
Vol.:(0123456789)

Transportation Infrastructure Geotechnology (2023) 10:391–423
https://doi.org/10.1007/s40515-022-00226-6

1 3

TECHNICAL PAPER

Liquefaction Susceptibility of Cohesionless Soils Under 
Monotonic Compression and Cyclic Simple Shear Loading 
at Drained/Undrained/Partially Drained Modes

Sheetal Gujrati1 · Majid Hussain1 · Ajanta Sachan1

Accepted: 17 January 2022 / Published online: 29 January 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Liquefaction susceptibility of cohesionless soils is influenced by various factors such 
as stress state, loading conditions, and shearing modes, and therefore, the implicit 
assumption of completely undrained shearing modes could pose damaging conse-
quences. In the current research, the effect of stress state and shearing modes on 
liquefaction response of cohesionless soils was studied under monotonic compres-
sion and cyclic simple shear loading conditions. Undrained, drained, and partially 
drained shearing modes were applied on three different silty sands collected from 
three different locations of earthquake-prone region of Kutch. The partially drained 
shearing mode was applied at different effective stress ratios (ESRs) to simulate dif-
ferent stress states. All three silty sands exhibited undrained instability at large ESR 
values. The effect of cyclic stress ratio (CSR) on liquefaction response of cohesion-
less soils was also evaluated by conducting cyclic simple shear tests. Soil specimens 
from all the three locations exhibited liquefaction due to the generation of large 
excess pore water pressure of greater than 95% of the loss in effective stress. The 
number of cycles required to initiate liquefaction decreased and the rate of develop-
ment of pore water pressure increased with the increase in the applied CSR under 
cyclic simple shear loading conditions.

Keywords Instability · Effective stress ratio · Cohesionless soils · Cyclic resistance 
ratio · Cyclic simple shear

 * Ajanta Sachan 
 ajanta@iitgn.ac.in

 Sheetal Gujrati 
 sheetal.gujrati@alumni.iitgn.ac.in

 Majid Hussain 
 majid.hussain@alumni.iitgn.ac.in

1 IIT Gandhinagar, Palaj, Gandhinagar, Gujarat 382055, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s40515-022-00226-6&domain=pdf


392 Transportation Infrastructure Geotechnology (2023) 10:391–423

1 3

Notations
Af  Skempton’s pore pressure parameter at failure during shearing stage
B  Skempton’s pore pressure parameter
CD  Consolidated drained
CP  Collapse potential
CU  Consolidated undrained
CRR   Cyclic resistance ratio
CSR  Cyclic stress ratio
CSS  Cyclic simple shear
DFE  drained failure envelope
D  Damping ratio
ESP  Effective stress path
ESR  Effective stress ratio
e  Global void ratio
eo  Initial void ratio
es  Intergranular void ratio
ef  Interfine void ratio
GSD  Grain size distribution
G  Shear modulus
G0  Shear modulus at the first loading cycle
IB  Undrained brittleness index
IL  Instability line
Lp  Liquefaction potential
p′  Mean effective confining pressure
q  Deviatoric stress
ru  Excess pore pressure ratio
qmax  Peak of effective stress path
SM  Silty sand
SA  Strain amplitude
Δu  Excess pore water pressure
σc  Confining pressure
σss  Steady-state strength
σdmax  Peak deviatoric stress
σvi  Vertical overburden pressure
ψ  State parameter
ηIS  Effective stress ratio of instability line
εa  Axial strain
εv  Volumetric strain
δ  Cyclic degradation index

1 Introduction

Embankment on saturated loose cohesionless soil is easily liquefied and damaged 
during earthquake shaking (Park et al. 2000). Liquefaction of natural soil deposits 
has been a significant cause of the failure of geotechnical structures in the form of 
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flow slides under monotonic and cyclic loading conditions. Slope failure in high-
way and railway embankments due to monotonic loading (Park et al. 2000), shear 
failure due to fluidization of subgrade under undrained cyclic triaxial loading (Ind-
raratna et  al. 2020), and liquefaction-induced failure due to earthquake shaking 
(Zhong-Ming et al. 2020; Ioanna et al. 2018; Pham and Dias 2019) were reported 
in the literature. Major loss in shear strength within the soil mass due to the gen-
eration of excess pore water pressure (Δu) under undrained shearing conditions was 
referred to as liquefaction (Hussain and Sachan 2019a). It could be manifested as 
the extreme consequences of solid–fluid instability in granular materials (Lade and 
Liggio 2014). The various interpretation methods for liquefaction under monotonic 
loading, including a steady-state approach and collapse line approach were used to 
analyze the laboratory test results on the soil mixtures by previous researchers (Wei 
and Yang 2014; Belkhatir et al. 2011; Amini and Qi 2000). Experimental investiga-
tions, including triaxial tests (Thevanayagam 1998; Monkul and Yamamuro 2011) 
and plane strain tests (Chu and Wanatowski 2008), were performed to investigate 
the onset of instability in granular materials under different boundary and loading 
conditions. Over the past two decades, persistent efforts have been made to under-
stand the static liquefaction behavior of silty sands. Most of these studies were based 
on the use of sand-fines mixtures created using standard river sands such as Nevada 
sand, Hostan sand, and Ottawa sand with non-plastic and plastic fines such as Sil-
co-Sil fines, Potsdam fines, and Kaolin clay (Yamamuro and Lade 1997; Bouferra 
and Shahrour 2004; Monkul and Yamamuro 2010). The geotechnical properties of 
natural soil deposits are used for the design and construction of civil engineering 
structures. The coupled influence of fines content, the plasticity of fines, and the gra-
dation of soil pose a difficulty in understanding the behavior of natural soil deposits. 
The liquefaction behavior of naturally occurring soil deposits under monotonic and 
dynamic loading conditions is required for extensive research. In static liquefaction 
and instability problems, the implicit assumption of completely undrained condi-
tions is assumed before the initiation of instability, followed by liquefaction. How-
ever, in several instances, a globally drained soil mass experiences a local loss in 
effective stress due to smaller local undrained soil mass. This condition refers to dif-
ferent initial stress states other than fully undrained conditions. Different stress path 
loading such as effective stress increments under various degrees of drainage (Vaid 
and Eliadorani 1998), shearing at different stress ratios on drained stress path (Chu 
and Leong 2002), constant shear drained tests (Daouadji et al. 2010), and partially 
drained conditions through imposed volume changes (Lade and Liggio 2014). Fur-
ther studies are required to understand the effect of stress state on naturally occur-
ring silty sands under different boundary conditions. Studies were conducted on the 
cyclic liquefaction behavior of sands and sand-fines mixtures using cyclic triaxial 
tests (Erten and Maher 1995; Liu 2020). Also, the cyclic simple shear (CSS) appa-
ratus is designed to replicate the earthquake loading conditions more efficiently by 
applying shear stresses and shear strains directly. In the present study, the influence 
of stress state on three different naturally occurring silty sands under mix drained 
conditions under static loading conditions and the liquefaction susceptibility under 
CSS conditions was explored. The triaxial tests were performed to study the static 
liquefaction susceptibility of silty sands. The stability of soil under imposed stress 
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changes was investigated by conducting the mix drained conditions at different 
effective stress ratios (ESR = q/p′).

