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In this study, the damping responses of uniform soil, equi-proportional fly ash, and local soil as a single
unit were investigated. The large-strain cyclic triaxial tests were performed for the specimen compacted
at the desired density (95%e99% of maximum dry density). The compacted specimens were tested under
the loading frequency of 0.3e1 Hz with medium confinement of 70e100 kPa. Also, the unsymmetrical
behavior of the hysteresis loop was analyzed using three different damping estimation approaches, i.e.
symmetric hysteresis loop (SHL), asymmetric hysteresis loop (ASHL), and the modified American Society
for Testing and Materials (ASTM) method. The outcome of the study shows for fly ash, local soil, and
layered soil-ash, the ASHL technique has the highest damping value, followed by ASTM and then the SHL
approach. The specimens prepared under high density and subjected to high confinement show low
damping values. However, the specimens tested at high frequency exhibits high damping behavior.
Similarly, the damping value of fly ash determined using the SHL and ASHL methods has a similar profile
and reaches a maximum at 1% shear strain value before decreasing. The composite stratified deposit
exhibits more dependency on relative compaction, confining pressure, and less on loading frequency.
Based on the results, it is highly recommended to use the ASHL approach, especially under large strain
conditions irrespective of soil type. The maximum damping ratio of stratified deposits is always in be-
tween the damping ratio of local soil and fly ash. The damping ratio of stratified soil and local soil is
slightly larger than that of the other soils, although the damping ratio of fly ash is equivalent to that of
the sand and clayey soil. These results may be helpful in the accurate determination of the damping
properties of the layered soil-ash system that is required in the seismic response analysis.
� 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The coal ash produced by thermal power plants is a key source
of concern after municipal solid waste. Despite having the second-
largest coal production position and fifth-largest coal reserves, In-
dia is not able to meet the current power demand from the coal
produced. In the year 2020, about 729 million tonnes of coal were
produced and 247 million tonnes were imported (Ministry of Coal,
2020). The total electricity produced from the use of coal is
attributed to the generation of 2.6 million tonnes of ash per day
(CAE, 2021). A thermal power plant with a capacity of 2000 MW
will produce roughly 13,200 tonnes of ash per day, with 2200
ty).
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).
tonnes of bottom ash and 11,000 tonnes of fly ash (Naresh, 2010).
The fly ash generated in 2020e2021 was around 232.56 million
tonnes (CAE, 2021) which is projected to be 600 million tonnes by
the year 2032 (Tipraj et al., 2019). These generated coal ashes are
usually disposed of in the pond near the thermal power plants in
slurry form. The slurry of coal ash deposited in a single period of
supply is roughly about 2e5 cm thick homogeneous layers
(Ishihara et al., 1980). The continuous supply of alternate slurry
layers results in the stratification of coal ash deposits that ulti-
mately leads to the formation of a heap of several meters. Due to
the high moisture content, the created heaps are prone to lique-
faction and collapse after an earthquake. In the recent decade
(2010e2020), 76 coal ash pond accidents occurred as a result of ash
dike failure and pipe bursting delivering ash slurry (Shah and
Narayan, 2020). The ash pond failures significantly affect the sur-
face water bodies, agricultural lands, property, health of humans
and animals, etc.
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Table 1
Summary of the past literature associated with stratified/layered deposit.

Source Soil type Preparation method Parameters Key findings

f (Hz) sc
0 (kPa)

Ishihara et al. (1980) Tailing materials Pluvial spreading through air;
Pluvial spreading through air with tapping;
Pluvial spreading through air with vibratory compaction

1 50 or 100 Non-plastic fine tailing shows
lower strength than that of
plastic tailing having PI of 15
e20

Fiegel and Kutter (1994) Layered silt and sand Dry pluviation through air (centrifuge model tests) 1 The development of pore
pressure in layered soil deposits
differs from the generation of
pore pressure in uniform soil
deposits

Amini and Sama (1999) Stratified sand-silt-gravel Moist tamping (homogeneous);
Sedimentation (stratified)

100 For both uniform and stratified
soil conditions, increasing the
silt content increases the
liquefaction resistance of sand-
silt-gravel combinations

Amini and Qi (2000) Stratified silty sands Moist tamping;
Wet pluviation

50e250 The sample prepared for
uniform and stratified soil
shows dissimilar soil fabric but
that results in not significant
variation in liquefaction
resistance

Konrad and Dubeau (2003) Stratified sand-silt Pluviation under water 0.2 100 Layering caused a substantially
lower cycle resistance than
either of the materials in
undrained cyclic triaxial testing
on stratified sand-silt samples

Amini and Chakravrty (2004) Layered sand-gravel Pluviation through air (homogeneous);
Wet pluviation (layered soil)

50e250 For both homogeneous and
layered sand-gravel composite,
the liquefaction resistance
decreases with increase in
confining pressure

Yoshimine and Koike (2005) Stratification of clean due to segregation Air pluviation method 0.1 100 Under the same modified
relative density, the uniformly
deposited material expresses
lower resistance to liquefaction
than that of stratified one

Jia and Wang (2013) Stratified sand with silt content Water sedimentation method 1 100 The liquefaction resistances of
layered sands are significantly
influenced by the thickness of
the silt seam sandwiched in the
sand samples

Ayoubi and Pak (2017) Nevada sand Air pluviation method 1e10 96 The settlement induced due to
liquefaction increases with the
width of the footing

Jin et al. (2018) Tailing materials Slurry method 2 The tailings dam failure lacks a
clearly visible slip surface, but
the failure mode reveals overall
sliding

Xiu et al. (2020) Fine and powdery sandy particles Soil sedimentation 1 50 The thickness of the powdery
interlayer has a nonlinear
relationship with the cyclic
loading necessary for
liquefaction

Note: f - frequency, sc0 - effective confining pressure.
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In the present scenario, the major challenging task for
geotechnical engineers is to recommend various techniques for the
bulk utilization of coal ash. This will be feasible only after knowing
the basic/fundamental properties and the response of coal ash
under static and dynamic loading conditions. Many of the past
studies covered the evaluation of the engineering properties of coal
ashes. However, sustainable and better performance of the struc-
tures resting on coal ash requires thorough investigation prior to its
field applications. Therefore, it is significant to perform ground
response analysis that will render the site’s natural periods, ground
motion amplification, response spectra, liquefaction potential, and
seismic stability of slopes (Govindaraju et al., 2004). Since the
disposal of coal ash forms a stratified/layered structure, hence its
response must be evaluated thoroughly. The factors on which the
ground response analysis depends are motion frequency (base), the
geometry of the deposit, properties of the material, etc. (Sitharam
and Anbazhagan, 2008). For the safe design of geotechnical struc-
tures on stratified deposits under seismic conditions, the response
spectrum of several layers should be determined (Kumar and Dey,
2015). In order to accomplish ground response analysis, it is
necessary to evaluate its dynamic properties. The dynamic prop-
erties such as maximum shear modulus (Gmax), dynamic shear
modulus (G), and damping ratio (D) used for the response analysis
must be presented in the form of a modulus reduction curve (G/
Gmax versus g) and damping ratio curve (D versus g) (Chen et al.,
2007; Kumar et al., 2017; Puri et al., 2020).

