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Abstract: This paper mainly investigates the effects of initial static shear stress and grain shape on the liquefaction
induced large deformation of saturated sand under torsional shear. Nanjing sand，mainly composed of platy grains，is
tested with different initial static shear stress ratio（SSR）using a hollow column torsional shear apparatus. The tests
find that the saturated Nanjing sand reaches full liquefaction under the superposition of initial static shear stress and
cyclic stress for both stress reversal and non-reversal cases. However，it requires a large number of loading cycles to
reach full liquefaction if stress reversal does not occur. With increasing the initial static stress，the large deformation of
the Nanjing sand should mainly induced by the cyclic liquefaction firstly under a smaller initial shear stress，and then it
should be induced by the residual deformation failure. The critical point occurs approximately when the initial shear
stress is close to the amplitude of the cyclic shear stress. Meanwhile，it shows that grain angularity increases the
liquefaction resistance when the initial static shear stress is zero. A small initial static shear stress causes the larger loss
of liquefaction resistance for angular sand than rounded sand. At a high initial SSR，the angular sand is more resistant
to the large residual deformation failure than the rounded sand.
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0 Introduction

Liquefaction induced lateral ground deforma⁃
tion and the consequent damage to subsurface or
above ground structures have been observed and
documented during previous earthquakes. For exam⁃
ple，Hamada et al.［1］ documented that the lateral
ground displacement induced by liquefaction during
the 1964 Niigata earthquake reached several meters
and caused severe damage to buildings，bridges，re⁃
taining structures and buried pipelines. Liquefaction
induced lateral ground deformation has received in⁃
tensive attention in academia in recent decades. Gen⁃
eral investigation methods include compilation and
study of case histories［2-3］，shaking table tests at g
and in the centrifuge［4-7］，small specimen laboratory

tests［8-11］，and analytical and numerical models［12-13］.
Among the various methods，laboratory tests serve
as a fundamental tool to explore the mechanism of
the cyclic response of sands，providing insights into
the mechanics behind liquefaction-induced lateral
spread. Typical laboratory tests include triaxial
tests［8-9，14］，simple shear tests［15-16］，and torsional
shear tests［17-18］.

Early studies applied triaxial apparatus to inves⁃
tigate the mechanism of liquefaction and the factors
affecting the occurrence and consequence of liquefac⁃
tion［8-10］. Under cyclic undrained loading，liquefac⁃
tion can occur either as a strain softening response
due to the loss of shear strength or cyclic mobility.
The strain softening response generally occurs on
relatively loose sand with contractive behavior. The
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cyclic mobility occurs on sand with a wide range of
relative density with dilative behavior［19-20］. The cy⁃
clic response of sand is affected by many factors，
such as the physical properties of the sand，includ⁃
ing relative density，gradation，fines content，and
grain shape，etc.，specimen preparation methods，
and loading path［21］. Among these factors，the static
shear stress attracted intensive attention due to the
fact that natural soils often sustain static shear stress
before earthquakes due to anisotropic consolidation
or ground surface inclination. Lee and Seed［8］ and
Seed［22］ found that the initial static shear stress in⁃
creases the cyclic strength of sand. Vaid and
Chern［23］ showed that the static shear stress can ei⁃
ther increase or decrease the cyclic strength depen⁃
dent on the relative density of the specimen，magni⁃
tude of static shear，and definition of liquefaction re⁃
sistance. Recent work by Yang and Sze［24］ and Yang
and Pan［11］ showed that there was a critical initial
shear stress ratio（SSR），below which the static
shear stress is beneficial to the liquefaction resis⁃
tance while above which the static shear stress is
detrimental to the liquefaction resistance.

