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ABSTRACT

This report presents the results of a study of liquefaction
induced by cyclic loading. The study was based on steady state
concepts. Definitions of "ligquefaction” and "cyclic mebility"
are presented and compared with other published definitions. The
steady state of deformation is described and its relationship to
liquefation is discussed.

The results of comprehensive laboratory triaxial testing
programs on two sands are presented. The test data demonstrate
that, for a given soil, the steady state line (locus of steady
states of deformation) is independent of stress history.

Liguefaction can develop when the static shear stresses
exceed the undrained steady state strength. The magnitude of
cyclic loading required to trigger liquefaction was found to be a
function of static shear stress and number of load cycles.

The steady state lines for the two sands tested in this
study were compared to steady state lines for a variety of other
sands. General trends were observed for the variation of steady
state lines with changes in grain size distribution and in grain
angularity.

Finally, a recommended procedure for practical application
of steady state concepts to geotechnical engineering is presented.

XV






1.0 INTRODUCTION

1.1 Statement of the Problem

The term "liquefaction," as used in this report, is defined
as follows:

Liquefaction - is a phenomenon wherein a mass of soil loses
a large percentage of its shear resistance, when subjected
to undrained monotonic, cyclic or shock loading, and flows
in a manner resembling a liquid until the shear stresses
acting on the mass are as low as the reduced shear
resistance,

The loss in shear resistance is due to the conversion of the
mass from a practically drained condition, at which it can
sustain the in situ shear stresses, to a practically undrained
condition of shear.

Liquefaction can occur in saturated sands, silts, and quick
clays and can also occur in very large masses of sands or silts
that are dry and loose enough so that the air cannot escape from
the wvoids fast enough to prevent undrained shear. This report
deals only with liguefaction of saturated sands.

If a slope or embankment composed of saturated sand or silt
fails by liquefaction, the soil mass comes to rest only after the
slope has been reduced to a few degrees and the shear stresses
have consequently been reduced to the mobilized shear resistance,
Because of the rapid movement, very large displacement and the
fluid-like appearance of the soil associated with these types of
slope failures, the term "flow slide"™ has been used to describe
them,

Similarly, if saturated sands supporting a structure fail by
liquefaction, the structure floats or sinks, and tilts until the
shear stresses applied to the soil are less than or equal to its
rmobilized shear resistance,

Historically, failures of the type described above have been
associated principally with loose sand and silt deposits.

It has been postulated that soils sheared to large strains
eventually reach the steady state of deformation. Pouleos (1971,
1981) has presented the following definition of the steady state
of deformation:
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The steady state of deformation for any mass of particles is
that state in which the mass is continuously deforming at
constant volume, constant normal effective stress, constant
shear stress, and constant velocity. The steady state of
deformation is achieved only after all particle orientation
has reached a statistically steady-state condition and after
all particle breakage, if any, is complete, so that the
shear stress needed to continue deformation and the velocity
of deformation remain constant.

It is hypothesized that, for a given soil, there is a unique
relationship between void ratio, effective normal stress and
shear stress at the steady state, and that this relationship 1is
independent of stress history or stress path prior to reaching
the steady state of deformation, so long as grain breakage 1is not
significant.

Liquefaction, as defined above, involves large unidirec-
tional shear deformations, and thus one would expect that during
liquefaction failures the soil will tend towards the steady state
of deformation. If the shear strength at the steady state is
lower than the applied shear stress in the ground, then, in prin-
ciple, it is possible for liguefaction to occur. Conversely, if
the steady state shear strength is greater than the shear stress
in the ground, then liquefaction cannot occur because the asso-
ciated large unidirectional deformations are not possible.

Investigations of liquefaction of saturated cohesionless
soils based on steady state concepts have been presented by
Castro, 1969; Casagrande, 1975; Castro, 1975; Castro and Poulos,
1977; Sangrey et al, 1978. To date there have been no comprehen-
sive investigations of the effects of parameters such as stress
history, static shear stresses, soil compressibility, and type of
sand on the development of ligquefaction induced by cyclic
loading.

A large number of studies (e.g., Finn et al, 1970, Finn et
al, 1971; Ishihara, 1975; Lee and Seed, 1967, Nos. 1 and 2; Ross
et al, 1969; Seed and Lee, 1966) have been reported in the
literature as investigations of liquefaction due to cyclic
locading. However, these studies have not addressed the phenome-
non of ligquefaction as defined above, Rather they have addressed
a different phenomenon inveolving high pore pressures and large
accumulated cyclic deformations. Various authors have called
this phenomenon cyclic mobility, initial ligquefaction, partial
liquefaction, initial liquefaction with limited strain potential,
cyclic ligquefaction, cyclic strain softening, and peak cyclic’
pore pressure ratio of 100% with limited strain potential., 1In
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this report the term "cyclic mobility," as defined below, will
be used to distinguish it from liquefaction, as defined above:

Cyclic Mobility is the progressive softening of a saturated
sand when subjected to cyclic loading at constant void
ratio. The softening is accompanied by high pore pressures,
increasing cyclic deformation, and in some cases, permanent
deformations, but it does not lead to loss in shear

strength nor to continuous deformation, both of which are
essential aspects of liquefaction,.

Cyclic mobility has been observed in the laboratory in loose
and in dense sands.

A detailed discussion of terminology is presented in
Section 2.

The principal subject of the study reported herein is
ligquefaction caused by cyclic loading. Cyclic mobility will be
considered only when it is useful in understanding the factors
affecting liquefaction.

1.2 Purpose and Scope of the Investigation

The two purposes of the investigation reported herein were
as follows:

1) To evaluate the validity of the application of
steady state concepts to the problem of lique-
faction of saturated sands induced by cyclic
loading.,

2) To determine how these concepts may be applied in
the engineering solution of problems involving
liquefaction induced by cyclic locading.

The investigation consisted of a laboratory triaxial testing
program on five sands with extensive testing programs on two of
the sands.

The data obtained from the testing program were used to
evaluate;

1. The effects of the initial state of the soil with
respect to the steady state line on the response
to cyclic loading.

2. The effects of stress history and loading stress
path on the steady state of deformation.
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3. The effects of static shear stresses (anisotropic
consolidations) on liquefaction caused by cyclic
loading.

4, The effects of cyclic loading on subsequent
stress-strain behavior.

5. The effects of grain angularity and grain size
distribution on the steady state of deformation.

A method is presented for the application of steady state
concepts to the practice of geotechnical earthquake engineering.
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2.0 BACKGROUND INFORMATION

The Distinction Between Liquefaction and Cyclic Mobility

2.1.1 Definitions for this Report

During the past 15 years there has been considerable
confusion in the literature concerning the phenomenon of
"liquefaction." Consequently, it is necessary to present
the following two definitions, which are basically those
previously advanced by two of the present writers (Castro
and Poulos, 1977), and which will be adhered to in this
report:

Ligquefaction is a phenomenon wherein a mass of
soil loses a large percentage of its shear
resistance, when subjected to undrained mono-
tonic, cyclic or shock loading, and flows in a
manner resembling a liquid until the shear
stresses acting on the mass are as low as the
reduced shear resistance.

The loss in shear resistance is due to the conversion
of the mass from a practically drained condition, at which
it can sustain the in situ shear stresses, to a practically
undrained condition of shear.

Upon liquefaction, the soil flows in a manner that
resembles a liquid; however, its shear resistance is of a
frictional nature rather than of a viscous nature, as in a
true ligquid. During flow the shear strength is a function
of the effective stresses, and it is not zero, except in
special cases.,

Liquefaction can occur in saturated sands, silts, and
quick clays and can also occur in very large masses of sands
or silts that are dry and loose enough so that the air can-
not escape from the voids fast enough to prevent undrained
shear.

Cyclic Mobility is the progressive softening
of a saturated soil when subjected to cyclic
loading at constant void ratio. The softening
is accompanied by high pore pressures,
increasing cyclic deformations, and in some

" cases, permanent deformations, but it does not
lead to loss in shear strength nor to con-
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tinuous deformation, both of which are essen-
tial aspects of ligquefaction.

The shear strength referred to in the above defini-
tion is the strength at large strains, which later in this
report is designated as steady state strength (see Section
2.2.). If the soil exhibits a peak strength, with a reduc-
tion in strength upon subsequent straining, the peak
strength can be reduced as a result of cyclic mobility, but
the strength at large strains would not be reduced.

Various other authors have referred to the second
phenomenon, "cyclic mobility,"” as initial liquefaction (Lee
and Seed, 1967), partial liquefaction (Seed and Lee, 1966),
initial liquefaction with limited strain potential (Seed,
1976), cyclic liquefaction (Casagrande, 1975), peak cyclic
pore pressure ratio of 100% with limited strain potential
(Seed, 1979), and simply, liquefaction (e.g., Isihara, 1977;
Finn et al, 1978).

The distinction between liquefaction and cyclic mobi-
lity, as defined above, would be relatively unimportant if
it were not for the fact that the two phenomena are signifi-
cantly different with respect to the physical laws that
govern them and the practical consequences of their
occurrence in situ. It has been shown (Castro and Poulos,
1977) that different parameters (e.g. soil type, confining
stress, initial shear stress) influence liquefaction and
cyclic mobility differently, and thus many conclusions drawn
from studies of cyclic mobility are not applicable to lique-
faction.

A careful examination of the definition of ligquefac-
tion stated above indicates the following two implicit
conditions:

1. Liquefaction involves large, unidirectional
shear deformations, which usually occur at a
relatively rapid rate when failures occur
in situ so that it appears to be flowing.

2, Liquefaction regquires the presence of
"driving"” shear stresses significantly greater
than the shear strength of the soil after the
loss of shear resistance. These driving shear
stresses supply the driving force which produ-
ces the large and rapid, continuous defor-
mation.



Driving Shear Stresses

Consider the embankment dam illustrated in Fig. 2-1a,
which is stable under static conditions. Since the slope is
stable, the drained shear strength, S3, for a representative
soil element on a potential slip surface, such as element
"A," is greater than the "driving" shear stress, T4, applied
to the element. This "driving" shear stress is the shear
stress resulting from the geometry of and the locading on the
soil (i.e., the shear stress which one would calculate in a
stability analysis). It is not that shear stress which
would result from placement of the soil (i.e., the shear
stress in an element of soil beneath level ground, which
results from the deposition of the material with an at-rest
lateral pressure coefficient different from one).

In a stability analysis, one determines the minimum
shear stresses that are necessary for equilibrium of the
scil mass above a potential failure surface. If one per-
forms a stability analysis of a soil mass with a level sur-
face, the analysis will indicate zero shear stresses along
the full length of any potential failure surface. However,
1f one assumes an at rest earth pressure coefficient dif-
ferent from one (usually smaller than one), there are shear
stresses in all planes at each point, except for the ver-
tical and horizontal planes. These shear stresses are not
"driving" shear stresses because they are not needed for
equilibrium., Only those shear stresses that are needed for
equilibrium, as given by a conventional stability analysis,
are considered driving shear stresses, in the sense that
they can "drive" large deformations of a mass of soil if, at
any time, they exceed the available shear resistance.

If an earthquake or other disturbance affects the dam
s0 rapidly that the conditicns are essentially undrained,
then the strength that controls stability will be the
undrained shear strength, Sy. If Sy is greater than the
driving shear stress, T3, loss of stability will not occur.
If sy is only slightly less than 74, then a relatively small
slope failure or slumping, as illustrated in Fig. 2-1b, will
occur to reduce the applied shear stresses to less than Sy.
Such a failure would not be referred to as a liquefaction
failure. If, however, Sy, is much less than the driving
shear stresses, T4, then large changes in the slope geometry
would be required to reduce the shear stresses to S, and a
large amount of potential energy would be available to pro-
duce a flow slide failure, as illustrated in Fig. 2-lc.

This type of failure would be recognized as a liquefaction
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failure. Note that large, unidirectional deformaticns are
associated with this liquefaction failure,

An example of the type of failure illustrated in
Fig., 2-1 is the failure of the Lower San Fernando Dam,
illustrated in Fig. 2-2, which failed as a result of the
1971 San Fernandoc earthquake due to liguefaction of a large
zone of the hydraulic fill sand. The sand that liquefied
was identified by the extreme degree of deformation of the
original stratification of the hydraulic fill as observed in
borehole samples and in the walls of a transverse trench
excavated in the zone of failure (Seed, Lee, et al, 1975).
The zone that liquefied is identified in the cross sections
before and after the failure in Fig. 2-2. Note the large,
unidirectional motions of the soil and the relatively flat
surface after the failure.

A similar example could be developed for the case of
soils supporting a structure. In this case, a liquefaction
failure would cause the structure to sink or float until the
applied shear stresses are reduced to the available shear
resistance. Two examples of liquefaction of foundation
s0ils which occurred during the 1964 Niigata, Japan earth-
quake are illustrated in the photographs in Fig. 2-3. In
the first example, apartment buildings sank and tilted (as
much as 80°) as a result of liquefaction, and consequent
loss of bearing capacity of the fine sands on which they
were founded, 1In the second example, an underground
sewerage treatment tank -rose to the surface when the
surrounding fine sands failed by liquefaction. 1In both
cases there were apparent large unidirectional strains in
the sand under and around the structures.

From the above discussion, it can be seen that the
loss of shear resistance referred to in the definition of
liguefaction is the change in available shear resistance
from the previously available drained shear strength, Sg, to
a lower undrained shear strength, S,. A schematic represen-
tation of the stress-strain curve during an earthquake
induced liquefaction failure is given in Fig., 2-6e, which
will be discussed in detail in a subsequent section,

2.1.2 Definitions by Others

To the writers' knowledge the term "ligquefaction"
originally developed from a paper by Hazen (1920) in which
the term "liquefies" was used in the description of the flow
slide failure of the hydraulic fill sands in Calaveras Dam
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in California. As further research has been done, the
understanding of the phenomenon of liguefaction has changed
and definitions of the term have evolved. At times, the
definition has been the subject of much controversy. In
this section some of the definitions or explanations of
liquefaction that have been advanced by others during the
past six years are presented and are compared to the defini-
tions presented by the writers in Section 2.1.1.

Casagrande, 1975, presented the following defini-
tions:

1. Actual Liquefaction = what was simply called
"liguefaction” before the development of
cyclic laboratory tests, It is the response
of loose, saturated sand when subjected to
strains or shocks that results in substantial
loss of strength and in extreme cases leads to
flow slides.

2., Cyclic Ligquefaction = the response of a test
specimen of dilative sand to cyclic loading in
a triaxial test when the peak pore pressure
rises momentarily in each cycle to the con-
fining pressure,

These two definitions are seen to be essentially the
same as the definitions of liguefaction and cyclic mobility,
respectively, presented in Section 2.1.,1, 1In fact,
Casagrande was the first to propose the use of the term
"cyclic mobility" (Casagrande, 1971).

Seed, 1979 presented the following definitions:

1. M"Liquefaction": denotes a condition where a
s80il will undergo continued deformation at a
constant low residual stress or with low resi-
dual resistance, due to the buildup and main-
tenance of high pore water pressures, which
reduce the effective confining pressure to a
very low value; pore pressure buildup leading
to ligquefaction may be due either to static or
cyclic stress applications and the possibility
of its occurrence will depend on the void
ratio or relative density of a sand and the
confining pressure; it may also be caused by a
critical hydraulic gradient during an upward
flow of water in a sand deposit,
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2. "Peak Cyclic Pore Pressure Ratio of 100%":
denotes a condition where, during the course
of cyclic stress applications, the residual
Pore water pressure on completion of any full
stress cycle becomes egqual to the applied con-
fining pressure; the development of a peak
cyclic pore pressure ratio of 100% has no
implications concerning the magnitude of the
deformations that the scil might subsequently
undergo; however, it defines a condition that
is a useful basis for assessing various
possible forms of subsequent scil behavior,

3. "Peak Cyclic Pore Pressure Ratio of 100% with
Limited Strain Potential" or "Cyclic Mobility":
denotes a condition in which cyclic stress
applications develop a peak cyclic pore
pressure ratio of 100% and subsequent cyclic
stress applications cause limited strains to
develop either because of the remaining
resistance of the seil to deformation or
because the soil dilates, the pore pressure
drops, and the soil stabilizes under the
applied loads. Cyclic mobility may alsc be
used in a broader sense to describe the cyclic
straining that may occur even with pore
pressure ratios less than 100% in which case
the actual peak value of pore pressure ratio
may simply be stated. ’

Again it is seen that these definitions of ligquefac-
tion (1) and cyclic mobility (3) are very similar to those
presented in Section 2.l1.1. As Seed, 1979 states, the term
"peak cyclic pore pressure ratio of 100%' had previously
been referred to as "initial liguefaction" {Seed and Lee,
1966; Lee and Seed, 1967) and the term "cyclic mobility" had
previcusly been referred to as "cyclic liquefaction®
(Casagrande, 1975) and "initial liquefaction with limited
strain potential" (Seed, et al, 1975; Seed, 1976).

The above definitions proposed by Seed, 1979 have not
been universally accepted, and some investigators still use
the earlier terms and in some cases simply use the term
"ligquefaction™ for cyclic mobility. Consequently, when
reading papers in the literature on the topic of "liquefac-
tion," one must be careful to distinguish which of the two
phenomenon is being discussed.
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Some published papers (e.g., Ishihara, 1977; Finn, et
al, 1978, Dobry et al, 1980) indicate that some investiga-
tors are implicitly using the definition that liquefaction
due to cyclic loading occurs when the pore water pressure
increases to a value equal to the overburden pressure and
the effective overburden pressue 1s consequently equal to
zero, This condition is interpreted to indicate that the
soil has zero shear strength. Except for the assertion of
Zero shear strength, which will be discussed later, this
condition is seen to correspond to "peak cyclic pore
pressure ratio of 100%."

Hence there is still confusion in the literature
regarding a definition for liquefaction. For the purposes
of this report, the definitions in Section 2,1.1 will be
used.

2.1.3 Examples of Stress-Strain Curves for Liquefaction and
Cyclic Mobility

Examples of stress-strain curves during liquefaction
caused by undrained monotonic loading of three anisotropi-
cally consolidated triaxial specimens are presented in
Fig. 2-4a. In each test, after anisotropic consolidation,
the axial load was increased monotonically in increments
using load control. For about the first 1% axial strain in
each test, the shear stress and the pore pressure both
increased. Then the pore pressure suddenly increased, the
resistance decreased, and the specimen deformed from 1 per-
cent to 26 percent axial strain in 0.15 to 0.25 sec.* During
this rapid deformation, the specimens appeared to flow "in a
manner resembling a ligquid," and the shear strength
decreased significantly, i.e., they liquefied. In none of
the three cases did the effective stress or the shear
strength decrease to zero; in fact, the minimum shear
strength was about 0.25 kg/cm2.

An example of liquefaction due to undrained cyclic
loading of an anisotropically consolidated triaxial specimen
is illustrated in Fig. 2-4b. The stress-strain curve is
seen to be similar except that the strength reduction was
triggered by cyclic rather than monotonic loading. It
should be noted that in the test shown in Fig, 2-4b, the
rapid deformation actually started 28 seconds after the
cyclic lcading stopped. Consequently, although the cyclic
loading triggered the liguefaction, the additional shear
stress of the cyclic load was not reguired to drive the
large deformations.

*The applied load remained constant; although the load felt by
the specimen dropped significantly, the difference betweeen
applied and specimen-supported loads caused an acceleration of
the loading mechanism.
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For sands and silts, liquefaction, as defined in
Section 2.1.1 and as illustrated in Fig. 2-4, has been
observed in situ and in the laboratory only when the soils
are in a loose condition.

Cyclic mobility is illustrated in Fig. 2-5a by the
results of an undrained cyclic triaxial test, reported by
Seed and Lee, 1966, in which a cyclic deviator stress, of
equal magnitude in compression and extension, was applied to
an isotropically consclidated specimen. The following
observations can be made from these results:

1l. Up to a certain number of cycles the strains
that develop during each cycle are very small
{less than 1%), but the pore pressure shows a
cumulative increase,

2. A polnt is reached after which the value of
the pore pressure at zero deviator stress is
momentarily equal to the confining pressure,
which means the effective stresses momentarily

"drop to zero,

3. The strains during each subsequent cycle
become progressively larger as more cycles of
load are applied. During the last load cycle
applied during the test, double amplitude
strain was equal to about 10%. During each
cycle, the pore pressure becomes equal to the
confining pressure when the deviator stress is

- zero but drops substantially when either the
axial extension or axial compression load is
applied.

In Fig. 2.5b, data are presented for undrained mono-
tonic compression loading of the same specimen, after cyclic
loading. It is seen that the pore-water pressure decreased,
the effective stress increased, and the specimen had an
undrained strength more than 15 times greater than the
cyclic shear stress.

Since the c¢yclic loading resulted in a condition of
zero effective stress, momentarily, during each cycle, the
sample was said to have achieved initial liquefaction,
according to the original Seed and Lee 1966 terminology (see
Section 2.1.2.). However, as demonstrated by the increase
in effective stress (decrease in pore pressure) within each
half cycle of lcad and by the subsequent monotonic loading,
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the specimen had not experienced a reduction in shear
strength to less than the cyclic shear stress, and any ten-
dency for large, unidirectional deformations was resisted by
the decrease pore pressure and consequent stiffening of the
specimen, This behavior should be contrasted with that
illustrated in Fig., 2-4b, where it is seen that the speci-
mens lost shear strength and underwent large, unidirectional
strains with no subsequent increase in resistance. As
discussed in Section 2.1.2, terms such as "initial ligque-
faction" and "cyclic liquefaction" were introduced for
description of the behavior illustrated in Fig. 2-5b, and
the terms "liquefaction" or "true liquefaction" were used
for the behavior illustrated in Fig. 2-5.

Two other observations regarding cyclic mobility
should be ncted. First, unlike ligquefaction, cyclic mobil-
ity has been observed in the laboratory in sands covering
the full range of densities from loose to dense. Second,
the momentary condition of zero effective stress has only
been observed in laboratory tests in which reversal of
direction of the shear stress and a momentary isotropic
stress state occurs. For anisotropically consolidated spe-
cimen loaded with a cyclic shear stresses less than the con-
solidation shear stress, no such momentary condition of zero
effective stress has been observed.

On the basis of the above discussion, the following
points should be emphasized;

First, as shown by laboratory research (Casagrande,
1938; Castro, 1969; Castro 1975), the pore pressure need not
be equal to the overburden pressure (i.e., the effective
stresses need not be equal to zero) for the development of
liquefaction.

Second, shear strength losses are not associated with
cyclic mobility. It has been shown in the literature that
cyclic mobility does not produce losses in shear strength
(Castro and Christian, 1976; Sangrey et al, 1978), as
illustrated above,

Third, liquefaction does not occur exclusively as a
result of cyclic loading, but also occurs as a result of
monotonic leading, as shown by many cases cited in the
literature, e.g, Koppejan et al, 1948; Casagrande, 1936;
Geuze, 1948; WES, 1956; WES, 1967; Casagrande, 1965; COE,
1939, Middlebrooks, 1942; Hazen, 1920; Terzaghi, 1925 and
Terzaghi, 1956.
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2.1.4 Stability and Deformation Considerations in
Earthquake Engineering

Stability and deformation considerations have been:
well recognized in the design of foundations for static
loads as bearing capacity and settlement, respectively.
Foundations are routinely designed against bearing capacity
failures, in which the foundation would punch into the
underlying soil if the applied shear stresses exceeded the
available shear resistances. A bearing capacity failure
might be preceded by only small settlements. These same
foundations are also routinely designed to limit settlements
to acceptable values. These settlements occur due to
compression of underlying soils and may be very large, even
though the applied shear stresses are much less than the
avallable shear resistance.

Consideration of both problems is important, and in-
adeguate design in either case results in an engineering
failure of the structure, i.e., the structure does not or
cannot function as specified. However, it is recognized
that the mechanics of the two problems are different and,
consequently, different analytical techniques are used to -
evaluate them,

The distinction between stability problems and de-
formation problems is the crux of the practical difference
between liquefaction and cyclic mobility, as can be
illustrated by the following example.

Consider the elements of soil illustrated in
Fig. 2-6a and b, which are representative of soils in an
embankment {(Fig. 2-6a) and in the foundation soils under a
storage tank (Fig. 2-6b). Under static loading these ele-
ments are subjected to a state of stress consisting of
effective normal stresses and shear stresses. The shear
stresses include some "driving" shear stresses, which were
not produced by consclidation or placement of the soil, but
rather are the result of the locads imposed by the weight of
the embankment (Fig. 2-6a) or the loads imposed by the
weight of structure (Fig. 2-6b). These "driving" shear
stresses will continue to act on the soil until the geometry
of the embankment or the effective structural loads change.
In other words, the driving shear stresses are the minimal
shear stresses required for eguilibrium of the so0il mass.
During deposition of a sand while the surface of the sand
mass remains horizontal, shear stresses are generated in the
sand which are a function of the "at-rest" lateral pressure
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coefficient K, (the ratio of effective horizontal to ver-
tical normal stresses). These shear stresses are not con-
sidered driving shear stresses because they are not needed
for the overall equilibrium of the mass. 1In fact, labora-
tory experiments have shown (Silver et al, 1980) that in a
sand mass with a level surface, vibrations will cause a gra-
dual increase in K, towards a value of one. When Ko becomes
equal to one, the shear stresses in the sand mass become
Zero.

If the so0il is a lcoose sand its strength and defor-
mation characteristics may be schematically represented by
the plots in Fig. 2.6c and 2.6e. Under slowly applied
loads, the soil is stable because the applied driving shear
stress, 7149, is less than the available drained shear
strength, S835. However, if an earthquake loading repre-
sented by + T, is applied to the soil, the pore pressure
increases, the shear resistance decreases to the post peak
undrained shear strength, S,g, which is less than Tg and the
soil mass experiences large unidirectional deformation
(i.e., ligquefaction occurs). The soil loses its stability,
the slope experiences a flow slide or the structure sinks or
floats, and deformations continue until the driving shear
stresses are reduced to the available strength, S;,g, or
until subsequent drainage increases the available strength
to greater than the applied stresses. When failure occurs
rapidly, inertia forces may increase the driving forces
during the fast failure. The explanation of the flow slide
failure illustrated in Fig. 2.6a, ¢ and e is essentially the
same as that offered by Casagrande in 1938, as illustrated
in Fig. 2-7. MNote that in Casagrande's figure, the shear
strength during flow is assumed to be independent of the
normal stress prior to flow, and that for initial normal
stresses higher than a certain value the strength during
flow is smaller than the strength before flow {drained
strength), but it is not equal to zero.

In contrast, 1f the soil is the same sand but in a
sufficiently denser state, its strength and deformation
characteristics may be schematically represented by the
plots in Fig. 2-6d and 2-6f., Under slowly applied loads,
this soil is also stable because the applied driving shear
stress, Tgr 1s less than both the peak and post peak drained
shear strengths, Sgp and Sgg. However, during the same
earthquake loading, + Tz, the soil builds up pore pressure
and accumulates deformation, § o, but any tendency for large
unidirectional deformation is resisted by a stiffening of
the soil and an increase in shear stress because the applied
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shear stresses are less than the undrained post peak shear
strength, S,g. The accumulated strains may be large enough
that unacceptable crest settlements or cracking of the dam
(possibly resulting in overtopping or piping) or damage to
the structure may result; however, the failures are not the
result of liquefaction, but rather ¢f accumulated defor-
mations due to cyclic loading of the soil and their effects
on the embankment or the structure., The term cyclic mobi-
lity describes the case in which cyclic locading produces
severe softening or large accumulation ¢f deformation.

Consequently, it is seen that liquefaction is a
problem related to loss of stability of the soil and cyclic
mobility is a problem involving deformation of the soil, in
the same manner that bearing capacity is a stability problem
and settlement is a deformation problem.

