinusoidal loading path had been inscribed. cell pressures and

effective pressures were measured using Validyne wet to wet

differential pressure transducers as described previously. A Sanborn

four channel recorder was used to monitor axial loads, axial

defonuations, effective pressures, and cell pressures. A schematic of

the MrS loading and instnnnentation system is shown in Figure 6.15

(after Banerjee et al., 1979); the corrponents shown in this figure are

noted in Table 6.3.

The frequency of cyclic loading for 2.8 inch diameter sarrples of

the modeled material was 1 cycle per second which is considered to be a

good simulation of nonnal earthquakes. This frequency, however, was

not achievable with the MrS testing equipment used for the 12 inch

diameter specimens. Instead, a frequency of 1 cycle per minute was

used for all of the lcrrge scale tests perfonned in this study.

Previous investigations, as well as tests conducted on sand specimens

as part of this study (see Appendix A), have shown that the frequency

of cyclic loading has no significant influence on the cyclic loading

resistance of granular materials within the nonual test loading range

(Peacock and Seed, 1968; lee and Fitton, 1969; Wong et al. 1974).

Thus, the use of this frequency of cyclic loading (as compared to the

frequency of actual earthquakes) was considered to be acceptable.
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Table 6.3 Identification of Principal Components in Figure
6.15 (after Banerjee et al., 1979)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
VI-V9
GI-G2
G3-G4
RI-R4
CVI-CV2

Pressure Cell
Load Cell, 600 Kips Capacity
Pressure Head
Acrylic Vacuum Tank
Back Pressure Chamber
Control Panel
Pore Pressure Lines (copper)
Pressure Transducer
Pressure Transducer
Test Specimen (12 inch diameter)
Bleeder Valve
Compressed Air Cylinder (High Pressure)
Compressed Air Tank (Low Pressure)
Gage and Regulator for Calibration
Sanborn Recorders
Sanborn Preamplifiers
Multiple Channel Switch Box
Strain Recorder (SR-4)
Digital Voltmeter (DVM)
MTS Control Panel
Data Trak Programmer
Motor and Pump
Servo Valve
Servoram, 16 inch Bore, 12 inch Ram
Precision Valves
Precision Heise Gages
Gages
Pressure Regulators
Check Valves
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CHAPl'ER 7

RESULTS OF TRIAXIAL TESTS PERFORMED ON 12 INCH DIAMETER
SPECIMENS

Introduction

OVer one hundred 2.8 inch and 12 inch diameter undrained cyclic

triaxial tests were perfonned as part of this research program. The

results of tests perfonned on 12 inch diameter specimens are presented

in this chapter and the results of tests perfonned on 2.8 inch diameter

specimens are presented in Chapter 8. Analyses and comparison of the

test data will follow presentation of the test results in each section.

The test data presented in this chapter are divided into two

sections according to the grain size distributions of the gravels used

to construct the test specimens as follows:

section (1) - 2" Maximum, Modified Gradation watsonville Gravel

section (2) - 1-1/2" x 3/4" Watsonville Gravel

Each of these sections are subdivided into a number of test groups to

distinguish between different test conditions that were investigated

within that particular section. The tests within each group are

related by common factors such as specimen diameter, relative density,

method of sample construction, type of sluicing sand, K , and severalc

other factors which will be described.

The organization of a typical section is shown schematically in

Figure 7.1. Each section is represented by the following generalized

tables and figures:

(a) A Section SUrnma:ry Table which summarizes the different

test groups investigated; and for each test group:

(b) A Group Surmnary Table;
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(a)

Section
Summary
Table

Test
Group

1 -------
2 -------
3 --------

(etc. )

Tables &
Figures for
Group #1

-
Group
Summary
Table

Group #1

(b)

- (c)

- (d)

(e)

(f)

Stress Ratio

I Strain

I Pore Pressure
IPore Pressure -

r--------~ Normalized

Tables &
Figures for
Group #2

-
Group
Summary
Tabl e

Group #2

(b)

~ (c)

~ (d)

- (e)

(f)

(etc.)
Stress Ratio

I Strain

I Pore Pressure

I Pore Pressure 
Normalized

Figure 7.1 Organization of Tables and Figures for Each Test Section
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(c) Cyclic stress Ratio vs. Nc Plot;

(d) Double Amplitude strain vs. Nc Plot;

(e) Residual Pore Pressure Ratio vs. NcPlot;

and (f) Residual Pore Pressure Ratio vs. Nc/N,Q, Plot.

'Where Nc is the number of applied stress cycles and N,Q, is the number of

stress cycles to 100% residual pore pressure ratio.

Data plots are numbered in the fODn; Figure 7 .X. Y.Z, 'Where "7"

indicates the chapter number, "X" indicates the section number, "Y"

indicates the test group number within that particular section, and "z"

indicates the figure number. Tables are numbered in a similar manner.

Each of these tables and figures is described in the following

sections.

(a) Section Summary Table

A typical section sununa:ry table is shown in Figure 7.2. This

table contains information such as the gravel gradation used to

construct the test specimens, the test group designation numbers, the

condition of the test specimens within each group, the sluicing sand

used (if any), the resulting sluiceability coefficient, and the general

testing procedure, together with any particular test variations that

were investigated in each group of specimens.

(b) Group Summary Table

A typical group sununa:ry table is shown in Figure 7.3. This table

contains a listing of the reference numbers of each of the cyclic tests

perfonned within each group, the condition of the test specimens, the

condition of the Sluicing sand (if any), the applied cyclic stress

ratio, and the number of stress cycles required to cause failure by
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Summary of Undrained Cyclic Triaxial Tests
Performed on 2" Maximum. Modified Gradation 
watsonville Gravel

Test Sluicing Gravel
Group Sand Relative

Density, %

1 none 42

2 San Francisco 42
Dune

3 San Francisco 62
Dune

Cs Comments·

42

42

* - All test specimens are 12" diameter, dumped in 6
layers, one 0.1" membrane, 03'= 2.0 ksc, and
Kc=l except as noted.

Figure 7.2 Typical section Summary Table
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Material properties and Test Conditions
Causing Failure During Undrained Cyclic
Loading

GRAVEL: 2" Maximum, Modified Gradation - Watsonville
SLUICING SAND: San Francisco Dune
Cs =42

Test
No.

7
9
10
11

Test
No.

7
9
10
11

Gravel Sand
Dry Void porosity Relative Dry Void
Density Ratio Density Density Ratio
(pcf) (%) (pcf)

101. 7 0.707 0.414 41.1 84.4 0.997
101.5 0.710 0.415 40.3 89.4 0.885
102.6 0.692 0.409 44.7 86.1 0.958
100.4 0.729 0.422 35.8 87.1 0.935

Cyclic Number of Cycles Causing ...
Stress 80% 100% 2% 5% 10%
Ratio, Pore Pressure Ratio Peak to Peak strain

°d/203c

0.238 1.0 1.6 2.5 3.8
0.180 6.2 7.0 8.8 11.0
0.150 23.0 25.0 29.0
0.170 11.0 12.0 13.5 15.0

* - All test specimens are 12" diameter, dumped in 6
layers, one 0.1" membrane, ° 3 '= 2.0 ksc, and
Kc =l.

Figure 7.3 Typical Group Summary Table
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various pore pressure and strain criteria as obtained from the group

data plots. Finally, each table contains a section of notes describing

the particular test conditions or specimen construction procedures

employed in that group.

(c) Cyclic stress Ratio vs. Nc Plot

A typical figure of this type is shown in Figure 7.4. 'Ihese

figures show the relationship that was determined to exist between

cyclic stress ratio and the number of stress cycles causing 5% double

amplitude strain. Each data point appearing on these CUl:Ves is the

result of an individual undrained, cyclic compression triaxial test.

Appearing above each data point is shown the test number for reference

back to the group sUltUlla.l:Y table, and the specimen relative density

expressed as a percent. Although specimen densities may vary slightly

within a group of tests, a smooth curve representative of the "average"

relative density of all the test specimens is drawn by interpolating

between points of higher or lower relative density. 'Ihe average value,

noted in the legend included in the figure, is not a true statistical

average since the CUl:Ve was not intended to intercept all of the data

points. Rather, judgment was used to fit a CUl:Ve to the data which

would account for variations in relative density and a representative

average value of the relative density was determined for the curve as

drawn.

curves such as the one described above are often drawn for

various failure criteria such as 100% pore pressure ratio, 2%, 5%, or

10% double amplitude strain ('Ihe concept of double amplitude strain

will be illustrated in Figure 7.9). It was decided that one failure

criterion, 5% double amplitUde strain, should be used consistently to
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compare the cyclic loading resistance of the sluiced and the unsluiced

gravel specimens. The 100% pore pressure ratio was also used as a

failure criterion in addition to the strain criterion, in several

cases. The 5% double amplitude strain criterion was chosen for use in

comparing the cyclic stress ratio values reported in this report for

the following reasons:

(1) several investigators have shown that the development of 100%

pore pressure ratio in an undrained test specimen usually occurs in

approxbnately the same mnnber of stress cycles as that required to

cause about 5% double amplitude strain (Banerjee et al., 1979).

Figures 7.5, 7.6, and 7.7 show relationships between cyclic stress

ratio and the number of cycles required to cause different values of

pore pressure ratio and different levels of strain in test specimens of

Monterey No. 0 Sand (see Appendix A), sluiced 3/8" x #4 gravel, and

unsluiced 3/8" x #4 gravel, re5PeCtively. It may be noted from these

figures that the sand and sluiced gravel specimens did indeed develop a

value of 100% pore pressure ratio in the range of 2% to 5% double

amplitude strain. For the unsluiced gravel specimens, however, a

somewhat higher value of strain was required before initial

liquefaction (100% pore pressure ratio) occurred. '!he development of

excess pore pressures was inhibited in the unsluiced specimens due to

the effects of membrane compliance. Furthennore, it was considered

reasonable to expect that strain and pore pressure would develop in a

consistent pattern in any specimen tested in a noncompliant system,

whether the test materials were sands or gravels. Therefore, the same

failure criterion of 5% double amplitude strain was used for both

sluiced and unsluiced specimens in order to maintain consistency when
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comparing the cyclic loading resistance. By specifying that the 5%

double amplitude strain criterion be used, in effect, two criteria are

expressed for noncompliant systems - 5% strain and 100% pore pressure

ratio.

(2) Neither sluiced nor unsluiced specimens consistently

developed pore pressure ratios of 100%. In fact, unsluiced 2.8 inch

diameter gravel specimens typically developed no greater than 75% to

80% pore pressure ratio even though double amplitude strains in excess

of 15% were developed. Consequently, it would have been impractical to

make strength comparisons based on the development of 100% pore

pressure ratio in unsluiced specimens. The 100% pore pressure ratios

reported in this study are generally extrapolated values, as will be

described in the section labeled: (e) Residual Pore Pressure Ratio vs.

Nc Plot.

(3) A low value of strain was specified as the failure criterion

in order to avoid complications of sandjgravel Particle interaction

that might occur in sluiced samples at high values of strain. At a

strain value of ±2. 5%, about 0.3 inches of peak to peak axial

defonnation would occur in typical 2.8 inch diameter specimens, and it

was considered that such small defonnations would cause little or no

sand/gravel Particle interaction. Even if some Particle interaction

did occur, it would seem likely to result in a higher cyclic loading

resistance than would result if no interaction occurred. The sand in

the sluiced specimens is occupying a position where only water, or some

other pore fluid, would othexwise have been, as described previously in

Chapter 5. since even very loose, saturated sand, such as occurs in

sluiced specimens, has a greater shear strength than water, it may well
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contribute to the cyclic loading resistance of the gravel specimen.

Any such contribution is considered to be slight, however, as compared

to the effect that the sluicing sand has in reducing membrane

penetration and thus reducing the cyclic loading resistance of the

specimen as measured in the cyclic triaxial test.

The value of the cyclic stress ratio that causes failure in 10

stress cycles is used for comparison of the cyclic loading resistance

of the specimens tested in this report. Ten cycles of stress were

chosen because this number of significant stress cycles, at a frequency

of 1 HZ, is generally representative of the effects of a 6.5 magnitUde

earthquake (Seed et al., 1975, Seed and Idriss, 1982). This value

represents a typical earthquake magnitude which may be incorporated

into an engineering design criteria for a seismic area, and thus it was

considered to be a reasonable reference point for developing

comparisons of the cyclic resistances of the test specimens. Similar

comparisons may be derived over the range of about 3 to 26 cycles

representative of earthquakes of magnitude 5.25 to 8.50 resPectively.

Cd) Double Amplitude strain vs. N Plotc

A typical figure of this type is shown in Figure 7.8. Such

figures show the relationship that was detennined to exist between

double amplitUde strain and number of stress cycles. These CillVes were

developed by measuring t:1?-e maximum peak to peak strain that developed

in the test specimens during each complete stress cycle as shown in

Figure 7.9. This procedure was followed for each load cycle and a

smooth CillVe was drawn through the resulting data points. The number

of stress cycles that occurred up to the development of the failure

criterion of 5% double amplitude strain may be read from these CillVes.
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Clearly, any other failure criteria up to a value of 10% double

amplitude strain may also be read from these curves in order to develop

cyclic strength comparison curves for other values of strain.

Isotropically consolidated cyclic triaxial tests (Kc=1) typically

developed approximately symmetric defonnations alx>Ut their original

height as shown in Figure 7.10. Anisotropically consolidated

specimens, on the other hand, often developed large compressive

deformations with very low corresPOnding values of Peak to Peak

defonnation. In tests where Peak compressive strains exceeded double

amplitude strains in any cycle, compressive strain values were used to

develop the plots of strain vs. number of stress cycles. 'Ihe test

numbers beside such curves are marked with an asterisk (*) and an

explanatory note is included in the figure.

