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Abstract

Strain localization, or the formation of shear bands, is a key aspect in understanding soil failure mechanisms. While efforts have been made in

terms of measuring the shear band properties and the stress–strain behavior within shear bands, there are still uncertainties regarding when shear

bands initiate and their influence on the development of large ground deformation. In this paper, the limiting value of shear strain, at which

strain localization appears during undrained cyclic torsional shear tests with initial static shear, performed on loose Toyoura sand specimens

(Dr¼44–48%) up to a single amplitude of shear strain exceeding 50%, was evaluated. Non-uniform specimen deformation was observed at

strain levels larger than 20%. However, the onset of strain localization could not be defined on the basis of visual observations. Therefore, the

limiting values for half of the double amplitude (gDA/2) and single amplitude (gSA) shear strain, to initiate strain localization, were determined

from test results based on changes in the deviator stress response and strain accumulation properties as well as changes in the strain-softening

behavior during cyclic shear. It was found that gSA is a more appropriate parameter than gDA/2. Irrespective of the static shear stress level, the

limiting strain value for gSA was evaluated to be in the range of 23–28% for liquefied loose Toyoura sand specimens (i.e., stress reversal and

intermediate tests). Alternatively, the limiting strain value could not be properly defined when liquefaction did not occur (i.e., non-reversal stress

tests), although various methods were employed.
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1. Introduction

The failure of cohesionless materials, such as sand, is
typically the result of strain localization, i.e., the concen-
tration of shear deformation in a narrow zone of intense
shearing commonly referred to as a shear band. In general,
the shear banding process begins at the state when the
mobilized strength of the geomaterials reaches its peak and
develops as shear deformation continues. A proper under-
standing of the strain localization mechanisms (formation
and evolution) is vital to most geotechnical problems,
including slope stability and soil liquefaction.
g by Elsevier B.V. All rights reserved.
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Since the late 1950s, much effort has been made in the
measurement of shear band properties (thickness and
orientation, etc.) and the stress–strain behavior within shear
bands. Researchers have found that strain localization
is affected by various factors, such as the mean diameter
of the particles, the confining stress, the density, the shear
conditions, etc. In triaxial tests, a single well-defined shear
band rarely develops (Lade, 1982; Alshibli et al., 2003).
Instead, a complex internal failure pattern involving the
formation of multiple shear bands may be observed using
advanced visualization techniques, e.g. a laser technique
(Tatsuoka et al., 1990), computed tomography (Desrues
et al., 1996), stereophotography (Finno et al., 1996), an
image analysis (Jang and Frost, 2000), etc. Due to the
simplicity of observation and data analyzing, a number of
studies on strain localization in sand have been conducted
using plane strain compression tests with transparent con-
fining plates (Finno et al., 1997; Alshibli and Sture, 2000;
Viggiani et al., 2001 among others). Above all, the results
indicate that the failure of plane strain specimens always
occurs along a well-defined shear plane (Peters et al., 1988).
Similar to plane strain tests, well-defined shear bands are
also seen to develop in ring shear tests (e.g., Sadrekarimi
and Olson, 2009, 2010), but they do not develop freely at
any orientation apart from the horizontal one. Alterna-
tively, a torsional shear apparatus is capable of simulating
the rotation in the major principal stress direction during
the loading process and shearing can be examined at very
large displacements (Kiyota et al., 2008). However, shear
banding observation in torsional shear tests may complicate
the analysis process due to the surface of cylindrical specimens
(Wahyudi et al., 2012). Although considerable information has
been provided by these tests, there are still uncertainties
regarding when shear bands initiate and their influence on
large ground deformation development, especially in the case
of loose (contractive) sand subjected to cyclic undrained shear
loading (i.e., liquefiable soils). This topic is investigated in the
present paper.