2  Material Properties and Experimental Program

The soil samples were collected from three different locations of Kutch region, 
which experienced liquefaction in previous earthquakes. These soil samples were 
collected from the depth of 1.5 m from the three locations, i.e., site 1: Fatehgarh; 
site 2: Chang; and site 3: Suvai. The basic geotechnical properties of these three 
soil sites are presented in Table 1. The initial material state was represented by the 
initial void ratio (in situ void ratio, e0) and the fines content (FC) of the prepared soil 
specimen.

The experimental program consisted of three series of isotropically consol-
idated triaxial compression tests and cyclic simple shear tests under different 
boundary conditions. The first and second series of triaxial tests comprised of 
consolidated undrained (CU) and consolidated drained (CD) triaxial compres-
sion tests respectively on the reconstituted samples collected from soil sites 1, 
2, and 3. Another series of triaxial tests to investigate the effect of stress ratio 
on liquefaction behavior was conducted by performing drained tests until a pre-
calculated effective stress ratio (ESR) value was obtained, and then shearing 
was continued under imposed undrained conditions. All three series of triaxial 
tests were performed at an initial confining pressure of 100  kPa, and shearing 
was carried out at a deformation rate of 0.1 mm/min. The soil specimens (tri-
axial tests: 50 mm diameter and 100 mm height, and CSS tests: 70 mm diameter 
and 20  mm height) were prepared at an in  situ dry density and moisture con-
tent using the moist tamping method (ASTM D4767–04 2018). Oven-dried soil 
equivalent to the in situ dry density of the specimens for a volume of 196.34  cm3 
for triaxial tests and 76.96  cm3 for CSS tests was weighed and thoroughly mixed 
with the required amount of water corresponding to the in  situ water content. 

Table 1  Basic geotechnical properties of soils from sites 1, 2, and 3

SM silty sand

Geotechnical property Site 1 Site 2 Site 3

Specific gravity 2.68 2.72 2.72
Gravel (%) 1 8 4
Sand (%) 54 67 80
Silt (%) 34 23 13
Clay (%) 11 2 3
Soil classification SM SM SM
Optimum moisture content (OMC), (%) 9.8 10.8 8.4
Maximum dry density (MDD), (g/cm3) 2.0 1.97 1.9
Angle of internal friction (ø), degrees 35 32 31
Visual appearance Brown Dark brown Gray
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The soil–water mixture was kept for curing for 2  h to ensure equilibration of 
water content. The mixture of dry soil and water was moist tamped in three lay-
ers of equal height having the same amount of soil. For each layer, equal amount 
of the mixture was transferred to the assembled split mold and tamped by using 
a mild steel hammer and a wooden block. The compacted specimens were lev-
eled and weighed to confirm the attainment of the required density. The number 
of layers was kept equal to three for all the specimens. The initial void ratio (e0) 
and the FC of soil specimens from sites 1, 2, and 3 are presented in Tables 1 and 
2. The saturation of the specimens in all the triaxial tests was ensured by apply-
ing enough back pressure to acquire the B value of more than 0.95. Stress-con-
trolled cyclic simple shear tests were conducted at different cyclic stress ratios 
(CSR = 0.05, 0.075, 0.1, 0.15, and 0.2) on soils from sites 1, 2, and 3 at a verti-
cal pressure of 100  kPa. Figure  1 shows the schematic to explain loading and 
boundary conditions of the specimen during stress-controlled CSS testing. (Hus-
sain and Sachan 2019b) provided detailed explanation about stress-controlled 
CSS testing, and the same procedure was followed in the current study. The 
frequency of 1  Hz was selected to simulate the earthquake loading conditions 
(Ishihara 1996). Under the applied loading, the strain evolved and accumulated 
with the number of cycles leading to cyclic degradation, which in extreme cases 
resulted into liquefaction.