(e) Residual Pore Pressure Ratio vs. N Plotc

A typical figure of this form is shown in Figure 7.11. Such

figures show the relationship that was detennined to exist between

residual pore pressure ratio and number of stress cycles. 'Ihese curves

were develoPed by plotting the excess pore pressure ratio that existed

at the end of each stress cycle vs. the corresPOnding cycle number as

shown in Figure 7.12. A smooth solid curve was drawn through each of

these points. A dashed line was drawn from the tops of these curves in

order to extrapolate to 80% or 100% pore pressure ratio when such

values were not reached during the test. 'Ihese dashed lines are

extensions of the pore pressure development trend that existed before

some limiting pore pressure value was reached and the residual pore

pressure stabilized to an approximately constant value.
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It is believed that this leveling off is mainly the result of

membrane compliance effects. Without the effects of membrane

compliance, it was considered that the pore pressure ratio would have

continued to develop to a value of 100%. Undrained, cyclic load tests

performed on specimens of Monterey No. 0 sand reached 100% pore

pressure ratios during the application of only a few stress cycles

after a value of 30% to 50% pore pressure ratio was surpassed (see

Appendix A). Similar tests Performed on specimens of 3/8" x #4 gravel

also developed pore pressures more rapidly after 30% to 50% pore

pressure ratio but only reached a peak residual pore pressure ratio of

about 75%. It is argued that this difference is a direct result of the

effects of membrane compliance and that, if this phenomenon could be

eliminated, the gravel specimens would develop peak residual pore

pressure ratios which would be silnilar to those developed in sand

specimens. It was apparent from the tests that pore pressure build-up

occurred more rapidly and to a greater extent in non-compliant systems

or in systems with low compliance, than in tests with high degrees of

compliance. The effects of membrane compliance, however, become

greater at higher levels of pore pressure development. It was

considered reasonable, therefore, to extrapolate the early portions of

the pore pressure development curves when it was desired to estimate

the behavior of samples in the absence of any membrane compliance

effects. Extrapolated data is shown by dashed lines and special

symbols on the figures. Open triangles, only used in a few figures,

represent extrapolated values of 80% pore pressure ratio while the oPen

circles represent extrapolated values of 100% pore pressure ratio.
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(f) Residual Pore Pressure Ratio vs. NcfNR, Plot

A typical figure of this type is shown in Figure 7.13. Such

figures show the relationship between the measured residual pore

pressure ratio and the no:nnalized number of stress cycles. 'lhese

curves were developed by plotting the residual pore pressure ratio vs.

the quantity Nc/NQ,' where NQ, is the number of cycles required to reach

the actual or extrapolated value of 100% pore pressure ratio as

previously discussed. Several test groups developed residual pore

pressure ratios which were no greater than about 75%. It was reasoned

that extrapolation to 100% ma.y be jUdged to be excessive without first

providing a basis for such extreme extrapolations at lower values of

pore pressure ratio. Thus, similar curves designated 7. X. Y.5 were

first developed with the quantity Nc/NsO% since extrapolation to SO%

pore pressure ratio was considered to be reasonable. Comparison of

both sets of curves generated using N
SO

% and N9, indicates that similar

trends exist in both sets of curves and that extrapolation to 100% ma.y

not be unreasonable. These curves will be used to compare pore

pressure developments in sluiced and unsluiced gravel specimens later

in this chapter.

The remainder of this chapter (as well as Chapter S) is organized

as follows: (1) All of the test data tables and figures are presented

together, in the order listed in the section SUIl1l'l1al:Y tables, for each

of the gravel gradations; and (2) Analyses of the test results follow

presentation of the test data. In the analysis sections, data curves

are shown for comparison without their corresponding data points. Such

curves are clearly labelled so that the reader ma.y easily locate the
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pertinent figures containing the test data, if desired, and refer to

them for clarification.

Tests Performed on 2" Maximum, Modified Gradation 
Watsonville Gravel Specimens

Test Data Presentation

Three groups of undrained, cyclic triaxial tests were performed

on 12 inch diameter specimens of modified gradation Watsonville gravel

with 2" maximum size particles as surmnarized in Table 7.1. 0 (found on

page 192 following Figure 7.14). All specimens were constructed in six

equal layers by dumping the lift material from a constant height of

fall, using a special mixing and dumping bucket. '!he specimens of one

test group, at a relative density of 42%, were unsluiced. '!he

specimens of the other two groups, at relative densities of 42% and

62%, were sluiced with San Francisco dune sand which resulted in a

value of C =42. Tables 7.1.1, 7.1.2, and 7.1.3 surmnarize the relevants

test data for these groups of tests. Figures 7.1.1.1 through 7.1.3.4

are included along with these tables and contain the test data for this

material as described earlier in this chapter.

Data Analyses

A comparison of the curves relating the cyclic stress ratio to

the number of stress cycles causing 5% double amplitude strain, for

sluiced and unsluiced specimens at a relative density of 42%, is shown

in Figure 7.14. It may be seen from this figure that the value of

cyclic stress ratio causing 5% double amplitUde strain for the sluiced

specimens in 10 stress cycles was only about 65% of the value required

to cause the same level of strain for the unsluiced specimens. '!he
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Table 7.1.0

192

Summary of Undrained Cyclic Triaxial Tests
Performed on 2" Maximum, Modified Gradation 
watsonville Gravel

Test
Group

I

2

3

Sluicing
Sand

none

San Francisco
Dune

San Francisco
Dune

Gravel
Relative
Density, %

42

42

62

42

42

*Comments

* - All test specimens are 12" diameter, dumped in 6
layers, one 0.1" membrane, 03'= 2.0 ksc, and
Kc =l except as noted.



Table 7.1.1

193

Material Properties and Test Conditions
Causing Failure During Undrained Cyclic
Loading

GRAVEL:
SLUICING SAND:
C = s

2" Maximum, Modified Gradation - Watsonville
none

Test
No.

2
3
4
5
6

Dry
Density
(pcf)

101. 6
100.9
103.0
102.7
102.5

Gravel Sand
Void Porosity Relative Dry Void
Ratio Density Density Ratio

(%) (pcf)

0.708 0.415 40.7
0.720 0.419 37.8
0.685 0.407 46.3
0.690 0.408 45.1
0.693 0.409 44.3

Test
No.

cyclic
Stress
Ratio,

O"d/ 2 0"3C

2 0.236
3 0.270
4 0.303
5 0.345
6 0.307

Number of Cycles Causing ...
80% 100% 2% 5% 10%
Pore Pressure Ratio Peak to Peak strain

100 84 92
2.8 4.8 15.0

7.8 5.5 8.1 18.0
1.4 0.70 1.2 1.9
1.9 0.85 1.5 2.6

* - All test specimens are 12" diameter, dumped in 6
layers, one O. 1" membrane, 0" 3 '= 2. 0 ksc, and
K -1c- .
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Table 7.1.2

198

Material Properties and Test Conditions
Causing Failure During Undrained Cyclic
Loading

GRAVEL: 2" Maximum, Modified Gradation - Watsonville
SLUICING SAND: San Francisco Dune
C =42s

Gravel Sand
Test Dry Void Porosity Relative Dry Void
No. Density Ratio Density Density Ratio

(pcf) (%) (pcf)

7 101. 7 0.707 0.414 41.1 84.4 0.997
9 101.5 0.710 0.415 40.3 89.4 0.885
10 102.6 0.692 0.409 44.7 86.1 0.958
11 100.4 0.729 0.422 35.8 87.1 0.935

Test Cyclic Number of Cycles Causing ...
No. Stress 80% 100% 2% 5% 10%

Ratio, Pore Pressure Ratio Peak to Peak strain
(Jd/ 2 (J3C

7 0.238 1.0 1.6 2.5 3.8
9 0.180 6.2 7.0 8.8 11. 0
10 0.150 23.0 25.0 29.0
11 0.170 11. 0 12.0 13.5 15.0

* - All test specimens are 12" diameter, dumped in 6
layers, one 0.1" membrane, (J3'= 2.0 ksc, and
K =1c .
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Table 7.1.3

203

Material Properties and Test Conditions
Causing Failure During Undrained Cyclic
Loading

GRAVEL: 2" Maximum, Modified Gradation - Watsonville
SLUICING SAND: San Francisco Dune
C =42s

Test
No.

12
13
14

Test
No.

12
13
14

Gravel Sand
Dry Void Porosity Relative Dry Void
Density Ratio Density Density Ratio
(pcf) (%) (pcf)

107.9 0.608 0.378 64.9 70.0 1.408
106.9 0.624 0.384 61.2 64.2 1. 626
107.2 0.619 0.382 62.3 59.5 1. 833

Cyclic Number of Cycles Causing .•.
Stress 80% 100% 2% 5% 10%
Ratio, Pore Pressure Ratio Peak to Peak strain

0d/203c

0.210 11.0 12.0 15.0 20.0
0.220 3.3 3.3 4.1 5.0
0.223 6.8 6.5 7.8 9.0

* - All test specimens are 12" diameter, dumped in 6
layers, one 0.1" membrane, 03'= 2.0 ksc, and
Kc=l.
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effect of membrane corrpliance in the unsluiced specimens is believed to

be the major cause of the difference in the cyclic loading resistance

of these two materials. Sluicing the gravel specimens with sand

significantly reduced the effect of membrane corrpliance on the results

of the undrained, cyclic triaxial tests. The resulting cyclic strength

of the sluiced specimens would seem to be more representative of the

true, undrained cyclic strength of the gravel which would be expected

to occur in the field. The results from tests Perfonned on unsluiced,

compliant specimens of this particular gravel may then overestimate the

true, noncorrpliant cyclic strength of the gravel by about 55%.

Figure 7.15 presents a COl'lparison of the cyclic loading

resistance of the sluiced gravel specimens at relative densities of 42%

and 62% with the cyclic loading resistance of 12 inch diameter

specimens of 2" x #200 very well-graded Oroville gravel (Cu~40) at a

relative density of 60% detennmed by Wong et al. (1974). The effect

of membrane corrpliance on the cyclic loading resistance of specimens of

the well-graded Oroville gravel, or any other well-graded material, is

expected to be very small because such materials produce specimens with

very small surficial voids, and thus very little membrane Penetration

volume change will occur during consolidation. These two materials,

the sluiced gravel and the very well-graded gravel both at relative

densities of about 60%, would then be expected to have generally

similar values of cyclic loading resistance since membrane corrpliance

effects are minimized in both systems. It may be seen from Figure 7.15

that both gravels do have similar levels of cyclic loading resistance

and the small difference in strength that does exist may easily be
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explained by differences in material properties and specimen

construction procedures.

Combinations of cyclic stress ratio and numbers of stress cycles

producing different levels of residual pore pressure ratio for sluiced

and unsluiced gravel specimens at a relative density of 42% are shown

in Figure 7.16. It may be noted that the 100% pore pressure ratio

relationships for the sluiced gravel approximately coincides with the

12% pore pressure relationship for the unsluiced gravel. 'Ihese

relationships indicate that the value of cyclic stress ratio which

causes a pore pressure ratio of 100% for the 2" maximum, modified

gradation watsonville gravel in a noncompliant test system, may be

determined from cyclic compression tests performed on unsluiced gravel

specimens, provided that the value of cyclic stress ratio which causes

12% pore pressure ratio is used as the failure load. In other words,

according to these results, the stress ratio required to cause 12% pore

pressure ratio in 10 stress cycles in the compliant system, is

representative of the stress ratio which would be expected to cause a

pore pressure ratio of 100% (or approximately 5% double amplitude

strain) in an undrained, noncompliant testing system.

'Ihese data illustrate the potential magnitude of the effect of

membrane compliance on the results of cyclic triaxial tests performed

on gravel specimens when membrane Penetration volume changes occur

prior to and during undrained testing. If little membrane Penetration

occurs, in very well-graded gravel specimens for example, the

compliance effect may be small. On the other hand, the effect of

compliance is considerable when a significant amount of membrane

Penetration occurs during consolidation of coarse, unifonn gravel
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specimens. It is clearly not meant to inply by these results that only

60% to 65% of the cyclic strength of the gravel, as detennmed by

triaxial testing, should be used as a design criterion in all cases.

Rather, the results are intended only to illustrate the significance of

the effect of membrane compliance that can occur when performing

undrained, cyclic load triaxial tests on specimens of gravels and

gravelly soils.

Tests Performed on 1-1/2" x 3/4" watsonville Gravel
Specimens

Test Data Presentation

Four groups of undrained, cyclic triaxial tests were perfo:rmed on

12 inch diameter specimens of 1-1/2" x 3/4" Watsonville gravel as

summarized in Table 7.2.0. Most specimens were constructed by gently

placing the gravel particles into the specimen mold, a few at a time,

in order to create a loose structure (0 ~22% to 25%). The specimens in
r

one group were constructed by pluviating the material through air with

a fixed height of fall in order to created a structure of moderate

density (0 ~50%) • 'IWo groups were sluiced with Monterey No. 0 sandr

resulting in a value of C =50. Test group no. 4 was perfo:rmed ons

specimens which had a thin sand shell constructed around the outside of

the gravel confining membrane as described in Chapter 6. Tables 7.2.1,

7.2.2, 7.2.3, and 7.2.4 summarize the relevant test data for these test

groups. Figures 7.2.1.1 through 7.2.4.4 are included along with these

tables and contain the test data as described earlier in this chapter.
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Table 7.2.0 Summary of Undrained Cyclic Triaxial Tests
Performed on 1-1/2" x 3/4" Watsonville Gravel

Sluicing *Test Gravel C Comments
Group Sand Relative s

Density, 9.<-0

1 none 22

2 Monterey No.O 22 50

3 none 50 pluviated

4 none 25 (1)

Monterey No. 0 25 50 ( 1)

particles hand
ksc, and K =1c

* - All test specimens are 12" diameter,
placed, one 0.1" membranes, 03'= 2.0
except as noted.

(1) A thin sand shell was constructed around
outside of the membrane for all specimens.

the



Table 7.2.1
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Material Properties and Test Conditions
Causing Failure During Undrained Cyclic
Loading

GRAVEL:
SLUICING SAND:
C = s

1-1/2" X 3/4" Watsonville Gravel
none

Test
No.

A
B

Dry
Density
(pcf)

90.59
89.88

Gravel Sand
Void Porosity Relative Dry Void
Ratio Density Density Ratio

(%) (pcf)

0.916 0.478 23.3
0.931 0.482 19.6

Number of Cycles Causing ...
80% 100% 2% 5% 10%
Pore Pressure Ratio Peak to Peak strain

Test
No.

A
B

Cyclic
Stress
Ratio,

° /2°d 3c

0.223
0.198

8.8
26.0

7.4
22.0

8.4
24.0

9.8
27.0

* - All test specimens are 12" diameter, particles
hand placed, one 0.1" membrane, 03'= 2.0 ksc, and
K =1c .
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Table 7.2.2
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Material Properties and Test Conditions
Causing Failure During Undrained cyclic
Loading

GRAVEL: 1-1/2" x 3/4" Watsonville Gravel
SLUICING SAND: Monterey No. 0
C =50s

Test
No.

13
14
15

Test
No.