It should be noted that in the above examples for
loose sands, the undrained shear strength that was compared
to the driving shear stresses was the undrained shear
strength at large strains, S, and not the peak shear
strength, Syp. This is appropriate because, as previously
discussed, ligquefaction is a phenomenon involving large uni-
directional deformations, and hence any peak strength at
small strain (which would be a function of loading path and
soil structure) will be destroyed during the liquefaction
failure, leaving only the remaining post peak strength at
large strains.

Data supporting the particular shapes of the stress-
strain curves presented in Fig., 2-4 will be presented in
subsequent sections of this report.

2.2 The Steady State of Deformation and Its Relationship to
Liguefaction

2.2.1 The Steady State of Deformation

The concept of the steady state(*) of deformation is
an extension of Casagrande‘'s concept of "critical void
ratio" (Casagrande, 1936; Casagrande, 1938). Poulos
(Poulos, 1971, 1981) has described the concept as follows:

"The steady state of deformation for any mass
of particles is that state in which the mass
is continuously deforming at constant volume,
constant normal effective stress, constant
shear stress, and constant velocity. The

*The term "state" refers to the description of the effective
stress (shear stress and normal stress) and void ratio (or
density) state of the soil.
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steady state of deformation is achieved only
after all particle orientation has reached a
statistically steady-state condition and after
all particle breakage, if any, is complete, so
that the shear stress needed to continue
deformation and the velocity of deformation
remain constant."

The laboratory test results shown in Fig. 2-4
illustrate that the steady state of deformation can be
achieved by monotonic or cyclic loading. Between 10% and
20% to 25% axial strain, for each of these tests, the shear
stress, the effective confining stress and the volume
{undrained conditions) remain constant and the specimens are
deforming continuously at essentially constant velocity.

The following three points regarding the steady state
of deformation are important to the understanding of ligque-
faction:

l. The steady state is not a static state of a
soil, but rather occurs only during continuous
deformation at constant velocity (Pouloes,
1371). If the parameters of the state of the
soll are equal to those at steady state, but
the soil is static, not deforming, subsequent
deformation may cause changes in the state
parameters (e.g., volume oOr pore pressure).
Only after sufficient deformation has taken
place and the soil is deforming continuously
at constant effective stresses, volume and
velocity, has the steady state of deformation
been reached,

2. A special structure of the soil exists at the
steady state which allows the soil to deform
continuously at its minimum shearing resist-
ance with no tendency for stress or velume
changes. For cohesionless soils this struc-
ture has been postulated by Casagrande to be a
"flow structure" (Castro, 1969; Casagrande,
1975; Poulos, 1981) in which "the particles
become oriented such that the shear stress
needed to continue deformation eventually
reaches a constant value." Casagrande, 1976,
suggested that for bulky grained cohesionless
soils, the flow structure consists of a struc-
ture in which "each grain is constantly
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rotating in relaticn to all surrounding grains
s0 as to offer a minimum of fricticnal resist-
ance." Once deformation stops, the soil
changes into a structure other than the flow
structure, and shear stresses in excess of the
steady state strength are needed to reform the
flow structure.

3. The flow structure, and hence the steady
_state, can only be achieved after all grain
orientation and grain breakage, if any, are
complete. Large strains are normally required
to achieve this condition (Poulos, 1971,
1981).

Based on laboratory test data, it has been suggested
that for a given sand, (1) the stresses in the steady state
of deformation are dependent only on the void ratio and are
independent of stress history and (2) at steady state a
friction angle, about equal to the friction angle determined
in drained tests in contractive specimens at large strains,
is mobilized (Castro and Poulos, 1977; Poulos, 1981;
Sangrey, et al 1978). Tests were performed in this investi-
gation to verify the validity of these hypotheses, see
Section 5.2.

2.2.2 Relationship to Ligquefaction

From the previous discussions, it is seen that (1)
liquefaction is a physical phenomenon involving large, uni-
directional deformations of soil masses and (2) the steady
state of deformation is the final stage of shear during
large, unidirectional continuous deformations of a soil.
Consequently, it has been suggested (Castro, 1963, 1975;
Casagrande, 1936, 1976; Castro and Poulos, 1977; Sangrey et
al, 1%78; Poulos, 1971, 1981) that the shear strength which
is appropriate for analysis of liquefaction is the
undrained, steady state shear strength, Syg-

Liquefaction of a saturated sand is then perceived as
the physical process in which a previously stable mass of
sand experiences large, unidirectional deformation (e.g., a
flow-slide type failure) as the result of the following
sequence of events:

1. The sand is deposited in a loose state and is
fully saturated.
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2. Driving shear stresses develop under drained
conditions due, for example, to loading pro-
duced by buildings or embankments, such that
the driving shear stresses are lower than the
drained strength, S4g, but higher than Syg.

3. A relatively rapid disturbance (e.g., an
earthquake, rapid erosion at the toe of a
slope, a rapid increase in dead load, a rapid
change in seepage pressure) is applied to the
s50il, which results in conversion of the mass
of soil from a practically drained condition
of shear to a practically undrained condition
of shear.

4, A resultant shear deformation which reduces’
the mobilized shear resistance from the pre-
viously available drained shear strength, Sgg.
to a lower, undrained shear strength. As
defecrmation continues, the available strength
tends to the undrained steady state shear
strength, Syg, which is significantly less
than the applied driving shear stresses.,

5. A resultant large deformation (flow) ensues,
usually rapid, which continues until the
applied shear stresses are reduced to the
undrained steady state shear strength, S;g.
For rapid deformations, inertia forces can
drive the soil mass beyond the positicon in
which the mass achieves static equilibrium
with Sg.

2.2.3 Steady State Lines

Research (Casagrande, 1938; Watson, 1940; Roscoe and
Schofield, 1953; Bishop, et al, 1965; Castro, 1969) has
demconstrated that, for a GTVEE soil, as the void ratio
decreases, the shear stresses and effective normal stresses
at the steady state of deformation increase. To apply
steady state concepts to practical engineering problems, it
has been helpful to consider the steady state line which is
a dgraphical representation of the locus of all steady states
of deformation for a particular soil. Since the full
description of the state of a soil consists of three ele-
ments (an effective normal stress, a shear stress, and a
void ratic or density), the complete graphical represen-
tation is a three dimensional plot. However, any line in a
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three dimensional space can be accurately and conveniently
represented by a pair of two dimensional plots, with one
common axis.

Two such sets of steady state line plots are shown in
Flgn 2—8-

For a soil to be in the steady state of deformation
all of the following criteria must be met:
1. The void ratio vs effective normal stress
point must be on the steady state line (SSL}
in that plot.

2. The void ratio vs shear stress point must be
on the SSL in that plot.

3. The deformation (strain) must have been suf-
ficient so that the soil is deforming con-
tinuously, with no tendency for changes in
stresses, volume, or velocity.

For example, a soil at state "A" in Fig. 2-8 could
not be in the steady state of deformation because, even
though it is on the SSL in the void ratio vs effective nor-
mal stress plot, the shear stress is less than the shear
stress at the steady state. A soil at state "B" may be in
the steady state of deformation, but only if the flow struc-
ture has formed and the soil is deforming continuously with
no changes in stresses, volume, or velocity. Thus, in addi-
tion to the position of the state in the plot in Fig. 2-38,
one needs to know the stress strain behavior to determine
whether the so0il is in a steady state of deformation.

The the void ratio vs effective normal stress and
void ratio vs shear stress SSL's are hypothesized to be uni-
quely related, see Sections 2,2.,1 and 5.2, Consequently,
for a given void ratio, the steady state shear strength and
steady state effective normal stress are related by func-
tions of the friction angle at the steady state,

In general, any effective normal stress parameter
[e.g., the effective minor principal stress, o3; the effec-
tive major principal stress, g1:; the effective octahedral
normal stress, 1/3(o1+02+3); the effective normal stress,
1/2(01+03), and any shear stress parameter [e.g., maximum
shear stress, 1/2{(g1-c3): the principal stress difference,
01-C3; the octahedral shear stress 1/3((01-03)2 + (c1-02)2 +
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(02-03)2]L? may be used for the plots illustrated in

Fig. 2~4. 1In this report, plots of void ratio vs effective
minor principal, 03, and void ratio vs the maximum shear
stress in the specimen, 1/2(91-93), will generally be used.

2.2.4 Relationship Between Steady State and Critical State

There are similarities in the concept of the steady
state of deformation, as described above, and the concept of
critical state as described by Schofield and Wroth, 1968.
Poulos, 1981, has reviewed these two concepts and has sum-
marized his evaluation of the principal differences between
them as follows (information in brackets added by the
writers):

"In general, the concept of steady state
deformation has been embodied in the pre-
viously quoted writings {(Casagrande 1936,
Schofield and Wroth 1968, Rowe 1965, Castro
1969). However, it has not generally been
recognized that continuous deformation is a
necessary condition cof the steady state. Nor
has it been recognized clearly that a flow
structure develops at the steady state in all
soils--clays or sands--and for both drained
and undrained conditions." (Poulos, 1981).

That there is a difference between the current use of
the term critical state and the steady state of deformation,
at least for clays, is illustrated by the results of
direct shear tests on a stiff clay by Skempton, see
Fig. 2-9, reproduced from Schofield and Wroth 1963. The
steady state corresponds to the residual strength rather
than to the critical state as given in Fiqg. 2-9.
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3. LABORATORY TESTING PROGRAM

3.1 General

A total of five different sands were used in the laboratory
testing program; however, most of the testing was performed on
two of these sands.

The laboratory testing included triaxial tests, one-
dimensional consolidaticn tests, and a variety of index tests.

The sands tested and a brief descriptiocn of the triaxial
testing program are given in this section.

Results of individual triaxial tests are tabulated and
plotted in Appendix A. The triaxial testing procedures and
apparatus are described in Appendix C.

The results of the triaxial tests are discussed in
Sections 4 and 5.

3.2 Description and Properties of Sands Tested

3.2.1 Banding Sands

Banding sand is the trade name for a type of sand
produced and sold by the Ottawa Silica Co., Ottawa,
Illinois. It is derived from the St. Peter sandstone
through a washing and screening process that produces a
clean, uniform, fine guartz sand with subrounded grains.,.

The specific gravity of the grains is 2,66. Scanning
electron microphotographs are shown in Fig., 3-1. Commercial
uses of the sand include glass making and nmolds for metal
castings.

For this investigation, four different gradations of
Banding sand were tested. These gradations were the result
of different mixtures of two shipments of Banding sand which
were received a few years apart. These mixtures were
designated as BS #1, BS #5, BS #6 and BS #9. Grain size
curves for the four Banding sands are shown in Fig. 3-2 and
the gradation data are summarized in Table 3-1. Gradation
data is also presented for "Sand B," tested by Castro
(Castro, 1969), which was from another, still earlier ship-
ment of Banding sand.
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The steady state line was determined for each of the
Banding sand mixtures; however, extensive testing was done
on Banding Sand #6 because, of the four Banding sand mix-
tures, it has the nighest densities at the steady state of
deformation.

In the following sections, references to Banding sand
without numerical designations (e.qg., #1, #5 or #9) refer to
Banding Sand #6.

Maximum void ratio determinations were made on all
four gradations by pouring oven dried sand through a funnel
into a 4-in.-diameter by 4.58-in.-~high mold as specified in
ASTM~-2049. The funnel was Kept approximately 1 in. £from the
surface of the sand and a spiral motion was made with the
funnel. Three determinations were made and the average
taken. Results for all four banding sands are given in
Table 3-2.

Minimum void ratio determinations were also made
according to ASTM D-2049 - Vibratory Table Method. After no
measurable difference was found for Sand 41 between the wet
and dry methods, the other sands were tested by the dry
method only. Results for all four banding sands are pre-
sented in Table 3-2,.

Compaction tests were performed using ASTM D1557,
Method A, The maximum dry densities and minimum void ratios
determined in the compaction test aré given in Table 3-2,
and the individual compaction test results are presented in
Appendix B, The maximum densities were obtained for the dry
sand. The densities decreased to a minimum for water con-
tents of about 10% to 17%. For higher water contents, the
specimen "bled," i.e., water flowed from the sample, during
compaction and the water contents shown are those after com-
paction.

Minimum and maximum void ratios were also determined
by the following procedures suggested by A. Casagrande, and
which will be referred to herein as the Casagrande Method.

The Casagrande maximum void ratio was determined by
pouring oven-dried sand through a funnel to which was
attached 0.5 cm below its tip a horizontal piece of card-
board from which the sand spilled into a 7.3 cm diameter and
10.1 cm high mold. The cardboard was kept at a distance of
not more than 3 mm over the surface of the sand in the mold,
and a spiral motion was described with the funnel in order
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to keep the surface of the sand approximately level at all
times. Results for all four Banding sands are listed in

The Casagrande minimum void ratio was determined on
oven dried sand, using the same mold as above, by hammering
forcefully the sides of the mold and also over a plate on
top of every one of three layers until measuring no further
settlement of the surface of each layer. Results for all
four Banding sands are listed in Table 3-2. A plot of mini-
mum void ratio according to the Casagrade method vs uniform-
ity coefficient (c¢y = Dgp/D1g) is presented in Fig. 3-3 for
all four Banding sands tested in this study and for Sand B
(Castro, 1969). It is seen that the minimum void ratio
decreases nearly linearly with increasing c.

For the Banding sands the maximum densities, from the
compaction tests in accordance with ASTM 1557, were lower
than those from either ASTM 2049 or the Casagrande Method.

A summary of the index test data from Banding Sand #6
is presented in Table 3-3 for comparison with similar data
from the mine tailings sand discussed below.

Two one-dimensional consolidation tests were per-
formed on Banding Sand #6. The results are shown in
Fig, 3-4, Specimens were consolidated in Teflon™ rings,
loads were doubled every 24 hours, and the deformation was
measured by DCDT's connected to an automatic data acquisi-
tion system.

3.2.2 Mine Tailings Sand

Approximately 300 pounds of tailings sand from a
copper mining operation in Highland Valley, British Columbia
were obtained for testing in this investigation, The tail-
ings sand is a uniform, fine sand, almost entirely quartsz,
with angqular grains. Specific gravity of the grains is
2.68. Scanning electron microphotographs are shown in Fig.
3-1.

The tailings sand was received in a moist condition.
After oven drying, the sand was mixed and stored in 5-gallon
plastic containers. Grain size analyses on each pail showed
a fairly constant gradation. Two pails, having nearly iden-
tical grain size curves, were selected for the investigation
and were thoroughly mixed prior to testing. The grain size
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curve for the tailings sand is shown in Fig. 3-2 and sum-
marized in Table 3-1.

The same maximum and minimum void ratio tests per-
formed on the Banding sands were performed on the mine
tailings sand and the results are presented in Table 3-2 and
in Appendix B. For the tailings sand, the compaction tests
yielded a maximum density which was equal to that from the
Casagrande method and was higher than that from ASTM 2048S.
This relationship between the compaction test result and the
ASTM 2049 result is opposite to that observed for Banding
sand,

A summary of the index test data from the mine tail-
ings is presented in Table 3-3 for comparison with similar
results from Banding Sand #6.

Two, one-dimensiconal consolidation tests were per-
formed on the mine tailings. The results are shown in
Fig. 3-5. Specimens were consclidated in Teflon™ rings,
loads were doubled every 24 hours, and the deformation was
measured by DCDT's connected to an automatic data acquisi-
tion system. It snhould be noted that, at pressures greater
than approximately 16 kg/cm2, the denser specimen, C-1002,
actually consolidated to vold ratios below the minimum wvoid
ratio determined by the index tests,

3.3 Triaxial Testing Program

Four types of triaxial tests were performed on the Banding
sands and on the mine tailings, as follows:

1. R-Tests - Isotropically Consolidated-Undrained
Triaxial Compression Tests

2. AR-Tests - Anisotropically Consolidated-Undrained
Triaxial Compression Tests

3. CAR-Tests - Anisotropically Consolidated-Undrained
Cyclic Triaxial Compression Tests

4. CAR-R-Tests - Anisotropically Consolidated-
Undrained Cyclic Followed by Monotonic Triaxial
Compression Tests

The procedures and equipment used for the tests are
described in detail in Appendix C.
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The numbers cf tests performed on the different sands are
given in Table 3-4, 1In addition to the wide variety of tests
performed on Banding Sand #6 and on Mine Tailings, a limited
aumber of R-tests were performed on Banding Sands #1, #5, and 9.

211 tests were performed on compacted and saturated speci-
mens, and all shear stages were performed maintaining undrained
conditions and measuring pore water pressures, For all except
eight tests, low friction lubricated end platens were used. For
all except three tests, shear stresses were applied by load
control methods., For all except four tests, 3.6-cm-diameter test
specimens were used., Electronic load, pressure and displacement
transducers were used to measure axial load, pore water pressure
and axial deformation, respectively. The transducers were moni-
tored on a strip chart recorder, so that accurate data could be
obtained during rapid deformations.

Individual triaxial test results are presented in Appendix A,
and details of the test procedures and edquipment are presented in
Appendix C. The significant results of the testing program are
discussed in the next two sections of this report.
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4, STRESS=-STRAIN CURVES

4.1 General

A total of seven distinct types of stress-strain curves were
observed in the triaxial testing program, The type of stress-
strain curves observed for a particular test was found to be a
function of the scil type and the position of the initial state
relative to the steady state line.

In this section, each type of observed stress-strain curve
is discussed and example test results are presented. In the
tables presented in Appendix A, the results of each test are
classified according to the type of stress-strain curve observed
(Type A through Type H). In some cases the stress-strain curves
were intermediate between two types and were so classified (i.e.,

Type A-B),.

4.2 Type A: Contractive Behavior with a Peak Shear Stress Prior
to Steady State Deformation

The results of Test R-603, presented in Fig. 4-1, are typi-
cal of Type A stress-strain curves. In this test, the pore
pressure and shear stress both increased gradually, as axial load
increments were added over a period of 18 minutes. At about one
percent axial strain, the pore pressure suddenly increased, the
effective stresses and the shear stress decreased, and the speci-
men deformed from 1 percent to greater than 20 percent axial '
strain in 0,08 seconds. The rapid deformations were the result
of the use of load control for axial loading. At strains greater
than about 10 percent, the shear stress, the effective stresses,
and the volume (undrained conditions) were essentially constant,
Hence the steady state of deformation had been achieved, Castro,
1969, referred to this type of stress-strain behavior as "lique-
faction failure."

Type A stress-strain curves were observed for all isotropi-
cally and anisotropically consolidated undrained triaxial
compression (R and AR) tests on specimens of Banding sands which
were consolidated to states 81gn1f1cantly above and to the right
of the steady state line (SSL) in the void ratio vs effective
minor principal stress (e vs o3 plot), Fig. 4-13. “For R and AR
tests on Banding sand specimens with consolidation states only
slightly above and to the right of the SSL in the e vs 03 plot,
Castro, 1969, observed that the initial stress-strain behavior
was similar to the Type A curve, as shown in Fig. 4-2, but sub-
sequent straining resulted in behavior similar to Type E
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described in Section 4.6. This latter type of stress-strain
curve which Castro, 1969, referred to as "limited ligquefaction,™
would be designated Type A-E. No type A-E curves were observed
in the cou.se of this investigation.

For R and AR tests on mine tailings specimens, Type A
stress-strain curves were observed for consolidation states to
the right of the SS5L in the e vs g3 plot and with void ratios
(after consolidation) greater than about 0.96.

4.3 Type B: Contractive Behavior with No Peak Shear Stress
Prior to Steady State Deformation

The results of Test R-1015, presented in Fig. 4-3, are
typical of Type B stress-strain curves. In this test, the pore
pressure and shear stress both increased during the first 2 per-
cent strain, as axial lcad was slowly added over a period of 11
minutes. Then the specimen deformed from 2 percent to about 20
percent axial strain in 106 seconds, while the shear stress, the
effective stresses, and the volume (undrained conditions) were
essentially constant. Hence the steady state of deformation had
been achieved.

The principal differences between Type A and Type B stress-
strain curves are that in the Type B curves no peak shear stress
and subsequent decrease in shear stress was observed prior to
steady state deformation, and as a result, no driving shear
stress greater than the steady shear strength was present to
drive a very rapid deformation. Consequently, the velocity of
steady state deformation observed in the Type B curves was slower
than that in the Type A curves,

No Type B stress-strain curves were observed for Banding
sand specimens. In Test R-618 on a specimen of Banding sand con-
solidated to a state slightly above and to the right of the SSL
in the e vs 03 plot, the stress-strain curve was initially like a
Type B curve, (see Fig. 4-4); however, under subsequent straining
the specimen exhibited a behavior similar to a Type E curve
(described in Section 4.6). Consequently, this behavior was
designated as Type B-~E

As shown in Fig. 4-14, Type B stress-strain curves were
observed for R-tests on two mine tailings specimens consolidated
to the right of the SSL in the e vs 03 plot and to void ratios
less than about 0.96 and higher than 0.90. For R-tests on all
but one other mine tailings specimen consolidated to a state to
the right of the SSL and to void ratios less than about (.90, an
intermediate behavior between Type A and Type B was observed,



-209-_

This intermediate Type A-B stress-strain curve was characterized
by a relatively small drop in shear stress from the peak to the
steady state and consegquent relatively slow velocities during
steady state deformation, as illustrated in Fig. 4=-5. For one
specimen of mine tailings consolidated to a state to the right of
the SSL in the e vs g3 plot and to a void ratio of 0.832 (<0.90),
the R-test resulted in a Type A stress-strain curve,

4.4 Type C: Dilative Behavior with a Peak Shear Stress Prior to
Steady State Deformation

The results of Test R-619, presented in Fig. 4-6, are typi-
cal of Type C stress-strain curves. In this test, after one
initial increase in pore pressure with increasing shear stress,
the pore pressures decreased with increasing shear stress and
strain. The pore pressure decrease continued to about 15 percent
axial strain, by which point a substantial negative induced pore
pressure had peen measured. The loading to 15 percent strain
occurred over an interval of about 100 minutes, Then, the pore
pressure suddenly increased (became less negative), the effective
stresses and the shear stress decreased, and the specimen
deformed from 15 percent to about 20 percent strain in 5.3
seconds. During this relatively rapid deformation, the steady
state of deformation was achieved towards the end of the test.

It should be noted that the induced pore pressure was still nega-
tive during steady state deformation. Stress-strain behavior of
this type was first reported by Poulos, 1981,

Type C stress-strain curves were observed in two R-tests on
specimens of Banding sand consolidated to states slightly below
and to the left of the SSL in the e vs T3 plot, Fig. 4-13.

No Type C stress-strain curves were observed in tests on the
mine tailings specimens.

4,5 Type D: Dilative Behavior with No Peak Shear Stress Prior
to Steady State Deformation

The results of Test R-1026, presented in Fig. 4-7, are
typical of Type D stress-strain curves. In this test, after an
initial increase in pore pressure with increasing shear stress,
the specimen began to dilate. The dilation continued up to 25
percent axial strain, and from about 25 to 30 percent strain the
pore pressure, the effective stresses, the shear stress and the
volume {(undrained conditions) were nearly constant, Hence, the
steady state of deformation had been practically achieved,

The principal difference between Type C and Type D stress
strain curves is that in the Type D curve, no peak shear stress
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and subsequent decrease in shear stress was observed prior to
steady state deformation.

Type D stress-strain curves were observed in two R-tests on
mine tailings specimens consolidated to states slightly below and
to the left of the SSL in the e vs &3 plot, Fig. 4-14.

No Type D stress-strain curves were observed in tests on
Banding sand,

4,5 Type E: Dilative Behavior with Tests Terminated Prior to
Steady State Deformation

The results of Test R-617, presented in Fig. 4-8, are typi-
cal of Type E stress-strain curves. Type E curves do not repre-
sent a fundamentally distinct stress~strain behavior but rather
are the result of test limitations. From Fig. 4-8, it is seen
that after an initial increase in pore pressure with increasing
shear stress, the specimen began to dilate and was still dilating
when the test had to be terminated because the axial load
exceeded the load cell capacity. All tests with Type E stress-_
strain curves were still dilating when the tests were terminated
because of either load or axial strain limitations. It is
believed that if these tests could have been continued to the
steady state of deformation, either Type C or Type D stress-
strain curves would have been observed, Castro, 1969, referred
to Type E stress-strain curves as "dilative response,"

Type E stress-strain curves were observed in four R-tests on
Banding sand specimens consolidated to states below and to the
left of the SSL in the e vs T3 plot.

No Type E stress-strain curves were observed in tests on
mine tailings; however, no tests were performed on mine tailings
specimens consolidated to states significantly below and to the
left of the SSL in the e vs T3 plot, Fig. 4-13.

4.7 Type F: Cyclic Loading Leading to Steady State Deformation

The results of Test CAR-608, presented in Fig. 4-9, are
typical of Type F stress-strain curves, The specimen was ani-
sotropically consolidated. During the first eight cycles of
undrained cyclic loading, the pore pressures in the specimen
increased to nearly 50 percent of the effective minor principal
stress of the end of consclidation, o3¢; however, less than
1 percent axial strain accumulated. These eight cycles were
applied to the specimen at a frequency of 0,25 Hz over a period
of time of about 30 sec, On the first half of the ninth cycle,
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the pore pressures suddenly increased, the shear stress decreased
and the specimen deformed from 1 percent to greater than 20 per-
cent axial strain in 1.2 seconds. From 10 percent strain to
greater than 25 percent strain, the effective stresses, the shear
stresses, and the volume {(undrained conditions) were essentially
constant, i.e., the steady state of deformation had been
achieved., Note that the steady state shear strength is less than
the shear stress during anisotropic consclidation,

Type F stress-strain curves were observed in 19 CAR-tests on
specimens of Banding sand consolidated to states significantly
above and to the right of the SSL in the e vs 73 plot and e vs
(01-03)/2 plots, Fig. 4-15. The number of cycles prior to steady
state deformation ranged from 2 to 1,393,

Type F stress-strain curves were observed in one CAR-test oOn
a specimen of mine tailings consolidated to a state above and to
the right of the SSL in the e vs 03 and e vs (01-03)/2 plots,
Fig. 4-lse. _— —_

4.8 Type G: Cyclic Loading Leading to Significant Strain
Accumulation But Not Resulting in Steady State Deformation

The results of Test CAR-1007B, presented in Fig. 4-10, are
typical of Type G stress-strain curves. In this test, the pore
pressures and strains continued to accumulate with each cycle so
that by the 52nd cycle the accumulated axial strain was greater
than 25 percent and the accumulated pore pressures were about 70
percent of the effective minor principal stress at the end of
consolidation. However, at no point was there a sudden increase
in pore pressure and decrease in shear stress leading to large
unidirectional strains, as observed in Type F stress-strain cur-
ves, Castro, 1975; Casagrande, 1976; and Castro and Poulos, 1977
referred to Type G stress-strain curves as "cyclic mobility.”

Type G stress-strain curves were observed for four specimens
of Banding sand consolidated to states below and to the left of
the SSL in the e vs 03 and e vs (01-03)/2 plots, Fig. 4-15.

Type G stress-strain curves were observed for five specimens
of mine tailings consolidated to states above and to the right of
the SSL in the e vs 03 plot, but below and to the left of the SSL
in the e vs (o01-03)/2 plot, Fig. 4-16.
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4,9 Type H: Cyclic Loading with No Significant Strain
Accumulation

The .<sulis of Test CAR-10.7, presented in Fig, 4-11, are
typical of Type H stress-strain curves, 1In this test, after 214
cycles of loading, less than 2 percent strain had accumulated and
the induced pore pressure was less than 40 percent of the effec-
tive minor principal effective stress during consolidation, cic.
For all Type H stress-strain curves, the accumulated strain at
the end of the cyclic loading was less than 5 percent and the
number of cycles varied from 98 to 214.