Current procedures for estimating liquefied
strength are mainly based on laboratory testing.
However，due to the mechanical limitations， the
shear strain is limited to 10%—20% during the tri⁃
axial tests. Although simple shear apparatus can ap⁃
ply a much higher strain than the triaxial ones，it
can only be applied to the shear stress on the fixed
plane directly instead of through the differential axial
and circumferential stress as applied during the triax⁃
ial tests. As a result，Yoshimi and Oh-oka［17］ con⁃
ducted the ring shear tests to investigate the effects
of static shear on the liquefaction resistance and
found that the static shear decreased the cyclic
strength of sand. They also found that it required
shear stress reversal to trigger liquefaction and to de⁃
velop significant cyclic shear strain. Meanwhile，
Vaid and Liam［15］ performed simple shear tests to in⁃
vestigate the cyclic behavior of Ottawa sand. They
also found that the static shear stress could either in⁃
crease or decrease the liquefaction resistance depen⁃
dent on the relative density of the sand，the magni⁃

tude of the initial static shear and the shear strain
level. To the above opinion，Chiaro et al.［18］ per⁃
formed a series of undrained cyclic torsional shear
tests using a modified torsional shear apparatus that
was capable of achieving a double amplitude of
shear strain up to 100%，and investigated the ef⁃
fects of static shear stresses on the post-liquefaction
deformation of Toyoura sand which was primarily
composed of rounded grains.

To the effect of grain angularity on the soil liq⁃
uefaction，it has been recognized as a major impact
factor on the shear strength of cohesionless soils.
Early study by Koerner［25］ found that the angular par⁃
ticles had a better interlocking than the rounded
ones and resulted in a higher internal frictional angle
of soils. Study on the effects of soil angularity on the
liquefaction resistance of cohesion soils is relatively
limited. Ishibashi et al.［26］ found that the grain angu⁃
larity played an important role during pore-pressure
buildup，and sand composed of angular grains was
more resistant to liquefaction than sand composed of
rounded grains. Vaid et al.［27］ found that at same rel⁃
ative densities，angular sand was more resistant to
liquefaction at lower confining pressures but less re⁃
sistant at higher confining pressures than rounded
sand，and for a given increase in confining pressure，
angular sand suffered a larger loss in resistance to
liquefaction than rounded sand. The above studies
have mainly been completed by indoor tests. Mean⁃
while，the effect of grain angularity on the sand liq⁃
uefaction can be also investigated by the discrete ele⁃
ment method（DEM），which have explained the mi⁃
cromechanics of sand liquefactions under different
grain angularity［28-29］.

This paper investigates the liquefaction induced
lateral deformation of Nanjing sand during torsional
shear tests，focusing on the effect of initial static
shear stress on the cyclic strain accumulation during
torsional shear since the Nanjing sand is mainly com⁃
posed of platy grains. The testing results are prelimi⁃
narily compared with those from Toyoura sand com⁃
posed mainly of rounded grains to explore the im ⁃
pact of grain shape on the resistance to cyclic strain
accumulation during liquefaction.
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1 Testing Apparatus and Materials

1. 1 Testing apparatus

Fig.1 shows the dynamic hollow cylinder appa⁃
ratus（HCA）employed in this paper. It consists of a
pressure chamber，a servo host system，a hydraulic
servo controlled loading system，an analog and digi⁃
tal signal collection system，and a personal comput⁃
er（PC）. Fig.2 shows that the HCA can apply to
four loads on a specimen along four directions. They
are axial force（W），torque（MT），internal confin⁃

ing pressure（Pi），and external confining pressure
（Po）. Pi and Po are the hydrostatic pressures exerted
on the rubber membranes.

Two servo-motors are used in the HCA. One
controls the axial（vertical）movement through an
actuator installed on the base of the cell，and the
other controls the torsional movement. The torque
is exerted by the rotation of the same ram that im ⁃
poses the vertical force［30］. The vertical force and
torque are measured by an internal submersible
transducer. The vertical displacement and rotation
of the specimen are measured using high-quality
LVDTs mounted directly on the loading ram. Dy⁃
namic capacity is required to generate 10 kN axial
load，100 N ‧ m torque，±40 mm displacement，
and unlimited degrees of rotation. The maximum
loading frequency is 5 Hz. The measurement error
of the vertical load，the torque，and the vertical and
the rotational displacement are smaller than 0.1%
FS，0.11% FS，0.15% FS，and 0.057% FS，re⁃
spectively，where FS is the full-scale measurement
range. The transducer resolutions of the vertical
load，the torque，and the vertical and the rotational
displacement are smaller than 0.7 N，0.008 N·m，

1 μm，and 0.000 11°.