13
14
15

Gravel Sand
Dry Void Porosity Relative Dry Void
Density Ratio Density Density Ratio
(pcf) (%) (pcf)

90.30 0.922 0.480 21.8 87.4 0.886
89.89 0.931 0.482 19.7 86.3 0.910
89.69 0.935 0.483 18.6 87.8 0.877

Cyclic Number of cycles Causing•..
Stress 80% 100% 2% 5% 10%
Ratio, Pore Pressure Ratio Peak to Peak strain

°d/203C

0.136 11.4 12.2 13.8
0.171 4.2 4.2 4.9 6.1
0.120 35.0 35.0 37.0

* - All test specimens are 12" diameter, particles
hand placed, one 0.1" membrane, 03'= 2.0 ksc, and
K =1.c
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Table 7.2.3 Material Properties and Test Conditions
Causing Failure During Undrained Cyclic
Loading

GRAVEL: 1-1/2" x 3/4" Watsonville Gravel
SLUICING SAND: none
C = -s

Test
No.

3
4
5
6
C (1)

Test
No.

3
4
5
6
C (1)

Dry
Density
(pcf)

96.88
94.92
95.94
96.37
94.50

Cyclic
Stress
Ratio,

0
d
/203c

0.201
0.239
0.266
0.300
0.230

Gravel Sand
Void Porosity Relative Dry Void
Ratio Density Density Ratio

(%) (pcf)

0.791 0.442 53.8
0.828 0.453 44.7
0.809 0.447 49.5
0.801 0.445 51.4
0.837 0.456 42.7

Number of Cycles causing .••
80% 100% 2% 5% 10%
Pore Pressure Ratio Peak to Peak strain

300(2) 250(2) 300(2)
24.0 18.0 22.0 25.0
10.0 5.9 8.4 11.5
3.9 1.6 3.3 5.2
17.0 14.3 17.0 22.0

* - All test specimens are 12" diameter, pluviated
structure, one 0.1" membrane, °3 '= 2.0 ksc, and
Kc=l except as noted.

(1) Test C hand placed. (2)Extrapolated values.
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Table 7.2.4

229

Material Properties and Test Conditions
causing Failure During Undrained Cyclic
Loading

GRAVEL: 1-1/2" x 3/4" Watsonville Gravel (2)
SLUICING SAND: Monterey No.O(l)
Cs=50(1)

Gravel Sand
Test Dry Void Porosity Relative Dry Void
No. Density Ratio Density Density Ratio

(pcf) (%) (pcf)

8 95.80 0.812 0.448 48.8
9 91.03 0.907 0.475 25.6
10 92.38 0.879 0.468 32.4
11 90.86 0.910 0.477 24.7
12 (1) 90.96 0.908 0.476 25.2 88.93 0.853

Number of Cycles Causing ...
80% 100% 2% 5% 10%
Pore Pressure Ratio Peak to Peak strain

Test
No.

8
9
10
11
12(1)

cyclic
Stress
Ratio, (3)

°d/2 °3c

0.243
0.292
0.253
0.202
0.225

89
4.4
5.7
75
2.0

90
3.9
5.4
72
1.8

99
4.9
6.8
75
2.6

118
6.6
8.9
80
4.5

Test Cyclic
No. Stress

Ratio, (4)

°d/203C

8 0.204
9 0.254
10 0.217
11 0.164
12 0.180

* - All test specimens are 12" diameter, particles
hand placed, one 0.1" membrane, 03'= 2.0 ksc, and
K =1.
(r)Only test no. 12 was sluiced.
(2)A thin sand shell was constructed around the

specimen membrane for all tests. 03'shell= 0.25 ksc.
(3)Not corrected for shell strength.
(4)Corrected for shell strength.
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Data Analyses

A comparison of the values of cyclic stress ratio required to

cause 5% double amplitude strain in 10 stress cycles for sluiced and

unsluiced gravel specimens at a relative density of about 22% is shown

in Figure 7.17. It may be seen from this figure that, again, only

about 65% of the cyclic stress ratio which caused 5% double amplitude

strain for the unsluiced specimens was required to cause a similar

level of strain for the sluiced specimens due to the reduced effects of

membrane conpliance in the sluiced specimens. Again, if it is assumed

that the results for the sluiced specimens are reasonably

representative of the true, noncompliant cyclic loading resistance of

the soil, the effect of membrane conpliance on the triaxial test

results is to overestimate the cyclic strength of the soil by about

55%.

Figure 7.18 presents a comparison of the cyclic loading

resistance of the unsluiced gravel specimens at a relative density of

50% with the cyclic strength of 12 inch diameter specimens of 1-1/2" x

3/4" Oroville gravel at relative densities of 40% and 60% determined by

Wong et al. (1974). It may be noted that the results from tests

perfonned on these two materials compare reasonably well with the 50%

relative density curve from this study falling approximately mid-way

between the 40% and 60% relative density curves from Wong et al. in the

area of 10 stress cycles. 'lhi.s would seem to indicate that the cyclic

loading resistance of two different materials may be approximately the

same for similar densities, grain size distributions and structures.

Actually, the 50% relative density curve in this figure should probably

be shifted upward relative to the other two curves to account for
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differences in structure between the spec.iJnens used in the two studies.

'Ihe data from Wong et al. are from specimens constructed by compacting

the soil in 10 equal layers and the specimens in this study were

constructed by pluviation. Previous investigations (Mulilis et al.,

1975, 1977) have shown that sPeCimens constructed by compaction in

layers result in somewhat higher cyclic loading resistance than those

constructed by pluviation, as shown in Figure 7.19. 'Ihus, the data

from the two studies agree quite well when the differences in structure

are considered.

Combinations of cyclic stress ratio and numbers of stress cycles

producing different levels of residual p:>re pressure ratio for sluiced

and unsluiced gravel SPeCimens, at a relative density of 22%,

determined in this study are shown in Figure 7.20. In this case, a

p:>re pressure ratio of about 25% in the unsluiced specimens appears to

correspond reasonably well with a 100% pore pressure ratio in the

sluiced specimens. 'Ihus, assuming that the results from the sluiced

specimens are reasonably representative of the true, noncompliant

cyclic loading resistance of the material, the stress ratio required to

cause a p:>re pressure ratio of 100% in a noncompliant system may be

est:iInated by detennining the stress ratio which causes about 25% p:>re

pressure ratio in a compliant system. It should be noted that this

relationship is not necessarily applicable to all soils susceptible to

membrane compliance effects. 'Ihe relationship is likely to be affected

by changes in a number of factors inclUding: material gradation,

density and structure; specimen size; membrane thiclmess and modulus;

and initial consolidation pressure. However, it might reasonably be

expected that this material gradation represents the coarsest and most
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uniformly-graded material that is likely to be tested in a 12 inch

diameter cyclic triaxial test and, other factors remaining equal, such

a material would be expected to experience the largest volume change

due to membrane penetration that is likely to occur in this size

specimen over the same range of confining pressures. Thus, the

magnitude of the effect of membrane compliance on the results of the

tests on this gravel are likely to represent an approximate upPer-bound

of membrane compliance effects for 12 inch diameter specimens

consolidated to 2.0 ksc.

Several gravel specimens were tested with a thin sand shell

constru.cted around the outside of the specimen confining membrane as

described in Chapter 6. A comparison of the cyclic loading resistance

of the unsluiced specimens of 1-1/2" x 3/4" Watsonville gravel with and

without a sand shell is shown in Figure 7.21. It may be seen that the

cyclic loading resistance of the gravel is not greatly affected by the

presence of the sand shell provided that a correction is made to

account for the strength of the sand shell as described in Chapter 6.

Thus, the use of a sand shell does not apPear to reduce the effect of

membrane compliance significantly. A similar comparison is made in

Figure 7.22 for gravel specimens at relative densities of 50%, tested

with and without a sand shell. In this figure, it may again be seen

that the sand shell has little or no effect in reducing membrane

compliance effects in tests on these unsluiced specimens.

Since it had been shown that a sand shell had no significant

effect on the cyclic loading resistance of the unsluiced gravel

sPeCimens, it seemed reasonable to assume that the sand shell would

likewise have no effect on the cyclic strengths of sluiced gravel



-r
I

I
I

I

I-
-

I-
-

"-
-

-
.....

...

~
~

No
S

he
ll

----
--

-
_

_
S

he
ll

-
-

--
--

--
-

I-
-

1
-l

/2
"

l(
3

/4
"

.W
at

so
n

v
il

le
G

ra
v

el
R

e
la

ti
v

e
D

en
si

ty
'"

22
%

-
25

%
-

U
ns

lu
ic

ed
0'

3
'=

2
.0

k
sc

,
K

c=
l.

O
,

-
-

N
o

sa
m

S
h

el
l

I-
-

-
-

sa
m

S
h

el
l,

C
o

rr
e
c
te

d
-

fo
r

S
h

e
ll

S
tr

en
:J

th

I
I

I
I

I
I

0.
5

0.
4

U
-
M b N .....
... U "
0

b
0.

3
..

0 .,.
. .... tt
l

ex
:

II
I

II
I

Q
)
~

0.
2

.... V
) u .,.
.

r
- U >
,

U

0.
1

0.
0 0.

5
2

5
10

20
50

10
0

20
0

50
0

N +:


N

N
um

be
r

of
S

tr
es

s
C

yc
le

s,
N c'

C
au

si
ng

5%
D

ou
bl

e
A

m
pl

itu
de

S
tr

ai
n

Fi
gu

re
7.

21
R

el
at

io
ns

hi
p

B
et

w
ee

n
C

yc
lic

S
tr

es
s

R
at

io
an

d
N

um
be

r
of

S
tr

es
s

C
yc

le
s

C
au

si
ng

5%
D

ou
bl

e
A

m
pl

itu
de

S
tr

ai
n



I
I

I
I

I

f-
-

f-
-

.....
.....

.....

~

~
r-

-

Sh
el

l
--

-.
.

-
-

1
-1

/2
"

x
3

/4
"

W
at

so
n

v
il

le
G

ra
v

el
R

e
la

ti
v

e
D

en
si

ty
".

50
%

U
n

sl
u

ic
ed

0
3

'=
2

.0
){

sc
,

K
c=

l.
O

,
-

-
-

N
o

sa
m

S
h

e
ll

-
-

-
sa

m
S

h
e
ll

,
C

O
rr

ec
te

d
I-

fo
r

S
h

e
ll

S
tr

e
n

g
th

-

I
I

I
I

I
I

0.
5

0.
4

u
-C

"'
)

0 N -U ~ 0
0.

3
..

0 .,..
.

+> ro 0
:: V
I

V
I

Q
J

So
-

0.
2

+> V
l

U .,..
.

r
- U >
,

U

0.
1

0.
0 0.

5
1

2
5

10
20

50
10

0
20

0
50

0

N .p
0

W

N
um

be
r

of
S

tr
es

s
C

yc
le

s,
N c'

C
au

si
ng

5%
D

ou
bl

e
A

m
pl

itu
de

S
tr

ai
n

Fi
gu

re
7.

22
R

el
at

io
ns

hi
p

B
et

w
ee

n
C

yc
lic

S
tr

es
s

R
at

io
an

d
N

um
be

r
of

S
tr

es
s

C
yc

le
s

C
au

si
ng

5%
D

ou
bl

e
A

m
pl

itu
de

S
tr

ai
n



244

specimens. In order to test this assumption, a single cyclic test was

perfonned on a sluiced gravel speciJnen around which had been

constructed a sand shell. '!his specimen was constructed of 1-1/2" x

3/4" Watsonville gravel at a relative density of 25% and was sluiced

with Monterey No. 0 sand. '!he result from this test is shown in Figure

7.23 together with the results of tests on sluiced specimens without

sand shells. Although it provides only a single data IXJint, it is

interesting to note that there is little difference between the results

of tests perfonned using these two procedures. Since this result was

expected, no additional tests were perfonned to determine the effect of

a sand shell on other sluiced specimens. '!hus it was concluded that a

sand shell constructed around the perimeter of a gravel speciJnen did

not appear to significantly reduce the effects of membrane compliance.

Nonnalized IXJre pressure ratio curves for the 1-1/2" x 3/4"

gravel and the 2" maximum size gravel speciJnens which reach failure in

about 10 stress cycles are shown in Figure 7.24 and 7.25, respectively.

It may be seen that the fonn of these curves is very similar to that

previously observed in tests on sands (lee and Albeisa, 1974; DeAlba,

et aI, 1975).

'!he magnitude of the apparent error due to membrane compliance in

cyclic stress ratio causing 5% double amplitude strain in 10 stress

cycles for tests perfonned on unsluiced specimens is corrpared in Figure

7.26 with the errors in cyclic stress ratio causing initial

liquefaction in 30 cycles suggested by Martin et al. (1978). It may be

noted that the error in cyclic stress ratio due to menibrane compliance,

detennined in this study, is approximately twice the predicted error

using the line for 12 inch diameter samples shown in Figure 7.26.
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CHAPTER 8

RESULTS OF TRIAXIAL TESTS PERFORMED ON 2.8 INCH DIAMETER
SPECIMENS

Tests Performed on 3/8" x #4 watsonville Gravel Specimens

Test Data Presentation

Ten groups of undrained, cyclic triaxial tests were perfonned on

2.8 inch diameter specimens of 3/8" x #4 Watsonville gravel in order to

further investigate the effects of membrane compliance on the results

of cyclic triaxial tests. Test specimens in these groups were

constructed according to the following general guidelines:

(1) Specimens were const.nlcted to about 43% or 58% relative

density by pluviating the sample material through air.

(2) Monterey Fine sand was used for sluicing, resulting in a

value of C =17.s

(3) Two membranes were used to confine the specimens.

(4) Specimens were isotropically consolidated to an effective

confining pressure of 2.0 ksc.

variations from these guidelines were made in several test groups in

order to investigate the effect of special test conditions as follows:

(a) Specimens in one group were constructed to a relative density

of about 80% by compacting the gravel in six equal layers.

(b) Banding sand was used to sluice the specimens of another

group, resulting in a value of Cs=28.

(c) Specimens in three test groups were anisotropically

consolidated to values of Kc equal to 1. 25, 1.50, 1.75, and
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2.00 with the lateral consolidation pressure equal to 2.0 ksc

in all cases.

(d) Four membranes were used to confine the test specimens in one

group of tests.

Test data figures and tables for each test group are organiZed

and presented as described in Chapter 7. specific details of the

testing conditions for each of the test groups are summarized in Table

8.0 (found on page 254 following Figure 8.3). Test data for the ten

groups of tests are presented in Tables 8.1 through 8.10, and the

relevant test data are shown in Figures 8.1.1 through 8.10.4.

