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ABSTRACT

The report evaluates the results of a three-year research
program conducted to investigate the settlement and liquefaction

of sands under multi-directional shaking.

The investigation indicated that the behavior of a saturated
sand under cyclic loading conditions is a function of its geologic
and seismic history and grain structure as well as its placement
density. It is concluded that the resistance to liquefaction of a
sand deposit can best be estimated by laboratory testing on un-

disturbed samples.

It is shown that cyclic triaxial tests used in conjunction

with appropriate correction factors to account for multi-directional

shaking, simple shear loading conditions, and overconsolidation

effects can provide valid data on cyclic loading characteristics.

The concepts of "limited strain potential" and acceptable
value of the factor of safety against initial liguefaction are

introduced in the report.
Finally, the two basic methods for evaluating liquefaction

potential and the effects of liquefaction are reviewed and updated

with the information obtained through this research effort.
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FOREWORD

This report evaluates the results of a three-year research
program conducted by the University of California to investigate
the settlement and liquefaction of sands under multi-directional
shaking. This work represents a part of continuing studies to
evaluate free-field soil behavior under earthquake loading condi-
tions. This and other related studies each provide important
steps in the overall project for improving methods for evaluation
and prediction of soil behavior at potential nuclear power plant

sites under seismic loading conditions.

This work was conducted by the University of California,
Berkeley, under subcontract to the joint venture of Shannon &
Wilson, Inc. (SW) and Agbabian Associates (AA) as a part of Con-
tract No. AT(04-3)-954 between the joint venture (SW-AA) and the
United States Nuclear Regulatory Commission.
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EVALUATION OF SOIL LIQUEFACTION POTENTIAL FOR
LEVEL GROUND DURING EARTHQUAKES
A SUMMARY REPORT

By H. Bolton Seed!, Ignacio Arango?, and Clarence K. Chan?®

CHAPTER 1
GENERAL STATE OF KNOWLEDGE

1.1 INTRODUCTION
Since the catastrophic failures due to soil liquefaction in
the Alaska (1964) and Niigata (1964) earthquakes, great interest

has developed in this phenomenon in seismically active regions of

the world. Major landslides (Seed, 1968), lateral movements of
bridge supports (Ross, Seed, and Migliaccio, 1969), settling and
tilting of buildings (Ohsaki, 1969), and failure of waterfront
structures have all been observed in recent years as a result of
this phenomenon, and efforts have been increasingly directed to
the development of methods for evaluating the liquefaction po-
tential of soil deposits. It is the purpose of this report to
review recent developments in procedures available for this
purpose and suggest the most appropriate methods for use in

engineering design at the present time.

It should be noted at the outset that the term "liquefaction"
as used in this report describes a phenomenon in which a cohe-
sionless soil loses strength during an earthquake and acquires a
degree of mobility sufficient to permit movements ranging from
several feet to several thousand feet. When the term was orig-
inally introduced, it was intended to describe a phenomenon in
which a soil could undergo large movements, as in flow slides,
with an essentially constant and very low residual resistance to
deformation resulting from the development of high pore water

pressures. However, damages resulting from limited movements of

'Professor of Civil Engineering, University of California, Berkeley
’staff Consultant-Dynamics, Shannon & Wilson, Inc., Burlingame

’Research Engineer, University of California, Berkeley



only several feet in recent earthquakes have been attributed to
"liquefaction." While the term "cyclic mobility" has been sug-
gested as a more appropriate term to describe this latter type of
soil behavior, the broader use of the term "liquefaction" is

adopted in the following pages.

However, in an effort to clarify the sometimes misleading
impression that differences in terminology reflect wide differ-
ences of opinion concerning the nature of the phenomena involved,
the following qualifications of the term "liquefaction" will also

be used:

a. "Initial Liquefaction": denotes a condition where,

during the course of cyclic stress applications, the
residual pore water pressure on completion of any full
stress cycle becomes equal to the applied confining
pressure; the development of initial liquefaction has no
implications concerning the magnitude of the deforma-
tions which the soil might subsequently undergo; however,
it defines a condition which is a useful basis for
assessing various possible forms of subsequent soil be-

havior.

b. "Initial Liquefaction with Limited Strain Potential" or

"Cyclic Mobility": denotes a condition in which cyclic

stress applications develop a condition of initial
liquefaction and subsequent cyclic stress applications
cause limited strains to develop either because of the
remaining resistance of the soil to deformation or be-
cause the soil dilates, the pore pressure drops, and the

soil stabilizes under the applied loads.

c. "Liquefaction": denotes a condition where a soil will

undergo continued deformation at a constant low residual

stress or with no residual resistance, due to the build-



up and maintenance of high pore water pressures which
reduce the effective confining pressure to a very low
value; pore pressure build-up may be due either to

static or cyclic stress applications.

Hopefully, within this framework of terms, it will be pos-
sible to adequately describe the various phenomena involved when
pore pressures are generated in soils by earthquake motions with
resulting deformations of tolerable or intolerable magnitudes for

engineering purposes.

For the purposes of this evaluation, considerations of
liquefaction potential are limited to cases of relatively level
ground where the response to stresses induced by an earthquake is
not further complicated by the presence of initial horizontal
shear stresses due to the proximity of ground surface irregular-

ities or loads.

1.2 CAUSES OF LIQUEFACTION

It is now generally recognized that the basic cause of
liquefaction of saturated cohesionless soils during earthquakes
is the build-up of excess hydrostatic pressures due to the ap-
plication of cyclic shear stresses induced by the ground motions.
These stresses are generally considered to be due primarily to
upward propagation of shear waves in a soil deposit, although
other forms of wave motions are also expected to occur. Thus,
soil elements can be considered to undergo the series of cyclic
stress conditions illustrated in Fig. l-la, the stress series
being somewhat random in pattern but nevertheless cyclic in

nature as shown in Fig. 1l-lb.

As a consequence of the applied cyclic stresses, the structure
of the cohesionless so0il tends to become more compact with a result-
ing transfer of stress to the pore water and a reduction in stress

on the soil grains. As a result, the soil grain structure rebounds



. T
i B ¢ 4
«{#j— Ko 0o —»/Q/T<— KoT'o —»\C_’l\« Ko T s
? ?
a) IDEALIZED FIELD LOADING CONDITIONS
800
o l | Depth=45ft
£ 400 ‘
g 200 h | x lIA i A
A o111
BRI
600
800
0 6 12 I8 24 30

Time - seconds

b) SHEAR STRESS VARIATION DETERMINED BY RESPONSE ANALYSIS

FIG. Il  CYCLIC SHEAR STRESSES ON A SOIL
ELEMENT DURING GROUND SHAKING




Compression Curve

Equivalent volume change of grain
structure due to cyclic strain

applications during drained loading.

—— —— — — . —— — — — —— o — — — — e — — —— —

— — e — —

Void Ratio
(]
o

Uy, O - Effective pressures,

induced initial and final stages.

pore water pressure

Pressure

FIG. I-2 SCHEMATIC ILLUSTRATION OF MECHANISM OF PORE
PRESSURE GENERATION DURING CYCLIC LOADING

n




to the extent required to keep the volume constant, and this

interplay of volume reduction and soil structure rebound deter- .
mines the magnitude of the increase in pore water pressure in the
soil. The basic phenomenon is illustrated schematically in Fig.

1-2. The mechanism can be quantified so that the pore pressure
increases due to any given sequence of stress applications can be
computed from a knowledge of the stress—strain characteristics,

the volume change characteristics of the dry sand subjected to
cyclic strain conditions, and the rebound characteristics of the
sand due to stress reduction (Martin, Finn, and Seed, 1975; Seed

and Pyke, 1975).

As the pore water pressure approaches a value equal to the
applied confining pressure, the sand begins to undergo deforma-
tions. If the sand is loose, the pore pressure will increase
suddenly to a value equal to the applied confining pressure, and
the sand will rapidly begin to undergo large deformations with
shear strains which may exceed + 20 percent or more. If the sand
will undergo unlimited deformations without mobilizing signifi-
cant resistance to deformation, it can be said to be liquefied.
If, on the other hand, the sand is dense, it may develop a
residual pore water pressure, on completion of a full stress
cycle, which is equal to the confining pressure (a condition of
initial liquefaction), but when the cyclic stress is reapplied on
the next stress cycle, or if the sand is subjected to monotonic
loading, the soil will tend to dilate, the pore pressure will
drop if the sand is undrained, and the soil will ultimately de-
velop enough resistance to withstand the applied stress. How-
ever, it will have to undergo some degree of deformation to
develop the resistance, and as the cyclic loading continues, the
amount of deformation required to produce a stable condition may
increase. Ultimately, however, for any cyclic loading condition,
there appears to be a cyclic strain level at which the soil will
be able to withstand any number of cycles of a given stress

without further deformation. This type of behavior is called



"cyclic mobility" or "initial liquefaction with a limited strain
potential”. It should be noted, however, that once the cyclic
stress applications stop, if they return to a zero stress condi-
tion, there will be a residual pore water pressure on the soil
equal to the overburden pressure, and this will inevitably lead
to an upward flow of water in the soil which could have deleter-

ious consequences for overlying layers.

In fact, the upward flow of water to the ground surface from
an underlying layer in which a condition of initial liquefaction
has been produced by the earthquake ground motions may well be
the cause of the surface manifestations of liquefaction, such as
sand boils, a "quick" condition or a general condition of water
seepage causing inundation, which can cause major damage to
Structures supported on the near-surface soils (Ambraseys and
Sarma, 1969; Yoshimi and Kuwarbara, 1973; Seed, Martin, and Lysmer,
1975). This is illustrated by the analytical results shown in
Figs. 1-3a and 1-3b for a soil profile closely simulating the
conditions in Niigata, Japan, during the earthquake of 1964
(after Seed, Martin, and Lysmer, 1975). Initial liquefaction is
indicated in Fig. 1-3b to have developed between depths of 15 to
40 feet during the 50-second duration of earthquake shaking, with
initial liquefaction at depths of ten, three, and one foot occur-
ring at times of about 3, 4, and 13 minutes, respectively, after
the ground motions had stopped. Such results are in general
accord with observations of the sequence of sand boil development
and water flow at the ground surface in this earthquake and
illustrate the importance of tracing the time history of pore
pressure changes in sand layers, both during and following an
earthquake. 1In some cases, the earthquake-induced pore water
pressures may dissipate so rapidly that a liquefied condition
could not possibly develop, while in others, the high pore water
pressures accompanying the development of initial liquefaction or
cyclic mobility may themselves lead to a loss of strength in

overlying soil deposits.
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It is apparent that the deleterious effects of pore pressure
dissipatation following initial liquefaction of underlying soil
layers cannot occur if the underlying layers do not first develop
high pore water pressures such as those accompanying initial
liquefaction. Furthermore, if dissipation of water pressures in
pervious soils will help to prevent the build-up of pore pressures
sufficiently large to produce initial liquefaction in such ma-
terials, it is conservative to ignore this effect and assume that
all sand layers are essentially undrained during earthquake
shaking. Accordingly, these principles have been the basic
premises for virtually all analyses of possible soil liquefaction
effects at sites of critical structures. If, under undrained
conditions, it can be shown that any soil layer in a profile has
an adequate margin of safety against liquefaction, initial lique-
faction, or cyclic mobility, then no further studies of pore pres-
sure dissipation effects have been considered warranted. This
approach is both reasonable from a safety point of view and, it
has been necessary, from a practical point of view, since methods
of evaluating the rate of pore pressure build-up and dissipation,
both during and following earthquakes, have only recently become
available (Seed, Martin, and Lysmer, 1975; Martin, Finn, and
Seed, 1975). Thus, the present state of practice is to analyze
the liquefaction potential of all soil layers in a profile and
demonstrate an adequate margin of safety against any form of
liquefaction or cyclic mobility. Methods of accomplishing this

are discussed below.

1.3 METHODS FOR EVALUATING THE LIQUEFACTION POTENTIAL OF SAND
DEPOSITS

There are basically two methods available for evaluating the
liquefaction potential of a deposit of saturated sand subjected

to earthquake shaking.

1.3.1 Method Based on Observations of Performance of Sand

Deposits in Previous Earthquakes

It was not until the Alaska and Niigata earthquakes of



1964 that geotechnical engineers took serious interest in the

general phenomenon of earthquake-induced liquefaction or the con- ‘

ditions responsible for causing it to occur in the field. Fol-
lowing the Niigata earthquake, a number of Japanese engineers
(Kishida, Koizumi, Ohsaki) studied the areas in Niigata where
liquefaction had and had not occurred and developed criteria,
based primarily on the Standard Penetration Resistance of the
sand deposits, for differentiating between liquefiable and non-
liquefiable conditions in that city. For example, Kishida pre-
sented data to show that liquefaction-induced settlement of
foundations of buildings was invariably minor when the Standard
Penetration Resistance, N, of the sand at the base of the founda-
tion exceeded 20 blows per foot. Kishida (1966), Koizumi (1966),
and Ohsaki (1966) presented the results shown in Fig. 1-4 separ-

ating liquefiable and non-liquefiable conditions.,

Subsequently, a more comprehensive collection of site con-
ditions at various locations where liquefaction or no liquefac-
tion was known to have taken place was presented by Seed and
Peacock (1971) and used as a basis to determine the relationship

between field values of cyclic stress ratio, Th/O'O (where T, or

simply T is the average horizontal shear stress induced by anh
earthquake, and 0'0 is the effective overburden pressure on the
soil layer involved) and the relative density of the sand, as
determined from the Standard Penetration Resistance and its cor-
relation with relative density proposed by Gibbs and Holtz (1957).
This collection of field cases has subsequently been used by
others, often supplemented by a few additional site studies

(e.g., Castro, 1975) to determine other correlations between
liquefaction-producing parameters and penetration resistance.

