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Abstract. The damage caused by liquefaction, which occursdensity and 50—-100 % accumulated shear strain, relative den-
following an earthquake, is usually because of settlemensity was found to have greater effects than the number of cy-
and lateral spreading. Generally, the evaluation of liquefaccles (accumulated shear strain).

tion has been centered on settlement, that is, residual vol-

umetric strain. However, in actual soil, residual shear and

residual volumetric deformations occur simultaneously af-

ter an earthquake. Therefore, the simultaneous evaluation cf  Introduction

the two phenomena and the clarification of their relation-

ship are likely to evaluate post-liquefaction soil behaviors IN the Niigata earthquake (1964), Alaska earthquake (1964),
more accurately. Hence, a quantitative evaluation of postHyogoken-nambu earthquake (1995), and Canterbury earth-
liquefaction damage will also be possible. In this study, quake (2011), a number of buildings and other infrastructure
the effects of relative density and accumulated shear strai§lements erected on sandy soil were extensively damaged
on post-liquefaction residual deformations were reviewed(Kawakami and Asada, 1966; Ishihara, 1993; Hatanaka et
through a series of lateral constrained-control hollow cylin- &, 1997; Cubrinovski et al., 2011). In particular, the March
drical torsion tests under undrained conditions. In order to2011 Great East Japan Earthquake off the Pacific coast of
identify the relationship between residual shear and residualohoku caused widespread damage, including formation of
volumetric strains, this study proposed a new test method thatand boils, the settlement and tilting of buildings, and em-
integrates monotonic loading after cyclic loading, akigh bankment failures.

drain after cyclic loading — in other words, the combination ~ Until now, studies have largely focused on identifying
of cyclic loading, monotonic loading, and ti® drain. In ad- whether the phenomenon of liqguefaction occurred by judging
dition, a control that maintained the lateral constrained con-the soil resistance to cyclic loading (Seed and Idriss, 1971).
dition across all the processes of consolidation, cyclic load-However, the need for a quantitative projection of the func-
ing, monotonic loading, and drainage was used to reprocjucgonal deterioration of facilities from the viewpoint of per-
the anisotropy of in situ ground. This lateral constrain control formance design has lately been emphasized. An essential
was performed by controlling the axial strain, based on the€lement in the projection is the residual deformation of the
assumption that under undrained conditions, axial and latground after earthquakes; however, few studies have inves-
eral strains occur simultaneously, and unless axial strain octigated post-liquefaction behaviors related to residual defor-
curs, lateral strain does not occur. The test results confirme#ations.

that the recovery of effective stresses, which occur during Residual deformation after liquefaction includes settle-
monotonic loading and drainage after cyclic loading, respec/nent and lateral spreading. In general, during an earthquake,
tively, result from mutually different structural restoration @n undrained condition is assumed. Therefore, because resid-

