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Abstract
Liquefaction in sands is a natural hazard associated with an earthquake and remains a major concern for geotechnical engi-
neers, as the shear strength of saturated loose sands reduces drastically with the development of positive pore pressures 
under dynamic loads resulting in the breakage of grain contacts. Traditional remedial measures to avoid liquefaction include 
densifying the ground, installing vertical drains to dissipate the pore pressures, and grouting with binders to impart cohesion. 
These techniques are not sustainable as they are quite expensive, energy, and resource intensive. This study examines the 
efficacy of various sustainable alternatives for mitigating the liquefaction hazard in sands, including the use of polymeric 
geotextiles, geofoam, coir fibers, and encased granular columns, and compares their performance. For this, a series of 
constant volume cyclic simple shear tests were performed on the sand in its natural condition and after modification with 
different techniques. Loading intensity is varied to simulate different seismic scenarios. Results are interpreted in terms of 
pore pressures, shear strains, energy dissipation, and modulus degradation, and the efficacy of these techniques for liquefac-
tion mitigation is quantified and compared. Internal mechanisms responsible for the improvement in liquefaction resistance 
through different techniques were critically examined. It was found that the liquefaction resistance of sand increased using 
these techniques. However, the maximum benefit is found to be with the inclusion of geofoam, followed by encased granular 
columns, coir fibers, and geotextile. Findings from this study have direct relevance for capacity building against earthquakes 
through different sustainable methods.

Keywords  UNSDG11: sustainable cities and communities · Liquefaction · Earthquakes · Sustainability · Geosynthetics · 
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Introduction

Earthquakes are the most dangerous, naturally occurring 
events that pose various hazards to human life and infra-
structure [1]. Liquefaction of soils is one such natural haz-
ard associated with earthquakes that have the potential to 
severely impact societal stability. Many times, civil and 
hydraulic engineering structures like retaining walls, earth-
fill dams, and bridge abutments are usually backfilled with 
granular materials like sand. Liquefaction of sands is the pri-
mary reason for the failure of these structures under seismic 

loadings, as the soil is in contact with the water in these 
structures due to several reasons like rainwater infiltration, 
seepage flow into the dams, and poor drainage conditions 
[2–4]. For example, the 2010 Darfield earthquake, 2011 
Christchurch earthquake, 2015 Nepal earthquake, 2017 
Chile earthquake, and 2018 Indonesia earthquake resulted 
in mass destruction and damage to the infrastructure due to 
large-scale soil liquefaction [5–7].

Liquefaction is often associated with a sudden loss of 
shear strength accompanied by rapid deformations. Lateral 
spreading, sand boiling, slope failures, and loss of bearing 
capacity are all consequences of extreme soil liquefaction 
events [2]. The pore pressure builds up in saturated sands 
under undrained conditions when subjected to dynamic 
loads due to their affinity toward contraction. This building 
up of excess pore pressure disturbs the load-carrying soil 
skeleton and converts it into a suspension with minimal 
residual strength by breaking the grain contacts resulting 
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from the reduction of effective stresses that hold them [8, 
9].

Studies on the liquefaction response of sands paced up 
after the severity of the destruction associated with this 
phenomenon was discovered during the 1964 Alaska and 
Niigata earthquakes [10]. Liquefaction phenomenon is 
studied both in laboratory element scale tests like cyclic 
triaxial, simple shear, and torsional shear tests and in 
model tests like shaking table and centrifuge tests [11–14]. 
The cyclic simple shear test was found to better represent 
the idealized seismic loading by allowing the continu-
ous rotation of principal stresses during shearing when 
compared to other element tests [15–17]. The liquefaction 
potential of sand was found to be dependent on its relative 
density, degree of saturation, fines content, stress history, 
and particle morphology [18–22]. Conventional methods 
to modify the existing ground to improve its liquefaction 
resistance include densifying the ground using vibrocom-
paction, installing prefabricated vertical drains to enhance 
drainage conditions, and injecting cementitious binders 
to impart apparent cohesion between the grain contacts.

Vibrocompaction involves the usage of a compaction 
probe that transmits a tremendous amount of vibration 
energy generated by oscillating eccentric weights at a 
high frequency of up to 20 Hz to densify the cohesion-
less sands [23, 24]. The probe is lowered at a rate of 2.0 m/
min until the required treatment depth is reached and with-
drawn at a rate of 1.2 m/min. For treating a large area, 
compaction has to be done based on an optimally designed 
compaction grid spacing [25]. This method is highly 
energy intensive, involving the usage of large crawler 
cranes of 50-ton capacity carrying a 7 ton vibrator [26].

Providing prefabricated vertical drains (PVDs) expe-
dites the dissipation of excess pore pressures by modifying 
the flow patterns [27, 28]. These are perforated hollow 
plastic tubes with diameters ranging from 75 to 150 mm 
wrapped in a filter fabric. PVDs shorten the drainage path 
in addition to increasing the permeability [29]. The effi-
cacy of this method depends on the drain diameter, spac-
ing, and configuration. However, the overall maintenance 
cost of these PVDs is high, as they may get clogged and 
not serve their purpose at times [30, 31].

Grouting involves the injection of low viscous cemen-
titious binders like colloidal silica at high pressures that 
can bind the sand particles into a hard matrix [32, 33]. 
The effectiveness of this method depends on the binder 
being used, permeability of the sand, viscosity, and set-
ting time of the binder. Recently, biocementation using 
microbially induced calcite precipitation has been veri-
fied for its large-scale applicability to mitigate liquefaction 
[34–36]. However, the leaching of unused chemicals into 
the groundwater is a serious concern for field applications.

The United Nations Sustainable Development Goals (UN 
SDG) throw light on the need for sustainable development 
to reach the needs of the present generation without tak-
ing away the ability of future generations to meet their own 
requirements. Focus is drawn mainly on building sustainable 
and resilient infrastructure in its Goal 9: Industry, Innova-
tion, and Infrastructure; and Goal 11: Sustainable cities and 
communities [37]. Hence, finding sustainable alternatives 
for the above-described liquefaction mitigation techniques to 
improve the capacity building of future infrastructure is also 
necessary. Geosynthetics are one such class of materials that 
established themselves as sustainable and economical alter-
natives for a wide range of geotechnical applications [38]. 
The additional confinement and apparent cohesion imparted 
to the soil by the inclusion of geosynthetics are the primary 
contributors to the enhanced response of the geosynthetic-
reinforced soils [39].

Geotextiles are planar polymeric geosynthetic sheets with 
significant tensile strength and good drainage characteristics 
[40]. They are mainly used as tensile reinforcement, filters, 
and as drainage layers in reinforced soil constructions [41]. 
These are readily available in the form of rolls which can be 
spread into sheets and can be placed as layers with adequate 
spacing in the soil. Several experimental and numerical 
studies demonstrated the potential of geotextiles for field 
applicability as inclusion for backfills in retaining walls and 
slopes [42–45]. The additional confinement and apparent 
cohesion imparted to the soil due to the mobilization of ten-
sile strength of the geotextile due to sand–geosynthetic inter-
actions add to the liquefaction resistance of the soil [46].