Experience from past large-magnitude earthquakes (e.g.,
1964 Great Alaskan, USA; 1964 Niigata, Japan; 1983
Nihonkai–Chubu, Japan; 1995 Hyogoken–Nambu or Kobe,
Japan; etc.) indicates that extremely large horizontal ground
deformation can occur in liquefied sandy deposits in coastal or
river areas. When the lateral spreading of liquefied deposits
takes place, the ground displacement may exceed several
meters, even in very gentle slopes (e.g., Hamada et al., 1994)
or in level ground behind retaining walls (e.g., Ishihara et al.,
1996), resulting in severe damage to buildings, infrastructures
and lifeline facilities. In order to thoroughly investigate the
above liquefaction-induced large strain, Kiyota et al. (2008)
modified a torsional shear apparatus for enlarging the range of
torsional displacement, and performed a series of undrained
cyclic torsional shear tests up to a double amplitude shear
strain (gDA) of about 100% on Toyoura sand specimens
isotropically consolidated at different density states. They
reported that there is a limiting value of gDA to initiate strain
localization, which increases with a decrease in the relative
density of the specimen. Later, Kiyota et al. (2010) found the
limiting values to initiate strain localization observed in
torsional shear tests to be consistent with the maximum
amounts of liquefied-induced ground displacement observed
in previous shaking table model tests (e.g., Yasuda et al., 1992)
and most of the relevant case studies (e.g., Hamada et al.,
1988). These features are reasonable considering the reduction
in mobilized cyclic shear stress in liquefied soils due to the
degradation of shear resistance. As long as the liquefied soil
layer remains in uniform deformation, such limiting values,
which may depend on the soil type and the density among
others, may be used to estimate the maximum amount of
ground displacement due to liquefaction in sandy deposits
(Kiyota et al., 2010). In the tests presented by Kiyota et al.
(2008), however, the presence of the initial static shear (i.e.,
sloped ground conditions) was not taken into consideration.
Chiaro et al. (2012) investigated the role which static

shear plays in the large deformation behavior of saturated
sand during undrained cyclic shear loading by performing
a series of undrained cyclic torsional shear tests on loose
saturated Toyoura sand specimens up to the single ampli-
tude shear strain (gSA) of about 50%. Based on changes in
the deviator stress response and strain accumulation
properties, as well as changes in the strain-softening
behavior during cyclic shear, the test results presented by
Chiaro et al. (2012) were analyzed in this paper in order to
evaluate the possible correlation between the extent of the
initial static shear and the limiting value for gSA or gDA

required to initiate strain localization.

2. Sand specimen deformation in cyclic torsional shear tests

with initial static shear

Loose Toyoura sand specimens, (e¼0.819–0.833 corre-
sponding to Dr¼44–48%) having the dimensions of
150 mm in outer diameter, 90 mm in inner diameter and
300 mm in height, were prepared by the air pluviation
method and then saturated. The specimens were isotropi-
cally consolidated to an effective mean stress of p0

0 ¼100
kPa with a back pressure of 200 kPa, and then mono-
tonically sheared while maintaining drained conditions, in
order to apply a specific value of initial static shear
representative of sloping ground conditions. Finally, to
study the behavior of sand under seismic conditions
(liquefaction resistance and/or the development of large
deformation), undrained torsional shear loading was
applied at a constant shear strain rate (2.5%/min). As
listed in Table 1, cyclic loading tests were performed over a
wide range of initial static shear (tstatic) from 0 to 25 kPa.
Two levels of cyclic shear stress amplitude (tcyclic), 16 and
20 kPa, were employed in order to consider various
combinations of initial static and cyclic shear stress. It
should be noted that during the process of undrained cyclic
torsional loading, the vertical displacement of the top cap
was prevented for the purpose of simulating, as much as
possible, the simple shear condition that the ground
undergoes during horizontal seismic excitation. Three



Table 1

Undrained cyclic torsional shear tests performed by Chiaro et al. (2012).