characteristics. In addition, in the ranges of 40—60 % relativelal volumetric strain occurs by draining over a relatively long
period of time after the ground motions of the earthquake
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have stopped, the evaluation of settlement requires a lengthyglationship between residual shear strain and residual vol-
post-ground motion prediction of volumetric strain. In addi- umetric strain directly have been provided (Oshima et al.,
tion, the evaluation of lateral strain requires the prediction 0of2008). Takahashi et al. (2012) demonstrated by conducting
shear strain, which occurs in undrained conditions (Unno efa lateral constrained online seismic response experiment that
al., 2006; Unno and Tani, 2008). even beneath level-ground residual shear strain was gener-
The most common damage from volumetric deformationated and accumulated in one direction. Furthermore, no ex-
during the post-liquefaction phase is ground settlement. lperimental cases using this approach have provided results
has also been recognized as the greatest cause of the aggarding evaluation methods. In addition, although many
currence of damage associated with liquefaction in previ-studies have pointed to the essential need for the evaluation
ous earthquakes (Ishihara et al., 1996; Tetsuro and Koarapf stress anisotropy (Kato et al., 2001; Hyodo et al., 2006;
2012). In saturated ground, post-liquefaction settlement gentshihara et al., 1985, 1996), most existing experimental stud-
erally occurs with the dissipation of excess pore water presies have been performed under isotropic stress conditions,
sure caused by cyclic loading. Therefore, to investigate theand thus do not fully reflect the deformation characteristics
liquefaction characteristics of saturated sandy soil, a humthat can occur in actual soil conditions. Accordingly, future
ber of previous studies performed drainage after applyingstudies should address these limitations.
cyclic loading under undrained conditions (Lee and Albaisa, Accordingly, the present study was based on two key re-
1974; Yoshimi et al., 1975; Tatsuoka et al., 1984; Nagasesearch objectives. First, this study aimed to propose an inte-
and Ishihara, 1988). The existing experimental studies suggrated test method that evaluates residual deformations that
gest that volumetric strain is influenced by major factors, occur during the post-liquefaction phase. A series of lateral
such as relative density and confining pressure. In additionconstrained hollow cylindrical torsion tests was performed
many researchers have confirmed that volumetric strain is diunder undrained conditions. Based on the results, the study
rectly influenced by the stress history during cyclic loading intended to improve existing test methods that conduct only
(Nagase and Ishihara, 1988; Kaggawa et al., 1991; Shamotdrainage or monotonic loading after cyclic loading. As a re-
et al.,, 1996; Ishihara and Yoshimine, 1992; Pendo et al.sult, this study suggested an integrated test method that in-
2008; Hatanaka and Yokokji, 2009). Based on these studeludes not only the implementation of monotonic loading af-
ies, simple evaluation methods have been suggested in oter cyclic loading, but also the implementation of drainage
der to develop quantitative projections of ground settlementuntil the excess pore water pressure that occurs during the
caused by liquefaction (Tokimatsu and Seed, 1987; Ishiharanitial process has dissipated. Eventually, by draining lig-
and Yoshimine, 1992; Shamoto et al., 1996). With the re-uefied specimens while the residual shear strain is created,
cent development of online testing techniques utilizing hol-the effects of the residual shear strain on residual volumetric
low cylindrical torsion tests, some studies have reported thastrain could be directly evaluated. In addition, the tests were
as the duration of motion in large-magnitude earthquakes isun in the lateral constrained condition closest to the actual
lengthy, accumulated shear strain, an indicator that reflectsoil by implementing the lateral constrain control through-
the number of cycles, is more appropriate as an indicator obut the processes of consolidation, cyclic loading, mono-
shear strain than is maximum shear strain (Sento et al., 2004jonic loading, and drainage. In level ground, the occurrence
The damage from shear strain includes lateral spreadingef lateral deformation is constrained (Ishihara, 1996). Sec-
which occurs in harbors, riverbanks, and slope failure, whichond, based on the developed test method, an experimental
occurs in inclines. Yasuda et al. (1999) performed monotonicapproach was developed to investigate the core factors that
loading after cyclic loading to evaluate the shear behavioranfluence residual strains during the post-liquefaction phase.
that occur during the post-liquefaction phase and confirmedence, a series of laboratory test programs were designed us-
the recovery of effective stress. Other studies found that théng relative density and accumulated shear strain as the test
residual shear strain is composed of a shear strain comporariables. Finally, the effects of the variables on residual de-
nent depending on change in effective stress, and a shedormation were examined. The internal variable of relative
strain component independent of effective stress (Shamotdensity was selected to represent the engineering character-
etal., 1997; Wang and Wang, 2012). In previous experimenistics of sand soil that resists liquefaction. The external vari-
tal approaches, most liquefaction tests have considered thable of accumulated shear strain, which is an indicator that
characteristics of either residual volumetric strain or resid-reflects the number of cycles, was selected to reflect the char-
ual shear strain. However, few studies have simultaneouslycteristics of earthquakes.
evaluated the two variables in a single test to determine a
correlation between the two types of deformation. Shamoto
et al. (1998) presented, using constitute model which was
developed based on the cyclic torsional shear test results and
the theory of plasticity, that post-liquefaction shear strain and
volumetric strain are not independent of each other. How-
ever, quite a few experimental methods that can evaluate the
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1 Stepping motor(Vertical)
2.Stepping motor (Shear)

3.Vertical strain gauge
4.Load cell
5.Rotary encoder

6.Pore water volume controller

7.Pore water pressure gauge

8.0uter cell pressure gauge

9.Inner cell pressure gauge

Fig. 2. Pore water volume controller.