Type H stress-strain curves were observed for Banding sand
in two tests on specimens conscolidated to states above and to the
right of the SSL in the e vs T3 plot and in three tests on speci-
mens consolidated to states below and to the left of the SS5L in
the e vs 03 plot.

Type H stress-strain curves were observed for mine tailings
in two tests on specimens consolidated to states above and to the
right of the SSL in the e vs 53 plot but below and to the left
of the SSL in the e vs (03-03)/2 plot.

4,10 Summary of QObserved Stress-Strain Curves

The eight different types of stress-strain curves discussed
above are illustrated schematically in Fig. 4-12. This figure is
also reproduced in Appendix A for reference to thé classifica-
tions of stress-strain curves presented in the tables in that
appendix,

Some deneral trends regarding expected stress-strain curves
can be observed by plotting the consolidation states for the
laboratory tests and noting the type of stress-strain curves
observed for each test.

In Fig. 4-13, the consolidation states for all monotoni-
cally loaded, isotropically consolidated (R) and anisotropically
consolidated (AR) undrained triaxial compression tests on speci-
mens of Banding Sand $#6 are plotted, and the different types of
stress-strain curves observed are noted. The average steady
state lines (SSL's) for Banding Sand #6 are also shown in this
figure. Determination of these SSL's are discussed in sections.
of this report. As illustrated in this figure the following
observations can be made:

l. Type A stress strain curves were observed for
all specimens with consolidation states signifi-
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cantly above and to the right of the SSL in the
e vs log o3 plot.

2. For specimens with consolidation states below
and to the left of the SSL in the e vs log
03 plot, Type C and Type E stress- -strain curves
were observed.

3. For one specimen with a consolidation state
slightly above the SSL line in the e vs T3 plot,
an intermediate behavior, Type B-E, was
observed, (For similar states, Castro 1969 also

observed Type A-E stress-strain curves),

In Fig. 4-14, similar plots are presented for R and AR
tests on mine tailings and the following observations can be
made:

l. Type A stress-strain curves were observed for
all specimens consolidated to states above and
to the right of the SSL in the e vs log g3 plot
and with void ratios greater than 0.96.

2. Except for Test AR-1001, Type A-B stress-strain
curves were observed for all specimens con-
solidated to states above and to the right of
the 8SL in the e vs log 03 plot and with wvoid
ratios less than 0.90.

3. Test AR-1001, which exhibited Type A stress-
strain curves, was consolidated to a state above
and to the right of the SSL's in both the e vs
log G3 and the e vs log (o1-03)/2 plots.

4. Types A, B, and A-B stress-strain curves were
observed for the five specimens consolidated to
states apove and to the right of the SSL in the
e vs log 03 plot and with void ratios between
0.90 and 0.96. However, the two specimens with
Type A stress-strain curves were for Tests
AR-1002 and 1003 which had consolidation states
similar to that for AR-1001 (see observation 3,
apove),

5. For two specimens consclidated to states
slightly below and to the left of the SSL in the
e vs log 03 plot, Type D stress-strain curves
were observed.
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These data suggest that for monotonically loaded specimens
the location of the consclidation state relative to the SSL
(erincipally in terms of 53) can be used as a predictive tool for
expected stress-strain curves, which is in agreement with earlier
studies (e.q., Castro, 1969; Poulos, 1971; Castro, 1975; Castro
and Poulos, 1977; Sangrey, et al, 1978). The types of stress-
strain curves expected will vary with different soill types, as
can be demonstrated by comparing the results for Banding Sand #6
(subrounded particles) and for mine tailings (angular particles).
For Banding Sand #6, over the full range of o3¢ from 1 kg/cm? to
40 kg/cmé, Type A stress-strain curves were observed for all spe-
cimens consolidated to states above and to the right of the SSL
in the e vs log G3 plot. However, for mine tailings, over the
same range of stresses, Types A, B, and A-B curves were Observed
for specimens consolidated to states above and to the right of
the SSL in the e vs log g3 plot. The type of stress-strain cur-
ves for a particular mine tailings specimen appeared to also be a
function of the consolidation shear stress. For Banding Sand #6,
two specimens consolidated to states slightly below and to the
left of the SSL in the e vs 03 plot resulted in Type C stress-
strain curves; while two specimens of mine tailings consolidated
to similar states resulted in Type D stress-strain curves, again
illustrated differences in stress-strain curves attributable to
variation in soil type.

In Fig., 4-15, the types of stress-strain curves observed
for different consolidation states are presented for all ani-
sotropically consolidated, cyclicly loaded, undrained triaxial
(CAR) tests on Banding Sand #6. The following observations can
be made:

1. Type F stress-strain curves were observed for
all specimens consolidated to states above and

to the right of the SSL's in both the e vs log
63 and the e vs log (01-03)/2 plots.

2. Both Type G and H stress-strain curves were
observed for specimens consolidated to states
below and to the left of the SSL's in both the
e vs log 03 and the e vs log {(01-03)/2 plots.
Whether Type G or H behavior develops is a func-
tion of the magnitude of cyclic load applied and
cannot be predicted solely on the basis of the
consolidated states, as will be discussed in a
later section of this report,

In Fig. 4-16, similar plots are presented for CAR-Tests on
mine tailings and the following observations can be made:
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l. Type F stress-strain curves were only observed
in the one test in which the specimen was con-
solidated to a state above and to the right of
the SSL's in both the e vs log o3 and the e vs
log (01-03)/2 plots.

2. For the other four specimen, all of which were
consolidated to states above and to the right of
the SSL in the e vs log o3 plot but below the
SSL in the e vs log (01-03)/2 plot, both Types G
and H stress—-strain curves were observed.

From this data, it appears that consolidation shear
stresses greater than the steady state shear strength are neces-
sary to produce Type F stress-strain curves. When the con-
solidation shear stresses are less than the steady state shear
strength, either Type G or Type H stress-strain curves may
result. These two observations will be discussed in more detail
in a later section of this report.

Based on the foregeocing data, the type of stress-strain
curve resulting from monotonic loading is principally a function
of the position of the consolidation state with respect to the
SSL in terms of effective normal stress (03) and that the con-
solidation shear stress with respect to the SSL has a secondary
effect., However, for cyclic loading the consolidation shear
stresses relative to the SSL are the principal factors in deter-
mining the type of stress-strain curves that will result. The
reasons for this distinction between monotonic and cyclic lcading
is discussed in Section 5.3.
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5. APPLICABILITY OF STEADY STATE CONCEPTS TO
CYCLIC LOADING OF SANDS

5.1 General

As discussed in detail in Section 2.2 of this report, it is
the writers' opinion that liquefaction failures in situ result
from the reduction of the mobilized shear strength of a soil
deposit to the undrained, steady state shear strength, when the
latter is significantly less than the applied driving shear
stresses. Prior to the liquefaction failure, these driving shear
stresses are safely resisted by the drained strength of the soil,

. In this chapter, it will be shown that in order to investi-
gate liquefaction due to cyclic loading, one must determine how
large the static driving shear stresses are compared with the
undrained steady state shear strength.

5.2 Effects of Stress History and Loading Path on the Steady
State Line (SSL)

5.2.1 Method of Investigation

As discussed in Section 2.2, it has been suggested
that, for a particular soil, there is one unique steady
state line (SSL) which is independent of stress history and
loading path, The validity of this assertion is essential
to the applicability of steady state concepts to cyclic
loading; otherwise, different steady state lines would be
expected to apply to different magnitudes of cyclic loads,
to different numbers and frequencies of load cycle applica-
tions, and to different initial conditions.

To test this hypothesis assertion for Banding Sand #6
and for mine tailings, reference steady state lines (SSL's)
were first determined from monotonically loaded R-tests on
highly contractive specimens (i.e,, with Types A, B or A-B
stress-strain curves), 1In these types of tests, the steady
state of deformation develops for a significant range of
strains. Thus the determination of steady state parameters
is more definitive than in other types of tests. Subse-
gquently, steady state points were determined from the
following types of tests and compared to the reference
SSL's:

1. R-tests on initially dilative specimens (i.e.,
with Type C and D stress-strain curves),
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2. AR-tests on dilative and contractive speci-
mens. Anisotropically consolidated undrained
triaxial compression (AR) tests,

3. CAR-tests - Anisotropically consolidated _
undrained cyclic triaxial compression (CAR)
tests.

4. CAR-R-tests - Anisotropically consolidated
undrained cyclic followed by monotonic
triaxial compression (CAR-R) tests.

5.2.2 Results for Banding Sand #6

For Bandlng Sand #6, the steady state of deformation
was achieved in 16 R-tests on contractive specimens (i.e.,
with Type A stress-strain curves) and the steady state
points are plotted in Fig. 5-1. The consolidation states
are presented in Fig. 5-=la to illustrate the range of con-
solidation states used, Based on the results of these R-
tests, average SSL's in the e vs log 03 and the e vs log
(01-03/2} plots were determined by least square fits to the
data and are shown in Fig. 5-1. Lines parallel to the
average SSL's were then constructed through the extreme data
points to define the bands of SSL's shown in Fig. 5-1., The
maximum deviation in void ratio from the average SSL's is
0.011 (which represents a dry density difference of about
0.7 pcf).

Six AR-tests were performed on contractive specimens
{i.e., Type A stress-strain curves), and the resultant
steady state points are plotted in Fig. 5-2, along with the
bands of SSL's defined in Fig. 5-1. All of the AR-test spe-
cimens were consolidated to T3, = 4.00 kg/cm2. Three of the
tests were consolidated to Ko = T1¢/093¢ = 2.0 and the other
three were consolidated to Kg = 1.5. All of the steady
state points from the AR-tests plot in the lower half or
slightly below the bands from Fig. 5-1, with a maximum
deviation in void ratio of 0.0l from the average SSL's.

The steady state of deformation was achieved in two
R-tests on specimens which were dilative prior to reaching
the steady state (i.e., Type C stress-strain curves). The
steady state points from these two tests are plotted in
Fig. 5-3, along with the bands from Fig, 5-1., Both points
plot slightly below the bands, with a maximum deviation in
void ratic of ,018 from the average SSL's.
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The steady state of deformation was achieved in 20
CAR-tests and 2 CAR-R-tests on specimens of Banding sand,
and the steady state points are plotted in Fig., 5-4, along
with the bands from Fig. 5-1. These tescs were consolidated
to 53¢ = 4.00 kg/cm2 and to K¢ values of 2,0 and 1.5, as
shown in Fig. 5-3. For all except one test, the steady
state points plot in the lower half or slightly below the
bands from Fig. 5-1, with a maximum deviation in void ratio
of 0.021 from the average SSL's. The one exception is a
data point near the upper limits of the bands of SSL's.

From Figs. 5~1 through 5-4, it is seen that the
steady state points from R-tests with Type C stress-strain
curves, AR-tests with Type A stress-strain curves, CAR-tests
and CAR-R-tests deviate no more than 0.021 in void ratio
(1.2 pcf in dry density) from the average S$SSL's determined
from R-tests with Type A stress-strain curves. This should
be compared to the range of 0.30 from minimum tOo maximum
void ratio for Banding Sand #6 (See Table 3-3). However,
almost all of the steady state points from the former four
types of tests lie in the lower half of or slightly below
the bands of steady state lines from the R-tests with Type A
stress strain curves., A possible explanation for this
systematic variation is discussed in Section 5.2.5.2.

5.2.3 Results for Mine Tailings

For mine tailings, the steady state of deformation
was achieved in 20 R-tests on contractive specimens (i.,e.,
with Types A, B, and A-B stress-strain curves) and the
steady state points are plotted in Figs. 5-5 and 5-6. The
consolidation states are also plotted in Fig. 5-5.

Based on the results of these R-tests, average SSL's
in the e vs log 03 and the e vs log (01-03/2) plots were
determined by the best visual fit to the data, as shown in
Fig. 5-5 and 5-6. Lines approximately parallel to the
average SSL's were then constructed through the extreme data
points to define the bands of SSL's shown in Figs. 5-5 and
5-6. The maximum deviation in void ratio from the average
SSL was 0.05.

The steady state of deformation was achieved in four
AR-tests with Type A stress-strain curves, two R-tests with
Type D stress-~strain curves and one CAR-test, and the
resultant steady state points are presented in Figs. 5-7 and
5-8 along with the bands of SSL's defined in PFigs. 5-5 and
5-6. All seven steady state points lie within the bands of
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SSL's from the R-tests with Type A, B or A-B stress-strain
curves. No trend toward the lower half of the bands (as
observed for Banding sand) was evident for the mine
tailings.

Hence, for all steady state points determined for the
mine tailings, the maximum deviation in void ratio from the
average SSL was 0.05. This should be compared to the range
of 0,40 from minimum toc maximum wvoid ratio for the mine
tailings (see Table 3-3).

5.2.4 Conclusions

The variations in steady state points among the dif-
ferent types of tests performed is relatively small and for
all practical purposes the steady state line is unigue for a
given soil and is independent of stress history and loading
path.

For each of the scils, some small variations were
observed in the steady state line among the results from one
particular type of test (e.g. R-tests with Type A stress-
strain curves). To account for this variation in practical
applications of steady state concepts, it may pe more rea-
sonable to use steady state bands (as shown in Figs. 5-1,
5-5 and 5-6) rather than steady state lines.

For Banding sand, some systematic variations in
steady state points among results from different types of
tests were observed.

Some possible reasons for variations of individual
steady state points from the average steady state line are
discussed in the next section,

5.2.5 Variations from the Averaqe Steady State Line

5.2.5.1 Variations Among Results from the Same Type
of Test

For R-tests with Type A, B or A-B stress-
strain curves, the steady state points had maximum
variations in void ratio from the average SSL of
0.011 and 0.05 for Banding sand and mine tailings,
respectively. If the SSL is unique for a given soil,
as the data suggest, the five principal reasons for
these observed variations are:
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1. Variations in grain size distribu-
tions among the specimens (i.e.,
minor differences among the soils
being tested).

2. Inaccuracies in the measurements of
void ratio,

3. Inaccuracies in the measurements of
shear stress.

‘4, Inaccuracies in the measurements of
effective minor principal stress.

5. ©Strain limitations in the triaxial
test.

Variations in grain size distributions among
the specimens could result from either: 1) differ-
ences among individual specimens taken from the batch
sample or 2) grain breakage during the tests.
Differences among individual specimens were minimized
by thoroughly mixing the batch sample prior to the
testing program and periodically remixing the batch
sample during the course of the program to minimize
segregation of particle sizes. 1If grain breakage was
a significant factor, an increasing deviation from
the average SSL with increasing consclidation stress
would be expected. This trend was not observed for
either Banding sand or mine tailings. For these
reasons, 1t is probable that grain breakage was not a
significant factor in this testing program. In addi-
tion, several grain size analyses were performed on
Banding sand and mine tailings specimens which had
been tested at high confining pressures and ho
discernible changes in grain size distribution were
observed.

Inaccuracies in the measurements of void
ratioc could result from either: 1) uncertainties in
measurements of initial specimen dimensions and dry
weight and subsequent volume changes or 2} nonuni-
formities within the specimen, Uncertainties in
measurements constitute an error in void ratio of no
more than 0.005. The uniformity of the void ratios
of the compacted specimens of Banding sand was
investigated as described in Appendix D, and it was
determined that the wvoid ratio varied no more than
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0.011 for relatively loose specimens and no more than
0.008 for relatively dense specimens, The possible
variations in the SSL for Banding sand resulting from
tk2se variations in void ratio are illustrated in
Fig. 5=9. The possible variation in the SSL for mine
tailings due to nonuniformity of individual specimens
was not measured but might be expected to be similar
on a percentage variation basis,

Inaccuracies in the determination of shear -«
stress would be principally the result of errors in
measurement of axial loads, The estimated range in
SSL for Banding sand due to errors in axial locad
measurement are illustrated in Fig., 5-10, This range
includes the cummulative effects of nonlinearity in
the force transducer and of drift and reading errors
in the strip chart recorder. The errors in terms of
shear stresses would be expected to be similar for
the mine tailings; however they would result in
larger variation in terms of void ratic because of
the generally steeper SSL for the tailings.

Inaccuracies in effective minor principal
stress would be principally due to errors in pore
water pressure measurement. The estimated range in
SSL for Banding sand due to errors in pore water
pressure measurement are illustrated in Fig. 5-11.
This range includes ‘the cummulative effects of non-
linearity in the pressure transducer and of drift and
reading errors in the strip chart recorder. Again, a
similar range in effective stress errors and a
resultant larger range in void ratio errors would be
expected in the mine tailings due to the steeper SSL.

vVariation in the SSL due to strain limita-
tions in the triaxial test is difficult to evaluate
guantitatively; however, for the two soils tested, it
appears to be a significant factor. In concept, the
steady state of deformation is achieved only when
continuous deformation occurs at constant effective
stresses and volume. This implies very large defor-
mations relative to the sizes of the individual par-
ticles (i.e.,, strains that are large enough so that a
triaxial specimen would be essentially squashed
flat). However, in the triaxial test at strains
greater than about 10 to 15 percent, the accuracy of
the measurements becomes questionable due to nonuni-
formity of the stresses and deformations within the
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specimen. Consequently, if the tests could be con-
tinued to very large strains without the problems of
nonuniformity, there may be subsequent changes from
the apparent steady state values which were measured.
This problem was particularly evident in the mine
tailings where the shear stresses were still decreas-
ing at large strains in several tests. In this case,
the conditions at 30 percent strain were used as the
best estimate of the steady state conditions, since
the stresses were not changing greatly at that
strain.

The writers believe that strain limitations
are responsible for a significant amount of the
variation observed in SSL's, For example, consider
the steady state points for Tests R-1004, 1006, 1011,
1023 and 1025, as shown in Figs. 5-5 and 5-6. These
five tests were all consolidated to J3c = 40
kg/cm2 but to different void ratios. With increasing
void ratio, the resultant steady points were higher
in the band of SSL's. The same trends were ¢bserved
for several other similar sets of R-tests on mine
tailings and on Banding sand. The writers believe
that each of these tests would require a different
amount of strain to achieve the steady state of
deformation and that the differences in steady state
points are the result.

The cummulative variations due to the five
factors discussed above reasonably explain the ranges
in SSL's observed in the results of the R-tests with
Type A, B, or A-B stress-strain curves.,

5.2.5.2 Variations Among Results of Different Types
of Tests

As noted in Section 5.2.2 for Banding sand,
the steady state points from all types of tests other
than R-tests on contractive specimens tended to plot
either in the lower half of or below the bands of
SSL's determined from the R-tests on contractive spe-
cimens, It is the writers' opinion that this syste-
matic variation is due to zonation of the specimens.

The measured void ratio of a specimen is the
average void ratio for the entire specimen. 1If the
void ratio within the specimen varies from the
average and the specimen is tested in undrained
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compression, it would be expected that the looser
zones would reach the steady state of deformation at
lower axial loads than would the denser zones,

Hence, in a specimen with significant variation in
void ratio, the measured steady state stresses would
be expected to be determined by the loosest sections
of the specimen. If the steady state point is then
plotted based on the measured stresses and the
average void ratic, which is lower than that in the
loosest zone, the point would tend to plot lower in
the e vs log G3 and e vs log (01-03/2) plots than the
actual steady state point, as illustrated in

Fig, 5-12, The higher the degree of zonation (i.e.,
variation from average void ratio), the greater would
be the variation of the apparent steady state point
from the actual steady state point.

If all of the specimens have about the same
degree of variation after compaction, it is not
unreasonable that anisotropic conscolidation and
cyclic loading produce greater variation in void
ratio within the specimen than do isotropic consoli-
dation and monotonic loading. Hence the variation
observed for the AR and CAR-tests can be reasonably
explained by zonation. For the R-tests with Type C
stress-strain curves in Banding sand, the strains
prior to steady state deformation were about 12 per-
cent and 18 percent compared tO 5 percent to 10 per-
cent for R-tests with Type A stress-strain. It is
reasonable that these higher strains produce greater
variation in void ratio resulting in larger deviation
from the average SSL.

The fact that similar variations from the
average SSL's were not observed for mine tailings may
be explained by the lower sensitivity of the mine
tailings specimens to variations in void ratio
because of the relative steepness of the SSL's,

Effects of Driving Shear Stresses on Steady State
Deformation Caused by Cyclic Loading

5.3.1 General

As discussed in Section 4.10, the analysis of stress-
strain curves observed in the testing program indicates that
the magnitudes of the static shear stresses are critical to
determining whether or not steady state deformation results
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magnitudes of cyclic shear stress, # [(01-03)/2lcy = Tcyr were
applied to the individual specimens and cyclic loadlng was
continued at a freguency of 0.25 Hz until steady state
deformation occurred. <Cyclic shear stress, as useu herein,
means the maximum change in shear stress, both plus and

minus, from the consclidation (driving) shear stress {i.e,
during a full cycle of load the shear stress varies from

Tg = To™ [(91-93)/2)¢ toTg + Toy to Tg = Toy to Tg). In all
cases Tg = T was greater than Teoyr SO no shear stress
reversal occurred,

The results of both series of tests are presented in
Fig. 5-13 in terms of cyclic shear stress versus the number
of cycles required to cause steady state deformation. For
reference, the peak additional shear stresses (undrained
shear stress increments) from six monotonically loaded AR
test, three with Ko = 1.5 and three with Ko = 2.0, are
plotted at 1 cycle in Fig. 5-13.

It is important to note that, once a sufficient
number of cycles of lcad have been applied to trigger steady
state deformation, continuation of cyclic loading is not
required for the deformation to continue (see Figs. 2-4 and
4-9 for examples).

It is clear from Fig. 5-13 that as the magnitude of
the cyclic shear stress increases, the number of cycles
required to cause steady state deformation decreases. It is
interesting to note that a line drawn through the data for
the CAR tests with Ko = 1.5 projects to the average of the
data for the AR tests with Ke = 1.5. However, the projec-

tion of a similar line for the CAR tests with Ko = 2.0 gives
a value at 1 cycle which is higher than any of the results
from the AR tests with K. = 2.0. This would indicate that a

load greater than the peak monotonic load in an AR test
would be required to cause steady state deformation in 1
cycle of a CAR test. This is not unreasonable, since in the
AR tests the load was applied slowly over a period of time
so that strain can accumulate gradually while in the CAR
tests the peak load is applied in about 1 sec, Conse-
qguently, it may take a load larger than the peak lcad in an
AR test to produce sufficent strain to cause steady state
deformation in the first cycle of a CAR tests.

For the CAR-tests summarized in Fig. 5-13, the driv-
ing shear stresses, T4, were 1.00 kg/cm2 and 2.00 kg/cm2 for
Kc's of 1.5 and 2.0, respectively. The measured, undrained,
steady state shear strengths, S;g, for these specimens
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from cyclic loading, In all cases when driving shear
stresses, T4, were higher than the undrained, steady state
shear strength, S;yg, cyclic loading eventually led to steady
Stace deloinacion (Type P stre.s-strain curves). However,
in all cases when driving shear stresses were less than Sus s
cyclic loading did not result in steady state deformation,
but rather cyclic mobility occurred as on in Type G or

Type H stress-strain curves.” 1In the laboratory tests, the
driving shear stresses, T4, are simply the shear stress
after consolidation, T,

The above observation is reasonable when considered
in light of the fact that full development of steady state
deformation requires continuous, unidirectional deformation.
A sustained, applied shear stress greater than S, would be
necessary to drive this large, unidirectional deformation.
If the shear stress on a specimen was cycled about a driving
consolidation shear stress which was less than S,g;, the spe-
cimen would have a tendency for large, unidirecticnal defor-
mation only if the combined cyclic plus consolidation shear
stress was greater than S,g, and even then, this tendency
would pe present only when the shear stress was at its peak
or decreasing but still above the steady state strength and
would disappear when the shear stress was reduced below the:
steady state strength., Consequently, it is reasonable that
such spec1mens would not experience steady state deforma-
tion.

In this section, the effects of driving shear
stresses are evaluated in more detail with the use of speci-
fic examples from the results of the laboratory study. The
cases of 1) driving (static) shear stresses Jreater than
Sygs and 2) driving (static) shear stresses less than Syg are
considered separately.

5.3.2 Driving Shear Stress, T, Greater than the Undrained,
Steady State Shear Strength, Sig

For Banding sand, two series of CAR-tests with
Suyg dreater than S;; where performed to investigate the
relationship between cyclic stress level and the number of
cycles of loading required to cause steady state defor-
mation., All specimens for both series of tests were con-
solidated to a void ratic of 0.760_+ 0.015 and to an
effective minor principal stress, U3c of 4.00 kg/cm2 Both
series were anisotropically consolidated: one with K¢ (=
31¢/%3c) = 1.5 and the other with K. = 2.0. Different

*In this discussion the maximum shear stress, T pax = 0;-93/2,
which occurs on the 45° plane in the triaxial test will be used
rather than the shear stress on the "failure plane." However,
the two shear stresses are related by a function of the friction
angle, 9.
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varied from 0.2 kg/cm? to 0.8 kg/cm2, With driving shear
stresses this much larger than S, it is surprising and
impecrtant in practice to note that more than 100 cycles of
load were required to produce steady state deformation with
cyclic stresses equal_to about half the maximum additional
shear stress in the AR-tests (see Fig. 5-13).

The magnitude of these cyclic loads can be more
clearly understood by replotting Fig. 5-13 in terms of .
cyclic stress ratio, defined as CSR = (0y1-03)/203¢ =
Tcy/03c. From this plot (see Fig. 5-14), it is seen that
for both sets of cyclic tests performed on Banding sand, the
CSR required to produce steady state deformation (i.e., to
cause liquefaction) in 10 cycles varied from 0.05 to 0.08.
These cyclic stress ratios correspond to earthquake motions
with maximum ground accelerations of about 0.10g or less.,

It is also important to note that, for a given number
of cycles, as the driving shear stress increases (Ko
increases) the magnitude ©of cyclic load required to cause
steady state deformation decreases. Consequently, the
higher the driving shear stress on a soil, the weaker is the
earthguake motion reguired to cause a reduction in strength
to the undrained steady state shear strength.

In all of the test on Banding sand in which steady
state deformation occurred, the specimens were observed to
"creep" just prior to failure. That is, when the last load
increment was applied, the specimen began to strain slowly,
and then with time the rate of deformation increased until
the rapid deformations noted previously occurred. Conse-
quently, it was hypothesized that the shape of plots such as
those in Figs. 5-13 and 5-14 may be functions of load cycle,
shape, and frequency. For example, if, after the next to
last cycle in any of the CAR tests, the cycling, had been
stopped (the driving shear stress still being on the
specimen) the specimen may have continued to strain and may
have reached the steady state deformation. This possibility
was checked by performing a test (CAR-618) in which 13
cycles of load were applied to the specimen and then the
cyclic loading was stopped for 40 minutes. No significant
increases in strain or pore pressure were observed during
this period. A 14th cycle of load was then applied and
steady state deformation occurred, As illustrated in
Fig. 5-13, the results are consistent with those of the
other CAR-tests. Consequently, the creep does not appear to
significantly affect the results of the cyclic load tests
for Banding sand.
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For other soils or loading conditions this may not
be the case., For example, consider the test result in
Fig. 5-15, which was previously presented by Castro, 1978.
T~ this triarizl te~=* ¢» an anisotropically consolidated
specimen of Banding sand, a simulated blast loading was
applied. The vibrations due to the load damped out after
about 0.5 sec and about (0.3 percent strain. The specimen
continued to creep and after an additional 28 sec. steady
state deformation occurred., 1In this test creep was clearly

a significant factor.