1. 2 Physical properties of Nanjing sand

The Nanjing sand was borrowed from the Ji⁃
anye area in Nanjing，southeast of China，which is a
recent river deposit in the Yangzi river delta area.
Fig.3 shows the gradation curve of the Nanjing
sand. It is uniformly distributed with a mean particle
size of 0.17 mm and fines content of 0.9%. It is clas⁃
sified as poorly graded fine sand based on the
ASTM D2487-00 classification system. Table 1
lists the main physical properties of the Nanjing

Fig.1 Photo of dynamic HCA and its control system

Fig.2 Loading directions of four different loads Fig.3 Gradation curves of Nanjing sand and Toyoura sand
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sand. A series of studies have been conducted on the
physical properties of the Nanjing sand［30］. The stud⁃
ies show that the Nanjing sand is primarily com⁃
posed of platy grains. Fig.4 shows the sand grains
under microscope. Chiaro et al.［18］ conducted a com⁃
prehensive study on the liquefaction and post-lique⁃
faction behaviors of Toyoura sand that is mainly
composed of rounded grains，which have similar
grain size distribution and physical parameters but
different grain shapes，as shown in Table 1. The
grain size distribution， physical parameters， and
grains of the Toyoura sand are shown in Fig.3，Ta⁃
ble 1，and Fig. 4，for comparison. As such，it pro⁃
vides an excellent opportunity to explore the effect
of grain shape on the liquefaction and post-liquefac⁃
tion behaviors of sand by comparing the testing re⁃
sults of the Nanjing sand with those of the Toyoura
sand.

1. 3 Specimen preparation and testing proce⁃

dure

The specimens were prepared in a hollow cylin⁃
drical mold with an inner diameter of 60 mm，outer
diameter of 100 mm，and height of 200 mm. The
air-dried Nanjing sand was poured into the mold
through a funnel by using the dry deposition meth⁃
od［31］. To achieve the desired relative density，the
specimen was equally divided into eight sublayers.
The dried sands were then placed into a specimen
preparation mold. Each sublayer was placed into the
mold using a funnel whose bottom was near the sur⁃
face of a ready-made sublayer to alleviate the gravity
effect of sands. To establish good contact between
the two sublayers，we coarsely scratched the sur⁃
face of a ready-made sublayer before adding the next
sublayer. The specimen preparation process in this
paper is shown in Fig.5.

All specimens were saturated in three stages.
In the first stage， the specimens were flushed
with carbon dioxide gas for a quarter. In the
second stage，the de-aired water was flushed from

Fig.4 Sand grains under microscope Fig.5 Specimen preparation process

Table 1 Physical parameters of Nanjing sand and Toyoura sand

Material

Toyoura sand
Nanjing sand

Specific gravity
GS

2.656
2.700

Mean diameter
D50/mm
0.16
0.17

Relative density
Dr/%
44—48
42.8—45.9

Fines content/
%
0.1
0.9

Max void
ratio emax
0.992
1.140

Min void
ratio emin
0.632
0.620
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the bottom of the specimen toward the top until
no more air escaped from the top of the specimen
while the specimen was subjected to an effective
confining pressure of 20—30 kPa. In the third
stage，the specimens were saturated under a back-

pressure of 200 kPa to achieve a pore pressure pa⁃
rameter B of 0.95. The specimens were then isoto⁃
pically consolidated by increasing the effective
stress state up to the expected values provided in

Table 2. After isotropic consolidation，the stress
state was modified by applying a drained monoton⁃
ic torsional shear stress of up to a specified initial
static shear stress shown in Table 2. Finally，und⁃
rained cyclic torsional loading was applied at a
constant double amplitude until the double-ampli⁃
tude shear strain reached 100% with controlled
stress. Fig.5 shows the specimen preparation pro⁃
cess.

Three patterns of cyclic loading，i. e. stress re⁃
versal，intermediate and non-reversal，as defined by
Hyodo et al.［32］，were employed. During the stress
reversal loading，the direction of shear stress after
the superposition of the initial static（τ s）and cyclic
shear stress（τd）was reversed from positive（τmax =
τ s + τd > 0）to negative（τmin = τ s - τd < 0）or vice
versa. During the intermediate loading， the mini⁃
mum stress touched zero（τmin = τ s - τd = 0）. Dur⁃
ing the stress non-reversal loading，the direction of

shear stress remained positive（τmin = τ s - τd > 0）.
The testing parameters are summarized in Ta⁃

ble 2. Four series and 22 specimens were tested.
The first and the second series were tested with zero
static shear stress but different effective confining
stresses and amplitudes of cyclic stress. The third
and the fourth series were tested with constant effec⁃
tive confining stress but different relative densities
and amplitudes of cyclic stress.