Past studies mostly examined the dynamic properties of
reconstituted homogeneous samples and two mixed coal ash ma-
terials (Jakka et al., 2010; Liao et al., 2012; Yoshimoto et al., 2014;
Mohanty and Patra, 2016; Chattaraj and Sengupta, 2017; Reddy
et al., 2020). Layered/stratified soil structures generally exist in
the form of tailings dams, alluvial and hydraulic fill deposits, the
foundation of buildings, sedimentary strata, lacustrine, marine
deposits, and pavement subgrade layers (Amini and Chakravrty,
2004; Xiu et al., 2020). The use of dynamic properties evaluated
from the homogeneous soil for stratified deposits may lead to
erroneous results (or may overestimate/underestimate). The dy-
namic failure mechanism of the stratified deposit is significantly
different from that of a homogeneous deposit, which has been
properly explained by Fiegel and Kutter (1994) by employing the
centrifugemodel test. It has been observed from themodel test that
an apparent water gap was generated between two layered soils
during liquefaction. Due to the increase in pore pressure, the
apparent water at the interface develops the tendency to counter-
balance the overburden pressure. This results in zero effective
stress condition that ultimately fails the overlying layer and high-
velocity flow occurs. Various studies focus on the liquefaction
characteristics of sand-silt-gravel composite, stratified silty sands,
Ottawa sand-silica silt, sand-gravel composite, segregated sand
particle’s stratification, stratification of coarse and fine sand, etc.
(Amini and Sama, 1999; Amini and Qi, 2000; Konrad and Dubeau,
2003; Amini and Chakravrty, 2004; Yoshimine and Koike, 2005;
Jia andWang, 2013; Ayoubi and Pak, 2017; Jin et al., 2018; Xiu et al.,
2020). Also, a summary of past literature on the dynamic studies of
stratified soil deposits is listed in Table 1.

The damping ratio exhibits a greater degree of change than the
dynamic shear modulus, particularly under high strain. Therefore,
it is important to ascertain the damping behavior of soil that has
been subjected to a load that produces high strain. Bender element
test, resonant column test, and cyclic triaxial test are normally used
under very small (<10�6), small tomedium (10�6 to 10�3), and high
strain (>10�3) conditions, respectively (Ingale et al., 2017). Kalinski
and Wallace (2011) observed a high damping value for fly ash
compared to typical soils due to its soft nature and determined the
shear wave velocity in the range of 110e150 m/s for fly ash.
However, Saride and Dutta (2016) stabilized the expansive soil with
fly ash and found a decrement in damping behavior with the
increment of fly ash. The higher damping was generally due to the
rearrangements of particles and a high tendency of particle slip-
page (Fahoum et al., 1996). Chattaraj and Sengupta (2017) consid-
ered both the resonant column and cyclic triaxial tests to determine
the damping ratio of fly ash and sand. Regardless of the confining
pressure, it was discovered that the damping ratio of sand is always
greater than that of fly ash. Most of the studies were primarily
focused on the damping characteristics of sand. Hardin (1965)
stated that loading frequency has a significantly lower impact on
the damping characteristics as compared to other parameters. Ac-
cording to Kokusho (1980), soil damping is more likely to be hys-
teretic than viscous. Similarly, Borden et al. (1996) observed an
increasing trend of damping value with the increment in the shear
strain at a faster rate for clay and a slower rate for sand. Also, the
influence of shear strain is more promising than the confining
pressure on damping magnitude. Santos and Correia (2000)
demarcated the damping versus shear strain plot into two parts
(linear threshold and volumetric threshold shear strain) to identify
the initiation of nonlinear behavior. The linear elastic range is
supposed to have zero energy dissipation (Zhang et al., 2005). Paul
and Dey (2007) found that the damping ratio is inversely propor-
tional to the effective confining pressure. This inverse relationship
exists due to the increase in stiffness of the specimen with the in-
crease in effective confining pressure (Kumar et al., 2017). The
damping versus shear strain plot will shift down-rightward with
the gradual increase of confining pressure (Dammala et al., 2017).

The damping ratio is commonly estimated using a symmetric
hysteresis loop (SHL) formed in the shear stress versus shear strain
plot. In the cyclic triaxial test, the SHL gets converted into an
asymmetric hysteresis loop (ASHL), especially under large shear
strain observed in various studies (Kokusho, 1980; Jaya et al., 2012;
Kumar et al., 2017). A “spindle-shaped” hysteresis loop was
observed at a small strain, whereas an “S-shaped” hysteresis loop
was observed under a large strain, according to Nogami et al.
(2012). Kumar et al. (2017) incorporated the ASHL for the damp-
ing evaluation and found a unique profile of the damping versus
shear strain, which increases with shear strain and attains a
maximum at 1% shear strain and then decreases continuously. On
the other hand, most of the past studies considered only symmetric
loop and showed the continuously increasing profile of the
damping versus shear strain. Chakrabortty et al. (2020) and Das and
Chakrabortty (2021) considered ASHL and modified the ASTM
method along with the conventional method to determine the
variation in damping ratio. From the results, it was concluded that
symmetric methods underestimate the damping value, whereas
asymmetric method gives a higher damping value. Mog and
Anbazhagan (2022) also implemented two approaches (steady
state vibration (SSV) and free vibration decay (FVD)) in the resonant
column test. It is advised to use the SSV approach for small strains,
whereas the FVD method may work better for medium strains.

From the above-mentioned literature, this can be concluded
that most of the research is focused on the liquefaction study of
stratified sandy materials. Apart from that, past studies are asso-
ciated with a limited number of variables (e.g. single loading fre-
quency) which can be seen in Table 1. In addition, these samples are
subjected to very narrow shear strain during cyclic loading.
Furthermore, the dynamic characteristics, particularly the damping
behavior of stratified soil deposit is different from that of the ho-
mogeneous soil deposit, and very limited studies have been carried
out considering the stratification of waste materials and their
damping properties. Therefore, it is significant to investigate the
damping characteristics of the stratified soil (soil-ash) deposit for
the safe design of geotechnical structures resting on it. Also, the



Fig. 1. Schematic experimental plan of testing program.
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specimen preparation techniques used in the past studies were
cumbersome and time-consuming, which can be eliminated by
employing the simple technique used in the present study.

The research gap discussed above from the literature gives the
motivation for the present investigation, which has been fulfilled
by performing experimental determination of the damping char-
acteristics of uniform and stratified soil-ash deposits using cyclic
triaxial tests. The influences of relative compaction, loading fre-
quency, and confining pressure on the damping ratio with varying
shear strain have been implemented for a better understanding of
the composite system. In addition, the influence of the shape of the
hysteresis loop on the damping characteristics has been evaluated
using three different methods including SHL, ASHL, and the
modified American Society for Testing and Materials (ASTM)
method. The precise estimation of the damping ratio helps in the
close prediction of ground responses under seismic excitations.

The significance of the present study must be emphasized so
that it can be better correlated with the field investigation which
will increase its widespread acceptability during the application. As
a result, this section explains the necessity of the present study in
the current context. The quantity of coal ash produced every year
creates a huge amount of accumulation near the ash disposal
location. These disposal locations are not properly designed to
sustain such huge loads that give rise to the failure of such dams
due to the deposition of consecutive layers every year. In order to
minimize the disastrous effect of coal ash on the environment, a
new practical application area/material must be proposed. The
Table 2
Fundamental properties of fly ash and local soil.

Geotechnical property Value

Fly ash Local soil

Content of sand (%) 61.52 2.12
Content of silt (%) 33.19 81.77
Content of clay (%) 5.29 16.11
D10 (mm) 0.004 0.0009
D30 (mm) 0.018 0.0034
D60 (mm) 0.088 0.01
Cu 22 10.53
Cc 0.92 1.22
G 2.35 2.52
MDD (g/cm3) 1.26 1.73
OMC (%) 30.5 16.4
Classification Silty sand Silt of intermediate plasticity
present study specifically concentrated on the application of fly ash
as pavement subgrade or embankment fill material. The pavement
construction involves a considerable amount of capital, therefore a
complete study is required under static and dynamic loading con-
ditions before the application of fly ash in the field. Hence, an
attempt has been made here to determine the damping properties
of homogeneous and layered soil-ash deposits. Because the
damping properties of the material have a substantial impact on
the behavior of the deposit under seismic conditions.

The present work examines the damping characteristics of fly
ash and local soil in the form of uniform and stratified arrange-
ments. A total of 105 strain-controlled cyclic triaxial tests were
performed in the present study. A detailed schematic experimental
plan/testing program is shown in Fig. 1. The input variables like
relative compaction, frequency of loading, confining pressure, and
cyclic shear strain have been considered for the study. Both the
uniform and stratified soil-ash samples (50 mm in diameter and
100 mm in height) were prepared under relative compaction (RC)
of 95%, 97% and 99%. The tests were conducted under the cyclic
shear strain (g) of 0.3%e1.5% considering loading frequencies of
0.3 Hz, 0.5 Hz and 1 Hz. The confining pressures of 70 kPa, 80 kPa
and 100 kPa have been taken into consideration to examine the
Fig. 2. Grain size distribution of soil and ash samples considered for the present study.



