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ABSTRACT

Soil liquefaction has become an important consideration in the design
of buildings as well as earth structures in seismically active regions,
especially in places where the water table is high and soil gradation
falls within a critical range. Liquefaction of sands occurs at the extreme
stage of the graduai increase in pore pressure during dynamic loading as a
result of the vb1ume decreasing tendency in soil skeleten in undrained
condition.

Liquefaction studies in the past were focused on the determination of
liquefaction potential of a given sand under simple lcading conditions and
also these studies were restricted té fully saturated soils. It is essen-
tial, however, to know the pore pressure rise at any stage of actual earth-
quake and thereby determining the possible liquefaction time as well as the
response of the deposit during earthquakes.

During this research,»a new method is éstab]ished that would predict
the pore pressure rise in a sand deposit during dynamic loading. The
method is applicable to any type of dynﬁmic loading (from uniform cyclic to
random time history of loading such as imposed by actual earthquakes). The
adthors have found that the incrementa] rise in pore pressure for a given
soil under a given condition during one cycle of loading is affected by
three major factors, namely, stress history, cyclic effect, and stress
intensity. These factors are defined in terms of pore pressure rise at the
end of the preceding cycle, UN~1’ the equivalent number of cycles, Neq’ and
the stress ratio, TN / 0&-1’ as shown in fhe following fundamental equation.
This equation predicts the incremental rise in pore pressure, AUN, during
the nEh th

cycle and the total pore pressure, UN,‘at the end of the N~ cycle.
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where Cys Cos Cy and S = material parameters.

The above'method is used to determine the liquefaction potential of a
sand with different densities under various types of loading, including
actual earthquakes. In view of the fact that the above method is based on
direct laboratory measurements, the authors believe that it is more depend-
able and hence easily applicable to various sands as compared to the methods
proposed by other researchers (17, 26).

The liquefaction potential of partially saturated sands is also inves-
tigated during this study. In view of the fact that most natural geologic
deposits consist of soils ihat are partialfy saturated, understanding of
the liquefaction potential of partially saturated soils is of utmost prac-
tical importance. It is shown that paftial]y saturated loose sands do
v}iquefy and their liquefaction potential decreases with the decrease in the

initial degree of saturation of the soil.
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CHAPTER 1
INTRODUCTION

When a loose saturated sand is subjected to cyclic shear stress such as
ihduced by earthquakes, its volume decréases, and if the drainage is pre-
vented, the relaxing soil skeleton transfers some or all of its load to pore
water. The load transfer causes a rise in the pore pressure and when the
pore pressure becomes equal to the total normal pressure, the sand Toses all
its shear strength and liquefies. The shear strength T¢ Vis given for

sands by the following expression:
1 = o' tan ¢ ' (1.1)

in which o' is the effective stress and ¢ ' 1is the effective angle of
- internal friction. Since the effective stress o ' is the total normal

_ pressure o minus the pore pressure u , Eq. 1.1 reduces to,

¢ = (o - u)tan ¢ (1.2)

In Eq. 1.2 , as the pore pressure rises the shear strength Te de-
creases. In the extreme case where the pore pressure rises to such an extent
that the effective normal stress becomes zero, the shear strength alsc be-
comes zero and this state is referred to as liquefaction.

The term "1iquefaction" was used by Casagrande (2) for the first time
to explain the state of loose saturated sands wheré flow slides occur under_
monotonic loading. Since then, it has been shown in the laboratory that

pore pressure also rises during cyclic loading in medium dense and dense

°



2

sands (23, 30) . It has also been observed that pore pressures in the s0i1
specimens continue to rise, resulting in the decrease of effective normal
pressures, and increase in large deformations even under constant cyclic
stresses. It is known that during static loading the volume of loose sam-
- ples decreases while the volume of dense samples with void ratios above the
critical value increases at high strain levels, resulting in the.negative
pore pressure rise and stiffening of the samples. On the other hand, dur-
ing cyclic loading both loose and dense samples show.a similar pore pressure
rise tendency which indicates that the volume tends to decrease in loose and
~even in dense sands under undrained condition. This difference in pore
pressure rise tendency during static and‘cyc1ic loading is due to the cyclic .
effect. | | |

Castro (3) proposed the term "cyclic mobility" to describe gradual in-
crease in pore pressure rise during cyclic loading as distinct from the term
"liquefaction" originally used by Casagrande. It is convenient, however,
to generally use the term ]iduefaction for any kind of granular materials of
any density to express the state when the gradual increase.in pore pressure
during loading results in a large deformation due to the loss of strength.

Liquefaction phenomenon was observed during many large earthquakes, no-
tably during Niigata earthquake and Alaska earthquake in 1964. In Niigata,
severe damage to buildings due to settlement and tilting were caused by lig-
efaction of sand deposits around the Shinano river (18). In the Alaska
earthquake, widespread damage resulting from landslides was also found to be
intensified by the liquefaction of burried seams of saturated sandy soils(28).

In order to analytically evaluate the liquefaction potential of sand
| deposits during earthquakes, many researchers ( 5, 11, 33, 42, 47 ), notab]y~

Seed and his colleagues (33 ) started investigations using laboratory cyclic



loading tests. The princible of the cyclic loading tests in the 1aboratoky
is to subject repreéentative soil samples to loading conditions similar to
those encountered in the field during earthquakes. Since Iaboratorj tests
adopted very simplified test conditions such as uniform cyclic loading and
tomp]etely saturated samples, there still remain lack of informations about:

(1) effect of the degree of saturation on the liquefaction potential

(2) pore pressure rise during the actual earthquake.

When the liquefaction analysis is extended to general engineering
structures such as embankments, dams and backfiils, the material in question
‘may or may not be completely saturated and the design procedure using test
data for completely saturqted sands will lead to a Very conservative and ex-
pensive design.

It is known that dynamic properties of sands such as shear modulus and
damping are highly dependent on the amplitude of effective normal.pressure
(or confining pressure) and strain level ( 10, 12, 43 ), therefore the appro-
priate evaluation of these properties during earthquakes require;lthe com-
plete description of the pore pressure rise at any stage of earthquake load-
ing. |

Recently analytical methods have been developed in.the laboratory to
" express the progressive pore pressure increase under randomly loading condi-
tion such as those imposed during earthquakes ( 17, 26 ). These analytical
methods are based on the stress-deformation relationships exhibited by the
soil during laboratory drained cyclic loading and the drained deformation
characteristics are transferred into pore pressure rise in undrained condi-
tion. The accuracy of pore pressure pfediction by these analytical methods
depends on the accuracy with which the deformations, eSpeciaily the volume

changes are measured and requires a number of tests to determine those



characteristics with the required degree of accuracy.

There is an urgent need therefore that a simple and dependable pore
pressure predicting method be developed and that such a method be also easi-
ly applicable to different types of soil through a reasonable numb-r of
tests. This research was undertaken tb meet the above need and thus fo-

cused on the following aspects of sand liquefaction.

(1) determination of the major factors that govern the incremental

rise in pore pressure during dynamic loading.

(2) establishment of a simple pore pressure predicting method by
means of a direct measurement of pore préssure during cyclic

loading.
(3) evaluation of the effect of the degree of sampie saturatiocn on

the liquefaction potential.

The data shown and the discussions presented in CHAPTER 4 show the

~ extent to which the above objectives have been realized.



CHAPTER 2
PREVIOUS STUBIES ON SOIL LIQUEFACTION

2-1  Field Investigations into the Liquefaction Potential of a Deposit
during Earthquakes

‘Based on case histories in Japan, attempts have been made to establish
empirical rules for predicting the liquefaction potential of soil deposits
during earthquakes. |

Koizumi (20 ) examined the boring data from 20 locations in the Niigata
area before and after the Niigata earthquake in an effort to determine the
changes in soil density Que to the earthquake. Hé used standard penetra-
tion N values as indication of density changes. Koizumi found the exist-
ence of a critical standard penetration value, Ncr , at various depths, at
which no change in standard penetratidn N value occurred even when the
deposit is subjected to an earthquake. Below and above the critical Ncr
Va]ue, the N values for the sand deposit would either increase or decrease
thué indicating either contraction or expansion.

Koizumi proposed a curve which relates Ncr value to the depth of over-
burden as shown in Fig. 2.1. The volume contraction in the saturated
sandy deposit causes a pore pressure rise which decreases the effective
stress in the soil, eventually leading to liquefaction when the effective
stress approaches a zero or near zero value. In view of this, Koizumi
concluded that the NCr curve could be regarded as a criterion for soil
liquefaction. |

Ohsaki (29 ) compared the actua]]y measured standard penetration N

values of the sites, where a damage to bui}dings occurred, with the critical

s °



6

Ncr values, and found the.results shown in Fig. 2.2 . Between the points
a and b in Fig. 2.2, the actually measured standard pehetration N values
are below the Ncr curve and it is conceivable that the hatched part in

Fig. 2.2 may liquefy during earthquake loading. He referred to the points
~a and b respectively as the upper and Tower limits of liquefaction. Based
on the upper limit, Hu , and the lower limit, H], concepts, he surveyed the
damaged buildings during the Niigata earthquake in 1964 and found that the
soil conditions at the sites whefe severe building damages occurred fell |
within a certain range as shown in Fig. 2.3. The implications of the
 critical range in Fig. 2.3 are such that the severeness of the damages due
to liquefaction depends bqth on the depth of the uﬁper Timiz, Hu’ and the
thickness of the zone between Hu and H] . That is, points P] and P2 |
in Fig. 2.3 havé the same depth Hu ,.however, the thickness of the lique-
faction zone, indicated by the vertical distance from the point to 45
degree line, are different énd only Py falls within the critical range.

dn the otherhand, P2 and P3 have the same thickness as the zone of lique-

: faction, however, P3 has a greater Hu indicating greater overburden press-
ure and that P3 does not fall within the critical range.

Kishida ( 19 ) examined the characteristics of liquefied sands and
concluded that sandy soils; satisfying the following conditions are suscep-
tible to liquéfaction if the ground water table is ﬁear the ground surface :

(1) gradation characteristics, 0.074 mm < Dgg < 2.0 mm

Uc < 10

(2) effective overburden pressure less than 2 kg/sq.cm

(3) relative density less than 75 %

Based on a number of grain size tests on sands that did liquefy during

actual earthquakes, envelopes of grain distribution curves such as the ones



shown in Fig. 2.4 were obiained. In Fig. 2.4 , the emvé]ope;of soils fdund
most likely to liquéfy in the laboratory is also supefimposed on the field
data. .

Segd et al ( 35, 37 ) developed a procedure to convert the irregular
series of earthquake-induced cyclic stfesses to an equivalent series of
uniform stress cyé]es using a weighting technique so that this equivalent
series may be compared directly with laboratory test data obtained under
uniform cyclic stress conditions. In this method,‘the equivalent number of
~uniform stress cycles i§ evaluated on the basis of 65 % of the highest
shear stress observed in the series of irregular stresseé. Since this
technique was a result of the investigation in a Iérge number of actual
earthquake patterns, it is also possible to correlate the equivalent number
of cycles to the local magnitude of earthquake magnitudés. Based on the
relationship between the equivalent number of cycles and the local earth-
quake magnitudes as shown in Fig. 2.5 , Seed et al proposed an equivalent

number of uniform stress cycles for different earthquaké-magnitqdes { 37 ).