High tensile strength polymeric fibers made of polypro-
pylene are also being used to provide homogeneous and 
isotropic enhancement in the response of soil structures 
[47–49]. It was found that the improvement in the response 
of soils depends on the fiber content and the length of fibers 
[50, 51]. Recently natural coir fiber from the coconut indus-
try is also being investigated for its capability to reinforce 
soil structures due to its high tensile strength in the range 
of 80–120 MPa [52, 53]. This high tensile strength of the 
fibers can help restrict the lateral movement of the particles 
during seismic shaking, thereby reducing its potential toward 
contraction and liquefaction [54].

Geosynthetic-encased granular columns are widely used 
for improving the bearing capacity of soft grounds and 
reducing settlements [55]. These are columns of compacted 
sand or gravel-sized particles confined with geosynthetics 
like geotextile or geogrids that are inserted into the ground 
[56]. They are also referred to as stone columns or granu-
lar piles. The performance of this method depends on the 
soil-column load distribution and the modification of the 
drainage patterns, which in turn depend on the column size 
and their spacing configurations [57, 58]. Their ability to 
provide additional stiffness to the soil and allowing quick 
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dissipation of the pore pressures can be helpful in mitigating 
liquefaction in soils.

Compressible inclusions like rubber and foam damp the 
vibrations and increase the resistance of soil against earth-
quakes [59]. Expanded polystyrene (EPS) geofoam is a light-
weight polymeric material with a closed-cellular structure 
produced by heating EPS beads with steam and then press-
ing them into prismatic blocks [60]. Due to its lightweight 
and excellent damping and energy absorption characteristics, 
geofoam finds its major applications as a substitute for the 
backfill materials in retaining walls, pavements, and bridge 
abutments to reduce the self-weight of these structures and 
also helps in reducing the lateral pressures acting on them 
[61]. It is also often used as a seismic buffer to dampen 
the vibrations and absorb the earthquake shocks [62]. Geo-
foam’s ability to compress and dampen the vibrations can be 
capitalized to increase the liquefaction resistance of sands.

Few studies were carried out to understand the liquefac-
tion response of sands reinforced with these methods [41, 
63–66]. However, the effectiveness of these methods and 
their relative efficacy is not clear and makes it difficult to 
choose the suitable technique. Hence the objective of the 
present study is to understand the effectiveness of these 
sustainable techniques for liquefaction mitigation using 
geotextile, geofoam, encased granular columns, and coir 
fibers and compare their efficacy to help geotechnical prac-
ticing engineers to choose suitable sustainable techniques 
depending on the desired improvement for capacity building 
of soil structures against liquefaction. For this, a series of 
stress-controlled constant volume cyclic simple shear tests 
were performed on unreinforced sand and sand with these 
inclusions, and the test results were compared. The materials 
used, test methodology, specimen preparation techniques, 
test program, results obtained, and major conclusions drawn 
from this study are all described in the subsequent sections.

Materials

Sand

Natural river sand was procured from a local supplier for 
liquefaction testing. The grain size distribution of the sand, 
determined as per ASTM D6913 [67], is shown in Fig. 1, 
along with the microscopic image of the sand particles at 
16× magnification. The coefficient of curvature (Cc) and 
coefficient of uniformity (Cu) of the sand were found to 
be 1.1 and 3.4, respectively. Well-established and popu-
lar morphological descriptors like Wadell’s roundness (R) 
and sphericity (S) and Lees’s angularity (A) are determined 
using image analysis [68–70]. A detailed description of 
these shape parameters and the steps involved in the shape 

characterization using image analysis can be found in Latha 
and Lakkimsetti [21].

From the visual charts of Krumbein and Sloss [71] for 
grain shape classification, the current sand particles fit into 
the regime of subrounded grains. The obtained shape fea-
tures of the sand particles from the image analysis reveal the 
same, showing high sphericity and low angularity values. 
River erosion activity is the primary cause of this. According 
to Unified Soil Classification System (USCS), as per ASTM 
D2487 [72], this soil falls in the category of poorly graded 
sand (SP). Sand particles with grain sizes in the range of 
0.6 mm and 1.2 mm were scalped out from the sand to obtain 
uniformly graded sand. This uniformly graded sand with 
high liquefaction potential was used for liquefaction test-
ing. Physical properties like specific gravity (Gs), minimum 
void ratio (emin), and maximum void ratio (emax) are deter-
mined according to the ASTM D854 [73], ASTM D4253 
[74], and ASTM D4254 [75] standards, respectively, and 
are presented in Table 1 in addition to the computed average 
shape descriptors of the sand particles.

Materials Used for Liquefaction Mitigation

The efficacy of various sustainable techniques like the inclu-
sion of polymeric geotextile (GTX), mixing of coir fibers 
(CFS), providing encased granular columns (EGC), and 
inclusion of geofoam (GFM) for liquefaction mitigation is 
examined and compared in the present study. The selection 
of test materials used as inclusions in the present study and 
their configuration is judicially selected to compare their best 
possible performance in the field based on the recommen-
dations of literature. For the case of inclusion of polymeric 
geotextile, a nonwoven geotextile of nominal thickness 1 mm 
is used. This selection was based on the recommendations 

Fig. 1   Grain size distribution of river sand
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of Krishnaswamy and Isaac [76] and Altun et al. [41], who 
demonstrated that nonwoven geotextiles perform better when 
compared to woven geotextiles for liquefaction mitigation 
due to their excellent drainage characteristics, low elastic 
modulus, and dense structure. Also, for most engineering 
applications, nonwoven geotextiles of thickness 0.5 mm 
to 1.0 mm are commonly used to draw a balance between 
strength, permeability, and cost.

To bring out the full potential of mixing coir fibers in 
improving the liquefaction resistance of sands, a coir fiber 
content of 0.75% was used to reinforce the sand. This is 
based on the recommendations of Maheshwari et al. [63], 
Rasouli and Fatahi [77], and Zhou et al. [78], who demon-
strated that the liquefaction resistance of sands increases 
with an increase in the fiber content up to a threshold fiber 
content of 0.75 to 1% depending on the type of fibers, 
beyond which ensuring the uniformity and homogeneity of 
fibers become more difficult. Hence, a coir fiber content of 
0.75% is used in the present study. Similarly, for the case 
of providing encased granular columns, to determine the 
maximum efficiency of this technique, four encased granular 
columns arranged in a square configuration resulting in an 
area replacement ratio (Ar) of 16% are used. This is based 
on the recommendations of Murugesan and Rajagopal [79], 
Mohapatra et al. [58], and Castro [80], who demonstrated the 
beneficial grouping action of square configuration. Also, the 
chosen Ar value is well within the range of the most widely 
adopted area replacement ratio, i.e., 5–30% [81, 82].