The most recent form of this data collection is shown in Table
1-1 and Fig. 1-5 (after Seed, Mori, and Chan, 1975). Values of
stress ratio known to be associated with liquefaction or no
liquefaction in the field are plotted as a function of the cor-
rected average penetration resistance N1 of the sand deposit in-

volved. In this form of presentation N is the measured penetra-
! @

10
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TABLE 1-1

Site Conditions and Earthquake Data for Known Cases of Liquefaction and Non-Liguefaction

Carrect1mn

Nistance rrom Féfective overburden fartor for A . nepetration Corrected av. Max. ground Duration
Maoni- source of merth of  ~ritical  pressure, v.s.f. penetratinn resist. at penetration Relative surface T of
Earthquake nate  tude Sare energy release So1l Tvoe water table devoth al reeist., © ~ritical depth resistance density  acceleration =) shaking Fileld Reference
(m1les) fceet) (feet) i . N Ny () tay ° (secs) Behavior
Niioata 1802 6.6 Niinata 24 Sand 3 20 1110 1.35 6 8 53 0.12 0.135 20 No liguefaction Kawasumi [(1968)
Niiqata 1802 6.6 Niiaata 24 Sand - 20 1100 1.35 12 16 64 ~0.12 0,135 ~20 No ligquefaction Seed & Idriss (1967)
Niiaata 1887 6.1 Niiaata 29 Sanad 3 20 1100 1.135 6 8 513 ~0.08 0.09 ~12 No liguefaction Seed & Idriss (1967)
Miigata 1887 6.1 Niiqata 29 Sand 3 20 1100 1.35 12 16 64 0.08 0.09 ~12 No liguefaction Seed & Idriss (1967)
Mino Owara 1891 8.4 Ngak1 20 Sand 3 45 2600 0 85 17 15 65 0.35 0.39% =75 Liguefaction Xishida (1969)
Mino Owari 1891 8.4 Ginan West 20 Sand 3 30 2000 1.0 1o 10 55 ~0.35 0,37 =75 Liquefaction Kishida (1969)
Mino Owari 1891 8.4 Unuma 20 Sand & Gravel 6 25 1700 1.1 19 21 75 9.35 0.35 -75 No liquefaction Kishida (1969)
Mino Nwary 1891 8.4 0Ogase Pond 20 Sand 8 20 1500 1.17 16 19 72 ~0.35 0.135% ~75 Ligquefaction Kishida (1969}
Santa Barbara 1925 6.3 sheffield Dam 7 sand ~15 25 - 40 ~0.2 0 16 15 Liquefaction Seed et al (1959)
Tl “entro 1940 7.0 Brawley 5 sand 15 -~15 - 58 ~0.25 0.155 30 Liquefaction Ross (1968}
El Centro 1940 7.0 All-Am. Canal S Sand =20 ~25 - 43 ~0.25 0 155 30 Liguefaction Ross (1968)
El Centro 1940 7.0 Solfatara Canal 5 sand 5 20 - 32 ~0.25 0.26 30 Liguefaction Ross (1968)
Tohnankai 1944 8.3 Kome1 100 sand 5 13 1000 1.4 4 6 40 ~0.08 0.08 ~70 Liguefaction Kishida (1969)
Tohnankax 1944 8.3 Melko St. 100 s1lt & Sand 2 8 500 1.75 1 2 30 0.08 0.09 =70 Liquefaction Kishida (1969)
Fukui 1948 7.2 Takaya 4 Sand 11 23 1900 1.02 18 18 72 ~0.30 0.30 ~30 Liquefaction Kishida (1969)
Fukul 1948 7.2 Takaya 4 Sand 3 23 1400 1.2 28 34 90 ~0.30 0.32 ~30 Ne liquefaction Kishida (1969)
Fuku1 1948 7.2 Shonenji Temple 4 sand 4 10 750 1.5 3 5 40 ~0.30 0.29 =30 Liquefaction Kishida (1969)
Fuku 1948 7.2 Agr. Union 4 sand & Silt 3 20 1200 1.3 5 7 50 0.30 0 33 =30 Liquefaction Kishida (1969)
san Francisco 1957 5.5 Lake Merced 4 Sand 8 10 1000 14 7 10 55 0.18 0.13 18 Liquefaction Ross (1968)
Chile 1960 8.4 Puerto Montt ~70 sand 12 15 1500 1.7 3 7 50 ~0.15 0.15 ~75 Liquefaction Lee (1970)
Chile 1960 8.4 Puerto Montt ~70 sand 12 15 1500 1.17 8 10 55 -0.15 0.15 ~75 Liquefaction Lee (1970)
Chile 1560  B.4 Puerto Montt ~70 sand 12 20 1800 1.05 18 19 75 ~0.15 0.15 =75 No liquefaction Lee (1970)
Niigata 1964 7.5 Niigata 32 sand k] 20 1200 1.3 € 8 53 0.18 0.19% 40 Liouefaction Seed & Idriss (1967)
Niigata 1964 7.5 Wiroata 32 Sand 3 25 1500 1.17 15 1e 70 0.18 0.195 40 Liguefaction Kishida (1966)
Nilgata 1964 7.5 Niigata 32 sand 3 20 1200 1.3 12 16 64 0.18 0.195 40 No liquefaction Seed & Idriss (1967)
Nilgata 1964 7.5 Niigata 32 Sand 12 25 2000 10 6 6 53 0.18 0.12 40 No liquefaction Seed & Idriss (1967)
Alaska 1964 8.3 Snow River 60 sand 0 20 1100 1.35 5 7 50 ~0.15 0.18 180 Liquefaction Ross et al (1969)
Alaska 1964 8.3 Snow Raver 60 Sand 8 20 1500 1.17 5 6 44 ~0.15 0.15 180 Liguefaction Ross et al (196%)
Alaska 1964 8.3 Quartz Creek 70 Sandy Gravel [ ~25 1500 1.17 40-80 46-95 100 =0.12 0.145 180 No liquefaction Ross et al (1969)
Alaska 1964 8.3 Scott Glacier 55 Sand 0 =20 1100 1.35 16 14 65 ~0.16 0.185 180 Liquefaction Ross et al (1969)
Adaska 1964 8.3 valdez 35 Sand & Gravel 5 ~20 1300 1.25 13 16 68 =0.25 0.25 180 Liquefaction Coulter & Migliaccio (1966)
Tokachioki 1968 7.8 Hachinohe 45 to 110 Sand 3 12 800 14 21 78 0,21 0.23 45 No liquefaction Ohsaki (1970}
Tokachioka 1968 7.8 Hachinohe 45 to 110 sand 3 12 800 1.5 6 9 58 0.21 0.23 45 Liquefaction Ohsaki (1970}
Tokach1oka 1968 7.8 Hachinohe 45 to 110 sand 5 10 800 1.5 15 23 80 0.21 0.185 45 No liquefaction Ohsakl (1970)
Tokachioki 1368 7.8 Hakodate 100 Sand 3 15 1000 1.4 € 9 55 0.18 0.205 45 Liguefaction Kishida (1970)
Caracas 1967 6.3 Caraballeda 35 sand 3 3 330 1.8 3 5 60 .13 0.085 15 Liquefaction Cluff (1973}
san Fernando 1971 6.6 SFo.Juvenmile Hall s Sandy Silt 15 20 2000 1.0 2 2 30 0.40 0.28 15 Liguefaction Seed (1973)
San Fernando 1971 6.6 Jensen Plant 5 Si1lty Sand 55 55 6600 0.45 24 11 58 0.35 0.1% 15 Liquefaction Dixon & Burke (1973)
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tion resistance corrected to an effective overburden pressure of

one ton per square foot, based on the results of Gibbs and Holtz, .
using the relationship:

N =C_ N
1 N
O.
= - -9
where CN =1 1.25 log 5
1
0'0 = effective overburden pressure in tons per

square foot where the penetration resistance has

the value N
and o¢' = one ton per square foot
1

The cyclic stress ratio causing liquefaction can be determined

from the relationship:

Tav Smax %
8—.—:0.65' '0, ‘rd
o 9 o}
where A ok maximum acceleration at the ground surface
Go = total overburden pressure on sand layer under
consideration
0'0 = effective overburden pressure on sand layer

under consideration

rd = a stress reduction factor varying from a value
of one at the ground surface to a value of
0.9 at a depth of 3Q feet.

Thus for any given value of maximum ground surface ac-
celeration, the possibility of liquefaction can readily be ob-
tained on an empirical basis with the aid of this chart. It may
be noted that there is a scarcity of reliable data at high values
of T/U'O, and there is a need for supplementary data to better

define the lower bound of liquefaction conditions in this range.

Since empirical charts of this type take no account of

other significant factors such as the duration of shaking or the '

14



possibility of drainage and depend upon the reliability of field
measurements of penetration resistance, which in the opinion of
many engineers 1is open to serious question, it appears to be the
general belief among most engineers that while they can provide
useful preliminary evaluations of liquefaction potential, they
should be supplemented by detailed studies, based on ground
response analyses and detailed soil testing programs, in order to
arrive at a meaningful evaluation of the liquefaction potential

of any particular site.

1.3.2 Method Based on Evaluation of Stress Conditions in the

Field and Laboratory Determinations of the Stress Condi-

tions Causing Liquefaction of Soils

Analytical procedures for evaluating the liquefaction po-
tential of soil deposits were first proposed by Seed and Idriss
(1967) and involve two independent determinations: 1) an evalua-
tion of the cyclic stresses induced at different levels in the
deposit by the earthquake shaking and 2) a laboratory investiga-
tion to determine the cyclic stresses, which for given confining
pressures representative of specific depths in the deposit, will
cause the soil to liquefy or undergo various degrees of cyclic
strain. As shown in Fig. 1-6, the evaluation of liquefaction
potential is then based on a comparison of the cyclic stresses
induced in the field with the stresses required to cause lique-
faction or an acceptable limit of cyclic strain in representative

samples in the laboratory.

The cyclic stresses induced in the ground by an earthquake
may be computed by a ground response analysis (Seed and Idriss,
1967), by a simplified procedure based on a knowledge of the max-
imum ground surface acceleration (Seed and Idriss, 1971), or by
deconvolution of a known ground surface motion (Schnabel, Lysmer,
and Seed, 1972; Roesset and Whitman, 1969). The computed
irregular time history of stresses at any depth is then converted
to an equivalent uniform cyclic stress series by an appropriate
weighing procedure (Seed, Idriss, Makdisi, and Banerjee, 1975)

for use in the analysis.
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Various types of laboratory test procedures have been used
to investigate the cyclic stress conditions required to cause
liguefaction or cyclic mobility of saturated sand. Since the
object of the test is to reproduce the stresses acting on an
element of sand subjected to horizontal shear stresses which re-
verse direction many times during an earthquake, some form of
simple shear test provides the best representation of field con-
ditions. Tests of this type used for this purpose include cyclic
simple shear tests (Peacock and Seed, 1968; Finn, Bransby, and
Pickering, 1970; Seed and Peacock, 1971) and cyclic torsional
shear tests (Yoshimi and Oh-Oka, 1973; Ishihara and Li, 1972;
Drnevich, 1972; Ishibashi and Sherif, 1974). The results of
these tests can be expressed directly in terms of the relation-
ship between the cyclic stress ratio Th/G'O and the number of
stress cycles required to cause initial liquefaction or a given
degree of cyclic strain. Attempts have also been made to use
shaking table tests for this purpose (Yoshimi, 1967; Tanimoto,
1967; Whitman, 1970; Finn, Emery, and Gupta, 1970), but these
have often been influenced by the confining effects of the sides
of the box and have not reproduced the desired boundary condi-

tions in many cases.

Equipment for conducting any type of simple shear test is
somewhat complicated, and to provide a practical and convenient
alternative, the cyclic loading triaxial test was developed by
Seed and Lee (1966). This test does not reproduce the correct
initial stress conditions in the ground; it must be performed
with an initial ambient pressure condition to represent level
ground conditions, and the stress ratio used to express the re-
sults (Gdc/203) is the ratio of the maximum shear stress to the
ambient pressure, rather than the shear stress on the horizontal
plane to the effective overburden pressure (T/O'O). as used in
the cyclic simple shear test. For these reasons alone, the
stress ratios causing initial liquefaction or given cyclic
strains in the two types of test will necessarily be different,
and they are usually related by the expression (Seed and Peacock,
1971):

17



T _ o[ Jac
0'0 20
field 3/ triaxial .
While some engineers apparently believe that cyclic triaxial test
data are too low because of the stress conditions involved
(Ambraseys, 1973), most investigators have concluded that the
value of o is substantially less than one for normally consoli-

dated sands. Thus, the following values have been proposed:

R

Peacock and Seed (1968) o 0.55 for ko ~ 0.4

1 - 2K
Finn, Bransby, and o« = ——2 = 0.6 for KO = 0.4

3
Pickering (1970)

Seed and Peacock (1971) oo = varies from 0.55 to 0.72
depending upon relative
density, KO = 0.4
2(1 + 2Ko)
Castro (1975) o = ————— = 0.7 for K_=0.4
3V 3 ©
and values of o ranging from about 0.55 to 0.7 have been used as
correction factors for triaxial test data to obtain stress ratios

representative of field simple shear conditions.

It has been generally recognized since the advent of
cyclic load testing that virtually all types of cyclic load tests
are subject to some degree of error due to equipment limitations
(Seed and Peacock, 1971; Finn, Emery, and Gupta, 1970; Castro,
1969). However, with due allowances made for these effects, it
has been considered that test data could be obtained from these
various tests with an adequate degree of accuracy to provide a
useful basis for liquefaction potential evaluations for most

practical purposes.