Table 1. Test case of lateral constrain control method.

PC Control method aé (kPa) Dy (%) Kqg Cycle
ﬁ Lateral 100 40 057 94
Vertical 100 41  0.59 125

2.2 Lateral constrain control method

@ﬂ] The lateral constrained condition was maintained during all
the procedures in order to reproduce a level ground condi-
tion. Under this condition, no lateral or vertical strain was
Fig. 1. Hollow cylindrical torsion testing apparatus. observed during the seismic excitation. Only vertical strain
is generated with the dissipation of excess pore water pres-
sure. It is well known that there are two methods to maintain

2 Description of testing details the lateral constrained condition: vertical control, which al-
ters the deviator stress to constrain the vertical strain, and lat-
2.1 Apparatus eral control, in which lateral pressure (cell pressure), instead

) ) of deviator stress, is varied.

The test apparatus employed in the present study is shown 14 compare differences between the two lateral constrain
in Fig. 1. The apparatus consists of a torsional shear exgqniro] methods, a set of cyclic shear tests using a torsional
periment section, a pore-water volume controller (PWVC), ghear test apparatus was carried out. The test case is shown
and a personal computer (Fig. 1). Shear strain is applieqy Tapje 1. Note that., Dy andK are confining stress, rela-
using a steeppln_g motor, 1and the shear strain resolution igjye density, and coefficient of lateral constrain, respectively.
6.283x 10 " radian pulse™. The PWVC regulates the dis- frijgyre 3 shows that the difference between different control
charge of pore water by controlling the horizontal movementeihods is easily confirmed. In the case that lateral constrain
of the piston (20mm in diameter). The latter is included in 5 |aterally controlled, a severe fluctuation of vertical strain,
the pore cell by the stepping motor and can precisely controfomnared to that of vertical control, started around 12 500,
the pore water pressure and amount of volume change. Based \hich point liquefaction occurred completely as shown in
on the system’s specifications, the resolution of PWVC cangig 3. Figure 3 shows the changes in normal vertical and lat-
be calculated as 6:310~° cc pulse™. A rotary encoder was  gr5) sress during the cyclic loading procedure. As the spec-
adapted in this study to insure the accuracy of the sheaf,qp is subjected to shear loading, lateral stress increases
strain. The rotary encoder counters the rotation angle of the 5 q,ally. The coefficient of lateral confinement is almost 1
specimen precisely without noise, resolving an angle of 360 hen, |iquefaction occurs. This result coincides with previous
degrees into 144 000 pulses (Fig. 2). research (Ishihara et al., 1985). Figure 4 shows the results of

cyclic loading and the subsequent monotonic loading. The

reason for the stress recovery with lateral control is unclear,

whereas with vertical control it might have occurred because
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Table 2. Soil properties.

Soil particle density, (gcn?)  2.643

Maximum void ratioemax 0.977 2
Minimum void ratioemin 0.597 <
Ds 0.17 g 001
2 0.00
3
'§-0.01
the drastic change in vertical strain might have functioned as >
another cyclic loading. = 100
During the consolidation, cell pressure is increased < "
slightly to create excess pore water pressure. The PWVC g

then dissipates the excess pore water pressure. The verticals
stress is altered to regulate the generation of vertical strain

to a permissible value, which is calculated by dividing the 10
amount of drainage by the cross-sectional area. If the verti-" ¢
cal stress is changed, lateral stress is also varied to producez

constant, total stress. The procedure was repeated until the |

effective vertical stress became the initial effective vertical
stress at 100 kPa. In addition, an anisotropic condition was
employed using th& consolidation procedure. During the
drainage, the same procedure is carried out, except that cell
pressure is not increased.