For the case of inclusion of geofoam layer, although geo-
foam of various densities in the range of 10–35 kg/m3 is 
available commercially, a lightweight geofoam of density 
12 kg/m3 is chosen in this study. This is based on the recom-
mendations of Wang et al. [83], Zarnani and Bathurst [62], 
Athanasopoulos-Zekkos et al. [84], and Khan and Meguid 
[85], who demonstrated that low-density geofoam damp-
ens and reduces the vibrations more effectively due to their 
excellent compressibility and energy absorbing properties. 
In the present study, the thickness of geofoam layer is chosen 
to be 10 mm. Providing a thin layer beyond this thickness is 
difficult in the field as the flexural strength of the geofoam 
is very low and can cause damage during transportation and 
installation.

The details of the test materials used to mitigate liquefac-
tion in sands, along with their properties, are described in 
the subsequent subsections. Figure 2 shows the photographs 
of all the materials employed in the current study for lique-
faction mitigation, along with the unreinforced river sand 
included in Fig. 2a.

Inclusion of Polymeric Geotextile

MacTex, a commercially available nonwoven geotextile of 
nominal thickness 1 mm obtained by needle punching the 
arbitrarily oriented polypropylene fibers and thermally com-
pressing them into sheets, is used in the present study. A 
photograph of the nonwoven geotextile used is presented in 

Table 1   Shape descriptors and physical properties of the river sand

Material Shape descriptors Physical properties

Roundness (R) Sphericity (S) Angularity (A) Specific gravity (Gs) Minimum void ratio (emin) Maximum void ratio (emax)

River sand 0.45 0.85 540 2.61 0.69 0.86

Fig. 2   Materials used: a natural 
river sand; b geotextile; c coir 
fibers; d angular manufactured 
sand used for encased granular 
columns; and e geofoam
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Fig. 2b. Physical properties of the nonwoven geotextile, like 
ultimate tensile strength, mass per unit area, thickness, and 
apparent opening size, are determined as per ASTM D4595 
[86], ASTM D5261 [87], ASTM D5199 [88], and ASTM 
D4751 [89] standards, respectively, and are listed in Table 2.

Mixing of Coir Fibers

Coir fibers obtained by mechanical extraction from the fully 
matured coconuts are procured from a local market. Fig-
ure 2c shows the photograph of the coir fibers used in the 
present study. The average tensile strength of the coir fibers, 
as per ASTM D3822 [90], was determined using a univer-
sal testing machine, and it was found to be 102 MPa. The 
diameter of the coir fibers varied in the range of 65–500 μm. 
Original fiber length varied in the range of 25–250 mm. To 
avoid entanglement of the fibers within the specimen, the 
fiber length was made sure to be less than the lowest dimen-
sion of the specimen by shredding them into shorter lengths. 
A coir fiber content of 0.75% is chosen in the present study.

Providing Encased Granular Columns

The nonwoven geotextile MacTex that is shown in Fig. 2b, 
described in the earlier section, was used for providing 
encasement to the granular columns. Highly angular manu-
factured sand with coarse-sized particles in the size range of 
2.36–4.00 mm obtained by crushing the rock from a nearby 
quarry is used as the infill material for the granular col-
umns. Figure 2d shows the photograph of the manufactured 
sand used. The physical properties and shape descriptors 
are determined for the manufactured sand in line with the 
procedure described earlier for the river sand and are listed 
in Table 3. A square configuration of columns is adopted in 
the present study. The grain size distribution curve of the 
manufactured sand used, along with the microscopic image 
of the particles at 16 × magnification, is presented in Fig. 3.

Inclusion of Geofoam

Geofoams are lightweight fill materials that are commonly 
used as an alternative to the backfill soil. Commercially, 
these are available in the form of prismatic blocks. In the 
present study, prismatic blocks of size 1 × 1 × 0.1 m made 
of expanded polystyrene (EPS) with a density of 12 kg/m3 
are procured from a supplier are used to make geofoam discs 
that are to be used as an inclusion to mitigate liquefaction in 
sands. A photograph of the EPS geofoam blocks is shown in 
Fig. 2e. The physical properties of geofoam are determined 
as per ASTM D1621 [91] and ASTM D3999 [92] standards 
from strain-controlled unconfined static and cyclic uniaxial 
compression tests on geofoam cylinders of 50 mm diam-
eter and 100 mm height. The compressive strength at 10% 
strain, initial tangent modulus, dynamic modulus of elastic-
ity, bulk modulus, and dynamic shear modulus were found 
to be 57.5 kPa, 2.4 MPa, 2660 kPa, 1031 kPa, and 1243 kPa, 
respectively.

Test Methodology

To assess the efficacy of various mitigation techniques under 
consideration, a series of stress-controlled constant volume 
cyclic simple shear tests were performed on unreinforced 

Table 2   Physical properties of the geotextile used

Property Mass per 
unit area 
(g/m2)

Thickness 
(mm)

Apparent 
opening 
size (μm)

Elonga-
tion at 
peak load 
(%)

Ultimate 
tensile 
strength 
(kN/m)

Value 150 1 100 50 7

Table 3   Shape descriptors and physical properties of the manufactured sand

Material Shape descriptors Physical properties

Roundness (R) Sphericity (S) Angularity (A) Specific gravity
(Gs)

Minimum void ratio (emin) Maximum void ratio (emax)

Manufactured sand 0.35 0.63 898 2.66 0.69 0.90

Fig. 3   Grain size distribution of manufactured sand
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sand and sand with different inclusions. The detailed 
description of the cyclic simple shear test setup used, along 
with its specifications, specimen preparation techniques, and 
test program, are presented in this section.

Cyclic Simple Shear Test

Swedish geotechnical and Norwegian geotechnical types are 
the most commonly used cyclic simple shear tests across 
the globe for liquefaction testing. In a Swedish geotechnical 
type, a stack of Teflon-coated rigid rings is used to confine 
the specimen laterally to guarantee at-rest (K0) stress condi-
tions by ensuring zero lateral extension of the specimen [66]. 
Whereas in the case of the Norwegian type, the K0 stress 
condition is established with the help of a wire-reinforced 
latex rubber membrane [93, 94]. The current study uses a 
Swedish geotechnical type of simple shear test setup avail-
able at the Indian Institute of Science Bangalore of GCTS 
USA make that can accept specimens with a diameter of 
100 mm and height of 40 mm. Figure 4 provides a detailed 
description of the various components of the simple shear 
test setup, along with the photographs. Figure 4a shows the 
stack of Teflon rings used. The aspect ratio of the specimen 
is 0.4 (Fig. 4b) and is well within the permissible limits of 
the ASTM D8296 [95] to avoid nonuniform stress distribu-
tions that result from the absence of counter-shear stresses 
on the vertical boundaries.