Data Analyses

(1) Effects of Sluicing on Isotropically Consolidated Test
Specimens

Figure 8.1 shows an unsluiced 2.8 inch diameter specimen of 3/8"

x #4 Watsonville gravel confined with a single membrane and subjected

to full vacmnn pressure. The extremely high degree of membrane

penetration that may occur in coarse gravel specimens, and is the cause

of inaccurate cyclic loading resistance detenninations, is clearly

visible in this photograph. Figure 8.2 shows a comparable gravel

specimen which had been sluiced with Banding sand. It may be seen that

membrane penetration has been essentially eliminated from the specimen

in this photograph and thus, it was considered that membrane compliance

effects on the cyclic loading resistance of the specimen would be

negligible.

A comparison of the cyclic loading resistance of the sluiced and

unsluiced 3/8" x #4 Watsonville gravel specimens is shown in Figure

8.3. In this figure, three curves are shown representing the cyclic
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Figure 8.1 Photograph of a 2.8 Inch Diameter,
Unsluiced Gravel Specimen
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Figure 8.2 photograph of a 2.8 Inch Diameter,
Sluiced Gravel Specimen
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Table 8.0 Summary of Undrained Cyclic Triaxial Tests
Performed on 3/8" x #4 watsonville Gravel

Sluicing *Test Gravel Cs Comments
Group Sand Relative

Density, ~0

1 none 43

2 Monterey Fine 43 17

3 Banding 43 28

4 none 43 4 membranes

5 none 58

6 Monterey Fine 58 17

7 Monterey Fine 80 17 tamped in 6
layers

8 none 43 K =2c

9 Monterey Fine 43 17 K =2c

10 Monterey Fine 45 17 K
c
=1.25,

1.5, & 1.75

* - All test specimens are 2.8" diameter, pluviated
structure, two membranes, 03'= 2.0 ksc, and
K =1 except as noted.c
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Material Properties and Test Conditions
Causing Failure During Undrained Cyclic Loading

GRAVEL:
SLUICING SAND:
C = s

3/8" x #4 Watsonville Gravel
none

Test
No.

43
44
45
47
48
49

Test
No.

43
44
45
47
48
49

Dry
Density
(pcf)

95.26
93.49
92.49
92.95
92.71
92.30

Cyclic
Stress
Ratio,

°d/20
3C

0.290
0.255
0.293
0.265
0.292
0.282

Gravel Sand
Void Porosity Relative Dry Void
Ratio Density Density Ratio

(%) (pcf)

0.822 0.451 53.4
0.856 0.461 45.0
0.876 0.467 40.1
0.867 0.464 42.4
0.872 0.466 41.2
0.880 0.468 39.2

Number of Cycles Causing ••.
80% 100% 2% 5% 10%
Pore Pressure Ratio Double Ampl. strain

11. 5 20.0
36.0 38.0 33.0 42.0
9.0 12.5 1.6 7.9
19.0 24.0 14.0 21.0
4.4 7.4 0.45 3.3 5.9
12.5 16.0 7.3 11.6 14.9

* - All test specimens are 2.8" diameter, pluviated
structure, two membranes, °3 1 = 2.0 ksc, and
K =1c .
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Material Properties and Test Conditions
Causing Failure During Undrained cyclic Loading

GRAVEL: 3/8" x #4 Watsonville Gravel
SLUICING SAND: Monterey Fine
C =17s

Sand
Test
No.

Dry
Density
(pcf)

Gravel
Void Porosity
Ratio

Relative
Density

(%)

Dry
Density
(pcf)

Void
Ratio

Number of Cycles causing•..
80% 100% 2% 5% 10%
Pore Pressure Ratio Double Ampl. strain

51
52
53
54
55
56
57

Test
No.

51
52
53
54
55
56
57

Test
No.

51
52
53
54
55
56
57

92.04
92.40
93.66
93.42
94.34
91.97
93.46

Cyclic
Stress
Ratio,

a 12 ad 3c

0.190
0.213
0.182
0.245
0.202
0.255
0.160

Cyclic
Stress
Ratio,

I1Tffl afc

0.137
0.155
0.131
0.176
0.144
0.183
0.115

0.886
0.878
0.853
0.858
0.840
0.887
0.857

0.470
0.468
0.460
0.462
0.456
0.470
0.461

23.0
8.5
28.0
5.8
16.0
7.5
38.0

37.9
39.7
45.8
44.6
49.0
37.5
44.8

21.3
7.9
27.3
4.5
14.7
3.2
38.0

70.6
74.9
76.0
72.8
75.1
76.9
74.5

22.5
9.4
30.0
6.1
16.8
4.5
41.0

1.324
1.206
1.169
1.264
1.195
1.143
1.212

24.0
11. 0
31.0
7.3
19.0
5.5
42.0

* - All test specimens are 2.8" diameter, pluviated
structure, two membranes, a

3
'= 2.0 ksc, and

K =1.c
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Table 8.3

267

Material Properties and Test Conditions
Causing Failure During Undrained Cyclic Loading

GRAVEL: 3/8" x #4 Watsonville Gravel
SLUICING SAND: Banding
C =28s

Test
No.

Dry
Density
(pcf)

Gravel
Void Porosity
Ratio

Relative
Density

(%)

Sand
Dry
Density
(pcf)

Void
Ratio

76
77
78

Test
No.

76
77
78

94.48 0.837 0.456 49.7 79.2 1. 089
93.46 0.857 0.461 44.8 82.8 0.998
91.70 0.893 0.472 36.2 81. 6 1. 030

Cyclic Number of Cycles Causing ..•
Stress 80% 100% 2% 5% 10%
Ratio, Pore Pressure Ratio Double Ampl. Strain

O'd/2 0'3C

0.213 7.0 7.4 9.0 10.2
0.204 4.5 4.8 5.9 6.9
0.182 5.8 6.2 7.6 8.9

* - All test specimens are 2.8" diameter, pluviated
structure, two membranes, 03'= 2.0 ksc, and
K =1.c
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Table 8.4

272

Material Properties and Test Conditions
Causing Failure During Undrained Cyclic Loading

GRAVEL: 3/8" x #4 Watsonville Gravel
SLUICING SAND: none
C :::: -

S

Gravel
Test
No.

58
59
60
61
62

Dry
Density
(pcf)

92.77
91.47
92.96
90.70
93.59

Void
Ratio

0.871
0.897
0.867
0.914
0.854

Porosity

0.465
0.473
0.464
0.477
0.461

Relative
Density

(%)

41.5
35.0
42.3
31.1
45.5

Sand
Void
Ratio

Dry
Density
(pcf)

Number of Cycles Causing ..•
80% 100% 2% 5% 10%
Pore Pressure Ratio Double Ampl. strain

Test
No.

58
59
60
61
62

Cyclic
Stress
Ratio,

°d/2 °3c

0.296
0.270
0.251
0.303
0.294

7.9
15.0
165
4.5
16.0

14.5
20.0
180
8.7
21. 0

3.3
9.6
158
1.2
14.2

9.1
16.5
175
4.0
22.0

16.0
26.0
190
11.0
32.0

* - All test specimens are 2.8" diameter, pluviated
structure, four membranes, 03'= 2.0 ksc, and
K =1.c
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Table 8.5

278

Material properties and Test Conditions
causing Failure During Undrained cyclic Loading

GRAVEL:
SLUICING SAND:
C = s

3/8" x #4 Watsonville Gravel
none

Test
No.

Dry
Density
(pet)

Gravel
void Porosity
Ratio

Relative
Density

(%)

Sand
Dry
Density
(pet)

Void
Ratio

75% 100% 2% 5% 10%
Pore Pressure Ratio Double Ampl. strain

Number ot Cycles Causing..•

43
64
65
66
67
68
69

Test
No.

43
64
65
66
67
68
69

95.26
95.74
95.16
96.39
96.31
95.28
95.92

cyclic
stress
Ratio,

°d /2 0 3c

0.290
0.349
0.291
0.314
0.277
0.319
0.385

0.822
0.813
0.824
0.801
0.802
0.822
0.809

7.9
16.2
26.5
108
22.2
4.2

0.451
0.448
0.452
0.445
0.445
0.451
0.447

53.4
55.6
52.9
58.5
58.2
53.4
56.4

11.8
2.2
12.0
19.0
102
15.5

20
8.6
26
28
110
28
3.8

* - All test specimens are 2.8" diameter, pluviated
structure, two membranes, 03'= 2.0 ksc, and
K =1.c
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Table 8.6

283

Material Properties and Test Conditions
Causing Failure During Undrained cyclic Loading

GRAVEL: 3/8" x #4 Watsonville Gravel
SLUICING SAND: Monterey Fine
C =17s

Gravel Sand
Test Dry Void Porosity Relative Dry Void
No. Density Ratio Density Density Ratio

(pcf) (%) (pcf)

70 96.30 0.802 0.445 58.1 66.39 1.49
71 95.04 0.826 0.452 52.3 66.51 1.49
73 97.68 0.777 0.437 64.3 71.18 1.32
74 97.20 0.786 0.440 62.2 71.09 1. 33
75 96.66 0.796 0.443 59.8 66.50 1.49

Test Cyclic Number of Cycles causing .•.
No. Stress 80% 100% 2% 5% 10%

Ratio, Pore Pressure Ratio Double Ampl. Strain
O'd/2 0'3c

70 0.275 3.8 3.3 5.2 6.8
71 0.201 15.8 15.5 17.2 19.0
73 0.225 19.0 17.0 19.8 22.6
74 0.268 5.2 5.2 7.1 8.8
75 0.230 17.3 18.5 20 22.6

* - All test specimens are 2.8" diameter, pluviated
structure, two membranes, 0'3'= 2.0 ksc, and
K =1.c
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Table 8.7

288

Material properties and Test Conditions
Causing Failure During Undrained Cyclic Loading

GRAVEL: 3/8" x #4 Watsonville Gravel
SLUICING SAND: Monterey Fine
C =17s

Test
No.

79
80
81
82

Test
No.

79
80
81
82

Gravel Sand
Dry Void Porosity Relative Dry Void
Density Ratio Density Density Ratio
(pcf) (%) (pcf)

100.00 0.736 0.424 74.3 52.9 2.13
101.61 0.708 0.415 81.0 67.0 1.47
103.14 0.683 0.406 87.1 65.7 1.52
100.95 0.719 0.418 78.3 70.9 1. 33

Cyclic Number of Cycles causing•..
Stress 80% 100% 2% 5% 10%
Ratio, Pore Pressure Ratio Double Ampl. strain

°d/203c

0.295 67 65 65
0.362 7.5 6.1 10.3
0.365 11.9 12 21.5
0.340 5.6 4.3 7.3 13.0

* - All test specimens are 2.8" diameter, tamped in
six layers, two membranes, °3 ' = 2.0 ksc, and
Kc=l.
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Table 8.8

293

Material Properties and Test Conditions
Causing Failure During Undrained Cyclic Loading

GRAVEL: 3/8" x #4 Watsonville Gravel
SLUICING SAND: none
C = -s

Test
No.

Dry
Density
(pcf)

Gravel
Void Porosity
Ratio

Relative
Density

(%)

Sand
Dry
Density
(pcf)

Void
Ratio

80% 100% 2% 5% 10%
Pore Pressure Ratio Double Ampl. strain

Number of Cycles Causing ...

87
91
92
93
94

Test
No.

87
91
92
93
94

93.69
94.27
93.38
92.62
95.13

Cyclic
Stress
Ratio,

/),T ffl 0fc

0.358
0.435
0.398
0.364
0.385

0.852
0.841
0.859
0.874
0.824

2.9
6.0

0.460
0.457
0.462
0.466
0.452

640
5.0
10.0
78
700

45.9
48.7
44.5
40.8
52.7

520
0.9
2.75
47
570

540
2.3
5.3
55
610

5.0
10.0

Test
No.

87
91
92
93
94

Number of Cycles Causing ••.
2% 5% 10%

Peak Compressive strain

70 480 540
3.9 8.6
3.6 8.6

0.8 30 54
18.0 550 590

* - All test specimens are 2.8" diameter, pluviated
structure, two membranes, 03'= 2.0 ksc, and
K =2.c
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Table 8.9

299

Material Properties and Test Conditions
Causing Failure During Undrained Cyclic Loading

GRAVEL: 3/8" x #4 Watsonville Gravel
SLUICING SAND: Monterey Fine
C =17s

Gravel Sand

80% 100% 2% 5% 10%
Pore Pressure Ratio Double Ampl. strain

Number of Cycles causing ...

Test
No.

95
96
97
98

Test
No.

95
96
97
98

Dry
Density
(pcf)

92.67
93.62
92.66
93.68

Cyclic
Stress
Ratio,

lrr ffl 0'fc

0.245
0.315
0.349
0.378

Void
Ratio

0.873
0.854
0.873
0.853

150
6.5
4.0
0.6

Porosity

0.466
0.461
0.466
0.460

Relative
Density

(%)

41.0
45.6
40.9
45.9

31
7.2
1.25

Dry
Density
(pcf)

71.5
71.4
71.7
75.5

50
9.9
2.2

Void
Ratio

1. 31
1.31
1.30
1.18

13.0
3.4

Test
No.

Number of Cycles causing ..•
2% 5% 10%

Peak Compressive Strain

95
96
97
98

25
6.4
3.2
1.3

175
20
8.2
3.2

33
11.3
4.5

* - All test specimens are 2.8" diameter, pluviated
structure, two membranes, 0'3'= 2.0 ksc, and
K =2.c
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Table 8.10

305

Material Properties and Test Conditions
Causing Failure During Undrained Cyclic Loading

GRAVEL: 3/8" X #4 Watsonville Gravel
SLUICING SAND: Monterey Fine
C =17s

Test
No.

99
100
101

Test
No.

99
100
101

Gravel Sand
Dry Void Porosity Relative Dry Void
Density Ratio Density Density Ratio
(pcf) (%) (pcf)

93.25 0.861 0.463 43.8 75.8 1.173
93.46 0.857 0.461 44.8 72.6 1.270
94.05 0.845 0.458 47.7 77.3 1.130

Cyclic Number of Cycles Causing ...
Stress 80% 100% 2% 5% 10%
Ratio, Pore Pressure Ratio Double Ampl. strain

/),Tff/o fc

0.215(1) 15.2 14.6 16.2 17.0
0.277(2) 5.7 6.2 7.5 8.0
0.302(3) 9.5 9.9 13.6 16.0

* - All test specimens are 2.8" diameter, pluviated
structure, two membranes, and 0

3
'= 2.0 -ksc.