" Earthquake Equivalent Uniform Equivalent number of
Magnitude Cyclic Stress Uniform Stress Cycles
7 0.65Armax : 10
-1, 0.658T 20
8 O.GSATmax 30

Evaluation of liquefaction potential of a deposit at a certain depth
can be accomplished by comparing the cyclic stress causing liquefaction at
equivalent number of stress cycles in the laboratory and the equivalent uni-

form cyclic stress determined from dynamic analysis as in Fig. 2.6. It is

~seen in Fig. 2.6 that when the earthquake stresses exceed the ones that

cause liquefaction in the laboratory tests ( shaded zone ) then liquefaction



- during a selected garthquake is a possibility. Note that the zone of lique-
faction predicted by this method is similar in shape to those obtained by
Ohsaki in Fig. 2.2 .

While field investigations provide useful criteria as guidelines for
preliminary site evaluation of liquefaction potential, they are not suffi-
‘cient for determining the time history of pore pressure built-up or re-
sponse.  Time history of pore pressure built-up is required for the dynamic
ana]ysig of important engineering structures such as high-rise buildings

and nuclear power plants.

2-2 Laboratoyy Studies on the Liquefaction Potential of-Saturated

Sands -
(1)  In-situ Stress Condition during Earthquakes

During earthquakes, a soil element in a deposit is deformed by a
system of dynamic stresses as a result of seismic waves passing through the
s0il medium. It is known that the most significant set of stresses are
caused by the propagation of shear waves from the bedrock to the ground
surface. For a horizontal soil deposit on a horizontal bedrock formation-
the stress system during earthquakes can be idealized as shown in Fig. 2.7.
‘Before the earthquake, the soil element is subjected to the principal
stresses o’ and K0 o'

v v
sure at rest as is seen in Fig. 2.7 (a). During the earthquake, the ele-

in which Ko is the coefficient of earth press-

ment will be deformed by the shear stress Thy &S shown in Fig. 2.7 {b)
and the resulting stress condition is seen in Fig. 2.7 (c). These stress
conditions are illustrated on the Mohr's diagram as shown in Fig. 2.8.

It is noted in Fig. 2.8 that the earthquake imposed shear stress Thy

L]



causes a rotation in principal p]anes(-%—degrees in Fig. 2.8 ).
Finn (7) summarized the static and dynamic conditions that prevail
within the soil deposit during an earthquake as follows :
" (a) the initial principal effective stress system is Oiv
~ vertically, and K, oy horizontally ( K, 0.4 )
(b) shear stresses are generated on the horizontal and
vertical plane
(c) deformations under éyclic loading occur in plane strain
with no drainage of water
(d) as a conséquence of (b) the pfincipa] stresses rotate

under cyclic ioading during an earthquake. "
(2) Laboratory Cyclic Loading Tests

There are four types of laboratory tests that are currently used

in sand liquefaction studies.

These are _ | .

(a) cyclic triaxial test

(b)  cyclic simple shear test

(¢) cyclic torsicnal shear test

(d) shake table te§t

Although.these laboratory tests have been devéloped to simulate the
field stress conditions of a soil element during an earthquake, most of
these tests have advantages and disadvantages resulting from the boundary
conditions, the geometry of the sample and the type of stresses applied on
the sample. In the followihg paragraphs, the advantages and disadvantages

of each of the above test are briefly discussed.
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(A) Cyclic triaxial tests

The cyclic trfaxia] test was originally developed by Seed and Lee (33)
to study the factors affecting the liquefaction of saturated sands Qnder
cyclic ]oading conditions. In this test a saturated c}]indrica] sample is
consolidated under an effective ambient pressure Gé . Al dkainage is
prevented and the sample is then subjected to cyclic axial stress changes,
éﬁod/Z. The stress conditioné developed during this loading procedure are
shown n Fig. 2.9 . It is seen in Fig. 2.9 that the shear stress reaches
the maximum value of Acd/z on 450 plane through the sample when the
effective ambient stress remains‘cé .

There are four main theoratical objections to the suitability of the
triaxial test for investigating the liquefaction problem :

‘(a) the ratio between initial vertical and horizontal principal

stresses is unity: K0 = 1 1instead of actual field K0 values.

(b) deformations do not occur in plane strain.

(c) the principal stresses do not rotate during testing as in the

field.

(d) cylindrical sample shape can not be maintained during cyclic

stress application especially when the deformation becomes large.

The effect of these limitations of the triaxial type tests are likely
to cause test specimens to liquefy at stress levels higher than those which

would be required under the corresponding field conditions ( 30, 34 ).

(B) Cyclic simple shear tests

The cyclic simple shear test - Roscoe type (31) was developed to over-
come the theoretical objections to the triaxial tests (6,30, 33 ). In

this test, a soil sample of rectangular cross-section is confined in a
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shear box with rigid sides. It is then consolidated one-dimensionally
under a vertical stress of o; . During testing drainage is prevented and
a cyclic shear stress is applied to the top and bottom of the sample.
During shear stress application, two sides of the shear'box rofate in such
va way as to produce the uniform shear strain condition throughout the sam-
ple. Thus the test appears to simulate closely the conditions in the
f%e]d when horizontal deposit is shaken by shear waves propagating upwards.
The'test results obtained by Seed and Peacock (34) and Peacock and Seed
(30), however, showed that the shear stresses required to cause liquefaction
were quite low compared to the estimated field data. They explained this
discrepancy resulted from the non-uniform stress and strain distribution
inside the sample due to the boundary conditions such as wall frictions,
leadfng to premature liquefaction and thus to the underestimation of the

shear stresses to cause liquefaction.

(C) Cyclic torsion tests

The triaxial torsion shear appargtus was developed by Ishihara and Li
(14) in which cyclic torsional stress is applied to both ends of the cylin-
drical sample that is simflar to the sample in cyclic triaxial tests.
Since the vertical and horizontal stresses are controllable independeht]y,
the arbitrary combinations of the verticé1 and horizontal stresses, that is,
the arbitrary K, condition can be produced. The main shortcoming of this
device was the apparent non-uniform strain distribution inside the sample
varying from the maximum value at the outside of the specimen to zero
strain along the vertical axis through the center of the specimen. This
- was, however, improved by adoptiné the hollow cylindrical shape for the

specimen (16)}.  The ring-shaped torsional shear device developed by

L3
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Yoshimi et al {47) eliminates the nonuniformity in strain distribution by
adopting an unique sample shape having the constant ratio of the sample
height to the radius of the specimen. This device, however, has the same
difficulty in side boundaries as was seen in simple sheér type tests since
the ring-shaped torsional shear device adopts a special container to pre-
vent the lateral deformations.

Recently Ishibashi and Shérif (11) developed an unique device called
“Tofsiona] Simple Shear Device (TSSD)" which posseses both advantages found
in the triaxial torsion shear device and the ring-shaped torsional shear
device. That is, in this device, the triaxial type cell and the sample
shape having the constant ratio of the éamp]e height to the radius are
used to permit the uniform strain distribution inside the sample ( 11, 13,
22 ) 'and also the test can be conducted under arbitrary KO condition.

The plane strain condition during cyclic shear loading can be achieved by
adopting the technique so called "closed system", in which the entry of the

water into cell is totally prohibited during tests.

(D) Shake table tests

) The first laboratory investigation of liquefaction under vibratory
loading conditions employed various size of shake tables ( 27, 45, 46 ).
These tests generally consisted of placing saturated sand in a box or tank
on a shake table and measuring the horizontal table acceleration at which
liquefaction occurred. These values were related directly to field
measured accelerations. In shake table tests, it was found that the size
and geometry of the container have a significant effect on the test results
and should be selected so as to satiSfy free field soil behavior, i.e., to

eliminate non-representative boundary restraints (21). For this purpose,
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fairly large samples, 7'-6" long by 3'-6" wide and 4 inches thick (38); |
6' long by 1'-6" wfde and 7 inches thick (7,8), have been used for the
liquefaction study using shake tables. It is likely that meaningfﬁ] data
will result from shake table tests if the uniform placement of the sample
in the container and the measurements inside the sample are appropriately

performed.
(3) Factors Influencing Liquefaction of Saturated Sands

Based on cyclic loading tests performed in ]aboratories, there are
four major factors that influence the resistance to liquefaction of a
saturated sand, these are: |

(a) void ratio or relative density of the sand

(b) intensity of cyclic shear stress

(c¢) duration of cyclic load or number of cycles of load application

(d) the initial effective confining pressure

Factors (b) and (d) can be combined. That is, the ratio of the cyclic
shear stress to the initial effective confining pressure is considered as
an independent variable.

In the following paragraphs a discussion of the factors influencing
the liquefaction of sands will be given. These include, void ratio, Stress

ratio, the number of cycles and the stress or strain history.

(A) Void ratio or relative density

Laboratory tests have verified that the lower the‘re]ative density
(or the higher the void ratio of a soil), the more easily a sample will

liquefy. The relative density Dr is defined as :
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- e
: emax
Dr, = T
max min
where e = void ratio
emax’ emin = maximum and minimum void ratios

| Relative density expressés the denseness of a sand and it is widely
used as a basis for comparing the liquefaction potential of different sands
of approximately the same mean grain size.
Fig. 2.10 shows a typical result indicating the effect of relative
density on the liquefaction potential of a sand. These results were
obtained by using cyclic simple shear tests (4). Similar results were ob-

tained by using cyclic simple shear tests (6,30)and triaxial type tests(23).

(B) The stress ratio and the number of cycles

The ratio of cyq]ic shear stress. to the initial effective confining

- stress has proven to be a useful expression for presenting the combined
effect of both static and cyclic stresses on liquefaction potential. Fig.
2.11 shows typical test results obtained by using cyclic simple shear
test device. It is seen-in Fig. 2.11 that the number of cycles to cause
liquefaction increases with the decrease in the in{tial effective stress
ratio. The same tendency were obtained in the triaxial tests (23),
torsional tests ( 11, 14, 47 ) and in shake table tests (7,38).  Among
these tests, two different stress ratios are used, which are AOd/ZOé

for triaxial type tests and Thv/ co' for simple shear and torsional type
tests The former ratio indicates the ratio of the cyclic shear stress on

o

'
45° plane to rhe effective ambient stress ~ ¢ and the latter indicates
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the ratio of the applied shear stress Thy to the effe;tive vertical stress
o& . Finn et al (6) proposed to use the mean effective principal stress
( o& + KO o& )/2 as the effective confining pressure in simple shear
type tests. Since the mean effective principal stress indicates the nor-
mal stress on 45° plane, it is now possible to compare the results ob-
tained by different type of test devices on the same basis.  Fig.2.12
shows the comparison of two stress ratios at a given number of cycles to
cause liquefaction determined by'the cyclic simple shear tests and the
cyclic triaxial tests. It is seen in Fig. 2.12 that the ratio of two
stress ratios at any given number of cyc]eé to cause liquefaction becomes
unity when using the mean effective principal stress. And thus, Finn

et al conc]udea that the fatio of cyclic shear stress to the effective mean

principal stress is an independent variable for expressing the liquefaction

porential irrespective of the type of test devices used.

(C) Initial principal effective stress ratio K

As discussed in section 2-2(1), fhe actual stresses that act on a soil
g]ement during an earthquake are the vertical effective stress ¢ v' , the
horizontal effective shear stresses 'Ko cv' and the shear stresses in
plane strain condition.