Dyvik et al. [15] performed simple shear tests both under 
constant volume conditions and truly undrained conditions 
and demonstrated a good agreement between the test results. 
Mao and Fahey [17], Porcino et al. [96], and Zhou et al. 
[66] have also adopted constant volume testing over truly 
undrained testing due to the simplicity of specimen prepara-
tion techniques, and liquefaction tests can be performed on 
completely dry specimens without the need for saturation. 
Constant volume conditions can be achieved either using an 
active or passive height control method. The active height 
control method involves regulating the vertical stress on the 
specimen during shearing to maintain a constant height. In 
the passive height control method, the normal actuator is 
mechanically clamped and restrained from any movement 
during the shearing phase to avoid any change in the speci-
men height.

In the present study, the passive height control method 
is adopted to ensure constant volume conditions. As seen 
in Fig. 4c, both the normal actuator and shear actuator are 
pneumatically controlled and have a loading capacity of 5 
kN each with a maximum displacement stroke of ± 12.5 mm. 
Normal stress (σ) is applied to the specimen with the help of 
normal actuator, and the shear stress (τ) is transferred from 
the shear actuator via the sliding bottom platen with the top 
platen being fixed. Both stress-controlled and strain-con-
trolled tests can be performed, and the test setup is equipped 
with a sophisticated data acquisition system that records 
the data automatically. A close view of a typical specimen 

Fig. 4   Details of the cyclic 
simple shear test setup: a Teflon 
rings; b mould for the speci-
men; c photograph of the test 
setup; and d close-up view of 
the installed test specimen
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prepared for liquefaction testing installed on the sliding plat-
form with linear bearings is shown in Fig. 4d.

Specimen Preparation

The mould for the specimen preparation with an internal 
diameter of 100 mm and height of 40 mm, shown in Fig. 4b, 
is an assembly where the latex rubber membrane is pulled 
over and inflated to the stack of Teflon rings placed on the 
bottom platen of the specimen with vacuum assistance and 
secured with O-rings. The schematic illustration of the 
specimen preparation techniques and the layout of various 
inclusions for different mitigation techniques are presented 
in Fig. 5.

For unreinforced sand specimens, dry pluviation tech-
nique was adopted, wherein predetermined weight of river 
sand is fed into the specimen mould via a hopper from a 
pre-calibrated height of fall corresponding to the required 
relative density. Once the mould is filled with the sand, the 
top surface is leveled, the top platen is placed over it, and the 

latex membrane is pulled onto it and secured with an O-ring, 
as seen in Fig. 5a. For sand specimens with geotextile, one 
layer of nonwoven geotextile of thickness 1 mm is placed 
at the mid-height of the specimen, as shown in Fig. 5b. The 
required amount of river sand is divided into two equal por-
tions and filled into the mould by dry pluviation technique, 
with geotextile being sandwiched between them.

In the case of fiber-reinforced sands, ensuring uniformity 
and homogeneity of coir fibers is crucial for maintaining a 
uniform confinement effect in the sample and attributing the 
results to a specific volume content. Segregation, entangle-
ment, balling up or clumping of the fibers, and tendency to 
drag and align close-to-horizontal orientation during mixing 
oppose our efforts to come up with a homogenous mixture 
[97–100]. To date, there is no standard procedure for pre-
paring fiber-reinforced sand specimens. Most of the studies 
recommend thorough manual or automated mixing of fibers 
with sand having 6 to 10% water content to avoid segrega-
tion and also recommend tamping in layers over the dry 
pluviation method to achieve the desired relative density [77, 

Fig. 5   Schematic illustration 
of the prepared specimens: a 
unreinforced sand; b sand with 
GTX; c sand with CFS; d sand 
with EGC; and e sand with 
GFM
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99, 101, 102]. Also, the uniform distribution of fibers in a 
specimen is verified only by visual inspection [97, 100, 103]. 
Also, based on the estimated number of tests for different 
cyclic stress ratios (CSR), the mixing of fibers with moist 
sand is usually done in a single batch to ensure uniformity 
across the specimens, and then, the mixture is dried and 
stored in bags [78, 101].

Hence, in the present study, the fiber-reinforced sand 
mixture required for the entire set of experiments (with a 
fiber content of 0.75% by weight of sand and different CSR 
values) is prepared in one go in a single batch by thoroughly 
mixing the coir fibers manually with sand having a moisture 
content of 10% to ensure homogeneity and uniformity within 
a specimen and across different specimens. This batch of 
mixture is dried and stored in a container for later usage 
while preparing the specimens. Test specimens are prepared 
at the desired relative density by tamping the required quan-
tity of fiber-reinforced sand mixture into 4 layers of equal 
height, as shown in Fig. 5c.

For the case of encased granular columns, the most com-
monly adopted area replacement ratio (Ar) in engineering 
projects is in the range of 5–30% [81, 82]. Area replacement 
ratio (Ar) is defined as the ratio of cross-sectional area of the 
installed granular columns to the total cross-sectional area of 
the treated soil [65]. Also, several studies demonstrated the 
beneficial effects of a square configuration of columns over 
other patterns due to the grouping action, enhanced stress 
concentration, and additional confinement offered to the 
intervening soil [58, 79, 80]. In the present study, as shown 
in Fig. 5d, four columns of 20 mm diameter and 40 mm 
spacing were installed in a square configuration, which cor-
responds to an area replacement ratio of 16% for a specimen 
of 100 mm diameter. In the field, this corresponds to a test 
site of 2 × 2 m area being reinforced with four encased gran-
ular columns of 0.45 m diameter and 1 m spacing installed 
in a square configuration. Hence the geometric scaling fac-
tor adopted in this study turns out to be 22.5. A geometric 
scaling factor of this order is commonly adopted by several 
other studies for investigating the performance of encased 
granular columns in laboratories [104].

Open-ended tubes made of thin steel sheets with an inner 
diameter of 20 mm equal to the required diameter of the 
granular column were first lined outside with the tight geo-
synthetic encasement tubes made of nonwoven geotextile 
shown in Fig. 2b. These geotextile-encased steel tubes are 
now erected at desired locations in the empty specimen 
mould corresponding to the square configuration, as shown 
in Fig. 5d. Predetermined weight of river sand was then fed 
via hopper using the dry pluviation technique around the 
tubes. Manufactured sand shown in Fig. 2d with particle 
size in the range of 2.36 mm to 4 mm having high angular 
shape features is used as an infill for the granular columns. 
Predetermined weight of manufactured sand corresponding 

to a relative density of 70% is fed into the tubes in four equal 
portions and compacted using a tamping rod of diameter 
5 mm to accommodate each portion in a height of 10 mm. 
After compacting each portion of the manufactured sand to 
a 10 mm-thick layer, the steel tube is gradually withdrawn 
vertically upwards to the next level of compaction with 
minimal disturbances to the geosynthetic encasement. The 
smooth surface of the steel sheet tubes helped in minimized 
the disturbances during their withdrawal. This process is 
repeated till the granular columns reach the full height of 
the specimen.

