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Abstract

This paper addresses the differences between two approaches of damping estimation in the resonant column testing: Steady-State
Vibration (SSV) and Free Vibration Decay (FVD) method, at small (<0.005%) to medium (0.07%) strain range. The tests were conducted
on ‘‘two types of reconstituted sands” and ‘‘two types of clayey soils” at different relative densities and confining pressures. The test
results suggested to use the SSV method in small strain damping measurement and the FVD method (two or three successive cycles)
in medium strain damping measurement. A systematic decrease in the damping with the increasing number of cycles was observed
up to a certain strain level in the FVD method. Furthermore, the effects of relative density, confining pressures, soil types on the damping
ratio derived from the two methods for the chosen soils were studied. The results showed that the damping ratio of clayey soils exhibits a
little higher value than those of sandy soils.
� 2021 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The damping ratio is commonly used to measure the
energy dissipation of a vibrating body due to the dynamic
or cyclic loading. The response of the super-structures
under dynamic loading conditions depends on the local soil
properties that exist underneath. Small strain stiffness and
damping properties help establish realistic predictions of
the ground movement of the underlying infrastructures
due to vibrations. Most often, the dynamic response of
the structure is effectively controlled by changing the
damping in the system. Hence, the estimation of damping
at near-resonance frequencies became vital in the dynamic
analysis of a soil mass to predict realistic behavior. Several
studies have revealed that the shear strain amplitude, effec-
https://doi.org/10.1016/j.sandf.2021.101091
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tive confining pressure, number of loading cycles are the
major contributing factors influencing the damping ratio
of soils; the sand type has a moderate effect; and the rela-
tive density, plasticity index, over-consolidation ratio, fre-
quency of loading cycles, moisture content and method
of sample preparation has a little effect (Hardin and
Drnevich, 1972; Kokusho, 1980; Ni, 1987; Vucetic and
Dobry, 1991; Darendeli, 2001; Zhang et al., 2005;
Kokusho et al., 2005; Sitharam et al., 2008; Senetakis
et al., 2012; Senetakis and Madhusudhan, 2015; Mog and
Anbazhagan, 2018). Nevertheless, the energy dissipation
phenomenon at a small strain level is not fully understood
in the literature (Payan et al., 2016). The small strain
damping ratio also shows a strong dependency on the par-
ticle shape parameter such as roundness and sphericity
(Santamarina and Cascante,1998; Cho et al., 2007;
Senetakis et al., 2012; Payan et al., 2016).

A significant development in the laboratory measure-
ment of soil damping happened in the soil dynamics field
Japanese Geotechnical Society.
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in the 1960s and 1970s (Hardin and Drnevich, 1972). Nev-
ertheless, much attention is still needed to accurately model
the realistic damping behavior of soil and understand the
fundamentals of the energy dissipation phenomenon at
small strains. Although in-situ testing techniques are
promising, it is difficult to directly measure the dynamic
soil properties in the field at medium to large strain ranges
(Yamamizu et al., 1983; Kokusho et al., 2005). Thus, it
seems that laboratory testing would continue to be essen-
tial to understand the dynamic soil behavior under cyclic
or irregular earthquake loading conditions.

In resonant column testing, damping is determined
either from the Steady-State Vibration (SSV) or Free
Vibration Decay (FVD) method. The SSV is also known
as half-power bandwidth and FVD as logarithmic decre-
ment method. In the first method, the soil specimen is
vibrated at its first mode of natural frequency, in which
the steady-state peak amplitude at resonance is used to
obtain the damping ratio. In the second method, after
removing the forced vibration, the specimen is allowed to
vibrate freely; simultaneously, the amplitude of the decay-
ing motion with time is recorded, and the damping ratio is
calculated accordingly. Prior studies (Papagiannopoulos
and Hatzigeorgiou, 2011; Wang et al., 2012) have sug-
gested a third-order correction to the half-power band-
width method to accurately estimate the damping of the
single degree of freedom and multi-degree of freedom sys-
tems. Though, the comparisons between the SSV and FVD
methods of damping estimation in the resonant column
testing are limited in the literature.

In the previous work, Senetakis et al. (2015) recom-
mended using two successive cycles of damping ratio; and
Stokoe et al. (1999) suggested using three successive cycles
for damping determination in FVD. The ASTM (D4015-
1992) specification suggested that the number of cycles
no more than ten should be used to determine the damping
ratio from the free vibrations data. However, the preferable
method concerning the shear strain range is not specified
clearly. Hence, the purpose of this study is to detail inves-
tigate the differences between the SSV and FVD methods
for the determination of damping in a resonant column
testing and suggest the appropriate method to be adopted
depending on the working shear strain range. Besides, the
damping results of natural sands and clayey soils obtained
from the SSV and FVD methods corresponding to the sug-
gested shear strain range are adopted and discussed in the
paper.

1.1. Test materials and sample preparation

The four different soil materials obtained from different
locations in India were tested in resonant column equip-
ment. The soils were identified as clean sand, silty sand,
and two clayey soils, designated as samples A, B, C, and
D in this study. The damping ratio of these soils was inves-
tigated using SSV and FVD methods in the small to med-
ium strain levels. The information regarding the index
2

properties, maximum and minimum dry density, USCS
(Unified Soil Classification System) (ASTM, 2017;
ASTM, 2000) classification are given in Table 1. The grain
size distribution curves of four soils, including the plasticity
index chart of ‘‘two types of clayey soils,” are shown in
Fig. 1. All the soil samples were obtained by auger boring
and pit excavation of depths ranging from 1 m to 5 m
approximately. Based on the USCS classification, these
soils fall under the category of (1) sample A – poorly
graded sand (SP), (2) sample B – silty sand (SM), (3) sam-
ple C – clay of low plasticity (CL), (4) sample D – clay of
low plasticity (CL). Samples C and D may be referred to as
clayey silt as both samples contained about 70% of silt
(with clay contents of 21% and 10% in the mixture) (see
Table 1).

The Scanning Electronic Microscope (SEM) images of
the four tested materials captured at different magnifica-
tions are provided in the supplementary file as an appendix
in Fig. A1. The SEM imaged particles of the sandy materi-
als (sample A and sample B) were analyzed digitally using
the image analysis software called ImageJ and particle
shape descriptor such as roundness and circularity
(sphericity in 3-dimension) parameters were quantified.
For a givens sand, 80 particles were randomly selected to
characterize the shape of the granular sand, and only the
mean values were considered. Sample A is clean sand,
whereas sample B contains about 20% silt (Table 1). The
roundness and circularity values of sample A are 0.692,
0.738, and sample B is 0.679, 0.621, respectively. Both sam-
ples A and B fall in approximately the same roundness cat-
egory (subrounded to the rounded group). However, the
circularity characteristic of sample A is greater than that
of sample B.