(1) Kc =1.25, (2) Kc =1.50, (3) Kc =1.75.
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loading resistance curves of specimens of unsluiced. gravel, sluiced.

gravel with C =17, and sluiced. gravel with C =28, from top to bottoms s

respectively. Each curve shown represents test data for a relative

density of the gravel of about 43%. It may be noted from this figure

that the cyclic stress ratio resulting in 5% double amplitude strain

for specimens sluiced. with sand for which C =17, is only about 74% ofs

that causing corresponding strains in the unsluiced. specimens. The

value of cyclic stress ratio causing 5% double amplitude strain was

further reduced. to 61% of the unsluiced. cyclic loading resistance for

tests on sluiced. specimens with a higher value of C =28. This figures

serves to illustrate that: (1) The effects of membrane COIl'pliance can

lead to an unconservative detennination of the cyclic loading

resistance of a gravel specimen as shown previously; and (2) It is

important to achieve a suitable value of the sluiceability ratio in

order to significantly reduce the effects of membrane COIl'pliance in

sluiced. gravel specimens. Membrane COIl'pliance effects were reduced

considerably when a low value of the sluiceability ratio, C =17, wass

used. However, increasing the value of the sluiceability ratio to

Cs=28, reduced. the effects of membrane COIl'pliance on cyclic loading

resistance by an additional 16%. It was not possible to further

increase the value of Cs in these test specimens for the reasons noted

in Chapter 6. However, it was concluded from the test data that the

cyclic loading resistances of the sluiced. materials would not be

further reduced. to any significant extent even if a higher value of Cs

could have been used in the tests.

Evidence in support of this conclusion is shown in Figure 8.4.

In this figure, curves of cyclic loading resistance detennined for both
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sluiced (Cs=28) and unsluiced specimens of 3/8" x #4 gravel at 43%

relative density are shown together with the corresponding curves for

sluiced (Cs=42) and unsluiced specimens of 2" maximum, modified

gradation gravel at 42% relative density. It may be noted that the

cyclic loading resistance of the 3/8" x #4 unsluiced gravel is somewhat

higher than that of the 2" maximum unsluiced gravel in the range of 10

stress cycles because of the increased effects of membrane compliance

in the smaller, 2.8 inch diameter test specimens. However, the values

of cyclic loading resistance for the sluiced materials were nearly

identical for both test materials. This may be the result of the fact

that the effects of membrane compliance have been nearly eliminated by

sluicing for both materials.

Tests perfonned. on specimens of Monterey No. 0 sand in this study

(see Appendix A), have shown that there is no significant difference in

the cyclic loading resistance of a material detennined by testing

either 2.8 inch diameter or 12 inch diameter specimens. Thus, specimen

size should not affect the cyclic loading resistance of a gravel

specimen when membrane compliance effects are insignificant. If it is

assmned that the effects of membrane compliance have been essentially

eliminated in the sluiced 3/8" x #4 gravel specimens (Cs=28) and the

sluiced 2" maximum gravel specimens (Cs=42), then it would appear from

the results presented in Figure 8.4 that two unifonnly graded materials

with similar structure and relative density (pluviated structure and

Dr~42% in this case) have nearly identical values of cyclic loading

resistance regardless of the mean grain size of the material. If the

above supposition is true, then a unifonnly graded sand with a

pluviated structure and relative density of about 42% would also be
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expected to have approxlinately the same value of cyclic loading

resistance. Figure 8.5 shows the cyclic loading resistance of Monterey

No. a sand at a relative density of 49%, determined in this study,

compared with the cyclic loading resistance of the sluiced gravels at

42% and 43% relative density from Figure 8.4. It may be noted that the

cyclic loading resistance of the sand is not significantly different

from values detennined from the sluiced gravel specimens, indicating

that gravels and sands at the same relative density and structure would

indeed have approximately the same cyclic loading resistance if the

effects of membrane corrpliance were substantially reduced or eliminated

from the test results.

A comparison of the relationships showing residual pore pressure

ratio vs. number of stress cycles for both sluiced (shown as solid

lines) and unsluiced gravel specimens (shown as dashed lines) at 43%

relative density is shown in Figure 8.6. It may be noted that, on

average, the unsluiced gravel specimens developed maxiJnum residual pore

pressure ratios of about 73% and the sluiced gravel specimens developed

maximum values of about 95%. 'lhese pore pressure ratio values were not

exceeded even when double amplitude strains greater than 15% were

achieved. 'lhis corrparison serves to illustrate that: (1) 'lhe effect

of membrane corrpliance is considerable in inhibiting the development of

pore pressures that would otherwise have developed in a noncorrpliant

system; and (2) By sluicing the gravel specimens with sand, the effects

of membrane corrpliance may be significantly reduced, but probably not

eliminated. However, there was no discernible difference between the

residual pore pressure ratios developed for the two sluiced specimen

groups with values of Cs equal to 17 and 28. Additional evidence of
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the effects of membrane compliance on pore pressure development and

volume changes will be presented in Chapter 9.

CUl:ves showing the cyclic stress ratios resulting in residual

pore pressure ratios of 12%, 25%, 50%, and 100% in tests on sPeCimens

of unsluiced gravel at a relative density of 43%, are compared with the

cyclic loading resistances (for 100% residual pore pressure ratio)

detennined for the two groups of sluiced gravel SPeCimens, with values

of Cs equal to 17 and 28, in Figure 8.7. It may be noted from this

figure that the value of cyclic stress ratio which induced a residual

pore pressure ratio of about 12% in SPeCimens of unsluiced gravel, in

ten stress cycles, would develop 100% pore pressure ratio in sluiced

SPeCimens (Cs=17) subjected to the same number of load cycles. Thus,

as noted from the analyses of the 2" maxinrum and 1-l/2" x 3/4"

gravels, identical values of cyclic stress ratio cause much higher pore

pressures to develop in tests on sluiced SPeCimens than would develop

in tests on unsluiced SPeCimens because of the differences in effects

of :membrane compliance in these SPeCimens. When the gravel SPeCimens

are sluiced more effectively, as is likely to occur with a higher value

of Cs ' a lower value of stress ratio would cause 100% pore pressure

ratio to develop. This is shown in Figure 8.7 where it may be noted

that values of 100% pore pressure ratio were develoPed in sluiced

SPeCimens, with Cs=28, at the same value of cyclic stress ratio which

would induce considerably less than 12% pore pressure ratio in

unsluiced gravel SPeCimens. A stress ratio correction factor, Cm' may

be develoPed from the data in this figure by comparing the values of

cyclic stress ratio, at ten cycles, for 100% pore pressure development

in the unsluiced gravel specimens, with the corresponding values for
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the two sluiced specimen curves. Values of C were detennmed to bem

equal to 0.71 and 0.59 from tests perfo:nned on sluiced specimens with

Cs=17 and Cs=28, respectively.

A similar pore pressure ratio comparison is shown in Figure 8.8

for sluiced (Cs=17) and unsluiced gravel specimens at a relative

density of 58%. Again, it may be noted that a value of stress ratio

which causes about 12% pore pressure ratio to develop in ten stress

cycles in the unsluiced gravel specimens, would produce a pore pressure

ratio, r u ' of 100% in the sluiced gravel specimens. A stress ratio

correction factor was not develOPed from these data because the

unsluiced specimens develOPed maximum residual pore pressure ratios of

only about 60% to 65%. '!he sluiced gravel specimens, on the other

hand, developed maximum pore pressure ratios ranging from 90% to 95%.

'!hus, the unsluiced gravel specimens are clearly more resistant to

cyclic loading and this fact is believed to be due to the effects of

membrane compliance in these specimens.

A comparison of the cyclic loading resistances for specimens of

unsluiced 3/8" x #4 gravel confined with either two or four membranes

is shown in Figure 8.9. It may be seen that these two groups of

sPeCimens have essentially the same cyclic loading resistance. '!hus,

the addition of two extra membranes did not significantly reduce the

effects of membrane compliance in these test specimens. Axial loads

carried by these membranes were detennined to be very small, and the

procedure used to determine these loads, together with the results for

a typical test, are included in Chapter 9.

A comparison of the cyclic loading resistances of the sluiced

(Cs=17) and unsluiced 3/8" x #4 gravel specimens at a relative density
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of 58% is shown in Figure 8.10. Again, it:may be seen that the cyclic

loading resistance of the sluiced gravel is considerably lower than

that for the unsluiced gravel. In fact, the sluiced specimens had only

70% of the cyclic loading resistance of the unsluiced specimens. Thus,

in order to account for the effects of membrane conpliance in such

specimens, only 70% of the cyclic loading resistance detennined by

laboratory testing should be used as a basis for eValuating prototype

perfonnance.

The cyclic loading resistance of unsluiced gravel at 43% and 58%

relative density is compared with that for Monterey No. 0 Sand at 35%

and 49% relative density in Figure 8.11. It would appear from this

figure that the cyclic loading resistance of the gravel specimens is

about 1. 5 to 2.0 times greater than that of a sand with the same

structure and relative density. HowevE:rr, the increased loading

resistance of the gravel specimens is due essentially to the effects of

membrane conpliance in these specimens. If these effects are

elinrinated or significantly reduced, the cyclic loading resistance of

both the gravel and the sand would be expected to be approxi:mately

equal.

A comparison of the cyclic loading resistance curves for samples

of the sluiced gravel and samples of Monterey No. 0 sand is shown in

Figure 8.12. Cyclic loading resistance curves are shown for sluiced

gravel and sand specimens; (1) sluiced gravel with D =58%, C =17; (2)r s

sluiced gravel with D =43%, C =28; and (3) sand with D =37% and D =49%.r s r r

It :may be seen from this figure that the values of cyclic loading

resistance for the sand and the sluiced gravel specimens appear to fom

a consistent patten1. Thus, the relationship for the sluiced gravel at
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43% relative density with C =28 falls about midway between the sands

cu:rves at relative densities of 37% and 49%. Also, the cyclic loading

resistance cu:rve for the sluiced gravel at 58% relative density is

about 20% greater than the cyclic loading resistance of the sand at 49%

relative density. 'Ihese values agree with previous observations

indicating that the cyclic loading resistance of a sand at 60% relative

density is about 60/50 or 1. 20 times greater than the cyclic loading

resistance of the same sand at 50% relative density. 'Ihus, given that

the effects of membrane COItpliance are essentially elinrinated in the

sluiced SPeCimens and that the sluicing sand does not interfere with

the gravel particle interaction during cyclic loading (see Chapter 10),

the cyclic loading resistance of a sand and a gravel with similar

structures and similar relative densities would apPear to be

essentially the same.

'Ihe relationships between residual pore ratio and number of

stress cycles for SPeCimens of sluiced gravel and SPeCimens of Monterey

No. 0 sand at about 40% relative density are shown in Figure 8.13. It

may be seen that excess pore pressure is develoPed in the sand at a

much faster rate than is develoPed in the gravel SPeCimens after about

30% to 50% pore pressure ratio is reached, esPeCially when the number

of cycles to failure is low. Also, the sluiced gravel SPeCimens reach

a maximum value of residual pore pressure of only about 95% as COItpared

with 100% for the sand SPeCimens. 'Ihese differences may be due to the

fact that the effects of membrane COItpliance were not completely

eliminated in the sluiced SPeCimens, or to some difference in material

properties (such as friction angle) between these two materials. It is

not certain why these differences occur; however, two observations may
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be made: (1) '!he differences noted in pore pressure developments did

not seem to significantly affect the development of axial strains in

the specimens; and (2) Pore pressure development CUJ::Ves for the sluiced

gravel specimens much more closely approximate the CUJ::Ves for sand

specimens than do those for the unsluiced gravel specimens.

One group of sluiced gravel specimens was constructed to about

80% relative density by tanping the gravel in six equal layers before

sluicing. Specimens of this density and structure were constructed in

order to detennine whether a specimen which would be expected to have a

high value of cyclic loading resistance I even after the effects of

membrane compliance were accounted for, would still have a relatively

high value of cyclic loading resistance after being sluiced. Figure

8.14 shows the results of tests perfonned on sluiced gravel specimens

at 80% relative density compared to the cyclic loading resistance of

sluiced gravel specimens at relative densities of 43% and 58%. It may

be seen that these three relationships appear to be in good agreement

since the CUJ::Ve representative of the 80% relative density gravel would

be expected to have about twice the cyclic loading resistance of the

material at about 40% relative density. '!hus, it would appear that the

gravel Particle structure is the primary contributor to the cyclic

loading resistance of the specimen, and that sluicing yields consistent

and reasonable results while reducing the effects of membrane

compliance in gravel specimens.

(2) Comparison of Observed and Theoretical Effects of
Membrane Compliance

Figure 8.15 shows the error in cyclic stress ratio detennined for

2.8 inch diameter gravel specimens in this study I compared with the
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relationships developed by Martin et al. (1978). It may be noted that

the errors detennined by this study, for two separate determinations

(at Dr~43% and 58%) with Cs=17, are only about one-half the error

values suggested by Martin et al. However, it seems likely that a

value of Cs equal to 17 will not completely eliminate membrane

compliance effects and thus, a higher correction might be required as

discussed previously. On the other hand, the error in cyClic stress

ratio detennined from specimens for which C =28 may be seen to falls

only slightly below the value suggested by Martin et al. Thus, it

would seem that the relationship suggested by Martin et al., in Figure

8.15, might well provide a good indication of the error in cyclic

stress ratio that would occur in 2.8 inch diameter specimens due to the

effects of membrane compliance.

(3) Effects of S1uicing on Anisotropica11y Conso1idated
Test Specimens

Several test groups were anisotropically consolidated with values

of Kc ranging from 1.25 to 2.0, prior to cyclic loading. The results

of tests perfonned on sluiced and unsluiced specimens at a relative

density of about 45% and Kc=2.0 are shown in Figure 8.16. Again, it

may be seen that the cyclic loading resistance of the gravel specimens

is reduced as a result of sluicing, presumably due to reduced membrane

penetration effects. Only 86% of the unsluiced cyclic loading

resistance was measured in the sluiced specimens as compared to 60% to

65% of the comparable values detennined for isotropically consolidated

sPeCimens, even though the volume changes due to membrane penetration

were about the same for both groups of specimens. Thus, it appears

from this analysis that anisotropically consolidated specimens are less
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affected by the effects of membrane compliance than are isotropically

consolidated specimens. However, the value of cyclic stress ratio

"Which resulted in 5% double amplitude strain in the sluiced gravel

specimens (Kc=2. 0) apPearS to be in good agreement with the value of

cyclic stress ratio "Which resulted in about 12% pore pressure ratio in

unsluiced gravel specimens (also with K =2.0) as shown in Figure 8.17.c

A similar relationship was found to occur in the previous analyses of

test data for gravel specimens with Kc=l.O. Using these results as a

basis for conparison, anisotropically consolidated sPeCimens apPear to

be affected by membrane compliance to the same degree as are

isotropically consolidated specimens.