Nevertheless, certain aspects of the test procedures have

remained a matter of concern; these include:

18




a. The argument that stress concentrations in small-scale
. simple shear tests lead to inaccurate results (Castro,
1969).

b. The argument that simple shear tests or torsional
shear tests produce deformations in only one direction
and do not reproduce the effects of multi-directional
straining such as occurs in the field (Casagrande,
1971; Shannon & Wilson, Inc., 1971, 1972).

c. The argument that the boundary conditions in shaking
table tests, with vertical boundaries preventing or
restricting the movement of test samples, do not re-
produce the deformation conditions existing in the
field (Shannon & Wilson, Inc., 1972).

d. The argument that many shaking table tests have been
conducted without preventing drainage so that pore
pressures can dissipate by flow to the surface of the
sample, thereby preventing liquefaction from develop-
ing as rapidly as it would under undrained conditions
(Shannon & Wilson, Inc., 1971, 1972).

e. The argument that cyclic triaxial tests, because of
stress concentrations introduced by the cap and base
and the possibility of necking in the extension stage
of the stress cycle, develop non-uniformities of
strain and a redistribution of water content which
lead to an underestimate of the ability of medium
dense to dense sands to withstand cyclic loading
(Castro, 1975; Casagrande, 1971).

These are valid points of concern and will be addressed in

detail in the following sections of this report.
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Apart from possible limitations of test equipment and ‘
procedures, another important aspect of a cyclic load test pro-
gram for use in design concerns the selection of representative
samples for testing purposes. In the early stages of cyclic load
testing, it was generally recognized that the liquefaction charac-
teristics of any given sand varied greatly depending on its

density or relative density, but the possible effects of other
factors, such as geologic history, soil structure, or method of
sample preparation, were not considered likely to affect the
results significantly. Nevertheless, many engineers adopted a
policy of testing undisturbed samples to ensure that such factors
were properly considered in the results obtained. This inevitably
raises the question of the ability of existing sampling procedures
to obtain good quality undisturbed samples of sand and the possible
errors introduced if samples are disturbed to some extent in the
sampling and handling process. In fact, it seems likely that
procedures vary widely in their adequacy in this respect, and the
nature of the sampling process requires careful evaluation in
assessing the quality of test data obtained from the resulting

samples.

The importance of factors other than density on the
liquefaction characteristics of sand was first noted by Finn,
Bransby, and Pickering (1970), who showed, by means of simple
shear tests on small-scale samples of saturated sand, that the
liquefaction characteristics were influenced by the strain
history to which they had been subjected and concluded: "The
dependence of the resistance to liquefaction of a given sand on
its previous strain history leads to the conclusion that the
resistance of sand deposits in the field cannot be reliably de-
termined by cyclic loading tests on sand samples prepared in the
laboratory at the same void ratio as those in the field. It ap-
pears that the resistance to liquefaction can only be reliably

determined on undisturbed samples."
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This significant observation seems to have been over-
looked in many subsequent studies, perhaps partly because the
extraction of undisturbed samples from the ground is often ex-
tremely difficult, and reconstitution presents an attractive
alternative, and partly because of the difficulty encountered
by many soil engineers in visualizing that the same set of
bulky particles at the same void ratio could have significantly
different structures, at least sufficiently different to have
significant effects on soil properties of primary interest. 1In
recent years, however, this latter belief has been dispelled
by studies showing that samples of a given sand prepared to the
same density by different methods of compaction may have quite
different settlement characteristics (Pyke, 1973), different
liquefaction characteristics (Ladd, 1974; Marcuson and Townsend,
1974; Mulilis, Chan, and Seed, 1975), different structures (0Oda,
1972; Mulilis, Chan, and Seed, 1975), and different penetration
resistances (Mitchell and Durgunoglu, 1975). Thus, although none
of these studies were directly concerned with the effects of
strain history on liquefaction characteristics, the potential
significance of this factor in producing changes in both struc-
ture and liquefaction characteristics has been given important
support and clearly warrants consideration in any design study of

liquefaction potential.

In view of the need to determine the reliability of cur-
rent test procedures for evaluating liquefaction characteristics
and the desirability of clarifying the influence of strain history,
method of sample preparation, and soil structure on the liquefac-
tion characteristics, no matter what test procedure is used for
their measurement, detailed studies of these aspects of the
problem have been undertaken during the past three years at the
University of California, Berkeley, under the sponsorship of the
U.S. Nuclear Regulatory Commission. The results of these studies
and their significance in design are reviewed in detail in the

following pages.
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CHAPTER 2
INFLUENCE OF SEISMIC HISTORY AND SOIL STRUCTURE ON .
LIQUEFACTION CHARACTERISTICS

2.1 LARGE-SCALE TEST EQUIPMENT FOR LIQUEFACTION STUDIES

Since one of the objections raised against existing cyclic

simple shear test data has been the possibility of effects of
non-uniform stress conditions being introduced due to the small
size of the test specimens involved, it was considered desirable
to eliminate this possibility by constructing a shaking table
facility capable of inducing cyclic stresses on large-scale
samples under simple shear conditions. The details of the
equipment and test results are described by De Alba (1975). A
schematic drawing of the test specimen and apparatus arrangement
is shown in Fig. 2-~1. Samples are 90 inches long by 42 inches
wide and 4 inches thick. These dimensions were selected to pro-
vide essentially free-field type conditions in the center portion
of the specimen (Arango and Seed, 1974), and pore pressure measure-
ments at different points in the sample showed this to be the

case,

Shear stresses are applied by accelerating the base back and
forth while a heavy reaction mass is resting on the top surface
of the specimen. This mass is sufficiently flexible to provide a
uniform pressure on the top surface of the specimen but rigid
enough laterally to serve as an inertial reaction block. 1In a
typical test, the stresses developed in the specimen can readily
be controlled, and measurements can be made of the resulting pore
water pressures and strains induced in the test specimen. By
varying the confining pressure on the sample, conditions repre-

sentative of different depths in the ground can be developed.

2.2 INVESTIGATION OF INFLUENCE OF SEISMIC HISTORY ON LIQUE-
FACTION POTENTIAL

By means of the large-scale test equipment, stresses repre- .
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sentative of any given earthquake can be induced on a thin layer
of sand loaded to represent an elemental layer at various depths .
in a soil deposit. Accordingly, several investigations were con-
ducted to determine the effect of a series of small earthquakes
on the subsequent liquefaction characteristics of a sand deposit.
The sand sample was formed by pluvial deposition, which produces
a structure and characteristics similar to those of a sedimented
deposit. After being saturated, the sand layer was subjected to
a series of small shocks designed to represent the effects of a
series of small (magnitude =z 5) earthquakes occurring over a
period of years. After each small earthquake, which built-up a
small residual pore water pressure in the sand, the pore pressure
was allowed to dissipate and the layer to reconsolidate under the
initial effective overburden pressure. Finally after five or six
such small events, the sand was subjected to a larger shock to
determine the stress conditions required to cause it to liquefy.
For comparative purposes, the liquefaction characteristics of a
similar layer of sand, not previously subjected to the series of

small shocks, was also determined.

The results of a typical test are shown in Fig. 2-2. The
sample was deposited with a relative density of 54 percent and
subjected to a confining pressure representative of that existing
at a depth of 15 feet in the ground with a water table four feet
below the ground surface. The sand was then subjected to five
shocks representative of magnitude five earthquakes occurring at
a distance of about five miles. The maximum ground surface ac-
celeration in these shocks was considered to be about 0.18g and
the duration to be consistent with the development of 2.5 to 3.0
cycles of motion at an average stress level of about 210 psf.

Thus, the cyclic stress ratio for each of these shocks was 0.185,

Previous tests had shown that for the selected test condi-
tion, a stress ratio of 0.185 would have caused the sand to de-

velop a condition of initial liquefaction in about four stress
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cycles. However, the application of only 2.5 cycles simply built

up an excess pore pressure ratio (u/o'o) of about 0.3 as shown in.

Fig. 2-~2., Dissipation of this pore pressure caused almost no
volume change of the sample.

Four subsequent repetitions of this small earthquake stress
condition built up excess pore pressure ratios of only 0.16,
0.09, 0.06, and 0.05, respectively, and at the conclusion of this
sequence of shocks, the relative density of the sand had in-
creased from its initial value of 54 to 54.7 percent. At this
point, the same stress ratio was applied as if it were represent-
ing the effects of a magnitude eight earthquake occurring at a
distance of about 55 miles and, therefore, capable of producing
up to about 30 stress cycles. As may be seen from the figure,
the sand liquefied after 26 cycles, but even so, it was able to
withstand eight times as many cycles as it could in its initial
condition, even though there had been no significant change in

relative density.

Two similar series of tests using lower stress ratios showed
that the effect of five small earthquake shocks was to increase
the number of stress cycles required to cause liquefaction by

factors of about ten and eight, respectively.

The relationships between the applied cyclic stress ratio
and the number of stress cycles required to cause liquefaction
for samples having no previous seismic shaking and the samples
subjected to low levels of seismic shocks are compared in Fig.
2-3. It may be seen that the effect of the seismic history to
which the sand had been exposed was to increase the resistance to
liquefaction considerably. In effect, the samples having a
relative density of 54 percent and previous seismic shaking de-
veloped a resistance to liquefaction comparable to that of
samples having a relative density of about 80 percent and no

previous seismic history. In other words, for a given number of
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cycles, the sand layers previously subjected to low levels of
seismic shaking required stresses about 46 percent higher than
those of samples with the same densities and no previous seismic

history.

This is a substantial effect and confirms the conclusion of
Finn, Bransby, and Pickering (1970) concerning: 1) the unreli-
ability of relative density alone as a measure of the liquefac-
tion potential of a sand deposit and 2) the need to retain the
effects of any previous seismic history on the liquefaction
characteristics of natural sand deposits in laboratory determina-

tions of this soil property.

2.3 POSSIBLE CAUSES OF INCREASED RESISTANCE TO LIQUEFACTION
RESULTING FROM SEISMIC HISTORY EFFECTS

Several reasons might be advanced for the observed increase

in resistance to liquefaction induced by low intensity seismic
histories. For example, it has been observed in tests by Youd
and Craven (1975) and Pyke (1973) that during cyclic straining of
dry sands in simple shear, there is a progressive build-up in the
value of the lateral pressure coefficient, Ko' Such increases
would lead to an increase in the stress ratio required to cause
liquefaction as shown by Seed and Peacock (1971). However, at
small strain levels, this effect does not seem likely to be suf-
ficiently large to explain the significant increase in strength

observed in the test program.

An alternative explanation is that during any period of
cyclic straining, there is a progressive change in the soil
structure with the result that the volume change occurring in any
one cycle decreases progressively with increasing numbers of
cycles., This effect may be observed in cyclic load test data for
samples of dry sand. Thus, for example, in a cyclic ad test on
Monterey sand, the first stress cycle applied to a sa.. with a
relative density of 50 percent causes a settlement of 0.0UL per-

cent, but the fifteenth application of the same stress cycle
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caused a settlement of only about 0.002 percent. Clearly the
sand had acquired a more resistant structure in the course of the
cyclic straining. This is in accord with the results of other
studies which have shown structure to be a potentially signifi-
cant factor influencing the liquefaction characteristics of
sands. Accordingly, a detailed study of the influence of sample
preparation method and soil structure on cyclic load test data

was undertaken as described below.

2.4 EFFECTS OF METHOD OF SAMPLE PREPARATION ON LIQUEFACTION
CHARACTERISTICS
To throw further light on the possible significance of soil

structure on liquefaction characteristics and the manner in which
both these properties of sands may be influenced by methods of
sample preparation, a detailed investigation of the relationship
between these factors was conducted by Mulilis, Chan, and Seed,
(1975).

In the study, undrained stress-controlled cyclic triaxial
tests were performed on saturated samples of sand compacted to
the same density by 11 different procedures. A slightly modified
form of the standard triaxial test equipment incorporating a
pneumatic sinusoidal loading system (Chan, 1975) was used for all

tests.

Except for a limited number of tests on soil dredged from
the bottom of the Mississippi River described in a subsequent
section, all tests were performed on Monterey No. 0 sand. This
sand has been tested extensively for static stress-strain pro-
perties by Lade (1972), for static compressibility by Mahmood
(1973), for settlement under multi-directional loading by Pyke
(1973), and for liquefaction characteristics in a large-scale
shaking table by De Alba (1975). It is a uniform medium sand,
mostly passing the No. 30 sieve but retained on the No. 50 sieve,

with a coefficient of uniformity of about 1.5 and a mean particle
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diameter of about 0.4 mm. The sand grains are predominantly

quartz and feldspar with some mica; they have a specific gravity

of 2.65 and are rounded to subrounded. The mean length to width
ratio of the individual grains as determined by Mahmood (1973) is
about 1.4. The maximum and minimum densities, determined in
accordance with ASTM D 2049-69 and Kolbuszewski's method (1948),
respectively, were 105.7 1lbs/ft.® and 89.3 lbs/ft.?®. Samples
approximately 7.0 inches high by 2.8 inches in diameter were
prepared at a relative density of 50 percent by the following 11

different compaction procedures.

a. Pluviation through air (i.e. raining dry sand through a

predetermined opening).

b. Pluviation through water (i.e. pouring saturated sand
into a water-filled forming mold and vibrating the mold

until the desired density was achieved).

c. High frequency (120 Hz) vibrations applied horizontally

to dry samples formed in one, seven-inch layer.

d. High frequency (120 Hz) vibrations applied horizontally

to dry samples formed in seven, one-inch layers.

e. High frequency (120 Hz) vibrations applied vertically to

dry samples formed in seven, one-inch layers.

f. High frequency (120 Hz) vibrations applied horizontally
to moist samples (w = 8 percent) formed in seven,

one-inch layers.

g. Low frequency (20 Hz) vibrations applied horizontally to

dry samples formed in seven, one-inch layers.

h. Low frequency (20 Hz) vibrations applied vertically to

dry samples formed in seven, one-inch layers. ‘
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i. Tamping moist soil (w = 8 percent) with a l.4-inch
compaction foot to form samples in seven, one-inch

layers.

j. Rodding moist soil (w = 8 percent) with a 3/8=~inch
compaction foot to form samples in seven, one=inch

layers.

k. Rodding dry soil with a 3/8-inch compaction foot to form

samples in seven, one-inch layers.