The assumption that no vertical and lateral strain would
develop during cyclic loading was confirmed during cyclic
and monotonic shear loading in the lateral constrain control
process. The precise procedure for lateral constraint is almosts
the same as that of consolidation, but no drainage is allowed g 001

-0.1

Shear strain (%)

during cyclic and monotonic loading. = 000
During pre-consolidation and drainage, vertical strainwas g
controlled within an error of 5 10~4cm. The error range 00

was 10 x 103 cm in the cyclic loading and monotonic load- =
ing procedures. = 100

3
80

2.3 Test procedures 2
& 60

Toyoura sand was used to investigate residual strain charac-
teristics in this study because it meets Japanese standards and 1.0
its mineralogy is almost entirely quartz. Table 2 shows the - -
specific properties of the sand.

A set of laterally constrained torsional tests under
undrained conditions was run on samples to examine the _
residual deformation characteristics. The specimens were<
7 cm in outer diameter, 3cm in inner diameter, and 10cm in
height. They were prepared by pluviating dry sand through
air, saturating it with circulating C®gas, percolating it
through de-aired water, and then applying a backpressure of
98 kPa. The specimeng® values were more than 0.95 in the
test.

After pre-consolidation was completed, undrained tor-
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sional cyclic shear was conducted in a strain-controlled maneig. 3. Time history by two types of controfa) laterally controlled

ner at a strain rate of 0.35 % mih. To investigate the resid- case, andb) vertically controlled case.

ual strain characteristics, after cyclic loading a combina-
tion of monotonic loading and drainage was applied to the
specimens. Three different test patterns were conducted, as
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Fig. 4. Variation of axial strain and mean effective stress during

monatonic loading. The maximum residual volumetric strain and maximum

residual shear strain were obtained from pattern A and C,

respectively. The combination of residual shear strain and
shown in Fig. 5. The test procedure is described in detail befesidual volumetric strain was attained by conducting pat-
low. tern B. Figure 6 illustrates the entire testing procedure on the

In pattern A, following the cyclic loading, drainage is con- diagram showing specific volume {le) vs. effective stress.

ducted until the excess pore water pressure generated duringe black rectangle and the black circles show the end point
cyclic loading is eliminated. This test method was adapted to°f the cyclic loading and each test pattern, respectively. The
examine the residual volumetric strain characteristics with-route for the end of the cyclic loading is indicated by the
out the effect of residual shear. In contrast, to investigatePlack rectangle. As the diagram shows, there is no difference
the residual shear strain characteristics, monotonic loadingetween the test cases. After the cyclic loading is terminated,
is applied to the specimen after cyclic loading until the initial according to the test pattern, the route of specific volume-
vertical effective stress is recovered, which is pattern C. In€ffective stress is varied as shown in Fig. 6. In pattern A, the
pattern B, following the cyclic loading, monotonic loading is specific volume is decreased as the effective stress increases.
applied to the specimen to a strain level, and then drainage i1 contrast, there is no change in specific volume in pattern
conducted. In pattern B, it is possible to assess the residudf until the test ends because volume alteration has ceased. In
volumetric strain concerning residual shear strain, that is, thdattern B, the specific volume is not decreased during mono-
relationship between residual volumetric strain and residuafonic loading, somewhat as in pattern C, and then it decreases
shear strain can be examined. As discussed in the introduc@s drainage occurs.
tion, this test pattern is studied most extensively.

www.nat-hazards-earth-syst-sci.net/13/2567/2013/ Nat. Hazards Earth Syst. Sci., 13, 25877, 2013
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Specimen installation Table 3. Summary of testing conditions.
>
Yonsolidation Pattern Dy (%) aé (kPa) yacm vres(%) Bvalue Test number
Cvelic loadin B 38 100 50 15 0.96 B38_50
® 4 g : B 41 100 100 15 0.97 B41_100
3 » Pattern C c 57 100 50 10.85 0.96 C57_50
g Monotonic loading : B 57 100 100 10.85 0.96 B57_100
3 : A 57 100 50 0 0.97 A57_50
S » Pattern B B 59 100 50 3 0.97 B59 50
o a
g Drainage
(2]
Table 4.Brief summary of test results.
Pattern A Case Koc Kop ev (%)
) — B38 50 055 053  0.29
Effect t | -
ective Stress log, o,, B41 100 056 0.46  1.09
_ B _ _ C57. 50 056 0.78 0
Fig. 6. Specific volume — effective stress diagram. B57 100 0.55 05 0.27
A57_50 057 0.34 0.53
. . B59 50 0.53 0.4 0.5
0.1 E
S loading stageyres(%) is residual shear strain, and(%) is
= residual volumetric strain.
2 00} .
;:.S‘ 3.1 Variation of the coefficient of lateral confinement
2] during Ko consolidation
o1l The relationship between vertical effective stress and the co-
. . efficient of lateral confinement duringo consolidation is
0 1000 2000 shown in Fig. 8. It was observed that the coefficient of lat-
Time (s) eral confinements duringo consolidation converged on al-
most the same value of 0.55, independent of relative den-
Fig. 7. Applied shear strain. sity. This tendency was caused by the consolidation method.