The effect of the initial effective stress ratio K0 on the lique-
faction~potentia1 was examined successfully by using torsional simple shear
tests (11, 15).  In this type of test, an arbitrary combination of the
vertical and the horizontal stresses and thus an arbitraty Ko’ condition
can be produced by adopting the same diameter of vertical loading shaft as
the specimen diameter. A technique called the "closed-system experiment",

where the total volume of the water inside the chamber is kept constant
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throughout the experiment, aséumes the plane strain cqndition.

Ishihara et al (15) compared the test results of pore pressure rise
and liquefaction in the isotropically consolidated soil ( ICT-test, Ko =1,
triaxial test ) and the anisotropically consolidated laterally confined
soil ( ACOT-test, K0 variable, simple shear test ). From these studies,
they concluded that the pore pressure at liquefaction in the ACOT-test
consists of fhe contributions from cyclic loading and from a gradual in-
crease in lateral pressure while in ICT-test, only the cyclic nature of
stress change is responsible for the development of pore pressure. Based
on the above evidence, Ishihara et al deriVed the following interrelation-

<hips between ACOT-test and ICT-test regarding the pore pressure rise and

liquefaction.
Tyh Uk Ao d
= 1 - : (2.1)
] ]
o, o ZOV
Tvh
where 57 = initial stress ratio in ACOT-test to cause
\
liquefaction at NL cycle
Aod
5gT = initial stress ratio in ICT-test to cause
v
Tiquefaction at N cycle
Uk = pore pressure rise in ACOT-test due to an

increase in mean principal stress and a

decrease in deviator stress

Eq. 2.1 can be expressed in the following manner by introducing the
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effective octahedral stress oot and the maximum change in the shear

stress during cyclic loading, ATmax :

For ICT-test { triaxial type )

L
Uoct = 0v
o,
At =
max 2

For ACOT-test ( simple shear type )

_1 + 2K0
o ' = . .q'
| oct 3 v
ATmax = ‘ Tvh
Therefore Eq. 2.1 becomes
ATmax 3 ‘ Uk ATmax
= —— |1 - , 4 (2.2)
] ]
%ct / acor '+ 2K, %/ \ %ct / 1CT

Experimental results showed that ( 1 '.Uk / o, ) measurements for

various Ko values were nearly equal to 1 + ZKO irrespective of the
. L —
variation in the void ratio of the sample. Thus, Eq. 2.2 leads to the

following relationship :

Atmax ATmax

— = (—— | ’ (2.3)
ooct ACOT 0oct “ICT

L]
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Eq. 2.3 indicates that the variable ATmax / Ooct

is unique for de-
termining the Tiquefaction potential of sand under isotropically and an-
isotropically consolidated conditions. This conclusion is significant
since it proves that the test results of the ICT-test can be easily con-
verted to the ACOT-test condition with arbitrary KO value, which simulates
most closely the field behavior of a soil element during an earthquake.
Ishibashi and Sherif (11) conducted both ICT-test and ACOT-test in
the Torﬁiona] Simple Shear Devfce developed at the University of Washington’
and examined the effects of the initial K0 values on the liquefaction
potential. The test resulis obtained by fhem confirmed.the'uniqueness of

the At ./ Opct Tatio in determining the liquefaction potential of a

sand for different Ko conditiohs as shown in Fig. 2.13.

(D) Stress or strain history

It has been assumed that the resistance to liquefaction of a sand
under cyclic loading is a function of its current void ratio, effective
confining stress and intensity of cyclic stress. The previous stress or
strain history of a sand has not yet been considered. It is apparent,
however, that the previous stress or strain history affects the subsequent
deformation characteristics of a sand. Fig. 2;14 illustrates a typical
example of the stress strain relationship during the loading and reloading
process. It is seen that during the reloading process the plastic strain
is apparently smaller compared to the plastic strain that follows the
virgin stress;strain curve. This indicates the effect of stress or strain
history on the subsequent pore pressure rise in undrained condition.

Finn et al ( 5) examined the effects of previous liquefaction and

quasistatically induced shear strains on the resistance of a sand to
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liquefaction potential. The significant findings derived from their study

of Ottawa sand are summarized below:

(a)

(b)

Previous liquefaction leads to a considerable decrease in the
resistance of the sample to reliquefaction. F&g. 2.15 shows the
comparison of the numbervof cycles to cause liquefaction at a
given stress condition, which is expressed as NL for a virgin
sample ( with no stra%n history ) and NR- for a previously lique-
fied sample with strain history respectively. It is clear from
Fig. 2.15 that NR is Considerably smaller than the NL of the
virgin sample at a given void ratio.

Partial liquefaction, on the other hand, in which the strains
are quite small, Teads to a considerable increase in the resist-
ance of a sand.to a subsequent reliquefaction. Fig. 2.16 shows
‘the effect of partial liquefaction on pore pressure rise during
the subsequent 1fquefaction test. In Fig. 2.16, a sample is
subjected to cyclic loading until the pore pressure reached
1.0 kg/cm2 and then the poéé pressure is released and cyclic
loading is again applied on the same sample. It is seen in Fig.
2.16 that the pore pressure rise during the subsequent loading
is smaller than that of the virgin sample although a slight

difference in void ratio of both samples exists due to the soil

- consolidated or reduction of pore pressure at the beginning of the

(c)

subsequent loading.

Strains caused by static stresses have‘a similar effect on the
resistance to reliquefaction in cyclic loading tests. That is,
a statically pre-strained sample shdwslhigher‘resistance.to

‘liquefaction compared to a virgin sample during cyclic loading.
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Finn et al explained these changes in the resistance to liquefaction
as the results of new structures that are created in the original sample
due'to the strain history. A strain history when the strain is below the
threshold value results in a better interlocking of part%c]es in the origin-

“al structure. The type of new structure created by shear strains above
the threshold value may be a uniform structural arrangement which is par-
tfcu]ar]y weak in resisting cyé]ic shear loads. .It is also pointed out
that the shear strains may develop a non-uniform structure leading to non-
uniform deformations. |

This non-uniformity of the sample clearly explains the reduction in
the resistance to liquefaction of the previously liquefied sample because

" in the simple shear test a severe stress concentration will result along

the side walls, especially when the cyclic strain is large such as during

Tiquefaction. .

Seed et al (38) conducted a large scale liquefaction tesi using a
skaking table to eliminate the boundary effects associated with tests on
“small-scale samples. ‘ |
e The samples were subjected to a series of small shocks designed to
represent the effects of a series of small magnitude (about 5) earthquakes.
The pore pressure built—up‘during each smailﬁshcck was allowed to de-
ssipate and the sample was reconsolidate under the initial effective over-
burden bressure. Finally after 5 or 6 small shocks, the sample was
subjected to a large shock to determine the stress conditions required to
cause ]iquefactioﬁ. Fig. 2.17 shows a typical result obtained from the
above large scale test. It is seen in Fig. 2.17 that small seismic
histories result in increase in the resistance of the sample to sdbsequept

Tiquefaction. On the basis of these results, Seed et al reached the same
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conclusion as Finn et al while the cyclic strains are small. They also
pointed out the importance of the method of sample preparation. Samples
that are subjécted to vibratfon during sample preparation show higher
resistance to liquefaction compared to the samples that ére not vibrated.
Fig. 2.18 shows the relationships between the applied stress ratio and the
number of cycles required to cause liquefaction for samples with no previous
Vfbration history aﬁd for sambies subjected to low levels of vibration |
during sample preparation proéess. It is seen in Fig. 2.18 thatvthe
number of cycles required to causé liquefaction of the samples with vibra-
tion histofy always higher than those of the samples that have not been

subjected to initial vibration.

(E) Frequency and wave form of cvclic loading

Although the frequency components of.seismic waves are spread over a
wide ranée, the predominant frequency of shear waves propagated from the
‘bedrock falls within a rather narrow range of 1 to 10 Hz depending on the
*site characteristics (25). '
| Laboratory tests using the triaxial type tests(30) and torsicnal type
tests (47) proved that the effect of the frequency of uniform cyclic load-
ing is insignificant over a range of ]/6 Hz to 12 Hz. The test results
obtained by Yoshimi et al (47) using torsioﬁa] type tests are shown in Fig.
2.19 . It is clear in Fig. 2.19 that the effect of frequency on the
liquefaction potential is negligible. It is interesting to note that
these results coinside with the fact that dynamic properties of sands such
as shear modulus and damping are also frequency independent (10, 48).

Typical wave forms used in the laboratory cyclic loading tests are

shown in Fig. 2.20. The effect of the difference in the wave forms on the
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pore pressure rise or liquefaction has nof been analized quantatively yet.
It is considered, however, that the effect will be small since the lique-
faction data obtained by different groups using different wave forms show
a reasonable agreement when compared under the same stréss conditions.
~(4)  Summary

Four laboratory cyclic loading tests have been developed in an effort
to simulate the field 1oading'conditions subjected to a soil element during
earthuake as shown in Figs. 2.7 and 2.8. Among these tests, cyclic tor-
sional test will better duplicate the field stress or strain conditions by
eliminating those limitations as boundary effects in cyclic simple shear
test or large sample deformation in cyclic triaxial test. Shake table
test wifl also provide means for advancing the state of knowledge of lique-
faction, using large samples to minimize boundary effects.

'The-major factors that affect the occurrence of liquefaction of a soil
are void ratio( or relative density ), stfess ratio 1/0; (or ATmax/ Géct)’
number of stress cycles and stress or strain history. The higher is the
}.void ratio( or the lower is the re]atfve density ), the more easily a sam-
ple liquefies as shown in Fig. 2.10. As for the magnitude of stress ratio
and the number of stress cycles, all studies showed of course that the
higher are these forcing functions, the easier it is to cause liquefaction.
Two research groups (5, 38) proved that the strain history prior to cyclic
]oading leads to a reduction in liquefaction potential as long as the
strain amplitude is small enough not to cause liquefaction. The previously
liquefied samples, however, showed higher liquefaction potential compared
to the original samples. These changes in the resistance to liquefaction

was explained as the results of new structures that are created in the

original samples (5).
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2-3  Prediction of Pore Pressure Rise in Saturated Sands during

Earthquakes |

Since liquefaction occurs at the extreme stage of the gradual increase
in pore pressure during dynamic loading, the prediction of pore pressure
- becomes an essential problem in liquefaction study.

The methods to predict pore presSure rise during randomly excited
loading such as during earthquakes were developed quite fecent]y (17,26).

The prediction techniques of pore pressure risé including Tiquefaction
potential can be categolized into two groups, namely, the empirical ap-
proach and the analytical approach as described in the following paragraphs.

The empirical approach includes the direct anéiysis of the pore pres-
sure rise during cyclic loading and reaches to the prediction of the pore
pressure rise and the evaluation of liquefaction potential under irregular
time history of shear stress application. Analytical approach combines
the following characteristics of a sand during cyclic loading and arrives
ét the prediction of the pore préssure rise under irregular time history of
shear stress application. f

(a) stress-dilatancy relationship including the effect of strain

or stress history.in drained condition
(b)  volume change - pore pressure rise relationship in undrained
condition
(c) combination of (a)and(b) leads to the stress - pore pressure

‘rise relationship in undrained condition
(1) Empirical Approach

Shibata et al (42) analyzed the pore pressure increment obtained from

uniform cyclic triaxial tests. They found that there exists a linear
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relationship between the pore pressure increment devided by the octahedral
shear stress, Au / Toct ° and the octahedral shear stress devided by the
mean principal stress, Toct / Oy » @S shown in Fig. 2.21 .