Details of the sample preparation procedures have been de-
scribed by Mulilis, Chan, and Seed (1975). Once a sample was
formed by any method of compaction, it was saturated and then
consolidated under an effective confining pressure of 8 psi.
When the sample was fully consolidated (which required approxi=-
mately 20 minutes), the drainage valves were closed and the
sample was subjected to sinusoidal cyclic deviator stress appli-
cations of uniform magnitude. The axial deformations of the
sample with increasing numbers of stress cycles were recorded,
and the number of cycles required to cause initial liquefaction
(pore pressure equal to initial effective confining pressure) and

axial strains of +2.5, +5.0, and +10.0 percent were determined.

The results of these tests are presented in Figs. 2-4
through 2-6 which show the relationship between the cyclic stress
ratio (cyclic deviator stress divided by twice the initial effec-
tive confining pressure) and the number of cycles required to
cause liquefaction and +2.5 percent axial strain for the various
compaction procedures. Figure 2-4 summarizes the results for
different vibratory compaction procedures; Fig. 2-5 compares test
data for samples prepared by moist tamping, moist rodding, and
dry rodding, while the results for most of the different compac-

tion procedures are summarized in Fig. 2-6.
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It is apparent that the method used to prepare samples of
Monterey No. 0 sand can have a significant effect on the result-
ing cyclic stress characteristics; however, the differences in
dynamic strength due to different methods of sample preparation
are not the same for all types of soils, as evidenced from the
results of tests performed on samples of a sand dredged from the
bottom of the Mississippi River. This soil was a uniform, fine
silty sand, with a mean particle diameter of about 0.2 mm, ap-
proximately one percent passing the No. 200 standard sieve, and
containing shells, wood, coal, and various other kinds of debris;
the soil was passed through a No. 20 standard sieve to remove the

larger pieces of debris.

Stress~-controlled cyclic triaxial tests were performed on
samples of this soil, prepared to a relative density of 60 per-
cent by moist vibrating and moist tamping at a moisture content
of 15 percent, and the results are presented in Fig. 2-7 which
shows the relationship between the cyclic stress ratio and the
number of cycles required to cause initial liquefaction and + 2.5

percent axial strain.

As seen in Fig. 2-7, the increase in the cyclic stress ratio
causing initial liquefaction for samples prepared by moist vi-
brating over those prepared by moist tamping was only about 11
percent, as contrasted to a 42 percent increase in the cyclic
stress ratio causing liquefaction for samples of Monterey No. 0
sand under similar conditions. The comparisons of strength in-
Crease were made at the cyclic stress ratio required to cause
initial liquefaction and +2.5 percent axial strain in ten cycles.
It may be noted that the samples of Montery No. 0 sand were pre-
pared at a lower relative density (50 versus 60 percent) and a
lower moisture content (8 versus 15 percent) and tested at a
lower initial confining stress (8 versus 38.2 psi), and these
factors, in addition to the type of soil, may have had an effect
on the differences in the increase in dynamic strength due to

sample preparation for the two soils.
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To throw some light on this question, a series of tests were
performed on samples of Monterey No. 0 sand which were compacted
by 1) pluviation through air, 2) high frequency vibrations ap-
plied horizontally to moist specimens formed in layers, and 3)
tamping moist specimens in layers and tested at different initial
effective confining pressures. The samples formed by pluvial
compaction were tested at confining pressures of 14.5 and 22 psi,
while the samples formed by vibratory and tamping compaction were
tested at 38.2 psi.

The results of these tests are summarized in Fig. 2-8 which
shows the relationship between the cyclic stress ratio required
to cause initial liquefaction and +2.5 percent strain in ten

cycles and the initial effective confining pressure.

As shown in Fig. 2-8, an increase in the confining pressures
at which tests were performed caused a reduction in the cyclic
stress ratio required to cause initial liquefaction of the
samples irrespective of the method of preparation used to form
the samples. It may also be observed that a significant differ-
ence in the cyclic stress ratio causing initial liquefaction for
samples of Monterey No. 0 sand formed by different compaction
procedures is still apparent even at high confining pressures
(i.e. about 38 psi); however, the cyclic stress ratio causing
initial liquefaction of samples prepared by vibration of moist
soil at a high confining pressure 1is only about 25 percent
higher than that of samples prepared by moist tamping compared to
a 42 percent difference for tests performed at a confining pres-
sure of 8 psi. In spite of this reduction, it appears that dif-
ferences in the liquefaction characteristics of samples due to
the method of preparation are likely to vary to some extent with

the type of soil.

2.5 DENSITY DISTRIBUTION WITHIN SAMPLES OF SAND FORMED BY
DIFFERENT METHODS OF PREPARATION

To determine the reasons for the effects of sample prepara-
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tion method on liquefaction characteristics, an investigation was
performed to determine the density distribution as a function of
height within samples formed by different methods of prepara-
tion. Once a sample was prepared by any given method of compac-
tion, the initial height of the sample was determined by a dial
gage. The sample was then trimmed back to a height of approxi-
mately five inches by drawing off about two inches of sand
through a tube connected to a flask of known weight and to a
vacuum source. A final height was determined by a dial gage.

The volume of the sand which was excavated was computed, and by
comparing the weight of the empty flask with that of the flask
and soil, the weight of the excavated soil was computed; thus,
the relative density of the top two inches of the sample could be
determined. The remainder of the sample was excavated in the
same manner in layers of approximately two, two, and one inch,

and the relative density of each of the layers was determined.

The density distribution within samples prepared by four
different methods of compaction (pluviation of dry sand through)
air, low and high frequency vibrations applied horizontally to
dry samples formed in seven layers, and high frequency vibrations
applied horizontally to dry samples formed in one, seven-inch
layer) were determined in the manner described. The values of
the relative density for each layer are shown in Table 2-1 to-

gether with average values and the maximum variations.

Table 2-1

Relative Density Distribution

Low Freq. High Freq. High Fredq.
Vibrations Vibrations Vibrations
Pluviation (7 Layers) (7 Layers) (one 7" Layer)
Layer (%) (%) (%) (%)
1 55 49 50 64
2 56 51 49 46
3 53 50 46 37
4 55 52 55 a8
Average 55 50 49 49
Maximum

Variation 3 3 9 27
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From the results shown in Table 2-1, it can be observed that
compaction by pluviation and low frequency vibrations produced .
samples which are very uniform, compaction by high frequency wvi-
brations produced samples which were slightly less uniform, and
compaction by high frequency vibrations on one, seven-inch layer
produced samples which were relatively non-uniform; the latter
samples had a denser layer near the top of the sample (i.e.,
immediately below the surcharge) and a loose layer near the
middle of the sample. This loose layer may have accounted for
the fact that samples prepared in one, seven-inch layer had the
lowest dynamic strength of any of those prepared by the three
methods of forming samples in a dry condition by high frequency

vibrations.

2.6 INFLUENCE OF STRUCTURE OF SAND ON LIQUEFACTION
CHARACTERISTICS

In order to determine whether the observed differences in

liquefaction characteristics due to differences in method of
sample preparation shown in Figs. 2-=4 through 2-6 were due to
differences in structure of the samples, detailed studies were
conducted to determine the structures of samples prepared by plu-
viation of dry sand, high frequency vibrations applied horizont-
ally to dry samples formed in layers, and moist tamping in layers
(Mulilis, Chan, and Seed, 1975). The liquefaction characteris-

tics of samples prepared by these methods are reproduced in Fig.
2—9 .

Measurements of soil structure were made by three methods:

a. By making X-radiographs of thin sections hardened with a

polyester resin.
b. By determining the statistical orientations of inter-

particle contact planes by observing thin sections

through a universal stage microscope.
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c. By determining the electrical conductivity of the

samples which may be used as a measure of the geometric ‘

grain arrangement, termed the "formation factor"
(Archie, 1942: Arulanandan, 1975). The formation factor
is defined as the ratio of the conductivity of the elec-
trolyte to the conductivity of the sand saturated with
the electrolyte.

Although the X-radiographs showed distinct differences in
density distribution within the samples, there was no correlation
between this characteristic and the cyclic stress ratios required
to cause initial liquefaction of the different samples. However,
as shown in Fig. 2-10 and Table 2-2, good correlations were ob-
served between measurements of the grain structure determined by
the orientations of contact planes between grains and formation
factors. The sample preparation methods showing the lower angles
between the maximum concentration of interparticle contact planes
with the vertical axis or the lowest formation factors show the

lowest resistance to liquefaction under cyclic loading.

Table 2-2

Statistical Orientation of Contacts Between Grains

Angle between Vertical Angle between Vertical
Method of Axis and Maximum Axis and Normal to
Preparation Tangent Plane Maximum Tangent Plane
Pluviated (dry) 11° 79°
Vibrated (dry) 24° 66°
Tamped (moist) 48° 42°

2,7 COMPARISON OF LIQUEFACTION CHARACTERISTICS OF NATURAL SAND
DEPOSITS AND FRESHLY DEPOSITED LABORATORY SAMPLES

The studies described above would seem to leave little doubt

concerning the facts that:

a. The behavior of a saturated sand under cyclic loading
conditions is a function of its seismic history and

grain structure as well as its placement density.
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b. If samples prepared in the laboratory are to have the
same characteristics as a soil deposit in the field, '
they must be prepared in a manner producing the same
density and grain structure and tested in such a way
that the in-situ value of KO can be taken into account

in assessing their field performance.

Clearly, the creation of a structure similar to that of the field
deposit is only possible if the structure of the field deposit
can be determined, and measurements of grain structure are by no
means a standard procedure in soil mechanics laboratories. Since
the measurement of the formation factor for a sand is a relative-
ly rapid and inexpensive procedure, this method of measuring
particle arrangement or fabric may provide a practical means for
determining the structure of sands for a variety of purposes.
However, further studies of the potential usefulness of this
index of structure are required before it could be recommended

for adoption as a practical tool for design studies.

Under these conditions, it would appear to be of interest to
determine directly the relationship between the liquefaction
characteristics of undisturbed samples of natural sand deposits
and those of samples prepared by sedimentation procedures in the
laboratory, which presumably reproduce structures similar to
those of freshly deposited sands. While only a limited number of
studies have been made to compare the liquefaction characteris-
tics of undisturbed samples with those of laboratory prepared
samples of the same density, it is significant to note that
measured values of the resistance to liquefaction of natural sand
deposits, obtained by tests on undisturbed samples, are invar-
iably found to be higher than those of samples prepared to the
same density by sedimentation processes in the laboratory. A
comparison of such test data compiled by Mulilis, Chan, and Seed
(1975) is shown in Table 2-3. It may be noted that the stress

ratio causing liquefaction of the undisturbed samples was charac-
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COMPARISION

TABLE 2-3

OF LIQUEFACTION RESISTANCE CHAR

CTCRISTILS OF

UNDISTURRED AND KECONSTITUTED SAMPLES

Ratio of
Undisturbed
Firm Project to Remolded Soil Type Method of Remolding
Strength1
Woodward-Clyde South Texas 1.00 silty fine sand, Dgy = 0.07 moist tamping, 3/4" dia.
(Oakland, Ca.) to 0.27 mm tamping foot
Woodward-Clyde San Onofre 1.15 well-graded coarse to fine moist tamping, 3/4" dia.
(Orange, Ca.) sand, 15% - #200 sieve tamping foot
U. C. Berkeley Blue Hills 1.15 uniform fine silty sand, moist tamping, 1.4" dia.
Texas Dgg = 0.4 mm, B% to 15% - tamping foot
#200 sieve
Dames & Moore Allens Creek 1.20 fine silty, clayey sand, moist tamping, 1" dia.
(San Fran., Ca.) {(heat sink area) D = 0.03 to 1.6 mm, 0% tamping foot
to 40% -~ #200 sieve
Dames & Moore Allens Creek 1.27 fine silty, clayey sand, moist tamping, 1" dia.
(San Fran., Ca.) (plant area) DSO = 0.03 to 1.6 mm, 0% tamping foot
to 40% - #200 sieve
Converse-Davis Perris Dam 1.45 clayey sand, LL = 26, PI = moist tamping, 1/2" dia.
11, 44% - #200 sieve tamping foot
Law Engineering Florida sand 1.30 silty sand with shells

and Testing

dry vertical vibrations,
frequency = 120 c.p.s.

W. E. S.

W. E. S.

Ft. Peck Dam
(foundation)

1.65 to 1.80

Ft. Peck Dam
(shell)

1.70 to 2.00

uniform fine silty sand

uniform fine to medium
sand

dry rodding {(3/8" dia.
foot), followed by static
compaction

dry rodding (3/8" dia.
foot), followed by static
compaction

lRatio of cyclic stress ratios required to cause liquefaction in ten cycles
for undisturbed and remolded samples.




teristically between 0 and 45 percent higher than those of

samples prepared by tamping moist samples in laboratory compac- ‘
tion tests, and these, in turn, have been found to be stronger
than samples prepared by sedimentation through water or pluvi-

ation through air (see Fig. 2-6).

There is thus strong evidence that the liquefaction resist-
ance of undisturbed samples of a number of natural deposits is
substantially higher than that of freshly deposited laboratory
samples at the same density. Possible explanations for this in-

clude the following:

a. Natural deposits have a somewhat more stable structure,
perhaps due to the greater lateral movements associated
with the deposition process, than those of the same sand
deposited in the laboratory.

b. Natural deposits invariably acquire some increase in
stability due to small local seismic events which occur
in most environments, thereby producing a more resistant

soll structure and an increase in Ko'

c. Natural deposits acquire some increase in stability as a
result of the long periods of sustained stress to which
they are subjected, thereby producing some type of
"cementation" at particle contacts, in comparison with
short-term tests on laboratory samples at the same

density.

d. The vibrations inevitably associated with the extraction
of samples from the ground are simply another form of
seismic history which sometimes tend to make "undis-
turbed" samples have a higher resistance to liquefaction

than they would have in-situ.
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In assessing the merits of these possible effects, it should be
considered that there is a reasonable expectancy of improvements
in soil characteristics due to items (a) and (b) above; there is
also a reasonable expectancy that resistance to liquefaction would
increase as a result of sustained confining pressures, although
there is currently no direct evidence from laboratory studies on
sands to support this idea, and any effects of sampling vibra-
tions on the resistance to liquefaction may well be off-set by
the effects of sampling disturbance on the density of the samples
obtained. 1In fact, studies conducted by the U.S. Army Corps of
Engineers (1952) have shown that the density of medium dense to
dense sands is often reduced by sampling operations. There are
good reasons to expect this to be so, and Castro (1975) has re-
cently presented convincing evidence to show that the liquefac-
tion resistance of laboratory samples extracted from zones of
sand having a high penetration resistance is little better than
that of samples extracted from zones of low penetration resist-
ance, Fig. 2-11. This is not in accord with the behavior of lab-
oratory samples having different densities corresponding to the
higher and lower penetration resistances, and strongly suggests a
loosening of the dense sand during the sampling process. Thus
undisturbed samples of medium to dense sands may well be weakened
by loosening during sampling more than they are strengthened by

the effects of sampling vibrations.