Fig. 3. Representation of standard Proctor plot of considered soil and ash samples
ZAVD stands for the zero air void line.

Fig. 4. Sample preparation and mounting of homogeneo
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impact of the overburden pressure. The stratified sample was
prepared in two-layered forms, i.e. fly ash at the top and local soil at
the bottom. The tests were conducted under consolidated un-
drained (CU) conditions. The sample is considered liquified (fail)
when the pore water pressure becomes equal to the confining
pressure.
2. Materials and methodology

2.1. Materials

The fly ash and locally available soil have been considered in the
present investigation. The fly ash has been collected from Grasim
Industries Private Limited, Renukoot (U$P., India). The local soil
considered was collected from the Indian Institute of Technology
(BHU), Varanasi campus. Since fly ash is a coal waste product, its
use in bulk continues to be a major source of concern. Fly ash has
often been applied over the existing soil in layers. These materials
are chosen as a result in order to comprehend the dynamic
us/stratified soil-ash system for cyclic triaxial test.



Fig. 5. Graphical illustration of various method such as (a) symmetrical hysteresis
loop, (b) asymmetric hysteresis hysteresis loop, and (c) modified ASTM method for the
estimation of damping ratio (Das and Chakrabortty, 2021).
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behavior of the layered deposits. The basic geotechnical properties
of fly ash and local soil are listed in Table 2. Furthermore, the plots
of grain size distribution and standard Proctor test are depicted in
Figs. 2 and 3 respectively. In order to eliminate the error in particle
size distribution, both samples were washed thoroughly with
distilled water. From Fig. 2, it can be seen that fly ash contains
around 33.19% of silt size and 61.52% of fine sand size particles.
Similarly, in the case of local soil, the dominance of fine to medium
silt is more than that of sand and clay. The contribution of sand and
clay in local soil is only about 18.23%. As per the unified soil clas-
sification system (USCS), fly ash is classified as silty sand, whereas
local soil is categorized as silt of intermediate plasticity (MI). The
basic geotechnical properties of the present fly ash have been taken
from Ram and Mohanty (2021).

2.2. Cyclic triaxial apparatus

The selection of various methods for the determination of dy-
namic properties depends directly on the shear strain level. Nor-
mally, the bender element test is preferred for very small strain
(<0.0001%) conditions. Similarly, the resonant column test and the
cyclic triaxial test are preferred for medium to small strain (0.1%e
0.0001%) and large strain (>0.1%) conditions, respectively (Ingale
et al., 2017). Since the present study deals with the large strain
condition, thus cyclic triaxial test has been considered. Here, a
strain-controlled cyclic triaxial test has been performed under CU
conditions. The tests were carried out by saturating the cylindrical
specimen until Skempton’s B-parameter becomes equal to or
greater than 0.95. After that, the consolidation and shearing of the
saturated specimens were done until the pore water pressure
matched the effective confining pressure. The membrane stretch-
ing and mounting of the specimen within the triaxial assembly are
shown in Fig. 4eeh. The cyclic triaxial setup includes a submersible
load cell that can take a maximum load of � 5 kN with an accuracy
of 0.001 kN. Two linear variable displacement transducers of
�50 mm and �10 mm have been employed for the displacement
measurement with the least measurement of 0.01 mm. To measure
the internal pore water pressure, a pore pressure sensor of capacity
2000 kPa has been employed (least measurement of 1 kPa). The
pore pressure sensor was installed at the bottom valve opposite to
the back pressure position as normally available in conventional
triaxial apparatus.

2.3. Dynamic properties assessment approaches

The shear modulus and damping ratio are the two fundamental
dynamic soil properties of soil that can be calculated from the
hysteresis loop generated during the cyclic loading. The shear
modulus is the slope of the line drawn from the origin to
maximum/minimum peaks of the hysteresis loop plotted between
shear stress versus shear strain. However, the damping ratio is
evaluated after calculating the area of the hysteresis loop that
represents the dissipation of energy and the area of the shaded
portion that represents the potential energy stored, as shown in
Fig. 5. In general, the soil behavior is nonlinear elastoplastic when
cyclic shear strain (g) crosses the strain range of 0.1% (>0.1%)
(Ishihara, 1996). The shape of the hysteresis loop highly depends
upon the shear strain level, which means the shape of the hyster-
esis loop changes from symmetric to asymmetric as the shear strain
increases from small to large. Based on the different shapes and
calculation approaches, the methods are divided into three forms
such as (1) SHL, (2) ASHL, and (3) ASTM, which can be seen in Fig. 5
(Das and Chakrabortty, 2021). From Fig. 5 and Table 3, this can be
observed that the determination of shear modulus requires only
the secant Young’s modulus both in the extension and compression
sides. The secant Young’s modulus is independent of the shape of
the hysteresis loop rather it depends on the maximum/minimum
peak of the loop. As per the definition, the damping ratio is
dependent on the shape of the hysteresis loop and the



Table 3
Expressions used to estimate the dynamic properties from different approaches.

Approach Damping ratio Secant Young’s modulus, Esec Secant shear modulus, Gsec Shear strain, g

Symmetric hysteresis loop Dinitial ¼
1
4p

AL

AD

Esec, initial ¼ ðEsec 1 þ Esec 1Þ=2 Gsec, initial ¼
Esec;initial
2ð1þ yÞ

g ¼ ð1 þ yÞε

Asymmetric hysteresis loop Dinitial ¼
1
p

ALðo�a�b�c�dÞ
AD1 þ AD2 þ AD3

Modified ASTM Dinitial ¼ 1
p

AL�1
2
sd;maxεmax þ 1

2
sd;minεmin

��
2

A.K. Ram, S. Mohanty / Journal of Rock Mechanics and Geotechnical Engineering 15 (2023) 2757e2777 2763
asymmetricity at large strain influences the shape of the loop
because of the variation in the peaks of the stress-strain relation-
ship (Kokusho, 1980; Kumar et al., 2017). Kokusho (1980) first
incorporated the effect of asymmetricity in damping ratio calcu-
lation which was further modified by Kumar et al. (2017) and
named the ASHL approach. According to the ASTM D-3999 (1996),
the SHL approach was considered a standard method, but several
researchers have observed a remarkable difference in the damping
ratio estimated from the ASHL method as compared to the SHL
approach (Jaya et al., 2012; Kumar et al., 2017; Das and
Chakrabortty, 2021). The asymmetricity plays a significant role in
the accurate estimation of the damping ratio. Hence, especially in
the case of large shear strain, the damping ratio must be checked
with all the methods, so that the error involved can be identified.
The influence of these approaches on the damping behavior of
uniform and stratified soil-ash deposits has been discussed in the
subsequent sections.
3. Sample preparation