3  Results and Discussion

Liquefaction response of cohesionless soils under monotonic compression (one-
directional loading) at three different shearing modes (drained, undrained, partially 
drained) was evaluated by conducting triaxial tests at three different effective stress 
ratios. Liquefaction under field conditions is better simulated by K0 consolidation; 
therefore, liquefaction susceptibility and dynamic behavior of cohesionless soils 
were evaluated by conducting a series of cyclic simple shear tests (two-directional 
loading) under undrained shearing mode. Monotonic compression loading is applied 
on the specimen in one direction until the specimen fails. However, cyclic simple 
shear loading is applied in two opposite directions (back and forth) until the speci-
men fails.

Table 2  Undrained shear response and liquefaction parameters of soils from sites 1, 2, and 3

Specimen qmax (kPa) upeak (kPa) σss (kPa) eo IB CP Lp

SU1 49 50 12 0.726 0.77 0.90 15.70
SU2 38 36 9 0.735 0.77 0.83 16.14
SU3 35 47 1 0.990 0.97 0.90 19.00
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3.1  Liquefaction Susceptibility Under Monotonic Compression

Figure 2 shows the effective stress paths (ESP) of soils from sites 1, 2, and 3 plot-
ted in q-p′ stress space under undrained conditions. The specimens for this series of 
triaxial tests from sites 1, 2, and 3 were tagged as SU1, SU2, and SU3. The peak of 

Fig. 2  Effective stress paths in q-p′ space of soils from sites 1, 2, and 3 under undrained conditions

Fig. 1  Loading and boundary 
conditions in stress-controlled 
CSS testing
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ESPs (qmax) for all three specimens was obtained to be different (Table 2). SU1 and 
SU3 exhibited the highest and lowest qmax values, respectively. The ESPs ascended 
to achieve qmax and subsequently descended towards the stress origin in all three 
cases. The generation of Δu led to the reduction in p′ which consequently resulted 
in the loss of shear strength, higher loss for SU3 owing to the higher Δu (95 kPa) 
developed during undrained shearing. The influence of e0 on the shear strength of 
SU1, SU2, and SU3 was reflected through the variation in qmax. Although the qmax 
was achieved earlier in SU1 and SU2, ESP of SU3 was found to descend quickly 
towards the stress origin with continued shear deformation. Generation of large Δu 
resulted in a loss of p′, causing complete static liquefaction of SU3; however, lower 
Δu in specimens SU2 and SU3 resulted in limited static liquefaction with signifi-
cant residual strengths. Steady-state strength (σss) values were observed to decrease 
with a decrease in FC (Table 2). Liquefaction susceptibility of soils from sites 1, 2, 
and 3 was quantified by evaluating liquefaction indices including undrained brittle-
ness index (IB), collapse potential (CP), and liquefaction potential (Lp), as shown in 
Table 2. IB, CP, and Lp were calculated using Eqs. 1, 2, and 3, as mentioned in The-
vanayagam et al. (2002) and (Casagrande 1975), respectively.

where su(yield) = qmax; su(liq) = qmin; p′i = initial effective confining pressure; 
p′ss = effective confining pressure at steady state; σ′3i = initial minor principal stress; 
and σ′3f = minor principal stress at the end of shearing.

The liquefaction indices for SU3 were highest and in agreement with large Δu 
and subsequent loss in shear strength, resulting in static liquefaction in soil site 3. 
The IB value was the same for SU1 and SU2 as the ratio of difference of peak devia-
toric stress and steady-state strength to the peak deviatoric strength was the same 
for both the soil samples. The value of CP was obtained to be higher for SU1 as 
compared to SU2. Liquefaction potential was evaluated and analyzed based on the 
global void ratio (e), intergranular void ratio (es), and interfine void ratio (ef). The 
intergranular and interfine void ratios were computed using Eqs.  4 and 5, as pro-
posed by Thevanayagam (1998).

(1)IB =
su(yield) − su(liq)

su(yield)

(2)CP =
p
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e + FC∕100
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The variation in Lp with respect to e, es, and ef is shown in Fig. 3. The vari-
ation of Lp with e was found not to be prominent. The relationships between Lp 
with es and ef were obtained to be opposite and could be attributed to the way 
es and ef were defined. Liquefaction potential was observed to increase with the 
increase in ef. At a given e, an increase in ef represented a reduction in the sand-
to-sand contacts in the fines-dominated sand-fines soil matrix. However, in the 
present study, both e and ef increased simultaneously causing higher compress-
ibility and liquefaction susceptibility. The undrained response of the loose sand-
silt mixture was observed to be highly contractive leading to higher liquefaction 
potential. The liquefaction indices reflected that the soils from sites 1 and 3 were 
least and most susceptible to static liquefaction, respectively. The higher lique-
faction resistance of soil from site 1 could be due to significant clay-sized par-
ticles, which possibly coated the sand and silt particles, causing a more stable 
and relatively dilatant microstructure. The liquefaction indices indicated that the 
soils from sites 1, 2, and 3 were more prone to static liquefaction under undrained 
conditions. The static liquefaction characteristics of cohesionless soils were also 
evaluated based on the state parameter (ψ), proposed by Park et al. (2000). The 
state parameter was defined as the difference in void ratio at the initial soil state 
and the steady-state conditions at given p′. The combination of initial stress state 
and material state would result in a unique soil state characterized through ψ. 
The normalized peak deviatoric stress (σdmax/σc) and pore pressure parameter at 

(5)ef =
e

FC∕100

Fig. 3  Variation of liquefaction potential of soils from sites 1, 2, and 3 with respect to global, intergranu-
lar, and interfine void ratio
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failure (Af) of SU1, SU2, and SU3 are shown in Fig. 4. The soils in the present 
study depicted a similar but slightly scattered response, as shown by Kogyuk soils 
(Rahman and Lo 2014). The soils in the present study displayed slightly higher 
normalized peak deviatoric stress because of the presence of FC > 10%. Although 

Fig. 4  Comparison of the present study with previous studies conducted by Been and Jefferies (1986). a 
Peak undrained shear strength as a function of state parameter. b Pore pressure at failure as a function of 
state parameter



400 Transportation Infrastructure Geotechnology (2023) 10:391–423

1 3

the two studies were based on different soils, there was an overall good correla-
tion between the state parameter and normalized deviatoric stress. The Af value 
greater than or close to 0.9 indicated a large Δu and low deviatoric stress indicat-
ing high liquefaction susceptibility. Irrespective of the FC, the material state of 
the soil governed the undrained soil behavior (Fig. 4b).

