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ABSTRACT

Behavior of sand after liquefaction is discussed and formulated. Material properties that are usually
assumed constant, such as internal friction angle, is shown to change due to cyclic loading causing
liquefaction. It is also shown that regions with very small stiffness appears by the cyclic loading. They may
expand several ten percents, which causes liquefaction-induced large permanent displacement. A simplified
model is introduced and improved so as to be able to take into new features such as change of material
property and appearance of low stiffness region. The agreement of the numerical calculation and test are
very good. Future research needs for evaluating the amount of liquefaction-induced permanent

displacement more precisely are also pointed out.

KEYWORDS

Soil Liquefaction; Large Ground Displacement; Constitutive Model; Numerical Calculation; Laboratory
Test.

INTRODUCTION

Since Hamada ef al. (1986) found that large permanent displacement (lateral spreading) occurred when soil
liquefied in a widespread area, many efforts have been done to find the mechanism of lateral spreading
caused by liquefaction and to evaluate the amount of lateral spreading (Hamada et al., 1994). Through the
studies such as shaking table test (Yasuda et al., 1992) and investigation of piles damaged due to lateral
spreading (Yoshida et al., 1990), it have been clarified that large deformation occurs in whole liquefied
layer but not in a particular slip line. Then, several analytical methods have been proposed for predicting the
magnitude of lateral spreading based on the mechanism (Yoshida, 1990 and Yasuda et al.,1992). Yoshida
used equivalent linear concept in the FEM analysis. Yasuda used additional simplification, small
deformation theory, in addition to linear stress-strain relationship. In these analyses, stiffness of liquefied



layer is assumed to be very small. In this paper, we discuss the behavior of sand at large strains and that
after the liquefaction from the point of view for developing the stress-strain model based on test result.

REVIEW OF LABORATORY TEST AFTER LIQUEFACTION

Meanstress  Shear stress Shear strain
Torsional shear tests on the behavior of Toyoura sand
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(a) Whole test result

Fig. 2(b) focuses on the behavior at small stresses. The
stiffness at the beginning of loading is very small, but
not zero although loading starts after the soil liquefied.

At certain strain, the sand recovers its stiffness very 0.10 i ' _= o]
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(b) Behavior at small stress
Fig.2 Stress-strain relation of typical test results

Basic Equations of Stress-Strain Model
A simplified method (Yoshida ez al., 1993a,b) is employed for formulating the basic stress-strain model.

Although this method includes wide scope including cyclic plasticity, the simplest form is used so as to
make the characteristics of the behavior of sand clear. Deformation of soil is divided into volume change
and shear deformation. Incrementally elastic behavior is assumed for the volume change;
dp’=Kd(e,—¢,,) 1
K=Kop™ ()
where, p’ effective mean stress; K tangent bulk modulus; Ko bulk modulus constant; n bulk modulus




exponent; €, volumetric strain; €y volume change due to dilatancy.
Volume change €4 due to dilatancy is computed by using the generalized stress-dilatancy relationship,
de 1 3)

__..:p____.’_

dy
where 7y denotes equivalent shear strain, and T denotes equivalent shear stress (radius of Mohr's cycle). The
variable i is a parameter, but, at present, we put u=p, following the ordinary stress-dilatancy relationship,
where and W, denotes stress ratio /p' at phase transform. From Eqs. 1 and 3, we can compute effective
mean stress increment for given strain increment de;;. Therefore, the value of effective mean stress is known
when computing shear deformation in the followings. Hyperbolic model is employed for shear stress-shear

strain relationship, which is expressed in the dimensionless form as

__5 4
n=T3E C)
Tmax=p SING &)
where, N=T/Tnax shear stress ratio; Tmax shear strength; ¢ internal friction angle; Gpmax shear modulus at
YGmax

shear strain ratio.

small strains; & =

max
Since effective mean stress is already known, both Gpg and Tmex are known quantities. Dimensionless
tangent shear modulus vy is obtained by differentiating n with respect to €, which yields

1
-1 ©)
g (1+8)
Finally, deviatoric stress increment ds; is obtained from the given deviatoric strain increment d¥;; as
dsij = gGmaxtYi 0

Stress increment is computed from Eqgs. 1 and 7.

This formulation is shown to be effective for simulating the behavior of sand in the ordinary shear strain
range up to several percent (Yoshida er al., 1993b). However, it does not seem to be valid at very large
strains or for the behavior after liquefaction, which will be discussed hereafter. The formulation will be
improved based on the discussion of the characteristics of the behavior of sand both at large strains and
after the liquefaction.