Depending on the soil type, several sample preparation tech-
niques have been employed in the past literature, i.e. pluviation
through air or water, sedimentation, rodding moist/dry soil, moist
tamping, and horizontal/vertical vibration technique under lowand
high frequencies. Mulilis et al. (1977, 1975) conducted numerous
experiments considering these sample preparation techniques and
found a pronounced effect of sample preparation on the cyclic
strength of sand. Also, the cycle stress ratio produced by the air
pluviation method was extremely low, whereas the cyclic stress
ratio produced by the moist vibration provides the highest resis-
tance. The air pluviation method is suitable for coarse-grained soil
(without fines) for uniform samples while the wet pluviation
method is generally used for the preparation of layered soil samples
(Vasquez-Herrera and Dobry, 1989). Vaid and Negussey (1988)
suggested pluviation through the air/water over moist tamping/
vibration for sand without fines because the smaller velocity of fine
particles leads to the segregation between coarse and fine. All the
aforementioned techniques were developed for the coarse grain
size particles, since it is simple to achieve the desired density due to
its weight. For fine-grained soils, on the other hand, it is very
difficult to obtain the desired density using any of the aforemen-
tioned procedures except the moist tamping technique. The moist
tamping method is the most effective method for preparing ho-
mogenous reconstituted specimens, particularly when dealingwith
soil that contains fines (Ladd, 1978). The moist tamping technique
has been significantly adopted by many researchers to determine
the cyclic behavior of soil (having fines) (Vucetic and Dobry, 1988;
Amini and Sama, 1999; Bradshaw and Baxter, 2007; Mohanty and
Patra, 2016). The other available techniques (except moist tamp-
ing) need special arrangements and require a large time gap for
each layer to consolidate for considered materials which mostly
consist of fine-grained soil. As a result, the moist tamping approach
has been taken into consideration for the sample preparation of
homogeneous and layered soil-ash specimens in the current
investigation. The approach involves compacting the desired
amount of soil water mix in four equal proportions subjected to 25
blows each. Following that, an extruder was used to retrieve the
compacted sample. Both homogeneous and stratified samples are
prepared at RC of 99%, 97% and 95% of maximum dry density
(MDD). The relative compaction is maintained for homogeneous
soil sample preparation by looking at the dry densities and their
associated moisture content from the compaction plot. In a layered
soil-ash deposit, each successive layer is compacted to its dry
density, which is determined by an individual compaction plot
(Fig. 3). The pictorial demonstration of the uniform, and stratified
soil-ash samples is depicted in Fig. 4aed.
4. Consideration of the experimental factors

The crucial factors on which the response of soil influences
during any seismic excitation are the cyclic shear strain, loading
frequency, variation in density, and confining stress. In the present
study, an extensive investigation into damping characteristics of
uniform/stratified soil-ash deposits has been done by considering a
wide range of the above-mentioned variables. For comprehensive
understanding of the damping ratio of any kind of material under
time-varying loading requires a profound knowledge of its
response under all the aspects of variables. That is attributed to the
safe and economical design of the geotechnical structures resting
on it. The former researchers made a great attempt to look into the
impact of many elements on the dynamic properties of soil, but
further in-depth research is still needed. Dobry and Abdoun (2015)
performed a strain-controlled cyclic triaxial test as well as a
centrifuge model test, to determine the shear strain required to
activate liquefaction. They observed that the shear strain needed in
the case of silty sand was approximately 0.4%e3% under an earth-
quake of magnitude Mw ¼ 7.5. Moreover, Tsukamoto et al. (2004)
also performed a similar study based on real-time seismic data
and found the initiation of liquefaction activity at 3.75% cyclic shear
strain. Since the present considered materials show high domi-
nance of silt/sand size particles. Therefore, the shear strain of 0.3%,
0.6%, 0.9%, 1.2% and 1.5% has been considered for the present study.
The seismic events are random shaking movements that did not
follow a uniform frequency, but in the cyclic triaxial test, a single



Fig. 6. Effects of various parameters on the damping ratio of fly ash (Ram and Mohanty, 2021) and local soil for large strain.
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frequency of loading is considered at a particular time. In order to
incorporate different loading frequencies, the cyclic loading fre-
quency (f) of 0.3 Hz, 0.5 Hz and 1.0 Hz has been considered.
Although in the case of sand, the dynamic properties are not much
influenced by the loading rates (Hardin, 1965), but, Ram and
Mohanty (2021) observed a significant change in the dynamic
behavior of fly ash under variable loading rates. Furthermore, most
of the studies usually adopt a loading frequency of 1 Hz, which can
be seen in Table 1.

For sustainable functioning of fly ash applied in pavement
subgrade or embankment material, it must be densified to relative
compaction between 95% and 100% ofMDD (ASTM-D698-12, 2012).
Observing the difficulty in achieving the desired densification of fly
ash, it is recommended to compact the fly ash below the optimum
moisture content (OMC) (ACAA, 2003). Thus, in order to cover this
range of density, the relative compaction of 95%, 97% and 99% has
been chosen so that its performance under low and high densities
can be analyzed. The coal ash is usually dumped in loose form and
their continuous dumping results in a dump height of 10e30 m
(Singh et al., 2008). Sand exhibits confining pressure between 41
and 124 kPa for the overburden height of 2e7 m (Figueroa et al.,
1994). Similarly, fly ash would require an overburden height of
10e40m to exert confining pressure between 100 and 400 kPa. But,
bottom/fly ash-filled embankment up to a height of 3e5 m will
generate confining pressure in the range of 10e50 kPa (Chandra
et al., 2016). Hence, in order to cover the dynamic behavior of the
existing height of ash pond deposits and its application in different
fields of civil engineering, the confining pressure between 70 and
100 kPa has been considered here. Also, these confining pressures
were frequently used by past researchers. Therefore, these



Fig. 7. Variations of damping ratio of stratified soil-ash samples considering all
influencing parameters.
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confining pressures were introduced in order to compare the cur-
rent outcome with the past results more effectively.

In the cyclic triaxial test, the cylindrical specimens were sub-
jected to an axial cyclic load that is attributed to secant Young’s
modulus and axial strain. The shear modulus and cyclic shear strain
were determined indirectly by knowing Young’s modulus and axial
strain by incorporating Poisson’s ratio as a conversion parameter
that has been explained in Table 3. In the current investigation,
samples were examined under CU conditions. According to past
studies, with the increase in shear strain, the Poisson’s ratio in-
creases in the case of partially saturated soil, but in fully saturated
undrained case it remains constant at 0.5 (Yokota and Konno, 1980;
Sitharam et al., 2009; Kumar and Madhusudhan, 2012; Bishop and
Hight, 2015). The stated reason for this is that under the saturated
undrained condition, the soil behaves perfectly incompressible,
which shows no volume change (Dutta, 2015). This observation has
been experimentally validated by several researchers using
compressive and shear wave velocities (Kokusho, 2000; Shinde and
Kumar, 2022). Hence, for the determination of cyclic shear strain,
Poisson’s ratio of 0.5 has been adopted for both homogeneous and
stratified soil-ash deposits. Similar assumptions were made by Jia
and Wang (2013) for the stratified sand and silt layer. In addition,
the failure of specimens was considered only when the increase in
pore water pressure becomes approximately equal to the confining
pressure. The development of pore water pressure was fast in fly
ash, hence it takes less number of cycles to fail than that of the local
and stratified arrangement. In the case of fly ash, the number of
cycles was between 300 and 500 (approximately), whereas for local
soil, it was observed in the range of 600e800 (approximately).
However, stratified soil takes an intermediate number of cycles, i.e.
between fly ash and local soil.

5. Results and discussion

Based on past earthquake studies, Tsuchida (1970) reviewed the
particle size distribution of liquefied/non-liquefied soils and sug-
gested a grain size distribution curve for most/potentially liquefi-
able soil. The fly ash and local soil have also been checked for their
liquefaction susceptibility through this distribution curve, as shown
in Fig. 2. About more than 50% of fly ash particles are coinciding
with the boundary of most liquefiable soil and 17% of the particles
are falling between these two boundaries (most likely/likely to
liquefy). On the other hand, local soil has almost< 5% of particles in
the boundary of most liquefiable and potentially liquefiable soil.
Since silt particles are predominant in the local soil and after sandy
soil fraction, silt-size particles are more prone to liquefaction.
Hence, according to Tsuchida’s chart, fly ash can be treated as
partially liquefiable whereas local soil can be considered non-
liquefiable soil. Therefore, the considered materials, i.e. fly ash
and local soil, need to be studied thoroughly under dynamic
loading conditions to understand their dynamic responses. As the
damping characteristics of the material significantly affect the dy-
namic responses, an attempt is made to investigate the damping
behavior of the uniform and stratified soil-ash specimens under
dynamic loading conditions. A detailed discussion on the damping
behavior of uniform and stratified soil-ash samples is reported in
the subsequent sections.