Table 2 Testing parameters and results

Test
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Dr/
%
44.3
45.2
45.4
45.8
42.8
43.6
44.1
44.3
43.1
44.7
44.2
45.6
45.1
45.4
54.3
54.2
53.1
53.9
54.2
55.6
55.4
55.9

Po'/
kPa
80
100
120
150
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

CSR1

0.3125
0.25
0.208
0.167
0.14
0.18
0.3
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18

τmax/
kPa
25
25
25
25
14
18
30
21
24
28
32
36
40
45
18
21
24
28
32
36
40
45

τmin/
kPa
-25
-25
-25
-25
-14
-18
-30
-15
-12
-8
-4
0
4
9
-18
-15
-12
-8
-4
0
4
9

τsta/
kPa
0
0
0
0
0
0
0
3
6
10
14
18
22
27
0
3
6
10
14
18
22
27

SSR2

0
0
0
0
0
0
0
0.03
0.06
0.1
0.14
0.18
0.22
0.27
0
0.03
0.06
0.1
0.14
0.18
0.22
0.27

Loading
pattern
RE3

RE
RE
RE
RE
RE
RE
RE
RE
RE
RE
IN4

NR5

NR
RE
RE
RE
RE
RE
IN
NR
NR

NIL

1.6
2.6
5.6
22
85
47
1.6
9
8
6
4
12
45
90
59
19
16
13
7
9
66
420

N7.5

1
2
5
20
85
46
1
9
6
5
4
11
16
14
59
19
16
13
7
8
22
32

N20

3
8
14
26
92
57
3.5
13
9
8
5
12
41
70
73
26
19
16
13
16
49
301

N30

8
20
24
36
101
70
9.3
20
14
13
7
20
53
89
92
45
27
20
16
20
56
401

N40

12
33
36
42
108
80
19
28
18
17
9
24
62
96

137
41
22
18
25
62
422

N50

18
43
47
51
115
88
31
42
21
20
12
27
85
103

66
25
21
32
67
430

N60

53
25
23
13
29

29
24
39
72
436

N70

31
26
15
31

31
27
46
76

N80

29
16
32

29
51

Note: (1) CSR: Cyclic stress ratio calculated as τmax/P 'o; (2) SSR: Shear stress ratio calculated as τsta/P 'o; (3) RE: Stress reversal
loading; (4) IN: Intermediate loading; (5) NR: Stress non⁃reversal loading.
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2 Test Results

2. 1 Correction for membrane force

The rubber membranes attached to the inner
and outer circumferential surface of the sand speci⁃
men deform during the rotation of specimen cap and
share part of shear stress with the specimen. Previ⁃
ous studies（e.g.，Chiaro et al.［18］）show that when
the shear strain is large，the part of shear stress tak⁃
en by the membranes becomes significant and
should be subtracted from the total shear stress to
obtain the net shear stress on the specimen. Chiaro
et al.［18］ introduced the following equation based on
linear elasticity theory to calculate the membrane
stress

τm =
tmEm ( )r 3o + r 3i θ
( )r 3o - r 3i h

(1)

where θ is the rotational angle of the top cap mea⁃
sured by an external potentiometer，ro and ri are the
outer and the inner radii of the specimen，respective⁃
ly，h is the height of the specimen，and tm and Em
are the thickness（0.1 mm）and Young’s modulus
（1 492 kPa） of the membrane，respectively. The
values of tm and Em are provided by the manufacturer.

To verify Eq.（1），we performed a test by pour⁃
ing water between the inner and outer membranes
and shearing the water specimen cyclically. Since
water cannot sustain shear stress， all the shear
stress was taken by the membranes. Fig.6 shows
the relation between the shear strain and the stress
during the torsional deformation of the membranes.
In Fig.6，when the single-amplitude shear strain
was smaller than 20%，the measured shear strain
vs. stress curve was very close to the linear relation
specified by Eq.（1）；when the shear strain level ex⁃

ceeded 20%，the measured stress was smaller than
the predicted stress. The difference was probably
due to the buckling of the membranes. A regression
was developed for the shear stress vs. strain relation⁃
ship，as shown in Fig. 6. This regression was used
to correct the shear stress in this paper. Fig.7 shows
an example of the stress correction based on the test
on the Nanjing sand. In Fig.7，when the amplitude
of the shear strain was small，the effect of the mem⁃
brane force was barely perceptible. With increasing
shear strain amplitude，the effect of the membrane
force becomes significant and should be corrected.