3.2  Liquefaction Susceptibility Under Different Stress States

Instability in soil mass is a function of the current stress and material states under 
imposed undrained loading. The line joining the peak of the effective stress path 
and the stress origin, instability line (IL), divides the stress space into two regions, 
namely stable zone and potential zone of instability (Lade 1992). To investigate the 
instability under completely undrained conditions, IL was plotted from the undrained 
compression tests SU1, SU2, and SU3, as shown in Fig. 5a, and ESR corresponding 
to the IL was referred to as ηIS. The three soils exhibited different ηIS, as shown in 
Fig. 5b. The value of ηIS for SU1 was higher as compared to SU2 and SU3 and could 
be due to the difference in the initial void ratio of the soil specimens. Instability line 
being a function of the material state is unique for the specimens with the same void 
ratio (Yang 2002). The strain softening was triggered within the specimens when 
the ESR became equal to ηIS. DFE representing the maximum ESR that could be 
obtained under completely drained conditions is presented in Fig. 5a for soils from 
sites 1, 2, and 3. The region bounded by the IL and DFE was referred to as the zone 
of potential instability (Lade 2002). The effect of ESR on the instability and subse-
quent liquefaction was studied by applying predefined stress paths and stress states 
at boundary conditions that varied from completely drained to completely und-
rained. Four ESRs were selected for each soil to understand the effect of stress states 
and drainage conditions (Table  3). Figure  6a illustrates the stress states of these 
ESRs relative to IL and DFE. The stress–strain response for soils from sites 1, 2, 
and 3 are presented in Fig. 6. The specimens were tagged as Sij, where i represents 
the site number of the soil and j represents the ESR value. For example, S12 repre-
sented the specimen from site 1 and soil subjected to ESR2 at the start of undrained 
shearing. The specimens SM11 to SM14 were subjected to undrained shearing after 
attaining different ESRs during shearing (Fig. 6a). SM11 and SM12 were loaded in 
drained fashion up to very low εa less than 1% and achieved peak deviatoric stress 
(σdmax) after the imposition of undrained conditions and continued to mobilize shear 
stress until ηIS corresponding IL was achieved. SM11 and SM12 displayed stability 
under imposed undrained conditions, and therefore, the stress space below the IL 
could be referred to as a stable region. The two specimens achieved σdmax of mag-
nitude 38  kPa and 50  kPa at strains of 1% and 1.2% respectively, and thereafter, 
intense post-peak softening initiated as shown in Fig. 6a. SM11 and SM12 mobi-
lized very low steady-state shear strengths at higher εa signifying no further particle 
rearrangement with continued shearing. Similar behavior was observed in SM21, 
SM22, SM31, and SM32. Specimens SM21 and SM22 mobilized lower σdmax as 
compared to that of SM11 and SM12 owing to the different initial dry densities. In 
specimens SM31 and SM32, the shear strength was lost completely within 5–6% 
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axial strains with σdmax achieved within εa of 2.5–3%. The complete loss of shear 
strength under undrained shearing was attributed to the very low initial dry density 
and presence of non-plastic fines. The finer silt particles sit at the contacts of the 
load-bearing sand grains resulting in a highly compressible metastable soil structure 