5.1. Discussion on the damping response of uniform soil and fly ash
specimens

This section presents the damping (D) response of uniform fly
ash and local soil samples under the influences of relative
compaction, frequency, and confining pressure. In order to estimate
the damping behavior of uniform soil and ash samples, the SHL
approach is employed. The variation of damping ratio with the
cyclic shear strain of both thematerials considering all the variables



Fig. 8. Graphical representation of damping ratio of fly ash and local soil evaluated using SHL, ASHL and ASTM methods.
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Fig. 9. Graphical representation of damping ratio of stratified soil-ash samples eval-
uated using SHL, ASHL and ASTM methods.
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is shown in Fig. 6. From the figure, it can be seen that fly ash shows a
continuous incremental trend of damping ratio till 0.6% of shear
strain after that it decreases consistently with the increase in shear
strain. However, the damping ratio of local soil shows an incre-
mental trend up to 1% or 1.2% shear strain, then attains a peak and
subsequently decreases. Considering the relative compaction effect,
both materials exhibits high damping value for lower density
except at 99% density. In general, highly compacted soil dissipates
less energy under dynamic loading which ultimately results in a
low damping ratio value. Similarly, for the evaluation of the fre-
quency effect, the samples were prepared at 99% of RC and that
have been subjected to an effective confining pressure of 100 kPa.
From Fig. 6, this can be observed that both material shows a high
damping value for the high frequency of loading. The confining
pressure effect has been checked considering the confining pres-
sure of 70 kPa, 80 kPa and 100 kPa. No significant difference in
damping value has been observed under different confining pres-
sures for both of the materials (fly ash and local soil). From the
above discussion, this can be inferred that the damping ratio of
uniform soil shows a remarkable dependency on relative compac-
tion, frequency of loading, and cyclic shear strain, and shows the
least influence on confining pressure. In past studies, almost every
material expressed decreasing trend of shear modulus and a cor-
responding increasing trend of damping ratio with an increase in
shear strain. However, fly ash and local soil showa decreasing trend
after peak. Thus in order to determine the accurate damping
behavior, additional approaches (ASHL and ASTM) were incorpo-
rated here that have been explained in the subsequent sections.

5.2. Discussion on the damping response of the stratified soil-ash
system

Similar to uniform fly ash and local soil samples, the damping
behavior of stratified soil-ash specimens has also been evaluated
incorporating the influences of relative compaction, loading fre-
quency, and confining pressure. The variation of the damping ratio
with cyclic shear strain considering all the above-mentioned vari-
ables is shown in Fig. 7. This damping analysis was also carried out
using the SHL approach. Here, in the relative compaction study, the
stratified soil-ash specimens show an inverse relation between
damping values and density under low shear strain. The damping
nature is primarily attributed to the slippage of particles and
rearrangements of particles in soil (Fahoum et al., 1996). The
probability of slippage and particle rearrangements is greater in
low-density specimens than in high-density specimens due to the
availability of high voids, which eventually results in higher
damping value. The difference in the damping ratio gets minimized
as the shear strain increases (Fig. 7a). In this arrangement,
remarkable changes in the damping ratio value have been observed
under the influence of loading frequency, as shown in Fig. 7b. As
compared with the uniform soil, the stratified soil-ash arrange-
ments show considerable variation in damping ratio with the in-
crease in confining pressure. The trend of the damping ratio profile
with cyclic shear strain is similar to homogeneous soil and it also
attains its peak around 1% of shear strain.

From Fig. 6, this can be inferred that the peak value of damping
ratio of the fly ash varies between 0.6% and 0.9% of shear strain,
however, the local soil shows a peak between 0.8% and 1.2% of shear
strain. On the other hand, the stratified soil exhibits a wide range of
damping ratio’s peak variation, i.e. in the range of 0.6%e1% of shear
strain that can be seen in Fig. 7. The maximum damping ratio of fly
ash is always lower than the maximum damping ratio of local soil.
Whereas the maximum damping ratio of stratified soil always falls
in between the damping ratio of fly ash and local soil. This is due to
the combined interactive behavior of fly ash and local soil
composite. The percentage variation of damping ratio of fly ash
varies between 100% and 150% and local soil varies in the range of
52%e65% as compared to their minimum values. The fly ash shows
a wide range of percentage variation of damping ratio, i.e. 100%e
150%. Similarly, local soil depicts a narrow range of percentage
variation of damping ratio, i.e. 52%e65%. From the above



Fig. 10. Asymmetricity of hysteresis loop at 0th cycle position under different cyclic shear strains for uniform and stratified soil-ash samples.
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discussion, this can be concluded that the profile between the
damping ratio versus shear strain is similar for both the homoge-
neous and stratified soils, but the peak of damping ratio is observed
to be varied in a wide range for stratified soil. Also, the develop-
ment of excess pore pressure in the stratified soil is fast as
compared to the local soil due to the high permeability of fly ash.
5.3. Identification of an appropriate method for damping ratio

In the present study, all the experimental studies were carried
out by employing cyclic triaxial apparatus that is generally used for
large strain dynamic investigation of soil. Normally, an SHL
approach was adopted for the estimation of damping ratio in past
studies. The SHL approach is not reliable, especially in the case of
large shear strain because under large strain the shape of the
hysteresis loop becomes unsymmetrical which results in under/
overestimation of the damping ratio value. Hence, in order to
diminish the influence of asymmetricity in the magnitude of
damping ratio, two different approaches such as ASHL and ASTM
approaches have been developed. The fundamental of these ap-
proaches has already been illustrated in the above-mentioned
sections and their graphical and analytical equations are reported
in Fig. 5 and Table 3. Here, an attempt has also been made to
determine the effect of asymmetricity on the damping ratio of
uniform and stratified soil-ash systems under large strain condi-
tions. The graphical representation of the damping ratio obtained
from all these approaches for uniform and stratified soil-ash sys-
tems are depicted in Fig. 8 and9, respectively.

In Fig. 8, the impacts of all the variables (RC, CP and f) on the
damping ratio computed through the above-mentioned ap-
proaches for both uniform materials (fly ash and local soil) are re-
ported. The SHL approach follows an identical profile of damping
ratio versus shear strain plot for all the variables as compared with
the other two approaches. Whereas the ASHL approach shows an
increasing trend of damping profile as observed in past literature.
Among all the approaches, the ASHL approach gives a higher
damping ratio value, followed by the ASTM and then the SHL
approach for fly ash. The high-density sample provides a low
damping value irrespective of different approaches (Fig. 8a). A
similar trend of frequency effect is observed in the ASHL and ASTM
methods as in the SHL approach (Fig. 8b). The damping ratio of fly
ash samples is not much affected by the confining pressure changes
as seen in Fig. 8c. In the case of local soil, the ASHL approach gives
higher damping values as compared with the SHL and ASTM



Fig. 12. Bar distribution of area of hysteresis loop plotted against 0th and 1st cycle
positions.
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approaches. However, the ASTM approach is not showing much
difference in damping value and appears always in between the
ASHL and SHL approaches. Similar kind of trends of variables in
damping value has been observed in local soil as witnessed for fly
ash. Hence, from the above discussion, this can be noticed that the
SHL approach underestimates the damping behavior of fly ash and
local soil. The ASHL approach represents the same kind of trend
that had been observed in past studies for similar materials. On the
other hand, the ASTM approach does not show significant variation
in damping value and also gives more or less the same value with
the increase in shear strain.

The damping characteristics of the stratified soil-ash sample
have been determined to assess the significance of various ap-
proaches and their impact on the influencing variables. The com-
parison of each approach considering the effect of all the
influencing variables is presented in Fig. 9. The stratified soil-ash
also exhibits a higher damping value in the case of the ASHL
approach and a lower value for the SHL approach. From Figs. 8 and
9, this can be observed that the damping profile evaluated from
each method follows an increasing curve that reaches the peak and
then decreases. The maximum damping ratio was ascertained at
nearly 1% of shear strain which was also discovered at the same
Fig. 11. Asymmetricity of hysteresis loop at 1st cycle position under different cyclic shear strains for uniform and stratified soil-ash samples.



Table 4
Representation of damping ratio estimated using different approaches under various cycles at different relative compaction.