An extensive program of CAR-tests on specimens with
T3 greater than S;g was not performed for mine tailings;
however, one demonstration test was performed to verify that
the observed stress-strain behavior was similar to that for
Banding sand. y

Test CAR-1001 was consolidated to a state with a void
ratio of 0.831, G3c = 10 kg/cm2 and Kc_= 2.0; essentially
the same consolidation state as Test AR-1001l. A cyclic
shear stress of + 0.42 kg/cm2 (about 76 percent of the maxi-
mum additional shear stress in Test AR-1001) was applied at
a frequency of (.25 Hz and steady state deformation resulted
after 786 cycles. Again the large number of cycles required
to cause steady state deformation was surprising, con-
sidering that the cyclic load was a large percentage of the
maximum monotonic load. However, as for Banding sand, the
cyclic stress ratio was relatively small (0.042 in this
case). .

In performing the triaxial tests on specimens with
T4 greater than S;,g5, an interesting, and perhaps important,
difference between Banding sand and mine tailings was
observed, It was relatively easy to consclidate Banding
sand specimens to states with Tg much greater than Syg (See
Figs, 4-13 and 4-15) because of the relatively flat slopes
of the compression curves relative to that of the steady
state lines, This was not true for mine tailings.

Figure 5-16 contains two sets of anisotropic con-
solidation curves for mine tailings in terms of e vs
(0p-03)/2: one set for an initial void ratio of 1.0G4 (1l0%
relative density) and one set for an initial void ratioc of
0.945 (34% relative density). Each set contains curves for
three different K. values. It is clear that, for K; = 1.5,
it is practically impossible to consolidate a specimen of
mine tailings to states with T3 greater than S;g. For Ko =
2.0 or 2,5, it is possible to consolidate specimens to sta-
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tes with 13 greater than Syg; however, there appears to be
an upper limit for the ratio Tg3/S,g5 because all of the con-
solidation curves apear to become parallel to the SSL as the
consoiidation stresses iucrease,

On first examination, this appears to indicate that
soils with steady state properties similar to Banding sand
would be more susceptible to be found in a condition such
that the steady state of deformation could be caused by
cyclic loading. However, this is not true in all cases.

For example, consider the hypothetical case of two dams, one
constructed of Banding sand and the other of mine tailings.
Further assume that both soils are placed with initial rela-
tive densities of 35% (a reasonable value for hydraulic fill
placement), which correspond to void ratios of 0.715 and
0.940 for Banding sand and mine tailings, respectively. If
these soils followed consolidation curves for K, = 2.0 as
the dam was constructed, the Banding sand would not reach
states with T4 greater than Syg even for vertical stresses
greater than 40 kg/cm2, as shown in Fig, 5-17a; however, the
mine tailings would reach T4 greater than Syg when the ver-
tical stresses exceeded about leg/cmz, as shown in Fig.
5-17b. Stresses of greater than 12 kg/cm2 would be expected
in high embankments, such as high tailings dams, which are .
often substantially comprised of hydraulic fill soils. Of :
course, the actual relative densities and stresses will vary
for other soils; however, the above example illustrates the
type of analysis that should be made for determining poten-
tial susceptibility of a soil to liguefaction. Similar
results are obtained if the comparison made for the two
sands being placed with the same initial percent compaction.
For some practical applications, the appropriate comparison
to be made is one based on the sands being deposited with
the same procedure (say hydraulically) which may not lead to
the same initial relative density nor to the same initial
percent compaction for different sands.

5.3.3 Driving Shear Stress, T4 Less than the Undrained,
Steady State Shear Strength, S;g

5.3.3.1 General

For cyclic loading of specimens with T4 less
than S,;g5, two cases must be considered: 1) the
driving plus the cyclic shear stress (T3 + Tey) is
greater than S,;g and 2) the driving plus cyclic shear
stress is less than Sys.
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5.3.3.2 Results for Mine Tailings

Seven CAR-tests were performed on mine
tailing specimens to examine the stress-strain beha-
vior in both of the cases described in the previous
section, Pertinent parameters from the tests are
summarized in Table 5-1, and plots of axial
compressive strain at the end of a cycle vs cycle
number for all seven tests are presented 1n
Fig. 5-18. The ratio of the cyclic plus driving
shear stress to the undrained steady state shear
strength from the average SSL [(Tg + Tgy)/(Sys)avg)
for the tests are also presented in Fig, 5-18, All
seven tests had consolidation states above and to the
right of the average SSL in the e vs log F3 plot and
slightly below and to the left of the average SSL in
the e vs log (01-03)/2 plot, as shown in Fig. 5-19,

In Tests CAR-1003 and CAR-1005, which had
(rdé-rcy)/(sus)avg ratios much greater than 1.0, the
accumulated strain increased from less than 5 percent
to greater than 20 percent in two consecutive cycles,
and in both cases this occurred in less than 10
cycles. This behavior can be understood by an exami-
nation of the stress-strain curves from Test
CAR-1005, as presented in Fig. 5-20. During the
first four cycles, some pore pressure accumulated;
however, the accumulated strain was relatively small.
During the compressive half of the fifth cycle,
further pore pressure increase occurred and the rate
of strain began to increase significantly. On the
extension half of the fifth cycle the pore pressure
increased further, On the compression half of the
sixth cycle, the pore pressure started to decrease
and then appeared to approach a constant value as the
specimen strained from about 5 percent to 17 percent
strain, It appears as though the specimen was
tending toward the steady state of deformation;
however, this process was interrupted by unloading
during the extension half of the sixth c¢cycle, during
which the pore pressures again increased. The stress-
strain behavior during the seventh cycle was similar
to that of the sixth, Consequently, it appears that
after a sufficient number of cycles of load have been
applied, the specimen tends toward steady state
deformation whenever the maximum compressive load is
applied ((T4 + Tcy) > Syg1: however, before the
steady state of deformation can be fully achieved,
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the axial load is reduced and the deformation stop.
As this tendency towards steady state deformation
continues to recur on successive cycles, large
strains accumulate very quici.ly, as 1illustrated in
Fig, 5-18; however, continuous, unidirectional defor-
mations do not occur,

Such tendencies toward steady state defor-
mation were not observed in any _of the other five
tests including three tests (CAR-1004, CAR-10006 and
CAR-1007B) which had {tg + Tey )/{8,g)avg ratios be-
tween 1,1 and 1,2. The dlscrepancy in these three
tests is probably attributable to either 1) variation
in s,yg from the average value or .2) decreases in
applied shear stresses due to area increases during
cyclic loading. The second explanation is illus-
trated by the results of Test CAR-1007B, presented in
Fig. 5-21. During the first several cycles, the
maximum shear stress actually exceeded (S g)avg;
however, as axial strain began to accumulate, the
cross sectional area of the specimen increased (total
volume remains constant in an undrained test). Since
the cyclic axial load was constant, the maximum shear
stress decreased and in the later cycles was actually
less than (S,g)avg. It appears that the number of
cycles with peak shear stresses greater than S;g5 was
not sufficient to cause the tendency to steady state
deformation to develop,

For the tests in which the tendency to
steady deformation did not develop, the specimens
accumulated strains progressively over many cycles
(developed cyclic mobility), as illustrated in
Fig. 5-18, in a manner similar to that observed in
cyclic lcad tests on soils in states below_and to the
left of the steady state line in the e vs 63 plot.
(Castro and Poulos, 1977, Sangrey et al 1978).

In general, for all seven of the CAR-tests,
the rate at which strain accumulated increased with
increasing (Tg + Tey )/{Syslavg, as can be seen from
Fig. 5-18. There are some exceptions to this trend,
but they are most probably attributable to inaccur-
acies in the measurements of void ratio and varia-
tions in (Syglavg.

For constant values of void ratio and con-
solidation shear stresses, the number of cycles
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required to accumulate a given axial strain decreases
with increasing cyeclic stress ratio, as illustrated
in Fig, 5-22 for the case of 5 percent compressive
strain. The shapes of these curves are similar to
those which have been observed for medium dense sands
with consolidation states below and to the left of
the SSL in the e vs §3 plot,.

5.3.3.3 Results for Banding Sand

Six CAR-tests were performed on Banding
Sand #6 specimens with 13 less than Syg. Pertinent
parameters from the tests are summarized in
Table 5-2, and plots of axial compressive strain at
end of a cycle vs cycle number for all six tests are
presented in Fig, 5-23. 1In all of the tests, the sum
of the driving plus cyclic shear stress was less than
Sys: as illustrated in Table 5-2. All six tests had
consolidated states below and to the left of the SSL
in the e vs log G3 plot and below and to the left of
the SSL in the e vs log (0;-03)/2 plot, as shown in
Fig. 5-24.

With the exception of Test CAR-626, all of
the tests show gradual accumulation of strain over
many cycles, in a manner similar to that observed in
the mine tailings specimens with T3 + T,y less than
Sus. In general, as the void ratio increased, the
rate of strain accumulation increased, all other
parameters being equal. Comparing Tests CAR-629 and
CAR-630, it is seen that as the cyclic stress ratio
increased, the rate of strain accumulation increased,
all other parameters being equal.

Test CAR-626, which is the only test which
did not fit in the general trends described above,
exhibited an unusual strain accumulation pattern.
Relatively small strains accumulated during the first
three cycles, then the strains rapidly increased to
about 11 percent in the fourth and fifth cycles.
Subsequently, strains accumulated more slowly over
the next 107 cycles. The behavior during the first 5
cycles was similar to that observed for mine tailings
specimens with 13 + Tgy greater than S;g. However,
while the latter specimens continued to strain to
greater than 20 percent on subsequent cycles, the
rate of strain accumulation in Test CAR-626 suddenly
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decreased after the fifth cycle. A possible cause
for this behavior is nonuniformity of void ratio
within the specimen. If the specimen was nonuniform
after compaction and conscolidation it would have had
some zones denser and some zones looser than the
average void ratio of 0.722. The first 3 cycles of
load may have caused some further redistribution
within the specimen creating even looser and denser
zones, i.,e,, greater density variations, As a result,
there may have been a zone within the specimen which
was loose enough so that its S,;,g was less than 14 +
Toy. On the fourth and fifth cycles this zone would
have tended toward steady state deformation and accu-
mulated larger strains. However, as the specimen
tended toward large deformations, the denser zones
would have dilated and drawn pore water from the
looser zones, As a result, the loose zone may have
densified sufficiently so that S, was now greater than
Td + Teoy and subsequently strains accumulated more
slowly.  This specimen was consolidated only slightly
below the SSL's and if the maximum void ratio in the
specimen had been 0.745 (compared to the average of
0.722), Syg would have been about 2.00 kg/cm2, which
is less than Tq + Tgy = 2.60 kg/cm2,

As note in Chapter 4, intermediate stress-
strain behaviors (Type A-E and Type B-E), probably
attributable to void ratio nonuniformity, were
observed in monotonic loading of Banding sand speci-
mens which were consclidated to states close to the
SSL in the e vs log 53 plot. Hence, the behavior
observed in Test CAR-626 is not entirely unexpected.
Nonuniformities of void ratio are not as significant
a factor for the mine tailings because large void
ratio changes are necessary to significantly change
Suss because of the relatively steep SSL's.

Summary of the Effects of Driving Shear Stresses

The significant observations from the foregoing

discussions may be summarized as follows:

1.

The presence of driving shear stresses, T4,
greater than the undrained, steady state shear
strength, S,g, is a necessary condition for
cyclic loading to produce steady state defor-
mation. With this condition, once sufficient
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cyclic loading has been applied to trigger
steady state deformation; continuous, uni-
directional deformations occur, regardless of
whether or not the cyclic loading is con-
tinued. This case is representative of
earthquake-induced liquefaction failures in
the field.

When Tg 1s greater than S;5, the number of
cycles of load required to cause steady state
deformation decreases as the magnitude of the
cyclic load increases.

When T3 i1s greater than S,g, the magnitude of
the cyclic stress required to cause steady
state deformation in a given number of cycles,
all other parameters being equal, decreases
with increasing consolidation stress ratio,

Ke = 01¢/03c. Consequently, the higher the
initial driving shear stress, the more suscep-
tible the s0il is to steady state deformation
{liguefaction) caused by cyclic loading, all
other parameters being equal.

When T3 is greater than Syg, the strain at
which the drop in strength (liquefaction)
starts to develop ranged between 0,19% and
1.50% for the Banding sand specimens.

The practical range of stresses and initial
placenent densities over which a condition of
T4 greater than S,;g can be achieved appear to
be a function of the compressibility of the
soil and the location of its steady state line
in the state diagram.

Steady state deformation and hence liquefac-
tion cannot be fully developed by cyclic
loading of soils with T3 less than 8 ,g.

For the case of T3 less than S;g and the sum
of driving plus cyclic shear stress, 74 + Tcy:
greater than 8,5, a tendency toward steady
state deformation may develop during peak
shear stress application. However, full
development of steady state deformation is
prevented by subsequent reduction of shear

stress to less than S,;5. The tendency toward
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steady state deformation may recur on sub-
sequent cycles and a large accunulation of
deformation may result. However, continuous.
unidirectional deformation, without additional
cyclic loading (as observed for T3 greater
than 5,5} cannot occur.

8. For the case of tq less than S,g and T4 +
Tgy less than 5, no tendency toward steady
state deformation occurs during cyclic
loading. Rather strains accumulate over a
large number of cycles and the rate of strain
accumulation increases with increasing magni-
tude of cyclic locad. This case is the one
defined as cyclic mobility in this report.

5.4 Effects of Cyclic Loading on Subseguent Stress-Strain
Behavior

It has been suggested (Klohn, et al, 1978) that, for ana-
lyzing seismic stability of embankments, cyclic triaxial tests
should be performed to determine the magnitude of pore pressures
and the corresponding reductions in effective stresses which will
result from earthquake loading, and that these reduced effective
stresses should be used in conjunction with traditional Mchr-
Coulomb strength envelopes to determine strengths to be used in a
seismic stability analysis. This suggestion is based on the
misconception that large (plastic) deformations occur when the
Coulomb strength envelope is reached. Such is not necessarily
the case, as illustrated in the example below. However, while
the cyclic leoading and pore pressure generation may produce
significant deformations, they do not substantially affect the
ultimate stress-strain properties of the so0il (Castro and
Christian, 1976; Castro and Poulos, 1977; Sangrey et al, 1378).
The shape of the stress-strain curve at low strains may be
influenced by cyclic loading; however, the steady state strength
will be unaffected.

This point is clearly illustrated by the results of Tests
CAR-R-631, 632, and 633, which are presented in Figs. 5-25, 5-26,
and 5-27, respectively. All three tests were consolidated to
G3c = 4.00 kg/cm? and Kes = 1.5. The void ratios after con-
solidation were 0.752, 0.734 and 0.701 for Tests CAR-R-631l, 632,
and 633, respectively; which correspond to consolidation states
significantly above, approximately on, and significantly below
the SSL in the e vs log U3 plot. A cyclic shear stress of about
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+ 0.30 kg/cm?2 (cyclic stress ratio of 0.075) was applied to each
specimen until an induced pore pressure of about 1 kg/cm2 had
accunulated, at which point cyclic loading was stopped.

At the end of cyclic loading, all three specimens had prac-
tically the same effective stress state. Hence, if a conven-
tional Mohr-Coulomb failure envelope were used to determine a
"strength" based on the effective stress at the end of c¢cycling,
all three specimens would be said to have practically the same
strength.

This is clearly not the case, as was demonstrated in the
subsequent undrained monotonic loadings, which were performed
inmediately after cyclic loading without allowing dissipation of
the pore pressure dgenerated during cyclic loading. In Test
CAR-R-631, a Type A stress-strain curve with a steady state
strength of 0.50 kg/cm? resulted. In Test CAR-E-632, the
stress-strain curve was Type C with a steady state strength of
2.60 kg/cm<¢. 1In Test CAR-R-633, the resultant stress-strain
curve was Type E and a steady state strength could not be deter-
mined because the specimen was still dilating when the test had
to be terminated (because of load limitations at a shear stress
of greater than 4.00 kg/cmz. The stress paths of the two dila-
tive specimens reached the strength envelope at strains on the
order of one percent and moved along the envelope as the shear
stress increased, i.e., plastic failure did not occur when the
stress path first reached the envelope. The two steady state
points determined in these tests are in reasonable agreement with
the steady state bands determined from other types of loading
(see Section 5.2). It should be further noted that the three
specimens behaved very differently, even though their void ratio
only ranged from 0,701 to 0.752, i.e., a total range of 0.051 as
compared with a range of maximum to minimum void ratios of 0.3
(see Table 3-3).

Consequently, it is clear that a cyclic loading history does
not affect the steady state strength and that pore pressures
accuniulated during cyclic leoading cannot be used as a predictor
of shear strength after cyclic lcading.
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6. APPLICATICN OF STEADY STATE CONCEPTS TO
EARTHQUAKE ENGINEERING

6.1 General

As explained in Section 2.2.2, the writers suggest that
liquefaction of sand is a phenomenon resulting from the following
sequence of events:

1. Deposition and saturation of sand in a loose
state.

2. Application of driving shear stresses under
drained conditions, such that the driving shear
Stresses are lower than the drained shear
strength but higher than the undrained steady
state shear strength.

3. Application of a disturbance in such a manner
that the loading conditions of the soil are con-
verted from a practically drained condition of
shear to a practically undrained condition of
shear.

4. Resultant shear deformations which reduce the
avallable shear strength of the soil from the
previously available drained shear strength to a
lower, undrained shear strength. As deformation
continues, the available strength tends to the
undrained, steady state shear strength, which is
significantly less than the applied, driving
shear stresses.

5. Resultant large, unidirectional deformations,
which continue until the applied shear stresses
are reduced to the available undrained steady
state shear strength,

The remainder of this section of the report contains: 1) a
comparison of the data available from several in situ liquefac-
tion failures with the sequence of events suggested above and 2)
a discussion of a proposed method of analysis of soils subjected
to earthquakes based on steady state concepts.
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Compariscn of In situ Liguefaction Failures with the
Proposed Mechanism of Liguefaction

6 7.1 Lower San Fernando Dam

The Lower San Fernando Dam failed as a result of the
San Fernando, California earthquake of 1971, The failure of
the dam was extensively studied and reported by Seed et al,
1975. Cross sections of the dam before and after the
failure are presented in Fig. 6-1. Large (on the order of
100 ft), unidirectional deformations of some sections of the
dam are evident from the figure.

Based on identification of various sections of the
dam from test pits and borings, Seed et al, 1971 recon-
structed the mechanics of the failure and concluded that a
significant section of the hydraulically placed sand in the
dam liquefied and flowed beneath and through the other ele-
ments of the dam, as illustrated in Fig, 6-1, This recon-
struction of the failure combined with the relatively flat
(6.5° average) slope of the slide debris indicate that the
available shear strength in the liquefied zone was very low.

It is interesting-to note that the available data
indicate that the failure of the dam occurred after the
earthquake motion had ended. This suggests that, although
the earthquake triggered the failure, the presence of
seismically-induced shear stresses was not required to drive
the large deformations.

6.2.2 Sheffield Dam

The Sheffield Dam failed during the 1925, Santa
Barbara, California earthguake. Available records show that
a large mass of the dam moved about 100 ft downstream (Seed,
et al, 1969). Photographs (Seed et al, 1969) indicate that
the inclination of the debris after the failure was very
flat, suggesting a very low mobilized shear strength during
the failure.

6.2.3 Alaska, 1969

During the 1964 Alaska earthquake, several slope
failures occurred in sand and gravel delta deposits in
Valdez and in Kenai Lake (Seed, 1968). The soils involved
in these failures flowed downstream distances varying from
600 ft to 5,000 ft. The initial slopes were inclined be-
tween 10° and 25° from the horizontal, while the landslide
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debris was inclined between 0° and 5°, indicating substan-
tial decreases in shear strength.

6.2.4 Chilea. Tailings Dams

Eleven tailings dams in Chile failed during an earth-
quake in 1965 (Dobry and Alvarez, 1967). The debris from
the failures reportedly traveled as far as 7 miles from the
dams.

6.2.5 Niigata Bearing Capacity Failures

During the Wiigata earthquake of 1964, several apart-
ment buildings settled more than 3 ft and tilted through
angles of as much as 80° (Seed and Idriss, 1967). Larde,
unidirectional deformations and significant reductions in
shear strength in the foundation sands are indicated by
these failures,

The reduction in shear strength was further evidenced
by the fact that several underground structures "floated" to
the surface during the earthquake (Seed and Idriss, 1967},

6.2.6 Fort Peck Dam Failure

"The Fort Peck Dam failure is the only example of
liquefaction included in this report which was not caused by
earthquake loading. Other examples of liquefaction due to
static loading, such as Calaveras Dam.(Hazen, 1920), slides
in Zeeland Province, Holland {(Koppejan et al, 1948) and
slides along the Mississippi River (WES, 1967}, are readily
available in the literature.

There is not universal agreement in the geotechnical
engineering profession regarding the cause of the failure of
the Fort Peck Dam. The writers concur with the explanation
presented by Casagrande, 1965, that, although the failure
may have been triggered by movements in the underlying clay
shales, the massive proporticons of the failure can only be
explained by a liquefaction of the soils comprising the dam.

The Fort Peck Dam was constructed of river sands and
silts, using the hydraulic-fill method. On September 22,
1938, as the dam neared completion and the reserveoir was
partially filled, a slope failure occurred involving a
10 million cubic yard portion of the upstream shell, Cross
sections through the dam bhefore and after failure are shown
in Fig. 6-2.
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Some sections of the dam flowed as far as 1,500 £t
upstream in less than 10 minutes. The slope prior to the
failure was about 14° and the average slope of the slide
lebris was l.ss then 3", indicating a sub:ztantial reduction
of shear strength.

6.2.7 Comments

All of the above examples are believed by the writers
to have involved liquefaction (not cyclic mobility) of
saturated sandy soils. All six examples involved the
failure, by loss of stability, of large masses of soil which
were stable prior to the application of an external distur-
bance (earthquake loading in the first five cases and slip-
page in the underlying clay shales in the case of the Fort
Peck Damj). 1In all six cases, unidirectional deformations of
the soil many times greater than the sizes of the soil par-
ticles occurred during the failures. The large reductions
in slope angles in five of the cases and the loss of bearing
capacity in the Niigata case indicate significant losses of
shear strength from that which was available prior to the
disturbance. The facts that 1) the Lower San Fernando Dam
failure occurred after the earthgquake motion had stopped and
2) the Fort Peck Dam failure continued to deform large
distances after the initial triggering, suggest that, at
least for these cases, the static shear stresses acting
prior to the failure (not including the shear stresses that
triggered the failure) were .the driving forces that caused
the large deformations.

All of these observations are consistent with the
explanation of liquefaction given in Section 6.1,

Note that the very large deformations involved in the
liguefaction failures involve strains that are infinite for
all practical purposes, compared to the 20 percent to 30
percent axial strain which can be measured in conventional
triaxial tests. Consequently, to be consistent with the
observed liquefaction failures, the stress-strain behavior
observed in the laboratory must predict potential for essen-
tially unlimited unidirectional deformation, not potential
for limited deformation of say 20 percent. Laboratory tests
resulting in steady state deformation do predict such un-
limited deformation. However, laboratory tests resulting in
cyclic mobility do not. Consider the example of cyclic
mobility illustrated in Fig. 2.6. This test exhibits the
potential for accumulation cof 5 to 10% strain during cyclic
loading; however, upon subsequent monotonic loading, as the
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strain increased, the specimen tried to dilate and provided
shear resistances much greater than the cyclic shear
stresses. Consequently, any tendency toward large, uni-
directional deformation greater than 10 perccat or 20 per-
cent strain would be resisted by increasing shear
resistance.

Proposed Earthquake Engineering Analysis Procedure

6.3.1 General Considerations

On the basis of the mechanism of liquefaction
described in Section 6.1, a methodology for analyzing the
stability and deformations of sand masses, during and imme-
diately after seismic loading, is presented in the flow
chart in Fig. 6.3. 1In principle, the method is based on the
determination of answers to the following two questions:

1. Will the earthquake loading trigger large uni-
directional deformaticons (i.e., liquefaction
failures)?

2. If liguefaction failures will not occur, will
the earthgquake loading produce accunulated
deformations which are unacceptably large?

Answering the first gquestion involves determation of
the undrained, steady state shear strengths of the sands and
comparing them with the applied driving shear stresses. If
the driving shear stresses are significantly higher than the
steady state strengths in a sufficiently large mass of soil,
then large, unidirectional deformation (liquefaction
failure) can occur., If this is the case, consideration of
accumulated deformations is moot, unless something is done
to remedy the liquefaction problem,

If, however, the driving shear stresses are less than
undrained, steady state strength, a liquefaction failure
cannot occur and the magnitude of accumulated deformations
nust be evaluated. This can be done by performing labora-
tory cyclic load tests to evaluate deformations caused by
cyclic loads (not the cyclic load strength). The evaluation
of accumulated deformations must include consideration of
both shear deformations during cyclic loading (which is nor-
mally undrained loading but could be drained loading) and
densification due to subseguent dissipation of accumulated
pore water pressure if the cyclic loading was undrained.
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As can be seen, the method considers both: 1) soil
instability (i.e., liquefaction) and 2) accumulated soil
deformation, but considers them separately by different ana-
lytical met..uds, in a muauner azzalcoscus to the consicdzirations
of bearing capacity and settlement in conventional, static
foundation design (see Section 2.1.3).

The flow chart presented in Fig., 6-3 is generalized
and contains all the steps that might be involved in an
earthquake engineering analysis. The following is a
detailed discussion of use of the flow chart,

6.3.2 Empirical Criteria

For an in situ deposit (e.g. foundation soils,
existing earth dams), the analysis begins with a field
investigation of the soil with borings and/or test pits.

The first data which are generally available from the field
investigation are some form of penetration resistances (e.g.
standard penetration test blowcounts, cone penetration
resistances). .

These penetration resistances should be evaluated to
determine whether there are any factors that render them
inaccurate. For example, a high gravel content in the soil
could lead to erronecusly high penetratiocon resistances or,
on the other hand, incorrect field procedures could lead to
erroneously low penetration resistances. If there is doubt
about the accuracy of the penetration resistances, methods
must be developed to correct the data or additional field
investigations must be performed to obtain more reliable
data. Once reliable penetration resistances are available,
the first step is to compare them to available empirical
correlations.

Empirical correlations have been developed for sands
relating earthquake=-induced failure in level ground and some
forms of penetration resistances. The most common of these
correlations use the standard penetration test blowcount
(Seed and Idriss, 1971; Whitman, 1971; Castro, 1975;
Kishida, 1966; Koizumi, 1966; Chsaki, 1966). Most correla-
tions have been developed for clean sands; however,
recently, Seed and Idriss {(198l) have presented a correla-
tion for silty sands. The correlation proposed by Castro,
1975 is shown in Fig. 6-4., This correlation was developed
from data on sand deposits which had been subjected to
strong earthquake shaking. For all cases when N"(corrected
blowcount) was greater than the line designated Ny, no
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ground failure was observed. For all cases when W' was less
than the line designated Nﬁ, ground failure was observed.
For N' values between Ny and N, both cases of failure and
cases of nonfailure were observed.

Cases denoted as "failure" in the empirical correla-
tions correspond to unsatisfactory behavior of structures on
level ground or to observaticons of sand boils, or other
manifestations of high pore pressure, at the surface of a
sand deposit. Some of the failure cases, e.g., Niigata,
correspond to liquefaction, while others may correspond to
accunulation of deformations which were excessive in the
sense of leading to "failure" of a structure. On the other
hand, some nonfailure cases may have involved deformations
that were too small to cause "failure" of the particular
structures at that site. Manifestations of high pore
pressures at level sites with no structures do not
necessarily indicate ligquefaction nor that a structure at
the site would have settled excessively; however, it is
reascnably conservatlve to classify such cases as
"failures."