Fig. 5  Instability line and drained failure envelope of soils from sites 1, 2, and 3. a Experimental meth-
odology for shearing at different ESRs. b Representation of IL and DFE of soils from sites 1, 2, and 3 in 
q-p′ space
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Fig. 6  Stress–strain behavior of soils from sites 1, 2, and 3 at different ESRs. a Response of site 1 soil. b 
Response of site 2 soil. c Response of site 3 soil
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(Hussain and Sachan 2019c). High compressibility and low load-bearing capacity 
of the soil structure led to high liquefaction susceptibility. Higher ESR values, lying 
between IL and DFE of SU1, were imposed on SM13 and SM14 compared to SM11 
and SM12. To achieve the high ESRs for SM13 and SM14, the drained shearing 
was conducted up to larger εa resulting in mobilization of higher peak deviatoric 
stresses compared to SM11 and SM12. As soon as the undrained conditions were 
imposed, a sudden drop in the deviatoric stresses was observed signifying the inabil-
ity of the specimens to withstand the existing stress state under the imposed und-
rained conditions. Perturbance, in the form of effective stress, was responsible for 
the instability. The onset of strain softening was coincident with the initiation of 
instability within SM13 and SM14 (Md Mizanur and Lo 2012). Though the ESR for 
SM13 and SM14 were different, both showed a drop in deviatoric stress values as 
soon as the undrained conditions were imposed. If the drained shearing was contin-
ued, no instability would have been observed. Therefore, it could be concluded that 
the specimens exhibited unconditional instability as soon as the undrained condi-
tions were imposed at the stress states located between IL and DFE. The instability 
triggered the instantaneous generation of large Δu leading to an abrupt reduction 
in deviatoric stress. Specimens SM23, SM24, SM33, and SM34 displayed similar 
behavior, as shown in Fig. 6b, c. Deviatoric stress mobilized by the specimens var-
ied with ESR, as revealed from the stress–strain response of soils 1, 2, and 3. The 
difference in σdmax was due to the varying changes in void ratio during the drained 
shearing resulting in significantly different material states at the imposition of und-
rained conditions. Specimen with higher ESR had a lower void ratio leading to a 
more compact interparticle soil arrangement and causing the mobilization of higher 
shear strength. Significant residual strength was observed at higher ESRs due to the 
lower void ratio at which undrained conditions were imposed. The specimens from 
soil site 3 experienced complete loss in shear strength when the undrained condi-
tions were imposed at ESRs corresponding to the region between IL and DFE. Even 
though large volumetric strains were induced during the drained shearing, the void 
ratio at the imposition of undrained conditions was still substantially higher (0.9). 
It signified inherently loose configuration resulting in total loss of shear strength 
under imposed undrained shearing. The comparison of three soils revealed that irre-
spective of the initial material state and composition, the soil exhibited instability 
when stress states at the imposition of undrained conditions were lying in the zone 
of potential instability. The volumetric response of soils 1, 2, and 3 at different ESRs 
is shown in Fig. 7. The initially loose specimens exhibited higher contractive behav-
ior to achieve a more stable and compact particle arrangement. The magnitude of 
induced volumetric strains was observed to increase with the increase in ESR for all 
three soils. Prolonged drained shearing required to attain higher ESR resulted in a 
lower void ratio at the instant of the imposition of undrained conditions (Table 3). 
The volumetric strain for soil 1 was observed to be lower as compared to soils 2 
and 3, and the difference was more prominent at higher ESR. At the imposition of 
undrained conditions, the volumetric strains for SM14 and SM34 were observed to 
be 10.5% and 5.8% for ESR values of 0.99 and 0.79, respectively. Drained shear-
ing up to εa of 6.4% and 3.3% was required to attain ESR of 0.99 in SM14 and 0.79 
in SM34, respectively (Fig. 7a, c). The volumetric strain in SM14 was found to be 
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Fig. 7  Volumetric behavior of soils with the effect of radial strain from sites 1, 2, and 3 at different ESRs. 
a Response of site 1 soil. b Response of site 2 soil. c Response of site 3 soil
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higher due to higher ESR and higher FC. Drained shearing up to εa of 6.4% to attain 
ESR of 0.99 resulted into large volumetric strains in SM14.

The increase in deviatoric stress was responsible for the ascending response 
of ESP, whereas the evolution of Δu caused a loss in p′ (Fig.  8). The ESPs of 
SM11 and SM12 progressed towards the stress origin as soon as the undrained 
conditions were imposed. The rising slope of ESP indicated stable behavior for 
SM11 and SM12 under undrained conditions (Fig. 8a). The ESPs ascended until 
they intersected the IL, and further, a gradual drop in the ESP pointing towards 
the origin was observed. Due to the continued generation of Δu, p′ decreased 
continuously, resulting in the reduction of shear strength. As Δu was building 
up, the effective contact stress between the soil particles decreased, leading to 
lower shear strength. Large Δu and lower shear strength signified static liquefac-
tion within soil specimens. A similar response was observed in SM21, SM22, 
SM31, and SM32 (Figs. 8b and 7c). SM11 and SM12 attained steady state under 
undrained conditions with significant residual strength. However, ESPs of SM21, 
SM22, SM31, and SM32 reached nearly to stress origin, indicating a complete 
loss of shear strength under undrained conditions. The rate of evolution of Δu in 
the case of soil from site 3 was found to be higher as compared to soils 1 and 2. 
The ESPs of SM13 and SM14 depicted a sudden drop as soon as the undrained 
conditions were imposed. The drop in ESPs represented a reduction in σd and p′ 
under imposed undrained conditions causing instability in soils. This instability 
was reported as solid–fluid instability or diffused instability ((Vaid and Eliado-
rani 1998; Lade 2002; Hussain et al. 2019)). The wrinkles observed on the latex 
membrane at the end of undrained shearing were similar to diffused deformations 
observed by Thevanayagam (1998). The specimens could not sustain the stress 
increments imposed by undrained conditions because of the already existing shear 
stresses developed under drained shearing. The stress increments under undrained 
shearing generated Δu initiating the onset of instability and consequently lead-
ing to static liquefaction. A similar response was also observed for SM23, SM24, 
SM33, and SM34, even though the stress states and material states differed 
for all the specimens. The ESPs of soils 1, 2, and 3 under undrained shearing 
approached DFE and displayed asymptotic response at large strains. At the same 
ESR, p′ at steady state was different for soils 1, 2, and 3. Soil 1 exhibited higher 
p′ as compared to soils 2 and 3. The lowest steady-state shear strength due to low-
est p′ was observed for soil 3. Even though the specimens had different material 
states at the point of the imposition of undrained conditions, the soils exhibited 
instability if their stress states were located in the region of potential instability. 
A similar response was reported by Vaid and Eliadorani (1998) and (Daouadji 
et al. 2010). The results showed that the instability in silty sands under undrained 
conditions would be unconditional. (Vaid and Eliadorani 1998) conducted strain 
path testing to study the influence of partially drained conditions on the instabil-
ity behavior of silty sands. The drainage during shearing was reported to play an 
important role in the evolution of the failure mechanism, and even minimal volu-
metric strains were reported to have the potential to trigger the instability at con-
stant shear stress that would not develop under completely undrained conditions. 
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Fig. 8  Effective stress paths in q-p′ space of soils from sites 1, 2, and 3 at different ESRs. a Response of 
site 1 soil. b Response of site 2 soil. c Response of site 3 soil
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The volumetric strains under drained shearing were analogous to excess pore 
water under undrained shearing. (Chu et al. 2003) proposed a new framework to 
analyze the instability of slopes with granular soils. The stress states were identi-
fied, and their locations within q-p′ stress space were observed to dominate the 
soil’s behavior under undrained conditions. (Chu et al. 2003) described undrained 
instability as runaway instability and drained instability as conditional instability. 
(Chu and Leong 2002) reported instability in silty sands under mix drained shear-
ing at constant deviatoric stress. The instability curve as the relationship between 
void ratio and ESR at the onset of instability was developed. The relationship 
was verified by conducting undrained tests at different ESRs. The ESR, at which 
instability was triggered, coincided with the instability curve of void ratio with 
ESR. The present study results were found to be in good agreement with those by 
the (Chu and Leong 2002).