For sand specimens with geofoam inclusions, EPS geo-
foam of 12 kg/m3 density is used. One layer of geofoam of 
thickness 10 mm is placed at the mid-height of the specimen, 
as shown in Fig. 5e. Geofoam discs of 100 mm diameter and 
10 mm thickness are obtained from the geofoam blocks that 
are shown in Fig. 2e using hot-wire cutting. The required 
amount of river sand is divided into two equal portions and 
filled into the mould by dry pluviation technique, with the 
geofoam disc being sandwiched between the sand layers. 
The relative density of river sand in all the specimens is 
maintained at 30%. The photographs of all the specimens 
during their reconstitution are shown in Fig. 6.

Test Program

The liquefaction potentials of the specimens made from 
unreinforced sand and sand with different inclusions were 
determined by performing a series of stress-controlled con-
stant volume cyclic simple shear tests. Liquefaction testing 
is performed on completely dry specimens without satura-
tion with water under constant volume conditions as per the 
ASTM D8296 [95] standard. This way of testing is the most 
commonly adopted method of determining the liquefac-
tion potential of sands using cyclic simple shear tests [13, 
66, 105, 106]. The prepared specimens are now mounted 
onto the sliding base of the test setup, and an initial effec-
tive normal stress (σ'n_0) is applied to the specimen with 
the help of the normal actuator and left undisturbed till no 
change in the normal linear variable differential transducer 
(LVDT) is observed to ensure complete K0-consolidation of 
the specimen. A target relative density of approximately 30% 
for the river sand is achieved in all the test specimens after 
K0-consolidation. The initial height of the test specimen is 
kept a bit higher than 40 mm, so that after K0-consolidation, 
the relative density of the specimen reaches 30% for the 
final specimen dimensions of 100 mm diameter and height 
of 40 mm. Several studies adopted relative densities in the 
range of 20–50% to prepare loose specimens for liquefac-
tion testing [107, 108]. The 30% relative density chosen in 
this study is well within this range. Later, the specimen was 
sheared cyclically at a constant frequency of 0.20 Hz under 
stress-controlled constant volume conditions with the help of 
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the shear actuator, while the normal actuator was mechani-
cally clamped during shearing. Although earthquakes radiate 
seismic waves within the frequency of 0.01–10 Hz, most of 
the element testing for determining the liquefaction potential 
of sands was conducted within a low-frequency range of 
0.1–1 Hz [13, 105, 109]. This is done to avoid discrepan-
cies in the recording of pore pressures and ensure enough 
time for the stabilization and uniform distribution of the pore 
pressure within the test specimens. The frequency value used 
in the study corresponds to a low-frequency earthquake.

The building up of pore pressure during cyclic shear-
ing decreases the effective normal stress during any cycle 
Nc (σ'n_Nc) that is holding the grain contacts gradually as 
the shearing continues. After a certain number of cycles, 
the effective normal stress (σ'n_Nc) drops to zero with the 
grain contacts being completely broken, and the speci-
men is treated to be completely liquified at this stage. The 
number of cycles needed for complete liquefaction (Nf) is 
recorded for each test specimen and is related to its liq-
uefaction resistance. Higher the value of Nf, greater is the 
liquefaction resistance of the specimen. Pore pressure ratio 
(ru), which is defined as the ratio of excess pore pressure 
(σ'n_0–σ'n_Nc) to the initial effective normal stress (σ'n_0), 
is the most commonly used parameter in the liquefaction 
studies. The value of ru becoming unity indicates complete 
liquefaction. The ratio of applied cyclic shear stress (τ) to 
the initial effective normal stress (σ'n_0) is referred to as the 
cyclic stress ratio (CSR). Four cyclic stress ratios (CSR) in 
the range of 0.125–0.250 are chosen for obtaining the liq-
uefaction resistance curves for the unreinforced sand and 

sand with different inclusions. The CSR values adopted 
for liquefaction testing in the present study are within the 
range of 0.1 to 0.5, which are commonly used by sev-
eral researchers for determining the liquefaction resist-
ance of reinforced sands [108, 110]. Different CSR values 
are adopted for unreinforced sand and sand with different 
inclusions as they have different liquefaction resistances. 
This way of choosing different CSR values for sands with 
different inclusions to obtain liquefaction resistance curves 
is also adopted in many earlier studies in the literature [34, 
76]. Table 4 presents the summary of cyclic simple shear 
tests performed along with the recorded Nf values for each 
test. The values of Nf obtained for sand with various inclu-
sions are in line with the values obtained by earlier studies 
on liquefaction resistance of unreinforced and reinforced 
sands [34, 66, 105].

Results and Discussion

To evaluate the effectiveness of the considered techniques 
for liquefaction mitigation, test results from the cyclic sim-
ple shear tests on unreinforced sand and sand with differ-
ent inclusions are compared and interpreted in terms of 
the liquefaction resistance curves, pore pressure response, 
shear strain accumulation, stress–strain response, modulus 
degradation, stress path followed, and strain energy dis-
sipated, in this section.

Fig. 6   Photographs of the speci-
mens during reconstitution: a 
unreinforced sand; b sand with 
GTX; c sand with CFS; d sand 
with EGC; and e sand with 
GFM
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Liquefaction Resistance Curves and Pore Pressure 
Response

Stress-controlled constant volume cyclic simple shear tests 
were performed on specimens made from unreinforced sand 
and sand with different inclusions with four different CSR 
values ranging from 0.125 to 0.250, and the liquefaction 
resistance of the materials is expressed in terms of the num-
ber of cycles (Nf) needed for complete liquefaction of the 
specimen. The specimens are treated to be liquefied when 
the ru value becomes unity (i.e., effective normal stress 
becomes zero). The plots between CSR and corresponding 
Nf values are referred to as the liquefaction resistance curves. 
Saxena et al. [111] correlated CSR with Nf by performing 
regression analysis on large test data from simple shear 
tests, as shown in Eq. 1, where a and b are the regression 
coefficients

This equation was adopted in several studies to obtain 
the liquefaction resistance curves [34, 77]. The values of Nf 
for corresponding CSR values from all the tests performed 
are listed in Table 4. The liquefaction resistance curves for 
the unreinforced sand and sand with different inclusions are 
shown in Fig. 7, and the associated regression coefficients 
a and b for the tested materials with a coefficient of deter-
mination (R2) greater than 0.95 are summarized in Table 5. 

(1)CSR = a × Nf
−b

From Fig. 7, it can be seen that there is a good agreement 
between the test data and the Saxena et al. [111] model for 
the liquefaction resistance curves.