Test e Dr tcyclic tstatic tmax tmin R Loading pattern

1 0.825 46.4 16 0 þ16 �16 1.00 Reversal

2 0.828 45.5 16 5 þ21 �11 0.52 Reversal

3 0.824 46.6 16 10 þ26 �6 0.23 Reversal

4 0.833 44.2 16 15 þ31 �1 0.03 Reversal

5 0.825 46.5 16 16 þ32 0 0.00 Intermediate

6 0.820 47.9 16 17 þ33 þ1 �0.03 Non-reversal

7 0.829 45.3 16 20 þ36 þ4 �0.11 Non-reversal

8 0.819 48.1 20 0 þ20 �20 1.00 Reversal

9 0.819 48.0 20 5 þ25 �15 0.60 Reversal

10 0.828 45.6 20 10 þ30 �10 0.33 Reversal

11 0.832 44.4 20 15 þ35 �5 0.14 Reversal

12 0.823 46.9 20 20 þ40 0 0.00 Intermediate

13 0.826 46.1 20 25 þ45 þ5 �0.11 Non-reversal

e : void ratio, Dr : relative density (%) measured at an isotropic stress

state of s0c¼100 kPa.
tcyclic : cyclic shear stress (kPa), tstatic : initial static shear stress (kPa).

tmax¼tstaticþtcyclic : maximum combined shear stress (kPa).

tmin¼tstatic�tcyclic : minimum combined shear stress (kPa).

R¼� (tmin/tmax) : degree of reversal loading (Yoshimi and Oh-oka, 1975).
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Fig. 1. Scheme of cyclic torsional shear loading (after Chiaro et al.,

2012):(a) stress reversal, (b) intermediate and (c) non-reversal.
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Fig. 2. Typical test results employing stress reversal loading pattern:

(a) effective stress path and (b) stress–strain relationship.
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types of cyclic loading patterns were employed, namely,
stress reversal, intermediate and non-reversal, as schema-
tically shown in Fig. 1. Readers may refer to Chiaro et al.
(2012) for details on the torsional shear apparatus, test
procedure and material properties.
Typical test results are presented in Figs. 2–4, in terms of

the effective stress paths and the stress–strain relationships.
The corresponding specimen deformation at several states,
numbered 1 through 4 in Figs. 2–4, are shown in Photos 1–3,
respectively.
As shown in Fig. 2, in the case of the reversal loading

pattern (e.g., Test 3 in Table 1), cyclic mobility was
observed in the effective stress path, where the effective
stress recovered repeatedly after reaching the state of zero
effective stress (i.e., full liquefaction). It was accompanied
by a significant development of shear strain as evidenced
by the stress–strain relationship. Photo 1 shows the speci-
men deformation observed for this test. At State 1
(g¼12%), the deformation was almost uniform, except
for the regions close to the pedestal and the top cap that
are affected by the end restraint; the outer membrane
appeared slightly wrinkled. At State 2 (g¼22%), the outer
membrane was visibly wrinkled and the deformation of the
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specimen started to localize in the region near the top cap
probably due to the formation of water film (Kokusho,
1999, 2000). At State 3 (g=31%), the localization of the
specimen deformation developed clearly in the upper part
of the specimen. On the other hand, in the bottom part, the
uniformity of the specimen deformation could be main-
tained even though many wrinkles appeared. At State 4
(g=54%), the specimen was almost twisted near the
top cap.

Fig. 3 shows the case of the intermediate loading pattern
(e.g., Test 5). This type of test shows behavior that is similar
to the behavior of the reversal case. In other words, after
reaching a fully liquefied state, progressive large deforma-
tion develops while showing cyclic mobility. However, the
intermediate loading pattern can be distinguished from
the reversal loading pattern by looking at the specimen
deformation shown in Photo 2. At State 1 (g¼11%), the
deformation was almost uniform, except for the regions
close to the pedestal and the top cap that are affected by
the end restraint. At State 2 (g¼23%), the outer membrane
was extensively wrinkled. Nevertheless, it should be noted
that the type of wrinkles observed in this test have a
different meaning than those observed in the reversal test.
In fact, in this test, the specimen deformation pattern shifts
when it intersects a wrinkle (see the comparison of the
deformation pattern within the red circles in Photos 1 and
2(b)). In addition, the lateral surface of the specimen was no
more smooth, as can be seen in Photo 2(b). This behavior
suggests that the formation of several shear bands took
place and that several parts of the specimen moved due to
the different extents of the deformation. At State 3
(g=39%), the diameter of the specimen decreased at several
locations, as marked by the arrows, possibly due to the
formation of shear bands. Finally, at State 4 (g=64%),
the specimen was completely twisted.
Fig. 4 illustrates the case of the non-reversal loading