MDD
(%)

Shear strain
(%)

Fly ash Local soil Stratified soil

SHL ASHL ASTM SHL ASHL ASTM SHL ASHL ASTM

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

95 0.3 16.84 17.82 24.69 23.32 21.3 20.54 25.1 23.65 34.35 34.11 30.46 28.59 23.11 28.58 31.06 29.43 31.19 28.69
0.6 29.65 26.27 27.05 24.74 26.62 24.77 30.75 28.6 45.79 45.81 37.72 37.53 34.11 28.59 40.05 38.2 36.49 33.88
0.9 24.59 21.03 29.12 27.54 26.75 24.5 33.7 32.46 44.02 42.92 40.88 39.7 29.84 27.9 43.72 43.14 37.54 35.93
1.2 21.72 18.98 30.1 29.11 26.58 24.64 34.99 32.31 44.15 41.52 39.74 37.52 25.57 24.49 42.99 44.67 34.94 34.88
1.5 19.46 16.86 32.79 32.59 26.63 24.77 29.33 30.91 40.88 40.05 37.9 36.79 24.76 24.32 47.56 45.88 36.13 35.35

97 0.3 15.17 15.91 19.33 18.96 18.7 17.32 22.2 21.75 30.8 27.14 26.82 25.24 19.02 20.51 32.11 30.63 27.61 25.78
0.6 25.53 23.55 26.3 25.74 25.6 24.77 27.54 26.02 43.24 41.48 35.93 35.21 28.27 25.12 38.78 38.28 34.06 32.59
0.9 22.64 19.59 29.14 28.08 26.35 24.33 29.46 29.65 45.67 44.38 36.34 36.1 30.78 29.41 42.88 42.88 34.88 34.47
1.2 20.22 17.05 29.12 27.01 25.08 23.12 27.13 28.41 46.58 43.68 37.69 37.05 29.26 27.87 38.15 37.97 34.17 33.43
1.5 20.02 17.52 29.48 28.25 25.34 23.41 27.19 28.67 44.88 42.3 36.63 36.52 26 24.02 37.02 35.11 34.63 33.25

99 0.3 17.21 17.85 22.55 19.5 21.39 18.78 21.69 20.37 29.81 27.13 26.71 25.56 21.6 19.76 25.53 23.72 25 23.51
0.6 29.41 27.60 25.17 23.24 25.96 24.29 28.45 26.85 41.56 38.33 35.57 33.77 23.28 20.67 38.33 37.25 31.01 29.54
0.9 25.88 23.68 25.88 24.73 25.88 24.23 31.5 32.02 38.73 38.79 35.80 35.7 24.93 23.71 36.82 36.8 31.39 30.96
1.2 23.14 21.86 27.68 26.52 24.38 23.27 29.22 33.18 38.81 38.72 34.63 36.12 25.5 22.97 38.19 38.22 32.65 31.3
1.5 21.19 19.66 27.25 26.16 24.74 23.3 26.63 27.16 35.92 34.23 33.43 31.59 27.9 26.39 36.46 35.33 32.25 31.06
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shear strain by Matasovi�c and Vucetic (1993) and Kumar et al.
(2018). Kiku and Yoshida (2000) and Mashiri (2014) noticed the
peak damping at 0.1% and 0.23% of shear strain respectively. The
reason behind the drop in damping ratio is due to the sudden and
significant rise in pore water pressure, particularly at large strain
that results in frictional energy loss in the soil skeleton (Mashiri,
2014). According to Matasovi�c and Vucetic (1993), the decrement
in damping value is due to the ‘S’ shaping of shear stress versus
shear strain curve that is attributed to the dilative behavior of soil
particles at large strain. After analyzing Figs. 8 and 9, numerous
conclusions can be drawn: (1) the SHL approach underestimates
the damping property of uniform and stratified samples; (2) the
ASHL approach would be a better option for the precise estimation
of the damping ratio because this method is in good agreement
with the past reported results, i.e. damping estimated from SHL is
always lower than the damping estimated by ASHL approach; (3)
the ASTM approach is not well defined as compared with the ASHL
approach. The asymmetricity is predominantly attributed to the
first, third and fourth quadrants of the hysteresis loop plot between
deviator stress versus axial strain. The SHL approach just takes into
account the first quadrant whereas the ASTM approach takes the
first and third quadrants for the estimation of damping ratio. The
Table 5
Representation of damping ratio estimated using different approaches under various cyc

Confining
pressure (kPa)

Shear
strain (%)

Fly ash Local so

SHL ASHL ASTM SHL

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1
c

70 0.3 16.48 15.49 19.32 18.51 17.61 16.31 27.27 2
0.6 25.33 23.58 24.93 23.73 25.06 23.88 30.13 2
0.9 27.21 23.53 26.33 25.23 26.17 24.37 32.59 3
1.2 23.01 21.15 25.65 24.05 24.7 23 33.87 3
1.5 20.16 18.15 26.03 24.72 23.734 22 27.35 2

80 0.3 14.86 16.18 19.88 18.51 17.22 16.59 26.28 2
0.6 26.5 25.78 23.3 22.77 24.28 23.69 32.4 2
0.9 27.18 25.15 24.72 22.98 25.05 23.24 34.59 3
1.2 22.86 21.19 25.95 24.73 24.36 23.07 43.26 4
1.5 18.87 17.42 26.72 25.85 23.29 22.04 26 2

100 0.3 17.21 17.85 22.55 19.50 21.39 18.78 21.68 2
0.6 29.41 27.6 25.17 23.24 25.96 24.29 28.45 2
0.9 25.88 23.68 25.88 24.73 25.88 24.23 31.5 3
1.2 23.14 21.86 27.68 26.52 24.38 23.27 29.22 3
1.5 21.19 19.66 27.25 26.16 24.74 23.3 26.63 2
ASHL approach is the only approach that considered all the quad-
rants, that is significantly involved in the asymmetricity of the
hysteresis loop which can be seen in Fig. 5. Hence, considering the
formulation and area of loop involved, the ASHL approach can be
contemplated as more realistic/practical compared with other ap-
proaches. The average variation of the SHL and ASHL approaches is
around 20%e60%, which is similar to the past reported studies
(Kumar et al., 2017; Das and Chakrabortty, 2021). Hence, especially
for large-strain dynamic characterization, the damping ratio must
be evaluated using the method that considers asymmetricity in its
calculation (i.e. the ASHL approach).
5.4. Assessment of the influence of cycle position on damping ratio

Conventionally, the damping ratio is estimated by implement-
ing the 0th position cycle hysteresis loop. Nevertheless, the 0th
position cycle may comprise flaws due to the improper contact
between the top pedestal and specimen or due to the discontinuity
between the start and end points of the hysteresis loop. The cycle
position of the 0th and 1st cycles has been considered to identify
the variation in the damping property of the uniform and stratified
soil-ash deposits owing to cycle position. The change in the shape
les at different confining pressure.

il Stratified soil

ASHL ASTM SHL ASHL ASTM

st
ycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

9.52 32.26 32.75 31.14 30.53 20.4 22.83 25.89 24.24 26.18 23.27
9.01 38.74 38.64 33.89 33.82 32.17 29.14 31.14 29.47 31.15 30.15
0.92 43.26 41.94 34.76 33.98 28.16 27.09 33.81 33.37 31.53 30.52
1.51 45.41 43.66 35.43 34.89 27.67 25.48 37.65 37.11 31.79 30.64
7.11 39.78 38.3 34.72 33.93 25.69 24.17 34.8 33.39 32.64 31.34
5.49 28.3 28.29 31.71 32.26 20.16 18.94 25.75 24.94 23.78 22.39
9.98 40.43 38.89 36.3 34.66 24.42 22.81 33.57 31.49 28.36 27.75
3.59 46.43 46.51 37.71 37.81 27.43 26.55 36.34 35.22 30.24 30.06
0.98 50.14 49.07 40.43 37.91 26.79 25.61 34.14 34.12 31.28 30.61
5.83 46.55 46.05 36.99 36.52 24.71 23.63 32.88 32.51 29.69 29.32
0.37 29.81 27.12 26.71 25.56 21.6 19.76 25.53 23.73 25 23.51
6.85 41.56 38.33 35.57 33.77 23.28 20.67 38.33 37.25 31.01 29.54
2.02 38.73 38.79 35.8 35.7 24.93 23.71 36.82 36.8 31.39 30.96
3.18 38.81 38.72 34.63 36.12 25.5 22.97 38.19 38.22 32.65 31.3
7.16 35.92 34.23 33.43 31.59 27.9 26.39 36.46 35.33 32.25 31.06



Table 6
Representation of damping ratio estimated using different approaches under various cycles at different loading frequency.