It was observed that gravel Particles in the unsluiced specimens

with values of Kc=2.0 were being crushed during cyclic loading. Two

grain size analyses were Perfonned on the material from two of these

specimens after testing was completed. '!he average result from these

analyses is shown in Figure 8.18 along with the original grain size

distribution. It may be noted that about 5% of the total sample weight

was finer than the #4 sieve after the test, "Whereas no material was

finer than the #4 sieve at the start of the test. '!he 5% quantity

represents material that was created by breakage and crushing of

Particles during cyclic loading. It may be recalled from Chapter 3

that Particle breakage is one of the reactions to cyclic loading that

can lead to liquefaction. It was not determined "Whether this same

degree of breakage also occurred in the sluiced specimens.

Figure 8.19 shows curves of cyclic loading resistance, expressed

as l:Ilff/O"fC (the change in shear stress on the failure plane at failure

divided by the nonnal stress on the failure plane during
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consolidation) , detennIDed from three groups of sluiced gravel

specimens at about 45% relative density and with five values of Kc

ranging from 1. 0 to 2.0. It may be seen that the cyclic loading

resistance of the specimens increased significantly with increased

values of Kc ; the cyclic loading resistance of the sluiced specimens at

Kc=2.0 (Dr =45%) is slightly more than double the cyclic loading

resistance of the sluiced specimens with Kc=1. 0 (Dr=45%) .

(4) Summary of Sluicing Effects on Rate of Pore Pressure
Generation

Relationships between residual pore pressure ratios and number of

stress cycles for sluiced specimens at about 45% relative density and

with values of Kc ranging from 1.0 to 2.0 are shown in Figure 8.20.

These relationships are shown for specimens that reached failure in the

range of about 5 to 15 stress cycles. It may be seen that excess

residual pore pressures develop more rapidly in specimens with

increasingly higher values of Kc ' Figure 8.21 presents relationships

between residual pore pressure ratios and normalized number of stress

cycles for these same seven sluiced specimens. This figure also shows

that excess pore pressures developed at a much faster rate in the first

few cycles of loading with each successive increase in values of Kc .

Specimens with lower values of Kc developed pore pressures much more

gradually during the early stages of a test but then more rapidly as a

pore pressure ratio of 100% was approached.

Figure 8.22 presents relationships between residual pore pressure

ratio and normalized number of stress cycles for various sand and

gravel specimens at Kc=1.0. Relationships are shown in this figure

for: (1) Several sands at various confining pressures and number of
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cycles to failure as presented in Appendix A; (2) Sluiced 3/8" x #4

gravel specimens at 43% and 58% relative density sluiced with both

Banding sand (C
S
=28) and Monterey Fine sand (C

S
=17); and (3) Unsluiced

gravel specimens at a relative density of 43%. Data for the gravel

specimens are shown only for specimens reaching 5% double amplitude

strain in a range of about 5 to 30 stress cycles. It may be seen that

the sluiced gravel specimens developed residual pore pressure ratios

that fall within the upper portion of the band for the sand specimens.

'!he unsluiced gravel specimens, however, developed residual pore

pressure ratios more rapidly than did either the sand or the sluiced

gravel specimens.

'!he sand specimens tended to develop excess residual pore

pressures very slowly in the early stages of the undrained, cyclic

loading test but then went on to develop 100% pore pressure ratio at a

very rapid rate after a value of about 50% pore pressure ratio was

attained. SUch behavior can lead to catastrophic soil failures, since

the shearing resistance of the soil remains relatively high until near

the end of the test and then decreases very rapidly to near zero.

Unsluiced gravel specimens, on the other hand, developed 50% pore

pressure ratio very early in the test and thereafter the pore pressure

ratio increased quite slowly to 100% during the remaining stress cycles

of the test. '!hus, because of the effects of membrane compliance, the

unsluiced gravel specimens appeared to be more stable and approach

failure very slowly and gradually during the latter part of the test.

'!he high initial pore pressure build-Up is due largely to the high

value of cyclic stress ratio that is required to cause failure in these

specimens.
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It had been shown previously that the cyclic stress ratios

required to cause failure in the unsluiced gravel SPeCimens are about

55% greater than the cyclic stress ratios required to cause failure in

the sand SPeCimens. In spite of these increased. values of applied

cyclic stress ratio, the unsluiced specimens still approached a failure

condition gradually due to the effects of membrane compliance. It may

be recalled that, as pore pressures increase in an undrained, compliant

system, membrane Penetration into peripheral SPeCimen voids is

reversed. This process is most pronounced at lower confining

pressures, thus, as a value of 100% pore pressure ratio is approached,

the effects of membrane compliance become more significant and a

slower, more gradual pore pressure build-Up is likely to occur after

50% pore pressure ratio is reached. Thus, as a result of membrane

compliance effects, a soil that possesses a low value of cyclic loading

resistance and that tends to fail at a rapid rate as r =100% isu

approached, may be erroneously determined to possess a considerably

higher value of cyclic loading resistance and to lose strength more

gradually as failure is approached.

It might be expected that the relationship between residual pore

pressure ratio and normalized number of stress cycles for the sluiced

gravel specimens would be similar to corresponding relationships

develoPed from sand specimens. However, the relationships develoPed

from the sluiced·gravel specimens fall somewhere between the curve for

the sand specimens and the curve for the unsluiced gravel specimens.

The difference between the curves for the sluiced gravel specimens and

the sand specimens is undoubtedly due in Part to the effects of

membrane compliance which were not completely eliminated by sluicing.
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It is not certain, however, if the curves for these two materials would

be identical even in the event that membrane compliance effects were

completely eliminated. Some of the differences between these two

curves may still remain due to differences in the properties of the

sands and gravels that were tested. However, the sluiced gravel

sPeCimens clearly develoPed excess pore pressures and strains which

would seem to more closely approximate the values which may be obtained

in a system with very little compliance effects.
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CHAPTER 9

MEMBRANE CHARACTERISTICS AND CORRECTIONS

Load Correction

The portion of the applied axial load that was carried by the

rubber confining membrane was detennmed for both the 2.8 inch and 12

inch diameter specimens. The simplified method used to detennme these

corrections was that developed by DJncan and Seed (1967) and is based

on the equation:

where

L'lTam = -Cam x (2/3) x Em x 4toniDos

L'I Tam is the correction to be applied to the axial stress due

to the load carried by the membrane,

Cam is a correction factor which may be detennmed

graphically by using Figure 9.1,

Em is Young's Modulus of the membrane,

tom is the original membrane thickness,

and D is the original specimen diameter.os

The characteristics of the membranes used in the tests were as

follows:

Dom t Eom m. (in. ) (in. ) (psi)

2.70 0.012 195 - (Baldi and Nova, 1983)

12.0 0.10 500 - (Banerjee et al., 1979)

It may be noted from Figure 9.1 that Cam varies with axial

strain. Thus, membrane load corrections detennmed for cyclic loading

tests, in which the axial strains vary with each new stress cycle,

should be based on the average value of strain developed during each
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cycle up to the point of failure. For example, it may be seen from

either Figure 7.8 or 7.1.2.2 showing the relationship between double

amplitude strain and number of stress cycles for Test No. 9 performed

on 12 inch diameter specimens of 2" maximum, modified gradation

Watsonville gravel, that double amplitude strains develoPed in this

representative specimen with each stress cycle as follows:

TEST NO.9

Cycle No.

1
2
3
4
5
6
7
8
9

Double Amplitude
strain, %

o
o
o
o
0.3
1.1
2.1
3.4
5.0

Average = 11.9/9 = 1.32%/cycle

Thus, the average value of double amplitude strain develoPed

during each cycle was determined to be about 1.3%. However, since load

corrections should be cOmputed based on single amplitude strains, the

appropriate average strain value in this case is about 0.65% for each

cycle. Referring again to Figure 9.1, it may be seen that for zero

volumetric strain (total volumetric strains for 12 inch diameter

specimens during consolidation were actually in the range of 1% to 2%)

the value of Cam is determined to be about 0.01. Therefore, the stress

correction may be computed as follows:

6T = -0.01 x (2/3) x 500 x 4 x (0.10/12)am

= 0.11 psi (0.0075 ksc).
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The resulting stress ratio correction may also be computed for

Test No.9 as:

- /;'1: arl2 a
3C

= -0.0075/4 = -0.002.

And the corrected cyclic stress ratio for this test would thus be:

0.180 - 0.002 ~ 0.178.

Corrections of this magnitude are clearly negligible.

Samples failing in a greater number of cycles would have a

smaller error in stress ratio due to membrane load since the axial

strains would develop over a greater number of cycles and, comersely,

samples failing in fewer cycles would require that a slightly greater

stress ratio correction be applied. However, the load correction was

detennined for SPeCimens failing in about 10 stress cycles since this

value was used for comparison of the cyclic loading resistances of the

test SPeCimens presented in the preceding chapters. Ired corrections

for a 2.8 inch diameter SPeCimen confined with 2 thin membranes which

develoPed strains similar to the values from Test No.9 may be computed

as follows:

- /;'1: am = -0.01 x (2/3) x 195 x 4 x (2 x (0.012/2.7»

= 0.0116 psi

= 0.0008 ksc

Again this value is negligibly small. It is apParent that any errors

in cyclic .loading resistance due to membrane load for the SPeCimens

tested in this study are extremely small, and it was thus considered

that no practical benefit would be gained from making such corrections.

Furthennore, the majority of the studies iJWolved comparisons between

the cyclic loading resistances of sluiced and unsluiced specimens

having the same diameters and confined by similar membrane systems.
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Therefore, even if the load corrections were more significant, the

comparative relationships between sluiced and unsluiced specimens would

be essentially unchanged. For these reasons, no correction for

membrane axial load was applied to the data presented in this report.

Volume Changes Due to Membrane Penetration

Hydrostatic compression and rebound tests were performed on a

number of sluiced and unsluiced 2.8 inch diameter gravel specimens in

order to detennine the amount of volume change that would occur due to

membrane penetration. All specimens were constructed of 3/8" x #4

gravel at a relative density of about 50%, prepared by dry pluviation

and confined by two thin membranes. The membranes, obtained from 3-D

Polymers of Gardena, california, were all 2.70 inches in diameter, 9

inches tall, and 0.012 inches thick. Young's modulus for such material

is typically about 195 psi (Baldi and Nova, 1983).

Height and total volume change measurements were recorded during

hydrostatic compression and rebound. The specimens were assumed to

behave isotropically, thus, the skeletal volumetric strain was computed

to be equal to three times the axial strain. Volumetric strain due to

membrane penetration, E: ,
vm may be determined by subtracting the,

skeletal volumetric strain, E: from the total measured volumetricvs'

strain, E: vt' in accordance with the equation:

€vm = €vt - €vs·

Figure 9.2 shows compression and rebound curves for total and

skeletal volumetric strains measured in sluiced and unsluiced gravel

specimens confined with two thin membranes. It may be noted from these

curves that the skeletal volumetric strain is a very small percentage

of the total volumetric strain measured in the unsluiced specimens.
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Figure 9.2 Total and Skeletal Volumetric strains Measured
in Sluiced and Unsluiced 2.8 Inch Diameter
Specimens
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Consequently, even if the assumption of isotropic defo:rnation is

incorrect, a more precise detennmation of skeletal volume change would

have a very small effect on the value of volumetric strain that is

detennmed to be due to membrane penetration. Thus, it would seem

reasonable to consider that for this material, or for other such

materials where membrane penetration volume changes are a high

proportion of the total measured volume changes, the assumption of

isotropic compression and rebound will introduce very small errors in

interpretation of the results. Well-graded gravels, on the other hand,

will have much smaller volume changes due to membrane penetration and

thus a more precise detennination of the skeletal volumetric strain may

be required. For such materials, skeletal volumetric strains should be

detennined using radial strains which may be measured by using one of

several methods such as the use of girth gages as proposed by Chan

(1978) and Banerjee et al. (1979).

The assumption of isotropic behavior may also be more appropriate

than it first appears. Vaid and Negussey (1984) suggested that most

soils defonn isotropically during hydrostatic rebound as described in

Chapter 4. Thus, if the specimen was first consolidated and then total

volumetric strains were measured during hydrostatic rebound, the

assumption of isotropic specimen defonnations may be entirely valid.

Also shown in Figure 9.2 are values of computed skeletal

volumetric strains, for both sluiced and unsluiced specimens, based on

measured axial strains. It may be noted from this figure that there is

no significant difference between the values of skeletal strains

computed for either sluiced or unsluiced specimens. Thus, the sluicing

sand does not appear to influence compression of the gravel structure
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during hydrostatic consolidation. It may also be noted that only about

0.55% volumetric strain due to membrane penetration occurred in the

sluiced specimens over the range of confining pressures indicated. For

the unsluiced specimens, however, about 3.6% volumetric strain occurred

due to membrane penetration over the same range of confining pressures.

Thus, about 85% of the membrane penetration volmne change that occurred

in the unsluiced SPeCimens was eliminated by sluicing the gravel

specimen with sand (Cs=17) . This reduction in membrane penetration

volume change resulted in a corresponding reduction in membrane

compliance effects and consequently, the sluiced sPeCimens were

detennined to have lower values of cyclic loading resistance.

Rebound curves should also be used to detennine membrane

penetration volume changes in order to account for any temporary

plastic defonnation of the membrane that may occur. It may be noted

from Figure 9.2 that a residual value of about 0.1% skeletal strain

remained after hydrostatic rebound from 2.0 to 0.20 ksc, whereas a

residual value of about 0.8% total volumetric strain was not recovered

during rebound. The latter value represents about 21% of the total

volmne change that occurred during consolidation from 0.2 ksc to 2.0

ksc in the unsluiced specimens. Thus, 21% of the total volumetric

strain was not recovered during rebound due to plastic defonnation of

the membranes. Plastic defonnation will prevent the membrane from

assuming its original cylindrical shape after the effective confining

pressure is decreased to zero.