On the basis of these results, they derived the following equation to

express the increment in pore pressure during each loading cycle.

Au T T
oct oct
- _ | (2.4)
Toct m . %m /¢ -
where Au = the increment in pore pressure during

" each loading cycle

Toct = the octahedral shear stress
o, = mean principal stress
T
oct . .
a, and — = coefficients
m/c :

Eq. 2.4 was applied to predict the pore pressure rise during irregu-
lar cyclic loading including the actual time history of the Niigata
earthquake. Shibata et al stated, however, that there still remains un-
certainties in the physical meanings of the coefficients, included in Eq.
2.4 .

Shibata also points out that there was no consideration of the effects
of stress history on the pore pressure rise. Stress history is very
important especially when relating the results obtained from uniform cyc]ic

loading to the irregular cyclic loading conditions.

(2) Ana]ytica] Approach
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Analytical approach relates volume change characteristics of the
sample in undrained condition to pore pressure rise due to the compress-
ibility of the water in undrained condition. This relationship is gen-

erally expressed as follows :

n Ay _ . AV (2.5)
Kw vo
where n = porosity of the sample
Au = increase in the residual pore pressure

at the end of each stress cycle

bulk modulus of water

n

K

v/
VO

volumetric strain of the sample at the

end of each stress cycle

Based on the above, Martin et al (26) derived the following equation
“expressing the relationship between pore pressure rise in the undrained

condition and volume change in the drained condition.

n - Au
Kw = Asvd - Aevr
and (2.6)
Aevr = Au/ Er
where Aevd = total volumetric strain of sand structure

Ae recoverable volumetric strain of sand structure

vr

L]
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E} = tangent modulus of the one-dimensional

unloading curve at a point corresponding

to the initial vertical effective stress

Solving Eq. 2.6 for Au,
' leyy ' : L
At = ————— . (2.7)

e n
Ep Ka

In order to obtain the total volumetric strain Be,y per cycle in-

cluding the effect of the strain history, Martin et al (26) conducted a

series of uniform cyclic triaxial tests and obtained the results shown in

Fig. 2.22 . It is noticeable in Fig. 2.22 that the effect of the strain

history on the incremental volumetric strain per cycle is expressed by the

total volumetric strain existing prior to the corresponding cycle. For

computational purposes, they fitted the family of curves in Fig. 2.22 by

the following expression.

2
D3 ( eVd ) (2.8)

Ae = D, ( y—-—D,e ., )+
vd 1 2 vd
Yt Dy ey

where

€vd total strain existing prior to the cycle

Y

cyclic shear strain amplitude

D]. DZ’ D3 and 04 = matefial constapts
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Combining Eqs. 2.7 énd 2.8 reveals that the incremental pore pressure
rise per cycle is affected by the residual pore pressure existing prior to
the cycle, which itself is affected by the strain history. |

Ishihara et al (15, 17) performed both drained and'undrained cyclic
'tests to establish the deformation model of sand including the stress-
dilatancy and stress-strain relationship. By observing the subsequent
yfe]d points during re—]oading'process, they came to the following con-
cluéions. '

(a) Yield loci in p'-q plane can be uniquely determined irrespective
of the stress history to which the sample has previously been
subjected. The yield loci are interpreted as the curve at which
yielding begins whenever stresses are altered across it.  And
when stresses are changed in the lower side of the currently
effective locus, the associated deformation is elastic.

Fig. 2.23 shows the yield loci in the compression region.

(b) The yield loci in the compression or extension region is
independent of the stress history in the opposite region.

R The above mentioned results are well represented by the iilustration
of the stress paths during undrained cyclic loading, which is shown in Fig.
2.24 . In Fig. 2.24 , the stress path from point 1 to 2 traces along a
virgin curve of siress-strain relationship. The rb]oading and loading
cycle from point 2 to 3 and point 3 to 4 is postulated to produce no
plastic strain and hence no residual pressure rise because points 2, 3 and
4 stay below the current yield locus as seen in Fig. 2.24(b) . From
point 4 the stress path traces the original virgin curve again and creates
a new yield locus while producing plastic deformation and hence generating

the residual pore pressure. Unloading from point 5 to 6  involves only

. e '
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elastic strains and no additional residual pore pressure is generated.
At point 6, where the shear stress changes direction, the sample will
again undergo plastic deformation by tracing aiong the vjrgin curve.

The stress-dilatancy and the stress-strain relationships are then ex-
pressed in a compdtable manners by approximating the yield loci and stress
paths on p'-q plane into a family of straight lines and circular arcs
with the center located on q = 0 line . B

The validity of this computational scheme was proved by comparing the
computed results with field observations of 1iquefaction occurred during
eérthquakes in Japan (17). |

| The authors disagree with Ishihara et a]‘s'gssertion about yield loci
in wﬁich no stress cycle below the pre-peak stress amplitude contributes
to vdlume change of the sample. <.Experimenta1 fact shows that volume
change {ncreases gradually in drained condition during uniform. cyclic load-
ing. '%he implicafion of the above fact is that volume change takes place
even if the cyclic shear stress does not exceea the pre-peak value of shear
stress and this phenomenon may be explained as "cyclic effect". Therefore,
Ishihara et al's assumption may lead to the underestimation of pore press-
sure rise by neglecting the possible pofe pressure increase during cyclic

- stresses below the current peak value.

2-4 Studies on Liquefaction of Partially Saturated Sands

- In an undrained state, when soil dilates under shear stresses, a load
transfer from the soil skeleton to the pore fluid (pcre-water with air
bubb]es) also takes place in the partially saturated sands. The magnitude

of the pore pressure rise associated with such a load transfer is influenced



29

by the relative compressibility of the pore fluid and the soil skeleton.
Since the compressibility of water is negligible, the compressibility of

the pore fluid is considered to be equal to that of the air in the soil
pores.  Consequently, the magnitudé of the load transferred to the pore
fluid resulting from a volume change will be quite Tow in partially
saturated soils as compared with saturated ones. This fact was observed
during the liquefaction study in the laboratory. For saturated sands,
compregsibi]ity of water l/Kw=2.5X]0‘81/psf, whereas compressibility of soil
skeleton in one-dimentional, 1/?} , is generally of the order of 1070 1/psf
(26). Considering tﬁe're]ative orders of magnitude of the compressibility,
tﬁe water may be assumed to be effectively incompressible. For non-saturated
samples, Martin et al (26) repofted that the compressibility of pore fluid,
'I/Kw , rapidly increases for small reduction in the degreg of saturation

So . For example, ]/Kw becomes of the same order as 1/?} for values of
S0 2 99 %, and thus, from Eq. 2.7 1in Section 2-3(2) it may be seen that
increase in the residual pore pressure per cycle, Au , would be reduced
éonsiderab]y. For quantitative understanding of the effects of degree of

. saturation on pore pressure rise or liquefaction potential, no further

research has yet been made up to date.



CHAPTER 3

SOIL TYPE TESTED AND EXPERIMENTAL PROCEDURES
FOLLOWED DURING THIS INVESTIGATION -

3-1  Testing Equipment
(1) Torsional Simple Shear Device { TSSD )

' A1l tests were conducted in the torsional simple shear device which is
shown in Fié. 3.1 and Plate I.  The details of the device are presented in
Refs. 11, 12, 40 and 41.

The torsional simple shear device éccommodates a "donutlike" soil sam-
ple with 4 inches outside diameter, 2 inches insfde diameter. The sample
is 1 ‘inch outside and 1/2 inch inside height as shown in Fig. 3.2. The
soil can-simultaneously be subjected to a vertical stress' Oy horizontal
stress Ops respectively, and a cyclic shear stress Tvh applied on top of
the sample as shown in Fig. 3.2. When the shear stress Tvh is applied,
the line AB (see Fig. 3.2(c)) moves to A'B', thus introduéing a shear strain

Y defined as:

YWt o = —— . = - 3.1
by hy h h
o ro
From the above, it is noted that when the ratio of - is made equal to
h 2

—79-4 s this insures that the shear strains throughout the sample will be
2 .

uniform; that is, Yo < Yg - The above relationship when compared with

Fig. 3.2, means that this device establishes uniform shear strains and

) | 30
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hence uniform shear stresses throughout the sample.
(2) Cyclic Loading System

The entire Torsional Simple Shear Device is bolted on a rigid table
'which is connected to an MTS ( Material Testihg System ) actuator shown in
Fig. 3.3.  The MTS (Model 903.73) is a single channel electrohydraulic,
closed Toop testing system and it has a £ 10,000 pound dynamic load and
t+ 3.0 inch stroke capability with discrete functions of variable wave forms,
amplitudes and frequencies. The system a]sd has the capability to apply
any loading patterns including acfua] earthquake loading. The vertical up
and down movement of the MTS actuator A is transferred to a back and forth
horizontal motion applied by the ioading rod B as shown in Fig. 3.3. This
horizontal motion of rod B is translated into rotational movement on the

soil sample.
(3) Water Supply and Saturation System

In Fig. 3.4 is shown the water supply and sample saturation sysfem.
One drainage line is provided from the top and another from the bottom of
the specimen; These lines are used to circulate the water through the
soil during the saturation process. To obtain a substantiél saturation of
the specimen, the’de—aired water in Tank A is circulated throdgh the bottom
specimen. This is accompleshed by applyingva slightly higher pressure on
Tank A tﬁan on Tank B which is connected to the soil from the top. In no
case should the pressure in Tank A exceed the confining chamber pressure

~around the soil specimen.

(4) Pickups and the Recording System

°
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The torque pickup trﬁnsducer is built into the loading shaft just
above the specimen (see Fig. 3.1 and also Plate 11). ‘In this way, the
true torque applied directly on the sample can be measured without includ-
ing frictional effects on the wall of the loading shaft. The torque
pickup itself includes four strain gauges oriented at 45° from the horizon-
‘tal placed on a hollow stainless steel cylinder which is a part of the
loading shaft.

Twe beryllium copper plates 3/8 inches wide, 3 inches high and 0.011
inches in tﬁickness that are placed 180° apart on opposite sides of the
specimen.  These plates are used for measuring the shear deformations ex-
nerienced by the soil sample.  Two strain gauges ére placed vertically on
both sides of each plate. The bottom ends of the plates are rigidly fixed
to the base of the chamber, and the top ends are supported between two
small rods which are fixed to the top plate of the soil specimen (see Fig.
3.1 and also Plate II). In this manner, the relative movement between the
bottom and the top of the soil sample is detected and recorded.

Two bonded strain gauge type pressure transducer (St;ndard Controls,
Inc., Model 800) is used to measure the pore water pressure in the drainage
line from the top of the specimen.

The following signals can be amplified and then recorded by a six-
channel analog, Brush Model 260 Recorder.

(a) torque applied to the sample

(b) sample torsional deformation

(c) pore water pressure in the sample

(d) vertical movement of the MfS actuator

(e) vertical displacement of the sample (measured by-a

Linear Variable Displacement Transducer attached to

@
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the loading shaft)
3-2  Type of Soil Tested

The Ottawa sand, ASTM designation C-109, was used for all the 1ique-
faction tests. This is a relatively uniform, natural silica sand. The
grain size distribution is shown in Fig. 3.5 . The distribution falls
within the region of the most liquefiable soils as seen in Fig. 2.4 .