pattern (e.g., Test 7). The state of zero effective stress was
not achieved even after applying 208 loading cycles.
However, a large shear strain exceeding 50% was reached,
and the formation of a single spiral shear band could be
observed. Specimen deformation observed for this test is
shown in Photo 3. At State 1 (g¼21%), the deformation
was rather uniform except for the regions close to the
pedestal and the top cap that are affected by the end
restraint. At State 2 (g¼25%), the outer membrane was
wrinkled at several locations due to local water drainage.
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Photo 1. Specimen deformation at States 1 through 4 shown in Fig. 2.

State 1 ( γ = 11%) State 2 ( γ = 23%) State 3 ( γ = 39%) State 4 ( γ = 64%)

Photo 2. Specimen deformation at States 1 through 4 shown in Fig. 3.
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At State 3 (g¼50%), the outer membrane was extensively
wrinkled from the bottom to the top. At State 4 (g¼0%,
after unloading to t¼0 while keeping undrained condi-
tion), the formation of a single spiral shear band could be
observed (as marked by the dotted lines).

3. Strain localization during cyclic loading

In this section, the effect of the initial static shear stress
on the limiting value of the shear strain at which strain
localization appears during undrained cyclic torsional
shear tests was evaluated based on changes in the deviator
stress response and strain accumulation properties as well
as changes in strain-softening during cyclic shear.
3.1. Evaluation of strain localization based on changes in

deviator stress response and strain accumulation properties

Tatsuoka et al. (1986) performed drained monotonic
torsional shear tests on hollow cylindrical Toyoura sand
specimens with a void ratio in the range of 0.665–0.808,
while keeping the vertical (sv0) and horizontal (sh0) effec-
tive stress values constant. They reported that vertical
strain accumulated on the extension side due to the
mobilization of positive dilatancy, and that it decreased
suddenly when a shear band formed in the specimen.
Kiyota et al. (2008) found that changes in the deviator

stress q (¼ sv0 �sh0) response observed in undrained
torsional shear tests, in which any vertical displacement
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Photo 3. Specimen deformation at States 1 through 4 shown in Fig. 4.
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of the top cap was prevented (i.e., simple shear conditions),
to be consistent with the behavior observed during drained
monotonic torsional shear tests by Tatsuoka et al. (1986).
Therefore, they considered the state at which the amplitude
of deviator stress decreases as the limiting state to initiate
the formation of shear bands, and thus, strain localization.
Furthermore, it was found to be accompanied by an
increase in the single amplitude shear strain increment
(DgSA). As a result, these features imply that the stress–
strain characteristics of the specimen were changed by the
formation of shear bands and the initiation of strain
localization in the specimen.

In this study, non-uniform specimen deformation was
observed at strain levels higher than 20%. However, similar
to Kiyota et al. (2008), the initiation of strain localization
could not be clearly defined on the basis of visual observations.
Hence, to address this issue and to evaluate the effects of the
initial static shear on the specimen deformation behavior, the
attempt made by Kiyota et al. (2008) was employed. Conse-
quently, from the analysis of deviator stress responses (Fig. 5)
and stress–strain relationships (Fig. 6), the following two states
were defined: i) State A: the state at which the q value
suddenly decreases and ii) State B: the state at which changes
in the strain accumulation properties (i.e., rises in the
single amplitude shear strain increment, DgSA) were observed.
It should be noted that the deviator stress was corrected for
the effects of membrane force, which is discussed in the
Appendix A.