Frequency
(Hz)

Shear strain
(%)

Fly ash Local soil Stratified soil

SHL ASHL ASTM SHL ASHL ASTM SHL ASHL ASTM

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0th
cycle

1st
cycle

0.3 0.3 12.55 10.66 13.79 12.48 12.64 12.2 22.64 20.38 28.58 27.75 25.46 24.51 17.86 15.85 25.3 24.86 22.3 21.11
0.6 21.93 19.83 17.19 15.28 18.15 16.37 28.17 27.62 31.1 27.62 30.82 27.62 25.02 16.84 31.51 28.56 28.09 23.85
0.9 20.21 17.06 18.57 16.52 19.08 16.59 28.21 27.71 32.38 30.68 30.69 28.97 25.66 22.67 29.45 28.13 27.76 25.77
1.2 15.34 12.22 26.43 26.28 21.13 18.85 22 21.8 35.59 35.37 29.25 29.03 20.36 18.48 28.17 27.14 25.15 23.63
1.5 15.03 12.45 20.38 18.73 18.27 16.03 21.07 20.2 34.33 32.3 29.32 28.36 19.98 17.96 27.55 26.85 23.85 22.51

0.5 0.3 15.34 13.47 17.08 16.47 16.17 14.65 22.37 20.38 28.37 27.69 25.02 24.62 18.76 16.8 21.86 19.9 20.28 19.03
0.6 20.03 18.01 19.08 16.98 19.95 17.65 25.91 24.83 33.13 32.41 30.76 29.63 22.69 21.9 26.68 25.16 25.61 23.97
0.9 22.53 19.25 20.66 18.23 21.11 18.44 25.82 24.34 34.43 33.78 29.35 27.89 24.45 22.95 34.14 32.87 29.59 28.2
1.2 20.55 17.25 22.31 19.95 21.51 18.81 24.2 23.71 35.13 34.33 30.73 29.97 22.1 20.74 30.72 29.24 27.27 25.81
1.5 17.21 14.35 23.74 21.79 20.96 18.49 23.62 22.99 36.15 34.64 31.02 29.79 21.29 19.5 29.69 28.63 26.24 24.76

1 0.3 17.21 17.85 22.55 19.50 21.39 18.78 21.68 20.37 29.81 27.13 26.71 25.56 21.6 19.76 25.53 23.73 25 23.51
0.6 29.41 27.6 25.17 23.24 25.96 24.29 28.45 26.85 41.56 38.33 35.57 33.77 23.28 20.67 38.33 37.25 31.01 29.54
0.9 25.88 23.68 25.88 24.73 25.88 24.23 31.5 32.02 38.73 38.79 35.8 35.7 24.93 23.71 36.82 36.8 31.39 30.96
1.2 23.14 21.86 27.68 26.52 24.38 23.27 29.22 33.18 38.81 38.72 34.63 36.12 25.5 22.97 38.19 38.22 32.65 31.3
1.5 21.19 19.66 27.25 26.16 24.74 23.3 26.63 27.16 35.92 34.23 33.43 31.59 27.9 26.39 36.46 35.33 32.25 31.06

Fig. 13. Assessment of damping characteristics of present study results with different types of soil considering the effect of relative compaction and confining pressure (1 Kumar
et al., 2014; 2 Ravishankar and Sitharam, 2005; 3 Mog and Anbazhagan, 2022; 4 Present study; 5 Li et al., 2020).
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Fig. 14. Assessment of damping ratio of present study results with different types of soil under the influence of frequency of loading (1 Das and Chakrabortty, 2021; 2 Araei et al.,
2012; 3 Ravishankar and Sitharam, 2005; 4 Present study).

Fig. 15. Comparison of damping ratio of present study results with different types of soil (1 Amir-Faryar et al., 2017; 2 Chehat et al., 2019; 3 Vucetic and Dobry, 1991; 4 Kokusho, 1980;
5 Hanumantharao and Ramana, 2008; 6 Chattaraj and Sengupta, 2016; 7 Matasovic and Vucetic, 1993; 8 Kiku and Yoshida, 2000; 9 Chiaradonna et al., 2015; 10 Pagliaroli et al., 2018;
11 Kumar et al., 2014; 12 Govindaraju et al., 2004; 13 Li et al., 2020; 14, 15, 16 Present study).
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of the hysteresis loop under the influence of shear strain (0.6%e
1.5%) for both cycles (0th and 1st) is shown in Figs. 10 and 11. A
remarkable change in the shape of the hysteresis loop can be
observed from the figures, especially for the strains of 1.2% and 1.5%.
The enclosed area of the hysteresis loop rises as the shear strain
increases, resulting in a higher damping ratio under high-strain
values. Given that these tests are strain-controlled, low resistance
will emerge under low-strain cyclic loading, which will result in a
small-size hysteresis loop. However, in the case of high-strain
loading, high resistance will be experienced by the sample that
ultimately exhibits an increase in the length and width of the
hysteresis loop. This increase in the size of the hysteresis loop can
be witnessed in Figs. 10 and 11. Several researchers in the past
studies have recognized a similar kind of increment in damping
ratio with the increase in shear strain (Kokusho et al., 1982;
Dammala et al., 2017, 2019; Kumar et al., 2017; Das and
Chakrabortty, 2021). The reduction in deviator stress from the 0th
cycle to the 1st cycle is approximately 10% for all the cases of
uniform and stratified soil-ash deposits. This drop in deviatoric
stress increases by approximately 13%e23% as the shear strain
reaches a large strain that can be deduced from Figs. 10 and 11. To
understand the reduction phenomenon of the hysteresis loop, the
area of the hysteresis loop (AL) corresponding to each shear strain
for the entire soil and ash sample has been expressed in the form of
a bar chart as shown in Fig. 12. The same figure shows that the
influence of cycle position is not remarkable for low shear strain,
but for high strain, this difference in AL is pronounced. The damping
ratio evaluated from the SHL, ASHL and ASTM methods under the
0th and 1st cycles considering relative compaction, confining
pressure and frequency is enumerated in Tables 4e6, respectively.
After analyzing the damping ratio obtained for various relative
compactions, this can be inferred that the fly ash and stratified soil-
ash indicate a high difference in the 0th and 1st cycles for the SHL
approach followed by the ASTM approach and then the ASHL
approach. The variation in the damping ratio between the 0th and
1st cycles estimated from the SHL, ASHL, and ASTM approaches are



Fig. 16. Hyperbolic model fitting for damping ratio of fly ash, local soil, and stratified
soil-ash samples test data.
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14%, 5% and 8%, respectively. Similarly, in stratified soil-ash sam-
ples, these variations are 8%, 2% and 4% for the SHL, ASHL and ASTM
approaches, respectively. However, local soil showsmore or less the
same damping estimated from the SHL approach for both the cycles
and 5% & 2% variation for the ASHL and ASTM approaches. The
relative compaction and confining pressure effects show similar
variations in damping, but the change becomes more pronounced
as the frequency of loading changes. Hence, from the above
discussion, this can be concluded that the ASHL approach can be
adapted to estimate the damping ratio using any cycle because this
approach shows minimum variation than that of the others. Addi-
tionally, a critical strain must be identified because, below it, the
cycle displays identical results, and beyond it, a substantial varia-
tion can be seen.