It should be explained that all the tests in this
paper can only be loaded with the constant ampli⁃
tude of torque under the limit of test apparatus. As a
result，the constant amplitude of shear stress of soil
samples includes the shear stress induced by the
membrane force. After the membrane force correc⁃
tion，the actual shear stress amplitude of soil should
decrease with the increase of shear strain amplitude.
However，in the tests of Chiaro et al.［18］，the speci⁃
fied shear stress amplitude was monitored from the
load cell after the effects of membrane force correct⁃
ed. As a consequence，the shear strain of post-lique⁃
fied soil should be under-estimated compromising
with the test results given by Chiaro et al.［18］ under
the constant shear stress amplitude. With the in⁃
crease on the shear strain amplitude，the under-esti⁃
mated shear strain should also increase.

2. 2 Test results without the initial shear stress

As described in Table 2，specimens Nos. 1—7
were tested with zero initial static shear stress. Spec⁃
imens Nos. 1—4 were tested with a constant cyclic
stress amplitude of 25 kPa and a varying effectiveFig.6 Shear stress vs. strain of water specimen

Fig.7 Example of shear stress correction
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confining pressure from 80 kPa to 150 kPa. Speci⁃
mens Nos. 5—7 were tested with a constant effec⁃
tive confining pressure，100 kPa，and a varying cy⁃
clic loading amplitude from 14 kPa to 30 kPa.

Fig. 8 plots the testing results of the specimen
with an effective confining pressure of 100 kPa，in⁃
cluding the pore pressure development curve
（Fig. 8（a））， the partial effective stress path
（Fig. 8（b））， and the shear stress-strain curve
（Fig.8（c））. Figs.8（a，b）show that during the cy⁃
clic loading，the pore pressure rose quickly and ap⁃
proached to the magnitude of effective confining
pressure，resulting in a condition of zero effective
mean principle stress，i. e.，full liquefaction，within
three loading cycles. The state when the effective
mean principle stress reached zero for the first time

is defined as initial liquefaction and the number of
loading cycles is defined as NIL. Fig.8（c）shows that
during the cyclic loading，the shear strain accumulat⁃
ed continuously. The resistance against the cyclic
strain accumulation was characterized by the number
（N）of loading cycles required to achieve a specific
amount of accumulated single-amplitude shear strain
（γSA）at different cyclic stress ratios（CSR）. The N-

value to reach the strain accumulation up to 7.5%，

20%，30%，40% and 50%，is defined as N7.5，N20，

N30，N40 and N50，and listed in Table 2 for each test.
Fig.9 plots the variation of the resistance to ini⁃

tial liquefaction and cyclic strain accumulation with
the effective confining stress at a constant cyclic
stress amplitude of 25 kPa. Fig. 9 shows that when
the initial liquefaction occurred， the accumulated
single-amplitude shear strain was close to 7.5%.
This finding is consistent with that of Chiaro et
al.［18］，who further reported that the number of load⁃
ing cycles，N7.5，to achieve a single-amplitude strain
level of 7.5% in undrained cyclic torsional tests cor⁃
responded to a single-amplitude axial strain of 5%
in undrained cyclic triaxial tests based on the testing
results from the Toyoura sand. The cyclic strain ac⁃
cumulation resistance increased with the increase of
the effective confining stress［18］. The increase is non⁃
linear. The increasing rate of the N-value increased
with the increase of P 'o，showing a convex shape of
the curve，when the accumulated strain was relative⁃
ly small，e. g. N7.5 and N20，and decreased with the
increase of P 'o， showing a concave shape of the
curve when the accumulated strain was relatively
large，e.g. N30 and N40. When the effective confining
stress was low（i.e. P 'o = 80 kPa），it only required

Fig.8 Testing results without initial static shear stress
when P 'o=100 kPa Fig.9 Relationship between N value and P 'o
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about 1 to 2 loading cycles to trigger initial liquefac⁃
tion after that the shear strain accumulated very fast
and reached 40% within 12 loading cycles. This
type of liquefaction generated rapid flow of ground
and resulted in a brittle failure mode in the field.
With the increase of the effective confining stress，
the ground failure generally changed from brittle to
ductile. When the effective confining stress reached
150 kPa，it required about 20 loading cycles to gen⁃
erate initial liquefaction and 42 cycles to generate
40% of the accumulated shear strain.