The dry-tamping method is adopted to prepare all the
tests specimen of size 50.4 mm in diameter and 102 mm
in height. The samples were tested at three different relative
densities viz. 30%, 60%, and 80% under the confining pres-
sures of 50, 100, 200 kPa. The details of the sample prepa-
ration of dry soil were described in Mog and Anbazhagan
(2018). The summary of the tests performed under the res-
onant column equipment is given in Table 2.

1.2. Measurement of damping in resonant column apparatus

The resonant column is the most commonly used labo-
ratory test to measure the soil damping at small to medium
strains. In the present study, the Geotechnical Consulting
and Test Systems (GCTS) fixed-free resonant column
apparatus is used in which a cylindrical soil specimen is
restrained at the base, and cyclic torsional load is applied
at the top. The external excitation at the top of the soil col-
umn is given by an electromagnetic drive system or motor
attached to it. The top of the specimen is constrained in the
horizontal direction to prevent any bending of the soil col-
umn during testing. In this, first, a torsional harmonic load
is applied, and the loading frequency of the input vibration
is gradually varied until the resonant frequency is found



Table 1
Basic properties of the test samples used in the present study.

Characteristics Unit Sample A Sample B Sample C Sample D

Specific gravity – 2.67 2.63 2.73 2.59
Liquid limit % – – 30 30
Plastic limit % – – 18 21
Plasticity index – Non-plastic Non-plastic 12 9
Gravel content % 0.846 – – –
Sand content % 98.95 79.75 12.09 18.67
Silt content % 0.196 19.83 66.91 71.33
Clay content % – 0.410 21 10
Maximum dry unit weight g/cc 1.855 1.741 1.730 1.177
Minimum dry unit weight g/cc 1.596 1.395 1.179 1.675
USCS classification – SP (Poorly graded sand SM (Silty sand) CL (Clay of low plasticity) CL (Clay of low plasticity)
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(Maximum response or maximum strain amplitude). The
frequency at which the maximum response is encountered
is the resonant frequency of the soil specimen. The shear
wave velocity is then calculated from the first mode of res-
onance frequency, which in turn provides the shear modu-
lus. The shear wave velocity is calculated from the
governing equation of motion for the fixed-free resonant
column system:

I
I0

¼ xh
V s

tan
xh
V s

� �
ð1Þ

where

I = mass moment of inertia of the soil column equals md2
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m = total soil mass
d = diameter of the soil column
I0 = mass moment of inertia of the drive system includ-
ing the top cap or added mass
V s = shear wave velocity of the soil column
x = natural circular frequency of the soil column
h = height of the specimen

The values of I and h can be easily determined from the
specimen dimension and weight. I0 can be regarded as a
system constant which is determined from the calibration
of the drive plate, described in section 3.3. In the resonant
column test, the resonant frequency is measured instead of
the natural frequency of the specimen. Hence, the resonant
frequency is used to calculate the V s assuming that the res-
onant frequency and natural frequency are equal when the
damping ratio is small. This assumption seems valid for
small strain damping measurements of most soils where
the damping ratio is <12% (Ni, 1987).

Once the shear wave velocity, V s is determined using Eq.
(1), the dynamic shear modulus, G is calculated from the
relationship:

G ¼ qV s
2 ð2Þ

where q is soil mass density.
The material damping can be determined either from the

width of the frequency response curve or the free vibration
decay curve in the resonant column test, which is discussed
3

in the following section. In all cases, the equipment-
generated damping or apparatus damping was accounted
for while making damping measurements.

1.3. Determination of damping ratio from free vibration

decay method

It is difficult to define the true material damping as
damping mechanism (internal damping) of soil materials
is not yet well understood. However, in usual practice,
the soil damping is interpreted in terms of its equivalent
viscous damping ratio. The term damping ratio is applied
only to the single degree of freedom systems, and the most
common form of damping expression used in geotechnical
engineering application is as follows (Ishihara, 1996):

D ¼ C
Cc

ð3Þ

where, D is viscous damping ratio or fraction of critical
damping, C is the coefficient of damping, andCc is critical
damping. Again, the critical damping Cc is related to the
stiffness, k, and mass, m, as follows:

Cc ¼ 2
ffiffiffiffiffiffi
km

p
ð4Þ

In the resonant column test, after the steady-state vibra-
tion is removed or when the power of the electromagnetic
drive system is shut off, free vibration decay takes place,
in which mode soil specimen can vibrate freely under the
action of forces inherent in the system itself. The amplitude
of the decaying motion is recorded using the accelerometer
mounted on the resonant column drive system. The damp-
ing is then determined from the measurement of the loga-
rithmic decrement (dÞ; which is defined as the natural
logarithm of the ratio of the amplitudes at subsequent
cycles.

d ¼ ln
xn
xnþ1

ð5Þ

where, xn is peak displacement of the n-th cycle, xnþ1is peak
displacement of the next (n + 1) cycle.

In this case, once logarithmic decrement (d) is measured,
material damping is calculated from the following
equation:
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Fig. 1. Grain size distribution and plasticity index of the tested soi materials.
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D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d2

4p2 þ d2

s
ð6Þ

The Free Vibration Decay (FVD) damping ratio is cal-
culated using Eq. (6). The GCTS resonant column software
4

records the free vibration data for all the cycles with a
shear strain amplitude of at least 15% of the maximum
shear strain obtained during the forced vibration test (or
SSV). The typical free vibration decay curve of a soil
sample obtained during the resonant column testing is



Table 2
Summary of the test programs conducted in the present study.