3.3  Liquefaction Susceptibility Under Cyclic Simple Shear Conditions

The hysteresis response for the first loading cycle of soils from sites 1, 2, and 3 
at different cyclic stress ratios is depicted in Fig.  9a. Specimens with lower CSR 
sustained cyclic loading for greater than 1000 cycles without much loss in shear 
strength, while specimens with higher CSR exhibited a complete loss in shear 
strength at a comparatively lower number of cycles. Therefore, the hysteresis loop 
for the first loading cycle of each test was plotted to study the effect of CSR on the 
cyclic simple shear behavior of soils from sites 1, 2, and 3. It was observed that the 
shear strain during the first cycle increased with the increase in CSR for all soils. 
The observed response was expected due to the increase in loading intensity, and the 
specimens would exhibit higher deformations. The shear strain on the compression 
side was found to be more as compared to the shear strain on the extension side irre-
spective of the CSR and the soil type. The highly asymmetrical hysteresis response 
of shear strain in the C33 specimen at CSR of 0.01 could be due to the high initial 
void ratio signifying a very loose soil matrix. The evolution of excess pore pressure 
during the first cycle was 10% of the applied normal pressure for specimen C33. The 
application of loading stresses on the specimen resulted in considerable deformation 
on the compression side. However, during the unloading part of the first cycle in 
the C33 specimen, the soil specimen recovered only a small part of the compressive 
strain. This could be attributed to the bias created during the first yielding of the soil 
specimen resulting in the accumulation of plastic strains on one side. Figure 10 dis-
plays the accumulated shear strain versus the number of loading cycles at different 
CSR for all soils. The accumulated shear strain was calculated using Eq. 6 given by 
Thian and Lee (2017). The accumulated shear strains at the end of the first and last 
loading cycles are shown in Table 4. The accumulated shear strains were observed to 
increase with an increase in the CSR for cohesionless soils (Andersen 2004; Erken 
and Can Ulker 2007). However, a sudden jump in the accumulated shear strain was 
observed at the instant of liquefaction. It was found that the accumulated shear strain 
in the C24 specimen increased from 0.13 to 0.28% in five loading cycles and further 
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Fig. 9  Effect of CSR on the hysteresis response of soils from sites 1, 2, and 3 under CSS loading condi-
tions. a Site 1. b Site 2. c Site 3
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Fig. 10  Effect of CSR on the accumulated shear strain response of soils from sites 1, 2, and 3 under CSS 
loading conditions. a Site 1. b Site 2. c Site 3



411

1 3

Transportation Infrastructure Geotechnology (2023) 10:391–423 

increased 3.8% by the 8th cycle. The sudden increase in the rate of accumulation of 
shear strain within the soil mass could be due to the initiation of cyclic liquefaction 
within the soil mass, leading to large shear deformations. Similar findings for sands 
were reported under stress-controlled cyclic triaxial tests (Eskisar et al. 2014). The 
sudden jump in the accumulated shear strain values reflected the major loss of shear 
strength. The specimens exhibited flow-like behavior, which was reflected through 
these large and uncontrolled shear strains. The number of cycles required for liq-
uefaction decreased with the increase in CSR (Table  4). The soil structure expe-
riences severe degradation due to the application of a higher load. Large intensity 
loading also contributes to the accumulation of higher excess pore water pressure 
resulting in liquefaction in fewer cycles (Thian and Lee 2017). The excess pore pres-
sure response at different CSR is shown in Fig.  11. The evolution of excess pore 
water pressure was represented through the excess pore pressure ratio (ru), which 
was defined as the ratio of excess pore water pressure (∆u) and initial vertical over-
burden pressure (σvi). In the present study, the evolution of ru equal to 0.9 or more 
was considered as the criteria for liquefaction. The strain amplitude (SA) criterion 
as per the ASTM code (ASTM D5311, D5311M 2013) was also applied for all CSS 
test results. The number of cycles required to induce SA of 3.75% was determined. 
The number of cycles was always found to be higher for the SA criterion than the 
pore pressure ratio criterion (ru > 0.9). Thus, in the present study, pore pressure ratio 
criterion was chosen to represent the more critical case for liquefaction analysis. It 
was observed that the excess pore water pressure increased with the increase in the 
number of loading cycles. The specimens C13, C14, and C15 displayed ru greater 
than 0.9 indicating the initiation of liquefaction within the soil mass in 1000, 22, 
and 10 cycles respectively. It was also noted that at the same CSR, C22 exhibited 
liquefaction, but C12 did not liquefy even up to 1000 cycles. Similarly, C22 was 
found to liquefy in 1000 cycles, whereas C32 liquefied in 35 cycles (Table 4). Soil 
behavior shown in Figs. 10 and 11 was found to be aligning properly with respect to 
pore pressure and strain accumulation. As the excess pore water pressure increased 
(Fig. 11), the effective confinement decreased leading to the reduction in strength, 
which resulted into a large and rapid accumulation of cyclic shear strains (Fig. 10). 
Although the CSR was the same for all soil specimens, the different initial mate-
rial states (void ratio and fines content) of the specimen led to varying liquefaction 
resistance.