The values for shear strain at State A and State B were
measured in terms of gDA/2, as employed by Kiyota et al.
(2008), and gSA, which is usually used to describe the effects of
static shear on the deformation behavior (Chiaro et al., 2012).
Definitions of gDA and gSA are given in Fig. 7. Note that these
shear strain levels are the strain levels which developed during
undrained cyclic loading; they do not account for the initial
shear strain (gstatic) induced by drained shear loading before
the undrained one. Nevertheless, under the test conditions
employed in this study, the correction for such gstatic could be
disregarded since it was less than 0.24%, as evaluated by
Chiaro (2010) and reported here in Table 2.
To consider the effects of the initial static shear stress and its

combination with cyclic shear stress, the shear strain was
plotted in Figs. 8 and 9 against the degree of reversal loading
(R), which can be calculated by Eq. (1) as proposed by
Yoshimi and Oh-oka (1975):

R¼
tcyclic�tstatic
tcyclicþtstatic

¼�
tmin

tmax
ð1Þ

where tcyclic is the single amplitude cyclic shear stress, tstatic is
the initial static shear stress and tmax (¼ tstaticþtcyclic) and
tmin (¼ tstatic�tcyclic) are, respectively, the maximum and the
minimum values of shear stress applied during cyclic loading
(Chiaro et al., 2012).
In Figs. 8 and 9, it can be seen that the lower the R value

the lower the gDA/2 value. Such a reduction in gDA/2 is due to
the fact that by applying initial static shear, the stress condition
becomes non-symmetric with respect to the initial stress state
(see Fig. 7). In addition, a sudden drop in the value of gDA/2
was observed in the case of the intermediate and the non-
reversal loading tests. Alternatively, the gSA value is rather
constant (i.e., independent of static shear) in the case of the
reversal loading tests, and then suddenly increases in the case
of the intermediate and the non-reversal loading tests.
Based on these considerations, for specimens showing

liquefaction (i.e., stress reversal tests), gSA appears to be a
more appropriate parameter than gDA/2 for evaluating the
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strain localization value. Hence, based on the test results in
Figs. 8 and 9(b), it was defined as:
SA

pattern and (b) non-reversal loading pattern.

(i)
 gASA,avgffi23%, which represents the average strain

value at which q suddenly decreases (State A), i.e.,
changes in deviator stress
(ii)
 gBSA,avgffi28%, which corresponds to the average strain
value at which changes in strain accumulation take
place (State B).
Note that in Fig. 5(c), a sudden drop in q can be
observed, which may be evidence of the formation of a
shear band within the specimen. However, as illustrated in
Photo 3, from the pictures that were taken before (State 1,



Table 2

Value of static shear strain (gstatic) obtained by monotonic drained

torsional shear tests on loose Toyoura sand specimen (e¼0.811),

(Chiaro, 2010).

tstatic (kPa) gstatic (%) tstatic (kPa) gstatic (%)

5 0.02 40 0.98

10 0.03 50 2.11

15 0.09 60 3.86

20 0.16 70 6.79

25 0.24 77.6* 10.7*

30 0.38

nShear stress and shear strain at peak state.
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g¼21%) and after (State 2, g¼25%) this change in the q

response, no clear shear band can be seen.
As shown in Figs. 8 and 9(b), in the case of the intermediate

and the non-reversal loading tests, the limiting values for gSA,
evaluated on the basis of changes in either the deviator stress
response or the strain accumulation properties, increase
drastically up to about 50%, while the visual observations
show that the non-uniform deformation of specimens appears
at shear strain levels of about 20–30%. This suggests that an
evaluation of the strain localization based on changes in the
deviator stress response and strain accumulation properties
may be inappropriate for both intermediate and non-reversal
stress loading tests.