Test number Test material Relative density (%) Confining pressures (kPa) Torque applied (pfs)

1 Sample A 30 50 0.05, 0.1, 0.5, 1.0, 2.0, 3.0, 5.0, 8.0, 10.0, 15.0, 20.0, 30.0, 40.0
2 Sample A 30 100
3 Sample A 30 200
4 Sample A 60 50
5 Sample A 60 100
6 Sample A 60 200
7 Sample A 80 50
8 Sample A 80 100
9 Sample A 80 200
10 Sample B 30 50 0.05, 0.1, 0.5, 1.0, 2.0, 3.0, 5.0, 8.0, 10.0, 15.0
11 Sample B 30 100
12 Sample B 30 200
13 Sample B 60 200
14 Sample B 80 50
15 Sample B 80 100
16 Sample B 80 200
17 Sample C 60 50 0.05, 0.1, 0.5, 1.0, 2.0, 3.0, 5.0, 8.0, 10.0
18 Sample C 60 100
19 Sample C 60 200
20 Sample C 80 50
21 Sample C 80 100
22 Sample C 80 200
23 Sample D 30 50 0.05, 0.1, 0.5, 1.0, 2.0, 3.0, 5.0, 8.0, 10.0, 15.0, 20.0, 25.0
24 Sample D 30 100
25 Sample D 30 200
26 Sample D 60 50
27 Sample D 60 100
28 Sample D 60 200
29 Sample D 80 100
30 Sample D 80 200
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presented in Fig. 2 (right panel). The free vibration decay
damping ratio is determined from the slope of the peak
shear strain amplitude versus the number of cycles plot
obtained from the free vibrations data shown in Fig. 3. A
least square analysis is used to calculate the damping ratio
and fitted correlation coefficient. The damping ratio is
determined for the prescribed number of cycles based on
the goodness of the fit (i.e., correlation coefficient value)
for the selected peak and valley sensitivity data. The
Fig. 2. Typical steady state vibration & free vibration deca

5

detailed procedure for determining the damping ratio for
prescribed cycles from the FVD data of a resonant column
test is explained in the appendix (section 1).

In the FVD method, as shown in Fig. 2 (right panel) and
Fig. 3, the amplitude of vibrations varies from large to
small as the number of cycles increases. In such a case,
which shear strain amplitude should be suitable for the
damping ratio calculation by Eq. (6) is unclear. Few studies
have reported using the average of first two cycles by
y curve of soil obtained from resonant column testing.



Fig. 3. Strain amplitude versus number of cycles in FVD method.
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Senetakis et al. (2015); three cycles by Stokoe et al. (1999);
last five powered cycles by Bolton and Wilson (1990); less
than ten cycles by ASTM (1992). In contrast, it was stated
in the GDS RCA manual (2015) that the fit between 10 and
50 cycles is commonly used in the damping ratio calcula-
tion. Thus, it is necessary to evaluate the representative
strain (or cycles) for damping ratio calculation when
FVD is applied. This aspect has been addressed in the
results section.
1.4. Determination of damping ratio from steady state

vibration

The Steady-State Vibration (SSV) is also known as the
half-power bandwidth method. It is the second method
that is popularly used to measure the material damping
ratio in the resonant column test. Apart from its applica-
tion on resonant column tests in soil dynamics, the theory
of SSV to harmonic excitation has several applications.
These include forced vibration tests on structures, vibra-
tion isolations, accelerograph design, etc. In this, the loga-
rithmic decrement (d), is calculated from the forced
vibration test by measuring the width of the frequency
response curve near the resonance. The following expres-
sion is used to calculate d (GCTS-CATS, 2007):

d ¼ pðf 2
2 � f 2

1Þ
2f 2

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P 2

P 2
max � P 2

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2D2

p

1� D2
ð7Þ

where, f 1and f 2 are the frequencies below and above the
resonance where the strain amplitude is P , Pmax is the max-
imum amplitude (or resonant amplitude), f r is the resonant
frequency, and D is the damping ratio of the material. P is
also referred to as the half-power points.

When the damping is small and the amplitudeP is Pmaxffiffi
2

p ,

Eq. (7) can be simplified as:
6

d ffi pðf 2 � f 1Þ
f r

ð8Þ

Then, the damping ratio can be expressed as:

D ffi ðf 2 � f 1Þ
2f r

ð9Þ

The typical steady-state vibration (left panel) of a soil
sample obtained during the resonant column testing is pre-
sented in Fig. 2. Fig. 4 represents a typical frequency
response curve in the form of strain amplitude versus forc-
ing frequency obtained in the resonant column test. In
Fig. 4 (left panel), it can be observed that the half-power
bandwidth method consists of measuring the two frequen-
cies f2 and f1, where steady-state energy is half of that at
the resonant frequency (fr). The half-power points corre-

spond to the frequencies at which, P ¼ Pmaxp
2
, where Pmax is

the maximum amplitude as shown in the frequency
response curve. The sharpness or width of the frequency
response curve near the resonance frequency depends on
the presence of damping in the system. Eq. (9) is used to
determine the damping in the present study from SSV.
The frequency response curves obtained for one of the sand
specimens at different applied torque during the resonant
column testing are illustrated in Fig. 4 (right panel). In
SSV, during the resonance just before turning off for the
free-vibration decay test, a soil sample undergoes a numer-
ous number of loading cycles; however, due to the nature
of the resonant column test, no data savings is done for
those many numbers of cycles, as the data is saved only
for the last five cycles. Thus, changes in the specimen’s stiff-
ness and damping ratio over the first few hundred of load-
ing cycles cannot be measured in SSV. For a constant
sinusoidal torque amplitude in SSV (using the GCTS reso-
nant column system) at a sequence of increasing frequen-



Fig. 4. Typical frequency response curve in the half-power bandwidth method (left Panel). Typical frequency response curves of sand specimen (for
sample A) at different torque amplitude (right panel).
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cies (frequency sweep) in 1 Hz increment, the total number
of cycles applied to a specimen, in each case, ranges
between 500 and 1000 cycles in this study.

1.5. Damping of resonant column drive system

The damping results obtained from the resonant column
testing are generally the combination of the specimen
damping and equipment-generated damping. If equipment
damping or apparatus damping is not accounted for in the
calculation, it may result in inaccurate values. The appara-
tus damping can be evaluated from the calibration proce-
dure of the GCTS resonant column drive system. The
drive system consists of a driving plate (torsional motor)
and a specimen top cap. The damping ratio of resonant
column drive system is the inherent damping of resonant
column drive system. Thus, all of the calculated specimen
damping ratios will have this damping ratio of the drive
system subtracted from their value for all the tested soils
samples. Prior studies (Papagiannopoulos and
Hatzigeorgiou, 2011; Wang et al., 2012; Drnevich and
Ashlock, 2017) have also noted the importance of consider-
ing the apparatus damping at low strains.

The calibration of the GCTS resonant column drive sys-
tem is performed using a metallic specimen instead of an
actual soil specimen. It is assumed that the metallic speci-
men (or calibration specimen) should have zero or close
to zero dampings with a constant torsional stiffness, k.
Then, from Newton’s second law, the mass moment of
inertia is related to the natural or resonant frequency, x,
as follows:

I ¼ k
x2

ð10Þ

The recommended way to find the mass moment of iner-
tia of the drive system,I0, is to perform the two resonant
column tests on the calibration specimen, first by itself
without the added mass and second with added mass. Then
perform a frequency sweep operation with constant force
amplitude to find the resonant frequency for each configu-
ration. The calibration specimen is made of 6061-T6 alu-
7

minum with a mass density of 2.7 g/cm3. The added mass
is made of 303 stainless steel with a mass density of
7.7 g/cm3. The calibration specimen and added mass geom-
etry are shown in Fig. A2 in the appendix.