The physical properties of this sand are shown in Table 1.
3-3 Test Program
1) Tests on Fully Saturated Samples'

Tests were conducted on the above Ottawa Sand at three different den-
sities, namely , loose, medium dense and dense conditions. For each den-
sity, both uniform and non-uniform cyclic shear Toadings were applied
while measuring pore pressure change in the sample. The static confining
pressures (vertical and horizontal) were kepf constant ihroughout the
test.  Three types of non-uniform cyclic stress patterns were applied on
the soil during this investigation. These were:

(a) discretely varying shear stress (Type A)

(b) exponentially varying shear stress {Type B)

(c) single shock type shear stress (Type C)

Typical time histories of these loading patterns are shown in Fig.3.6.

Table 2 shows the summary of test programs for saturated'samples.
(2) Tests on Partially Saturated Samples

Tests were conducted on loose samples under uniform cyclic loading only.
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The initial pore pressure parameter B as indications of the sample satu-
ration was contro]léd from about 0.25 to 0.80. The results were to be
compared with those of saturated samples under uniform cyclic ?oading de-
scribed in the preceeding section(1). Table 3 shows the summary of test
program for partially saturated samples.

During the tests on saturated and partially saturated samples, the
initial principal stress ratios K0 was kept unity (vertical and horizontal
confin{ng stresses being equal) and sinusoildal cyclic shear stress pattern’

was used.
3-4 Test Procedure
(1) Sample Preparation

The dry sample is weighed and submerged in water overnight. The en-
trapped air in the sample is removed by circulating the submerged sample
with de-aired water which entered from the bottom of the sample through a
small tube.

The inside and the outside membranes were fixed to the base of the
ghear device and confined vértica]]y by specimen molds. Before placing
the soil between the inner and outer molds, the samp]e-area is filled with
dé-aired water ahd also, the upper porous stone is kept submerged in the
water. Vacuum and compressed de-aired water are then applied one after
another through the lines leading to the bottom and top of the specimen to
remove any entrapped air in the porous stones and ;aturation lines.
Thereafter, the previously de-aired specimen is slowly and evenly poured
between the specimen molds with a spoon. The top plate with the porous

stone is placed on the specimen and then the membranes are clamped to it.
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After app]ying vacuum into the specimen through the line leading to the top
of the specimen, the outside specimen mold is removed while the inner mold
collapses by removing. the rod which sustained the inner mold. The torque
pickup and the deformation measurement plates are set ué on the specimen

(see Plate 11).
(2) Sample Saturation

A qualitative understanding of the degree of saturation of the sample
was obtained by measuring the pore pressure parameter B which is defined

as (1, 44 ),

R (3.2)

where, Au 1is the pore pressure increment generated by subjecting the
soil specimen to an increment of isotropic stréss, Aoc » 1n an undrained
_condition. |
The control of the B value of the specimen prior to the test was
accomplished by:
(a) controlling the amount of de-aired water circulated
through the specimen (percolation method)
(b) controlling the back water pressure applied to the
specimen (back pressure method)
At first, the'de—aired water was circulated from the bottom to the top

of the specimen by applying 5 psi at the bottom and 0 psi at.the top of the

specimen while applying the initial 10 psi horizontal and vertical confining
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pressures. Both the horizontal and vertical confining stresses %, and
o, were then increased to 20 psi after closing the valves that connect
the samples to the de-aired water supply system. Under this condition,
pore water rise was measured and the B value was ca]cuiated. If the B
’value was found to be lower than the desired value, the same procedure was
repeated by increasing all pressure components by 10 psi. Table 4 shows
tﬁe B values obtained during 6ne complete saturation cycle.  Throughout

this procedure, it was found that the parcolation method is not as effect-

jve as the back pressure method in generating a higher B value condition.
(3) Control of the Sample Density

Three different sample densities, namely, 1bose, medium dense and dense

samples were obtained using the foliowing procedures:

- (@) Loose samples
Loose samples were obtained by just gently pouring the soil
into the mold as described in the previous section and without any
combaction. The samples obtained by this method had void ratios

raging from 0.690 to 0.709 (with the mean value of 0.700).
-(b) Medium dense samples

Before clamping the membranes, the specimen in the mold was
placed on the vibrating table and vibrated at high frequency for
5 seconds. During this vibration counterweight of 400 g was
placed on top of the specimen to protect them from the bouncing
of the cap and from undergoing uneven settlements. .After the

vibration, the same procedure was followed as in loose sample



- 37

preparation.
The samples obtained by this method had void ratios

raging from 0.629 to 0.657 (with the mean value of 0.644).
(c) Dense samples : ‘ | .

After placing the sample between the inside and outside molds,
a kneading type compaction Qas applied using a cone shaped edge with
45 degree slope. The cone was pressed 60 times on the surface of
the specimen with equal force. After the compaction, the sample
surféce was smoothed, the top'cap was placed on and the sample was
placed over the vibrating table for 20 seconds. The sample obtained
by this method had void ratio raging from 0.574 to 0.614 ( with

mean value of 0.595 ).
(4) Cyclic Loading

The desired wave form, frequency and number of cycles to be run were
. set directly into the MTS 903.73 control panel ( shown in Plate IIT). The
amplitude of torsional stress during uniform cyclic loading was controlled
by adjusting the stroke of MTS actuator. The desired values of torsional
stress were obtained by‘setting the stroke to a pre determined position
based on experience.

Non-uniform cyclic loading was appiied by use fhe Data Trak Model
411.01 (see P]até I11). The desired wave forms were etched on the metal-
lized surface of the chart and the chart was taped to the rotating drum.
The detector , follows the etched line on the rotating drum and transmitts

the signal to control the movement of the MTS actuator;



CHAPTER 4

DISCUSSION AND ANALYSIS OF TEST RESULTS
4-1 Definition of Initial Liquefaction and Complete Liquefaction

It is known that the residual pore pressure in loose saturated sands
increases at different rates during the liquefaction process under constant
cyclic shear stress application.  Fig.4.1 shows a typical example of the
liquefaction process for a saturated loose sand. In Fig. 4.1, it is con-
venient to divide the liquefaction process into four stages on the basis of
different rates of increase in the residual pore pfessure. The character-
istics of each of these stages can be summarized as (40) : |

Stage 1....During this stage a rapid increase in pore-water pressure

is obsérved (Initial stage). |

Stage 2....During this stage an almost constant rate of increase in

pore-water pressure is noted (Secondary stage).
.'Stage 3....The rate of pore-water pressure buildup grédua]]y accel-
erates (Initial liquefaction stage).

Stage 4....During this stage the rate of pore-water pressure increase.

becomes zero (Final liquefaction stage).

The initial rapid increase in residual pore-water pressure is due to
the rapid and substantial rearrangement of soil particles to accomodate the
instantaneous change in stress conditions due to shear stress application.
During the second stage, the volume change (which is responsible for the
pore pressure build-up continues becaﬁse of the increase in the stress
ratio, T/ oé ( shear stress / effective confining pressure ). When the

stress ratio, v / oé , reaches a certain value, the shear deformation

38
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.

increases rapidly; as a consequence, the residual pore pressure values
accelerate.  Peacock and Seed (30) proposed to designate the onset of
partial liquefaction as the initial liquefaction, which is defined as
"when the soil exhibits no resistance to deformation ove} a stfain range
less than that considered to constitute failure." Based on the above con-
cept, the initial liquefaction is reached when the strain amplitude in-
cfeases immediately. >. |

' Initial liquefaction is also defined in another two different ways.
One involves the stress ratio concept; the other relates to the first turn-
over point on the effective stress path (12, 42). Fig. 4.2(a) graphically
*1lustrates the above-mentioned first définition, indicating that the soil
enters the liquefaction stage when the ratio of T / oé reaches the
failure envelope for the first tjme. The second definition of initial
liquefaction is shown in Fig. 4.2(b). In this figure the point "A" (where
the effective stress path reverses directiqn for the first time) corre-
sponds to initial liquefaction.
The bomp]ete liquefaction is reached when the pore pfessure becomes

equal to the confining pressure.
4-2 Analysis of Pore Pressure Rise Under Uniform Cyclic Loading

In this section, the gradual increase in pore pressure during the uni-
form cyclic loading is analyzed for loose, medium dense and dense Ottawa

sands respectively.
(1)  Pore Pressure Rise in Loose Sand

The residual pore pressure at the end of each cycle was analyzed in

order to find factors that affect the magnitude of the residual pore pres-
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sure build-up during cyclfc_]oading.

The residual pore pressure is defined as the one femaining when the
cyclic shear stress becomes zero at the end of each cycle. The increment
in the residual pore pressure is obtained from the difference in the values
between-( N -1 )th cycle and 'Nth cyc]e'as shown in Fig. 4.3 , which gives

the following relationship :

AUN = UN - uN - ] (4.])
where duy = increment in residual pore pressure during the
N?h cycle
uy = residual pore pressure at the end of Nth cycle
Uy.y = residual pore pressure at the end of (N—})th cycle

In order to evaluate pore pressure rise under different confining
pressures, it is convenient to normalize the pore pressure by dividing it

with the confining pressure such as :

U= u/o, 4 (4.2)
where U = normalized pore pressure rise
u = actual pore pressure rise
o. = initial confining pressure

By using the normalized pore pressure, Eq. 4.1 is expressed in the

following manner:



(4.3)

‘Fig.4.4 shows the relationship between the incremental increase in
the residual pore pressure per cycle ( AUN / 1 - UN—] ) and the effec-
tive stress ratio ( ™ / 0&_1 ) at fhe beginnihg of the corresponding
cycle.

‘It is seen in Fig. 4.4 that the incremental rise in the modified pore
pressure, AUy / 1 - Uy 4 (per cycle) increases with the increase of the
effective stress ratio 7y / 0&_] '. Since the tines in Fig. 4.4 show
almost the same slope ($=2.4) on a log-log scale, they can therefore be

expressed by the following relationship:

' el e e S
AUy /R o= (N (T foyy )

therefore,
My = R« f(N) - ( 7 /oy, ) (4.4)
where R = 1- UN—] = modification factor
f(N) = function of the number of cycles at which the
pore pressure rise is considered
Ty = cyclic shear stress at NI cycle
ONll = effective confining pressure at the beginning of
Nth cycle ( equal to the effective confining

pressure at the end of { N-1 )th cycle )
" S = slope of the lines in Fig. 4.4 which is equal to

2.4
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The above mcdificatién factor R(= ]—UN_]) is proposed on the basis
that : . |

(a) The increment.in residual pore pressure ( AUN ) becomes smaller
when the residual pore pressure at the end of the preceeding cycle
( Uy-1 ) is high even if the effective stress ratios are equal.

(b) The increment in the residual pore-water pressure becomes zero
when the normalized residual water'pressure ( UN ) becomes unity
( this is equivalent fo the complete liqueféction condition ).

The implication of the modification factor is significant because it
providesvthe boundary values regarding the effect of stress history on the
pore ‘pressure rise during cyclic Ioading. The vafues of the modification
factor R can also be examined based on the following boundary conditions.