Dynamic properties were evaluated from the hysteresis loops at different cycles 
up to 1000 loading cycles. Shear modulus (G) and damping ratio (D) were evalu-
ated using Eqs. 7 and 8, respectively, as described by Kramer (1996). The relation-
ship between shear modulus and accumulated strain is shown in Fig. 12. The shear 
modulus was observed to decrease with an increase in accumulated strain for all 
CSRs (Fig. 12a). The soils from sites 2 and 3 also displayed a similar response. Dur-
ing undrained cyclic loading, generation of high excess pore water pressure causes 
loss of intergranular forces resulting in reduced effective stress and soil stiffness. 

(6)�cy =
�max − �min

2



412 Transportation Infrastructure Geotechnology (2023) 10:391–423

1 3

Ta
bl

e 
4 

 L
iq

ue
fa

ct
io

n 
re

si
st

an
ce

 o
f c

oh
es

io
nl

es
s s

oi
ls

 a
t d

iff
er

en
t C

SR
 u

nd
er

 C
SS

 lo
ad

in
g 

co
nd

iti
on

s

Pa
ra

m
et

er
s a

t t
he

 e
nd

 o
f fi

rs
t c

yc
le

Pa
ra

m
et

er
s a

t t
he

 e
nd

 o
f l

as
t c

yc
le

So
il 

ty
pe

FC
Sp

ec
im

en
C

SR
A

cc
um

ul
at

ed
 st

ra
in

 
(γ

cy
), 

%
r u

G
0, 

M
pa

A
cc

um
ul

at
ed

 st
ra

in
 

(γ
cy

), 
%

r u
G

, M
pa

N
L

Si
te

 1
45

C
11

0.
05

0.
02

7
0.

01
1

18
.3

9
0.

03
1

0.
24

16
.4

4
 >

 10
00

C
12

0.
07

5
0.

05
1

0.
02

2
14

.6
3

0.
05

5
0.

4
13

.6
2

 >
 10

00
C

13
0.

1
0.

07
2

0.
03

9
13

.6
7

0.
33

0.
94

2.
89

10
00

C
14

0.
15

0.
09

6
0.

08
5

10
.2

5
0.

11
5

0.
98

9.
35

22
C

15
0.

2
0.

29
0.

21
6.

36
20

.3
7

0.
97

0.
07

4
10

Si
te

 2
26

C
21

0.
05

0.
02

6
0.

03
18

.5
6

0.
02

9
0.

4
16

.4
4

 >
 10

00
C

22
0.

07
5

0.
04

6
0.

03
9

16
.3

1
0.

06
1

0.
94

12
.4

1
10

00
C

23
0.

1
0.

07
0.

03
9

14
.1

1
7.

08
0.

97
0.

52
97

C
24

0.
15

0.
13

0.
15

10
.6

9
14

.7
0.

99
0.

09
9

Si
te

 3
16

C
31

0.
05

0.
03

1
0.

03
5

16
.1

1
0.

12
0.

78
11

.3
9

43
3

C
32

0.
07

5
0.

05
8

0.
06

6
12

.6
6

3.
46

0.
98

1.
94

35
C

33
0.

1
0.

07
9

0.
11

1
12

.3
4

20
.6

7
1.

01
0.

22
10



413

1 3

Transportation Infrastructure Geotechnology (2023) 10:391–423 

Fig. 11  Effect of CSR on excess pore pressure response of soils from sites 1, 2, and 3 under CSS loading 
conditions. a Site 1. b Site 2. c Site 3
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Fig. 12  Effect of CSR on shear modulus of soils from sites 1, 2, and 3 at different accumulated shear 
strains under CSS loading conditions. a Site 1. b Site 2. c Site 3
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Reduction in stiffness and strength was confirmed through the accumulation of shear 
strains resulting in a decrease in shear modulus. During the first loading cycle, the 
shear modulus (G0) was found to be nearly the same for soils from sites 1 and 2, 
whereas the G0 values for soil from site 3 were observed to be the lowest at the given 
CSR (Table 4). The shear modulus during the last cycle was observed to be nearly 
zero at high CSR for cohesionless soils. The excess pore water pressure reached 
attained values nearly equal to the applied vertical stress indicating cyclic liquefac-
tion. The relationship between the damping ratio and accumulated strain is shown in 
Fig. 13. The damping ratio was observed to increase with an increase in accumulated 
shear strain at all CSRs. It was observed that an increase in the damping ratio was 
significant at higher CSR. The variation of damping ratio with the number of cycles 
for all three soils is shown in Fig. 14. The damping ratio was observed to change 
insignificantly with the increase in the number of loading cycles until the initiation 
of liquefaction. In the stress-controlled cyclic simple shear testing, the shape of the 
hysteresis loop was observed to depend on the accumulated shear strains within the 
soil mass. Before the initiation of cyclic liquefaction, the change in shear strains 
with the number of loading cycles was observed to be insignificant, which led to 
almost the same area under the hysteresis loop. This could be the underlying reason 
for the insignificant change in the damping ratio with the number of cycles until 
the state of liquefaction was attained. However, at the instant of cyclic liquefaction, 
a sudden jump in the damping ratio was reported at all CSR. (Dash and Sitharam 
2016) reported a similar damping ratio response of poorly graded sand under cyclic 
triaxial conditions. This was attributed to the loss of control in the load application 
because, as the specimen liquefied, high energy dissipation occurred. Therefore, a 
high damping ratio at the instant of cyclic liquefaction was observed. The varia-
tion in damping ratio was found to be evident with respect to the accumulated shear 
strains; however, the variation was insignificant with the number of loading cycles.