All of these factors must be weighed together in assessing
the significance of the comparative strengths of laboratory-
prepared samples and undisturbed samples extracted with suffi-
cient care that the structure of the natural deposit remains
intact and is not modified by the sampling procedure. Some
judgment will inevitably be necessary in assessing the net
effect of the various factors involved, since for loose sands,
some slight densification and structure change may occur during
sampling, while for dense sands, some loosening but negligible
structure change is likely to develop during sampling. For these

reasons, it would seem desirable to supplement laboratory studies

47



~¥

(0, -03)cy
20,

FIG.

to induce a double amplitude strain
equal to 5% in 10 cycles

2-11

0.4

I [ I l
B O, = 85 to 10.5 Kg/cm? O
+ Og =65 to 8.5 Kg/cm? ®
A O, =45t 6.5 Kg/em?
03|l 0O 0. = 25 to 4.5 Kg/cm? o —
-~ . 2
® (J,= 051t 25 Kg/cm ® @ L
®
i °
O A
e 0
AD
0.2} * A D N -
® D¢ N DE‘F o A O O
o
0 .3‘4% g + +
O A
y
A
o | | | I |
2 5 10 20 50 100 200

Corrected Standard Penetration Resistance, N'

RELATIONSHIP BETWEEN CYCLIC STRESS RATIO CAUSING 5% STRAIN
AND STANDARD PENETRATION RESISTANCE ( after Castro, 1975 )




of the properties of undisturbed samples with correlations of
in-situ properties and observed field performance in arriving at
a final decision on the liquefaction characteristics of a

particular deposit.
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CHAPTER 3
EVALUATION OF LIQUEFACTION TEST PROCEDURES ‘

As noted previously, if cyclic loading tests are to provide
a reliable index of the stress conditions causing liquefaction in
the field, it is necessary that they reproduce field conditions
in all respects with a satisfactory degree of accuracy and that
their capability to do this be checked against field behavior of
soil deposits. While some checks of this type have been made,
the number of cases of known field performance and the range of
conditions they represent is quite small, and it is highly de-
sirable that they be supplemented in some manner. Since it is
impractical to wait for future earthquakes to provide the re-
quired data, it seems desirable to generate the required informa-
tion by test programs designed to represent field conditions as

closely as possible,.

To this end, some type of simple shear test seems to provide
the closest representation of field conditions. However, it is
desirable to avoid the stress concentrations believed to develop
in small~-scale samples and to conduct tests representative of the
multi-directional shaking which occurs during an earthquake.
Accordingly, a series of tests were conducted by De Alba, Chan,
and Seed (1975) using large-scale samples (90 inches long by 42
inches wide by four inches deep) to determine accurately the
stress ratios causing initial liquefaction and different levels
of shear strain under one-dimensional simple shear conditions.

A second series of tests on large samples (42-inch diameter by
three inches deep) were conducted by Pyke, Chan, and Seed (1974)
to determine the effects of multi-directional as compared with
uni-directional shaking. Since these tests should provide accu-
rate data on the behavior of soils under simple shear conditions,
they can serve as a basis for evaluating the accuracy of data ob-

tained with other types of apparatus and possibly also supplement‘
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field data by extending the range of conditions known to have
caused liquefaction problems in the field. The results of these

large-scale test programs are, therefore, summarized below.

3.1 LARGE-SCALE SIMPLE SHEAR TESTS USING ONE-DIRECTIONAL SHAKING

The equipment used for the large-scale simple shear tests
conducted by De Alba, Chan, and Seed (1975) is shown schematic-
ally in Fig. 2-1. Basically, a bed of sand, 90 by 42 by 4 inches
deep was constructed on a shaking table; a rubber membrane was
placed over the sand to prevent drainage, and a reaction mass,
with a flexible base to provide uniform seating on the sand, but
a rigid lateral resistance was placed on top of the sand to serve
as a reaction mass. Horizontal movements of the base thus pro-
duced cyclic stress conditions in the sand, and the dimensions
were selected to provide a free-field condition in a substantial
part of the central section of the sample. The ends of the
sample were tapered as shown in Fig. 2-1 so that it was not in
contact with the walls of the box and was free to undergo cyclic
strains in response to the applied stresses. Ample instrumenta-
tion was provided to measure the build-up of pore pressures at
different points in the sample and the deformations which de-
veloped with increasing numbers of cyclic stress applications.

By capping the sample container with a rigid box, air pressures
could be applied to the sand to produce confinement representa-

tive of different depths in the ground.

Although the samples were large enough to be essentially
free of stress concentrations due to boundary effects, it was
found that covering the large surface of the sand by a rubber
membrane introduced a compliance in the sand-pore water system
due to membrane penetration between grains which permitted a
small but significant increase in volume of the system to develop
as the pore pressures built up and pushed out the membrane from
its original position. Correction factors for this effect were

typically about 25 percent and would be of comparable magnitude
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in any similar tests where membranes are placed over large sample
areas to prevent drainage and apply external confining pressures..
However, the need for application of such a correction has not

generally been recognized.

All of the tests in this program were performed in samples
of Monterey No. 0 sand. All of the test samples were prepared by
pluvial compaction, and using this method of sample preparation,
samples were prepared and tested at relative densities of 54, 68,
82, and 90 percent. 1In all cases, it was found that pore pres-
sures built up with increasing numbers of cycles until a condi-
tion of initial liquefaction developed, and this was accompanied
by the development of cyclic strains in the test samples, large
strains occurring in the looser samples but much smaller strains

in the denser samples.

The results of the test program are summarized in Figs. 3-1
and 3-2. Figure 3-1 shows the corrected stress ratios required
to produce a condition of initial liquefaction in different
numbers of stress cycles for samples at different relative dens-
ities. The average rates of development of pore pressures in the
samples at different relative densities are shown in normalized
form in Fig. 3-2. These latter results provide a useful basis
for determining the rate of increase in pore water pressures
under undrained conditions, but they also provide a means for
predicting the rate of build-up of pore water pressures in sand
deposits where some dissipation of pressure may also occur during

the period of cyclic loading (Seed, Martin, and Lysmer, 1975).

The results of the tests shown in Fig. 3-1 are compared with
those obtained in other shaking table studies in Fig. 3-3. Since
the results of previous studies were not corrected for the ef-
fects of membrane penetration and compliance effects, both uncor-
rected and corrected test data for the study by De Alba, Chan,

and Seed (19275) are presented. To provide a common basis for
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comparison, data are shown in each case for tests at a relative
density of 50 percent; where test data were not determined at
this reiative density, they were corrected to this condition by
using the observation that stress ratios required to cause lique-
faction are for practical purposes directly proportional to rela-

tive density up to relative densities of about 75 percent.

It may be seen that there is clear evidence that the test
results are significantly influenced by the length/height ratio
of the test samples and thereby, in most previous investigations
where samples have been in contact with the walls of the con-
tainer, by the stiffness of the walls involved. It appears that
the tests by Finn, Emery, and Gupta (1971) with a length to
height ratio of about 10.3 may have been sufficiently free from
these effects to provide reasonable test data, provided a cor-
rection for membrane compliance is also applied. It should be
noted that part of the difference in test results in the various
investigations is probably due to different methods of sample
preparation, but this effect alone could not explain the large
differences in reported data. In any case, the different results
clearly indicate the care required to provide correct boundary
conditions if meaningful data are to be obtained by means of
shaking table studies, and the need for careful evaluation of the

data in tests conducted in this manner.

The test data obtained by De Alba, Chan, and Seed (1975) are
compared with test data from small-scale simple shear devices of
different types in Fig. 3-4. Again, all test data have been cor-
rected to a relative density of 50 percent. In this case,
samples in all of the studies shown were prepared either by sedi-
mentation through water or by pluvial compaction, so different
methods of preparation should not significantly affect the re-

sults.

It may be seen that there is very good agreement between

the results reported by Seed and Peacock (1971), Finn, Pickering,
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and Bransby (1971), Yoshimi (1973), and those obtained in the
large-scale tests, indicating either that the errors due to
stress concentrations in small-scale tests may not be so large as
has often been claimed (e.g., Castro, 1975), or they are counter-

balanced by some other feature of the test.

The test data reported by Ishibashi and Sherif (1974) were
obtained using a higher value of KO than those used in the other
investigations and may well be higher than the other data for
this reason. In fact, previous studies by Seed and Peacock
(1971) have shown that increasing the value of KO from 0.4 to 0.6
will increase the stress ratio required to cause initial lique-
faction by about 50 percent, and this factor alone would almost
account for the higher values indicated by the Ishibashi and
Sherif data in Fig. 3-4.

It would appear, however, that carefully conducted small-
scale simple shear or torsional shear tests using good quality
equipment can provide data comparable to that obtained with
large-scale test samples and presumably representative of simple

shear field conditions if these could develop uni-directionally.

3.2 COMPARISON OF LARGE-SCALE SIMPLE SHEAR TEST DATA WITH
CYCLIC TRIAXIAL TEST DATA

It has already been noted that cyclic loading triaxial tests
lead to different stress ratios causing liquefaction that cyclic
simple shear tests for a variety of reasons, some of them associ-
ated with the stress conditions under which the tests are con-
ducted, some associated with the methods of data interpretation
used and some associated with limitations of the cyclic triaxial

test procedure itself.
The development of high quality data from the large-scale

shaking table studies described previously provided an excellent

opportunity to compare the results obtained with those determined
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by cyclic triaxial compression tests on the same sand, prepared
in the same manner and tested at the same confining pressure.
The results of such a comparison are shown in Fig. 3=5, which
compares the relationship between the cyclic stress ratio T/O'o
and number of stress cycles required to cause initial liquefac-
tion in simple shear tests with the relationship between the

cyclic stress ratio Tm/o' or Gdc/2o' and the number of stress

3c 3c
cycles required to cause initial liquefaction in cyclic triaxial
tests. As before, the comparison is shown for samples having a

relative density of 50 percent.

It is readily apparent that for any given number of cycles
to initial liquefaction, the cyclic triaxial stress ratio is
higher than that for simple shear conditions. Comparison of the
ordinates of the two curves shown in Fig. 3-5, therefore, pro-
vides values of the stress correction factor

T "max
c. = 7/

r o o!
o} 3c

For the data shown, values of c  vary slightly with the number of
cycles from about 0.65 at four cycles to about 0.60 at 50 cycles.

Similar comparisons have been made for samples tested at
relative densities ranging from 50 to 90 percent, and the results
are summarized in Figs. 3-6 and 3-7. Values of c. for samples
reaching a condition of initial liquefaction in ten cycles are
shown in Fig. 3-6. Regardless of the relative density of the
samples involved, the value of c_ was the same and equal to 0.63.
The same independence of relative density was found for other
numbers of cycles. Values of the correction factors c. found to
be applicable for different numbers of cycles at all relative

densities are, therefore, summarized in Fig. 3-7.

These values range from about 0.6 to 0.65 and are reasonably

close to those indicated by previous experimental studies and
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those developed on an analytical basis by Seed and Peacock
(1971), Finn, Pickering, and Bransby (1971), and Castro (1975).
Accordingly, they would seem to provide a sufficiently reliable
basis for correcting the results of cyclic triaxial compression
tests to obtain stress ratios corresponding to one-directional
simple shear conditions on the same material and at the same

maximum confining pressure.

It is interesting to note that in the cyclic triaxial test
program conducted by Mulilis to determine the cyclic stress ratio
causing liguefaction and different strain amplitudes for samples
with relative densities ranging from 50 to 90 percent, involving
cyclic stress ratios ranging from 0.2 to 0.5, there was no ap-
parent effect of non-uniform strains or water content redistribu-
tion in the samples prior to initial liquefaction on the develop-
ment of certain limiting strains. However, it was apparent that
non-uniform conditions developed once necking occurred in the
test specimens. Similar results have been observed in other
studies. Thus, it appears that carefully conducted cyclic tri-
axial tests can provide valid data on cyclic loading character-
istics up to initial liquefaction and strains of the order of
about five percent for dense samples or 20 percent for loose
samples. Reliable data cannot be obtained, however, once necking
occurs in any test specimen or if non-uniform conditions exist in

the initial sample placement in the triaxial cell.

3.3 DETERMINATION OF THE EFFECTS OF MULTI-DIRECTIONAL SHAKING ON
LIQUEFACTION UNDER SIMPLE SHEAR CONDITIONS

A potentially significant difference between the stresses

developed on soil elements in the ground during an earthquake

and those induced on soil samples in laboratory simple shear
tests is the multi-directional nature of the stresses under field
conditions compared with the uni-directional nature of cyclic
stress applications under laboratory conditions. Accordingly, a

series of laboratory investigations have been conducted by Pyke
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Chan, and Seed (1974) to determine the significance of this ef-
fect.