3.2. Evaluation of strain localization based on changes in

strain-softening behavior at large shear strain levels

In order to confirm the validity of the methods
employed in the previous section to define the limiting
value of gSA to initiate strain localization (i.e., the forma-
tion of shear bands) of the specimens, the strain-softening
behavior (i.e., the reduction in shear strength) of sand
during cyclic loading was investigated. For this purpose,
the shear stress ratio defined using the modified shear
stress and the modified current effective mean principal
stress, (t�Dt)/(p0 þDp0), as originally introduced by
Koseki et al. (2005), was employed.
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Koseki et al. (2005) carried out a series of undrained
cyclic torsional shear tests in order to investigate the
liquefaction properties of Toyoura sand under low confin-
ing stress. The test results revealed that the effective stress
path did not pass through the origin (t¼p0 ¼0). They
reported that this behavior is possibly affected by the
following factors: (i) the effect of interlocking among sand
particles that could be mobilized even under zero effective
stress states, (ii) errors in measured deviator stress q, which
could cause apparent non-zero values of p0 and (iii) the
viscous interaction between pore water and the surface of
sand grains, as pointed out by Towhata and Gallage (1993)
among others. Therefore, in the attempts made by Koseki
et al. (2005), apparent changes in the effective mean
principal stress state (Dp0) and the shift in shear stress
(Dt) were introduced to correct the effects of the mobiliza-
tion of shear resistance under extremely low effective stress
states.

Dt and Dp0 are very sensitive parameters and their
calibration is not an easy task. Koseki et al. (2005) and
Kiyota et al. (2008) attempted to use constant values for
Dt and Dp0. However, in Chiaro (2010), it was found that
this approach is not suitable for describing the strain-
softening behavior of sand with initial static shear. In fact,
the values for Dt and Dp0 may change significantly with the
cycle number. Thus, in this study, an attempt was made to
use the current values for Dt and Dp0 to properly correct
the stress–strain relationship for the effects of interlocking
among sand grains in undrained torsional shear tests with
initial static shear.

Fig. 10 shows a typical close-up around the origin of the
effective stress path and an evaluation of Dt and Dp0.
In Fig. 11, the values for Dt and Dp0 measured at each
cycle of loading for Test 8 are presented. It should be
noted that in the case of reversal stress loading, the values
for Dt and Dp0 can be evaluated only after the stress state
has entered the post-liquefaction state (i.e., cyclic mobility
state). Therefore, in the pre-liquefaction state, the values
for Dt and Dp0 are taken as zero (i.e., Dt¼Dp0 ¼0). It
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should also be noted that, in the case of intermediate and
non-reversal loadings, the Dt values cannot be estimated
due to the non-reversal stress conditions. Therefore, the Dt
values are always taken as zero (i.e., Dt¼0).
Figs. 12 and 13 show typical relationships between the

shear stress ratio and the shear strain, without and with
correction for the above Dt and Dp0 values, respectively.
In the case without correction for Dt and Dp0 (i.e., Dt=0,
Dp0=0) (Fig. 12), the shear stress ratio largely fluctuated
and occasionally became extremely large due to division by
zero (i.e., p0 ¼0 at the full liquefaction state). On the
contrary, in the case with correction for Dt and Dp0

(Fig. 13), such unstable behavior disappeared and the
peak stress state (Peak State) was observed at a shear
strain level (gSA

peak) of about 719%. The Peak State is
followed by post-peak strain softening, as well as by State
A. Therefore, the Peak State can be effectively considered
as the state at which strain localization begins. On the
other hand, State B seems to correspond to the end
of strain-softening and the beginning of the residual
stress state.



-60 -40 -20 0 20 40 60

-1.0

-0.5

0.0

0.5

1.0 B
A

Shear strain, γ  (%)

M
od

ifi
ed

 s
he

ar
 s

tre
ss

 ra
tio

, 
( τ 

-  Δ
τ )

/( p
'+

Δ
p'

)

τSTATIC =  0 kPa
τCYCLIC

=
=  20 kPa

τMAX 20 kPa
τMIN =−20 kPa

e=0.819
Test 8 (Reversal) peak

Fig. 13. Typical modified stress–strain relationship (i.e., after correcting

for Dt and Dp0) for reversal loading tests.