(a) " Before the first cycle of loading, the stress time history
effect must be zero and fherefore, R=1 . -

(b) As long as the stress time history effect on the pore-water
pressure rise is considered, the effect must be maximum when the
residual pore pressure reaches the ultimate value Qhere the com-
plete liquefaction takes place and hence, R=0 when such a stage
is reached.

The complete description of the stress histony effects on the pore
pressure rise requires an additional factor such as a function dependent -
on the number of stress cycles. This is so because the magnitude of the
pore pressure rise during cyclic loading is also affected by thé number
of cycles as seen in Fig. 4.4 even after modifying the data by the intro-
duction of the modificatin factor R . " In order to clarify the effect of
the number of cycles on pore pressure rise, the data is plotted as shown in

Fig. 4.5. Fig. 4.5 shows experimentally determined data points revealing
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a relationship between the factor f(N) and the number of cycles N . A

mathematical curve which has the following is fitted through data points.

f(N) = ——m— . (4.5)

where N number of cycles

’C],CZ,C3 = material parameters

when the material parameters C], 02 and C3 in Eq. 4.5 . are taken as
6.13, 1.77 and 0.4§ respectively, the curve shown in solid line is gener-
ated indicatiﬁg good correlation between the experimental data.aﬁd the
results obtained from Eq. 4.5 .

By combining Eqs. 4.4 and 4.5, the following equation for a saturated

loose sand is defined.

C;- N T \S
AU, (1 - Uy_q)- .

. | N
| NZ- G0N

‘) 6.13-N T) Ty \2-4 ws)
. : 4.6
N-] ! )

N77 2 0.a6/ \ON-1 |

n

n
—~
—t
]
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th

Where AUN = the increment in pore pressure at N cycle

u = the residual pore pressure at ( N-1 )th cycle

™ = the shear stress at Nth cycle

cﬁ 1 ° the effective confining pressure at the end of (N-]),th
- cycle '
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From Eq. 4.6, it is seen that the incremental pore pressure rise
during dynamic loading is a function of stress intensity and stress history,
which are represented by ( T/ c&_] )S and R - f(N) in Eq. 4.6 respec-
tively. Furthermore, Fig. 4.6 shows a very good correlation between the
theoretical pore pressure values calculated from Eq. 4.6 and the experi-
mental data points.

The apparent slight discrepancy between the experimental data and the
theoretfcal Tine ( constant cyc]fc shear stresses are assumed ) at a 1atfer'
stage of loading is attributed to the fact that at this stage pore pres-
sure increases excessively and hence app]iéd cyclic shear stresses slightly
"decrease due to the rapid softening of the specimen during the.1aboratory

tests.
(2) Pore Pressure Rise in Dense and Medium Dense Sands.

The previously developed theoretical concept to bredict pore pressure
rise in loose sand can be applied for medium dense and dense sands. Pore
_ pfessure rise in medfum dense and dense sands was determined experimentally
following the same procedure as used in the investigation of loose sands.
Figs. 4.7 and 4.8 show the relationship between the modified pore pres-
sure rise and the stress ratio for medium dense and dense sands respective-
ly. It is seen from Figs. 4.7 and 4.8, that the pore pressure rise in
medium‘dense and dense sands is simi]af to the one in loose sands. The
slopes of the lihes in Fig. 4.7 and 4.8 are unique for each soil density
which implies that the slope of the lines in each figure is density depend-
ent. The three parameters C], C2 and C3 in Eq. 4.5 for medium dense
and dense sands can also be determined from Figs. 4.9 aﬁd 4.10 respectively.

It is therefore concluded that Eq; 4.6 in its general form will also
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predict the incremental pore pressure rise values in medium dense and
dense saturated sands under uniform cyclic loading. The parameters C], C2
C3 and the slope of the lines for the three differnt density conditions

tested during this study are summarized in Table 5.
(3) Effect of Density on Pore Pressure Rise

In analyiing the pore pregsure rise in the previous section, it was
fouﬁd that the samples with different densities have different C], CZ’ C3
and S values in Eq. 4.6.

Fig. 4.11 'show the variations of the above four parameters C], CZ’ C3
and S with respect to soil density. In the following paragraphs'the
implications of each of the above four parameters are discussed :

(a) Parameters C; and C5 3

These values determine the magnitude of pore'pressure rise at
the initial stage of loading such as from 1 to 10 cycles where the
pore pressure rise is normally high.

Loose sémp]es show higher values of C] and C3 than dense
samples. The value of C3 becomes almost zero for the dense sample,
which implies that the incremental rise in pore pressure decreases
linearly with the increase in the number of cycies.

(b) Parameter C, ;

. This value determines the slope of a 1ine( see Fig.4.5,4.9 and
4.10 ) which becomes almost straight 1ine after several cycles of
loading. 'The higher is the density, the lower the parameter C2
becomes; that is, the incremental rise in pore pressure in dense

's0ils becomes less as compared with the loose soils.
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(c) Slope S;

The slope S indicates the sensitivity of pore pressure,rise to
the change in applied stresses. The.S value for loose samples is
slightly higher than for dehse samples, which implies that the
pore pressure in loose samp]es'are more sensitive to stress changes

than the dense samples.
(4) Surmary

- The analysis of measured pore_bressure rise of saturated sands during
uniform cyclic loading showed that the incremental rise in pore pressure

AU, can be expressed as a function of stress intensity ( TN / G&-l )S

N
and stress history ( R *© f(N) ) ( see Egs. 4.4, 4.5, 4.6 ).

The predicted pore pressure rise based on Eq. 4.6 agreed well with
the measured pore pressure rise as seen in Fig. 4.6. Fufthermore, it is
proved that Eq. 4.6 is also app1icab]e for dense samples in predicting
the pore pressure rise during cyclic loading simply by finding the values
of the four parameters S, C,, C, and C; corresponding to the soil density.

The variation of these four parameters with soil density ( expressed in

terms of void ratio or relative density ) is shown in Fig. 4.11.
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4-3 Liquefaction Potentials of Samples with Different Densities

The Tiquefaction potentials in terms of the initial effective stress
ratio " / cé and the number of cycles to cause 1iduefaction~ NL were
- predicted for samples with different densities by using Eq. 4.6 and para-
meters shown in Table 5 and Fig. 4.11. The predicted initial liquefaction
points were obtained by finding the number of cyc}es at which the maximum
effective stress ratio in the static shear test is reached during cyclic
]oading ( see the discussion of thé stress ratio concept in section 4-1 ).
- The maximum effective stress ratio is usually expressed in terms of the

angle of internal friction such as :

()

= ! 4
max tan ¢ (4.7)
where ¢! = the angle of internal friction
T _ . ‘o .
(). = the maximum effective stress ratio

The variation of the angle of internal friction ¢’ with density was
obtained for the Ottawa sand { ASTM €109 ) by Ishibashi (12) using a
dfrect shear device as shown in Fig. 4.12. The angle of internal friction
correSponding-to each of the three densfties employed during this study is

determined from Fig. 4.12 as follows :

- ° =X =
For loose sand, ¢ 30 B ( o‘)max 0.58
; i LI ° _'_[_ =
For medium dense sand, $' = 34.5°, ( o.)max 0.69
For dense sand, ¢! =, 0.78

1
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The complete liquefaction point is determined from the number of cycles
when the predicted.pore pressure rise reaches the initial effective con-
fining pressure for the first time. |

Fig. 4.13 shows the comparisoh of the predictéd and experimental ini-
tial liquefaction potentials defined by the effective stress turn over
'concept ( éee the definition of initial liquefaction in section 4-1 ). It is
seen in Fig. 4.13 that the predicted and the measured data show good
agreemént.

The normaiized pore pressures at the initial liquefaction points both
of fully and partially saturated samples a}e examined by using two different
definitions, namely, the first turnover point and the maximum effective
stress ratio concepts ( see secfion 4-1 ). By plotting the normalized pore
pressure values at the initial liquefaction points, a graph such as the one
shown in Fig. 4.14 1is obtained. The data points in Fig; 4.14 show that
the above two criteria defining initial ]jquefaction yield similar results.
It is also interesting to note from Fig. 4.14 that residual pore pressure,
UN ( at the point of initial liquefaction ) increases slightly with the
number of cycles necessary to induce initial liquefaction.

The predicted and the measured complete liquefaction potentials are
also shown in Fig. 4.15. The slight discrepancy between the predicted and
the measured complete liquefaction points comes from the fact that during
experiments the cyclic shear stress can not always be kept conétant but
decreases slightly with the increase of number of cycles due to the rapid
softening of the material especially at the liquefaction stage, while the
predicted curves are based on the constant cyclic shear stress during the

test (see Fig. 4.6).
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4-4 Predictioﬁ of Pore Pressure Rise Under Non-uniform Cyclic Loading
(1) Equivalent Number of Cycles at Different Shear Stress

In the previous section, the effect of number of cycles on the in-
~ cremental rise in pore preséure was obtained by the use of the following

expression ( see Eq. 4.5 ) :

Cl * N .

f(N) = - - (4.8)

2
N C3
where f(N) = the effect of number of
cyé1es
N = number of cycles
C], CZ’ C3 f material parameters

It should be noted that the number of cycles N in Eq. 4.8 1is evalu-
~ated equally for each cycle of loading. This is reasonable only for the
uniform cyclic loading where all the cyclic stresses are equal throughout
the loading.  For non-uniform cyclic loading, however, a certain equiv-
alent number of cycles should -be introduced to evaluate all the number of
cycles of different stress amplitudes prior to the cycle at which the pore
pressufe is to be predicted. This is done by replacing the term N in

Eq. 4.8 into the equivalent number of cycles Neq » Which is defined as :

N Ti\8 o
Neq = ii:] (4.9)
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where T; = cyclic shear stress at ith cycle ( 1 <N )
TN = cyclic shear stress at Nth cycle
B = parameter

Since the parameter B8 1in Eq. 4.9 indicates the sensitivity to stress
change, therefore the same values can be used for the parameter B as
those slopes S ( see section 4-2 and note that the slopes S indicate
‘} the éffeét of .stress intensity N / Oy-1 O the incremental rise in pore

preésure ). By simply replacing N by Neg in Eq. 4.6 , the final

q
equation for predicting the pore pressure rise under non-uniform cyclic

loading is expreésed as follows :

f

AUN = ( ] - UN"] )' ch ]

eq ™ 03 0&- |
and ' : , (4.10)

' N
-~ wh N = I
where eq 5

(2) Comparison of Measured and Predicted Pore Pressure Rise

Figs.. 4.16(a) to (f) show the comparison of the experimentally meas-
ured and the predicted pore pressure rise for loose samples under three

types of non-uniform cyclic loading.
It is seen in Figs 4.16(a) to (f) that the predicted pore pressure

values are in good agreement with the experimental data for all of the
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types of non-unjform cyclic loading. Note that the parameter C] is very
sensitive to a slight change in void ratio, leading to a significant
differencé in pore pressure rise at the initial stages of loading. |

For medium dense or dense samples, however, a slight change in void
ratio does not affect the value of C] as much as was the case with loose
samples.