The solution to Eq. (10) for the first calibration run
without the added mass becomes:

I0 þ Ical ¼ k
x2

1

ð11Þ

The second equation for the second calibration run
attaching the added mass becomes:

I0 þ Ical þ Imass ¼ k
x2

2

ð12Þ

where

I0 = mass moment of inertia of the drive system and any
other fixture that will be used during actual soil testing,
Ical = mass moment of inertia of the calibration
specimen,
x1 = resonant frequency of calibration specimen with-
out the added mass,
Imass = mass moment of inertia of the added mass,
x2 = resonant frequency of the calibration specimen
with the added mass.

Now, combining Eq. (11) and Eq. (12) becomes:

I0 ¼ Ical þ Imassð Þx2
2 � Icalx2

1

x2
1 � x2

2

ð13Þ

The value of I0 as obtained from Eq. (13) is used to solve
the Eq. (1) to determine the shear wave velocity. For the
GCTS resonant column system, the specimen top cap is
not used during the calibration procedure. Thus, its mass
moment of inertia is added to the result of Eq. (13) to cal-
culate the actual I0 value. The mass moment of inertia of
the top cap is calculated separately from its geometry and
mass using the appropriate formula. Using the GCTS res-
onant column equipment, the damping ratio of the reso-
nant column drive system was found to be 0.33% and 1
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% for FVD and SSV, respectively. Therefore, in this study,
these values were subtracted from the measured damping
ratio of all soil specimens.

2. Results and discussions

The laboratory damping results obtained from the reso-
nant column test using two damping determination tech-
niques (SSV and FVD) are investigated and presented
herein. Four different types of reconstituted soils (A, B,
C, and D) were tested at three different relative densities
(30%, 60%, 80%) with an application of three different
effective confining pressures (50, 100, 200 kPa). The test
results are presented in the form of a plot of the variation
of damping ratio with respect to shear strain, with a com-
parison of both SSV and FVD methods. Particular atten-
tion is also made to the changes in the value of damping
ratio while a different successive number of cycles (i.e., 2,
3, 10, 20, 30, 50 cycles) is selected in FVD; and the appro-
priate number of cycles to be adopted for the analysis is
highlighted. Furthermore, the influence of the nature of
the soil type, relative density, confining pressures on the
damping properties is presented and compared with the
available data in the literature.
Fig. 5. Damping versus shear strain amplitude using SSV and FVD at small str
the prescribed smaller number of cycles at 2, 3, 10 cycles; (c) and (d) shows the
50 cycles).
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3. Effect of number of successive cycles on damping ratio at

small to medium strain levels

As previously discussed, due to the nature of the reso-
nant column test, the study of the effect of the number of
loading cycles on the damping ratio using the SSV method
is beyond the scope. On the other hand, in the FVD
method, the strain amplitude decreases with the number
of cycles increases (Fig. 2, right panel and Fig. 3). Hence,
it is unclear which strain amplitude should be regarded as
a representative strain or which number of oscillations
should be considered for calculating the damping ratio.
Thus, this aspect has been investigated using a fixed-free
resonant column apparatus and calculating the damping
ratio at various cycles in FVD. Two types of sandy soil
and two types of clayey soils named samples A, B, C,
and D were used. The results of the resonant column tests
on samples A, C, and D, corresponding to 60% relative
density under a confining pressure of 100 kPa and
200 kPa, is presented in Fig. 5(a)–(d). The damping is cal-
culated using Eq. (6) of FVD and Eq. (9) of SSV method,
as explained in the preceding section. The damping ratio
obtained from FVD for prescribed cycles of 2, 3, 7, 10,
20, 30, and 50 cycles is shown in Fig. 5 and Fig. 6. The
ain levels, (a) and (b) illustrates the results for sample A and sample C, for
results for sample A and sample D, at a higher number of cycles (at 20, 30,



Fig. 6. Variation of damping with shear strain amplitude using SSV and FVD at small to medium strain levels for various number of cycles, (a) for Sample
A, (b) for Sample B, (c) for Sample C, and (d) for Sample D.
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damping ratio obtained using the SSV method has also
been shown in Fig. 5 (square symbol) and Fig. 6 (triangle
symbol) for comparison purposes. The variation of damp-
ing ratio against the shear strain amplitude for prescribed
cycles of 2, 3, 10 (referred to as the smaller number of
cycles) are shown in Fig. 5(a) and (b). Similarly, variation
of damping ratio against the shear strain for prescribed
cycles of 10, 20, 30, 50 (referred to as the higher number
of cycles) are shown in Fig. 5(c) and (d).

Data from several studies suggest that there exists a
threshold strain for soils subjected to dynamic loading
(Hardin and Drnevich, 1972, Ni, 1987). The threshold
strain is the strain amplitude below which dynamic soil
properties such as stiffness, and material damping are con-
stant or independent of shearing strain amplitude (i.e., soil
exhibits linear behaviour). The dynamic properties mea-
sured at these strain levels are called the small strain shear
moduli and small strain damping ratio. Above the thresh-
old strain, when soil is cycled, it exhibits non-linear beha-
viour. The exact strain threshold may vary between
0.001% and 0.005% depending on the soil type (sand, clay,
or soil with fines) and confining pressure, as shown later in
this paper. The strain level below 0.005% is referred to as
the small strain damping, and strain level above 0.005%
9

is referred to as the medium strain damping in this study
while comparing the test results.

It can be seen from Fig. 5(a) and (b) that an increase in
damping is observed with the progression of cycles (up to
10 cycles) and with the increase in shear strain using the
FVD method. In Fig. 5(c) and (d), damping values after
the application of the 10th cycles are shown where a
decreasing trend of damping ratio is noticed with the pro-
gressive number of cycles (i.e., for 20, 30, 50 cycles). This
systematic trend of increase of damping up to 10 cycles
and decrease of damping after 10 cycles is mostly similar
irrespective of the soil types chosen in the study. The per-
centage variation in the damping results of the FVD
method is pretty much high in the small strain range for
2 and 10 cycles. It can also be observed that the damping
ratio derived from the SSV method is low compared to
the FVD method (at the various number of cycles) in small
strain levels (<0.005). One reason may be attributed to the
contribution of the ambient noise (Meng, 2003) and other
potential sources of error present during the resonant col-
umn testing on the free vibration decay curve. At small
strain and low confining pressure, the electronic signal is
small compared to the surrounding background (or ambi-
ent noise). Thus, the measured amplitude of vibrations may



Fig. 7. Comparison of damping between SSV and FVD (at 2 cycles)
obtained at small strains for sample A.