-10 0 10 20 30 40 50 60 70

-0.2

0.0

0.2

0.4

0.6

0.8

1.0
B

Δτ = 0
Δp'= 0- 3.72 kPa

Shear strain,  (%)

Test 5 (Intermediate)
e=0.825

τMAX=32 kPa
τMIN= 0 kPa

τCYCLIC=16 kPa
τSTATIC =16 kPa

softening

peak A

M
od

ifi
ed

 s
tre

ss
 ra

tio
,  

( τ
- Δ

τ)
/(

p'
+ Δ

p'
)

γ

Fig. 14. Typical modified stress–strain relationship for intermediate tests

(c.f. 3).

0 10 20 30 40 50 60
0.0

0.2

0.4

0.6

0.8

1.0 B
Δτ =0

M
od

ifi
ed

 s
tre

ss
 ra

tio
, (

τ -
Δτ

) /
 (p

'+Δ
p'

)  

Shear strain,  (%)

Test 7 (Non-reversal) 
e=0.829

τMIN= 4 kPa 
τMAX=36 kPa τCYCLIC=16 kPa 

τSTATIC=20 kPa 

peak
softnening

Δ p'=0-8.5 kPa

A

γ

Fig. 15. Typical modified stress–strain relationship for non-reversal

loading tests (c.f.4).

0 10 20 30 40 50
-1.0

-0.5

0.0

0.5

1.0

1.5
 γSA

PEAK

γ A
SA

γ B
SA

γ B
SA,avg=28%

e = 0.819 - 0.833

Single amplitude shear strain (%)

MAX

MIN

CYCLICSTATIC

CYCLICSTATICR
τ
τ

ττ
ττ

−=
+
−−

=
)(

D
eg

re
e 

of
 re

ve
rs

al
 lo

ad
in

g,
  R

γ
A
SA,avg=23%

Reversal

Non-reversal

Fig. 16. Changes in strain-softening behavior in terms of gSA
peak and its

comparison with gASA and gBSA.

G. Chiaro et al. / Soils and Foundations 53 (2013) 23–3432
The test results reported in Fig. 14 show the case
of intermediate loading. A clear stress peak followed by
post-peak strain softening can be observed. In addition, as
in the case of the reversal loading tests, the Peak State is
followed by State A. Therefore, it can be regarded as the
state at which strain localization begins.

Fig. 15 shows the test results of non-reversal loading.
In this case, the stress peak is followed by strain-softening
behavior. It should be noted that, contrarily to the cases of
reversal and intermediate loading, State A preceded the
Peak State, the reason(s) for which the authors cannot
explain.

Fig. 16 compares the limiting strain values to the initial
strain localization measured on the basis of the strain-
softening properties of sand (i.e., gSA

peak) and the values for
gASA and gBSA presented previously.

The latter employed methodology, which utilizes non-
constant Dt and Dp0 values, first confirmed the gSA values
to initiate strain localization by looking at changes in the q

response (i.e., State A) and in the strain accumulation
properties (i.e., State B) in the case of stress reversal
loading. Secondly, it provided reasonable limiting strain
values in the case of intermediate loading tests that could
not be properly defined by the previously employed
methods. Although there are still uncertainties about the
best method for evaluating strain localization limits in
non-reversal loading tests, the above method suggests that
limiting strain values for initiating strain localization are
different between specimens showing liquefaction behavior
(i.e., reversal and intermediate tests) and those that fail due
to large deformation (i.e., non-reversal loading tests).

3.3. Comparison with observations of strain localization in

previous studies

In the preceding study, Kiyota et al. (2008, 2010)
investigated in detail where the strain localization occurs
in liquefied soils by conducting cyclic undrained torsional
shear tests without initial shear stress. In particular, on the
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basis of the undrained cyclic torsional shear test results,
they reported the relationship between the limiting values
of gDA and the relative density (Dr).