.Figs. 4.16(g) to (j) show the comparison of measured pore pressure
rise with the predicted values for medium dense and dense samples. Com-
parisons were made only for one non-uniform loading, Type A, in Fig..3.6.
1t is seen in Figs. 4.16(g) to (j) that a good agreement exists between
the predicted and the measured pore pressure values for both medium dense
and dense samples. It can therefore be concTuded that Eq. 4.10 provides
a valid base for the prediction of pore pressure rise under non-uniform

cyclic loading.
4-5 Prediction of Pore Pressure Rise during Actual Earthquake

“In the previous section, the derived equations 4.6 and 4.i0 were
shown to be applicable for predicting the pore pressure rise in soils under
both uniform and non-uniform cyclic loadings. Before applying the derived
equations to the prediction of pore pressure rise during earthquake load-
ings,it is necessaky to consider the fact that during an earthquake load-
ing, the shear stress amplitudes vary erratically from one cycle to another.
Fig.4.17 shows an example of the time history of shear stress in a deposit
during an earthquake (37). In Fig. 4.17, it may be appropriate to express
the randomness of earthquake loading by the following characteristics.

(a) abrupt change in the amplitude of shear stress during the

time history
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(b) antisymmetry in the peak values of shear stress during
one cycle |
(c) more than one peak exit during half cycle
(above or below the zero shear stress line)
(d) frequency changes randomly from one cycle to another
It can be realized that the prediction of pore pressure rise is to be
made for every half cycle because of the antisymmetry in the peak values
during one cycle. Supposing that a half of the toﬁa] residual pore pres-
sure rise per cycle results at the end of the half cycle under uniform
cyclic loading as shown in Fig. 4.18(a), pore pressure rise at Nth cycle

can be expressed as :

. ' |

s = {0 s, ey (4.11)
where AUN = pore pressure rise during Nth cycle
( N )p = pore pressure rise in positive region

under cyclic'shear stress TNp during
th

N"" cycle

( AUy )n = pore pressure rise in negative region
under cyclic shear stress Ty, during
Nth cycle

Eq. 4.11 also applies for the case where the amplitudes of shear
stress in the positive and negative regions of the cycle are not equal,
which condition is illustrated in Fig. 4.18(b). It is seen in Fig.4.18(b)

that the pore pressure rise due to Thp in positivg region is expressed
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by the line AB while the pore pressure riée due to Thn in negative region
is expressed by the line BC. v
The values of { AUN )p and ( AUN )n in Eq. 4.11 are computed by the
same equation as used for the prediction of pore pressure rise during non-
uniform cyclic loading ( i.e. Eq. 4.10 ). The only difference lies in the

computation of the equivalent number of cycles Ne Since shear stresses

q°
are now considered independently in positive and negative region, the
equiva]ént number of cycles should also be evaluated independently in each °

region. That is, at Nth cycle, shear stress amplitudes from 1st cycle to

th

N cycle in positive region give the equivalent number of cycles in

positive region , ( Neq ). ., and the same is true for negative region.

p v _
Hence, ( AUN_)p or ( AUy )n can be expressed by the following equation:

In compression region,

C] (Neq)P

(AUN)P= (]'_UN_])' c .
2 i
WNegdp™ = € \9§1

and (4.12)
oy = A(PY |
eq’P =1\ ¢
Np
where Tip, TNp = the amplitudé of shear stress in positive
region at ith or Nth cycle
(Neq)p = equivalent number of cycles in positive

region at Nth cycle

The same equation is applied in the negative region. It is clear in

Eq. 4.11 and 4.12 that if shear stresses in positive and negative
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regions are equal, that is ( AU, )p equals to ( AUy, )n » then the same
value of AUN' is obtained as in the case of uniform cyclic loading.

Previous studies ( 30, 47 ) proved that the difference in the fre-
quency of cyclic shear stress had not a significant effect on the pore
pressure rise and the liquefaction potential of sands. |

The smaller peaks other than the maximum value that exist during the
half cycle of time history in shear stress may not affect significantly the
pore préssure rise.that is determined solely by the maximum shear stress
in the half cycle. No further investigations on this problem have been
done up to date. ‘

It is concluded that in spite of the randomness of the time history
in shear stresg during earthquakés, Eq. 4.12 will provide the appropriate
basis for the prediction of pore pressure rise during earthquakes. The
time history is evaluated in Eq. 4.12 simply by the peakAstress during
half cycle and the number of cycles, in which one cycie consists of two
peak stresses in opposite directiqn and three crossings at the zero stress
line. |
- Fig. 4.19 shows the results of the computations of pore pressure rise
based on Eq. 4.12 during the actual earthquake time history shown in Fig.
4.17. The computations were made for three different densities, the void
ratios of which are 0.700, 0.644 and 0.594 respectively. It is assumed
that the deposit consists of Ottawa sand (ASTM designation C-109 ) and the
water level is located at the surface of the ground. According to the com-
puted results in Fig. 4.19, when the deposit is loose or medium dense, it
Yiquefies at 5 or 10 seconds respectively, however for dense case (e= 0.594)
the deposit does not liquefy throughout the earthquake.‘ It is also inter-

esting to note in Fig. 4.19 that only few large peak shear stresses contrib-

¢
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ute to pore pressure rise significantly. Although there is no field data
to compare with the computed results of pore pressure rise, it should be
pointed out that the appropriate determination of the field soil density

is crutial for the determination of liquefaction potential of soils.

4-6 General Procedures for the Determination of Parameters

S, Cl, 02 and C3

In'order to determine the material parameters Cl’ CZ"CB and S in the °
proposed method, the following tests and analysis are required for a given

condition of sand.

(1) At least 3 or 4 uniform cyclic 1oading tests ére performed with
varying the initial stress ratio T/Gc so that the liquefactions

occur at different number of cycles within 1 to 300 cycles.

(2) The incremental rises in the residual poré pressure at the
end of appropriate number of cycles, i.e., 1, 2, 3, 5, 7, 10, 20,

th cycles, etc., and cyclic shear stress at the corresponding

30
cycle are to be calculated.
The total residual pore pressure increment at the end of these

cycles are also obtained from Eq. 4.3.

(3) Plot AUy / R vs. T /o'y and obtain such figure as shown
in Fig. 4.4, and determine the s1ope,}S , from the data points at
small number of cycles assuming the S value is nearly constant

at any number of cycles.

(4) Plot AUy / R* ( Ty / O'N-l )S vs. N as shown in Fig. 4.5
and determine the three parameters Cl’ C2 and C3 by the fitting

-

. e-
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technique. |

(5) The same procedure can be followed to determine parameters,

Ss Cqs Cz'and C; for soils with any density if required.
4-7 Effect of the Degree of Saturation on Liquefaction Potential

_The samples with different degree of saturation was investigéted to
evaluate the effect of the degree of saturation as manifest in the magnitude
of the pore pressure parameter B on the iiquefaction potential.

Typical aétua] 1iquéfaction test data for a fully saturated sample and
for a sample with low §' value are shown in Fig. 4.20. It is seen from
this figure that the low B value soil sample élsd exhibits liquefaction
potential, and the residual pore pressure rise tendency in this sample is
similar to that of the saturated sample except during the‘ear1y stages of
loading.

Fig. 4.21 shows fhe measured residual pore pressure bﬁi]dup for.
different.ﬁ'va1ue samples at the end of the first cyclic loading. It is
seen from this figure that the residual pore pressure (at the end of the
first cycle) increases with the increase in B value.

The difference in pore pressure rise for different B value samples is
explained by the difference in the compressibility of pore fluid especially
in the initial stage of loading. That is, at the initial stage, the
compressibility of pore fluid in low B value samples remains Tow and
therefore the load transfer from soil skeleton to pore f]did remains small
and hence the lower pore pressure risé. With the pfogressive volume change
during loading, the compressibility of pore fluid increases and the portion

of the load transferred to pore fluid increases. Finally when the

o
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compressibility of pore fiuid becomes much greater than that of soil
skeleton like wateh, almost all of the load is transferred to pore fluid
and the soil enters complete liquefaction stage.

As a result of the difference in pore pressure rise during the early
' stagé of loading, the liquefaction poténtia] is also affected by the ini-
tial value of B .

-Fig. 4.22 shows a relationship between the applied stresses and the
number of cycles to liquefaction as a function of the pore pressure para-
meter, B . From this figure it is noted that the low B value soils
possess low liquefaction potential. Although a qualitative understanding
of the degree of saturation of the sample is obtaiﬁed from the magnitude of
B prior to testing, the determination of the absolute degree of saturation
will be of more practical value to the engineer, and hence an attempt is
made to establish a quantitative relationship between the‘absolute degree
of soil saturation and its corresponding B value.

The fundamental relationship between'the pore pressure rise and the
volume change of the air in the pores is derived from Boyle's 1$w for the

compressibility of the air and from Henry's law for its solubility (9, 49).

(Pa+ Ub)'A

Moo= | (4.13)
Vut HeV — &
ﬁhere ‘ Au. = increment in pore pressure
Pa = atomospheric pressure
u, = back pressure
Va,.Vw = initial volume of the air and water in the

specimen devided by the initial total volume

o
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H = Henry's constant for solubility which is equal to
0.02 for 20° C
A = volumetric strain

Assuming that the volumetric strain of the specimen under isotropic
stress conditions is proportional to the increment in the effective con-
‘fining stress (that:is A = CS~Aofc) » Eq. 4.13 can be rearranged to read

as follows:
(P, + wup) to’

b = £ (4.14)
S /Cs — Ao c
' - - ——
where S' = o ( 1-58,+ HS0 )
P initial porosity
So = 1initial degree of saturation .
CS = the compressibility of the soil skeleton

In order to establish a direct relationship between the initial degree
of saturation, So , and the pore pressure parameter, B , it is convenient
to express the pore pressure increment in terms of thé total confining
pressure increment, Aoc. This can be done by simply replacing the Ao'c
by ( bo, - Au ) in Eq. 4.14 and solving for B , which leads to the

following relationship:

Au s P+ u
E. 2 e—— = ._JZ_. __( + a b _])
ch CS vAoc Acc
St P.+ u 4(Pp. + u.)
* ( + a b _-l )2+ a b
CS Aoc Aoc _ Aoc

(4.15)
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The compressibility 6f the soil skeleton CS in Eq. 4;15 is fouhd to'
be 0.0012 1/psi . The above value is obtained through an iteratfon
process'using the measured B values of 0.92 (average of four measurements)
at 45 psi back pressure, which implies that the soil is almost fully satu-
rated. | The value of CS = 0.0012 1/psi compares very well witﬁ the

"previously published data by Scott (32) for a loose sand.

‘Fig. 4.23 and 4.24 show the results of computation based on Eq. 4.15,
which determine the relationship between the E'valueé and the initial
degree of saturation when the back pressure is 5 psi and 45 psi réspective1y.'

Using the established relationship between the B values and the initial
degree of soil saturation, a plot relating the numﬁer of cycles necessary
to cause liquefaction for soils with different degrees of saturation is
shown in Fig. 4.25. From this figure it is seen that the liquefaction
potential for a given soil increases as the'degree of satﬁration of the soil

increases.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS |

5-1 -Conc1usions'

The following conclusions were obtained from the pore pressure inves-

tigations in saturated sands during dynamic loading.