The penetration resistance criteria should be viewed
as a toocl to provide a preliminary, crude evaluation of the
expected stress-strain behavior of the sands, which is the
information that the engineer seeks to determine, If all of
the blowcounts are significantly greater than NG, then for
most structures only Type H stress-strain curves
{accumulation of small cyclic deformations) would be
expected., On the other hand, if all of the blowcounts are
much less than NL, then Types F or G stress-strain curves
(steady state deformation or accumulation of large cyclic
deformations) would be likely. For intermediate blowcounts,
the correlations are not sensitive enough teo clearly
distinguish between the three types of stress-strain curves.

With plots such as that in Fig. 6-4, the penetration
resistance data for sands from a site can be evaluated.

If nearly all of the blowcounts are significantly
higher than Nu' the earthguake engineering analy51s may be
complete for most conventional structures, since the cyclic
deformations would be expected to be small. For par-
ticularly sensitive structures, such as nuclear power
plants, it may be necessary to make an evaluation of the
magnitude of expected deformations, even for soils with very
high penetration resistances.
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. If most of the blowcounts are less than Ny, in some
cases, it may be reasonable and practical to conclude that
ligquefaction is likely, and to take remedial action, such as
densifying the soil in situ, remov_...g and rerlacing the
soil, modifying the foundation design or abandoning the
site, If in situ densification is chosen for remedial
action, additiocnal field investigations must be performed to
demonstrate the sufficiency of the remedial action. There
are some cases when, even though most of the blowcounts are
less than Ny, it is reasonable and practical to obtain
undisturbed samples for laboratory testing to determine
steady state properties. For example, if the soils are
intensely stratified sands with silts and clays, the empiri-
cal correlations, which were developed for clean sands, do
not strictly apply, and hence, further investigation would
be warranted. Or if the possible cost savings to the pro-
ject justify the additional expense, further investigation
may be reasonable,

If the blowcounts are generally between N} and Ni, it
is difficult to draw conclusions from the penetration
resistance data. The liquefaction will then be based on the
determination of the steady state of the soil,

6.3.,3 Liquefaction Analysis Based on Steady State

For in situ soils, undisturbed samples should be
taken, and the steady state line or band of steady state
lines should be determined for the soil. Methods for deter-
mination of steady state lines will be discussed in more
detail later in this section of the report.

If the sand in question is not yet in place {(e.g., a
proposed earth dam, embankment or tailings dam), the earth-
quake engineering analysis should actually begin with the
determination of the steady state line(s), to estimate the
minimum density at which the sand should be placed.

After the steady state lines have been determined for
the soil, the in situ void ratio and the statically applied
"driving" shear stresses should be evaluated. For in situ
solls, the void ratios can be estimated based on the tube
samples. For soils to be placed in the future, void ratio
changes due to stress increases after placement should be
estimated (e.g., void ratio decreases resulting from stress
increases during construction of a dam).

The "driving" shear stresses are not the shear
stresses resulting from placement or consolidation of the
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soil, but rather are the minimum shear stresses which are
necessary to maintain equilibrium of the soil mass under
external loads (e.g., static foundation loads). These shear
stresses are tnose that one would calculate 1n a stability
analysis. In the consideration of liquefaction, the shear
stresses that should be compared to the steady state shear
strength are shear stresses which will continue to be
applied to the scil as very large deformations occur.

Consider the "locked-in" shear stress that results
from anisotropic consolidation of a soil element beneath
level ground, as illustrated in Fig. 6-5. As an earthguake
shakes this element, shear deformations may occur due to the
"locked-in" shear stress. However, with relatively small
shear deformation, the stresses would be redistributed and
the "locked-in" shear stresses would disappear. Simple
shear test results demcnstrating this have been presented by
Silver et al, 1980.

Now consider the shear stress applied to a similar
soil element beneath the corner of a large oil tank, due
solely to the weight of the oil tank. As an earthquake sha-
kes this element, shear deformations may occur due to the
applied shear stress, and the shear stresses will be con-
tinually applied until the tank either sinks or tilts encugh
to reduce the shear stress. The applied shear stress in
this case is a "driving" shear stress, in the sense that it
can “drive" very large shear deformations before it 1is
relieved.

The calculated driving shear stresses, Ty, are com-
pared with the estimated undrained steady state shear
strengths, S,;g, at the estimated in situ void ratios. If
Tq 1s greater than S;g, the possibility of steady state
deformation triggered by cyclic loading exists. If T4 is
less than S5, a judgment must be made as to whether the
margin of safety is sufficient, considering the uncertain-
ties in T4, Syg, and e. The writers believe that the margin
of safety should be expressed in terms of void ratio, since
it is generally the parameter with the greatest uncertainty.
In other words, instead of expressing a factor of safety in
terms of the ratio of S;g to T4, use a margin of safety in
terms of how much higher the void ratio would have to be for
Tg to be greater than S;;5. If the margin of safety is
judged to be insufficient, the possibility of steady state
deformation must be considered.

To determine whether ligquefaction is likely, stabi-
lity analyses should be performed to calculate T g. This
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value should be compared with undrained steady state shear
strength for all potentially critical failure surfaces. For
example, consider the hypothetical dam shown in Fig. 6-6,
for which it has been determined *»at in the ~haded area it
is likely that t4 is greater than Syg. Further, assume that
drained shear strength parameters apply to the remainder of
the dam. 1If stability analyses using S;g in the shaded
zone, give factors of safety lower than 1.0, it is likely
that a liquefaction failure will occur {i.e. a failure con-
sisting of large unidirectional deformations and extreme
flattening of slopes).

It should be noted that in the analytical evaluation
of liquefaction, the magnitude of the cyclic lcading was nct
considered. This is based on the observation (as discussed
in Section 5.3) that when 13 is greater than 5,5, it appears
that any moderately strong earthquake shaking will trigger
steady state deformation in less than 10 cycles. As more
data become available, it may be found that for some soils
this is not the case and in fact the magnitude of cyclic
loading is an important consideration. The writers believe
that until such data are available, it is prudent to assume
that steady state deformation will result from any modera-
tely strong earthquake motion when Tg is greater than S;g.
Note that in the CAR-tests on Banding sand which resulted in
liquefaction, the failures were preceded by only small
strains. Thus a c¢yclic test might indicate small defor-
mations, even though in terms of stability, the soil is at
the verge of a liquefaction failure.

If it is determined that either: 1) Tg is suf-
ficiently less than S;5 or 2) even with the undrained,
steady state shear strength in the zone with Tg greater than
Sugs NO instability problems result, then it is concluded
that a liquefaction failure is unlikely. The accumulated
deformations due to cyclic loading must then be evaluated.

6.3.4 Evaluation of Earthquake-Induced Deformation

Detailed procedures for the evaluation of accumulated
deformations are beyond the scope of this report. These
procedures involve the use of laboratory cyclic loading test
results 1n conjunction with shear stresses calculated from
cne-dimensional or two-dimensional dynamic analyses. The
laboratory tests provide data regarding accumulated defor-
mations due to a magnitude of cyclic loading, which is esti-
mated from the dynamic analysis (Seed, et al,1975). Methods
based on yield accelerations and displacements along
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possible slip surfaces have been presented by others and are
well documented in the literature (Newmark, 1965; Makdisi
and Seed, 1978).

1f the deformations are judged to be unacceptably
large, remedial measures are again required. TIf the defor-
mations are judged to be acceptable, the analysis is
conmplete.

Considerations for Determination of Steady State Lines

6.4.1 General

In theory, any type of test can be used to determine
the steady state line, because it is independent of stress
history, as demonstrated in Section 5.2. The test loading
does not have to model the anticipated field loading (e.g,
cyclic loading does not have to be used to determine steady
state lines for use in earthguake engineering).

The test actually used should provide the best
possible definition of the steady state of deformation, -
i.e., the most constant values of effective stress and shear
stress for the largest range of strain with the best esti-
mate of the void ratic in the failure zone,.

The writers' experience has indicated that isotropi-
cally consolidated, monotonically loaded, undrained triaxial
compression (R-test) on contractive specimens provide the
best estimate of the void ratio in the failure zone and a
relatively large range of stressing over which the steady
state is observed. Initial states near or below the steady
state line in terms of 03 do not result in a well defined
steady state within the strain limitation of the triaxial
test.

For solils such as Banding sand, R-tests on contrac-
tive specimens result in Type A stress-strain curves with
pronounced post-peak shear strength reductions. In such a
case, load control results in very fast deformations., It
has been reported, Casagrade, 1975, that load control
results in steady state shear strengths that are lower than
those from strain controlled tests on specimens with the
same void ratio. Limited data, discussed in Section 7.3.3
of this report, indicate that such a difference in steady
state lines for load and strain control was not observed for
Banding Sand No. 6, for mine tailings, or for Sand No. 19
(see Table 6-1). Thus, at the present time, it is recom-
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mended that either load control be used on the soils with
stress strain properties like those of Banding sand, or that
initially comparable load and strain controlled tests he
performed to detcimine whether there is a siyulficant di.-
ference in steady state lines. If no such difference is
found, it is more convenient to perform strain control
tests.

For soils such as the mine tailings, in which R-tests
on contractive specimens often have little or nc pronounced
shear stress peak (Type B or A-B curves), the usefulness of
load control is not apparent. With these types of curves,
the stresses are generally not constant for a large range of
strain. For these soils, it may be more appropriate to per-
form strain controlled R-tests or modified load controlled
R-tests in which additional locads are added to compensate
for the area increases and to maintain a nearly constant
velocity of deformation once steady state deformation has
begun. More research 1s required regarding this topic, as
discussed in Section 7. )

i At this time, the available data are not sufficient
to develop quantitative relationships between steady state
lines and other soil properties {(e.g. compressibility, grain
size distribution, angularity, percent compaction). How-
ever, some general trends have been observed and are sum-
marized in the following section.

6.4.2 Effects of Grain Size Distribution and Grain
Angularity on Steady State Characteristics

6.4.2.1 Effects of Grain Size Distribution

In this study, steady state data were
obtained for four different gradations of Banding
sand (Nos. 1, 5, 6 and 9). 1In addition, data were
available from Castro, 1969, for another gradation of
Banding sand. The grain size distributions for the
different gradations were presented in Table 3-1 and
in Fig. 3-2, and the index properties are summarized
in Table 3-2.

_ The steady state lines (in the e vs log

o3 plot) for all five gradations are presented in
Fig, 6-7. It was demonstrated in Fig. 3-3, that for
these five gradations of Banding sand, the minimun
void ratios decreased with increasing uniformity
coefficient, C,. 1In Fig. 6-7, the uniformity co-
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efficients are also given, and it is seen that the
five steady state lines are nearly parallel but plot
at lower void ratios as C, increases. Since void
ratio is not a measure of degree of density, steady
state plots were prepared for relative density,

Fig. 6-8, and percent of the maximum density deter-
mined with ASTM D2049 and referred to herein as per-
cent compactiocn, Fig. 6=9. The maximum density
cbtained with ASTM D2049 was used because the

ASTM 1557 densities were available only for two
sands, and the test results were somewhat erratic.

In the relative density and percent compaction plots,
the steady state lines are still different for the
different sands, and they exhibit the same trend with
Cy as in the void ratio plot except for Banding Sand
No. 5.

Based on the results of the steady state
lines for the five different gradations of Banding
sand, it can be concluded that relatively small dif-
ferences in grain size distribution c¢an produce
significant differences in the position of the steady
state line, regardless of the density parameterused
(i.e. void ratio, relative density, or percent
compaction).

Including this study, the writers have
determined steady state lines for the 16 different
sands whose index properties are summarized in Table
6-1. Steady state lines for these sands are plotted
in terms of void ratio vs log T3, relative density vs
log 33 and percent compaction vs log 03 in -
Figs. 6-10, 6-11 and 6-12, respectively. Note that
all three forms of the data are not available for all
of the sands. Wide variations in the locations of
the steady state lines are apparent in all plots;
however, the following two general observations can
be made:

1. With the exception of Sand 16, all of the
steady state lines plot at less than 60 per-
cent relative density at J3 values less than
1l kg/cmz.

2., Although percent compaction data are
available only for five sands, none of the
five sands for which percent compaction data
are available have steady state lines
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plotting_at percent compactions greater than
88% for 03 values less than 1 kg/cml

They are consistent ~ith the fact that liquefacuion
failures in situ have only been observed in rela-
tively loose soil deposits.

Another general trend in the steady state
line data is illustrated in Fig. 6-13, in a plot egq,
VS epin, where egg 1is the void ratio on the steady
state line at an effective minor principal stress,
03, of 1 kg/cm2 and epip is the minimum void ratio
determined using ASTM D2049 or from the Casagrande
method (see Section 3.2). A stress of 1 kg/cml was
selected because steady state data are available for
all except three of the sands at this stress level.
From Fig., 6-13, it is seen that all of the data plot
in a relatively narrow band, approkXimately parallel
to the egg = epin line. This means that for all of
the data, there is a relatively small variation in
the difference between eg4 and epjip-

The previously discussed relationship be-
tween uniformity coefficient and steady state line
position for Banding sands is also clear in
Fig. 6-13, in that all of the Banding sand points
plot nearly in a straight line, varying consistently
with changes in uniformity coefficient. Soils
Nos. 14 and 18 are similar to each other, differing
only in that the fraction finer than the #2000 sieve
had been removed in the case of No. 14, substantially
reducing the uniformity coefficient. These two scils
exhibit a similar relationship to that observed for
the Banding sands.

6.4.2.2 Effects of Grain Angularity

In Table 6-1 and in Figs. 6-10 through 6-13,
the grain shapes for the various so0ils are given.

From Figs. 6-10 through 6-12, it is seen
that all of the subrounded and subrounded to subangu-
lar sands have nearly linear and relatively flat
steady state lines. The two subangular sands
(Nos. 14, and 18) have slightly nonlinear and
generally steeper steady state lines, and with two
exceptions, the angular to subangular and angular
sands have significantly nonlinear and generally much
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steeper steady state lines. The steady state lines
for the more angular sands generally vary from rela-
tively flat at low stresses to relatively steep at
highers stresses. For the only two exceptions to the
general trends for the angular scils, no steady state
data are available for o3 values greater than

2 kg/cm2,

The differences in slopes of the steady
state lines can be clearly seen in Fig. 6-14 where
Cgss the tangent slope (Ae/égog53) of the steady
state lines, are plotted vs g3 for all of the
available data. The trends discussed above are
clear, and it is further seen that for the angular
soils, the slopes, Cg, become constant at relatively
high stress wvalues.

An examination of Fig. 6-13 indicates that,
in general, as the particle shape changes from
subrounded to subangular, both egq and epjipn increase;
however, the difference between the two does not
appear to change significantly, -

Banding Sand #6 and the mine tailings sand,
which were extensively tested in this study, have
similar grain size distributions but differ in that
the Banding sand particles are subrounded while the
mine tailings particles are angular {see Table 3-3).
In addition to the differences between rounded and
angular sands noted above, the following differences
were observed between the mine tailings and the
Banding sand; as have been discussed in earlier sec-—
tions of this report:

1. Generally the difference between the peak
shear strength prior to steady state defor-
mation and the steady state shear strength
was smaller for mine tailings than for
Banding sand (except for high void ratios in
the mine tailings).

2. The velocity of deformation at steady state
was generally lower for mine tailings than
for Banding sand.

Although extensive data are available only for these
two sands, the writers believe that the two differ-
ences observed are attributable to the difference in
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grain angularity. Some of the more limited data from
the other sands listed in Table 6-1 support this opi-
nion.

Summary of Effects of Grain Size Distribution and
Grain Angularity

Both grain size distribution and grain angularity
to significantly affect the steady state line. Based
data available, guantitative relationships between
state parameters and grain size and dgrain shape para-
cannot be developed. However, the following gualita-

tive trends have been Observed:

1.

Relatively small differences in grain size
distribution appear to significantly affect
the position (in terms of void ratio, relative
density or percent compaction) but not the
shape and slope of the steady state line. The
data from the Banding sands suggest that the
position in terms of void ratio is directly
related to the uniformity coefficient.

In general, there is a wide variation in the
positions of the steady state lines with
respect to void ratio, relative density or
percent compaction; however, for the data
available, the variation in the difference
between egg (the_void ratio on the steady
state line with 93 = 1 kg/cm2) and epjn
appears to be relatively small. The values of
(egg = eqin) range from 0.13 to 0.27 with most
of the values in the range from 0.21 to 0.27.

As the angularity of the particles change from
subrounded to angular, the shape of the steady
state line changes from nearly linear (in the
semi-log plet) and relatively flat to non-
linear and relatively steep.

As the angularity of the particles increases
both egg and epjip increase; however, the dif-
ference between them does not change greatly.

Except for high void ratios, the more angular
soils tend to have smaller differences between
pPeak shear strength and steady state shear
strength than do the more rounded soils.,
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6. The velocity of deformation at steady state is
generally lower for angular soils than for
subrounded soils if load control is used.

Recommended Methods for Determination of Steady State Lines

6.5.1 PFor Soils to be Used in Constructed Fills

Steady state lines for soils to be used for in
constructed fills can most readily be determined by R-tests
on compacted specimens of borrow samples. Load controlled
tests may be most appropriate for soils with large decreases
from peak to steady state shear strengths (Type A stress-
strain curves), see Section 6.4.1l. Strain controlled or
modified load controlled methods may be more appropriate for
soils with small peak to steady state decreases (Types A-B
or B stress-strain curves), as discussed in Section 6.4.1.
If load contrclled methods are used, the deformations and
stress changes may be very rapid, and it is important that
load, deformation, and pore pressure be measured with
electronic transducers and that the load transducer be
located so that it accurately senses the load actually on
the specimen {see Appendix C for discussion of the equipment
used in this study).

Since the position of the steady state line appears
to vary significantly with small changes in gradaticn, it is
recommended that steady state line determinatons be per-
formed on several different borrow samples to account for
variations of the borrow source. Grain size analyses should
then be done periodically during £ill placement to determine
whether the fill is within the grain size limits tested., If
not, some additional steady state determinations may be
required.

6.5.2 For In situ Soils

Steady state lines for in situ soils can best be
determined by R-tests on undisturbed tube samples of the
soils.

Undisturbed tube samples can be obtained, even in
relatively clean sands. The procedures which the writers
have used successfully include:

l. Using a fixed-piston tube sampler,

2. Using a mudded and cased borehole.
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3. Using a perforated packer to seal the bottom
of the tube, after recovering the sample, so
that some drainage can occur to produce
capillary stresses and provide resistance to
densification due to vibrations.

4, Using careful packing and padding methods for
transpcocration and maintaining the sample in
the vertical position at all times.

It is important that careful measurements be made of the
length of tube penetration, the length of gross recovery and
the changes in sample length during transportation so that
one can estimate density changes from the field to the
triaxial cell.

Careful procedures must also be used in the labora-
tory to minimize density changes in the soils. The writers
have had good success with the following procedures:

1. Cutting the tubes into 6-in.- to 8-in.-long
sections with a tube cutter, while the tube is
held vertically in a pipe vise; applying a
slight wvacuum if necessary to minimize den-
sification during cutting.

2. Extruding the specimen directly into a
triaxial membrane using a close-tolerance
membrane stretcher and a vertically oriented
extrusion jack.

3. Placing the specimen in the triaxial cell and
applying a vacuum to support the specimen
until the cell pressure is applied.

Even using these very careful methods, the writers
have found that for very loose specimens, density changes can
occur during sampling, transportation and extrusion. In some
cases, even when the density has changed by less than 0.5 pecf
from the field to the initial setup in the triaxial cell, the
dry density changes which occur during triaxial consolidation
have been very large (5 to 10 pcf). Consequently, the tests
would be performed on specimens with void ratios less than
those in the field and the resultant stress-strain curves
would not be representative of those anticipated in the
field., Hence a procedure is needed to make corrections for
these density changes.
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The writers have used a procedure based on the obser-
vation that for similar soils with slightly different grada-
tions, the locations of the steady state lines vary; however,
the slopes 'are essentially the same. The procedure consists
of: 1) performing R-tests on the undisturbed samples at
stresses high enough so that the specimens are contractive
and 2) performing a series of R~tests on compacted specimens
from a batch sample composed of soil from the tube samples.
The slope and shape of the steady state line are obtained
from the tests on the compacted specimens, and parallel lines
are constructed through the steady state points from the
undisturbed tube samples to estimate the band of steady state
lines for the in situ samples, as illustrated in Fig. 6-15.

It is important to note that, for in situ soils,
determination of the steady state line solely on the basis of
tests on compacted specimens is not recomnmended, because
although the shape of the steady state line would be
correctly determined in this manner, the position would not,
as is clearly illustrated in Fig. 6-15.



-75-

7. RECOMMENDATIONS FOR FURTHER RESEARCH

7.1 Intircducticn

During the course of this investigation, several questions
have arisen which are beyond the scope of this work but which
would be fruitful topics for further study. These Juestions are
discussed briefly below.

7.2 EBffects of Grain Size Distribution and Grain Angularity on
the Steady State Line

The work reported herein has indicated that grain size
distribution and grain angularity significantly influence both
the angularity and position of the steady state line no matter
what type of density parameter is used (i.e., void ratio, rela-
tive density or percent compaction). Furthermore, it has been
shown that relatively small changes in grain size distribution
(grain angularity being constant) result in significant changes
in the position but not the slope of the steady state lines.

Based on the limited steady state data that are available,
some general relationships between steady state lines and grain
size distribution and grain angularity have been observed,
Investigations on more soils should be performed to further
investigate, and possibly to quantify, these relationships. It
is very important that the relationships among steady state lines
of soils with similar grain angularity but slightly different
grain size distributions be further investigated, since it is the
basis for the procedure for correcting for density changes during
sanpling and laboratory testing as discussed in Section 6.5.2.

7.3 Influence of Initial Void Ratio and Consolidation History
on Position of State Relative to the Steady State Line

As discussed in Section 5.3.2, the susceptibility of a soil
to be deposited in a liquefaction susceptible state in
constructed f£ills (e.g., a tailings dam) cannot be evaluated
solely on the basis of the initial placement void ratio (density)
and the position of the steady state line. But rather the ini-
tial void ratio combined with the state path which will be
followed during subsequent consolidation must be used to estimate
the in-place state, which is then compared to the steady state
lines.,

As shown by the example illustrated in Fig. 5-17, the rela-
tive slopes of the compression lines and the steady state lines
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may be significantly different for angular particles (such as the
mine tailings) than for rounded particles (such as Banding sand).

Investigations should be performed on a variety of sands to
determine whether there are any general relationships for angu-
larity, grain size distribution, compressibility, and shape of
steady state line, which c¢ould be used to guide engineers' stu-
dies of liquefaction susceptiblity of constructed £ills.

7.4 Development of Alternate Testing Procedures for Steady
State Line Determination

As mentioned a number of times in this report, the strain
limitations of the triaxial test presents a significant problem
in the determination of steady state lines. Strains in the
triaxial test are limited to on the order of 20 to 30 percent,
while the strains during steady state deformation and field
liquefaction failures are very much larger.

Investigation of alternate testing procedures which allow
larger strains could be very fruitful. The use of some type of
rotation shear device is one possible alternative, )

7.5 Effects of Test Details

7.5.1 General

Some of the testing procedures used in this study are
not conventional procedures which are commonly in use in
most geotechnical laboratories, Further studies of these
test details should be performed to determine whether modi-
fications of conventional procedures will be required for
practical determinations of steady state lines.

7.5.2 Specimen End Restraint

In all except eight of the tests in this study,
lubricated end platens were used to reduce the lateral
restraints on the ends of the triaxial specimens.

Three different types of lubricated ends were used in
this study. Initially, ends consisting of a 0.0l-in.-thick
rubber membrane over a 0.01 in. thick layer of Dow Corning
high vacuum grease (similar to those used by Castro, 1969)
were used. However, it was discovered that with these ends
significant amcunts of the grease were extruding into the
drainage ports during isotropic and anisotropic consolida-
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tion, resulting in inaccurate void ratio measurements. This
problem became particularly acute at high stresses.

Two altcrnate =ypes of lucricated ends were tested.
The first type had the same thicknesses of rubber and grease
as noted above; however, the grease was 20% Dow Corning 7
and 80% Molykote III, plus 10% by weight DuPont Teflon
powder, which was similar to mixes used by Arthur and
Dalili, 1979 in a plane strain device. It was hoped that
the higher viscosity of the grease would eliminate the
extrusion problem while the addition of the Teflon powder
would still reduce end restraint. Tests of this type of
lubricated end indicated grease extrusion between 20% and
35% of that for the initial type of lubricated end; however,
even this amount of extrusion was sufficient to produce
unacceptable inaccuracies in the void ratio measurements.

The second alternate type of lubricated ends con-
sisted of a 0.02-in.-thick rubber membrane over a thin smear
of grease. The extrusion problem was completely eliminated,
and based on visual observation of the deformed shapes of
the specimens, these alternative ends appeared to perform as
well as the initial type of ends in reducing end restraints.
This latter observation was confirmed by the fact that tests
with the second alternate type of lubricated ends resulted
in stress-strain properties (both at peak shear stress and
at steady state) which were not significantly different than
those with the initial type of ends. The second alternate
type of lubricated ends were used in the remainder of the
tests with lubricated end platens.

Lubricated end platens are not normally used in
triaxial testing., To provide some preliminary-information
regarding the effects of the lubricated end platens, five R-
tests on Banding Sand No. 6 and three R-tests on mine
tailings were performed using conventional triaxial end pla-
tens. In Pigs. 7-1 and 7-2, the steady state points from
these tests are compared to the bands of SSL's determined
with lubricated end platens.

From Fig. 7-1, it is seen that for Banding Sand
No. 6, three of the five tests with conventional ends
resulted in steady state points within the previcusly deter-
mined band of SSL's, while the other two tests resulted in
steady state points below the band. Consequently, it
appears that for Banding sand with conventional ends there
is more scatter in the steady state data than for lubricated
ends, and the average steady state line is lower.
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From Fig. 7-2, it is seen that, for mine tailings,
the results of tests with conventional ends agree well with
the SSL determined from tests with lubricated ends.

Further studies should be performed to evaluate the
effects of lubricated end platens and to determine whether
lubricated end platens should be routinely used in triaxial
tests to determine steady state properties.

7.5.3 Method of Loading

All except three of the tests in this study were per-
formed using load-controlled triaxial compression. Two R-
tests on Banding Sand No. 6 and one R-test on mine tailings
were performed using strain-controlled axial compression to
provide some preliminary data regarding the effects of
method of lcading.

In Figs. 7-3 and 7-4, 1t is seen that the steady
state points resulting from the strain-controlled tests are
in good agreement with the data from the load-controlled
tests. Similar data are available for Sand No. 19 (see
Table 6-1), as presented in Fig. 7-5, which also indicate no
significant difference between results from locad-controlled
and strain-controlled tests.

Further studies shoculd be made to evaluate the
effects of the method of loading, and in particular, these
studies should address the effects of the rate of lcading in
strain-contolled tests. It will be particularly valuable if
it can be demonstrated that satisfactory steady state data
can be obtained from strain-controlled tests, since most
laboratories are equipped to employ this procedure. This
also may alleviate some of the problems in interpreting load
controlled test on angular soils {such as the mine tail-
ings), in which the steady state of deformation is sometimes
not well defined, as discussed earlier in this report.

7.5.4 Specimen Size

All except four of the tests reported in this study
were performed on 3.6 cm diameter specimens. Two R-tests on
Banding Sand No. 1 and two R—-tests on Banding Sand No. 6
were performed on 7.1 ¢m diameter specimens to provide pre-
liminary data regarding the effects of specimen size.
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As can be seen in Fig. 7-6, the results from the 7.1
cm diameter specimens tend to plot on or above the SSL's
from comparable tests on 3.6 cm diameter specimens. This
trend is the opposite of tnat observed for Sand No. 19 (See
Table 6-1), as illustrated in Fig. 7-7. This contradiction
in data is significant, since the trend observed in the
Banding sand indicates that smaller samples give more con-
servative (i.e. lower) values of the steady state line,
while the data from Sand No. 19 indicate the opposite.