K. Mog, P. Anbazhagan Soils and Foundations 62 (2022) 101091
randomly get affected by the background noise and affect
the calculated damping ratio.

The variation of the damping ratio at small to medium
strains, obtained from the same test series for samples A,
B, C, and D, are presented in Fig. 6(a)–(d). The selected
test results are shown in the form of a plot of damping ratio
versus shear strain amplitude for the various number of
successive cycles. It can be seen from Fig. 6(a) that the
damping ratio obtained at the 2nd and 3rd cycles is close
to each other when shear strain amplitude is >0.005%, in
the FVD method; and approximately, the same damping
value was observed for SSV method. Similar results were
also noticed (in strain ranges >0.005 and <0.04%) for other
soil samples as well, which can be seen in Fig. 6(b)–(d).
Further, the trend of increase in damping ratio with an
increase in shear strain amplitude was observed irrespective
of chosen soil types at a smaller number of cycles. This
increase is certainly attributed to a non-linear increase
which is very much pronounced at 10 or fewer cycles. How-
ever, this increase of damping ratio with an increase in
shear strain amplitude begins to be unnoticeable at 20 suc-
cessive cycles or higher cycles [Fig. 6(a), (b)]. That is, the
changes in damping ratio are nearly constant at a larger
number of cycles in the free-vibration decay method. It is
because the goodness of the fit deteriorates (due to non-
linear fits in the free vibrations data) with the increasing
number of cycles or at higher cycles, which can be clearly
seen from Fig. 3 (and as explained in appendix section 1).
At larger cycles, as the wave amplitude is very small or
completely damped after the 20th or 30th cycles (depending
on the applied strain amplitudes), the calculated damping
ratio is underestimated. If the peak strain amplitude is less
than the threshold strain, in that case, the logarithmic
decrement, which is the slope of log amplitude versus the
number of cycles, is constant from one cycle to the next,
i.e., the linear visco-elastic theory is valid. However, if
the peak strain is greater than the threshold strain, the lin-
ear relationships no longer hold, and thus, the logarithmic
decrement is no longer constant. Therefore, scattering in
the damping data in FVD at larger number of cycles is
inherent due to a change in the logarithmic decrement or
slope of the log amplitude versus the number of cycles.

Hence, it can be concluded that there is a considerable
effect of the successive number of cycles on the damping
ratio in the FVD method. The damping ratio increases with
increasing cycles between 2 and 10, followed by the
decrease thereafter, as illustrated in Fig. 5. The possible
reason for this can be attributed to the slight variation in
void ratio due to the rearrangement of the soil particles
without any appreciable change in the specimen height
and due to the inherent scatter of the damping ratio calcu-
lation determined by the free vibration decay curves at
small strain amplitude. The ASTM (D4015-1992) specifica-
tion suggested using ten or fewer number of free vibration
cycles (though, depending on the shear strain range, which
method should be adopted is not specified clearly). How-
ever, it can be seen from Figs. 5 and 6 that there is a signif-
10
icant variation in the damping ratio between 2 and 10
successive cycles over a wide shear strain amplitude. There-
fore, using 2 or 3 successive cycles is preferable when FVD
is used for determining the damping ratio in the resonant
column test at medium strain levels.
4. Comparison of the SSV and FVD

The obtained values of the damping ratio extracted from
the SSV and FVD method corresponding to various rela-
tive densities and confining pressures are compared and
presented in Figs. 7 and 8. Fig. 7 shows a comparison of
material damping obtained from the SSV and FVD for soil
sample A (SP) at small strain ranges (less than or equal to
0.005%). The damping ratio obtained at the two successive
cycles derived from FVD is used to compare with SSV. It
can be observed from Fig. 7 that the scatter of the data
between the steady-state and free-vibration decay method
is found to be more than ±15% at small shear strain levels.
Most data points fall on the lower side of the equivalent
line (1:1). Likewise, large scattering in the damping data
(even >50% difference) is found between the two methods
when 3, 7, 10th successive cycles are considered in small
shear strain ranges. A significant difference in damping
value was also observed for soils B, C, and D samples in
small shear strain levels. The difference in the damping
ratios between the two methods stems from ambient noise’s
contribution (as previously discussed) and partly due to the
number of applied cycles more than thousands in SSV and
only tens in FVD.

The frequency response curve in the half-power band-
width method is symmetrical at lower strain amplitude,
i.e., when applied strain amplitude is smaller than the
threshold strain. However, as shown in Fig. 4 (right panel),
this symmetry is no longer maintained for strain-level lar-
ger than the threshold strain (0.005%). If the strain ampli-
tude is extremely large, the jump phenomenon commonly
occurs in the frequency response curves; hence, one half-
power point cannot be precisely located. This causes a seri-
ous error in the damping calculation. Thus, the half-power



Fig. 8. Comparison of damping between SSV and FVD obtained at small to medium strains (a) for sample A (SP-poorly graded sand), (b) for sample B
(SM-silty sand), (c) for sample C (CL- clay of low plasticity), (d) for sample D (CL- clay of low plasticity).
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bandwidth method is considered suitable for the very small
strain dynamic testing. A similar conclusion was also
drawn by Ni (1987), Darendeli (2001), and Khan et al.
(2008). Therefore, it is recommended that the SSV (Half-
power bandwidth) should be adopted over FVD for the
determination of material damping at very small shear
strain range. It has also been suggested by Blake (1987)
that the half-power bandwidth method should be used
for the damping value <10%.

Fig. 8(a)–(d) shows the comparison of the damping ratio
between the steady-state and free-vibration method derived
at small to medium strain levels. All the data points corre-
spond to samples A, B, C, and D tested at a relative density
of 30%, 60%, 80% under the confining pressures of 50, 100,
200 kPa. Fig. 8(a) depicts that most data points at medium
strain levels fall within the scatter of ±15% with an exemp-
tion of some data points in the SSV and FVD method. This
observation accords with the results of Senatakis et al.
(2015) for dry sand. This result indicates that the difference
in the damping ratio between the two methods at medium
strain levels is insignificant for the chosen sand (sample A).
However, this does not appear to be the case for samples B
(SM), C (CL), and D (CL), as shown in Fig. 8(b)–(d). It
was found that in the case of samples B, C, and D, the scat-
11
ter range between the two methods exceeds ±15%. It
mostly falls within ±30% of the data points, even if some
data points are discarded. At present, it is unclear if soil
type makes the difference wider between SSV and FVD
or due to some other factors. Thus, further study on those
lines is encouraged.