Behavior of Sand at Large Strains

Equivalent shear strain increment dy is easily computed from a given strain increment dg;;. Then, volumetric
change due to dilatancy is computed from Eq.3. Under the undrained condition, however, this volume
change does not occur, but effective mean stress changes by the amount of

dp’= - Kdevd (8)

Substitution of Eq.3 into Eq.8 yields
, T

dp'= K(F—P-)dY )
Since the stress path moves along the failure surface, the stress ratio t/p' is approximately expressed as

T .

—= Sll'l(l) (10)

p
Therefore, Eq.9 yields

dp = K(sin¢ - p ) dy (11)

Shear strength increment dt,,,, during the change of mean effective stress is computed from Eq. 5 as



dTna=dp’sin ¢ (12)
We again use the assumption that stress path moves along the failure surface. Then, equivalent shear stress
increment dt is nearly equals to the shear strength increment dTm.. Finally, we obtain stress-strain
relationships at large strains in the incremental form

dt = K(sin¢ — p)sing - dy (13)
Eq.13 implies that a computed stiffness at large strains is strongly affected by the value of p, because other
parameters are well known physical quantities. The value of p for static loading is back calculated from Eq.

13 and d1/dp' value read off from the test result. Here tangent bulk modulus is computed from
_2(1+v) G

T 31-2v) ™

where v denotes Poisson's ratio. Shear modulus G, at small strains is computed from the empirical

(14)

equation for Toyoura sand (Kokusho, 1980),
(2-17_9)2 P 12

G,, =840
+e

(kgf/cm?) (15)

where e denotes void ratio. Fig. 3 shows computed p value at large strains, ¢ . The value of 1 increases
with relative density. This tendency is quite different with the tendency of phase transformation angle which
decreases with relative density. Therefore it is obvious that we cannot obtain good prediction at large strains

if p=p, is used at large strains. The change of p value to———————7—

from stress ratio M=, (phase transform) to m=1 (on i 1
failure line) is not known. In the followings, therefore, é | _
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After analyses, observation of both test result and Fig.4 1wy relationship for static loading

detailed comparison between test and analysis show following disagreements.

1) Analysis shows larger stiffness at the beginning of loading, because low stiffness region observed in the
test is not considered in the analysis.

2) Stiffness at high stiffness region by test decreases depending of FL, but constant in the analysis.

3) The behavior of post-liquefaction loading changes depending on FL value, but it is not considered in the



analysis.
These facts imply that material property may change
during the cyclic loading conducted before the post- :E,
liquefaction loading. In the following sections, we 2
will discuss these and consider the effect of g
liquefaction in developing the stress-strain modeling. g
w
Internal Friction Angle and Phase Transform

Fig.5 shows an example of stress paths of the test of
relative density 70%. The stress-strain relationship of
this test is shown in Fig. 2. Stress path moves linearly
after phase transformed for static loading test. It moves
almost linearly from the beginning of loading for post-
liquefaction loading test. Therefore, stress point is
supposed to move along the failure line. It is clearly
observed that the slope decreases with FL value, which
implies that internal friction angle changes depending on
the loading before the monotonic loading.

The slope angles are read from stress path trajectory and
plotted in Fig. 6. Those obtained from tests with other
relative densities are also plotted in the figure. Here, it is
noted that this angle is not an internal friction angle ¢,
but tan”'(sing). The dependency of internal friction angle
on the loading before liquefaction is also clearly observed.
Phase transform is very difficult or impossible to read from
test result of post-liquefaction loading. According to the
parametric studies using the final form of the stress-strain
model of this paper, however, |, value does not affect the
whole behavior very much. Therefore, in the following
analysis, it is held constant regardless of FL value.
Knowing the internal friction angle and the slope of the
stress-strain curve at high stiffness region, the value of py
can be calculated. The result is overplotted in Fig. 3. The
value of s decreases as FL value decreases or cyclic
loading after liquefaction increases, which is the similar to

the tendency of internal friction angle.

Evaluation of Low Stiffness Region
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Fig. 5 Stress path of test with relative density of 70%
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Fig. 7 Volumetric strain characteristics during

the excess pore water pressure dissipation

after liquefaction.

It is easily recognized from the previous analysis that modification of internal friction angle and p value

will improve the behavior in high stiffness region, but not in low stiffness region. Yoshida et al. (1994)

measured the relationship between the volumetric strain and effective mean stress during the process of



excess pore water pressure dissipation so as to obtain the settlement characteristics of the ground after
liquefaction by means of triaxial shear test apparatus. Figure 7 shows typical result of the test.