5.5. Comparison of present study results with past literature

The outcomes of the damping ratio of the present study under
the influences of relative compaction (RC: 95%, 97%, 99%), confining
pressure (CP: 70 kPa, 80 kPa, 100 kPa), and loading frequency (f:
0.3 Hz, 0.5 Hz, 1 Hz) are compared with the past reported results of
soils (Figs. 13 and 14). Here, the damping ratio estimated from the
ASHL (0th cycle) approach is used for comparison purposes.
Because the ASHL approach is a novel approach that incorporates
the unsymmetrical shape of the hysteresis loop for the precise
estimation of the damping ratio. The soil types considered in the
comparison are river sand, Toyoura sand, clay, sandy silt, gravelly
rockfill, etc. (Kokusho, 1980; Vucetic and Dobry, 1991; Matasovi�c
and Vucetic, 1993; Kiku and Yoshida, 2000; Govindaraju, 2005;
Ravishankar and Sitharam, 2005; Hanumantharao and Ramana,
2008; Araei et al., 2012; Kumar et al., 2014; Chiaradonna et al.,
2015; Chattaraj and Sengupta, 2016; Amir-Faryar et al., 2017;
Pagliaroli et al., 2018; Chehat et al., 2019; Li et al., 2020; Das and
Chakrabortty, 2021; Mog and Anbazhagan, 2022). Additionally,
the soil of various origins depicted in Fig. 15 is used to analyze the
range of damping ratio of the current materials for a realistic
interpretation. Kumar et al. (2017) investigated the damping
behavior of Brahmaputra sand for large strain conditions using
cyclic triaxial test and found that under large strain, the damping
ratio increases till critical strain reaches its peak and then de-
creases. Since limited researchers had explored the dynamic
behavior beyond 1%, thus it is recommended to perform dynamic
testing further on this strain. So that critical strain can be identified
for better seismic analysis of a particular soil. Specimen prepared at
high density shows lower damping value compared to the samples
prepared at low density and from Fig. 13a, this can be confirmed for
the present materials. However, a contradictory result has been
obtained by Mog and Anbazhagan (2022). Similarly, a specimen
subjected to high confinement may impart high stiffness that in
turn increases the shear modulus and decreases the damping ratio.
The present results are in a good agreement with the past results
illustrated in Fig. 13b. The high damping ratio obtained from the
ASHL approach for the present materials is compared with the past
results in Figs. 13 and 14. The SHL approach underestimates the
damping value and the same can be seen in Figs. 8 and 9 and also
similar trend has been observed by several researchers (Kumar
et al., 2017; Das and Chakrabortty, 2021). The specimen subjected
to a high loading frequency dissipates high energy which contrib-
utes to high damping values. From Fig. 14, this can be observed that
irrespective of the material type, high frequency exhibits a high
damping value. The damping value of the present fly ash is in a
good agreement with the Sabarmati river sand and Xiamen stan-
dard sand (Ravishankar and Sitharam, 2005; Li et al., 2020). Mog
and Anbazhagan (2022) performed a resonant column test on the
sand and clayey samples and revealed that the clayey silt soils
experience high damping value than that of the sandy soil. At large
strain, each soil shows a damping value between 10% and 30%
(Fig. 15), and the damping value estimated using the SHL approach
is also coming within this range (Figs. 8 and 9). The trend of
damping ratio with shear strain shows a good agreement with the
past reported results. The damping assessment of any soil must be
done for a wide strain (small-medium-large) range so that its
complete profile can be established. Since this study was done only



Fig. 17. Graphical representation of 0th and 1st cycle damping ratio for uniform and stratified soil-ash samples.
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for large strain conditions that exhibit the limitation of the present
study. Awide strain range can be considered the future scope of this
research.

5.6. Model fitting of the present study results

Most of the researchers have given distinct damping estimation
models for different types of soil such as clay, sand, gravelly soil and
cohesionless soil (Hardin and Drnevich, 1972a, 1972b; Seed et al.,
1986; Darendeli, 2001; Menq, 2003; Amir-Faryar, 2012). The limi-
tation in the adaptability of the past fitting models is that it con-
tains dissimilar dependent variables. Amir-Faryar et al. (2017)
analyzed the existing empirical and other models available for
the determination of the normalized shear modulus (G/Gmax) and
damping ratio (D) and reported a universal model for the G/Gmax
and D those are only dependent on the shear strain that can be
applied to sand, clay, and fiber reinforced soil. A similar attempt has
been taken byWong et al. (2021) to provide an extended model for
the cohesive soil that is dependent on the shear strain, effective
stress, and plasticity index. The current experimental data were
fitted in the universal model, however, only the uniform soil pro-
duced promising results, not the stratified soil. Hence, based on the
availability of dependent parameters, the hyperbolic model has
been adapted to fit the present experimental results. The fitting of
the hyperbolic model for both the uniform and stratified soil-ash
samples is shown in Fig. 16. It is found that the hyperbolic model
shows a good agreement with the experimental results for the fly
ash, local soil, and stratified soil-ash samples. Based on the results
reported in Fig. 16, the hyperbolic model can be considered for the
prediction of damping ratio in place of the universal model for
present results, as the hyperbolic model contains two coefficients
and shear strain as the dependent parameter. Apart from the model
fitting, the variation of damping ratio estimated from the SHL, ASHL
and ASTM methods for the 0th and 1st cycle positions is presented
in Fig. 17 considering all the variables. From Fig. 17, it can be
concluded that the stratified soil-ash and local soil illustrate the
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higher variation in damping values followed by the fly ash. The soil
has a higher damping ratio which expresses higher energy dissi-
pation potential as in the case of stratified and local soils. Whereas
fly ash has about 1.5 times lowdamping potential as comparedwith
the other two. This also validates that irrespective of variable type,
the damping ratio estimated from the ASHL method will always
give higher results than that of the SHL method.
6. Conclusions

The damping behavior of fly ash, local soil, and their stratified
system has been evaluated under large strain conditions using the
cyclic triaxial test. The specimens were subjected to a large shear
strain range of 0.3%e1.5% under the loading frequency of 0.3e1 Hz.
In addition, the density of the compacted specimens was main-
tained between 95% and 99% of MDD and tested under a medium
range of confining pressure (70e100 kPa). The present experi-
mental study was carried out by applying high-strain amplitude
loading that resulted in an unsymmetrical response of deviatoric
stress versus axial strain. In order to analyze the unsymmetrical
phenomena in the damping behavior of soil, the damping ratio was
estimated by incorporating three different approaches such as SHL,
ASHL and ASTM approaches. After examining the results reported
above, several conclusions can be drawn that have been discussed
below:

(1) The damping ratio of fly ash estimated from the symmetrical
method (SHL) approach shows a similar trend, as in the case
of the ASHL approach, and shows the maximum damping
ratio at around 1% of shear strain.

(2) The specimens prepared under high density and subjected to
high confinement show low damping ratios, whereas the
specimens tested under high frequency show high damping
behavior.

(3) The SHL approach is suitable for low-strain conditions
because, under large-strain conditions, it underestimates the
damping ratio of soils.

(4) Among all the approaches, the ASHL approach gives a higher
damping ratio followed by the ASTM and then the SHL
approach for fly ash, local soil, and stratified soil-ash
samples.

(5) The influence of cycle position is not remarkable for low
shear strain, but for the high strain, the difference in AL is
profound.

(6) The ASHL approach can be adopted for estimating the
damping ratio using any cycle position data because this
approach shows aminimumvariation than that of the others.

(7) The maximum damping ratio of stratified deposit is always
falling in between the damping ratio of local soil and fly ash.
This is due to the combined interaction between fly ash and
local soil.

(8) The peak of damping ratio of the fly ash varies between 0.6%
and 0.9% of shear strain, however, the local soil shows a peak
between 0.8% and 1.2% of shear strain. On the other hand, the
stratified soil exhibits a wide range of damping ratio’s peak
variation, i.e. in the range of 0.6%e1% of shear strain.

(9) The stratified soil and local soil exhibit a slightly high
damping ratio compared to different soils, whereas the
damping ratio of fly ash is similar to the soil such as alluvium
sand, Brahmaputra sand, and clayey soil.

(10) The hyperbolic model provides a good correlation for both
the uniform and stratified soil-ash samples, whereas the
universal model shows promising outcomes only for the
uniform soil.
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