For strain amplitude larger than the threshold strain
(i.e., at medium strain), the damping ratio calculated from
the half-power bandwidth method is questionable due to
the non-symmetry and non-linearity of the frequency
response curve. However, the damping ratio calculated
from the free vibration decay (FVD) does not depend on
the non-symmetrical response of the frequency response
curve. It depends on the number of cycles selected to calcu-
late the damping ratio (as previously discussed). Therefore,
when soil response is non-linear at mid strain level
(>0.005%), the use of the FVD method is recommended
to calculate the damping ratio (at 2nd or 3rd successive
cycles). It is because of its best possible fit and less ambient
noise associated with a smaller number of cycles. Choosing
of damping value from the free-vibration decay method at
small strain levels should be avoided, while the resonant
column test is carried out on soil samples. On the other
hand, the SSV method is recommended to use at the lower
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amplitude of vibrations (<0.005%). The results of this
study further support that previously published damping
data (in the literature) which were obtained without consid-
ering the caveats of these two methods and did not account
for the apparatus damping, should be reassessed; and care-
ful consideration is recommended before using it for any
geotechnical analysis.

5. Effect of confining pressure and relative density on

damping ratio

The influence of confining pressures and relative density
on the damping ratio obtained from the SSV and FVD
methods is investigated for four soil types (samples A, B,
C, and D) and discussed in this section. The samples were
prepared at three different states as loose (30%), medium
Fig. 9. (a)–(c) and (d)–(f) Variation of damping ratio with respect to confining
Results.
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(60%), dense (80%), and the resonant column test was per-
formed at three different confining pressures (50, 100,
200 kPa). The representative results obtained from several
test series illustrating these effects are presented in Fig. 9
(a)–(f). The influence of soil type on the damping ratio
results is presented in Fig. 10. Note that the threshold
strain selected between the SSV and FVD method is
0.005%, as above this threshold frequency response curve
becomes unsymmetric in SSV and below this threshold
ambient noise contributes (in FVD). Thus, to plot Figs. 9
and 10, the SSV method is adopted in small strain damping
measurement (<0.005%), and the FVD method (2 succes-
sive cycles) is adopted in medium strain damping measure-
ment (>0.005%).

The effect of confining pressure on the variation of
damping ratio for coarse-grained soil sample (sample A)
pressure & relative density at small to medium strain level: Representative



Fig. 10. (a) Damping ratio vs. shear strain amplitude for sample A & B
(Sand); (b) damping ratio vs. shear strain amplitude for sample C & D
(Clayey silt).
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is presented in Fig. 9(a)–(c), and results for the effect of rel-
ative density are illustrated in Fig. 9(d)–(f). It can be
observed from Fig. 9(a), (b), and (c) that for a given shear
strain amplitude (medium strain level), the damping ratio
decreases with the increase of the confining pressures.
The damping value is maximum for 50 kPa confinement
and minimum for 200 kPa confinement at a given relative
density. The same trend is also found for other soil samples
(samples B, C, and D), which is not shown here to avoid
overlapping in the data. For a given specimen density, with
the increase in confining pressure, the particle-to-particle
contact forces increases, and the void space between them
is decreases (due to denser packing). As a result, the wave
propagates faster through the medium and decreases the
attenuation of waves, decreasing the damping ratio at
greater confining pressures (Madhusudhan and Senetakis,
2016). Thus, these results reveal that the influence of con-
fining pressures on the damping properties of the soil is sig-
nificant at medium strain levels. A similar finding is also
reported by Kokusho (1980); Ni (1987); Stokoe et al.
(1999); and Mog and Anbazhagan (2018) in the literature.
However, at small strain levels (<0.005%), its influence is
insignificant (which is also evident from Fig. 9a, b, and c).

It can be observed from Fig. 9(d), (e), and (f) that at a
given value of shear strain and confining pressure, the
damping ratio increases with the increase of the relative
density of the coarse-grained soil. The damping ratio is
observed to be maximum for 80% relative density and min-
imum for 30% relative density specimen, though there is
less variation in the value. Also, in most cases, the coincid-
ing value of damping is noticed. The variation in the value
of damping tested at three different relative densities is not
that significant (<2%). The results concord with the find-
ings of Sitharam et al. (2008), and Mog and Anbazhagan
(2018). Likewise, the damping value is observed to be
higher for densely packed specimens than the loosely pre-
pared specimen for fine-grained soils (CL). The difference
between them is rather small and can be ignored for all
practical purposes. Hence, it can be stated that relative
density does have a negligible influence on the damping
ratio of coarse-grained and fine-grained soil. It can also
be seen from those Figs. that damping ratio remains nearly
constant or linear up to shear a strain amplitude of 0.001%
above which level damping increases with the increase in
the shear strain as also explained in the proceeding section.

6. Effect of the type of soil on damping properties

The influence of the soil type on the damping ratio sub-
jected to resonant column testing under three different con-
fining pressures prepared at three different relative densities
is presented in Fig. 10 for four types of chosen soil. The
variation of damping ratio against the small to medium
shear strain range for sand specimens (combined results
of sample A and B) is illustrated in Fig. 10(a), while for
fine-grained specimens (combined results of sample C and
D) is illustrated in Fig. 10(b). It can be observed from
13
Fig. 10(a) that the sand specimen behaves like an elastic
body below the shear strain level of 0.001%. That is, the
damping ratio is nearly constant, and its value is observed
to be <2% in small strain levels (<0.005%). Above the
strain level of 0.001% for both sands A and B, the damping
value is nearly linearly increasing with the increase in log-
arithmic strain (in medium strain levels). It was also
observed that sample A exhibits a slightly higher value of
damping than sample B at a given relative density and con-
fining pressure, though there is little variation. A larger
effect of confining stress in sandy soils (sample A) than in
silty soils (sample B) is also evident from Fig. 10(a). The
reason may be attributed to the variability in the character-
istics of the coarseness of the grain size, soil structure, and
shapes of the sand material.

Likewise, similar observations were noticed from sam-
ples C and D (CL), as shown in Fig. 10(b), except in this
case, the slope of the increasing trend of damping ratio is
somewhat lower (or flatter) than those of sand specimens.
Also, there is hardly any change in the value of observed



Table 3
Minimum damping ratio obtained for different test samples in the present study.