Further studies should be performed to clarify the
effects of specimen size and to provide guidance regarding

the appropriate size specimen to be used in practical steady
state determinations.

Specimen Uniformity and Zonation

As stated previously, the writers believe that initial

specimen nonuniformities and exaggeration and expansion of these
uniformities (zonation) during testing have a significant effect
on the calculated steady state parameters.

Further studies, possibly by freezing or X-raying specimens

at various stages of testing, should be performed to evaluate the
effects of variations of void ratio within the specimen.
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TABLE 3-1

%7

= SUMMARY OF GRAIN SIZE ANALYSES

sand Percent Passing Sieve No. B1g Dgg Dgo Cy
30| a0 50 70 | 100 | 140 [ 200 m mm mm
Bs1) 41 100! 99.8| 97.0l s0.4| 27.3| 3.4} 0.3 | o0.122 | 0.178 | 0.187 | 1.53
Bs') #5 |100 100 |100 |100 % .4 31.8| 1.4 | 0.088 | 0.114 | 0.119 | 1.35
Bs1) #6 [100| 0o.g!| 97.8| 85.4| 44.0| 13.5| 0.2 | 0.099 | 0.157 | o0.168 | 1.70
Bs1) 49 [100| 99.9] 98.5]| 89.0| s8.0| 15.7] 0.1 | 0.097 | 0.142 | 0.154 | 1.59
Sand B (k4}400 | 99.0| 97.0{ 80.0| a0.0| 14.0| 0.5 | 0.097 | 0.16 6.175 | 1.80

(Castro,

1969)

Mine 99.5( 21.2 63.6| 37.4| 17.4| 10.3| 6.5 | 0.107 | 0.256 | 0.290 | 2.71
Tailings|2)
Notes:

1) "BS" indicates Banding sand

2) 100% passing #16 sieve

Geotechnical Engineers Inc.

Project 80696

March 1,

1982




TABLE 3-2 - MAXTMUM AND MINIMUM DENSITIES FOR
FIVE DIFFERENT GRADATIONS OF BANDING SAND
AND FOR MINE TAILINGS SAND

Min-Max Densities According Max Density According Min-Max Densities Accor- ing
to ASTM 2049 to ASTM D1557 to Casagrande Method(‘’)
(Compaction Test)
®max Ydmin ®min Ydmax ®min Ydmax ®max Ydmin “min Ydmax
pef pcf pct pef pef pef pcf pcf pct pef
Banding Sand #5 0.87 88.8 0.55 107 .1 (5) 0.89 a87.8 0.58 105.0
Banding Sand #6 0.82 91.2 0.52 109.2 0.55 107.2 (3) 0.83 90.7 0.52 109.2
Bandlng Sand #9 0.80 92.2 0.53 108.5 (5) 0.84 90.2 0.53 108.5
Sand B (#4) (2) (2) (2) (2) {2) (2) 0.84 | 90.2 0.50 110.6
(Castro, 1969}
Mine Tailings 1.08 80.4 0.68 99.5 0.65 101.5 1.15 77.8 0.65 101.4
Notes: (1) Maximum density determined from a eight-point compaction test.
{2} Not performed.
(3) Maximum density determined from a six—-point compaction test.
{4) BSee text for description of procedure.
(5) Only one compaction point performed; insufficient data to determine
maximum density.
Geotechnical Engineers Inc. Project 80696

March 1, 1982
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TABLE 3-3 - COMPARISON OF INDEX PROPERTIES FOR

BANDING SAND #6 AND FOR

MINE TAILINGS SAND

Banding Sand #6

Mine Tailings

050 0.157 mm 0.256 mm
Uniformity Coefficient,

Cu = Dgg/D1p 1.70 2.71
Minimum Density €max 0.82 1.08

by ASTM 2049 Yamin 91.2 pcf 80.4 pcf
Maximum Density €nin 0.52 0.62

by ASTM 2048 Y dmax 109.2 pef 99.5 pcf
Maximum Density

by ASTM D1557 enin 0.55 0.65
(Compaction Test) Y dmax 107.2 pcf 101.5 pef
Specific Gravity of

Solids 2.66 2.68
Grain Shape Subrounded "Angular

Geotechnical Engineers Inc.

Project 80696
March 1, 1982
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TABLE 3-4 - SUMMARY OF TRIAXIAL TESTING PROGRAM

SAND QUANTITY OF TESTS PERFORMED(1)
R AR CAR CAR-R
Banding Sand #1 5 - - -
Banding Sand #5 4 - - -
Banding Sand #6 32 6 22 7
Banding Sand #9 2 - - -
Mine Tailings 26 4 8 -

Notes:

(1) Types of tests are described in Section 3.3 of the text and in

Appendix C.

(2) Individual test results presented in Appendix A.

A discussion

of test results is presented in Sections 4 and 5 of the text.

Geotechnical Engineers Inc.

Project 80696

March 1,

1982



TABLE 5-1 - SUMMARY OF CAR TESTS ON MINE TATILINGS WITH
DRIVING SHEAR STRESSES LESS THAN UNDRAINED
STEADY STATE SHEAR STRENGTH!1)

Test Effective K, = 51c/53c Void Ratio Driving Cyclic Td+Tcy Undrained Steady | T4 + Tey
No. Minor Principal after (Consolidation) Shear State Shear (Syglavg
Stress at Consolidation Shear Stress Stress Strength, _S4
Congolidation e, T4 T Tey kg/cm
03¢ 2 (2) (2)
kg/cm2 . kg/cm2 kg/cm2 kg/cm Range Average
CAR-1002 3 2.0 0.887 1.50 0.48 1.98 1.9-3.0 2.2 0.90
CAR-1003 k] 2.0 0.911 1.50 1.05 2.55 1.6-2.4 1.5 1.70
CAR-1006 3 2.0 0.895 1.50 0.77 2.27 1.8-2.8 2.0 1.14
CAR-1007 3 2.0 0.899 1.50 0.31 1.81 1.7-2.7 1.9 0.95
CAR-1007B 3 2.0 0.891 1.50 0.84 2.34 1.9-2.9 2.1 1.12
CAR-1004 8 1.38 0.914 1.50 0.50 2.00 1.4-2.3 1.7 1.18
CAR~1005 8 1.38 0.910 1.50 1.33 2.83 1.6=-2.4 1.7 1.66
Notes:

(1) More detailed information regarding individual tests is presented in Appendix A.

(2) Determined from Fig. 5-6.

Geotechnical Engineers Inc. ) Project 80696
March 1, 1982
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TABLE 5-2 - SUMMARY OF CAR TESTS ON BANDING SAND #6 WITH

DRIVING SHEAR STRESSES LESS THAN UNDRAINED

STEADY STATE SHEAR STRENGTH!!}

Test Effective K. = 090/03¢ Void Ratio Driving Cyclic Tgq + Tcy Undrained Steady State
No. Minor Principal after (Consolidation) Shear Shear Strength, 5,4
Stress at Consolidation Shear Stress Stress kg/cm2
Congolidation eq T4 ¥ Tey
T3¢ (2) (2)
2 2 2 kg/cm? Range Average
kg cm kg/cm kg/cm g g g
CAR-625 4 2.0 0.642 2.0 0.60 2.60 - >30
CAR-626 4 2.0 0.722 2.0 0.60 2.60 6 to 20 9
CAR-627 4 2.0 0.725 2.0 0.61 2.61 5 to 15 ?
CAR-628 4 2.0 0.713 2.0 0.59 2.59 10 to 32 14
CAR-629 4 2.0 0.690 2.0 0.59 2.59 - >30
CAR-630 4 2.0 0.691 2.0 1.09 3.09 - >30
Notes:

Geotechnical Engineers Inc.

(1)
(2)

5-1.

More detailed information regarding individual tests is presented in Appendix A.
Determined from Fig.

Project 80696

March 1,

1982
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TABLE 6-1

- INDEX PROPERTIES

OF VARIOUS SANDS FOR WHICH

THE STEADY STATE

LINE HAS BEEN DETERMINED

Sand Designation(1) D¢ C, Finer than Grain Shape Specific ASTM D-2049 ASTM D-1557
No. 2?0 mesh Gravity | epax emin eminz)
Sieve, %
1 Banding Sand No. 1 0.19 1.53 0.2 Subrounded 2.66 0.82 0.54 0.58
4 | B(Banding Sand No.4)| 0.17 | 1.8 0 Subrounded 2.65 0.84¢3) ¢.50(3) (3)
5 Banding Sand No. 5 0.12 1.35 1.4 Subrounded 2.66 0.87 .0.55 (5)
6 Banding Sand No. © 0.17 1.70 0.2 Subrounded 2.66 0.82 0.52 0.55
9 Banding Sand No. 9 0.15 1.59 0.1 Subrounded 2.66 0.80 0.53 (5)
10 Mine Tailings 0.30 2.50 7 Angular to 2.68 1.08 0.68 0.65
Subangular
12 A 0.40 | 3.1 5 Subangular 2.72 1.04(3) 0.55(3) (4)
to Angular
13 c 0.33 | 2.3 1 Angular 2.87 0.99(3) 0.66(3) (a)
14 D 0.90 | 5.6 0 Subangular 2.71 0.77(3)] 0.49(3) (4)
15 E 0.17 | 2.1 8 Angular 2.87 1.26(3) o.77(3) (4)
16 F 0.23 | 2.0 0 Angular 2.50 1.88(3) 1.23(3) (4)
17 G 0.15 - 26 Angular 2.79 1.45(3) ¢,72(3) (4)
18 H 0.85 |17 13 Subangular 2.71 0.73¢3) 0.37 (a)
19 - 0.14 2.98 18 Subangqular 2.65 1.17 0.67 0.62
to Angular
20 - 0.27 1.59 1 Subrounded to 2.67 0.88 0.56 0.60
Subangular
21 - 0.22 3.3 10 Angular 2.70 (5) (5) {4)
NMotes: (1) Designations A through H refer to designations used in Castro and Poulos, 1977

(2)
(3)
(4)
(5)
(o)

Geotechnical Engineers Inc.

Casagrande Method,
ASTM D-1557 not performed.

Insufficient data to determine ep;n.
Max-min density tests not performed.

Sand B (Banding Sand No. 4) is the same as Sand B in Castro,
€nin corresponding to Ygnax from ASTM D-1557 Modified Compaction.
see text for description of procedure.

1969.

Project B0696
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1982

ch






9

FIGURES






a5

Z
/\.

a) Embankment Dam, Drained Condition

Before Failure

,lf_\ T4>S,
P -

A4
\ -
After Failure

b) Embankment Dam, Undrained Slope
Failure of Limited Extent

After Failure

Before Failure
>>
?Tgi;f‘\ Ta Su
.1';g;~;:>,<:TMass Before
ERRTEE ~ _ ; £ .
s .:.\\}1que action

N

i

. N K\Li efied Mass
¢) Embankment Dam, Liguefaction a
Failure
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Fig. 3-3

Minimum Void Ratio According to Casagrande
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Sce text for discussion

Avg. SSL indicates
average steady state line

Where more than one test
had the same consoclidation
state, the numbers next to
the data points indicate
the number of tests repre-
sented by the point.
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Consolidation States for CAR Tests on Mine Tailings with Td less than Sus

¢t



1 I 1
12 STRESS - STRAIN 12 ! STRESS PATH v .
10 - 10 | -
- - 8 F —
T -
g H
> 6L . ~ 6 F -
- o
- P
Range in SSL'S{ -
tad
b 41} Average SSL 1 [ 1+ ]
Y Q Possible actual cuerls ) lst cycle
v > fll /\," Ry | ol 6] 2 i =
l ' ’
0 l l 0 I | i 1 1 d !
.0 2 4 6 8 10 12 14 16 - 18 20
8 0 g -5 yhg/em
Average SSL ~y S~
6 —2 .
. < R rrimmy T lllllll'r rrrmt
ne Range in SSL's 4 C €n ..\ STATE -
1.00 -
- o \ shear consoli-
~ 2 F _Jﬁ ~ - L \ dation b
E € ° - e &
L b b 0.90 5
o Y - o L. -
- 0 g g [ 4 - \/avg. SSL 1
U INDUCED PORE PRESSURE - ao.80F ]
1 = o o ]
3 -2 L 410 o g _ : \ :
(Ll T (| A R e it
0.0 ol | 10 LOO
1 1 = 2
0 16 20 30 0,. ka/em
AXIAL STRAIN,%
SOIL Mine Tailings METHOD OF LOADING: Undrained, Cyclic Axial Conpression
. Load Control
8] : cted Moi
;' STRUCTURE Compa st (01_ 03)Cy = 2.66 ksc
! STATE AFTER
P - 2 = 2 TESTING DETAILS : Specimen Diameter 3.60 cm
Q CONSOL : 0 = 8.00 k = 11.00 . .
rd SOLIDATION 3c g/em-, Ulc 1 kg/cm : Specimen Height 5.30 cm
e_ = 0.910, Tdc = 87.6 pcf : End Platens: Lubricated, Type 2
Fig. 5-20: Stress-Strain Curves from Test CAR-1005

frtze



5 > T T T T
STRESS - STRAIN ! STRESS PATH !
Range in SSL's
- ik ___IA *~ 3 —
H €
: Average SSL :
R T N s o
] 2 7th = ‘t ‘T ’ -
Ky 12en |, | 34th - lst cycle
[} 5 52nd b
Y 1 - ol I S
g —
4 i 1 L | | | I I
0 0
0 1 2 3 4 5 6 7 8
3 0 T+
) 3 ,kg/em?
Range in SSL's z
2 F 1! '
\ \ \ R LR UILULRALLL T T
A \ - STATE
N | -
1l 2 l'oo»— e
- ‘ ° - shear ]
E Average SSL t b .
kY g € £ 0.90F 1
o 0 30~ a L
= e x = an. SSL ]
L INDUCED PORE PRESSURE - oo.80F .
Y " o - b
= -1} —{ a4 B g X \ q
o.70 1 11l L 141l Lt 11iL LAt
Q.01 Ql i 10 1.00
1 | ot 2 '
o 10 20 30 ¢, kg/em
AX1AL STRAIN,%
SOIL Mine Tailings METHOD OF LOADING: Undrained, Cyclic Axial Compression
. Load Control
STRUCTURE : Compacted Moist
Q P (01—03)Cy = 1.67 ksc
o
STATE AFTER
! - 2 - 2 TESTING DETAILS : Specimen Diameter 3.60cm
H : .
N IDATION: O = 3.00kg/cm , O = 6. k . .
b4 CONSOL 10 3c 00kg/ 1c 6.00 kg/cm : Specimen Height 5.30cm
5 e, =0.891, Y. = 88.4 pcf : End Platens: Lubricated, Type 2

Fig. 5-21:

Stress-5train Curves from Test CAﬁ—1007E

Sty



| I L T T T TTIT | L L
0.80
u LEGEND
g "
" —A— EJC = 3.00 kn/cm ) KC = 2.0
G 2
; v =l T, =8.00 kg/em’ , K. = 1.38
.:]lb 060 —
gl —— TEST STOPPED BEFORE 5%
~ AXIAL STRAIN ACHIEVED
o cAR-1003 <« MORE THAN 5% AXIAL STRAIN
F - CCCURRED ON FIRST CYCLE
s » NOTE: For all Tests e = 0.900 £0.0I5
« 040
»
w
o
- nCAR-1006
7
o
(-)' 020 CAR-1002
> B!
—h o
CAR-1004
) L N 1 | I L i 11111
| 10 100 1000
NUMBER OF CYCLES
Fig. 5-22: Cyclic Stress Ratio vs. Number of Cycles to Accumulate 5% Axial

Strain for CAR Tests on Mine Tailings with Tq less than S,g5-
(Cyclic mobility tests [Tg < Sugl).

vArd)



OF CYCLE, %

STRAIN AT END

COMPRESSIVE

AXIAL

23 T T I R B N B I | R I B I
| .
LEGEND i
[ Symbol Cycllc Siress ]
Ratlg
- -
sol— | — 0.15
B —_—— 0.29 |
2 cAR-626
— Notes: L) All tests consolidated 10 &4 kg/em, K.=20 {e. =0.722) -
2.) Test numbers are given neXl! to curves. c
[~ 3.)void Ratios after consolidation given -
= in parentheses. —
15
/ CAR -627 1
(ec=0.725) —
AR-630 (e =0.691) i
CAR-628 (e =0.713)
| - CAR-629 ' |
- (e.:0.690) CAR-625
F' / le :0.642) .
— —
0o I T 11 1 1 1 1 1 111 ) | [ I |
| 10 100 Relele]
CYCLE NUMBER
Pig. 5-23: Strain Accumulation for CAR Tests on Banding Sand #6

+ Toy

Less Than Sus -

Lty



LEGEND

1)

2)

3)

Types of stress-strain
curves:

Symhol Type
. F
G
A H

See text for discussion

Avg. SSL indicates
average steady state line

Where more than one test
had the same consolidation
state, the numbers next to
the data points indicate
the number of tests repre-
sented by the poilnt.

T T 1T 1T 111 T 1T 1T T T 17 T 1 T 1 11711
o Avg. SSL
-0.80 ™~
o
o Type F
E Yp
0.75
he!
A
8 8 G d
T 3 H
0.70 ypes an:
0.65 ] I I N I i P11t L P11t
1 1.0 & 10 100
Consolidation Shear Stress, | 12 c’ kg/cm2
E.
0-8 T ' 1 T T Uyt T T 1 T 1T 1711 T T T T T 1T1
0.8 AVg. S50
1] N
Q0.7 :
-
Js)
E\'é o? -
0
E(L?C
a o
=
0.6 1 N N | 1 Ly 1 1 1t 1t
0.1 1.0 a 10 loo

Consolidation Effective Mincer Principal Stress, Eac

Fig. 5-24: Consolidation States for CAR Tests on Banding Sand #6

with T. less than S
d us

3

, kf/cm2

gt



5 5 T T T T T
STRESS - STRAIN STRESS PATH
al _ sl _
"é 3 — ﬁ - 3F =
o ' 3.91 seconds N E
. I- | (1]
o ~
] 2 o
. | _ = >k . N
) 19t
? 'y montonic h
b 1 - ' 1k loading //“1st cycle .
b
0 1 1 0 | | 1 | I 1 1
0 1 2 3 4 5 6 7 8
4 0 T+ T . ug/emt?
—
k) J 1
L T T TTTI IR RALL | IILLRAALLL LR
C STATE ]
5 0.80[ - -
2 12 u consollidation ]
~ . 2 FrT,  als. ]
£ e 2o0.75k m BSL — g .
- 1 _ L - - .
e = 3% : - shear .
o INDUCED PORE PRESSURE T oo0.70f ]
3 0 a & 9 - h
0.65F 1 1l ool 1 11 Ll
‘ 0.0l o _ [ 10 100
1 | a., )
3 i0 20 30 30 kg/em
AX{AL STRAIN, %
SOIL Banding Sand #b METHOD OF LOADING:. uJndraincd, Cycl,c Axial Compressicon
2 | STRUCTURE : Compacted Moist Load Control 0.59
T (01-03) = 0.59 kg¢
w1 | STATE AFTER 2 2 TESTING DETAILS Speci ncg' t 3.60 ¢
1 - ~ me lameter - m
CONSOLIDATION: o_ = 4.00 kg/cm”, g, = 6.00 kg/cm : .
& 3c 9/ 1c 9/¢c :  Specimen Height 5.30 cm
= ec = 0.752, ch = 94.7 pef : End Platens: Lubricated, Type 2

Fig.

5-25:

Stress-Strain Curves From Test CAR-R-631

bt



- LB E ! I | |
STRESS - STRAIN STRESS PATH
41 - 4F -
~ 3 — 3 —
£ ®
~ o
o ~
= o
- 2 = - 2r . —
- T monotonic loading
b -
. b
- }
Y 1F - 5 1F /&lst cycle -
51st
0 I i 0 I I 1 | ] | 1
0 1 2 3 4 5 6 7 8
a4
0 J + T ,hg/cm2
—A5—
iF T T T ITTI LB LLL JLIARLLALL IR
- STATE
0.80[C -
2 — - 2 - -
~ L4 o -
w~ o o av 551, h
S e 20.75 9 ~
-~ (T3 - . -
o 1 43 ~ P T e, consoli- - T ]
- ' s x - dation i
D INDUCED PORE PRESSURE - ad.70 shear
. ” o r 7
3 o0 s ® 2 - h
.65 L 4 {1l L1 {1t il i
0.01 s 1] I 10 100
| | a , 2
o i0 20 30 3+ hg/em
AXIAL STRAIN,olo
SOIL Banding Sand #6 METHOD OF LOADING: Undrained, Cyclic Axial Compression
N . Load Control
:  Compact M
p:;;l STRUCTURE jel ed Moist (01 _ oa)cy = 0.59 ksc
1
o] STATE AFTER . .
f =~ 2 = ) 2 TESTING DETAILS : Specimen Diameter 3.60 cm
CONSOLIDATION: O = 4.00 k = 6.00 k g . .
A 3c 9/em -, Ulc g9/ cm : Specimen Height 5.30 cm
~ e, =0.734, y, =957 pcf End Platens: Lubricated, Type 2
c c
Test 5-2b: Stress-Strain Curves From Test CAR-R-b3.7

DS/



5 T T T T T |
STRESS - STRAIN 5 STRESS PATH
4 r - 4k
Monotonic
L, - —4 -
ﬁ 3 % 3 Loading
~ o
- ~
- o
- 2 - - - 2 + - -
¢ b
[}
- 9
. 8th i :; L
0 ] i 0 I l I I | I |
0 1 2 3 4 5 6 7 8
4 0 T+ T hg/cm?
3r 11 T 1T T VT T rrrrmp 1T i
: STATE
R
0.80 S
2 L 2 . T avg. SSL p
e ~ d F - ]
= § Fo0.75F
= . \ 13 \o ; [ o ©Onsq lidation .| \ ?
2 INDUCED PORE PRESSURE % oco.70p£ " l“gh 1
1 L lad O - h
: 0 98th 4 ™ g E & shepr ]
‘ o.65 L L LI L L dil L1 i3
0.01 [o]] I 10 100
1 i1 et 2
6 0 20 30 a,, ke/em
AXIAL STRAIN, %
SOIL ! Banding Sand #6 METHOD OF LOADING: yndrained, Cyclic Axial Compression
@]
» | STRUCTURE : Compacted Moist Load Control
ol (01--03)Cy = 0.60 ksc
e STATE AFTER
) bt 2 = 2 TESTING DETAILS : Specimen Diameter 3.60 c¢m
o CONSOLIDATION: O =4, k ’ =6, k . .
v I 3c 4.00 kg/em Cllc 6.00 kg/cm : Specimen Height 5.30 cm
ec =0.701 ., ch =97.6 pcf : End Platens: Lubricated, Type 2

Fig. 5-27: Stress-Strain Curves From Test CAR-R-633

(Sr




15/

-er WYDRALLIL FiLL BAND
waal E] o
o o (] womane e s
1 wwun
[ p——
I
! . [ -
1
4w [ ——
e
—— - - - Lo . L Lt =
o
i
wf
LOWER SAN FERNANDO DAM
i CROSS - SECTIONS
s v ) 0 THROUGH EMBANKMENT
fu} HECUMSTRULILD LRQSY- SLCTION SECTION E-£
et
I Fig. 6-1: Cross Scctions of Failure of lLower San Fernando Dam

(from Seed et al, 1975)




/53

— El.2300

EQRT PEcK nAn

—_— Cross Section Through S51ide at Sta 23+00

Vertical Scale = 5 Times Horye.

—_— F1.2200

g RaservoLr £3.2117

Scale

— E1.3100 - —
- Gravel Toe ; ‘: -
. v Original Cround /4 j __________________________ ; “_‘”'"_'“_.L ----- -
lnuﬂy Alluvial Samde
Shala Surface -
—— ®1.2000 —_—
R T T T N U Y T D T N T T I A I O N O B BN B
us 24 M 2 20 18 18 14 17 10 5 [ s 2 o 2 3 DS
— 2.2300 b SE %0y _ -
Ave Upstream Slcpe | on 4 ‘ ’
— £1.2200 . . . —
1! ! /_>,—/’\7
— Bl.2100 —— Tere —_
__ B1.2000 F(’—f ‘“ﬁsnee: Pila vall
. . —
Fig. 6-2: Cross-Sections of Failure of Fort Peck Dam,

From Casagrande,

1965

-2100

. 2000

.2300
.2200
.2100

1.2000




FIELD
INVESTIGATION

IF PENETRATION
RESISTANCES ARE
NOT ACCURATE

]
|
|
|
|
| EVALUATE ACCURACY |
| OF PENETRATION L 1
l RESISTANCES
| l
| EVALUATE PENETRATION
[ RESISTANCES ON THE
[ BASI5 OF EMPIRICAL CRITERIA
|
| Y \ K
| LOW INTERMEDIATE HIGH
| PENETRATION PENETRATION PENETRATION
i RESISTANCE RESISTANCES RESISTANCE
l K}
| Y | DETERMINE STEADY
| | TuBe sampLES QUESTION STATE LINE (USING
| | NOT PRACTICLE ||APPLICABILITY SAMPLES FOR
| | OR NOT POSSIBLE||OF EMPIRICAL IN SITU SOILS)
| CRITERIA ’
I \ DETERMINE DRIVING
| [LIQUEFACTON SHEAR STRESSES
| FAILURES
i LIKELY
| EVALUATE POSSIBLITY
OF LIQUEFACTION
' FAILURE
| —
Y \
l[ | ) LIQUEFACTION LIQUEFACTION f
FAILURE LIKELY FAILURE UNLIKELY |
| I
! }
I ]
EVALUATE I
A > DEFORMATIONS [ ————
| v T
, r_ i 3
1 DENSIFY SOIL DEFORMATIONS | | DEFORMATIONS
| 12 meMovE anp UNACCEPTABLE ACCEPTABLE
| REPLACE SOIL [
|_[3 MODIFY FOUNDA- -
TION DESIGN STOP  |jug—
4 ABANDON SITE

EARTHQUAKE ENGINEERING

FLOW CHART FOR PROPOSED METHOD OF GEOTECHNICAL



/55

Te, ave

3
1

0.5

NO
GROUND FAILURE
o

. NG

—l L —l L A

5 10 20 50 100 200
CORRECTED STANDARD PENETRATION RESISTANCE, N*

Fig. 6-4: Correlation Between Blowcounts in
Sands and Earthquake Induced
Ground Failure

s CYCLIC MOBILITY
OR LIQUEFACTION

o NO GROUND FAILURE

N = SON

g, +10

6,= EFFECTIVE
OVERBURDEN
PRESSURE, PsI




156

a) "Locked-in" shear stresses due to
anisotropic consolidation beneath
level ground

il tank

Stresses shown are solely

due to load of oil tank

b} "Driving" shear stresses due to
load of o0il tank

Fig. 6-5 Examples of "Locked-in” and
"Driving" Shear Stresses
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Shell: Coarse gradation, dense

T3SSus, use drained strength
in stability analysis.

AV

Possible slip suxfaces

For stability analysis

Core: Tg>S,o, use undrained,
steady state shear

strength in stability
analyses

Fig. 6-6 Example of Stability Analyses to
Evaluate Liquefaction Potential.
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Effective Minor Principal Stress, 53, kg/cm2

Fig. 6-7 Steady State Lines for Banding Sands Plotted in
Terms of Void Ratio vs. 03-
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Relative Density,
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Fffective Minor Principal Stress, 53, kg/cm2

Fig. 6-8 Steady State Lines for Banding Sands Plotted in Terms
of Relative Density vs. O,
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PERCENT OF MAXIMUM DRY DENSITY ACCORDING TO
ASTM D-2049( Percent Compaction)

80

T ¥ LB | LI I I I | UL LA

BANDING SAND #p
(Cy =1.35)

BANDING SAND # |

—
8s {Cy=1.53)

T~ __BANDING SAND #9
(Cy=1.59)

BANDING SAND #4 -
(Cy=1.80)

T

— BANDING SAND #6 .