Fig. 10 plots the variation of the resistance to
initial liquefaction and cyclic strain accumulation
with the CSR when the effective confining stress
was constant. In Fig.10，the cyclic strain accumula⁃
tion resistance decreased with the increase of the
CSR value，following a power function. The initial
liquefaction occurred approximately at an accumulat⁃
ed single-amplitude shear strain of 7.5%. After the
occurrence of the initial liquefaction， the shear
strain accumulated fast and reached about 40% with⁃
in about 20 to 35 loading cycles. The curves for dif⁃
ferent strain levels were almost in parallel to each
other. This indicates that the CSR has a significant
impact on the resistance to initial liquefaction but rel⁃
atively small impact on the resistance to strain accu⁃
mulation. As soon as the initial liquefaction oc⁃
curred，the strain accumulation rate was not sensi⁃
tive to the CSR value.

2. 3 Effects of the initial static shear stress

In most earthquakes， liquefaction-induced
large lateral ground displacements should be related
to inclined ground surfaces. In other words，a soil el⁃

ement under an inclined ground surface has an initial
static shear stress that does not exist in general for a
soil element under a horizontal ground surface，as
show in Fig. 11. For this reason，to investigate the
effect of an initial static shear stress on the post-liq⁃
uefaction flow deformation of saturated sand，it is
useful to understand and predict the site liquefaction-

induced lateral displacement.

Due to the normal stress condition of the soil el⁃
ement in slight inclined site and the buried depth of
liquefiable sand，the specimens Nos. 8 to 22 were
isotopically consolidated with a mean effective
stress of 100 kPa and then applied with different ini⁃
tial static shear stresses ranging from 0 to 27 kPa.
The initial SSR，defined as the ratio of initial shear
stress over the mean effective principle stress，
ranged from 0 to 0.27. Two series of specimens
were tested，one（specimens No. 8 to 14）with a
lower relative density ranging from 42.8% to 45.8%
and the other（specimens Nos.15 to 22）with a high⁃
er relative density ranging from 53.1% to 55.9%.

Figs.12—14 plot the typical partial effective
stress paths during the cyclic loading and the corre⁃
sponding stress-strain relationship of the stress-re⁃
versal，intermediate，and non-reversal case for the
set of specimens with a relative density ranging from

Fig.10 Relationship between N value and CSR

Fig.11 Initial stress condition of a soil element under differ⁃
ent ground surfaces
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42.8% to 45.8%. In Figs.12—14，during the cyclic
loading process，the effective mean principle stress
gradually decreased and reached zero after a certain
number of loading cycles. At the same time，the
shear strain accumulated continuously. All the speci⁃

mens can reach full liquefaction，i.e.，zero effective
mean principle stress，even for the stress non-rever⁃
sal cases. However，it required a very large number
of loading cycles to reach the initial liquefaction dur⁃
ing the stress non-reversal cases. For example，it re⁃
quired about 90 loading cycles to reach initial lique⁃
faction when SSR equaled 0.27， as shown in
Fig.14. Similar phenomena were observed during
the tests of the specimens with a higher relative den⁃
sity ranging from 53.1% to 55.9%. The zero effec⁃
tive mean principle stress occurred to all the sam⁃
ples and it requires 420 loading cycles to reach initial
liquefaction when SSR equaled 0.2. In real earth⁃
quakes，even in very strong ones，it is less likely to
generate such a large number cycles of ground mo⁃
tion. As such，the full liquefaction was unlikely to
occur if stress reversal did not occur.

The variation of N-value for initial liquefaction
and each accumulated single-amplitude shear strain
with the SSR value is summarized in Table 2 and
plotted in Fig.15. Fig.15 shows that during the
stress reversal and intermediate cases，the initial liq⁃
uefaction occurred roughly at an accumulated single-
amplitude strain of 7.5%. During the stress non-re⁃
versal cases（i. e. SSR>0.18），the initial liquefac⁃

Fig.13 Testing results for intermediate case

Fig.12 Testing results for stress reversal case
Fig.14 Testing results for stress non-reversal case
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tion occurred at a strain larger than 7.5%. The level
of strain at initial liquefaction increased with the in⁃
crease of SSR and reached about 40% when SSR
equaled 0.27.