The effect of initial material state and CSR on the cyclic degradation index (δ) is 
shown in Fig. 15. The cyclic degradation index at various loading cycles is evalu-
ated using Eq. 9 as mentioned in Kramer (1996) and (Boulanger et al. 1998) and is 
shown in Table 4. It was observed that the stiffness of the specimen reduced with the 
number of cycles and could be attributed to the reduced effective stresses resulting 
in increasing accumulated shear strain. However, the specimens subjected to higher 
CSR exhibited a rapid decrease in the cyclic degradation index as compared to the 
specimens subjected to lower CSR (Fig. 15). The higher loading intensity resulted in 
the rapid loss of interparticle bonds, causing a decrease in effective stress and soil 
stiffness. The lower or zero value of stiffness degradation indicated the loss strength 
within the soil mass, signifying cyclic liquefaction (Fig. 15a).

(7)G =
�max + �min

�
1
+ �

2

(8)D(%) =
Areaofhysteresisloop(AL)

4ΠAΔ

× 100
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Fig. 13  Effect of CSR on damping ratio of soils from sites 1, 2, and 3 at different accumulated shear 
strains under CSS loading conditions. a Site 1. b Site 2. c Site 3
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Fig. 14  Effect of CSR on damping ratio of soils from sites 1, 2, and 3 at different numbers of loading 
cycles under CSS loading conditions. a Site 1. b Site 2. c Site 3



418 Transportation Infrastructure Geotechnology (2023) 10:391–423

1 3

Fig. 15  Effect of CSR on degradation index of soils from sites 1, 2, and 3 under CSS loading conditions. 
a Site 1. b Site 2. c Site 3
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Cyclic liquefaction resistance was evaluated for soils from three different sites in 
Kutch region. It was defined as the cyclic stress ratio required to initiate liquefac-
tion in fifteen loading cycles. The criteria of fifteen loading cycles were taken as 
the equivalent of an earthquake of magnitude 7.5 (Ishihara 1996). Figure 16 shows 
the relationship of cyclic stress ratio (CSR) and the number of cycles required to 
initiate liquefaction (NL) for cohesionless soils. Experimental results of specimens 
C11, C12, and C21 are excluded as they did not liquefy in 1000 cycles. It is evi-
dent from Fig. 16 that the cyclic resistance was observed to be highest for soil from 
site 1, i.e., 0.17. The cyclic resistance ratio (CRR) was determined for cohesionless 
soils, as shown in Table 4. The cyclic resistance was found to be dependent on the 
initial material state of the specimen, i.e., fines content and initial void ratio. Simi-
lar results were reported by Almani et al. (2013). The soil from site 3, with a fines 
content of 16% and an initial void ratio of 0.99, exhibited the lowest cyclic lique-
faction resistance. The soil also exhibited the highest liquefaction potential under 
monotonic compression loading (Fig.  6c). It could be possible that the fines con-
tent occupied few of the void spaces and also the spaces between load-bearing sand 
grains. This resulted in the unstable and compressible interparticle soil arrangement 
in soil from site 3, leading to the collapse of the metastable structure, responsible for 
the highest liquefaction potential of soil.

(9)� =
GN

G
1

Fig. 16  Cyclic resistance of soils from sites 1, 2, and 3 under CSS loading conditions
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4  Conclusions

In the present study, the influence of stress state (ESR, CSR) on the liquefaction 
potential of three different naturally occurring silty sands (cohesionless soils) were 
studied under monotonic compression and cyclic simple shear (CSS) loading at dif-
ferent shearing modes (drained/undrained/partially drained). The effect of CSR on 
the liquefaction susceptibility of naturally occurring cohesionless soils was also 
determined in terms of CRR of soil under earthquake shaking. The key observations 
from the study are as follows:

1. Silty sands exhibited undrained instability as soon as the maximum ESR was 
achieved. The instability line (IL) represented the upper bound of stable and lower 
bound of unstable stress space. The slope of IL was found to depend on the initial 
material state of the soil sample.

2. Specimens with stress states lying in the region of stress space below IL exhibited 
stable behavior under imposed undrained conditions. However, with continued 
deformation under undrained conditions, the specimens exhibited a very high 
tendency for static liquefaction.

3. Specimens with stress states between IL and DFE exhibited instability under 
imposed undrained conditions. Minor perturbance in the form of effective stress 
could initiate instability if stress states would lie between IL and DFE.

4. No significant influence of initial material states and drainage boundary condi-
tions was observed on the instability behavior of silty sands. The inherently loose 
soils under imposed undrained conditions exhibited the generation of large and 
rapid ∆u leading to instability followed by static liquefaction.

5. The critical state strength increased with the increase in imposed ESR. For higher 
ESR, the larger volumetric strains were required to achieve stress states result-
ing in a lower void ratio at the imposition of undrained conditions, subsequently 
leading to higher critical state strength.

6. The shear modulus and degradation index were observed to decrease with the 
number of loading cycles and accumulated shearing strains. The damping ratio 
did not change much until the initiation of liquefaction. However, it was observed 
to show a significant increase with the increase in accumulated shear strains.

7. It was found that the CRR of soil from sites 1, 2, and 3 was 0.17, 0.14, and 0.08. 
Therefore, the cyclic resistance of soils was found to be dependent on the initial 
material state of the soil collected from the soil site.
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