In the present study, excess pore water pressure was gener-
ated by increasing the cell pressure durkigconsolidation.

The test conditions adopted in this study are summarizedience, excess pore water pressure built up as the cell pres-
in Table 2. In the present study, all cyclic loading was con-sure increased, which occurred regardless of relative density
ducted by maintaining the specified single shear strain ampliin the range of 40 % to 60 %.
tude at 0.1 % by using a computer that monitored the outputs
from the rotary encoder. A time history of the shear straing 5 Effect of relative density and accumulated shear
applied in this study is shown in Fig. 7. The membrane force strain during cyclic loading
was corrected by referring to the method suggested by Prad-
han (1989), which is based on elasticity theory, which em-

ploys Young's modulus of the membrane Normalized accumulated dissipation energjo, o, which

was proposed to evaluate the ductility of soils (Kazama et al.,

1999), and accumulated shear straigy were employed as
3 Test results a hysteresis index during cyclic loading.

Dissipation energy refers to the energy dissipated into the

A brief summary of the test results is shown in Table 3. Thesoil of unit volume, that is, the present capacity of energy that
number of tests used in this paper is also summarized in Tasoil can consume as plastic strain. Therefore, the dissipation
ble 3.Koc andKop are the coefficients of lateral confinement energy in a cycle is equal to the area of a shear strain—shear
after consolidation and drainage, respectively. In the case oétress loop, as shown in Fig. 9. Normalized accumulated dis-
testing pattern CKop was obtained at the end of monotonic sipation energy was suggested as an index to evaluate the
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Fig. 11.Relationship between accumulated shear strain and normal-

general ductility of the liquefied soil, as follows: ized accumulated dissipation energy.
t
W/Ur/no = 1/0,/,!0-/1:()/) -~y (1) de, (@D decreases, and the excess pore water pressure builds more
slowly.
0

This tendency is explained in Fig. 11, which shows the
wherea o, 7(y) andy (t) ar e initial mean effective stress, normalized accumulated dissipation energy against the accu-
shear stress, and rate of strain at timéccumulated shear Mulated shear strain. It was observed that the rigidity of soil
strain is usually used to represent the damage to the soil folncreases with relative density, which coincides with Yasuda
effective stress analysis. It can be determined as follows: et al. (1999). Figure 12 presents the pore water pressure vari-

ations, versus the normalized accumulated dissipation energy
as determined by tests B41_100 and C57_50 in Kazama et
Vacm= / |y (2)| dt, 2 al. (1999). Figure 12 also shows that in the range of 0-0.4,
pore pressure increased linearly, and over 0.4, pore pressure
slowly increased to almost 1.0. A decrease in the excess pore
wherey (t) is the rate of shear strain at time water pressure under higher relative density condition can
Figure 10 shows the changes in mean effective stress ande seen. Baziar and Sharafi (2011) and Jafarian et al. (2012)
excess pore water pressure during cyclic loading. As the relshowed the same result.
ative density increases, the reduction of mean effective stress

www.nat-hazards-earth-syst-sci.net/13/2567/2013/ Nat. Hazards Earth Syst. Sci., 13, 25877, 2013
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when the relative density was 60 %, effective stress was re-
covered with less shear strain than when the relative density
was 40 %. In the case of B41_100, effective stress was not re-
1 covered until 13 % of shear strain was reached; at that point,
the stress began to recover slightly. The small rigidity re-
gion became wider as the accumulated shear strain increased.
Stress recovery was slow at the same relative density. Al-
though in the case of B41_100, there was almost no recov-
ery, it can be considered that the effect of accumulated shear