Note: The ASTM D-2049 Test was not {Cy=1.70)
performed on Sand #4. |,
B The Casagrande Maximum | Denslty 7

was used {see text)

90 | ] L1111 I L1 1 1111 | 11 1111
0.0l 0.1 1 10

EFFECTIVE MINOR PRINCIPAL STRESS, &3 , kg/cm 2

Fig. 6-9 Steady State Lines for Banding Sands Plotted in
Terms of Percent Compaction vs 03

7/




/i

RATIO , o

voib

T T T T T 117 T~ 1T T rrr17 T |IIIIII| T T 1 113101
1.80 -
F1G. 6-10: STEADY STATE LINES FOR A VARIETY
OF SANDS IN TERMS OF vOID RATID
ve E‘}
1.70
1,60
(i) A
.30 r
1
I
|
]
|
| 40 \
1.30
1.20 V
119 NOTES: -
|°> A 1} FOR THDEX PROPERTIES OF SANDS,
SEE TABLE 6-1.
2}LETTERS NEXT TO SAND
IDENTIFICATION NUMBERS INDICATE
GRAIN SHAPE, SR = SUBROUNDED,
SA = JUBANGULAR, ATANQULAR.
1.60 19) A=SA & et
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Relative Density,
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Relative Density vs. gy
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Effective Minor Stress, 53, kg/cm2
Fig. 6-11 Steady State Lines, for a Variety of ‘Sands in Terms of

NOTES::

1)

2)

3)

4)

5)

D, based on epz, and
€nin determined by
ASTM D-2049 for sands
1,5,6,9,10, and 19.

Dy, based on ep,x and
epin determined by
Casagrande Method
for sands 4,12-18.

Relative density
data were not avail-
able for sand 21.

See Table 6-1 for
index properties of
sands.

lLetters next to sand
designation numbers
indicate grain shape|
SR=subrounded, SA=
subangular, A=angu-
lar.
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PERCENT OF MAXIMUM DENSITY ACCORDING TO ASTM DIS57T

75

T T T T 1711 | T T T 1711 | | T T T 1
80 ]
!) Only soils for which ASTM
D-1557 compaction tests were
performed are included in this
figure.
2) See Table 6-1 for index properties
85 of sands.
3) Letters next 10 sond identification
number indicate grain angularity
SR = subrounded, SA=subanqular,
A= angular.
90 -
95 - — - ——— -
100 1 I I ' | | 1 1 1111 | 1 | i | ]
0.01 0.1 1 10

EFFECTIVE MINOR PRINCIPAL STRESS, 0_'3 ’ iiq/t:m2

Fig. 6-12: Steady State Lines For a Variety of Sands in Terms of

Percent Compaction vs. 0’3 .
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1))

BANDING SANDS
B SR

TAILINGS

#5,0471.35
£1,C,71.53

NOTES :
1)egg 1S THE VOID RATIQO ON THE STEADY ]

STATE LINE AT O3 =1kg/cm?2
2)emin FROM ASTM D-2049 OR CASAGRANDE
METHON WHERE D-2049 WAS NOT PERFORMED |

SAME SAND WITH 3)FOR INDEX PROPERTIES OF SANDS, SEE
FINES REMOVED IN TABLE 6-1.
SA,; ~ THECASEOQFSAND #14 4)NOTES . NEXT TO DATA POINTS INDICATE |
(]

UNIFORMITY COEFFICIENT, C, , AND GRAIN
SHAPE, SR= SUBROUNDED, SA= SUBANGULAR,

=l A=ANGULAR ]
) L 1 1 I 1 { 1 1 1 1 1 | ] 1 |
03 0.4 0.5 0.6 o7 08 0.9 }.0 Ll 1.2 .3 1.4 1.5 1.6 1.7 1.8 1.9
°mln(2)
Fig. 6-13: Plot of e  vs. ey ;, for a Variety of Sands
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NOTES : | o, ,kg/cm’
1) Cgqq is the tangent slope [Ae/(Alogo,)] _
of the steady state line. Fig. 6~14: Plot of Cgg vs. g, For a Variety of Sards
2) For index properties of sands,

Table 6-1.
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Void Ratio

.80

.70

.60

@ Steady State obtained from

{ Steady State obtained from

R Tests on undisturbed samples of in situ seoil

R Tests on remolded samples of mixed so0il

T I T |
190
0O Estimated range
~ of Steady State
O~ for in situ soil
™~
95
100
| ] | |
.1 0.3 1 3 " 10 30

Shear Stress, kg/cm2

Fig. 6-15 Correcting Steady State Data for void
Ratio Changes buring Triaxial Consolidation.

Dry Unit Weight, pcf
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Void Ratio
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LEGEND
A Steady State Points with Conven-
tional end platens
0.80
gand of SSL's from
R-Test with lubricated
ends.
0.75 R N )
R-627 Average SSL from R-
Tests with lubri
_ A cated ends.
R-633
0.70 11 31301} 1 L1 123t | 1 1 1 1aqp1i 11
0.02 0.1 . 1.0 10 50
Uli?3
2

Fig. 7-1 Comparisons of Lubricated and Cecnventional End Platens
for Banding Sand No. 6
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Fig. 7-2: Comparisons of Lubricated and Conventional End Platens
for Mine Tailings

100




RAT!O , e

vOID
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{0 STEADY STATE POINT WITH STRAIN
CONTROL ,LUBRICATED ENDS.

BAND OF STEADY STATE LINES

AVERAGE $SL FROM R TEST
USING LUBRICATED ENDS
AND LOAD CONTROL.

0.80 | \

075

691

070 1 11 1it1 1 1 P 11111l
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Fig. 7-3 Comparisons of Strain and Load Control for Banding Sand No. 6
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Fig 7-4 Comparisons of Strain and load Control for Mine Tailings
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Preparation Bulked n
Technique
0il Content As Received — ©) 100
0.6
120 0.01 0.1 1.0 _ 10
- Effective Minor Principal Stress, 05 , KSC

(:) Minimum Density (ASTM 2049)

@ Maximum Density (ASTM 2049~
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Fig. 7-5 Comparisons of Strain and Load Control
For Sand No. 19 (See Table 6-1)
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At O R Tests on 7.1 cm dia. specimens of
Steady, Banding Sand #1
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Fig.

7-6 Effcct of Specimen Sizec on Steady State Line
for Banding Sand
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(:) Minimum Density (ASTM 2049)

(:) Maximum Density (ASTM 2049-
Wet Method)

@ Maximum Unit Weight (ASTM 1557-
Method R)

Fig. 7.7 Effect of Specimen Size on Steady State Line

For Sand No.

19 (See Table 6-1)
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TRIAXIAL TEST RESULTS



175

APPENDIX A

TRIAXIAL TEST RESULTS

This appendix contains both tabular summaries and graphical
presentations of results of all of the triaxial tests performed
for this study. The table titles are given in the attached list
of tables., Individiual test plots are grouped according to soil
type and test type, as indicated in the attached list of figures.
Within each group the test figures are in order by test number.
For each test, the figure contains plots of 1) shear-stress,

(61 - 03)/2, vs axial strain; 2) induced pore pressure, u-uc, VS
axlal strain; 3) effective stress path, (03 - 03)/2 vs
(Gy + §3)/2, and 4) state, void ratio vs &3. __

In the tables, the types of stress-strain curves observed in
the tests are given, and Fig. A-1 contains schematic illustra-

tions of the eight different types of stress-strain curves, as
discussed in detail in Section 4 of the report.

It will be noted in the tables and the test plots that some
test numbers in the numerical sequence are missing. The missing
numbers correspond to tests in which leakage, low saturation or

equipment problems forced termination of the tests or rendered
the results meaningless.
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APPENDIX A

~ LIST OF TABLES

Summary of Isotropically
Compression (R) Tests on

Summary of Isotropically
Compression (R) Tests on

Summary of Isotropically
Compression (RK) Tests on

Summary of Anisotropically Consolidated-Undrained Axial

Consolidated-Undrained Axial
Banding Sand #6

Consolidated-Undrained Axial
Mine Tailings

Consolidated-Undrained Axial
Banding Sands #1, 5 and 9

Compression (AR) Tests on Banding Sand #6

Summary of Anisotropically Conscolidated-Undrained Axial
Compression (AR) Tests on Mine Tailings

Summary of Anisotropically Consolidated-Undrained Cyclic

Axial Compression (CAR) Tests on Banding Sand #é

Summary of Anisotropically Consoclidated-uUndrained Cyclic

Axial Compression (CAR) Tests on Mine Tailings

LIST OF FIGURES

Schematic Illustrations of Types of Stress-Strain Curves

Observed

Individual Test Figures

R-Tests on Banding Sand #6 - 32 tests

R-Tests on Mine Tailings

R-Tests on Banding Sands

AR-Tests on Banding Sand #6

AR-Tests on Mine Tailings

- 26 tests
#1, 5, and 9 - 11 tests

6 tests

- 4 tests

CAR-Tests on Banding Sand #6 - 29 tests

CAR-Tests on Mine Tailings

- 8 tests



ISOTROPICALLY CONSOLIDATED-UNDRAINED

AXIAL COMPRESSION (R) TESTS

Test | Specimen Void Ratioll) Effective | Consol- Back B End Method | Type of | Time to | Time from| Peak |Steady [Effuctive
NG. Dia.] Ht. Consolida- | idatlion | Presgure | Value Caps of Stress-— Peak Paak Lo Shear State” [Stress at
tion Streas Loading scrain Shear 25% Axial | Stress Shear Steady
In Mold| Under After | Skress Ratio Behavlor | Streus Straln SLrtss State
30% Hg fonsola] - o ug 2 [ (4) RERRTT I -
dation Ty o 2 GJT*J) L
¢ c 2 £
_cm | cm en e; L kq/cm2 kq/cm2 min sec kg/cmz kg/cm2 ic.q/cm2
§—601 3.6 | 5.3 0.84 0.837 0.7495 10 1.0 4.00 0.26 L1 L A 12 G.16 2.14 0. 17 (5)
R=602 3.6 |5.3 0.83 0.825 0.785 10 1.0 S.00 0.96 L1 LC A 15 .07 2.24 0.18 ()
R-603 3.6 5.3 0.81 0.805 0.770 10 1.0 4.00 0.95 L1 LC A 18 Q.04 2.53 0.31 O.44
R-604 7.1 0.7 0.83 0.793 0.754 20 1.0 8.0u a.97 L1 LC A 13 0.649 5.64% 0.92 .96
E—SOSA 7.1 0.7 0.84 0.81Y9 0.791 10 1.0 5.00 0.97 L1 I A 10 6.73 2.56 .25 (S)
R-605 3.6 ]5.3 0.82 0.810 0.801 2 1.0 5.00 ¢.941(6) L Le A 13 1.53 0.41 V.04 0.10
5-607 3.6 5.3 0.83 0.814 0.794 4 1.0 5.00 0.95 L1 L A 13 1.94 D.el 0.3 0,12
R-608 3.6 | 5.3 0.92 0.409 0.772 10 1.0 5.00 0.95 L1 Lo 1.y 15 1-10 2.%6 0.39 u. 39
E—GII 3.6 | 5.3 0.82 0.810 0.744 40 1.0 6.00 0.95 L1 LC A 14 ¢.90 11.46 1.4H8 1.60
R=612 3.6 5.3 0.80 0.801 0.738 40 1.0 6.00 0.98 L1 1A A 19 0.7 12.27 4.08 4.98
R-613 3.6 |5.3 0.80 0.793 D.761 10 1.0 S.00 0.94 L1 | £ A 12 1.89 2.31 .56 G.64
R-G14 [ 3.6 5.3 | 0.82 |o0.910 0.792 4 1.0 6.00 0.96 L1 Lc A 12 .27 .78 0. 16 0.1
R-613 3.6 5.3 0.a81 0.810 0.791 4 1.0 4.00 1.00 L1 LC A 14 1.65 0.88 0.19 0.19
R-616 1.6 ]5.3 0.76 0.772 0.765 0.30 1.0 5.00 1.00 L1 LC Lo} 21 - 0.33 0.26 0.130
R-617 | 3.6 | 5.3 | 0.69 |0.713(7) 0.704 2 1.0 4.00 0.97 | 11 I E - - - -
p-618 | 3.6 [5.3 | 0.76 |o.765 0. 765 1 1.0 10,00 0.gu{8) LI T A8 - - : - -
R=619 3.6 ]5.3 0.7% 0.734 0.734 1 1.0 14.00 .0.94(9) L1 [F» [+ 100 5.25 2. 11 1.44 1.45
R-620 3.6 5.3 0.74 0.747 0.747 1 1.0 7.00 ¢.97 L1 LG E - - - - -
R-621 | 3.6 |5.3 | 0.73 |o.728 0.726 1.50 1.0 9.00 0.86010)1 1 E - - - - -
n-622 3.6 | 5.3 0.74 0.738 0.738 1 1.0 7.00 0.86 L1 Le E - - - -
R-623 3.0 ]5.3 0.1 0.806 0.748 40 1.0 6.00 0.94 c L A 13 0.88 11.40 3.7 3.87
R-624 1.6 5.3 0.79 0.789 0.774 4 1.0 5.00 ¢.98 L1 LC A 18 2.06 1.0 0.34 LN ]
E-GZS 3.6 15.13 0.79 0.789 0.774 4 1.0 5.00 0.97 L1 [P A 17 1.70 1.06 0.30 0.7
R=-626 3.6 ]5.3 a.79 0.785 0.770 4 1.0 5.00 0.95 L1 LC A 17 3.46 1.00 .38 0.135
R-627 3.6 8.1 - 0.762 0.749 4 1.0 5.00 0.97 o3 LC A 19 1.57 1. 1v 0.47 0-51
R-624 3.6 |o.1 - 0.803 0.784 4 1.0 5.00 ¢.98 (a4 142 A 15 2,13 0.92 0.18 0.1
R-629 3.6 | 8.1 - 0.791 0.773 4 1.0 S.00 0.98 [ 1< A 15 30 n.9% 0.20 0.14
R-631 3.6 5.3 0.79 0.790 0.728 40 1.0 5.00 1.00 L2 LC A 19 .67 11.94 4.996 312
R-632 3.6 |5.3 0.85 0.841 0.782 20 1.0 5.00 1.00 L2 L A 15 1.34 4.80 0.41 $.62
R-633 3.6 | 8.1 - 0.791 0.725 40 1.0 5.00 0.97 (o4 i A 13 1.39 11.39 3.02 120
R=-634 3.6 | 5.2 0.83 0.819 0.796 4 1.0 5.00 a.97 L2 5C A 1.4 3408 0.90 .16 0.17
R=-635 3.6 | 5.3 0.79 0.791 0.772 4 1.0 .00 0.96 L2 5C A 1.3 34132 1.07 0.47 n.47
Notes: (1) G = 2.66 (S) Pore Preasure cecord shows coffective straess
(2) € - Conventional Ends equal to zero at low straln
L1 - Lubricated, Type 1 (6) B = 0.94 at u = 4.00 kg/cm?
L2 - Lubricated, Type 2 {7) Under 7.5 in. Hg vacuum
{(3) LC - Load Control (8) B = 0.B8 at u = 7.00 kg/fcm?
SC - Strain Control (9) B = 0.94 at u = 4.00 kg/cm?
{4) For description of symbols see Sectlon 4, (10} B = 0.86 at u = 7.00 kg/cm2
Stress-Straln Curves
Geotechnical Engineers Inc. Project B0696

March 1, 1942
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TABLE A-2 - SUMMARY OF R-TEST RESULTS - MINE TAILINGS

ISOTROPICALLY CONSOLIDATED-UNDRAINED

AXIAL COMPRESSION (R) TESTS

Test Specimen void Ratioll) Effective| Consol- Back B End Method Type of |Time to | Time from Peak Steady [Bffective
No. Dia.| Ht. Consolida-| idation | Pressure | Value Capa of Streaa- Peak Peak ta Shear State Stress at
tion Stress Loading | Strain Shear 258 Axial | Stress | Shear Steady
In Mold| Under N Aftﬁf Streys Ratio Behavior |Stress Strain g -0 [tress State
" oisully - - - 1 4 _
30" Hg P o 5,0/050c ue (2) (3) (4) - (Sigia -
cm |cm en ey s kg/cm? xg/cm?2 min sec kg/cm2 kg/cm2 kq/cm2
R=1002 1.6 15.3 1.09 1.034 0.92% ] 1.0 8.00 1.00 L1 LC A-B 6 62 2.18 1.78 1.37
R-1003 3.6 (5.3 1.01 0.977 0.939 q 1.0 6.00 0.97 L2 Lc B - - 1.15 1.26 0,92
R-1004 3j.e [5.3 1.18 1.096 0.740 40 1.0 4.00 0.98 L2 LC A-B 14 43 9.66 7.40 5.80
R-1005 3.6 [5.3 1.03 1.022 0.896 10 1.0 5.00 1.00 L2 LC A-B 10 3130 2.72 2.03 1.82
R=1006 3.6 |5.3 1.17 1.099 0.769 40 1.0 5.00 0.97 L2 LC A-R 14 62 9.81 7.48 5.73
R=1007 3.6 |5.3 1.04 1.0089 0.806 20 1.0 6.00 0.97 L2 LC A-B 14 135 9.12 1.90 31.56
R-1008 3.6 [5.3 1.18 1.070 1.058 2 1.0 6©.00 ¢.98 L2 Lc A 7 5.3 0.52 n.10 0.08
R-1009 3.6 |5.3 1.15 1.092 0.948 10 1.0 4.00 1.00 L2 LC H 8 27.5 2.18 1.79 1.18
R~1010 3.6 |5.3 1.05 0.999 0.870 10 1.0 1.00 0.9a(8) L2 wc A-B 10 1.5% 2.80 2.43 1.63
R-1011 3.6 |5.3 1.00 0.979 0.705 40 1.0 5.00 1.00 L2 LC A-D 14 2.5 11.51 a.26 6.16
R-1012 3.6 |5.3 0.95 0,923 0.777 20 1.0 6.00 1.00 L2 Lc ;3 12 111 5.97 427 3.88
R-1013 3.4H4| 7.59 - 0.952 0.845 10 1.0 6.00 0.97 c L B 11 2.60 3.64 2.99 2.44
K=-1014 3.49|7.41 - 0.954 0.0845 10 1.0 5.00 0.97 c LC B 10 93 3.60 .94 2.0
R-1015 3.49[8.02 - 0.945 0.851 10 1.0 4.00 0.97 [ LC ;] 1" 106 2.84 2.75 2,10
R-1016 3.6 |5.3 0.98 0.958 0.849 10 1.0 4.00 1.00 L2 LC B - - 2.76 2.75 2,01
R=1017 1.6 |5.3 b.%8 0.952 0.850 10 1.0 5.00 1.00 L2 ' -] 1 612 2. M 2.895 2.00
R-1018 3.6 |5.3 1.14 1.078 1.078 1 1.0 5.00 0.97 L2 LC A 12 1.50 0.37 0.04 n.a13
R-1019 3.6 [5.3 1.2 1.056 1.056 1 1.0 6.00 0.95 L2 LC A 13 {5) 0.36 .04 J.02
R-1020 3.6 |5.3 1.01 0.977 0.858 10 1.0 5.00 0.90 L2 LC B 10 19.1 3.52 2.010) 2.00
R=1021 3.6 5.3 1.18 1.090 1.013 4 1.0 5.00 0.98 L2 LC A 16 1 1.01 0.51 0.40
R-1022 1.6 |5.3 1.15 1.073 1.00 4 1.0 5.00 0.97 L2 1C A 16 5.1 1.00 0.61 0.47
5-102] 1.6 | 3.3 1.04 0.997 0.700 40 1.0 5.00 0.97 L2 LC A-D 15 159 10.09 7.78 5.36
R-1024 | 3.6 |[5.3 ]| 1.05 |1.009 0.870 10 1.0 6.00 0.9al7) L2 sC A-B 5.73 1802 2.83 2.42 1.64
R-1025 3.6 15.3 0.94 0.754 0.675 40 1.0 5.00 1.00 L2 LC A=B 17 952 11.66 9.09 T.20
R-1026 3.6 {5.3 0.87 0.872 0.863 2 1.0 5.00 0.97 L2 LC n - - - - -
R-1029 | 3.6 |5.3 | 1.00 [o.997 1.000 0.40 1.0 9.60 u.sa"i" L2 w D - - - -
Notes: (1} G = 2.68 (4) Por descriptiaon of symbols see Section 4,
(2} ¢ - Conventional Ends Stress-Strain Curves
L1 - Lubricated, Type 1 (5) Recorder speed too slow to interpret time data
L2 - Lubricated, Type 2 (6) B-value = 0.94 at u = 6.00 kg/cw?
(3} LC - Load Control (7) B-value = 0.94 at u = 5.00 kg/cn?
5C - Strain Control (8) B-value = 0.93 at u 9.00 kg/cm?

Geotechnical Englineers Inc.
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TABLE A-3 -

SUMMARY OF R-TEST RESULTS - BANDING SANDS #1, 5 AND 9

ISOTROPICALLY CONSOLIDATED-UNDRAINED
AXIAL COMPRESSION (R) TESTS

Test Specimen void Ratiof1) Effective | Consol- Back B End Method Type of | Time to| Time from Peak Steady |Effective
No. Dia.| Ht. Conasolida=- | idaktion | Pressure |Value Caps of Stress-— Peak Peak to Shear State S5tress at
tion Stress Loading | Strain Shear 25% Axial | Stress | shear Steady
In Mold| Under After | Streass Ratio Behavior | Stress Strain Stress State
n Tana 4 - _ a,-0 -
30" Hg |[Consoli 5 e U, (2} (3) {4) 1 Vs 0,7, 5
dation e 1¢° Yace 2 7] o 15
cm | cm €n e; e, kg/cm? kg/cm2 min sec kg/em? kg/em? | kg/cm?
R-10418) 1 7.9 [10.7 | 0.84 |o0.839 0.810 14 1.0 6.00 0.95 L1 LC A 19 0.67 3.95 0.78 0.50
R-105¢8) 1 7.9 10,7 | 0.84 ]o0.839 0.831 4 1.0 6.00 0.97 m Lc A 17 1.05 1.08 0.20 -
R-108¢8) | 3.6 | 5.3 | o0.88 |0.857 | o0.817 10 1.0 4.00 | 0.97 | 11 Lc A 13 0.67 2,21 | 0.16 -
R-110(8) 13,6 5.3 | o0.85 [0.835 | 0.826 2 1.0 5.00 | 0.96 | 11 Lc A 14 1.28 0.41 0.08 0.09
R-11218} 1 3.6 5,3 | 0.85 |0.839 0.796 20 1.0 4.00 0.95 L1 LC A 19 0.80 5.98 1.30 1.32
R-502¢9) [ 3,6 |5.3| 0.89 [0.89(6)] o.@61 a 1.0 10.00 | 0.89(5) 1 LC A 9 1.82 0.89 | 0.13 0.13
RrR=-503{9) [ 3.6 5.3 0.89 [0.877 0.821 20 1.0 5.00 0.94 L1 e A 16 0.80 4.52 0.67 0.72
r-504¢9) [ 3.6 5.3 | 0.88 [0.872 | 0.e24 20 1.0 6.00 | 0.97 | 11 w A 18 1.08 5.26 | 0.98 1.00
R-505(%) | 3.6 | 5.3 o.88 |0.873 0.820 20 1.0 5.00 1.00 L1 IC A 16 0.75 5.13 0.86 0.88
R-904(10) 3.6 1 5.3| o.84 |0.834 | 0.783 20 1.0 5.00 | o0.98 | L1 LC A 16 1.486 5.13  0.63 0.76
rR-205(10) 3 ¢ | 5.3| o.86 |o0.840 0.812 4 1.0 5.00 0.97 Ll LC 13 (7 0.80 0.08 0.10
Hotes:
(1) G = 2.66
{2) L1 - Lubricated, Type 1
L2 - Lubricated, Type 2 (6) Under 15 in Hg vacuum
(3) LC - Load Control (7) Timer not turned on
(4) L - Liquefaction (B) bBanding Sand #5 specimen
{5) b-value = 0.89 at u = 9.00 kg/cm? (%) banding Sand #5 specimen

Geotechnical Engineers Inc.

(10)

Banding Sand #9 apecimen

Projaect B0696

March 1,

1982

bt



TABLE A-4 - SUMMARY OF AR-TEST RESULTS - BANDING SAND #6
ANISOTROPICALLY CONSOLIDATED-UNDRAINED
AXIAL COMPRESSION (AR) TESTS

Test Specimen void Ratiall) Effective | Consol- Back B End Method Type of | Time to | Time from Peak Steady Effective
No. pia.| Ht. Consolida~ | idation | Pressure | Value Caps of Stress- Peak Peak to Shear State Stress at
tion Stresa Loading Strain Shear 25% Axial | Streas | Shear Steady
In Mold| Under After | Stress Ratio Behavior | Stress Strain 4 -0 Stress State
" . 3 - —
30" Hg Fonsol]« _ = s u, (2) (3) (4) - 0,70, O,
dation Oye 97 % 2 — s !
cm | cm en ey ec kg/cm2 kg/cm2 min sec kg/em? | kg/cm? kg/cm?
AE—GOI 3.6 |5.13 0.78 0.781 0.762 4 1.5 5.00 0.99 L1 LC A 12 1.35 1.41 0.43 0.44
AR-602] 3.6 | 5.3 0.79 0.790 0.765 4 2.0 5.00 1.00 L1 LC A 15 2.32 2.10 0.54 0.60
AR-603] 3.6 |5.3 | 0.79 |ov.800 | 0.771 4 2.0 5.00 1.00 | L2 Lc A 6 145} 2.19 | 0.48 0.50
AR-604| 3.6 [5.3 0.79 0.790 0.764 4 2.0 5.00 1. 00 L2 LC A 11 1.01 2.15 0.46 0.46
AE-GOS 3.6 |[5.3 0.78 0.787 0.766 4 1.5 5.00 0.98 L2 LC A 13 1.35 1.42 0.35 0.234
AR-606| 3.6 | 5.3 0.78 0.786 0.765 4 1.5 5.00 0.97 L2 LC A 14 1.36 1.45 0.38 0.35%
Notes: (1) G = 2.66 (5) Recorder speed too slow to interpret time data
(2) L1 - Lubricated, Type 1
L2 - Lubricated, Type 2
(3) LC - Load Control
(4) L = Liquefaction
Geotechnical Engineers Inc. Project 80696

March 1, 1982

Q81



Geotechnical Engineers Inc.