Such. membrane defonnations seemed to be Particularly pronounced

when using systems composed of multiple membranes and are apparently

the result of adhesion that develops between two membranes after they



351

defonn due to the applied confining pressure. Once this adhesion

develops, the membranes are prevented from sliding along their contact

surfaces. The membrane system seemed to behave as if it were a group

of flexible beams which have been bent into some irregular shape and

then clamped together in order to prevent them from regaining their

original shape. Vacuum grease applied to the interface seemed to have

no effect in reducing the adhesion that developed between the

membranes. After being removed from the gravel SPeCimens, the multiple

membrane systems retained the irregular shape of the gravel sPeCimen

and each of the membranes had to be peeled apart from the others . Only

then did they revert back to their original, cylindrical shape.

The adhesion that may develop between two membranes is considered

to have a positive influence in reducing the effects of membrane

compliance. The amount of volume change due to membrane penetration

that is measured during hydrostatic rel:x:>und would be less than that for

consolidation because of the residual penetration which is not

recoverable. Thus, rel:x:>und curves should be used when attempting to

quantify the amount of membrane penetration volume change that may

occur due to membrane penetration rel:x:>und during undrained cyclic

loading.

'!he effect of multiple membranes on total measured volumetric

strain is significant. The amount of volumetric strain measured in

single membrane systems was approximately double that measured in two

or four membrane systems as shown in Figure 9.3. However, there is

very little difference between two or four membrane systems either in

measured volumetric strain or in measured cyclic loading resistance as

shown earlier. '!his would seem to indicate that there is probably some
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optbnal number of membranes where both membrane compliance and membrane

thickness (and thus membrane axial loads) are minimized. It may also

be noted from Figure 9.3 that about 14% of the total volumetric strain

that occurred in the single membrane system was not recovered after

rebound, while about 20% was not recovered in the two and four membrane

systems, again indicating the effects of multiple membranes in reducing

membrane penetration volume changes during rebound.

Correction for Membrane Comp1iance Based on Vo1ume Changes

Drained hydrostatic compression and rebound tests were performed

on several unsluiced 3/8" x #4 gravel specimens that were confined with

two membranes and ranged in relative density from nearly zero to about

50%. Volume changes were detennined from rebound curves, similar to

the curve shown in Figure 9.2, for changes in effective pressure which

would correspond to pore pressure ratios of 50%, 75%, and 90% in an

undrained system. For example, hydrostatic rebound from 2.0 ksc to

0.50 ksc would result in a drained membrane penetration volume change

that would correspond to the membrane penetration volume change that

would occur in an undrained system with an induced pore pressure ratio

of 75%. The results from these tests are shown in Figure 9.4 where a

range of volume changes is noted for changes in confining pressure that

are representative of various pore pressure ratios. The values of

membrane penetration volume change may be used to compute skeletal

density changes that occur during cyclic loading as a result of pore

water redistribution. The basis for such a correction was described in

Chapter 3 and is sununarized by the following three points: (1)

Recovered membrane penetration that occurred during undrained cyclic

loading would result in a redistribution of water content within the
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confines of the confining membranes; (2) Water migrates from within the

specimen voids to zones at the perimeter of the specimen where membrane

penetration rebound has occurred; and (3) This water content

redistribution results in the gravel particle stnlcture becoming more

densely packed so that, by the time failure occurs, the sample density

is higher than at the start of the test.

In order to compute the corrected specimen density, data such as

that presented in Figure 9.5 is also required. Figure 9.5 shows the

residual pore pressure ratio values that developed in unsluiced gravel

specimens of various relative densities at 5% double amplitude strain.

It may be seen from this figure that the induced residual pore

pressures at 5% double amplitude strain decreased with increasing

specimen relative density for specimens confined with two membranes.

With the aid of this information, the change in specimen density

that occurs due to membrane compliance may be COlTputed as described in

the following example:

(1) Assume that a 3/8" x #4 gravel specimen at a relative density

of about 43% (93.1 pef) and confined with two membranes is to be

tested.

(2) It may be seen from Figure 9.5 that such specimens would

develop about 75% pore pressure ratio at 5% double amplitude strain.

(3) The value of membrane penetration volume change that occurs

for r ~ 75% may then be determined from Figure 9.4. For a specimen atu

43% relative density and r ~75%, a volumetric strain due to membrane
u

compliance of about 2.75% may be noted.

(4) The gravel is thus expected to densify by 2.75% resulting in

a final density of 93.1 pef x 1.0275 = 95.7 pef. This corresponds, for
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the 3/8" x #4 gravel used in this testing program, to an increased

relative density of about 55%.

It was originally considered that volumetric strains due to

membrane rebound might be used to account for the effects of membrane

compliance in the undrained cyclic triaxial test. By testing a

specimen with the appropriate lower initial density, which may be

detennined from data such as that presented in Figures 9.4 and 9.5, the

noncompliant cyclic loading resistance of the resulting higher density

specimen may be detennined. If this approach were valid, then the

unsluiced cyclic loading resistance of the 43% relative density

unsluiced gravel specimens, detennined in this study, would

approximately predict the value of cyclic loading resistance for the

sluiced, 58% relative density gravel specimens. It may be seen from

Figure 9.6 that the 43% relative density unsluiced (compliant) gravel

specimens would overestimate the cyclic loading resistance of the 58%

relative density sluiced (noncompliant) gravel specimens. Thus, this

approach does not appear to provide a valid method for evaluating the

effects of membrane compliance, at least not in its present, simplified

form.

There is, however, a considerable amount of infonnation

concerning the effects of membrane compliance to be gained from the

data presented in the preceding figures. A loose, 25% relative density

(89.5 pef) gravel specimen, for example, may develop a residual pore

pressure ratio of up to 90% at failure as shown in Figure 9.5. This

value of induced pore pressure ratio translates into a volumetric

strain due to membrane Penetration rebound and pore water

redistribution of about 4.75% as shown in Figure 9.4. Thus, at failure



I
I

I
I

I-
-

I-
-

"-
"'"
~

.....
..""

" ~
~

D
~
4
3
%
.

U
ns

lu
ic

ed
-

I-
-_

r
I--

--
--

-..
D

;5
8%

.
S

lu
ic

ed
.

C
=1

7
_

_
s

I
I-

-

3
/8

11
X

#4
w

a
ts

o
n

v
il

le
G

ra
v

el
-

R
e
la

ti
v

e
D

en
si

ty
'"

43
%

03
'''

'2
.0

k
sc

,
K c=

1
.0

I-
-

I
I

I
I

I
I

0.
5

0.
4

U
-
M b N .....
... U "
0

t>
0.

3
~

0 ..... +.
> to 0:
:: V
l

V
l

Cl
J
~

0.
2

+.
>

l/
) u .,..
.
~

u >
,

u

0.
1

0
.0

0
.5

2
5

10
20

50
10

0
20

0
50

0

w U
1

0
0

F
ig

ur
e

9
.6

N
um

be
r

of
S

tr
es

s
C

yc
le

s.
N c'

C
au

si
ng

5%
D

ou
bl

e
A

m
pl

itu
de

S
tr

ai
n

R
el

at
io

ns
hi

p
B

et
w

ee
n

C
yc

li
c

S
tr

es
s

R
at

io
an

d
N

um
be

r
of

S
tr

es
s

C
yc

le
s

C
au

si
ng

5%
D

ou
bl

e
A

m
pl

itu
de

S
tr

ai
n



359

the specimen relative density would have increased from 25% to a value

of about 46% (i.e.: 89.5 pef x 1.0475 = 93.8 pef). With this extreme

amount of specimen densification taking place during testing, it should

be readily apparent that the effects of membrane compliance on the

cyclic loading resistance of such specimens are considerable and should

be taken into account.

The effects of membrane compliance are also shown in Figure 9.5

where it may be seen that unsluiced specimens confined with two

membranes, in the range of about 30% to 60% relative density, developed

an average residual pore pressure ratio at 5% double amplitude strain

that ranged from about 55% to 82%. OVer the same range of relative

densities, sluiced specimens developed average residual pore pressure

ratios of about 90% to 96% as shown in Figure 9.7. Thus, although they

were not eliminated, the effects of membrane compliance were reduced

considerably by sluicing the gravel specimens with sand.
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CHAPl'ER 10

SUMMARY AND CONCLUSIONS

Surrmary of Investigation

Membrane compliance effects can substantially increase the cyclic

loading resistance of granular soils, particularly gravels, as

detennined by the undrained, cyclic triaxial test. However, previous

investigations have focused mainly on the effects of membrane

compliance on the results of tests perfonned on sand specimens, while

the effects of the phenomenon on gravel specimens have been laxgely

ignored. Clearly, the effects of membrane compliance on the cyclic

loading resistance of gravel specimens would be expected to be more

significant than the effects for sand specimens since greater membrane

penetration volume changes would typically occur during consolidation

of the gravel specimens. Several expressions based on these

considerations have been developed by previous investigators relating

membrane compliance effects to the mean particle diameter of the test

material. such relationships have, in many cases, been assumed to

apply to gravel-siZed particles, even though the relationships were

developed from the results of tests perfonned on sands. Consequently,

it appeared that there was a need to investigate the magnitude of the

effect of membrane compliance on the cyclic loading resistance of

gravels and to detennine if relationships developed from studies

perfonned on sand specimens may be used to accurately account for the

effects of membrane compliance in gravel specimens.

In order to investigate the effects of membrane compliance on the

results of tests perfonned on gravel specimens, a comparative study was

made between the results of tests perfonned on gravel specimens tested
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in a conventional, compliant system and corrparable gravel specimens

tested in a specially prepared, noncompliant or low-compliance system.

The noncompliant system was achieved by washing sand into the voids of

the gravel specimens, thus filling the peripheral specbnen voids

thereby limiting the amount of :membrane penetration that occurred

during consolidation. Undrained, cyclic triaxial loading tests were

perfonned on sluiced and unsluiced 2.8 inch and 12 inch diameter

specimens composed of three unifonnly-graded gravels at various

relative densities. These gravels represented the coarsest gradations,

having the highest values of D50, that could reasonably be tested in

specbnens of these diameters. Various sands were used to sluice the

gravel specimens resulting in values of sluiceability coefficient, Cs

(D10-gravel/d50-sand)' ranging from 17 to 50. Special test conditions

were also imposed on several test groups in order to investigate the

effects of the conditions on the results of the relationships between

the cyclic loading resistance curves and the pore pressure ratio curves

for sluiced and unsluiced gravel specimens. The conditions that were

investigated included isotropic and anisotropic consolidation, the use

of various numbers and thicknesses of confining :membranes, and

construction of a thin annular sand shell around the outside of the

gravel specimens.

Justification for Sluicing Gravel Specimens with Sand

In interpreting the results of this investigation it was

considered that the only significant effect of the sluicing sand in the

voids of a gravel specimen was to reduce membrane penetration volume

changes that occurred during consolidation and thus reduce membrane
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compliance effects during undrained, cyclic loading. Arguments and

observations supporting such a consideration are outlined below:

(1) If at the start of a cyclic triaxial test there is no

significant degree of membrane penetration, then there is no strong

reason to believe that any membrane compliance effects could develop

during the test.

(2) The gravel skeletal structures were essentially identical for

all specimens whether they were sluiced or unsluiced. Both of these

specimen groups were constructed in the same manner, the only

difference being that the water in the voids of the sluiced specilnens

was replaced with a loosely deposited sand. since the loose sand in

the voids of the sluiced specilnens should have a higher shearing

resistance than the water in the voids of the unsluiced specilnens, it

seems reasonable to believe that the only direct effect of the sand in

the voids, if any, would be to increase the strength of the gravel

specimen. In this case, the sluicing sand indirectly reduces the

cyclic loading resistance of the gravel specimen by reducing membrane

compliance effects, and it may directly increase the cyclic loading

resistance as described above. However, it was noted that the overall

effect of sluicing was to significantly reduce the cyclic loading

resistance of the gravel specilnens, thus indicating that any

contribution of the sand to the cyclic loading resistance of the

specimen was likely to be very small.

(3) If the sand did contribute directly to a reduction in the

cyclic loading resistance of the sluiced specilnens, it is considered

that this would be a secondary effect at best. A comparison of the

cyclic loading resistances of sluiced specilnens at 43%, 58%, and 80%
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relative density is shown in Figure 8.14. It may be seen that the

cyclic loading resistance curves for both of the higher relative

density specimen groups are proportionally higher (based on relative

density ratios) than the corresponding curve for the 43% relative

density specimens. Thus it appears that the cyclic loading resistance

of the sluiced specimens is primarily dependent on the relative density

of the gravel skeleton as might be expected. Additionally, the average

values of effective dry density of the sand in the voids of these

specimens ranged from about 68 pef for the Dr=80% specimens to 75 pef

for the Dr=43% specimens as shown in Figure 6.8. Thus, if the sluicing

sand had an effect on cyclic loading resistance, it would be expected

that it would have been greater for the lower relative density

specimens and less for the higher relative density specimens, thus

tending to make the cyclic loading resistance curves for the three

groups of specimens closer together; there is no indication that this

did in fact occur.

(4) The cyclic loading resistance of the anisotropically

consolidated gravel specimens was not reduced as significantly by

sluicing as were the test results for the groups of isotropically

consolidated specimens. It may be recalled that the cyclic loading

resistances of the sluiced, isotropically consolidated specimens were

only about 60% to 65% of the corresponding values for the unsluiced,

isotropically consolidated specimens. However, the cyclic loading

resistance of the sluiced, anisotropically consolidated specimens was

about 85% of the corresponding value for unsluiced, anisotropically

consolidated specimens. '!hus, the additional contraction of the gravel

skeleton during anisotropic consolidation may have moved the gravel
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particles into greater contact with the loose sand and it appears that

the result was to increase the cyclic loading resistance of the

anisotropically consolidated, sluiced gravel SPeCimens.

(5) Skeletal volumetric strains during hydrostatic compression

and rebound were found to be essentially identical for both sluiced and

unsluiced gravel sPeCimens (see Figure 9.2). Thus, the sluicing sand

would seem to have no significant influence on the gravel particle

structure at the end of consolidation and at the start of cyclic

loading.

(6) The results of this investigation for 2.8 inch diameter

sPeCimens indicated similar values of error in cyclic loading

resistance due to the effects of membrane compliance as did the

earlier, theoretical study conducted by Martin et al. (1978). If it is

considered that the potential errors in cyclic loading resistance

proposed by Martin et al. are reasonably reliable, then it may again be

concluded that the presence of the sluicing sand does not contribute to

the reduction in cyclic loading resistance observed in this stUdy,

other than by reducing membrane compliance effects.

Despite these arguments, it cannot be conclusively proved that

the change in structure of the soil due to sluicing did not have some

effect on the cyclic loading resistance of the samples.