Excess pore water pressure ratio

{ 57 %0 strain is greater when the relative density is low. The small
i/ B41_100 i rigidity region was smaller in the case of B57_100 compared
A b ';":;:g]f; Seft’ié'{l D(Egg‘;ﬁ] to the case of B38_50, which indicated that the effect of rel-
i . ative density on stress restoration during monotonic loading
0 oom ool oo 00w oom predominated over that of the accumulated shear strain, in the
Normalized accumulated dissipation energy W/o, | ranges ofDr = 40-60 % ang/acm= 50-100 %, respectively.

The results showed that even slight ground improvement and

Fig. 12. Excess pore water pressure ratio against normalized accu@” increase in density might be effective as a countermeasure

mulated dissipation energy during cyclic loading. for the generation of residual shear strain.

3.4 Variations in void ratio during the testing procedure
100

9| |——B3850 The void ratios changed during the steps of the testing pro-
wl g‘s‘;—égo cedure. The variations in void ratios, including during con-
e ol B57_100 solidation, cyclic loading, monotonic loading, and drainage,

in cases B38 50 and C57_50 are shown in Fig. 14. The re-
sults for case B38_50 showed that an effective stress increase
was accompanied by a decrease in void ratio during consol-
idation. The effective stress then decreased with a constant
void ratio during undrained cyclic loading. When monotonic
loading was applied, the point of effective stress in Fig. 14
moved to the right side because of stress recovery without
any changes in volumetric strain. Then the effective stress
0 - i . recovers its initial values by drain process, and as a result,

60 -

50 Rigidity Inflection Point

40 | Small Rigidity Region

30

20 |-

10

Mean Effective Stress o (kPa)

0 5 1o 15 it leads to a decrease in void ratio. However, in test B57_50
Shear Strain y (%) a different process was conducted after cyclic loading; no

drainage occurred because the initial effective stress was re-
Fig. 13.Relationship between shear strain and mean effective stresstored by monotonic loading. Moreover, the mean effective

during monotonic loading. stress at the end of monotonic loading was greater than that
of the initial state. In this test, when the drainage was termi-

nated, the vertical effective stress regained the initial state.

3.3 Effect of relative density and accumulated shear However, it did not regain the mean effective stress because
strain during monotonic loading of the constant total vertical stress control. Thus, the mean ef-

fective stress at the end of the test varied according to the test

The stress-strain model proposed by Yasuda et al. (1999nethod. This behavior may be regarded as the influence of
was applied to determine the effect of relative density andfabric recovery, which is characteristic of liquefied soil. This

accumulated shear strain during monotonic loading. Wherfeature can be explained by the observation that a difference
the specimen liquefied by cyclic loading was subjected toin the coefficient of lateral confinement was found among
monotonic loading, an area called the small rigidity region, the different test procedures when all procedures were fin-
where shear strain increases sharply with extremely smalished. The specimen that recovered the initial vertical effec-
shear stresses, can be identified. The stress-strain curve théxe stress during drainage, without monotonic loading, ex-
develops a rigidity inflection point at which the slope rises hibited high anisotropy, which might have resulted from pre-
and rigidity starts to recover. dominant vertical contact among soil particles. In contrast,
The results during monotonic loading are plotted in when the initial vertical effective stress recovered during
Fig. 13, which shows the relationship between accumulatednonotonic loading, as the soil particle fabric was developed
shear strain and mean effective stress. It was observed théily dilatancy, the anisotropy was reduced. This anisotropic
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tendency can be confirmed in Fig. 15, which shows stress Residual Shear Strainyy, , (%)

recovery during monotonic loading and drainage of B38_50

and C57_50. The figure shows that stress recovery characteFig. 16.Relationship between residual shear strain and residual vol-

istics of monotonic loading and drainage are different from umetric strain.

those in Fig. 15a. During monotonic loading, the stress re-

covery curve is similar in all stress directions, but during

drainage, radial and circumference direction stress recoveryC57_50, A57_50, and B59_50) are connected by a line. The

slowed compare to that in the monotonic loading procedure line shows that in the same ground and under the same ex-
ternal loading conditions, residual shear strain and residual