The effectiveness of the various mitigation techniques 
adopted in the current study is brought out by comparing the 
test results of specimens made from unreinforced sand and 
sand with different inclusions subjected to the same cyclic 
shearing at a frequency of 0.2 Hz with a CSR value of 0.175. 
The pore pressure response of the different test specimens 
for this loading is presented in Fig. 8. It shows the variation 
of the pore pressure ratio (ru) as the cycles progress. It can 
be seen that the unreinforced sand specimen liquefied in nine 
cycles as the ru value reached unity. Whereas the number of 
cycles (Nf) needed for liquefaction was found to be 30, 65, 
126, and 265 cycles, respectively, for sand specimens with 
GTX, CFS, EGC, and GFM. The inclusion of one layer of 
nonwoven geotextile increased the liquefaction resistance by 
233%. Mixing of 0.75% coir fibers increased the liquefac-
tion resistance by 622%. Providing four encased granular 
columns of 20 mm diameter each, in a square configura-
tion, gave an improvement in the liquefaction resistance by 
1300%. Whereas the inclusion of one layer of 10 mm-thick 

Table 4   List of cyclic simple shear tests conducted

S. no Material CSR Nf

1 Unreinforced sand 0.125 94
2 Unreinforced sand 0.1375 68
3 Unreinforced sand 0.15 29
4 Unreinforced sand 0.175 9
5 Sand with GTX 0.125 342
6 Sand with GTX 0.15 82
7 Sand with GTX 0.175 30
8 Sand with GTX 0.20 15
9 Sand with CFS 0.125 490
10 Sand with CFS 0.15 260
11 Sand with CFS 0.175 65
12 Sand with CFS 0.20 28
13 Sand with EGC 0.125 620
14 Sand with EGC 0.15 300
15 Sand with EGC 0.175 126
16 Sand with EGC 0.20 80
17 Sand with GFM 0.15 530
18 Sand with GFM 0.175 265
19 Sand with GFM 0.20 130
20 Sand with GFM 0.25 34

Fig. 7   Liquefaction resistance curves of the tested materials

Table 5   Coefficients a and b of the liquefaction resistance curves for 
the tested materials

Material CSR = a × Nf
−b

a b

Unreinforced sand 0.24 0.13
Sand with GTX 0.30 0.15
Sand with CFS 0.33 0.15
Sand with EGC 0.50 0.21
Sand with GFM 0.44 0.16
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geofoam of density 12 kg/m3 provided a maximum improve-
ment in the liquefaction resistance by 2840% when com-
pared with that of the unreinforced specimen.

Accumulation of Shear Deformations

During the liquefaction, as the specimen loses its shear 
strength, the shear deformations start accumulating rapidly 
in the specimen. This shear strain accumulation during liq-
uefaction is responsible for the damages like lateral spread-
ing. Hence, when proposing a mitigation technique, their 
ability to arrest these shear strains (γ) is of utmost impor-
tance from the perspective of serviceability [66]. The shear 
deformation in the test specimen is measured by the shear 
LVDT of the test setup, and the shear strain in Fig. 9 is the 
ratio of shear displacement to the height of the test speci-
men. In this study, liquefaction tests were performed under 
constant volume conditions using passive height control 
method. Hence, there is no change in the height and volume 
of the test specimen. Hence, the volumetric strain in the test 
specimens is zero.

Figure 9 presents the shear strain accumulations in the 
specimens constituted with unreinforced sand and sand with 
different inclusions when subjected to identical cyclic load-
ing of CSR 0.175. It can be seen that all the suggested miti-
gation techniques were able to arrest the shear deformations 
for a large number of cycles when compared to that of the 
unreinforced specimen. However, the maximum benefit in 
controlling the shear strains is obtained with the inclusion of 
the geofoam layer. For instance, let us consider the number 
of cycles (NDA_5%) needed for the specimen to accumulate 
a double-amplitude shear strain (γDA) of 5%. It can be seen 
that the NDA_5% values were found to be 7, 24, 43, 111, and 
249 cycles, respectively, for unreinforced sand, sand with 

GTX, CFS, EGC, and GFM inclusions. The ability to arrest 
the shear deformations increased by three times for the case 
of sand with geotextile inclusion. Whereas it is around 6, 
15, and 35 times, respectively, for the case of sand with coir 
fibers, encased granular columns, and geofoam inclusions.

The bulk modulus of geofoam was measured as 1031 kPa. 
Although geofoam is deformable, due to constant volume 
conditions being imposed on the test specimen, there is no 
volumetric strain in the geofoam inclusions during cyclic 
shearing. The building up of pore pressures during liquefac-
tion reduces the effective stresses that are holding the grain 
contacts. This results in the reduction of shear strength of the 
material and leads to the accumulation of larger shear strains 
for the same applied cyclic shear stress. Since the inclusion 
of geofoam prevents the development of pore pressures for 
large number of cycles, as shown in Fig. 8, the rate of reduc-
tion in effective stress that is holding the grain contacts is 
much slower when compared to other techniques adopted 
in this study. Hence, the strain accumulation in the case of 
specimens with geofoam inclusions is much less when com-
pared to other techniques used in the present study.

Stress Path Response

During liquefaction testing, the effective normal stress (σ'n) 
drops continuously due to the build-up of pore pressure 
in the specimen. As a result, once the specimen liquefies, 
it cycles around the critical state line with minimal shear 
strength. Stress paths are very helpful in tracing the stresses 
on the specimen during cyclic shearing. The normalized 
stress path, i.e., CSR vs. normalized effective normal stress 
being followed by all the test specimens during the eighth 
cycle of the cyclic loading with a CSR value of 0.175, is 

Fig. 8   Pore pressure response of the specimens (CSR of 0.175)
Fig. 9   Shear strain accumulation in the specimens (CSR of 0.175)
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shown in Fig. 10. Normalized effective normal stress is 
defined as the ratio of effective normal stress on the speci-
men during the current cycle Nc (σ'n_Nc) to the initial effec-
tive normal stress (σ'n_0). It can be seen that the unreinforced 
specimen reached the critical state with normalized effective 
normal stress being dropped to almost zero. The liquefaction 
mitigation techniques adopted in this study delayed the spec-
imen from reaching its critical state. This is evident from 
the fact that the normalized effective normal stress dropped 
only to a value of 0.49, 0.55, 0.68, and 0.75, respectively, for 
sand with GTX, CFS, EGC, and GFM inclusions after eight 
cycles of shearing. Geofoam delayed the effective normal 
stress reduction on the specimen by a maximum extent when 
compared to other techniques.

Stress–Strain Response and Modulus Degradation

Secant shear modulus (Gsec) is an important parameter in 
designing soil structures subjected to dynamic loads. This 
is usually obtained from the stress–strain response of the 
specimen. ASTM D8296 [95] adopts the usage of Eq. 2 for 
obtaining the secant shear modulus of the specimen from 
cyclic simple shear tests, where τa and τb are the maximum, 
and minimum cyclic shear stresses and γa and γb are the cor-
responding shear strains. The cyclic shear stress (τ) is the 
product of CSR and the initial effective normal stress (σ'n_0)

Figure 11 shows the normalized stress–strain response 
of the unreinforced sand and sand with different inclusions 
during a particular cycle of loading during cyclic shearing 

(2)Gsec =
�a−�b

�a−�b

with a CSR of 0.175. All the materials showed a hysteretic 
response, while the loops widened more rapidly in the case 
of unreinforced sand. It can be seen from Fig. 11 that the 
hysteresis loop of unreinforced sand is spread over large 
shear strains in the range of − 3.5 to 4.25% during the 8th 
cycle. For sand with GTX inclusion, the loop is spread from 
− 3.3 to 2.0% shear strains during the 24th cycle. Whereas 
for the case of sand with CFS, the 50th cycle loop is within 
the bounds of − 2.2 to 1.5% shear strains. These bounds are 
− 2.0 to 1.0% for the 80th cycle in the case of sand with 
EGC. Even after 150 cycles of shearing, the hysteresis loops 
are within the bounds of − 1 to 0.75% shear strains for the 
case of sand with GFM inclusion. These findings suggest 
that the shear modulus degradation is more rapid in the case 
of unreinforced sand.

