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ABSTRACT 
This paper reports on extremely large strain behaviour of loose (Dr =25-30%) and very loose (Dr =20-24%) Toyoura sand 
specimens observed in cyclic undrained torsional shear tests with initial static shear. In these tests, simple shear 
conditions were reproduced in order to apply realistic stress conditions that soil experiences in the field during horizontal 
seismic shaking. A number of hollow cylindrical specimens were prepared by air pluviation method, isotropically 
consolidated at an effective stress of 100 kPa and then cyclically sheared under undrained conditions up to a single 
amplitude shear strain (γSA) exceeding 50%. The cyclic strain accumulation resistance at different levels of γSA (i.e. 7.5%, 

20% and 40%) and development of post-liquefaction residual deformation accumulation behavior were assessed from 
the analysis of the effective stress paths and stress-strain responses. It is confirmed that strain accumulation resistance 
of loose sand strongly depends on the combination of static and cyclic shear stresses and, thus, on the type of loading 
(i.e. reversal and non-reversal stress): under reversal stress loading, failure could be associated with full liquefaction (i.e. 
zero effective mean stress, p’) followed by extremely large deformation during cyclic mobility; while, under non-reversal 
stress loading, a progressive accumulation of residual deformation brought specimens to failure although full liquefaction 
state was not achieved. Contrarily, in the case of very loose sand, deformation characteristics were independent of the 
combined shear stress. In fact, under both reversal stress and non-reversal stress loadings, full liquefaction rapidly took 
place and was accompanied by abrupt run-away deformation (i.e. flow liquefaction).  
 
 
 
1 INTRODUCTION 
 
Earthquake-induced liquefaction of saturated loose sandy 
soils is a major cause for large ground deformation and 
catastrophic failure of natural and manmade slopes, 
embankments, levees etc. For example, liquefaction-
induced damage to slopes and embankments was 
observed during the 1964 Niigata Earthquake, Japan, and 
the 1964 Great Alaskan Earthquake, USA (Hamada et al. 
1994). In 1971, the San Fernando earth-dam liquefied 
and collapsed due to a powerful earthquake that hit 
Southern California, USA (Seed et al. 1975). In addition, 
recently, during the 2011 Canterbury Earthquake 
Sequence (New Zealand), 2011 Off the Pacific Coast of 
Tohoku Earthquake (Japan) and 2016 Kumamoto 
Earthquake (Japan), liquefaction-induced lateral 
spreading occurred in sloped ground and produced 
severe damage to residential houses and buildings, 
industrial and commercial structures, road and bridge 
infrastructures, lifeline facilities and river levees 
(Cubrinovski et al. 2011; Kiyota et al. 2011; Chiaro et al. 
2017). Lateral spreading and liquefaction were also 
observed in a gentle slope nearby a damaged earth dam-
embankment following the 2015 Gorkha Nepal 
Earthquake (Chiaro et al. 2015). Such case histories 
indicates that the presence of a pre-earthquake driving 
shear stress significantly influences the ground response 

during an earthquake leading to liquefaction and 
consequent development of large deformation.  

As a result of slope inclination, a soil element beneath 
the sloped ground is subjected to an initial static shear 

stress (static) before an earthquake, as shown in Figure 1. 

Due to the superimposition of static shear stress (static) 

with cyclic shear stress (cyclic), during an earthquake, the 
soil element may experience partially reversed or non-
reversed shear stress loading conditions.   

 

 
Figure 1. Stress conditions in sloped ground during an 
earthquake 
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Precisely, when static < cyclic, the shear stress 
changes during each loading cycle within a maximum 

positive value (max = static + cyclic > 0) to a minimum 

negative value (min = static – cyclic < 0). This type of 
loading is well known as reversal stress (RL) or two-way 

loading. Whereas, when static > cyclic, shear stress 

remains positive (i.e. max > 0 and min > 0). This type of 
loading is termed non-reversal stress (NRL) or one-way 
loading (Yoshimi and Oh-oka 1975; Hyodo et al. 1991; 
among others). 

Although the importance of static shear has been 
widely recognized (Lee and Seed 1967; Castro and 
Poulus 1977; Yoshimi and Oh-oka 1975; Vaid and Finn 
1979; Tatsuoka et al. 1982; Vaid and Chern 1983; Hyodo 
et al. 1991 and 1994; Vaid et al. 2001; Yang and Sze 
2011; Chiaro et al. 2012), its effects on liquefaction 
resistance and cyclic strain accumulation have not been 
fully understood yet, especially in the case of loose and 
very loose sandy soils (Umar et al. 2016).  