Since analyses have now been developed (Martin, Finn, and
Seed, 1975) to predict the stress conditions causing initial
liquefaction of saturated sands from test data on the rate of
settlement of the same sand in a dry condition, combined with a
knowledge of the rebound and stress-deformation characteristics
of the sand, the studies by Pyke, Chan, and Seed were aimed at
establishing the difference in settlement characteristics of dry
sand under uni-directional and multi-directional shaking condi-
tions. For this purpose, samples of sand three inches deep and
with an average diameter of 42 inches were constructed on a
shaking table, surrounded by a membrane and fitted with a steel
reaction cap as shown schematically in Fig. 3-8 so that cyclic
horizontal movements of the table would create cyclic stresses in
the test sample. Confining pressures could readily be provided

by applying a vacuum to the test specimen.

Samples were tested by subjecting them to pre~programmed
random horizontal motions, first in one direction only and then
in two directions at right angles (see Fig. 3-9) producing the
composite motion characteristics shown in Fig. 3~10. In each
test, the settlement was measured as a function of the number of
applied stress cycle, and from this data, plots such as Fig. 3-11
could be determined to show the relationship between the applied
shear stress ratio T/O'o and the settlement induced in any given

number of cycles.

The greater settlements observed in shaking table tests with
multi-directional as opposed to uni-directional shaking indicate
that pore water pressures will build up more rapidly in the field
than is indicated by laboratory tests on saturated samples in
which the load is cycled in one direction only. The effect of

vertical accelerations in the field may be neglected for satu-
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rated soils, since they will have virtually no influence on the
effective stresses in the soil, but the effects of the two hori-
zontal components of motion should clearly be considered. How-
ever, it would be possible to conduct the analysis for shaking in
one direction only using the results of presently available
laboratory tests if a correction for the effect of the second
horizontal component of motion is established. A detailed analy-
sis of such a correction is presented by Pyke, Chan, and Seed
(1974).

The effect of the second horizontal component of shaking on
the development of pore water pressures leading to liquefaction
may be inferred from the results of the shaking table tests on
dry sand. It may be shown that there is a certain settlement of
dry sand which is equivalent to the development of initial lique-
faction (pore water pressure equal to applied confining pressure)
in undrained saturated sand. For initial vertical effective
stresses of 7 to 22 psi, the settlements of dry sand that are
equivalent to the onset of liquefaction in saturated sand are of
the order of 0.1 to 0.2 percent (Martin, Finn, and Seed, 1975).
Although the stress-ratios used in the presentation of the re-
sults of the shaking table tests are not numerically the same as
those which would cause liquefaction in the same number of cycles,
it may reasonably be assumed that the stress-ratios causing
liquefaction are approximately proportional to the values shown
in Fig. 3=11. Thus, it may be concluded that the ratio of shear
stresses that would cause liquefaction with shaking under two
horizontal components as opposed to one component will be about
the same as the ratio of the stress ratios causing the same

settlement in one- and two-directional shaking table tests.

Based on the data shown in Fig. 3-11, therefore, it would be
reasonable to conclude that the stress ratio required to cause
initial liquefaction for a ground motion with two equal horizon-

tal components will be about 20 percent less than that required to
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cause intitial liquefaction with shaking in only one direction.
However, statistically, the peak accelerations in two directions
at right angles are rarely equal, and if the peak acceleration in
one direction is approaching an 85 percentile value, the peak
acceleration in the other direction will probably be only about
2/3 of this value, or less, in which case, the settlements due
to the combined horizontal components will be those indicated by
the dashed line in Fig. 3-11. 1In this case, the stress ratio
required to cause initial liquefaction for the combined horizon-
tal motions would be about ten percent less than that causing
initial liquefaction with shaking in only one direction. It
would seem appropriate, therefore, to apply a correction factor
of this magnitude to test data obtained from one-directional
shaking or simple shear tests and to corresponding data obtained
from cyclic triaxial tests. This is equivalent to reducing the
values of c. shown in Fig. 3-7 by a further ten percent, leading
to the values shown in Fig. 3-12 as being appropriate for two-
dimensional shaking conditions. These values range from about
0.59 for motions producing five equivalent cycles to about 0.55

for motions producing about 30 equivalent cycles.

3.4 INFLUENCE OF INITIAL STRESS CONDITIONS ON LIQUEFACTION
CHARACTERISTICS

It has been recognized from the earliest stages of cyclic
load testing of soils that the initial stress conditions acting
on a test specimen have a large influence on the additional
stresses to which it can be subjected before developing a condi-
tion of initial liquefaction or significant cyclic strains. This
is one of the primary reasons for the differences in stress
ratios determined in cyclic triaxial and cyclic simple shear
tests previously discussed and is attributable to the different
initial values of Ko' the coefficient of earth pressure at rest,
used in these tests. Correspondingly, it may readily be shown
that different initial values of Ko will lead to quite different
results in cyclic simple shear tests due to the different stress

conditions involved.
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In fact, this result has been concluded implicitly or
directly by many investigators of the behavior of saturated sands
under cyclic loading conditions., Direct experimental evidence of
the large effects of Ko on the stress ratios required to cause
initial liquefaction and large strains was first provided by Seed
and Peacock (1971), who tested samples of saturated sand in a
simple shear box after inducing different degrees of overconsoli-
dation, with overconsolidation ratios varying from 1 to 8, to
produce different values of Ko’ Fig. 3-13. It was found that for
values of overconsolidation ratio greater than about 5, the
stress ratios required to cause liquefaction were increased by at
least 50 percent. Previous work by Hendron (1963) shows that
values of overconsolidation ratio of 6 to 8 would be likely to
produce values of Ko of 1 or more. Thus, it was concluded that
values of OCR sufficiently large to increase the OCR to a value
of unity would produce stress ratios in simple shear tests very
similar to those obtained in triaxial tests conducted with

armbient pressure conditions.

A somewhat similar effect is shown by the cyclic torsional
shear and simple shear data presented in Fig. 3-4. Even allowing
for some differences in the properties of the sands and methods
of sample preparation used in different investigations, the
cyclic stress ratios determined by Ishibashi and Sherif (1974)
using a value of Ko = 0.6 are substantially higher than those
determined by other investigators for normally consolidated sands

in which Ko was probably closer to 0.4.

In addition to experimental evidence of this type, the re-
sults of all analytical studies conducted to determine the re-
lationship between cyclic stress ratios in uni-directional cyclic
simple shear tests and cyclic triaxial compression tests have led
to the conclusion that the results of these tests would be about

the same for conditions where Ko = 1. Thus, in the relationship

T Odc
L []
o o 20 3

field triaxial
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values of a have been determined as shown in the following

table: ‘

Investigator a Value of a for Ko =1
Finn, Pickering, & 1+ 2K 1.0
Bransby (1971) B
Seed and Peacock Varies
(1971) 1.0

2(1 + 2KO)

3V 3

Castro (1975)

Accordingly, it is appropriate, on both theoretical and ex-
perimental grounds, to use higher values of o for sands known to
be overconsolidated, with values of o becoming equal to 1.0 for
conditions where the overconsolidation ratio is about 6, a value
shown by Hendron to produce a Ko condition of about 1.0. This
would indicate a correction factor c, of 1.0 in applying triaxial
test data to field conditions of this type. However, it would
still be necessary to reduce this factor by about 10 percent to
allow for the effects of multi-directional shaking leading to a

correction factor for field conditions of about 0.9.

On this basis, it would seem reasonable to adopt correction
factors for triaxial compression test data as shown in Fig. 3-14,
with values ranging from c,. = 0.57 for OCR = 1 to c. = 0.9 for
OCR = 6, in applying the data to field conditions. This assumes
that the correction factor c_ will vary linearly with the over-
consolidation ratio, but this assumption would appear to be ade-

quate for all practical purposes at the present time.

Similarly, correction factors Cssr to account for overcon-
solidation effects in cyclic simple shear tests are presented in
Fig. 3-15. The correction factors were developed on the basis
of the information presented in Fig. 3-13. As with the triaxial
tests, the correction factors are assumed to vary linearly with ‘

the overconsolidation ratio.
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CHAPTER 4

‘ INITIAL LIQUEFACTION WITH LIMITED STRAIN POTENTIAL OR

CYCLIC MOBILITY FOR LEVEL GROUND

Two of the most significant deficiencies of the cyclic load

triaxial test are:

The test cannot be used reliably to investigate the ef-
fects of cyclic stress ratios greater than 0.5, since
beyond this point, the upward application of the devi-
ator stress tends to lift the cap off the specimen, and
stress concentrations then lead to premature failure.
To some extent, the cap may succeed in applying a ten-
sion force to the top of the sample by suction, but
this is of a limited and dubious nature, and the re-

sults cannot be considered reliable in this range.

The test cannot be used to determine reliably the axial
strains resulting from cyclic stress applications once
the sample starts to neck during the upward application
of a stress cycle. 1In a well conducted test, the defor-
mations are reasonably symmetrical about the initial
height, although there will always tend to be a slightly
greater deformation in extension rather than compres-
sion., Usually there is no significant tendency for
stress concentrations to cause non-uniform deformations
until at least a condition of initial liquefaction and
cyclic strains exceeding about +2.5 percent have been
reached. Thus, the data are reasonably reliable and
consistent up to this point. For loose samples, defor-
mations increase so rapidly beyond this stage that the
accuracy of their rate of increase is not usually sig-
nificant. However, for dense samples, the specimen will

usually tend to neck soon after initial liquefaction of
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strains of about +2.5 percent are reached, and once
necking occurs, the stress conditions in the sample ca.
no longer be determined and the extension strains become
totally unreliable. Thus, there is no way to measure
accurate values of axial strains in excess of about +2.5
percent for dense samples. In some cases, this necking
may occur near the top of the sample (Castro, 1975), but
this is not always the case. Regardless of where it
occurs, however, strain amplitudes beyond this point
become unreliable. It should be noted, however, that
measurements of non-uniformities developed in test
specimens after this stage is reached are not indicative
of any potential errors in data up to this point, and
furthermore, since necking is the primary cause of the
errors, this deficiency does not occur in tests using
anisotropic consolidation of triaxial test specimens,
such as those used for conditions below sloping ground

surfaces and strains are primarily compressive.

Nevertheless, it was the recognition of the above deficien-
cies and the need to test denser materials under conditions pro-
ducing larger strains that influenced the development of cyclic
simple shear and cyclic torsional shear tests of various types.
While few of these have explored the strains developed in denser
samples, the large-scale study by De Alba, Chan, and Seed (1975)
has provided data on the behavior of dense sands at relatively
high stress ratios. In particular, the tests provided clear data
to show that for sand at any given relative density, there was
apparently a limited amount of shear strain that could be de-
veloped, regardless of the magnitude of the applied stress ratio
or the number of stress cycles. Typical results for tests on
Monterey No. 0 sand at different relative densities are shown in
Figs. 4-1 and 4-2. As may be seen from the figures, at relative

densities less than about 45 percent, the application of cyclic

stress ratios sufficiently high to cause initial liquefaction

78



®

50

40

€3]
(@]

o

Limiting Shear Strain, ¥y -%
)
(@)

04

t
o]

T/C,

0.3

0.2

Cyclic Stress Ratio,

0.l

FIG. 4~

~—— [ iquefaction

Inttial liquefaction with
imited shear strain poten- -»|
tial or cyclic mobility

Monterey

No. O Sand

O

20

40

60

80 100

Relative Density, %

t7=25% 15% 10% 5% |

0 //lnlflﬂl
/ Liquefaction

A4
e
[6]

Stress Cycles
20 40 60 80 100

Retative Density, %

79

LIMITING SHEAR STRAINS - 10 STRESS CYCLES
( After De Alba,Chan and Seed, 1975)




Initial liquefaction with
~—— Liquefaction limited shear strain poten-—»
tial or cychc mobility
I
]
|
E Mcnterey No O Sand
40 |
i
}
° |
N |
| |
> 30 i
+| 1
- ]
: :
> |
n
w |
g 20 ] \
< [
n |
o ]
c I
= :
£ H N
3 i0 ;
I
|
]
l
0 1 &
0 20 40 60 80 100
Relative Density, %
04 1 T
*Y=25% 15% 0% 5%
1.0
S
o 03
o /
g
2 !
02
j‘-_’ it Inttial
w Liguefaction
©
‘©
%)
Ol e —
30
Stress Cycles
0
0 20 40 60 80 100

Relative Density, %

FIG. 4-2 LIMITING SHEAR STRAINS -30 STRESS CYCLES

80 ( After De Alba, Chan and Seed, 1975)

®




will also cause extremely high and probably unlimited strains in
‘ the soil. This corresponds to a condition of liquefaction. How-
ever, for relative densities greater than about 45 percent, the
application of stress ratios and numbers of cycles sufficiently
high to cause initial liquefaction would result in only a limited
amount of shear strain, the limiting strain potential decreasing
with increasing relative density. Thus for example, the limiting
strain potential for a sample with a relative density of 50 per-
cent might be about +35 percent, but a sample with a relative
density of 90 would have a limiting strain potential of only

about +6 percent.

The condition of "initial liquefaction with limited strain
potential" as used above is directly analagous to the condition
of "“cyclic mobility" used by Casagrande and Castro (1975). How-

ever, the authors prefer the use of the former term for several

reasons:
a. "Cyclic mobility" does not serve to indicate that high
residual pore water pressures exist in the soil, whereas
"initial liquefaction" clearly indicates such a condi-
tion.
b. "Cyclic mobility" covers a wide range of conditions with

potential strains ranging from almost zero to many tens
of percent. Thus under some situations, a condition of
cyclic mobility may be perfectly acceptable, whereas in
others, it would be totally unacceptable. A statement

that a soil is in a condition of "initial liquefaction

with a limiting strain potential of X percent" seems to
provide a more specific and graphic description of the

Situation than a statement that the soil is cyclically

mobile.

However, in the long run, it matters little which termin-

’ ology is used so long as the phenomena are understood and used in
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the same manner throughout the profession. It is hoped that the
above explanation will serve to clarify any misunderstandings
which may have arisen through the use of different terminology by
different investigators and emphasize that there is in fact ap-
parently a high degree of agreement on many aspects of the soil

liquefaction phenomenon.