During the undrained cyclic shearing, the secant shear 
modulus (Gsec) drops continuously as the positive pore pres-
sure builds up. This degradation of Gsec during liquefaction 
can be quantified using the degradation index (δ) coined by 
Idriss et al. [112] and can be computed using Eq. 3, where 
Gsec_Nc is the secant shear modulus during the current cycle 
(Nc), and Gsec_1 is the secant shear modulus during the first 
cycle. Several studies have adopted this parameter δ to quan-
tify the cyclic stiffness degradation in unreinforced and rein-
forced specimens [77, 113, 114],

The cyclic stiffness degradation quantified in terms of 
the degradation index (δ) for the unreinforced sand and sand 
with different inclusions during the cyclic shearing with an 
amplitude of CSR 0.175 is shown in Fig. 12. The liquefac-
tion mitigation techniques that are considered in the present 

(3)� =
Gsec _Nc

Gsec _1

Fig. 10   Stress path followed by the specimens during the eighth cycle 
of shearing (CSR of 0.175)

Fig. 11   Stress–strain response of the specimens for a particular cycle 
of shearing (CSR of 0.175)
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study were able to delay the shear modulus degradation, with 
the maximum benefit in the case of sand with GFM inclu-
sion. For the cyclic secant shear modulus to drop by 50% of 
its initial value (i.e., to reach a δ value of 0.5), the number of 
cycles required (Nδ_0.5) was found to be 6, 24, 45, 115, and 
231 cycles, respectively, for unreinforced sand, sand with 
GTX, CFS, EGC, and GFM inclusions. Shear modulus and 
its degradation are extremely crucial for designing the rein-
forced geostructures. The detailed quantitative description 
of the degradation of shear modulus and the comparisons 
made in this section are beneficial to practicing engineers 
in selecting suitable techniques depending on the stiffness 
requirements of the soil structures.

Dissipation of Strain Energy

The grain contacts are broken during liquefaction by con-
suming tremendous strain energy. The liquefaction resist-
ance of a specimen is directly proportional to the cumulative 
strain energy dissipated per unit volume of the test specimen 
(ΔW) during cyclic shearing. The amount of strain energy 
dissipated (ΔW) in a cycle is essentially equal to the area 
inside the hysteresis loop [115, 116]. ΔW at any point ‘i’ 
during the shearing with a total of ‘n’ data points can be 
computed using Eq. 4, which was developed by Figueroa 
et al. [115], where τ and γ are the associated shear stresses 
and strains. Equation 4 essentially calculates the area inside 
the hysteresis loop irrespective of the nature of the loop 
[116]. Several studies have verified and adopted this equa-
tion for determining the strain energy consumed during liq-
uefaction irrespective of the nature of the hysteresis loops 
[51, 117–124]. Figure 13 presents the normalized dissipated 
strain energy (i.e., the ratio of ΔW computed from Eq. 4 to 

the initial effective normal stress) in the case of unreinforced 
sand and sand with different inclusions during cyclic shear-
ing with a CSR value of 0.175

It can be seen from Fig. 13 that the amount of normal-
ized strain energy needed for the unreinforced specimen to 
break all the grain contacts and liquify is only 42. Whereas 
with the provision of additional inclusions, the amount of 
normalized strain energy needed to be dissipated before liq-
uefaction increased, with a maximum value for the case of 
sand with GFM inclusion. The normalized strain energies 
dissipated before liquefaction were found to be 120, 248, 
389, and 677, respectively, for sand with GTX, CFS, EGC, 
and GFM inclusions.

Governing Mechanisms and Practical Implications

In the present study, the improvement in the liquefaction 
resistance of sand was found to be 233%, 622%, 1300%, 
and 2844%, respectively, for sand with GTX, CFS, EGC, 
and GFM. Krishnaswamy and Isaac [76], Altun et al. [41], 
Moayed and Alibolandi [125], and Su et al. [126] reported 
an improvement in the liquefaction resistance of 275%, 
200%, 275%, and 180%, respectively with the inclusion of 
nonwoven geotextile. The observed 233% improvement with 
the inclusion of nonwoven geotextile falls in line with these 
previously reported values. Based on the type of fiber and 
sand used, Noorzad and Amini [127], Chegenizadeh et al. 

(4)ΔW =

n−1
∑

i=1

1

2

�

�i + �i+1
��

�i+1 − �i
�

Fig. 12   Secant shear modulus degradation in the specimens (CSR of 
0.175) Fig. 13   Normalized dissipated energy in the specimens during cyclic 

shearing (CSR of 0.175)
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[128], Ghadr et al. [129], Zhang et al. [101], Rasouli and 
Fatahi [77], and Zhou et al. [66] reported an increase in 
the liquefaction resistance by 275%, 160%, 206%, 820%, 
825%, and 655%, respectively. The observed 622% increase 
in the liquefaction resistance is well within this previously 
reported range. Studies on the inclusion of encased granular 
columns for liquefaction mitigation are based on the model 
tests like shaking table and centrifuge tests and talks only 
about the qualitative improvement in the response in terms 
of the reduction in the lateral displacements [65, 130–132]. 
No study was performed till date to quantify the actual 
improvement in the liquefaction resistance of sands using 
this technique. This study quantified the improvement in the 
liquefaction resistance using encased granular columns to be 
1300%. Till date, no study explored the inclusion of geofoam 
layer for liquefaction mitigation. Present study explored this 
gap in the literature and an improvement in the liquefaction 
resistance using geofoam inclusion was found to be 2844%. 
Results from the present study confirm the potential applica-
tion of geofoam inclusions for liquefaction mitigation.

Figure 14 compares the effectiveness of various tech-
niques adopted in this study for liquefaction mitigation, 
where Nf, NDA_5%, and Nδ_0.5 represent the number of cycles 
required, respectively, for complete liquefaction, double-
amplitude shear strain accumulation of 5%, and modulus 
degradation by 50%. Also, it shows the normalized dissi-
pated strain energies (ΔW/σ'n_0) for each technique adopted. 
Overall, it can be seen from Fig. 14 that the proposed mitiga-
tion techniques, i.e., the inclusion of geotextile, mixing of 
coir fibers, providing encased granular columns, and inclu-
sion of geotextile, have shown positive outcomes in terms 
of increasing the liquefaction resistance by increasing the 
amount of cumulative strain energy to be dissipated. Also, 
they helped in delaying the building up of pore pressures, 
accumulation of shear strains, and modulus degradation. 
The improved capacity to resist liquefaction is attributed to 
the increase in confinement by the action of interface shear 
strength, which induces apparent cohesion in the case of 

sand with geotextile, higher resistance offered to the lat-
eral movement of soil particles in the case of sand with coir 
fibers, increase in the stiffness of the intervening soil for 
the case of sand with encased granular columns, and higher 
compressibility and energy absorption characteristics in the 
case of sand with geofoam. Figure 15 presents the sche-
matic illustration of these internal mechanisms governing 
the improved response in different techniques adopted in 
the present study.