Aimed at providing new insights, in this study, the 
effects of initial static shear on cyclic strain accumulation 
resistance were investigated focusing on the case of 
loose and very loose sandy soils. To do so, a series of 
undrained cyclic torsional shear tests were performed 
on Toyoura sand specimens prepared at two different 
levels of relative density of 27±3% and 22±2%. Based on 
results of thirteen RL and NRL stress loading tests, cyclic 
strength evaluated at different levels of double amplitude 
shear strain (γDA), development of large post-liquefaction 

deformation and shear strain localisation properties are 
presented and discussed in this paper.  
 
 
2 TEST APPARATUS, MATERIAL AND PROCEDURE 
 
The fully-automated torsional apparatus, shown in Figure 
2, was used in this study for laboratory testing. This 
device was developed by Kiyota et al. (2008) in the 
Institute of Industrial Science, University of Tokyo, and is 
capable of achieving γDA levels exceeding 100% by using 

a belt-driven torsional loading system that is connected to 
an AC servomotor through electro-magnetic clutches and 
a series of reduction gears. Torque and axial load are 
measured by a two-component load cell, which is installed 
inside the pressure cell, having axial load and torque 
capacities of 8kN and 0.15kNm, respectively.  

 Difference in pressure levels between the cell 
pressure and the pore water pressure are measured by a 
high-capacity differential pressure transducer (HCDPT) 
with a capacity of over 600kPa. Volume change during 
the consolidation and initial shearing processes is 
measured by a low-capacity differential pressure 
transducer (LCDPT). An external potentiometer with a 
wire and a pulley is employed to measure large torsional 
deformations. Specified shear stress amplitude is 
controlled by a data acquisition system connected to a 
computer, which monitors the outputs from the load cell 
and calculates the shear stress. The measured shear 
stress is then corrected for the effects of the membrane 
force (Koseki et al. 2005), as described henceforward. 

Toyoura sand (Gs = 2.659, emax = 0.951, emin = 0.608), 
which is a uniform sand with negligible fines content (Fc < 

0.1%), was used in this investigation. Its particle size 
distribution is shown in Figure 3. Thirteen medium-size 
hollow cylindrical specimens with dimensions of 150mm in 
outer diameter, 90mm in inner diameter and 300mm in 
height were prepared by air pluviation method, thus 
producing a sand fabric with horizontal bedding planes 
(Sze and Yang 2014), at a relative density of 27±3% and 
21± 2% (Table 1).  

 

 
Figure 2. Torsional shear apparatus employed in this 
study  

 

 
Figure 3. Particle size distribution of Toyoura sand 

 
 
Air pluviation technique was employed to make it 

possible to minimize the degree of inherent anisotropy in 
the radial direction (i.e. moving radially the nozzle of the 
pluviator and at the same time circumferentially in 
alternative directions, i.e. first in clockwise and then anti- 
clockwise directions, De Silva et al. 2006 and 2015) of the 
hollow cylindrical sand specimens. Specimen preparation 
was carried out carefully by pouring the air-dried sand 
particles into a mold while the falling height was kept 
constant throughout the pluviation process to obtain 
specimens with uniform density (Chiaro et al. 2012).  
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To achieve high degree of saturation (i.e. Skempton’s 
B-value ≥ 0.96), the double vacuum method (Ampadu, 
1991) was employed, while circulating de-aired water into 
the specimens. The specimens were isotropically 
consolidated by increasing the effective stress state up to 
a p0’ = 100 kPa, with a back pressure of 200 kPa. 
Subsequently, to replicate seismic conditions, a constant-
amplitude undrained cyclic torsional shear stress (τcyclic) 

was applied at a shear strain rate of 0.5%/min. The 
loading direction was reversed when the amplitude of 
shear stress (after correction for the effect of membrane 
force), reached τmax max and τmin target values (Table 1). 

To replicate the ground sloping condition, in some tests 
drained monotonic shearing was applied before the 
undrained one in order to achieve a specified value of 
(τstatic) 

During the process of undrained cyclic torsional 
loading, the vertical displacement of the top cap was 
prevented from producing as much as possible the simple 
shear condition that ground undergoes during horizontal 
excitation. To consider various combinations of τstatic and 
τcyclic, tests were performed over a wide range of initial 

static shear varying from 0 to 30 kPa, while applying a 
cyclic shear stress of 12 kPa (Table 1). 