Test Material Confining pressures (kPa) Relative density (30%) Relative density (60%) Relative density (80%)

Sample A 50 kPa 0.11 0.23 0.57
Sample A 100 kPa 0.12 0.15 0.16
Sample A 200 kPa 0.1 0.14 0.14
Sample B 50 kPa 1.05 1.2
Sample B 100 kPa 1 1.05 0.99
Sample B 200 kPa 1.03 0.83 0.77
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Fig. 11. (a) and (b) Comparison of damping ratio with other investigators for sands and cohesive soils.
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damping between samples C and D, as noticed. Mostly, the
damping values closely overlap with each other at a given
confining stress and relative density. This may be due to
nearly the same composition of silt and sand with a slight
difference in clay content between these two samples (C
and D) as enumerated in Table 1. It was also found that
[from Fig. 10(a) and (b)], damping value is observed to
be a little higher for clayey silt soils than those of sandy
soils. The reason may be attributed to the soil fabric (or
arrangement of the soil particles) due to the mixtures of
sand, silt, and clay proportions. The initial rates of increase
in damping ratio are also higher for clayey silty soils than
for sandy soils. This result is in concords with the finding
of Hardin and Drnevich (1972). Further, little scatter in
the damping data is noticeable above the shear strain level
of 0.01% in the case of silty sand samples [Fig. 10(a)],
whereas data fall in a narrow band in the case of clayey
soils [Fig. 10 (b)].

Also, it was observed that the minimum damping ratio
for the sand specimen (sample A), i.e., Dmin is found to
decrease slightly with the increase in the confining pressure,
which is consistent with the general trend, and are in line
with those of previous studies (Cho et al., 2007; Senetakis
et al., 2012; Senetakis and Madhusudhan, 2015; Payan
et al., 2016). However, in some cases, no systematic pattern
is found with other soil samples (B, C, and D), though little
or no variation in Dmin is observed. Further research is
underway considering different types of sands, naturally
deposited silts, and clayey soils to put more light on this
aspect. TheDmin as extracted from the resonant column test-
ing for samples A and B is enumerated in Table 3. The min-
imum damping ratio (Dmin) of sand and silty sand samples
ranges between 0.10 and 0.67%, while for clayey silt soils,
it ranges between 0.33 and 1.05%. That is, the Dmin is little
high for clayey silt soils than those of the sandy soils.

7. Comparison of damping ratio with existing curves in the

literature

The damping ratio obtained in this research from the
resonant column testing (from SSV and FVD) for both
sandy soils and clayey silts were compared with the avail-
Table 4
Summary of test conditions of damping curves used for the comparison purp

Reference Test materials T

Kokusho (1980) Clean sands C
Kokusho (1982) Cohesive soil (Primary Consolidation) C
Ni (1987) Non-plastic soils R
Idriss, 1990 Sand and clays, –
EPRI (1993c) Sands R
Darendeli (2001) PI = 0, & PI = 15 (Empirical) R
EPRI (1993c) Clays R
Ishihara et al. (1975) Cohesive soils C
Taylor et al. (1975) Cohesive soils T
Vucetic & Dobry (1991) Non-plastic soils & Clays C
Zhang et al., 2005 Quaternary, Tertiary & Saprolite soils

(PI = 0)
R
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able curves in the literature and presented in Fig. 11. The
summary of the test database for the damping ratio curves
used in this study for the comparison purpose is listed in
Table 4. In Fig. 11(a), the strain dependency damping
curves obtained for sample A and sample B, are compared
with those obtained by researchers Kokusho (1980); Ni
(1987); Idriss (1990); EPRI (1993); and Darendeli (2001)
for various kinds of sandy soils. It is noticed that damping
values obtained in the present studies are found to be quite
different from some of those investigators. The current
damping data exhibits a slightly higher value than those
of researchers at medium strain levels. It appears that the
range of damping ratio does not fit well within the range
of those of Kokusho (1980); Ni (1987); and Idriss (1990)
curves. However, the sand curves proposed by the EPRI
(1993); Darendeli (2001); and Zhang et al. (2005) are
observed to be reasonably consistent with the results
obtained in the present study for sandy soils. Although,
the significant difference lies with Dmin, which is found to
be slightly lower than those investigators. A slight variation
in the rates of the increasing trend of damping with respect
to shear strain is also noticeable. These variations are
believed to be arising due to the certain drawbacks associ-
ated with the damping measurement in the old generation
equipment in previous studies.

Fig. 11 (b) shows the combined results of C and D sam-
ples corresponding to the relative density of 30%, 60%,
80%, and confining pressure of 50, 100, 200 kPa with var-
ious kinds of cohesive soil curves (average curves) available
in the literature. It is observed that the damping ratio in the
present study falls (for the clay of low plasticity) very much
on the lower side from those of cohesive soils, as reported
by Ishihara et al. (1975), Taylor et al. (1975), and Kokusho
et al. (1982); and it falls very much on the upper side from
those reported by EPRI (1993). However, the results are in
good agreement with the average damping curves as pro-
posed by Vucetic and Dobry (1991) and Darendeli (2001)
for clays with a plasticity index of 15. Further, it is interest-
ing to note that the back-calculated damping ratios from
in situ data of four vertical array sites (Kokusho et al.,
2005), compared with the lab-test data in Fig. 11(a) and
(b), revealed that back-calculated damping ratios of one
ose.

est type Strain range (%) Confining pressures (kPa)

yclic triaxial 0.0005 – 0.56 20 – 300
yclic triaxial 0.0001 – 0.1 45–500
CTS 0.0001 – 0.10 42 – 331

0.0001 – 1.0 Single curve
CTS 0.0001 – 1.0 Upper bound & lower bound curves
CTS 0.00001 – 1.0 100 – 400 kPa
CTS 0.0001 – 1.0 Average curve
yclic triaxial 0.00001 – 0.01 Average curve
orsional shear 0.00001 – 0.03 Average curve
yclic triaxial 0.003 – 0.30 Single curve
CTS 0.0001 – 1.0 Mean Curve, (100 kPa)
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of the sites (KNK) are comparable with the present lab-test
data. In both cases, the observed damping ratio is <2% at a
small strain regime. Note that the back-calculated damping
ratio curve of Kokusho et al. (2005) is not plotted in Fig. 11
to avoid overlapping of the curves.