As seen in Fig.  15a, in the case of specimens with 
geotextile inclusions, the shear stresses developed at the 
sand–geotextile interfaces mobilize the tensile strength of 
the geotextile. This results in an increase in the confinement 
and prevents the lateral rearrangement of particles, thereby 
improving the liquefaction resistance of sand. In the case of 
sand reinforced with coir fibers, the improved liquefaction 
resistance is contributed by the additional 3D confinement 
provided by the tensile forces developed in the coir fibers. 
The tensile strength of coir fibers gets mobilized due to the 
pull exerted by the sand particles upon cyclic shearing, as 
shown in Fig. 15b. The governing mechanism responsible 
for the improved response in the case of sand with encased 
granular columns is demonstrated in Fig. 15c. Due to modu-
lus contrast, the normal stress shared by the columns (σc) 
is much higher compared to the normal stress on the sand 
(σs), causing stress concentration in granular columns. The 
improved liquefaction resistance is a collective result of 
grouping action, stress concentration, and additional con-
finement provided by the columns to the intervening soil. 
As shown in Fig. 15d, in the case of sands with geofoam 
inclusions, geofoam absorbs the strain energy and dampens 
the cyclic stress amplitude τcyc, thereby delaying the build-
ing up of pore pressure. The excellent energy absorption 
characteristics and ability to dampen the vibrations put the 
geofoam inclusions one step ahead of the other techniques 
adopted in the present study for liquefaction mitigation.

It is acknowledged that these methods are suitable only 
for new constructions to be built with high liquefaction 

Fig. 14   Comparison of perfor-
mance of various liquefaction 
mitigation techniques adopted
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resistance. The performance of these methods follows the 
order of Geofoam > Encased granular columns > Coir fib-
ers > Geotextile. Geofoam inclusion showed the maximum 
benefit for liquefaction mitigation among all the methods 
considered. Geofoam is a highly durable material that 
can withstand a range of environmental conditions and 
can maintain its performance over a long period of time. 
This reduces the need for frequent maintenance or replace-
ment, resulting in a lower environmental impact. The use 
of geofoam can reduce the need for natural resources such 

as soil or rock, which are typically used in construction. 
This reduces the environmental impact associated with the 
extraction, transportation, and processing of these materi-
als. Geofoam is a lightweight material, which means that it 
requires less energy to transport and install. Geofoam is not 
biodegradable, but it can be recycled at the end of its service. 
Hence, the use of geofoam can be an environmentally sound 
choice in comparison to the other techniques. Test results 
from this study are beneficial for practicing geotechnical 
engineers and can be directly applied in the field to choose 

Fig. 15   Schematic illustration 
of the governing mechanisms 
for the improved response in 
each technique
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and implement a suitable sustainable liquefaction mitigation 
technique with the help of these materials depending upon 
the desired improvement to be achieved.

Conclusions

The present study examines the efficacy of various sustain-
able techniques like the inclusion of geotextile (GTX), mix-
ing of coir fibers (CFS), providing encased granular columns 
(EGC), and inclusion of geofoam (GFM) for mitigating 
liquefaction in sands through a series of stress-controlled 
constant volume cyclic simple shear test. Tests were con-
ducted on specimens reconstituted with unreinforced sand 
and sand with different inclusions, and the results were com-
pared and interpreted in terms of the pore pressure response, 
shear strain accumulations, modulus degradation, and strain 
energy dissipated. The following major conclusions can be 
drawn from these comparisons:

•	 All the sustainable mitigation techniques considered 
in this study were able to improve the performance of 
sand against liquefaction. However, their efficacies were 
found to be different. A suitable method for the desired 
improvement in the response can be chosen accordingly.

•	 For cyclic loading with a cyclic stress ratio (CSR) of 
0.175, the number of cycles (Nf) needed for liquefaction 
(i.e., pore pressure ratio reaching a value of unity) was 
found to be 9, 30, 65, 126, and 265 cycles, respectively, 
for unreinforced sand, sand with GTX, CFS, EGC, and 
GFM inclusions. Liquefaction resistance increased by 
233, 622, 1300, and 2840%, respectively, for sand with 
GTX, CFS, EGC, and GFM inclusions.

•	 The proposed methods were able to arrest the shear defor-
mations in the specimen. This can be helpful in avoiding 
lateral spreading and its associated deformations during 
liquefaction. For a CSR of 0.175, the number of cycles 
needed for 5% double-amplitude shear strain (NDA5%) was 
found to be 7, 24, 43, 111, and 249 cycles, respectively, 
for unreinforced sand, sand with GTX, CFS, EGC, and 
GFM inclusions. Geofoam increased the ability to arrest 
the shear deformations in the specimen by 35 times when 
compared to that of the unreinforced sand.

•	 Secant shear modulus (Gsec) degradation was found to 
be delayed with the help of all the techniques adopted 
in this study. For a CSR of 0.175, the number of cycles 
needed for the shear modulus to drop to half of its initial 
value was found to be 6, 24, 45, 115, and 231 cycles, 
respectively, for unreinforced sand, sand with GTX, CFS, 
EGC, and GFM inclusions. Maximum retardation in the 
degradation of Gsec was found to be in the case of sand 
with GFM inclusion.

•	 The strain energy dissipated (ΔW) during cyclic shear-
ing was found to be 5, 15, 29, 55, and 91 kJ/m3, respec-
tively, for unreinforced sand, sand with GTX, CFS, 
EGC, and GFM inclusions. This shows that breakage 
of grain contacts is more difficult in the case of rein-
forced test specimens. Sand specimens with geofoam 
as inclusion required the maximum amount of strain 
energy to break the grain contacts highlighting its 
ability to improve the liquefaction resistance by many 
folds when compared to other techniques.

•	 The improved ability to resist liquefaction is attributed 
to higher compressibility and energy absorption char-
acteristics in the case of geofoam, increased stiffness 
of the intervening soil in the case of encased granular 
columns, higher resistance to lateral movement of par-
ticles in the case of coir fibers, and increase in confine-
ment by the action of interface shear strength which 
induces apparent cohesion in case of geotextile.

•	 Overall, the efficacy of the adopted inclusions fol-
lows the order of Geofoam > Encased granular col-
umns > Coir fibers > Geotextile. Test results from this 
study are helpful for practicing engineers to choose and 
implement these techniques to improve the capacity 
building of soil structures against liquefaction.
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