As earlier said, Koseki et al (2005) pointed out that in 
performing torsional shear tests on hollow cylindrical soil 
specimens, due to the presence of inner and outer 
membranes, the effect of membrane force on measured 
torsional shear stress cannot be neglected (i.e. to 
calculate the actual shear stress applied on soils, the total 
stress measured by the load cell needs to be corrected for 
the apparent shear stress induced by the presence of the 
membrane). Furthermore, membrane force becomes 
significantly important for shear strain > 20% (Kiyota et al. 
2008; Chiaro et al. 2012 and 2013a). Accordingly, in this 
study, the measured shear stress was corrected for the 
effect of membrane force by employing the up-to-date 
empirical hyperbolic correlation between the apparent 

shear stress due to membranes (m) and the shear strain 

() presented by Umar et al. 2016 and shown in Figure 4. 
 
 

Table 1. Undrained cyclic torsional simple shear tests 
performed in this study 
 

Test
1
 Dr (%) Shear stresses (kPa) Loading 

Type cyclic static max
2
 min

2
 

1 30 12 0 12 -12 RL
3
 

2 28 12 5 17 -7 RL 
3 26 12 10 22 -2 RL 
4 26 12 15 27 3 NRL

4
 

5 25 12 20 32 8 NRL 
6 28 12 25 37 13 NRL 
7 25 12 30 42 18 NRL 

8 24 12 0 12 -12 RL 
9 21 12 5 17 -7 RL 
10 20 12 10 22 -2 RL 
11 24 12 15 27 3 NRL 
12 22 12 20 32 8 NRL 
13 24 12 25 37 13 NRL 

1 
confining pressure, p0’ = 100kPa; 2max,min = cyclic + static 

3
 Reversal stress loading; 

4
 Non-reversal stress loading 

  

 
Figure 4. Membrane force correction used in this study 

 
 
3 TEST RESULTS AND DISCUSSION 

 
3.1 Undrained cyclic torsional shear behavior of loose 

and very Toyoura sand specimens 
 
Typical test results describing the undrained cyclic 
torsional shear behavior of loose and very loose Toyoura 
sand specimens subjected to different levels of static 
shear stress and cyclic stress loading conditions are 
shown in Figures 5 to 8.  

Figures 5 and 6 display the results of reversal stress    
tests No. 1 and No. 8 (τcyclic = 12 kPa > τstatic = 0 kPa) for 

loose (Dr = 30%) and very loose (Dr = 24%) Toyoura sand 
specimens, respectively. In the case of loose sand (Test 
No. 1), full liquefaction (i.e. the state of zero effective 
mean stress, p’ = 0) was achieved in 43 cycles of loading 

(Figure 5a). It is to be noted that only small shear strain 
levels were developed within the first 43 loading cycles, 
while limited flow took place in the 44

th
 cycle, where γ 

suddenly reached about 12% (Figure 5b). This phase was 
then followed by cyclic mobility, where the effective stress 
recovered repeatedly (Figure 5a). Moreover, it was 
accompanied by flow-type failure with a significant 
development of shear strain as evidenced by the stress-
strain relationships in Figure 5b. On the other hand, in the 
case of very loose sand specimen, full liquefaction (p’ = 0) 
was achieved in 38 cycles of loading (Figure 6). Until the 
38

th
 cycle, shear strain was relatively limited. However, 

after achieving the state of p’ = 0, extremely large shear 
strain up to 42% was suddenly developed within a single 
cycle of loading i.e. from cycle 38

th
 to 39

th
. This 

substantial change in behavior between the two 
specimens clearly highlights the effects of change in 
relative density, from loose state to very loose state, on 
the large deformation behavior of Toyoura sand when 
subjected to the same driving initial static shear.  

Figures 7 and 8 illustrates the results of non-reversal 
stress tests No. 5 and No. 12 (τcyclic = 12 kPa < τstatic = 20 

kPa) for loose (Dr = 25%) and very loose sand (Dr = 22%), 
respectively. In the case of loose sand (Figure 7), even 
though the effective stress did not reach 0 kPa, a large 
shear strain exceeding 50% was observed in 104 cycles 
of loading. Moreover, in this test, a relatively high shear 
strain level of about 20% developed during the first 
loading cycle. It was then followed by a more progressive 

development of shear strain up to  = 40%, after which a 
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faster increase in development of shear strain took place 
due to the formation of the shear band(s) within the 
specimen. On the other hand, for very loose specimens 
(Figure 8), the effective stress reached 0 kPa in less than 
one loading cycle, followed by a large shear strain 
behavior. The latter behavior is very similar to that usually 
observed in monotonic undrained torsional shear tests on 
very loose sand specimens (Chiaro et al. 2013b). 