(1) Based on the analysis of measured pore pressdre rise during cyclic
loading tests using Torsional Simple Shear Device, an unique method to
predict pore pressure rise was e§tab}ished. In this method, the incre-
mental rise in pore pressure rise during uniform cyclic loading is predicted

by the equation in its basic form as shown below:

’ " S 3
AUN = R ° f(N) ° ( '> (4.4)
N-1/
where
R = ] - UN"]
C] N
f(N) = ——— | (4.5)
C, . .
N = number of cycles

S, C] s C2 and C3 are constants shown in Fig. 4.11

for a Ottawa sand

The above equation is shown to be applicable for predicting the pore
pressure rise in saturated sands under any type of loading patterns (i.e.

actual earthquake loading) provided the following modifications are made.

0
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(a) when the cyclic shear stress amplitudes are randomly variable
but symmetrical with respect to the zero stress axis, the pore
pressure rise can be calculated by replacing N in Eq. 4.5 by the

equivalent number of cycles Neq » which is defined as:

R ‘ ( 9)
N = I | | 4.9
eq i=1 e ' :

The predicted and measured pore pressure values are compared in

. Fig. 4.6 and showed a good agreement.

(b) When the cyclic shear stress amplitudes are éntisymmetrical
with respect to zero stress axis 1ike actual earthquake loading,
Eq. 4.4 are also applicable to the determination of the pore press-
ure rise due to thé shear}stresses'in positive or negative side
of the neutral axis independently. And the incremental rise in

th

pore pressure during N cyc]é is obtained from the following

equation.
B
AUN = -;;a ( AUN )p + AUN )n (4.11)

Predicted pore pressure rise during an actual earthquake is

shown in Fig. 4.19.

(2) Both initial and complete ‘liguefaction points during dynamic Toad-
ing can be determined from the computation of the pore pressure rise

during cyclic loading. A good agreement exits between the computed and
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experimentally determined liquefaction points as shown in Fig. 4.13 and

4.15.

(3) The proposed pore pressure prediction equation derived during this
research will be appliceble for other type of sand by following the proce-

dure that is shown in section 4-6.

- (4) The effective stress ratio criterion { see Fig. 4.2(a) ) and the
effective stress path turnover point criterion ( see Fig. 4.2(b) ), de-
fining the initial soil liquefaction, correlate very well and essentially

yield the same results as shown in Fig. 4.14.

Based on the results of pore pressure rise in partially saturated
sands during dynamic loading, the following conclusions can be reached

regarding partially saturated soils.

(5) Partially saturated loose sands do liquefy and that the pore pres-
éure Suildup pattern is similar to that generated during tests conducted

on fully saturated loose sands.

(6) Based on the data shown in Figs. 4.22 and 4.25 , it is concluded
that the ]iqueféction potential for soils decreases with decreasing B

values or with decreasing degrees of soil saturation.

5-2 Recommendations

(1) The proposed.method for predicting the pore pressure rise during
dynamic loading is based on the analysis of one kind of material ( Ottawa
sand ASTM designation C-109 ). It is recommended that wide variety of

sands having different physical properties be tested and analyzed‘using
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the same procedure as was followed during this research.

(2) Research should be undertaken to determine whether the pore pres-
sure rise can be estimated by the<method proposed in this study when
the initial Ko value is other than unity. When the initial K0 value
is unity, the initial stress ratio ™ / 0&_] in the proposed method

(see Eq. 4.6) is equivalent to At ! which was proved to be

max / %oct
unique in determining the initial liquefaction of the samples with
various K0 values. It has not been pkoved experimentally, however,

that the ratio ATmax /] © is also unique in determining the in-

[ ]
oct _
cremental rise in pore pressure of the samples having different Ko

values.

(3) In tﬁe case of partially saturated sands, it is possible to derive
a theoretical relationship between the pore pressure riée and the volume
change of the specimen (see Eq. 4.13), however, expérimental investi-
gations are required to determine the bbundary conditions such as the
>thresh01d volume changes when the B values become zero or unify corre-

) sponding to a certain degree of saturation. This could be accomplished
by measuring the actual volume change of the specimen as well as the

pore pressure.
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TABLE 1
PHYSICAL PROPERTIES OF OTTAWA SAMD

Ottawa sand (ASTM C-109)

: D = 0.60 mm, D., = 0.42 mm, D., = 0.40 mm
Grain size 100 60 50

- Dip = 0.2 mm, D =0.15 mm
Uniformity coefficient 2.1
Specific Gravity « 2.67
Maximum void ratio, e .. . 0.76%
Minimum void ratio, €min 6_50

* nax 0.82 was reported by Finn et al (1971) for the same sand.
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TABLE 2
TEST PROGRAM FOR SATURATED SAMPLES

Unifom Non-uniform

cyclic loading | cyclic loading |

'Samp]e type

Ottawa sand (ASTM C-109)

B

Varied between 0.89 and 0.84

Back pressure

45 psi for all tests

Have shape

Sine wave for all tests

Densities

Three different density levels, loose { e = 0.700 ),
medium dense ( e = 0.644 ) and dense ( € = 0.595 )

Frequency

2 cps

Wave patterns

Non-uniform patterns,
Type (A),(B) and (C) for loose
Constant cyclic shear | samplies, Type (A) for medium

stress amplitude dense and dense samples.

Initial effective
vertical and hori-

zontal stresses

10, 20, 30 psi 20 psi
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TABLE 3. TEST PROGRAM FOR PARTIALLY
SATURATED SAMPLES

Pore pressure parameter,

B

0.25 | 0.45 0.6 0.8 | > 0.9

Back Pressure, Uj , psi 5, 15 {5, 15|15, 25| 25 |25, 45

Initial Effective Ver-

tical stress, oy psi- 10, 20, 30
Initial Effective Hori- 10, 20, 30
zontal stress, s psi

Frequency, H, ' | : 2

Wave Shape _ - Sinusoidal
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TABLE 4

Water pressure in specimen | Pore water
Trial No.| °v| h at top at bottom pressure Ao Au B
psi} psi psi| psi
. psi psi psi -

10 | 10 0 5

1 10 |.10 closed 5 5
20 | 20 closed closed 9.5 10 { 4.5(0.45
20 | 20 10 15

2 20 | 20 closed 15 15
30 | 30 closed closed 22.2 10 | 7.2 0.72
30 | 30 20 25

3 30 | 30 closed 25 25
40 | 40 closed closed 33.4 10 { 8.410.84
40 | 40 30 35

4 40 | 40 closed 35 35
50 § 50 closed closed 43.9 10 | 8.9} 0.89
50 { 50 40 45

5 50 | 50 closed 45 45
60 | 60 closed closed 54.3 10 | 9.3} 0.93
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TABLE 5

Cs

and S FOR

DIFFERENT DENSITIES OF OTTAWA SAND

Parameters

Densities

CI C2 C3 S
Loosé :
_ 6.13 1.77 0.46 2.40
(e = 0.700)
Medium dense ‘
_ : 2.40 1.82 0.30 2.17
(e = 0.644)
Dense -
(e = 0.595) 2.09 2.03 -0.0% 2.00
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50

N-Value
oO 10 20 30 40
Zone of decrease
in N-values after
the earthquake
10 \\\\
Zone of increase
in N-vg?ues after
the earthquake | < Ncr
20 \\
30

Fig. 2.1 Critical Standard Penetration Value, Ncr s
versus Depth ( After Koizumi, 1966 )
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N-Value

- Zone 6f

liquefaction

( measured )
Lower 1imit of

liquefaction ( H] )

Fig. 2.2 Zone of Liquefaction
( After Osaki, 1968 )
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Depth of upper limit of liquefied zone Hu(m)

o) 5 10 15
{ | |
A O Little or no damage
5H O . o '
& . A Small damage
o ééﬁs A

10

o

Y
)

25

X Heavy danage

( Critical Range )

Fig. 2.3 Lliquefied Zone and the Damages

to Structures ( After Osaki, 1968 )
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40 ' - Mean + 1 Standard
Deviation

W
©
{

Mean

Mean - 1 Standard
- Deviation

o

' Equivalent Number of Cycles at 0.657, -
N
O
|

“Earthquake Magnitude

Fig. 2.5 Equivalent Numbers of Uniform Stress Cycles Based on
A1l Components of Ground Motion ( After Seed et al, 1975 )




Cyclic Stress

Zone of Tliquefaction

Cyclic stress causing
liquefaction in N cycles
from the laboratory uni-
form cyclic loading tests

Depth .

Cyclic stress
developed for N
cycles during
earthquake motions

Fig. 2.6 Method of Evaluating Liquefaction Potential
( After Seed et al, 1971 )
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Final stress condition with Tuh

A . .
Initial stress condition
[
o ]
o
53 4 Tyh
e O3 oh—Kocv \
80 A . —>
£ ] 21N /bv o, Normal Stress,o
vh \//
Y

Fig. 2.8 Mohr's Diagram Representation of Stresses



84

SUOL3LPUO) 3S3L L@LXBLAL PAZL[ROP] 6°Z "5id

“Z U013 1pu0y

QL ——————

" U0F3tpu)




85

( SZ6L 1P 33 BQY B0 J93J¥ ) LBI3IUB304 UOLIORIaNDLT UO OL1RY PLOA 40 393343 O0L°Z *Bid

uor3oeganbL |eL3LuUl dsne) 03 paatnbay sa124) 10 Jaquny

0001 00S 002 0Ol oS oz ol g 4 [
i | ~ | _ 1 i °
- % Y8 = |
% 89 = °
% 28 =
,I % 06 = =0
Q
5,
ﬁ.llv\.
- €0 v
3
prol
= 0 - m
.Cnv.
U.l
" _ S0 <.
pues Asua3uoy ot
o 90
_ X _ . _ _ ! ! L0




86

pues JO |[eL3us304 uoLloeyanbL JO uoLjejudsaaddy |12 ‘DL

uor3oeyanby peLatur bursne) sa|243 JO Jaquny

000001 0000 | 000 | 00| ol o
(1£61) 3202e34 pue pasg .)//
_ : 7 10
(L61) ®3ep [® 33 uuld —
. o]
L
>£P
20
%05 A3LSuap aALIe|dY
Spues wnipaw WaojLun

€0



Ratfo of Liquefaction Resistanse in Triaxial
and in Simple Shear R/r or 9y / ZThQ

87

2.5 OTTAWA SAND

Initial effective confining pressure
cé = 2.0 kg/sq.cm

—— 0 = (0,60

0.70

N
O
{

"

e Sa— So— e

bog / 2 1y,

tn
[
l
\
\
\
\

o
l

R/ v

o
4]
I
o
]

cd/20; { in Triaxial )

: - ? . o
r= Thv/Cc ( in Simple Shear )

! ! | | . J
| 3 10 30 i00 - 300 1000
Cycles to Liquefaction, N

o

L

Fig. 2.12 Ratio of Liquefaction Resistance in Triaxial to that in
Simple Shear, As Compared by Two Methods ( After Finn
et al, 1971 )
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following curve
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Fig. 2.14 Illustration of Stress-Strain Relationship
in Loading and Reloading Process
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Fig. 2.15 Resistance to Reliquefaction Compared to Resistance
to Liquefaction for Ottawa Sand ( After Finn, 1970 )
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Fig. 2.23 Yield Loci for Loose Samples ( After
Ishihara et al, 1976 )
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Fig. 3.4 Water Supply and Sample Saturation System
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Fig. 4.18(a) Illustration of Pore Pressure Rise during
' Half-cycle of Loading ( Symmetrical case )
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TSSD Base with Sample and Pickups

Plate II
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