A special word of caution would seem to be in order, how-
ever, in discussing the possibility of "liquefaction" or "initial
liquefaction with a limiting shear strain potential" for sands
having a relative density of say 60 percent. Test data for such
sands obtained by tests on relatively uniform samples under lab-
oratory conditions clearly indicate that they may have a limiting
strain potential of about 20 to 25 percent (see Figs. 4-1 and
4-2). In the field, however, such a sand may be overlain by a
considerably more impervious and fine-grained deposit so that
high pore water pressures equal to the overburden pressure can
build up at the contact boundary. In such cases, it is doubtful
that dilation of the sand during shear would be able to reduce
the pore water pressure since deformations could take place
entirely along the contact surface with no accompanying dilation,
leading to the appearance of liquefaction and flow even though a
homogeneous deposit of the sand involved would be incapable of
such field performance. It is interesting to note that many
cases of slides due to liquefaction during earthquakes, involving
large lateral translations of soil masses, have occurred in
stratified deposits of sand and finer-grained soils (Seed, 1968;

Seed, Martin, and Lysmer, 1975).
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CHAPTER 5
FACTOR OF SAFETY IN EVALUATING LIQUEFACTION POTENTIAL

In evaluating the liquefaction potential of a saturated sand
deposit under some postulated earthquake condition, it is custom-
ary to express the result in terms of a factor of safety expres-
sed as:

Uniform shear stress required to cause
initial liquefaction or an acceptable
limit of strain in N cycles

average shear stress induced by
earthquake for N cycles

Factor of Safety =

This requires determinations of the stresses induced by the
earthquake and the stresses which must be applied to the sand to
cause initial liquefaction (or some selected degree of strain if

this is considered more appropriate).

If the earthquake motions are specified at the ground sur-
face, then the stresses developed in the upper 40 feet of a soil
deposit can be assessed (Seed and Idriss, 1971). The preceding
pages have discussed at length the procedures required to make a
good assessment of the stresses required to cause initial lique-
faction or a given degree of strain. The final acceptable factor
of safety will clearly depend on the accuracy with which each of

these individual assessments can be made in any given case.

The discussion of "limiting strain potential” in Chapter 4
of this report emphasizes a further consideration which must be
taken into account in determining what value constitutes an ac-
ceptable factor of safety; that is, the consequences arising, if
for some reason the actual factor of safety should be reduced to
unity. Clearly, this is very different in the case of a loose
sand with a relative density of about 55 percent and the same
sand in a dense condition, say with a relative density of 82 per-

cent. It may be seen from Figs. 4-1 and 4-2 that the limiting
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strain for Monterey No. 0 sand at 54 percent relative density is
+30 percent, while the limiting strain for the same sand at 82
percent relative density is only +10 percent. The stress condi-
tions producing these conditions are shown graphically in Fig.
5-1. It is apparent that if the stress ratio causing five per-
cent strain at a relative density of 54 percent is ever slightly
exceeded, then the sand will undergo strains up to +30 percent
with almost certain catastrophic consequences. However, if the
stress ratio causing five percent strain at a relative density of
82 percent is slightly exceeded, the only result would be to
cause a strain of perhaps six percent and no more than ten per-

cent even if the factor of safety should drop to 0.5 or even 0.2,

This difference in consequences, if for any reason the
actual factor of safety reaches a value of unity, is clearly an
important factor in determining an allowable factor of safety and
in many cases warrants the use of lower factors against initial
liquefaction or low strains in dealing with dense sands than in

dealing with loose sand deposits.
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CHAPTER 6 ‘

USE OF LARGE-SCALE TEST DATA TO SUPPLEMENT KNOWN CASES OF
LIQUEFACTION IN THE FIELD

It was shown previously in this report that there is a
scarcity of reliable field data concerning the liquefaction po-
tential of sands with high densities or penetration resistance
values subjected to high cyclic stress ratios by earthquake
ground motions. Since there has been no opportunity to collect
data of this type from the field, it would seem desirable that
some attempt be made to explore the possibility of obtaining the
data by means of laboratory tests which closely simulate field

conditions.

The data obtained by De Alba, Chan, and Seed (1975) in
large-scale simple shear tests provide a basis for studies of
this type, provided they are suitably modified for other signifi-

cant factors known to affect the results under field conditions.

Thus for example, the data presented by De Alba, Chan, and
Seed (1975) were obtained by uni-directional simple shear tests
on samples of Monterey No. 0 sand deposited by pluvial compaction
and tested under a confining pressure of 8 psi. The data in
Table 2-3 show that stress ratios causing initial liquefaction or
prescribed strains for undisturbed samples are conservatively
about 15 percent higher than those of samples prepared by moist
tamping, and the data by Mulilis show that for Monterey sand,
samples prepared by moist tamping are about 60 percent stronger
than those prepared by pluvial compaction. Thus, if the simple
shear tests had been performed on undisturbed field samples of
Monterey sand, the cyclic stress ratios causing liquefaction
would probably have been higher than those measured by a factor

of 1.6 x 1.15 or about 1.85. .
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At the same time, cyclic load tests are normally conducted
at confining pressures higher than 8 psi, and data by Mulilis,
Chan, and Seed (1975) show that the stress ratios causing ligque-
faction at pressures of about one ton per square foot would be
about 10 percent less than those at a pressure of 8 psi, while
for two components of motion, as developed in the field, the
stress ratios causing liquefaction would be reduced by an addi-
tional 10 percent. Thus, cyclic stress ratios causing liquefac-
tion at confining pressures of about one tsf in the field would
require that the data by De Alba, Chan, and Seed (1975) be multi-

~

plied by a correction factor of 1.85 x 0.9 x 0.9 = 1.5.

Finally, it should be noted that Monterey sand is by no
means the poorest type of sand from a liquefaction point of view,
and available data indicate that stress ratios causing liquefac-
tion of some sands under comparable conditions may be about 15
percent less than those for Monterey sand. Thus, a lower bound
value of cyclic stress ratios causing liquefaction of natural
deposits of sands under field conditions might be obtained by
applying a final correction factor of 1.5 x 0.85 = 1.28 to the
test data by De Alba, Chan, and Seed (1975) shown in Fig. 3-1.
This would lead to the following results for the lower bound

stress ratios causing initial liquefaction.

5 Cycles 15 Cycles
T T T T
Relative (o' ) <o' ) (o' ) (o' )
Density © test © field © test © field
54 0.17 0.22 0.135 0.17
68 0.215 0.275 0.17 0.22
82 0.29 0.37 0.22 0.28
90 0.35 0.45 0.26 0.33

Five uniform stress cycles might be considered representa=-
tive of earthquakes with magnitude ranging from 5 to 6, and 15

uniform cycles might be considered representative of earthquakes
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with magnitudes of 7.0 to 7.5 (Seed, Idriss, Madkdisi, and

Banerjee, 1975). ‘

In order to relate these results to those for field cases of
liquefaction shown in Fig. 1=5, it is necessary to establish a
relationship between the relative densities of samples deposited
by pluvial compaction and the corrected penetration resistance
N . The only available basis for determining such a relationship
aé the present time appears to be the correlation between Stand-
ard Penetration Resistance values and relative density proposed
by Gibbs and Holtz (1957), Gibbs (1971), Bazaara (1967), and
Schultze and Melzer (1965). Based upon these results, it might
be estimated that the relationship between relative density and
Standard Penetration Resistance under an overburden pressure of

one ton per square foot would be approximately as follows:

Relative Density of Sand Standard Penetration Resistance
Deposited by Pluvial under Overburden Pressure of
Compaction 1 ton/sq. ft., Nj
54 12
68 19
82 26
90 30

Combining these results with those determined above leads to
the following approximate lower bound correlation between the
stress ratio likely to cause liquefaction in the field and the

corrected penetration resistance N :
1

Stress Ratios, t1/0'y, Causing
Initial Liquefaction under
Field Conditions

N, - blows/ft. M =15 to 6 M=7+to 7.5
12 0.22 0.17
19 0.275 0.22
26 0.37 0.28
30 0.45 0.33
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These values, superimposed on the field data from Fig. 1-5,
‘ are shown in Fig. 6-1. It may be seen that they are in reason-
able agreement with conditions known to cause liquefaction in the
field and provide a basis for establishing a lower bound curve
for cyclic stress ratios causing initial liquefaction for sands
with high penetration resistance values. The initial liquefac-
tion conditions of such sands will clearly be such that they will
only be accompanied by limiting shear strains, the latter depend-
ing upon the relative density of the sand, and for ease of refer-
ence, the limiting shear strains determined for Monterey sand are
plotted in the upper part of Fig. 6-1, again using the Gibbs and
Holtz correlation between relative density and penetration re-

sistance to establish the N wvalues.
1

Thus the data in this figure might well be used as a summary
of past field performance concerning liquefaction and as a guide
to probable future performance. Supplemented by detailed evalua-
tions of stress conditions and liquefaction characteristics at
any given site, it provides a basis for an overall evaluation of

probable performance.
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CHAPTER 7
SUMMARY AND CONCLUSIONS

7.1 SUMMARY

7.1.1 Definitions

The term "liquefaction" as used in this report describes a
phenomenon in which a cohesionless soil loses strength during an
earthquake and acquires a degree of mobility sufficient to permit

movements ranging from several feet to several thousand feet.

It is now generally recognized that the basic cause of
liquefaction of saturated cohesionless soils during earthquakes
is the build-up of excess hydrostatic pressures due to the appli-
cation of cyclic stresses induced by the ground motions. These
stresses are generally considered to be due primarily to upward
propagation of shear waves in a soil deposit, although other
forms of wave motions are also expected to occur. As a conse-
quence of the applied cyclic stresses, the structure of the co-
hesionless soil tends to become more compact with a resulting
transfer of stress to the pore water and a reduction in stress on
the so0il grains. As a result, the soil grain structure rebounds
to the extent required to keep the volume constant, and this |
interplay of volume reduction and soil-structure rebound deter-
mines the magnitude of the increase in pore water pressure in the

soil,
In an effort to clarify differences in terminology, the
following qualifications of the term liquefaction were intro-

duced:

a. "Initial Liquefaction." Denotes a condition where,

during the course of cyclic stress applications, the
residual pore water pressure on completion of any full
stress cycle becomes equal to the applied confining
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pressure; the development of initial liquefaction has
no implications concerning the magnitude of the defor—.
mations which the soil might subsequently undergo;
however, it defines a condition which is a useful

basis for assessing various possible forms of subse-

quent soil behavior.

b. "Initial Liquefaction with Limited Strain Potential"

or "Cyclic Mobility." Denotes a condition in which

cyclic stress applications develop a condition of
initial liquefaction, and subsequent cyclic stress
applications cause limited strains to develop either
because of the remaining resistance of the soil to
deformation or because the soil dilates, the pore
pressure drops and the soil stabilizes under the
applied loads. It should be noted, however, that once
the cyclic stress applications stop, if they return to
a zero stress condition, there will be a residual pore
water pressure in the soil equal to the overburden
pressure, and this will inevitably lead to an upward
flow of water in the soil which could have deleterious

consequences for overlying layers.

c. "Ligquefaction." Denotes a condition where a soil will

undergo continued deformation at a constant low re-
sidual stress or with no residual resistance, due to
the build-up of high pore water pressures which re-
duce the effective confining pressure to a very low
value; pore pressure build-up may be due either to

static or cyclic stress applications.

7.1.2 Methods for Evaluating the Liquefaction Potential of Sand

Deposits (Level Ground)
There are basically two methods available for evaluating

the liquefaction potential of a deposit of saturated sand sub-
jected to earthquake shaking: ‘
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Method Based on Observations of Performance of Sand

Deposits in Previous Earthquakes. Post earthquake

surveys of the areas where liquefaction has or has not
occurred have been used to prepare charts based pri-
marily on the Standard Penetration Resistance of the
deposit for differentiating between liquefiable and
non-liquefiable conditions. Since empirical compari-
sons and evaluations of this type take no account of
significant factors, such as the duration of shaking
or the possibility of drainage, and depend upon the
reliability of field measurements of penetration re-
sistance, which, in the opinion of many engineers, is
open to serious question, it appears to be the general
belief among most engineers that while such correla-
tions can provide useful preliminary evaluations of
liquefaction potential, they will often need to be
supplemented by detailed studies based on ground re-
sponse analyses and detailed soil testing programs in
order to arrive at a meaningful evaluation of the

liquefaction potential of any particular site.

Method Based on Evaluation of Stress Conditions in

the Field and Laboratory Determinations of the Stress

Conditions Causing Liquefaction of Soils. Analytical

procedures for evaluating the liquefaction potential
of soil deposits involve two independent determina-
tions: 1) an evaluation of the cyclic stresses induced
at different levels in the deposit by the earthquake
shaking and 2) a laboratory investigation to determine
the cyclic stresses which, for given confining pres-
sures representative of specific depths in the de-
posit, will cause the soil to liquefy or undergo
various degrees of cyclic strain. The evaluation of
liquefaction potential is then based on a comparison

of the cyclic stresses induced in the field with the
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Stresses required to cause liquefaction or an accept-

able limit of cyclic strain in representative samples

in the laboratory.

The cyclic stresses induced in the ground by an earth-
quake may be computed by a ground response analysis,

by a simplified procedure based on a knowledge of the
maximum ground surface acceleration, or by deconvolu-

tion of a known ground surface motion.

Various types of laboratory test equipment and pro-
cedures have been used to investigate the cyclic
stress conditions required to cause liquefaction or
initial liquefaction with limited strain potential of
saturated sands. These include cyclic simple shear,
cyclic torsional shear, shaking table, and cyclic

triaxial tests.

It has been generally recognized since the advent of
cyclic load testing that virtually all types of tests
are subject to some degree of error due to equipment

limitations.

Furthermore, another important aspect of a cyclic load
test program for use in design concerns the selection
of representative samples for testing purposes. In
the early stages of cyclic load testing, it was gener-
ally recognized that the liquefaction characteristics
of any given sand varied greatly depending on its
density or relative density, but the possible effects
of other factors, such as seismic or geologic history,
soil structure, or method of sample preparation, were
not considered likely to affect the results signifi-

cantly.