In all the non-reversal loading tests on very loose sand 
(Dr < 25%) specimens, the observed failure mode was the 
same, independently of the value of initial static shear, i.e. 
run-away deformation after reaching the liquefaction state 
of p’ = 0. This is because in these tests the applied 
maximum shear stress was actually greater than the 
transient undrained shear strength (τund) of the sand. It is 

important to point out that, such failure mode is different 
from that observed by Chiaro et al. (2012) for medium 
dense (Dr = 45-50%) and Umar et al. (2016) for loose (Dr 
= 25-30%) Toyoura sand, respectively, where liquefaction 
was achieved only under reversal stress conditions. 

The results of these tests thus suggest that in the case 
of very loose sand (Dr < 25%), regardless of the presence 
of initial static shear and the type of loading i.e. reversal 
or non-reversal stress, it is the relative density the most 
important parameter governing the liquefaction behavior 
and consequent large deformation behavior of the sand. 

 
 

 

 
Figure 5. Typical results of reversal stress loading test on 
loose Toyoura sand (Test No .1)  
 
 

 

 
Figure 6. Typical results of reversal stress loading test on 
very loose Toyoura sand (Test No .8)  
 
 

 
Figure 7. Typical results of non-reversal stress loading 
test on loose Toyoura sand (Test No. 5)  
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Figure 8. Typical results of non-reversal stress loading 
test on very loose Toyoura sand (Test No .12)  
 
 
3.2 Deformation characteristics of loose and very 

loose Toyoura sand specimens 
 
For completeness, in addition to the stress-strain behavior 
earlier described, typical deformation observed for loose 
and very loose Toyoura sand specimens (at several 
states numbered 1 (i.e. initial condition before shearing, γ 
= 0% ) through 4 (i.e. after occurrence of strain 
localization)) are shown in Figures 9 and 11, for the non-
reversal stress tests No. 3 and No. 11.  

In the case of loose sand (Dr = 26%), at state 2 (γ = 

7.5%), specimen deformation is uniform throughout the 
specimen height, except for the zones near the top cap 
and pedestal that are affected by end restraint effects. At 
state 4 (γ = 38%), the deformation of specimen was 

clearly not uniform. This suggests that strain localization 
i.e. the concentration of shear deformation into a narrow 
zone of intense shearing commonly referred to as a shear 
band, had already taken place (Chiaro et al. 2013). For 
completeness, Figure 10 shows a typical shear band 
observed in non-reversal tests (Test No. 5). Note that, in 
some tests, the formation of shear band could not be 
identified based merely on visual observation. In such a 
case, therefore, the method proposed by Kiyota et al. 
(2008), based on change in deviator stress behavior, was 
used to establish whenever or not strain localization did 
already occur.  

Specimen deformation of very loose sand (Dr = 
24%) under non-reversal stress loading (Figure 11) is also 
shown from state 1 to state 4. State 2 (γ = 10%) 

corresponds to the state of full liquefaction (p’ = 0), at 
which the collapse of the specimen was observed and 
was suddenly followed by flow-like behavior (a sudden 
and rapid development of extremely large deformation). 

From state 2 onward, specimen deformation increased 
drastically without any increase in the shear resistance 
(τund = 0). At state 3 (γ = 25%), while the deformation is 

rather uniform, localization of strain near the top cap may 
be anticipated. In fact, at state 4 (γ = 40%), specimen 

deformation was no longer uniform and strain localization 
in the top part of the specimen was evident. 

It is important to mention that, in all the tests, despite 
the height of specimen was kept constant during the 
shearing phase, no water layer formation was observed at 
the top of the specimen.  

 
 

 
Fig. 9. Typical deformation of a loose Toyoura sand                  
specimen under non-reversal loading (Test No. 3) 
 
 

 

Fig. 10. Shear band formation under non-reversal stress 
loading (Test No. 5) 
 
 

 
Fig. 11. Typical deformation of a very loose Toyoura sand                  
specimen under non-reversal loading (Test No. 11) 
 
 
3.3 Residual deformation development characteristics  
 
Usually, the resistance to liquefaction or cyclic strain 
accumulation is expressed by the cyclic stress ratio (CSR 
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= τcyclic/p0’) required to develop a specific amount of 
deformation from the initial configuration of the specimen 
or during cyclic loading (i.e. single or double amplitude 
shear strain). However, in many cases, it appeared that 
CSR is not a sufficient single parameter to describe the 
effects of τstatic on the resistance to liquefaction or cyclic 

strain accumulation. Therefore, Chiaro et at. (2012) 
suggested to describe the liquefaction resistance in terms 
of the static stress ratio SSR (= τstatic/p0’). Moreover, to 

describe the liquefaction resistance, double amplitude 
shear strain (γDA), single amplitude shear strain at the 
maximum shear stress state (γSA at τ = τmax) can be used. 