The p'-¢, relationship is divided into two parts. At the beginning of drainage, bulk modulus is very small. It
increases very rapidly at certain volumetric strain. This behavior is similar to the test result described in the
previous section; low stiffness region and high stiffness region correspond to low and high bulk modulus
regions, respectively. The p'-€, relationship shown in Fig. 7 is obtained on the process of excess pore water
pressure dissipation. If principle of effective stress holds, however, the same relationship is valid for the
undrained behavior discussed here. Since there is few change of shear strain on the process of drainage,
volume change due to dilatancy is supposed not to include in the measured volumetric change in Fig. 7.
Yoshida et al. (1994) pointed out that bulk modulus at high bulk modulus region is consistent to the bulk
modulus derived from ordinary empirical equation such as Eq. 2. This implies that elastic modulus (tangent
bulk modulus) is very small in the low bulk modulus region. If so, it is also reasonable to assume that shear
modulus G, at small strains is also very small. Otherwise, Poisson's ratio becomes very small or negative,
which is not realistic. Yoshida and Finn (1994) formulates the behavior in Fig. 7 in the following equation,

Ev
! e =1

(16)

Ew

e —1

oﬁ\ |’E

where p’y denotes initial effective mean stress from which cyclic load is applied to cause liquefaction, and
€y, denotes a volumetric strain at p'= p’o. The variable c is a parameter, which is expressed as

¢=0053¢,,+0.0007 a7
Tangent bulk modulus to be used instead of Eq. 2 is obtained from Eq. 16 as a function of effective mean
stress p' as

k= Lpi=pet D ag)
c —vo
e —1
The shear modulus G, at small strains is then obtained from Eq. 14, where, in the following analysis, the
value of Poisson's ratio is kept constant. In the following analysis, tangent bulk modulus and shear modulus
at small strains derived from Eqgs. 18 and 14 are used, which covers both low and high stiffness regions.
Here, it is noted that €,, in Eq. 16 was actual value which occurs after excess pore water pressure dissipates,

but, when using in the analysis here, it is a fictitious value.

RESULT OF ANALYSIS AND DISCUSSION

In the first part of this paper, we introduced a basic form of stress-strain model, and after that, we have
discussed the effect of liquefaction on the behavior of sand at large strains. From the point of view for
computing the behavior of soil, they are summarized as follows;

1) Internal friction angle changes during the cyclic loading causing liquefaction.

2) The value of m at phase transform and that at large strains where stress path moves along the failure
line are different to each other; the latter is generally larger than the former. Piecewise linear relationship is
used in terms of shear stress ratio in this analysis. The value of py is shown in Fig.3, which also changes
depending on the amount of cyclic loading.

3) Tangent bulk modulus X is computed from Eq. 18 instead of Eq. 2. Shear modulus G, at small strains



is computed from Eq. 14, where Poisson's ratio is kept constant.

In applying Eq. 18, the value of &, is not known, because it can be obtained after excess pore water
pressure dissipates. Moreover, since only the test result with relative density of 45% is shown in Fig. 7, &y,
at other relative densities cannot be obtained from the figure. Therefore, we treat &, as a fitting parameter.
Fig.8 to 10 show the result of analysis and test result. Here, the value of s cannot be read from the test
result of Dr=30% and FL=0.95 and 0.9, therefore suitable value is assumed. The agreement of analysis with
test result is very good for both low stiffness region and high stiffness region, although a little disagreement

is seen at the transition between two regions.
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amount of liquefaction-induced permanent deformation. Fig. 10 Stress-strain relationship for Dr=70%
It may be recognized that this region occurs because
soil particle configuration is very unstable, possibly floating up in the pore water or just close to that. The
phase change from low stiffness region to high stiffness region occurs because the soil particle comes to a
new stable configuration. This concept explains the change of material property due to cyclic loading.
Therefore, the mechanism of liquefaction-induced lateral spreading is quite different with the ordinary
discussion on residual strength or steady state under monotonic loading without cyclic loading before it. It
is also noted that low stiffness region is observed even at FL=1.0. It implies that this stage appears even
before the occurrence of liquefaction. However, constitutive models usually does not consider the
appearance of this region.

We also showed that the behavior of soil can be computed with reasonable accuracy by considering the low
stiffness region. However, some of the parameters were not evaluated well because empirical experience is
short or not conducted to evaluate these values within required accuracy. Therefore, we employed relevant



value by our judgment in this paper, which may not be best choice and result in disagreement. However,
since it is not expressed in a formula and value at very low confining pressure is not shown, we do not
consider p' dependency of Poisson's ratio. The same things occurred for phase transform angle. Moreover,
we used Eq. 16 but the validity of this equation is proved only in particular cases. The change of internal
friction angle and p by cyclic loading are also not formulated. Research is required to obtain these behavior
and to develop the empirical formulae used in the analysis.
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