This investigation suggests that there is a need to
develop the dynamic model for Indian soils to capture
the correct trend of dynamic curves for a wide strain range.
The small strain damping curve as established in the pre-
sent study should be useful in the site response analysis
or any dynamic geotechnical analysis if enough informa-
tion concerning the soil type or gradation is available, as
it is preferable to use an upper and lower range of curves
for the complete analysis in order to capture the strain
dependency and other essential factors.
8. Summary and conclusions

The small strain dynamic soil properties are particularly
important for the analysis in the foundation vibration
problems. It provides a fundamental condition for large
strain dynamic properties. Hence, it is imperative to esti-
mate the correct damping ratio of the soil material in order
to carry out the site response analysis more accurately.
Thus, this paper addressed the caveats between two classi-
cal approaches (i.e., Steady-State Vibration and Free
Vibration Decay methods) of damping estimation in the
Fig. A1. Scanning electronic microscope images of four soils, (a
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resonant column testing for a relatively small strain range.
The major parameter focused here is the number of cycles
in two test methods SSV and FDV, and the appropriate
method to be adopted concerning shear strain level.
Besides, the effects of relative density, confining pressure,
and soil types on the damping ratio were also studied.
The following conclusions can be drawn from the present
study:

(1) The effect of the number of successive cycles on the
damping ratio is significant for all the chosen soil
samples at small to medium shear strain amplitudes.
The damping ratio adopted from 2nd or 3rd succes-
sive cycles is recommended to use at medium strain
levels (>0.005%) in FVD, because of its best fit and
correlation coefficient.

(2) It was observed that the scatter of the data points
between the two methods was more than ±15% for
all the chosen soil types except for the sand sample.
The difference in damping results between the two
methods stems partly due to the contribution of
ambient noise at lower strain amplitudes (in FVD)
and partly due to the number of applied cycles more
than thousands in SSV and only tens in FVD.

(3) Due to non-symmetry and nonlinearity in the fre-
quency response curves in SSV for strain-level
exceeding the threshold strain (�0.005%), SSV is rec-
) Sample A, (b) Sample B, (c) Sample C, and (d) Sample D.
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ommended to use for lower amplitude damping mea-
surement. However, since damping determination
from FVD does not depend on the non-symmetrical
response of the frequency response curve but may
get affected by the ambient noise at lower strain
amplitudes, the FVD (at 2nd or 3rd successive cycles)
is recommended to use for mid-strain damping mea-
surement (>0.005%). The results of this study suggest
that the caveats of these two methods should be
accounted for while making damping measurements
in resonant column testing.
Un

Fig. A2. (a) Calibration specimen geometry, and (b) added mass geometry
together; the values in square brackets indicate the alternate units in mm.

17
(4) The damping ratio of the tested soils is influenced by
the effective confining pressures at medium strain
levels. The damping ratio increases with the increase
in confining pressures. Nevertheless, at small strain
ranges, its influence is insignificant. Similarly, relative
density appears to have a negligible effect on the
damping value for all the tested soil samples.

(5) It is noticed that clayey silt soils (samples C and D)
tend to exhibit a little higher damping value than
for sandy soils (samples A and B). The minimum
damping ratio, Dmin observed to increase slightly with
(a) 

its: Inch or [Millimetre] 

Units: Inch or [Millimetre] 

(b) 

(specimen top cap). All the units are provided in inches and millimetres
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the increase in confining pressures for sand sample
(sample A), though its pattern is unsystematic (in
some cases) for other tested soils. The Dmin is found
to be a little higher for clayey silt soils (ranges
between 0.33 and 1.05%) than those of the sandy soils
(ranges between 0.10 and 0.67%).

(6) The damping curves obtained for sands (samples A
and B) as compared with other investigators revealed
that the damping data presented in this study exhibit
a little higher value than those of investigators at
medium strain levels. Also, the Dmin value is observed
to be slightly lower than those of investigators.

(7) Similarly, combined damping results of C and D
(clayey silt soils) tend to fall much lower side than
the curves proposed by previous investigators for
cohesive soils and much on the upper side from EPRI
(1993c) proposed curves. The damping ratio curves
developed in the present study should be useful in
the site response analysis or any dynamic geotechni-
cal analysis if enough information concerning the soil
type or gradation is available.
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Appendix. Section 1

Damping ratio determination for prescribed cycles from the

free vibration decay (FVD) data

After the resonant column test is completed, GCTS soft-
ware calculates the damping ratio using the free vibration
data as shown in Fig. 2 (in the manuscript) and using the
‘‘peak and valley sensitivity for damping data” value.
The peak and valley sensitivity for damping data sets the
sensitivity limit (threshold) for peak and valleys of the free
vibration data. Its unit is the same as that of the unit of
strain. By changing the values of peak and sensitivity in
the GCTS resonant column software, the damping ratio
is calculated for the various number of cycles as described
below.

Fig. A3 displays a typical window of how the damping
ratio is determined for the data shown in Fig. 2 (in the
manuscript). It can be observed that for a selected (input)
value of 0.002% peak and valley sensitivity, only 2 cycles
are greater than this peak and valley sensitivity; thus, only
two points were used in the damping ratio determination.
A least square criterion is used to determine the slope of
the line for the plot of strain amplitude versus cycles. In

this case, since we have only 2 points, the R2 (i.e., coefficient
of determination) value is 1, indicating that the line goes
through both points. However, from the free vibration data
(in Fig. A3) itself, one can see more cycles can be used for
damping ratio determination.

To generate more cycles, the peak and valley sensitivity
is decreased to a value of 0.0001%, meaning more cycles
will meet or exceed the sensitivity value; thus, there will
tion data for first selected peak and valley sensitivity.
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be more cycles in the damping ratio calculation. The recal-
culated damping results is displayed in Fig. A4.

However, at this stage, there are now 44 cycles in the cal-

culation, but the R2 has become 0.55; this means the data is
no longer linear, which can be verified by simply looking at
the plot. From the plot, it appears that the cycles data is
only linear to cycle 10.

So now, a value of 0.00035% is selected for the peak and
valley sensitivity, and the calculated damping ratio is
shown in Fig. A5. As can be seen, now there are only 10

data points in the damping ratio calculation, but the R2

has become even worse at 0.24, meaning the data is not lin-
ear at all.
Fig. A4. Damping determination by sele

Fig. A5. Damping determination by selectin
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However, from visual inspection of Fig. A5, one can see
that data is linear with the exception of the first cycle point.
Therefore, the first cycle point is removed from the damp-
ing ratio calculation, and the final calculated damping ratio

window is displayed in Fig. A6. As can be seen, the R2 has
become 1, meaning that the cycles data is very linear; thus,
the user can be confident that the determined damping
ratio is a good estimate. Now, the damping ratio is
4.62% at 9 cycles, whereas firstly the damping ratio was
6.42% at 2 cycles.

In the present study, the above procedure is followed to
calculate the damping ratio for all the tested soils speci-
mens and for prescribed cycles. The calculation of the
cting small peak & valley sensitivity.

g a good peak & valley sensitivity value.



Fig. A6. Damping determination by selecting a final peak & valley sensitivity value that yields the good calculation parameters.
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damping ratio using the above procedure by changing the
peak and valley sensitivity value is a bit laborious and
time-consuming process, as the selection of the peak and
valley sensitivity value involves several iterative processes.
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