Fig. 15 shows that the variation of the number
of loading cycles with the SSR can be divided into
two stages. During the first stage，SSR≤0.14，the
number of loading cycles decreased with the in⁃
crease of the SSR value. During the second stage，
0.14<SSR≤0.27，the number of loading cycles re⁃
quired to achieve the same accumulated single-am⁃
plitude shear strain，which generally increased as
the increase of SSR，expect for one the case when
SSR increased from 0.22 to 0.27. The critical point
between the first and the second stages occurred
when the initial shear stress is close to the amplitude
of the cyclic stress. The similar rules has also been
found in the test results of Toyoura sand，as shown
in Fig.16. According to the test results，the parti⁃
cles of saturated sand should be rolling between
each other under a small initial shear stress，which
should make the saturated sand become looser and
more apt to be liquefied. However，under a larger

initial shear stress， the saturated sand should be
more compacted，which induced the larger liquefac⁃
tion resistance of saturated sand.

2. 4 Effect of grain shape

The key physical parameters of the Nanjing
sand and the Toyoura sand are listed in Table 1 for
comparison. The comparison shows that the physi⁃
cal properties of the Nanjing sand are close to those
of the Toyoura sand except for the shapes of the
grains. Due to the different loading control meth⁃
ods，some indirect comparisons on the test results
of two kind of sands are analyzed. Fig. 16 plots the
required number of loading cycles to generate the ac⁃
cumulated single-amplitude shear strain of 7.5%，

20% and 50%，for the Nanjing sand and the Toyou⁃
ra sand. All the specimens were isotopically consoli⁃
dated with an effective confining pressure of
100 kPa before applying initial static shear stress.

Fig. 16 shows that the variation patterns of the
number of loading cycles required to generate the
same single-amplitude strain were consistent for
both sands. The number of loading cycles first de⁃
creased and then increased with the increase of
SSR. The transformation point was near the state
when the initial static shear stress equaled to the cy⁃
clic shear stress amplitude.

When the initial static shear stress was zero，
i. e.，SSR=0，in general，the strain accumulation
resistance of the Nanjing sand was higher than that

Fig.15 Relationship between SSR and number of loading
cycles

Fig.16 Comparison of cyclic strain accumulation resistance
between Nanjing sand and Toyoura sand γSA =
7.5%
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of the Toyoura sand. Fig. 16 shows that it required
46 loading cycles to generate 7.5% of accumulated
strain for the Nanjing sand at relative density of
42.8%—45.8% and CSR = 0.18，compared with
35 loading cycles for the Toyoura sand at relative
density of 44%—48% and CSR = 0.16. The Nan⁃
jing sand had a lower relative density and higher
CSR value than the Toyoura sand，but it required
more loading cycles than the Toyoura sand to gener⁃
ate 7.5% of accumulated strain. As shown in
Fig. 15，initial liquefaction approximately occurred
at an accumulated strain of 7.5%. Due to the negligi⁃
ble effect of under-estimated shear strain under the
small shear strain amplitude mentioned in Section
2.1，the initial liquefaction resistance of the Nanjing
sand was higher than that of the Toyoura sand when
SSR=0. It is probably because the Nanjing sand is
composed of angular grains，which results in better
particle interlocking and higher shear resistance than
the rounded grains of the Toyoura sand.

Fig. 16 shows that when the initial static SSR
increased from zero to a small value，i. e. 0.03，the
number of loading cycles required to generate 7.5%
of single-amplitude shear strain of the Nanjing sand
decreased much faster than that of the Toyoura
sand. This indicates that the sand composed of angu⁃
lar grains suffers larger loss of liquefaction resis⁃
tance to the small initial static shear stress than the
sand composed of rounded grains，which proves
that the granular structure of the angular sand
should be more sensitive to the initial static shear
stress. However，as SSR continuously increased，
the initial static shear stress had a smaller effect on
the strain accumulation resistance of the Nanjing
sand than that of the Toyoura sand. Fig.16 shows
that when the initial static SSR approached or ex⁃
ceeded the CSR（SSR≥ 0.14），the resistance of
the Nanjing sand to the initial liquefaction was stron⁃
ger than that of the Toyoura sand. The number of
loading cycles to generate 7.5% of single-amplitude
shear strain，also initial liquefaction，of the saturat⁃
ed Nanjing sand was larger than that of the Toyoura
sand. That is because the Nanjing sand with angular
grains can be more compacted than that of the Toy⁃
oura sand with rounded grains under a larger initial

static shear stress.