TABLE A-5 - SUMMARY OF AR-TEST RESULTS = MINE TAILINGS
ANISOTROPICALLY CONSOLIDATED-UNDRAINED
AXIAL COMPRESSION (A}-lr) TESTS
Test Specimen Void Ratio{(1) Effective | Consol- Back B End Method Type of | Time to | Time from | Peak Steady | Effective
No. Dia+| Ht. Consolida-| idation | Pressure | Value Caps of Stresg- Peak Peak to Shear State Stress at
tion stress Loading Scrain shear 25% Axlal | Stress | Shear Steady
In Mold| uUnder After | Stress Ratio Behavior | Stress Strain g _g_ | Stress State
30" Hg [Consoli- - 5 /5 u (2) (3) (4) 1 3 oo b
o a c 0q..
dation Tye 1o 3¢ 7 \ j 14
¥
cm | em en e e, kg/cm2 kg/cm2 min sec kg/cm2 kg/cm2 kg/cm2
‘AR-1001 ) 3.6 {5.3 1.10 1.051 0.832 10 2.0 5.00 0.98 L2 LC A 15 29.0 5.55 .87 2.98
AR-1002 | 3.6 |5.3 1. 10 1.032 0.91306 4 2.0 5.00 0.97 L2 LC A 14 37.2 2.49 1.74 1.30
AR-1003 | 3.6 [5.3 1.08 1.020 0.926 3.20 2.5 5.00 0.96 L2 LC A 9 S8 2.81 1.98 1.48
AR-1004 | 3.6 [ 5.3 1.16 1.083 1.012 2 2.0 5.00 0.97 L2 LC A 5 47.2 1.14 0.52 0.34
Notes: (1) G 2.08
(2} L1 - Lubricated, Type 1
L2 - Lubricated, Type 2
(3) LC - Load Control
(4) L - Liquefaction

Project B0696

March 1,
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TABLE A-6 —- SUMMARY OF CAR TEST RESULTS — BANDING SAND #6

ANISOTROPICALLY CONSOLIDATED-UNDRAINED CYCLIC AXIAL
COMPRESSION (CAR) TESTS

A

Pest Specimon void Ratiof{1) Effective | Consol i- Rack B End | Cyclic At steady State
No. pia.] nHt. Consoli- | dation Pressure | Value | Caps | Shear
dation Stress (2) Stresas
1n Mold| Under After stress Ratio U =0 Rumber of | ., 4 o
30" Hg [ Consgoli- 3 _ . ( 1 J Cycles of (_.'_.}l 14
Vacuum | dation ¢ 01c/u3(; U, 2 ]-y Loading ? M
cm| em en ey e ky/cm? kg/cm? kg/cm? kg/cm? | kg/cm?
CAR-602 1.6 |u.3 0.79 [0.785 [0.766 4 1.5 5.00 0.97 L1 0.20 290 0.41 0.45
CAR-603 3.6 |5.3 0.76 |0.775 |0.755 4 1.5 5.00 0.91¢4) 11 0.28 27 0.40 0.45
CAR-604 3.6 5.3 6.79 |0.785 |o0.768 4 1.5 5.00 0.94 L1 0.22 132 0.42 0.39
CAR-605 3.6 [ 5.3 0.79 |0.783 | 0.764 a 1.5 6.00 0.97 L2 0.32 27 0.40 0.40
CAR-606 1.6 5.3 0.79 [o0.782 |v.7e2 a 1.5 5.00 0.95 L2 0.36 7 0.36 0.32
CAR-607 3.6 [ 5.3 0.79 [0.786 |0.768 4 1.5 5.00 0.95 L1 0.17 415 0.40 0.35
CAR-608 3.6 5.3 0.79 |o0.788 |0.771 4 1.5 6.00 0,93 L1 0.36 8 0.39 0.39
CAR-609 1.6 [ 5.3 0.79 |0.780 | o0.760 4 2.0 6.00 0.31 L1 0.07 1394 0.67 0.63
CAR-610 1.6 | 5.3 0.79 |o0.700 ]o0.756 4 2.0 5.00 0.95 L1 0-09 204 0.69 0.68
CAR-611 3.6 5.3 ¢.78 |0.778 | 0.754 4 2.0 5.00 0.95 K1 0.114 451 0.71 0.70
CAR-612 3.6 5.3 0.78 | D.784 | 0.758 4 2.0 5.00 0.96 LA 0.11 433 0.62 0.60
CAR-614 3.6 | 5.3 p.79 |©0.793 |o0.768 4 2.0 6.00 0.96 L1 0.11 09 0.56 0.56
CAR-615 3.6 ] 5.3 0.78 }o.784 |o0.762 4 2.0 5.00 0.97 L2 0.17 22 0.77 0.77
CAR-616 3.6 5.3 0.78 [0.781 | 0.753 4 2.0 5.00 0.98 L2 0.21 4 0.49 0.51
CAR-617 3.6]5.3 0.79 }o0.791 Yo0.771 4 1.5 5.00 0.98 L2 0.34 3 0.35 0.32
cAR-618 | 3.65.1 | 0.79 |[0.787 [0.766 4 1.5 6.00 0.94¢(3} .2 0.30 1446} | 0.33 | o.m
CAR-621 3.6 | 5.3 0.87 |o.856 }o0.792 4 2.0 5.00 0.97 L2 0.16 21 0.22 0.19
CAR-622 3.6 5.3 0.44 |{0.821 |o0.782 4 2.0 5.00 1.00 L2 0.15 20 0.26 0.24
CAR-623 3.6 | 5.3 p.82 |on.812 |o.779 4 2.0 5.00 D.97 L2 0.19 34 0.32 0.30
CAR-524 3.6 | 5.3 0.78 |0.778 | 0.7a9 4 2.0 5.00 0.97 L2 0.20 12 0.52 0.50
CAR-625 1:6 (5.3 0.65 | 0.655 | 0.642 a 2.0 6.00 0.94¢7) L2 0.60 201 - -
CAR-626 3.6]5.3 0.74 |0.745 |o0.722 4 2.0 5.00 0.96 L2 0.60 154 - -
CAR-627 3.6 | 5.3 0.74 |0.744 | 0725 4 2.0 5.00 0.98 L2 0.61 122 - -
CAR-628 3.6 | 5.3 0.72 [0.731 | 0,713 4 2.0 5.00 0.97 L2 0.59 100 - -
CAR-629 3.6 (5.3 0.70 |0.705 | 0.690 4 2.0 5.00 0.96 L2 0.59 103 - -
CAR-630 3.6]5.3 0.70 | 0.707 | 0.691 4 2.0 5.00 0.98 L2 1.09 101 - -
CAR-631 3.6|5.3 0.78 |0.770 |o0.752 4 1.5 5.00 0.98 L2 0.30 19 0.50 0.50
CAR-632 3.6]s5.3 0.74 [0.749 | 0.734 4 1.5 5.00 0.97 L2 0.30 51 2.40 2,60
CAR-631 3.6 ) 5.3 0.70 0.715 | a.701 4 1.5 5.00 06.98 L2 0.30 9g ' - -
Notes: (1} G = 2.66 (5] B = 0.94 at u = 5.00 kg/cm?
(2) L1 - Lubricated, Type 1 (6) cycling stopped after 13 cycles, stresses and stralns
LZ - Lubricated, Type 2 stable for 40 min., liquefaction on 14th cycle
(3] D - Dilation, L - Liquefaction under Monotonic Loading (7) B = 0.94 at u = 5.00 kg/em?
(4) B = 0.91 at u = 4.00 kg/cm? {8) Load cycled until 1.0 kg/cn® pore presaure build up.

Geutechnical Engineers Inc.

Specimen then loaded monotonically.
(9) All tests were load controlled.
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TABLE A-7 - SUMMARY OF CAR TEST RESULTS - MINE TAILINGS

ANISOTROPICALLY CONSOLIDATED-UNDRAINED CYCLIC

AXIAL COMPRESSION (CAR) TESTS

Test Specimen Void Ratiof{1) Effective | Consoli- Back B End Cyclic At Steady State
No. Dia.| Ht. Consoli- dation Pressure Value Caps Shear
dation Stress (2) Stress Number of o —o' o
In Mold| Under After Stress Ratio 0 -d Cycles of | 1
30" Hg | Consoli- _ - - 13 Loading 2 M
Vacuum | dation SEYS 9,79 uc 2 oy
cm cm en ej eg ky/cm? kg/cn? kg/cm2 kg/cm? | kg/cm?
CAR-1001 3.6 | 5.3 1. 12 1.040 0.831 10 2.0 5.00 0.97 L2 0.42 786 4.12 2.88
CAR-1002 | 3.6 [5.3 0.94 [0.930 | 0.887 3 2.0 5.00 0.97 L2 0.48 141 - -
CAR-1003 3.6 | 5.3 0.98 0.955 0.911 3 2.0 5.00 0.98 L2 1.05 2 - -
CAR-1004 3.6 5.3 1.08 1.042 0.914 8 1.38 5.00 0.98 L2 0.50 107 - -
CAR-1005 3.6 (5.3 1.08 1.040 0.910 a 1.38 5.00 0.96 L2 1.33 9 - -
CAR-1006 3.6 | 5.3 0.95 0.937 0.895 3 2.0 5.00 0.97 L2 0.77 52 - -
CAR-1007 3.6 | 5.3 0.96 0¢.946 0.899 3 2.0 6.00 0.95 L2 0.31 214 - -
CAR-1007B| 3.6 | 5.3 - - 0.891(3) 3 2.0 6.00 0.95 L2 0.84 52 - -
Notea: (1) G = 2.68

(2)
(3)

(4)

L2 - Lubricated, Type 2
Specimen from test CAR-1007 was reconsolidated after cycles
and subject to higher cyclic stress (Test CAR-1007B)
All tests were load controlled.

Geotechnical Engineers Inc.
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Note: See Section 4 of report for discussion.
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o | STATE AFTER 2 2 TESTING DETAILS Specimen Diameter 3-60 cm
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- 2 = 2 TESTING DETAILS : Specimen Diameter 3.60cm
Q . =10.00%k =10.00 k .
o CONSOLIDATION: 04, 9/cm %1c 9/cm : Specimen Height 5.30 cm
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o
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(o]

=40.00 kg/cmz' (_J =
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5.30 cmy
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STATE AFTER
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2 -
3e =40,00 kg/cm , olc

ec = 0.738 ch =

95.5 pcf

=40.00 kg/cm2

TESTING DETAILS

Specimen Diameter 3.60 cp
Specimen Height  5.30 cm
End Platens: Lubricated, Type 1
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0.761, y, = 94.2 pcf
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10.00 kg/cm , Ulc =10.00 kg/cm

2 TESTING DETAILS

s me ws

Specimen Diameter 3-60 cnm
Specimen Height 5.30 cm
End Platens: Lubricated, Type 1
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.1 STATE AFTER
@ - 2 - i ié 3.60
.: CONSOLIDATION: O = 4.00 kg/cm>, O — 4.00 kg/cmz TESTING DETAILS Specimen Diameter cm

1c

0.792, 92.6 pcf
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Il
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Specimen Height 5.30 cm
End Platens: Lubricated, Type 1
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. d
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g

e

3c

C

1c

0.791, chz 92.7 pcf

4.00 kg/cmZ, a = 4.00 kg/cm2

TESTING DETAILS :

’

Specimen Diameter 3-60 cm
Specimen Height 5.30 cm
End Platens: Lubricated, Type !
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STRUCTURE : Compacted Moist Load Control
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o | STATE AFTER - 2 2 TESTING DETAILS ci i 3.60
> | consorrparron: o, = 0.30kg/em”, 5, =0.30 kg/cm :  Specimen Diameter =-7- cm
c lc : Specimen Height 5.30 cm
€ = : End Platens: lubricated, Type 1
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STATE AFTER
CONSOLIDATION:

2 TESTING DETAILS Specimen Diameter 3.60cm
Specimen Height 5.30 cm

End Platens: Lubricated, Type 1
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CONSOLIDATION:

3c

o4

0.765,

2 -
1.00 kg/em , 0. = 1.00 kg/cm

1c

ch = 94,0 pcf

2 TESTING DETAILS

Specimen Diameter 3.60 cm
Specimen Height 5.30 cm

End Platens: Lubricated, Type 1
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CONSOLIDATION: = 1.00 a = 1.00 k .
¥ 93¢ kg/em -, lc 9/cm : Specimen Height 5.30 cm
e = 0.734, Yae = 95.7 pef : End Platens: Lubricated, Type 1
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~ " = 1.00 = 1.00 p
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ec = 0.747, ch = 95.0 pcf : End Platens: Lubricated, Type 1
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& STATE AFTER . ,
~ - 2 - 2 TESTING DETAILS : Specimen Diameter 3.60 cm
CONSOLIDATION: o. = 1.00 kg/em“, g, =1.00 kg/cm : °
» 3c 9/ lc g/¢c : Specimen Height  5.30 cm
e, =0.738, y, = 95.5 pef End Platens: Lubricated, Type 1
c c

tiog=



50

teo-y

50 1 1 ] ] 1 1
STRESS - STRAIN STRESS PATH
a0k _ ] _
18 minutes
~ 30} - « Ok -
s NI 0.88 seconds ‘J E
° | L ~
(-]
Y = - = 20k -
g &
]
ol 10 . ;_ lop _
0 1 i 0} | l 1 1 { |
0 10 20 30 40 50 60 70 80
40 0
g % yhg/cm?
301 110 - LT Irhm T TTTIIN BERRALLL T T T
L STATE
20’_ 0.85 )
120 ® L o -
[, ] -~ - - m b
E E 2()2%)_£ . [~
2 o =" u onsoli-J
o 10 —|3O ~ L-§ = . -
= : o x -avg.SST, atiaon
o INDUCED PORE PRESSURE - o00.75F =y .
L, w® 2 T Estear
0.70 11 ||||||l e ol 3o
0.01 ol ! 10 100
] { g 2
0 i0 20 30 Oyr ko/om
AXIAL STRAIN, %
SOIL Banding Sand #6 METHOD OF LOADING: Undrained, Axial Compression
STRUCTURE : (Compacted Moist Load Control

STATE AFTER
CONSOLIDATION:

030

]

c

=0,748 , 95.0 pcf

ch -
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TESTING DETAILS :

Specimen Diameter 3.60 cm
Specimen Height 5.30 cm
End Platens: Conventional
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e 1T + ¢ - SSI. N | ks ]
o o ion N
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o ~ < C ]
£ ' 1 = = F \?‘% :
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] »~ © C ]
> 0 10 ' 3 n \\} ]
RN S R {1 AR,
. 0l | 10 100
I | - 2
0 6 20 3 . Oy, he/em
AXIAL STRAIN, %
SOIL Mine Tailings METHOD OF LOADING: Undrained, Axial Compression
STRUCTURE : Compacted Moist Load Control

STATE AFTER
CONSOLIDATION:

0

3c 1
5r = f
0.845 ch 90.6 pPc

e
c

2 - 2 TESTING DETAILS
10.00 kg/cm , © ¢ ~lo.00 kg/cm

Specimen Diameter 3.60 cm
: Specimen Height 5.30 cm
End Platens: conventional
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6 ~ S SSL .
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" — -
5 w® 3 :
o 7ob— et ool il 3o
0.0 (o1 | 10 100
] ] ] a., 2
0 20 30 30 ke/em
AXIAL STRAIN, %
S0IL : Mine Tailings METHOD OF LOADING: Undrained, Axial Compression
t
STRUCTURE : Compacted Moist Load Control

STATE AFTER

CONSOLIDATION:

- 2 -
=10. o)
03c 0.00 kg/cm ,
e = 0.85%1, =
c Y

1c

90.3
dc pct

=10.00 kg/cm2

TESTING DETAILS

T YR TY

Specimen Diameter 3.60 cm
Specimen Height 5.30 cm
End Platens: Conventional
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| E !
STRESS PATH

9TOoT-¥
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o 8 20 minutes ]
E . "
$ o 3
o 6 ~ ]
- o
- E
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' . b
- )

b —
27 b .y
0 ] ] ] 1 1 I ] | 1
2 4 8 10 12 14 - 16 18 20
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6F - \
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) e Fre avg_>\< :
e 4 e 2 - sst ~ I\ .
~ [ = L -
o , ~ I - | 4
= 2 : o2 x N L shear ]
2 INDUCED PORE PRESSURE - o
) ” O C N
5 0 b 9 - ]
L Ll iy IRl
0l ol l 10 1 G0
J i 2
o G 20 O kg/cm
AXIAL STRAIN, %
SOIL : Mine 'Pailings METHOD OF LOADING: Undrained, Axial Compression
STRUCTURE : Compacted Moist Load Control

STATE AFTER

CONSOLIDATION:

2
c =10.00 kg/em , O
0.849, Y

1c
dc

=10.00 kg/cm
= 90.4 pcf

2 TESTING DETAILS

Specimen Diameter 3,60 cm
Specimen Height 5.30 cm

End Platens: Lubricated, Type 2
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L2 STRESS - STRAIN 12 ' 'strebs pdrH | ' rot }
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8 - : -
- 632 seconds . 8 P
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-~ 1 8
- o
Y ar — - L) - _
' -
g ]
° 2 . 6] 2} -
0 1 1 0 | ] i 1 ] 1l 1 l
0 2 4 6 8 10 12 14 16 18 20
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8- -2
C— T T 1 VO T IIIIHT__77T11THU
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i 1.00F ]
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£ € o a0 aok SsL W th.n 1
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o ~ [ » n
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' b 9 a ]
3 0 10 g L -
0,70 A Y uﬂ L)L
0.0l Y I 0 100
1 1 pot 2
0 10 20 iD 03 ’ k'/clﬂ
AXIAL STRAIN,%
SOIL Mine Tailings METHOD OF LOADING: Undrained, Axial Compression
STRUCTURE Compacted Moist Load Control

STATE AFTER
CONSOLIDATION:

- 2
= k o]
O,c ~10.00 g/em

e = 0.850, Y,. =

c dc - 90.4 pcf

1c ~10.00 kg/cm

2 TESTING DETAILS

T T Y

Specimen Diameter 3_gQ cm
Specimen Height 5.30 Cm

End Platens: Lubricated, Type 2
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> 7 > 2
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" 0.50} - = o.50}F -
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b
0 ’ 1 0 ] I L | 1 i
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0.0l ol ] 10 100
A L . o 2
0 20 30 0., ke/em
AXIAL STRAIN, %
SOIL : Mine Tailings METHOD OF LOADING: Undrained, Axial Compression
STRUCTURE : Compacted Moist Load Control
o
]
. | STATE AFTER _ ,
- 2 = 2 TESTING DETAILS : Specimen Diameter 3.60 cm
o . = =
e CONSOLIDATION: 0, = 1.00 kg/cm”, 0, = 1.00 kg/cm . Specimen Height  5.30 om
GC = 1.078, ch = B80.5 pcf : End Platens: Lubricated, Type 2
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STRESS - STRAIN STRESS PATH
1.00F - 1.00F -
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T 0.751 -1 0.75F .
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-~ —» o
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- 0.501 - = 5 50 —
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] b
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- E
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e ° - @ -] b
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$0.25 o7 & - \ avg. ;
- ' s X SSL 1
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p e o C ]
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0.0l 0l ~ [ ) 100
i L — a., 2
( i6 20 30 30 kg/em
AXIAL STRAIN, %
SOIL : Mine Tailings METHOD OF LOADING: Undrained, axial Compression
. d
STRUCTURE : Compacted Moist Load Control
el .
|
. | STATE AFTER 5 , .
= - 2 TESTING DETAILS : Specimen Diameter 3.60 cm
(@] - = =
- CONSOLIDATION: 03(: 1.00 kg/cm , olc 1.00 kg/cm :  Specimen Height 5 30 cm
e, =1.05%6 , ch = g1.3 pcf . : End Platens: Lubricated, Type 2
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UL I 1 } T I
12 STRESS - STRAIN 12 STRESS PATH | ! .
Note: A large load(s) was applied to the
10 10k specimen just before liquefaction in _J
F 10 minutes order to increase the velocity of
g deformation and reach the steady
| = . ; o -
o 19.3 seconds v 8 E.tdt(—;& of deformation v-vlthln the o
o — E strains measurcd. 'This large driving
S \ g .
e 6 S 6 load(s) caused a secondary peak in —
- ax the stress-strain diagram and an
Y Ak - al- unusual stress path. a
. b
Ry —— '
2| b 2F =1
| 1 0 1 1 1 1 1 1 | |
0 o 2 4 6 8 10 12 14 16 18 20
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E 4 6 & 2 9.0 avg-SSE -D\( tion
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0.01 (o] I 0 100
I l G 2
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SOIL Minc Tailings METHOD OF LOADING: ypdrained, Axial Compression
STRUCTURE : Compacted Moist Load Contrel
1 .
]
}o STATE AFTER A .
o ~ 2 - 2 TESTING DETATLS Specimen Diameter 3_60 cm
DA : = = . .
S CONSOLIDATION U3c 10.00kg/cm™, Ulc 10.00 kg/cm . Specimen Height 30 cm
e, = o.858° Yg. = 90.0 Ppef : End Platens: Lubricated, Type 2
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STRUCTURE : Compacted Moist Load Control
o1
' STATE AFTER .
= - 2 - 2 TESTING DETAILS : Specimen Diameter 3.60 cm
< 4 = = g
g CONSOLIDATION: O = 4.00 kg/om™, @, = 4.00 kg/cm : Specimen Height 5.30 cm

e

c 1.013, ch = 83.1 pcf : End Platens: Tubricated, Type 2
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AXIAL STRAIN, %
SOIL : Mine Tailings METHOD OF LOADING: Undrained, BAxial Compression
STRUCTURE Compacted Moist Load Control
o
) STATE AFTER
= = 2 = 2 TESTING DETAILS Specimen Diameter 3-60 cm
O . = = ;
© CONSOLIDATION: U3c 4.00 kg/cm , 01(: 4.00 kg/cm Specimen Height 5.30 cm
e =1.001 ., ch = 83.6 pcf End Platens: ILubricated, Type 2
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L ] 5 2
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AXIAL STRAIN,%
SOIL Mine Tailings METHOD OF LOADING: Undrained, Axial Compression
STRUCTURE : Compacted Moist Load Control
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— STATE AFTER . .
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IDA N : = . ’ =40. . .
E CONSOLIDATIO Oy = 40 00kg/cm 0, =40.00 kg/cm . Specimen Height 5.30 cm
e, = 0.870, Y4 = 89.4 pcf : End Platens: Lubricated, Typc 2
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.
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ol 1a F \ STATE 1
1.00 ==
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5 ) 20 30 a,, ke/em
AXIAL STRAIN,%
SOIL Mine Tailings METHOD OF LOADING: Undrained, Axial Compression
. Strain C ol
STRUCTURE Compacted Moist at ontr
byl
1
w~ | STATE AFTER - . .
.= 2 - 2 TESTING DETAILS : Specimen Diameter 3.60 cm
(@]
: CONSOLIDATION: O_ = k o, =10.00 k \ .
" 3c 10.00 kg/em -, 1c 10.00 kg/cm : Specimen Height 5.30 cm
e, = 0.870, y, = 89.4 pcf End Platens: Lubricated, Type 2
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AXIAL STRAIN, %
SOIL : Mine Tailings METHOD OF LOADING: Undrained, Axial Compression
, Load
STRUCTURE : Compacted Moist oad Control
ol |
! STATE AFTER
(= - 2 - . .
8 CONSOLIDATION: & =40.00 kg/cm”, O =40.00 kg/cm2 TESTING DETAILS Specimen Diameter 3_60 cm
(9]

3c 1lc

€. = 0.675 Yac = 99,8 pcf

: Specimen Height 5.30 cm
: End Platens: Lubricated, Type 2
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3 - ao0.80f - ‘ ]
' 4, ® 2 - .
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0.0l (o1} | 10 100
| | ) = 2
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AXIAL STRAIN, %
SOTL Mine Tailings METHOD OF LOADING: Undrained, Axial Compression
. Load Control .
STRUCTURE Compacted Moist ad tontro

STATE. AFTER

CONSOLIDATION:

2.00 kg/cmz, =2.00 kg'/cm2

0.8 =
c 63, Yac

G3c c’lc
89.8 pecf

It

€

TESTING DETATLS

-

Specimen Diameter 3_g0cm
Specimen Height 5.30 cm
End Platens: pubricated, Typoc 2
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0.6 STRESS - STRAIN . o.6p ! STRESS PATH !
0.5k - 0.5L n
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~
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0.70L
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] | _ o 2
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AXIAL STRAIN,%
S011, : Minec Tailings METHOD OF LOADING: Undrained, Axial Compression
STRUCTURE :  Compacted Moist Load Control
ol |
! STATE AFTER '
L _ _ . .
S CONSOLIDATION: & =0.40 kg/cmz, pr = 0.40 kg/cm2 TESTING DETAILS Specimen Diameter 3,60 cm
O

3c lc
e, “1.000+ Y4, = 83.6 pcf

Specimen Height 5.30 cm
End Platens: TLubricated, Type 2
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n T T T | T T
12 STRESS - STRAIN - 2t b STRESS PATH ' -
10 - 10 -
19 minutes
iy - of l
= 0.67 seconds -~
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' 4F b 4
- ]
b 2 - 'y 2 _
0 | ] 0 1 1 | 1 ] ] 1
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14 = L 7+ T kg/cm?
=z -
10f
ﬁ 5 C T TN T T Trm 1T T T T
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5 - -
0.85 -
. 10 ° T . 4 '\‘_<~ cons".)lj— ]
E “E S - m \ - podation
o — 0.8
'; 0 14 : : 0: )SSL ~shear .
= , e « C avg. ]
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B o B2 - :
-1 20 - -
o 7oLt 1 1111uﬂ el ey
0.0l al i 10 100
i | pt 1
0 G 20 30 0y, kg/em
AXIAL STRAIN, %
SOIL Banding Sand #1 METHOD OF LOADING: Undrained, Axial Compression
STRUCTURE Compacted Moist Load Control

STATE AFTER
CONSOLIDATION:

- 2 -
g =14.00 kg/cm o
30 g/cm

ec =0.810 . ch =

lc
91.7 pcf

=14.00 kg/cm

2 TESTING DETAILS :

Specimen Diameter 7.310 cm
Specimen Height 10.70 cm
End Platens: Lubricated, Type 1
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STRESS - STRAIN STRESS PATH
] ~ 44— -
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"E 3 -1 ”n i -
b L 1.05 seconds i E
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2 -2 - == _ co solidatioq
NE ~ o’ - \L1— shear b
4 ) N ]
o ° = 0.80
3 1 4, & 20 avg. :
~3 o x - SSL :
o INDUCED PORE PRESSURE - ao0.75F .
' |bﬂ o [ ]
2 0 4 > [
o.700 L Lt Ll luuuL_|_j_1_|_|_|_LH
0.0l al i 10 100
1 l ] = 2
0 0 20 0 G, kg/cm
AXIAL STRAIN, %
SOIL :  Banding Sand #1 METHOD OF LOADING: Undrained, Axial Compression
STRUCTURE Compacted Moist Load Control
o] '
i | STATE AFTER 2 - 2 TESTING DETAILS Specimen Diameter 7.10 cm
o CONSOLIDATION: &. = 4. = 4. 5 : :
i NSO TT 03c 00 kg/cm , Ulc 4.00 kg/cm Specimen Height 10.70 cm
e =0.831, Y ='90.6 pcf End Platens: Lubricated, Type 1
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12 STRESS - STRAIN ] 12 P U Tsrreds eatw v =
101 - 10 - -4
e 8 13 minutes — B~ ]
E E le ol
N o ' ot
L - ~ - . -
.; 6 0.67 seconds ° 6 Estimated stress path
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o i0 20 30 0, ke/em
AXIAL STRAIN, Y%
SOTI, : Banding Sand #1 METHOD OF LOADING: Undrained, Axial Compression
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STATE AFTER
CONSOLIDATION:

2
g, =10.00 kg/cm , O

3¢
e = 0.817 Y =

c dc

2
= k
le 10.00 kg/cn

91.35 pcf

TESTING DETAILS :

Specimen Diameter3.60 cm
Specimen Height 5.30 cm
End Platens:

Lubricated, Type 1
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! STATE AFTER .
= = 2 = 2 TESTING DETAILS : Specimen Diameter 3.60 cm
= : = =
=y CONSOLIDATION: 03(: 2.00 kg/cm™, Glc 2.00 kg/cm :  Specimen Height 5.30 cm
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e = 0.768, 93.9 pef :+ End Platens: Lubricated, Type 1
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