However, by applying an initial static shear, the stress 
condition becomes non-symmetric with respect to the 
initial stress state. As a result, γDA is not always well 

representative of the strain accumulation during cyclic 
loading. Therefore, Chiaro et at. (2012) also suggested to 
evaluate the resistance against liquefaction (or more 
strictly the resistance to strain accumulation) in terms of 
the number of cycles required to develop a specific 
amount of single amplitude shear strain (γSA). 

Accordingly, Figure 12 reports and compares the 
strain accumulation resistance obtained for loose and 
very loose Toyoura sand specimens, as the number of 
cycles to achieve γSA = 7.5%, 20% and 40%. 

In Figure 12a, it can be seen that the strain 
accumulation resistance (at γSA = 7.5%) decreases from 

about 40 cycles of loading (at SSR = 0, i.e. level ground 
condition) down to 1 cycle of loading or less when the 
SSR exceed the CSR (= 0.12) i.e. non-reversal stress 
condition. However, it has to be pointed out that in the 
case of very loose sand, the soil changed its failure mode 
that at higher value of τstatic become similar to the flow 

liquefaction failure typically observed in monotonic shear 
tests. In other words, the effects of τstatic evanished, when 
the maximum shear stress (τstatic + τcyclic) become greater 
than the transient undrained shear strength (τund) of the 

sand.  
As shown by Figure 12b, the strain accumulation 

resistance (at γSA = 20%) of the very loose sand matches 

with that in Figure 12a (this is because large strain 
development occurs in just a cycle of loading). On the 
contrary, that of the loose sand first decreases from 42 
cycles (at SSR = 0) to 3.5 cycles (at SSR = 0.20), and 
then slightly increases to 8 cycles (at SSR = 0.30), 
indicating that the presence of τstatic is not always 

unfavourable. 
As indicated by Figure 12c, at very large γSA = 40%, 

the strain accumulation resistance of very loose sand is 
the same as in the case of γSA = 7.5% and 20%. However, 

that of loose sand shows significant increases after the 
stress condition changes from reversal to non-reversal 
stress.  Eventually, more than 300 cycles of lading are 
required to develop a γSA = 40% for a SSR = 0.30. This 

behavior is consistent with that observed by Chiaro et al. 
(2012) in the case of medium dense Toyoura sand (Dr = 
44-50%). Note that insights on different failure 
mechanisms observe for Toyoura sand under reversal 
and non-reversal shear stress loading conditions have 
been already reported by Chiaro et al. (2015). Therefore, 
they are not presented in this paper.  

 

 
 

 
 

 

Figure 12. Cyclic resistance of loose and very loose 
Toyoura sand at various shear strain levels: a) γSA = 
7.5%; b) γSA = 20%; and c) γSA = 40%. 

 
 

4 CONCLUSION 
 
In this paper, the effects of initial static shear on the cyclic 
undrained behavior of loose (Dr = 25-30%) and very loose 
(Dr = 20-24%) Toyoura sand was investigated. Results of 
torsional simple shear tests revealed that: 

- In the case of loose sand (Dr = 25-30%), full 
liquefaction (p’ = 0) was achieved only under reversal 

stress condition and was followed by a rapid development 
of large strain exceeding 50% (single amplitude). 
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Alternatively, under non-reversal stress-condition, 
liquefaction was not achieved but accumulation of large 
strain was clearly observed and failure was brought about 
shear failure. This is consistent with results of previous 
torsional shear tests performed by the authors on 
medium-dense (Dr = 40-50%) Toyoura sand specimens, 
where liquefaction was achieved only under reversal 
stress conditions. 

- In the case of very loose sand (Dr < 25%), 
regardless of the presence of initial static shear and the 
type of loading i.e. reversal or non-reversal stress, a flow-
type failure characterized by an abrupt development of  
shear strain (without any warning) immediately after 
reaching the full liquefaction state was observed in all 
tests. This suggests that, the effects of initial static shear 
evanished when the maximum shear stress (τstatic + τcyclic) 

become greater than the transient undrained shear 
strength (τund) of the sand, and the relative density was 

the most important parameter governing the liquefaction 
behavior and consequent large deformation behavior of 
very loose sand.  

In order to confirm the findings reported in this paper 
and to provide additional insights into the cyclic behaviour 
of sandy soils under static shear stress conditions, 
additional undrained torsional shear tests with initial static 
shear are scheduled. The tests will be conducted on very 
loose and loose Toyoura sand specimens by applying 
CSR values greater than 0.12.  
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