Summary of Test Results for 12 Inch Diameter Specimens

The results of tests performed on 12 inch diameter specimens of

both the 2" maxinn.nn and the 1-1/2" x 3/4" gravels indicated that the

cyclic loading resistance of sluiced sPeCimens was only about 65% of

that for the unsluiced sPeCimens. The reduction in cyclic loading

resistance for the sluiced sPeCimens is considered to be the direct



366

result of the practical elimination of the effects of membrane

compliance. Pore pressure ratios of 100% were developed in sluiced

specimens for the same values of cyclic stress ratio and number of

stress cycles that caused only about 12% pore pressure ratio to develop

in the unsluiced SPeCimens, again indicating that the unsluiced,

compliant specimens are much more resistant to undrained cyclic loading

due to the effects of membrane compliance. It is considered that the

sluiced specimens provide a more accurate assessment of the cyclic

loading resistance of the noncompliant, in-situ material. There was no

significant difference in these results for gravel specimens having

either 22% or 42% relative density, or with the use of thinner, more

flexible membranes.

An annular sand shell was constructed around the confining

membrane of several sluiced and unsluiced specimens to detennine if

membrane compliance effects could be reduced by this method. The

effect on the cyclic loading resistance of specimens confined with such

shells was negligible after an axial load correction was roade to

account for the strength of the sand shell.

A comparison was also roade between the cyclic loading resistance

of the sluiced specimens and specimens composed of a very well-graded

gravel detennined by an earlier investigation, both at the same

relative density. These two roaterials were found to have substantially

the same values of cyclic loading resistance. The specimens from both

studies had a similar structure and relative density, and membrane

compliance effects were negligibly small since the specimens from this

stUdy were sluiced and the specimens from the previous stUdy were

composed of a very well-graded roaterial. Thus, it was observed that
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there is no apparent difference between the cyclic loading resistances

of two gravels composed of very different grain size distributions

provided that the relative density and stru.cture of the specimens are

similar and that membrane compliance effects are taken into account.

summary of Test Results for 2.8 Inch Diameter specimens

'lhe cyclic loading resistance of sluiced 2.8 inch diameter

specimens of 3/8" x #4 gravel was reduced to between 60% and 75% of the

cyclic loading resistance of unsluiced specimens for values of the

sluiceability coefficient, Cs ' ranging from 17 to 28. It was

considered that the cyclic loading resistance of the specimens with the

higher value of C is more representative of the actual, noncompliants

cyclic loading resistance of the gravel in-situ since higher values of

cs result in better sluicing, filling more of the peripheral voids, and

thus membrane Penetration volume changes are reduced to a negligibly

small value. Values of cyclic stress ratio causing only about 12% pore

pressure ratio in unsluiced specimens after 10 stress cycles caused

100% pore pressure ratios in the same number of cycles in tests on

sluiced specimens, a result very similar to the relationship that was

found for tests on 12 inch diameter specimens. 'lhe average value of

maximum residual pore pressure ratio that was develoPed in the sluiced

specimens was about 95% while the corresponding value develoPed in

tests on unsluiced specimens was only about 73%. 'lhese results were

observed for isotropically consolidated specimens with relative density

values between 43% and 58%, and they were not significantly different

for either two or four membrane systems. 'lhese results clearly

indicate the significance of the effects of membrane compliance on the

cyclic loading resistance of gravel specimens.
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Corrparisons were made between the cyclic loading resistances of

(1) sluiced gravel specimens and Monterey No. 0 sand specimens, and (2)

sluiced gravel specimens and very well-graded (unsluiced) gravel

specimens; the values of cyclic loading resistance were corrparable for

specimens with similar structure and relative density. Thus, the

results of this investigation indicate that there is no apparent

difference between the cyclic loading resistances of a sand or a gravel

specimen at the same relative density, structure, and. stress

conditions, provided that membrane compliance effects are eliminated in

the gravel specimens.

Relationships between residual pore pressure ratio and. nonualized

number of stress cycles indicated that the sluiced gravel specimens

developed pore pressures in a pattern similar to those developed by

sand specimens. The unsluiced gravel specimens, on the other hand,

appeared to develop higher values of residual pore pressures in the

early stages of the test and then show a greatly reduced rate of pore

pressure change during the remaining stress cycles of the test. 'Ibis

result is undoubtedly due, in part, to the higher values of cyclic

stress ratio that are required to induce failure in the unsluiced

(compliant) gravel specimens.

Anisotropically consolidated test specimens were apparently less

affected by membrane compliance. '!he cyclic loading resistance of

sluiced, anisotropically consolidated specimens was about 85% of the

value detennined for comparable unsluiced specimens at 10 stress

cycles. However, values of cyclic stress ratio causing 100% pore

pressure ratio in the sluiced specimens resulted in only about 12% pore

pressure ratio in the unsluiced specimens as observed in tests on
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isotropically-consolidated specimens. 'rhus, this corrparison indicates

that there is indeed a significant effect of membrane compliance in

anisotropically consolidated test specimens.

ColY;lusians

(1) It apPearS that Sluicing provides a viable means for

significantly reducing or eliminating the effects of membrane

compliance from the results of undrained, cyclic triaxial tests

perfonned on gravel specimens. Reasonable results may be obtained when

a value of sluiceability coefficient, C , of about 20 or greater iss

used.

(2) It was considered that the gravels tested in this study were

subjected to the greatest degree of membrane compliance effects that

would be expected in specimens of the same diameter because the maximum

allowable Particle sizes were used and the gravels were very unifonnly-

graded. Thus, the membrane compliance corrections developed using

these materials should be considered to represent upPer-bound levels of

membrane compliance effects for materials tested under similar

conditions. Either finer-grained or more well-graded gravels would be

less severely affected by membrane compliance.

(3) 'rhe results of this investigation indicate that a reasonably

accurate assessment of the noncompliant cyclic loading resistance of

the gravels tested in this study may be detennined by any of the

following methods:

(a) Testing sluiced specimens;

(b) Testing unsluiced specimens and using only 60% to 65% of the

value of cyclic loading resistance detennined for

isotropically consolidated specimens or 80% to 85% of the
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cyclic loading resistance detennined for anisotropically

consolidated sPeCimens; or

(c) Testing unsluiced specimens and using the value of cyclic

stress ratio that causes about 12% residual pore pressure

ratio to develop in 10 stress cycles.

(4) The relationships between the error in cyclic loading

resistance due to membrane compliance effects and mean particle size f

D50 , presented by Martin et al. (1978) are shown in Figure 10.1

together with the results from the present investigation. The results

from the earlier study agree reasonably well with the results from this

investigation for 2.8 inch diameter specimens. However, for 12 inch

diameter sarrples, the results from this investigation indicated errors

which were about double the correction values presented in the earlier

study. Thus, although the theoretical relationships provide an

excellent basis for detennining membrane compliance effects in 2.8 inch

diameter sPeCimens of sand or gravel, the effects are apParently

underestimated for 12 inch diameter specimens. The relationship

develoPed in this investigation may be used to assess the error in the

cyclic loading resistance caused by membrane compliance effects in 2.8

inch and 12 inch diameter SPeCimens of sand or gravel.

(5) The results of this study may be applied to other gravels if

judgment is used to detennine the proper value of membrane compliance

correction. Membrane Penetration volume changes during hydrostatic

rebound seem to be the key to determining the severity of the effects

of membrane compliance that may occur. Although insufficient testing

was perfonned to verify the following conClusion, it is tentatively

suggested that an estimate of the effects of membrane compliance may be
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detennined by comparing membrane penetration volume changes to the

values measured in this study and computing a proportional value of

membrane compliance correction. For example, if only half of the

membrane penetration volume changes recorded in this study were

measured, then half of the cyclic loading resistance correction would

be used. Further investigation is required to substantiate the use of

such relationships.

(6) For a given set of test conditions, the cyclic loading

resistance of a well-graded gravel specimen, a unifonnly-graded gravel

specimen and a sand specimen were all found to be approximately equal,

provided that the effects of membrane compliance were eliminated and

all of the specimens had the same relative density and structure.
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APPENDIX A

RESULTS OF TRIAXIAL TESTS PERFORMED ON MONTEREY NO. 0 SAND
SPECIMENS

Test Data Presentation

'Ihree groups of tests were performed on specimens of Monterey No.

o Sand. One group of tests was performed on 12 inch diameter specimens

at a relative density of about 35%. The other two groups were

performed on 2.8 inch diameter specimens at relative densities of about

37% and 49% . All test specimens were constructed by pluviation and

were isotropically consolidated under an effective confining pressure

of 2.0 ksc. Test data for the three groups are presented in Tables A.l

through A.3 and the relevant test data is shown in Figure A.l.l through

A.3. 4.

Data Analyses

A corrparison of the cyclic loading resistances of specimens of

Monterey No. 0 sand at a relative density of about 36% for 2.8 inch

diameter and 12 inch diameter test specimens is shown in Figure A.l (on

page following the test data). It may be noted that the cyclic

loading resistances of the specimens for both sample sizes are in good

agreement, indicating that specimen diameter does not significantly

influence cyclic test results for this material. Wong et ale (1974)

performed a similar stUdy on specimens of Monterey No. 0 sand and found

that the cyclic loading resistance of the 2.8 inch diameter specimens

was about 10% higher than that for the 12 inch diameter specimens.

These investigators concluded that the difference was due mainly to the

effects of membrane corrpliance in the smaller diameter test specimens.
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Table A.l Material Properties and Test Conditions Causing
Failure During Undrained cyclic Loading

SAND: Monterey No.O

80% 100% 2% 5% 10%
Pore Pressure Ratio Peak to Peak strain

Number of Cycles Causing ..•

Test
No.

16
17
18
19

Test
No.

16
17
18
19

Dry
Density
(pcf)

96.3
94.5
95.2
94.9

Cyclic
Stress
Ratio,
O"d/ 2 0"3C

0.160
0.170
0.160
0.120

Void
Ratio

0.718
0.751
0.738
0.743

Sand
Porosity

0.418
0.429
0.425
0.426

99
2.0
2.1
46

Relative
Density

(%)

43.1
33.1
37.0
35.3

98
1.4
2.2
46

99
1.7
2.5
47

101
2.1
3.2
47

* - All test specimens are 12" diameter, pluviated
through water, one 0.1" membrane, 0" '= 2.0 ksc,
and Kc=l. Results corrected for m~mbrane load.
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Table A.2

385

Material Properties and Test Conditions causing
Failure During Undrained Cyclic Loading

SAND: Monterey No.O

Sand
Test Dry Void Porosity Relative
No. Density Ratio Density

(pcf) ( %)

20 95.3 0.736 0.424 37.6
21 94.9 0.743 0.426 35.3
22 94.7 0.747 0.427 34.2
23 95.0 0.742 0.426 35.9
24 95.0 0.742 0.426 35.9
25 95.4 0.735 0.423 38.1
26 95.5 0.733 0.423 38.7
30 95.7 0.730 0.421 39.8

Test Cyclic Number of Cycles Causing ...
No. Stress 80% 100% 2% 5% 10%

Ratio, Pore Pressure Ratio Peak to Peak strain
(J /2 (J
d 3c

20 0.156 6.0 5.2 5.8 6.3
21 0.128 48 45 46 47
22 0.134 35 33 34 34
23 0.144 4.0 3.3 3.6 4.0
24 0.140 50 47 48 49
25 0.140 5 4.5 4.7 4.9
26 0.213 1.0 0.5 0.7 0.9
30 0.207 1.0 0.2 0.5 0.9

* - All test specimens are 2.8" diameter, pluviated
through water, one thin membrane, (J3'= 2.0 ksc,
and K =1.c
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Table A.3 Material Properties and Test Conditions causing
Failure During Undrained Cyclic Loading

SAND: Monterey No.O

80% 100% 2% 5% 10%
Pore Pressure Ratio Peak to Peak Strain

Number of Cycles causing...

Test
No.

27
28
29

Test
No.

27
28
29

Dry
Density
(pcf)

97.6
97.5
97.2

Cyclic
Stress
Ratio,

°d/2 03C

0.213
0.188
0.185

Void
Ratio

0.695
0.697
0.702

Sand
Porosity

0.410
0.411
0.412

6.0
4.0
23.0

Relative
Density

(%)

50.0
49.6
48.0

5.8
3.6
23.0

6.2
4.0
23.0

7.0
4.8
24.0

* - All test specimens are 2.8" diameter, pluviated
through water, one thin membrane, 03'= 2.0 ksc,
and Kc =l.
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'Thus, it was considered that specimen size would not significantly

affect the cyclic loading resistance of the gravels tested in this

study, once the effects of membrane compliance were accounted for.

A corrparison of the cyclic loading resistance of the two 2.8 inch

diameter specimen groups at relative densities of 37% and 49% is shown

in Figure A. 2 • It may be noted that the cyclic loading resistance of

the 49% relative density specimen is about (49/37) or 1. 32 times

greater than the cyclic loading resistance of the 37% relative density

specimens. SUch relationships have been shCM'l to exist for sands by

other investigators (DeAlba, 1975) and it was considered that these

relationships would also apply to the gravels tested in this study.

Figure A.3 shows the relationship relating residual pore pressure

ratio to nonnalized number of stress cycles for 2.8 inch diameter and

12 inch diameter specimens. It may be noted that the smaller diameter

test specimens develop excess pore pressures much more rapidly toward

the end of the test than did the 12 inch diameter specimens. 'This

probably occurred as a result of differences in the loading systems.

'The 12 inch diameter specimens were cyclically loaded at a rate of 1

cycle per minute while the 2.8 inch diameter specimens were cyclically

loaded at a rate of 1 cycle per second. Although it has been shCM'l

that such differences in loading rates do not significantly affect the

number of stress cycles required to cause 100% pore pressure or 2% to

10% double amplitude strain (Peacock and Seed, 1968; Lee and Fitton,

1969; Wong et al., 1974)), it might nevertheless account for the

differences in the relationships shCM'l in Figure A.3.

Figures A. 4, A. 5, and A.6 show similar relationships between

residual pore pressure ratio and nonnalized number of stress cycles for
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Sacramento River Fine Sand (lee and Albeisa, 1974), Monterey Medium

Sand (lee and Albeisa, 1974), and Monterey No. 0 Sand (DeAlba et al.,

1975), respectively. It may be seen that the data from these earlier

studies are in good agreement with the data presented in this study

even though data for a wide range of relative densities and confining

pressures is presented from the earlier studies. These data were used

for comparison with smlar data generated from sluiced and unsluiced

gravel specimens presented in Chapter 8.
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