It should be noted that the values for gDA/2, evaluated
by Kiyota et al. (2008, 2010), refer to the case of full stress
reversal tests (i.e., no tstatic was applied); hence, they
correspond well to the gSA values. Therefore, in Fig. 17,
the limiting values for gSA

peak measured in this study for the
case of reversal loading tests are compared with the
limiting values for gDA/2 observed by Kiyota et al. (2008,
2010). It can be seen that the limiting value to initiate
strain localization found in this study is consistent with the
one reported by Kiyota et al. (2008, 2010).

This comparison, together with the one shown in
Fig. 16, clearly shows that for saturated sand specimens
showing liquefaction behavior (i.e., stress reversal and
intermediate tests), the limiting value to initiate strain
localization is independent of the cyclic stress amplitude
and the applied initial static shear, but it may vary
according to the density of the sand.

4. Summary and conclusions

The aim of this paper was to examine the effects of tstatic
on the limiting value of shear strain at which strain
localization appears during undrained cyclic torsional
shear tests.

A series of undrained cyclic torsional shear tests, carried
out on saturated loose Toyoura sand specimens up to a gSA
exceeding 50%, was analyzed and non-uniform specimen
deformation could be observed at strain levels higher than
20%. However, the initiation of strain localization could
not be defined on the basis of visual observations. There-
fore, the limiting values for gDA/2 and gSA shear strain
were evaluated from the test results by looking at changes
in the deviator stress response and strain accumulation
properties.
In the case of the stress reversal loading tests, it was
found that the greater the static shear level, the lower the
gDA/2. On the other hand, gSA was rather constant with an
increasing static shear stress level. These features suggest
that to define the limiting value of strain required to
initiate the strain localization of sand specimens subjected
to initial static shear, gSA is a much more appropriate
parameter than gDA/2, which was employed in previous
studies.
However, in the case of the intermediate and the non-

reversal loading tests, changes in neither the deviator stress
response nor the strain accumulation properties could be
properly used to evaluate the limiting strain values of gSA.
Therefore, a different methodology, based on an evalua-
tion of the strain-softening properties of sand was adopted.
In conclusion, under the test conditions employed for

the current study, for loose sand specimens (Dr¼44–48%)
showing liquefaction behavior (i.e., stress reversal and
intermediate tests), the limiting strain value measured in
terms of gSA was evaluated to be in the range of 23–28%,
independent of the cyclic stress amplitude and the applied
initial static shear.
Alternatively, in the case of the non-reversal loading

tests, where liquefaction did not occur, the limiting strain
value could not be properly defined, although various
methods were employed.
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Appendix A. Correction of deviator stress for membrane

force

In performing torsional shear tests on a hollow cylind-
rical specimen, due to the presence of inner and outer
membranes, the effect of the membrane force on the shear
stress could not be ignored (Koseki et al., 2007; among
others). In addition, the effect became significantly impor-
tant when the shear strain reached extremely high levels
(Kiyota et al., 2008; Chiaro et al., 2012).
In order to experimentally calibrate the membrane force

developing at large strain levels, to be used to correct the
measured shear stress, Chiaro et al. (2012) performed
special tests consisting of cyclically shearing a water
specimen under undrained conditions. Since the water
specimen was sheared while preventing any vertical dis-
placement of the top cap, the apparent deviator shear
stress (qm) induced by the extension of the membranes was
observed. In Fig. 18, the measured relationship between
the apparent deviator shear stress (qm) and the shear strain
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(g) for the cycles of loading with gDA¼10% and the one
with gDA¼100% are compared.

It should be noted that, in Fig. 5, the q values were
corrected for the effect of the membrane force by employing
the polynomial equation shown in Fig. 18. It can be seen
that the membrane force does not have any significant effect
on the limiting value of gSA or gDA to initiate strain
localization in the specimen measured at State A at which
the q value suddenly decreases.
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