3 Conclusions

This paper mainly investigates the effects of ini⁃
tial static shear stress and grain shape on liquefac⁃
tion of the saturated Nanjing sand under torsional
shear. The Nanjing sand，mainly composed of platy
grains，is tested with different initial static SSRs us⁃
ing a hollow column torsional shear apparatus.
Some conclusions are drawn as follows.

（1） For the stress reversal and intermediate
cases，the initial liquefaction occurs approximately
at an accumulated single-amplitude shear strain of
7.5%. For the stress non-reversal cases，it requires
a very large number of loading cycles to reach full
liquefaction if stress reversal does not occur，and
the initial liquefaction occurs at a much higher single-
amplitude accumulated shear strain. Considering in
real earthquakes，even in very strong ones，it is less
likely to generate such a large number cycles of
strong ground motion. As such，the full liquefaction
is unlikely to occur during real earthquakes. To this
view，with the increasing initial static stress，the
large deformation of the Nanjing sand should be
mainly induced by the cyclic liquefaction firstly un⁃
der a smaller initial shear stress，and then be in⁃
duced by the residual deformation failure.

（2）The number of loading cycles requires to
generate a specific level of accumulated single-ampli⁃
tude shear strain decreases with the increase of SSR
when the SSR is relatively low but increases with
the increase of SSR when the SSR is relatively
high. The critical point occurs approximately when
the initial shear stress is close to the amplitude of cy⁃
clic loading. To explain this finding，the particles of
the saturated sand should be rolling between each
other under a smaller initial shear stress，which
should make the saturated sand become looser and
more apt to be liquefied. However，under a larger
initial static shear stress，the saturated sand should
be more compacted，which should induce the larger
liquefaction resistance of sand.

（3）Comparison of testing results between the
Nanjing sand composed of platy grains and the Toy⁃
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oura sand composed of rounded grains shows that
grain angularity increases the liquefaction resistance
when the saturated sand is isotopically consolidated.
A small initial static shear stress causes larger loss
of liquefaction resistance for angular sand than the
rounded sand. Under a larger initial static shear
stress，the Nanjing sand with angular grain can be
compacted more easily，and then it has a stronger
stiffness to resist the large residual deformation fail⁃
ure.

Note：All data included in this study are available upon
request by contact with the corresponding author.
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初始静剪应力和颗粒形状对南京砂液化特性的影响

庄海洋 1，潘书轩 1，刘启菲 1，于 旭 2

（1.南京工业大学岩土工程研究所，南京 210009，中国；2.南京工程学院建筑工程学院，南京 211167，中国）

摘要：基于南京砂的片状颗粒特殊性，采用循环空心圆柱扭剪仪，开展了扭剪受力状态下初始静剪应力和颗粒形

状对南京砂液化特性的试验研究。结果表明：无论是在双向循环加载和单向循环加载，南京砂土在较大的初始

静剪应力条件下都能达到完全液化状态。总体来看，在单向循环加载条件下，南京砂要达到完全液化状态所需

的循环加载次数明显增加。随着初始静剪应力的增加，引起南京砂土动力大变形的主要诱因由较小初始剪应力

状态下的循环液化为主逐渐转化为较大初始剪应力状态下的循环累积变形为主，上述动力大变形机理转化的临

界状态为初始静剪应力接近循环加载幅值的状态。此外，在零初始剪应力状态下，与圆粒砂相比，南京砂的片状

颗粒形状有助于提高其抗液化能力，但很小的初始静剪应力将会大大降低南京砂的抗液化能力。在较大的初始

静剪应力条件下，片状南京砂具有更大的抵抗累积大变形的能力。

关键词：南京砂；砂土液化；初始剪应力；颗粒形状；累积变形破坏
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