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The response of soils under vibrations strongly depends on the type of particles which reflects the

behavior at particle contacts and the micro-mechanisms that dominate granular assemblies. In this

paper the dynamic properties of a pumice soil of low bulk density and high porosity were investigated.

As a reference soil, a quartzitic crushed rock with hard particles was used. The experiments were

performed on dry samples of sand to gravel size under isotropic conditions of confinement in a fixed-

free resonant column apparatus. In the range of small strains, the Vs–sm
0 and GO–sm

0 relationships are

dominated by particle type in terms of mineralogy and morphology; plastic response at particle

contacts of the pumice samples led to higher nV and nG exponents in comparison to the quartz ones.

The small-strain damping ratio values were fairly similar for pumice and quartz soils, while the values

of the exponent nD were more scattered. At higher shear strain amplitudes, the pumice soils showed

higher linearity in comparison to the quartz ones. This is attributed partially to micro-crushing at

particle contacts that occurs during the dynamic loading of the pumice soils which shifts the elastic and

volumetric thresholds to higher strains and plays an important role in the energy dissipation in

granular assemblies.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Strong ground motion due to wave propagation and therefore
the seismic response of structures and soil–foundation–structure
interaction phenomena are strongly correlated to the dynamic
properties of soils often expressed in terms of shear modulus, G,
and damping ratio, D. The shear modulus is related to the shear
wave velocity, Vs, and mass density of the soil, r, through Eq. (1),
while the damping ratio is defined as the ratio of the energy loss
per cycle (DW) to the maximum stored energy (W), analytically
expressed through Eq. (2) (e.g., [28,13,14,11,16,30]).

G¼ r� V2
s ð1Þ

D¼
DW

2� p�W
ð2Þ

In the range of very small strains, in general below 10�3% for
granular materials, the behavior is approximately linear-elastic. In
this range of strains, the shear modulus corresponds to its maximum
value, denoted as Gmax or GO, and the damping ratio approximates to
a minimum value, denoted as Dmin or DO. As reported in previous
studies (summarized by [31]), non-hysteretic mechanisms can be
ll rights reserved.

kis).
responsible for wave attenuation phenomena in dry soils at very
small strains, such as, for example, thermal relaxation or chemical
interactions at contacts. At higher strain levels, the behavior of soils is
hysteretic non-linear; the shear modulus decreases while the oppo-
site trend is observed for the damping ratio. Friction at particle
contacts and slippage of particles are the main mechanisms that
contribute to the energy dissipation and the overall stiffness degrada-
tion (e.g., [30]). The linear elastic threshold, denoted as gt

e, that
expresses the onset of non-linear elastic behavior and the volumetric
or cyclic threshold, denoted as gt

v or gt
c, that expresses the onset of

non-linear plastic behavior (e.g., [37,41,8,22,38,16,24]) have been
widely used by many researchers in order to study the behavior of
soils in distinct ranges.

With reference to uncemented granular soils in a dry state, it
has been demonstrated that in addition to the influence of the
confining pressure, the stiffness and attenuation parameters
strongly depend on particle type in terms of mineralogy and
morphology, through the response at particle contacts, the elastic
properties of the individual particles and the packing of the
granular assembly (e.g., [12,36,10,3,31,32,30,5,4,34]). The packing
of particles is usually expressed in terms of a global void ratio, e,
and depends on the grain size distribution, the state of confine-
ment, the depositional process for natural soils or the compaction/
reconstitution process for laboratory created soils, as well as the
shape of particles (e.g., [42,30,24,5,33]).
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As theoretically and experimentally demonstrated by Santa-
marina and Cascante [31] and Cascante and Santamarina [3], the
forces developed at particle contacts, the distribution of contacts
in the granular assembly and particle orientations describe the
‘‘state’’ of a granular material and comprise the key components
that connect the micro-mechanical and the overall macro-
mechanical response of particulate media at very small strains.
Using the descrete element method in order to study the micro-
mechanical behavior of granular assemblies, Radjai et al. [27]
demonstrated that the magnitude and distribution of interparticle
forces strongly depend on the grading, an observation which has
been also supported from a macro-mechanical point of view by
experimental studies on granular materials through element
testing (e.g., [24,25,40,34]).

The response of soils at shear strains beyond the elastic
threshold also depends on particle type. In recent studies by
Senetakis [33] and Senetakis et al. [34], who studied the dynamic
behavior of quartzitic granular materials and volcanic soils
composed of a rhyolitic glassy rock, it was revealed that soils of
variable mineralogy and morphology of particles show markedly
different macro-scale responses at small to medium strain levels.
Senetakis et al. [34] attributed these differences to the different
micro-mechanisms that dominate at particle contacts.