However, detailed studies of soil liquefaction con- .
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ducted during the past three years at the University
of California, Berkeley, under the sponsorship of the
U.S. Nuclear Regulatory Commission, together with the
results of other investigations, have led to the fol-

lowing conclusions.

7.2 CONCLUSIONS

The behavior of a saturated sand under cyclic loading con-
ditions is a function of its geologic and seismic history and

grain structure as well as its placement density.

There is strong evidence that the liquefaction resistance of
undisturbed samples is substantially higher than that of freshly

deposited laboratory samples at the same density.

The resistance to liquefaction of a sand deposit can best be
estimated by laboratory testing of undisturbed samples recovered
from the field. This inevitably raises the question of the abil-
ity of existing sampling procedures to obtain good quality un-
disturbed samples of sand and the possible errors introduced if
samples are disturbed to some extent in the sampling and handling
process. In fact, it seems likely that procedures vary widely in
their adequacy in this respect, and the nature of the sampling
process requires careful evaluation in assessing the quality of

test data obtained from the resulting samples.

If samples prepared in the laboratory are to have the same
characteristics as a soil deposit in the field, they must be
prepared in a manner producing the same density and grain struc-
ture and tested in such a way that the in-situ value of KO can be

taken into account in assessing their field performance.
The creation of a soil structure similar to that of the

field deposit is only possible if the structure of the field de-

posit can be determined, and measurements of grain structure are
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by no means a standard procedure in soil mechanics laboratories.
However, measurement of the "formation factor" for a sand is a
relatively rapid and inexpensive procedure, and this method of
measuring particle arrangement or fabric may provide a practical
means for determining the structure of sands for a variety of
purposes. Further studies of the potential usefulness of this
index of structure are required, however, before it could be

recommended for adoption as a practical tool for design studies.

Laboratory shaking table test results from samples large
enough to be essentially free of undesirable boundary effects and
to which an appropriate membrane compliance correction has been
applied show that most shake table test results previously re-
ported in the literature are significantly influenced by these
factors. The different results from this and other investiga-
tions clearly indicate that care is required to provide correct
boundary conditions if meaningful data are to be obtained by
means of shaking table studies. Furthermore, this method of

testing cannot be used for undisturbed samples.

Carefully conducted small-scale simple shear or torsional
shear tests using good quality equipment can provide data com-
parable to those obtained with large~scale test samples. How-

ever, it is difficult to test undisturbed samples in these types

of tests.

Small-scale, properly conducted, simple shear laboratory
tests seem to provide a sufficiently reliable basis for correct-
ing the results of cyclic triaxial compression tests to obtain
stress ratios corresponding to one-directional simple shear con-
ditions on the same material and at the same maximum confining

pressure.

It appears that carefully conducted cyclic triaxial tests,
used in conjunction with appropriate correction factors, can pro-

vide valid data on cyclic loading characteristics up to initial
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liquefaction and strains of the order of about 5 percent for
dense samples or 20 percent for loose samples. Reliable data
cannot be obtained, however, once necking occurs in any test
specimen or if non-uniform conditions exist in the initial sample

placement in the triaxial cell.

Based on the information developed, it is reasonable to
conclude that the stress ratio required to cause initial lique-
faction for a ground motion with two equal horizontal components
will be about 20 percent less than that required to cause initial
liguefaction with shaking in only one direction. However, sta-
tistically, the peak accelerations in two directions at right
angles are rarely equal, and if the peak acceleration in one
direction is approaching an 85 percentile value, the peak accel-
eration in the other direction will probably be only about 2/3 of
this value, or less. In this case, the stress ratio required to
cause initial liquefaction for the combined horizontal motions
would be about ten percent less than that causing initial lique-
faction with shaking in only one direction. It would seem ap-
propriate, therefore, to apply a correction factor of this mag-
nitude to test data obtained from one-directional shaking or
simple shear tests and to corresponding data obtained from cyclic

triaxial tests.

The results of all analytical and experimental studies con-
ducted to determine the relationship between cyclic stress ratios
in uni-directional cyclic simple shear tests and cyclic triaxial
compression tests have led to the conclusion that the results of
these tests would be about the same for conditions where Ko=l.
Correspondingly, it may be shown that different initial values of
K, will lead to quite different results in cyclic simple shear
tests due to the differences in the stress conditions involved.
It is, therefore, appropriate, on theoretical and experimental
grounds, to apply correction factors to the triaxial shear test
results which vary with the degree of overconsolidation of the
material tested.
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Typical large shake table tests on Monterey No. 0 sand indi
cate that at relative densities less than about 45 percent, the
application of cyclic stress ratios sufficiently high to cause
initial liquefaction will also cause extremely high and probably
unlimited strains in the soil. This corresponds to a condition
of liquefaction. However, for relative densities greater than
about 45 percent, the application of stress ratios and numbers of
cycles sufficiently high to cause initial liquefaction would re-
sult in only a limited amount of shear strain, the limiting
strain potential decreasing with increasing relative density.
Thus for example, the limiting strain potential for a sample with
a relative density of 50 percent might be about +35 percent, but
a sample with a relative density of 90 percent would have a

limiting strain potential of only about +6 percent.

The condition of "initial liquefaction with limited strain
potential" as used above is directly analagous to the condition
of "cyclic mobility" used by Casagrande and Castro (1975). How-
ever, the authors prefer the use of the former term for several
reasons: 1) "cyclic mobility" does not serve to indicate that
high residual pore water pressures exist in the soil, whereas
"initial liquefaction" clearly indicates such a condition and 2)
"cyclic mobility" covers a wide range of conditions with poten-
tial strains ranging from almost zero to many tens of percent.
Thus under some situations, a condition of cyclic mobility may be
perfectly acceptable, whereas in others, it would be totally un-
acceptable., A statement that a scil is in a condition of
"initial liquefaction with a limiting strain potential of X per-
cent" seems to provide a more specific and graphic description of
the situation than a statement that the soil is cyclically
mobile,

The "limiting strain potential" described above indicates

that the acceptable value of the factor of safety against initial
liquefaction should vary depending upon the relative density of .
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the sand, since the development of initial liquefaction within a
dense sand deposit may have as a consequence the development of

only limited strains, which may be tolerable for the structures,
while in the loose sand deposits, it may involve large, intoler-

able deformations.

The use of the available field data for known cases of
liquefaction in the field supplemented by the results of the
large-scale test data might well be used as a summary of past
field performance concerning liquefaction and as a guide to
probable future performance. Supplemented by detailed evalua-
tions of stress conditions and liquefaction characteristics at
any given site, it provides a basis for an overall evaluation of

probable perfomance.
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CHAPTER 8

EVALUATION OF LIQUEFACTION POTENTIAL FOR LEVEL GROUND
RECOMMENDED APPROACH

8.1 INTRODUCTION

As discussed in Chapter 1, there are two basic methods for
evaluating the liquefaction potential of a sand deposit. The
first method involves the comparison of the field conditions at a
proposed site with data concerning soil conditions at sites of
known field performance in past earthquakes supplemented with the
data from the large-scale tests described in this report. The
second method is based on a comparison of the stress conditions
likely to develop in the field and laboratory determinations of

the stress conditions causing liquefaction of the sand.

For critical structures, it is believed that a final evalua-
tion of liquefaction potential should be based upon both ap-
proaches. For less critical structures, however, a comparison of
existing site conditions with data for sites known to have de-
veloped liquefaction may be adequate for practical purposes, de=-
pending on the probable margin of safety indicated by such com-

parisons.

8.2 BASIC INFORMATION

As a first step, the site soil conditions and the design

earthquake for which the site must be analyzed should be estab-
lished. The site soil conditions are more conveniently presented
as a typical profile where the various soil strata are depicted
against depth. The elevation of the ground water should also be
indicated in the profile. For granular materials, such as sands,
the Standard Penetration Resistance, as it varies with depth,
should also be indicated. Additional information, such as the
grain size distribution and the proportion of fines in the sand,

is also helpful in the evaluation.
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The design earthquake can be established either by a maximum
acceleration at the ground surface or by a time history of accel-
eration either at the ground surface or at the base of the soil
profile. 1In the first case, an indication of the duration of the
strong ground shaking or of the magnitude of the earthquake which

is causing the ground motion is also necessary.

8.3 EVALUATION OF THE LIQUEFACTION POTENTIAL

8.3.1 1Initial Assessment Based on Empirical Data

The purpose of the initial assessment is to obtain an
overall indication of whether the site under the prescribed
ground motions is clearly liquefiable, marginal, or clearly safe.
In cases where the initial assessment shows that the site is
clearly liquefiable or non-liquefiable, no further analysis may
be required. Marginal cases, however, should be analyzed in more
detail.

The initial liquefaction assessment is carried out with
the aid of the information presented in Fig. 6-1. It was dis-
cussed in the text that the data in this figure might well be
used as a summary of past field performance concerning liquefac-
tion and as a guide to probable future performance. Supplemented
by detailed evaluations of stress conditions and liquefaction
characteristics of the given site, it provides a basis for an

overall evaluation of probable performance.

To use the information presented in the figure, the values
of the Standard Penetration Resistance should be corrected to an
effective overburden pressure of one ton per square foot by means

of the expression presented in Chapter 1l; that is:

N =2C N
1 N gl

= - _0°
where CN =1 1.25 log T

=
[

corrected penetration resistance

=2
Il

Standard Penetration Resistance at depth

under consideration
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o' = effective overburden pressure in tons per square

o
foot where the penetration resistance has the
value N

and 61' = one ton per square foot

For a representative value of N, the cyclic stress ratio
L]
causing liquefaction under field conditions can be determined

from Fig. 6-1.

The cyclic stress ratio developed by the design earthquake

can be determined by the relationship:

T qmax %
— = 0.65 . —4/— . T
o g o d
o o
where Aok maximum acceleration at the ground surface
Oy = total overburden pressure on sand layer under
consideration
c'o = effective overburden pressure on sand layer
under consideration
ry=a stress reduction factor varying from a value

of one at the ground surface to a value of
0.9 at depth of 30 feet and a value of 0.75
at 50 feet.

Thus for any given value of maximum ground surface accel-
eration, the possibility of liquefaction can readily be obtained
on an empirical basis by comparing the developed value of T/O'o
with the value shown by Fig. 6=1 likely to lead to a condition of
liquefaction. Furthermore, the limiting shear strains indicated
by the test results for Monterey sand may be used as a guide to
judge the amplitude of the shear strains that may be expected at

the given site.

8.3.2 Analytical Evaluation of Liquefaction Potential

The general analytical method for evaluating liquefaction

potential involves the following steps:
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a. An evaluation of the cyclic stresses induced at dif-
ferent levels in the deposit by the earthquake
shaking.

b. A laboratory investigation to determine the cyclic
stresses which, for given confining pressures repre-
sentative of specific depths in the deposit, will
cause the soil to liquefy or undergo various degrees
of cyclic strain. As shown in Fig. 1-6, the evalua-
tion of liquefaction potential is then based on a
comparison of the cyclic stresses induced in the field
with the stresses required to cause liquefaction or an
acceptable limit of cyclic strain in representative

samples in the laboratory.

The cyclic stresses induced in the ground by an earthquake
may be computed by a ground response analysis (Seed and Idriss,
1967) by a simplified procedure based upon a knowledge of the
maximum ground surface acceleration (Seed and Idriss, 1971) or by
deconvolution of a known ground surface motion (Schnabel, Lysmer,
and Seed, 1972; Roesset and Whitman, 1969). The computed irregu-
lar time history of stresses at any given depth is then converted
to an equivalent uniform cyclic stress series by an appropriate
weighing procedure (Seed, Idriss, Makdisi, and Banerjee, 1975)

for use in the analysis.

Various types of laboratory test procedures may be used to
investigate the cyclic stress conditions required to cause
initial liquefaction and the associated limiting strain potential
of saturated sands. Since the object of the test is to reproduce
the stresses acting on an element of sand subjected to horizontal
shear stresses which reverse direction many times during an
earthquake, some form of simple shear test provides the best rep-
resentation of field conditions. However, since the equipment

for conducting any type of simple shear tests is somewhat compli-
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cated and not readily available in most laboratories, the cyclic '

loading triaxial test as developed by Seed and Lee (1966) may be

used as a practical and convenient alternative.

If cyclic simple shear tests are used, the laboratory test
results should be corrected to account for a) the effects of
multi-directional shaking and b) the overconsolidation ratio of
the natural sand deposit. Appropriate correction factors are

shown in Fig. 3-15.

If cyclic triaxial tests are used, appropriate correction
factors have been presented in Fig. 3-14. Those factors account
for both the effects of multi-directional shaking and the over-

consolidation ratio effect.

Whatever type of test is used, it is considered that the
tests should be performed on good quality undisturbed samples
which retain the density and structure of the in-situ deposit.
However, care is required to ensure that variations in these
characteristics are not induced by the sampling and handling pro-
cess. Where it can be shown that changes in these character-
istics have occurred, appropriate corrections to the laboratory
test data should be applied on the basis of the known effects of

the different factors involved.

Finally, by comparing the shear stresses induced by the
earthquake with those required to cause liquefaction, it may be
determined whether any zone exists within the deposit where lique-
faction is likely to occur (induced stresses exceed those causing
initial liquefaction) and from the results shown in Fig. 4-1 and
4-2, the probable extent of cyclic shear strains that may develop

can be estimated.

8.4 EVALUATION OF EFFECTS OF LIQUEFACTION

In some cases it will also be desirable to evaluate the
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effects of liguefaction by computing the rate of increase of pore
water pressure in different layers of a deposit during earthquake
shaking and the subsequent rate of dissipation of pore pressures
following the earthquake. This will be particularly true in soil
profiles involving highly pervious materials or very deep ground
water tables. For such cases an analysis such as that presented
by Seed, Martin and Lysmer (1975) may well provide a deeper
insight into the effects of possible pore pressure redistribution
and the effects of pore pressure dissipation on the stability of

the soil deposits involved.
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