3.5 Residual strain characteristics volumetric strain have a unique relationship. Furthermore,
the results showed the mutual effects of residual shear strain

Figure 16 shows the test results corresponding to the relaand residual volumetric strain. Thus, if the relationship be-

tionship between residual shear strain and residual volumetiween residual shear strain and residual volumetric strain

ric strain. Each plotted point is a result of each test case. Thés examined under various conditions, it is possible to as-

relative density of 60 % and accumulated shear strain of 50 %sess the post-liquefaction damage quantitatively. Although
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this inverse correlation coincides with that of Shamoto et 20
al. (1998) who showed linear inverse correlation between —a— Dr=40%
residual shear strain and residual volumetric strain, the result Dr=60%
in this study shows curvilinear relationship, not linear.
Residual volumetric strain increases with accumulated
shear strain at a constant relative density and residual shear
strain. The results showed almost the same residual volumet-
ric strain in case B38_50 and case B57_100; however, resid-
ual shear strain differs between the relative densities of 40 %
and 60 %. Thus, it can be confirmed that if the residual shear
strains in cases B38_50 and B57_100 are equal, then the vol-
umetric strain of case B38_50 would be greater than that of
case B57_100. 0 . .
Residual shear strain and residual volumetric strain are re- 00 05 10 15
lated by the characteristic of dilatancy and thus are not inde- Accumulated Shear Strainy__
pendent (Oshima et al., 2008). The relationship, called resid-
ual strain potential, can be expressed as follows:

10

Residual Strain Potential ¢

Fig. 17.Relationship between accumulated shear strain and residual

5 strain potential.
€= &+ (vres' D)%, €)

whereey, eres, and D are residual volumetric strain, resid- 2. During cyclic loading, the small rigidity region be-
ual shear strain, and dilatancy coefficient (the ratio of in- comes wider with increasing accumulated shear strain
crement of residual shear strain and residual volumetric and decreasing relative density. It is affected by rel-
strain), respectively. The expresses the potential of resid- ative density more than by accumulated shear strain
ual strain, which will be generated during an earthquake in in the ranges oDr = 40-60 % and/acm= 50-100 %,

some ground conditions. By conducting further tests under a respectively.
variety of conditions, residual strain can be estimated quan-
titatively for some ground conditions and earthquake scales.
The D value determined in the present study was 0.05. The
relationship between accumulated shear strain and residual
strain potential is shown in Fig. 17. As relative density de-
creases, the residual strain potential increases, and the im- 4. The dilatancy characteristics of the soil affect effective
pact of accumulated shear strain is greater. It is expected that stress recovery behavior in the processes of monotonic

3. Comparison of the residual volumetric strain at identi-
cal residual shear strain and relative density revealed
that the greater accumulated shear strain, the more
residual volumetric strains were induced.

the dilatancy coefficienD would vary with the alteration of loading and drainage. The specimen that recovered ini-
relative density, accumulated shear strain, and diverse param-  tjal vertical effective stress during drainage, without
eters. Thus, further investigation of the variation characteris- monotonic loading, exhibited high anisotropy, which
tics of the dilatancy coefficient is recommended. might have been caused by predominant vertical con-

tact among the soil particles. In contrast, when the
initial vertical effective stress recovered during mono-
tonic loading, the anisotropy was reduced because the
soil particle fabric is developed by dilatancy.

4 Conclusions

As the first step in the quantitative estimation of residual
strain after liquefaction, a test procedure that examined the 5 _Residual strain potential may be used as the poten-

relationship between residual shear strain and residual volu- tial index for damage after liquefaction. Furthermore,
metric strain was proposed. In the test procedure, a series of  \yhen accumulated shear strain is adapted as an index
undrained torsional shear tests consisting of consolidation, for external loading, residual strain potential also in-
cyclic loading, monotonic loading, and drainage was con- creases as accumulated shear strain rise high.

ducted while maintaining lateral constrained condition to ex-
amine the effects of relative density and accumulated shear
strain on residual strain characteristics. The test results argcknowledgementsThis research was supported by Basic Science
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