This study aims to investigate in the laboratory the dynamic
properties of the coarse fractions of a pumice material of low bulk
density and high porosity. As a reference soil, the gravel size
fractions of a quartz crushed rock of hard particles are used. The
experiments were performed in a fixed-free resonant column (RC)
device, capable of measuring the dynamic properties of soils from
very small to medium shear strain amplitudes. The samples were
tested in a dry state under isotropic conditions of confinement.
Based on the RC test data, micro-mechanical interpretations are
also presented and discussed.
Fig. 1. Grain size distribution curves of materials studied: (a) pumice granular

soils (b) quartz gravels.
2. Materials, sample preparation and testing program

2.1. Material used

Four granular soils composed of a pumice material of low density
and high porosity were examined in this study. The pumice material
has a specific gravity of solids, Gs, equal to 2.18 [33]. The coarse
fractions of quartz crushed rock of Gs equal to 2.67 were used as
reference soils. All the materials were washed on sieve No. 200
(75 mm) in order to remove the fine particles and then oven-dried
before the preparation of laboratory samples of specific grading
characteristics. The grading curves of the samples and the classifica-
tion according to [2] specification are given in Table 1 and Fig. 1.
Table 1
Grain-size characteristics and classification of materials used.

Laboratory

material

Parent

soil

Dmax
a

(mm)

D50
b

(mm)

Cu
c Cc

d Gravele

(%)

USCSf

LWC2D1 Pumice 4.75 1.50 2.33 1.16 0 SP

LWC2D3 Pumice 6.35 3.00 1.55 0.74 1 SP

LWC1D6 Pumice 9.53 5.60 1.20 0.97 96 GP

LWC1D10 Pumice 12.7 9.50 1.45 0.93 100 GP

C1D6 Quartz 6.35 5.50 1.17 0.96 100 GP

C1D8 Quartz 9.53 7.80 1.22 0.94 100 GP

C1D10 Quartz 12.7 10.1 1.03 1.00 100 GP

a Maximum grain size.
b Mean grain size.
c Coefficient of uniformity Cu¼D60/D10.
d Coefficient of curvature Cc¼D30

2 /(D60�D10).
e Gravel content by weight.
f ASTM D2487-00.
It is noted that the pumice soils LWC1D6 and LWC1D10 have
identical grading curves with the quartz soils C1D6 and C1D10,
respectively, while the symbols used to denote the samples reflect
the type of soil and the grain size distribution. For example,
LWC2D1 corresponds to a pumice soil of CuE2 and D50E1 mm,
where ‘‘LW’’ denotes lightweight—pumice soil, and C1D6 corre-
sponds to a quartz gravel of CuE1 and D50E6 mm. Observing
representative particles through a microscope and using empirical
diagrams proposed in the literature [21], it was demonstrated that
both the pumice and the quartz soils had primarily sub-angular
particles.

For the coarse fractions of the pumice soil, the maximum and
minimum dry densities (gd,max, gd,min) range between 6.0–7.5 kN/m3

and 5.0–6.0 kN/m3, respectively, and the corresponding minimum
and maximum void ratios (emin, emax) range between 1.9–2.5 and
2.5–3.0, approximately [33]. The coarse fractions of the quartz
crushed rock have quite typical values of these compaction para-
meters, of around 14.5–15.5 kN/m3 and 11.0–12.0 kN/m3 for the
maximum and minimum dry densities, respectively [33]. These
differences are attributed to the intra-particle voids of the pumice
soil which is related to the geological formation of the parent
volcanic rock (e.g., [39]).

2.2. Experimental equipment and sample preparation

All experiments were performed on dry specimens 71 mm
in diameter and 142 mm in height in a resonant column (RC)
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apparatus of fixed-free type [9] capable of longitudinal and
torsional dynamic loading. A description and details of the
experimental equipment used have been given elsewhere
[33–35]. To summarize, the bottom, passive end of the specimen
is rigidly fixed on a base pedestal of mass and inertia that are
much higher than those of the specimen, whilst a sinusoidal
excitation is applied at the top-active end of the specimen.
For this purpose, an excitation mechanism is fixed on the top
of the sample, which has two magnets surrounded by four coils
for torsional loading, as well as one magnet surrounded by one
coil for longitudinal loading. The RC tests are controlled and
monitored manually by electronic equipment. Accelerometers,
attached to the excitation mechanism and accompanied by
amplifiers, are used to record the response at the active end of
the sample. The vertical (axial) strains are recorded by a linearly
variable differential transformer (LVDT) with a resolution of
0.01 mm.

Samples of the same material were prepared at variable initial
void ratios using different preparation methods. Loose specimens
were constructed by dry pluviation of the material into a split
mold in the RC device. Medium dense and dense to very dense
samples were prepared in many layers of equal dry mass and
compacted using a metal hammer of diameter approximately half
the diameter of the specimen. The preparation methods of dry
pluviation and dry compaction in layers are denoted as ‘‘DP-M’’
and ‘‘DC-M’’, respectively.

2.3. Resonant column testing program

After the preparation of the samples and before the set up of the
RC apparatus, the specimens were supported through a vacuum
of the order of �5 to �10 kPa. At this point the dimensions of
the sample were measured and thus, knowing the dry mass of the
material used, the initial void ratio (eo) and dry density (gdo) of
the specimens were determined. Low-amplitude torsional resonant
column tests (LARCT) were performed at increasing steps of the
mean effective confining pressure, sm

0 , between 25 and 400 kPa.
In most samples, high-amplitude tests (HARCT) were also performed
at least at two levels of the mean effective stress. The isotropic
pressure was provided and controlled manually by a pressure board
and recorded at the bottom of the triaxial cell by analogue
transducer of 1 kPa resolution.

Table 2 summarizes the fifteen specimens tested in the RC
apparatus; nine specimens were composed of the coarse fractions
of the pumice soil and six specimens were composed of the quartz
crushed rock. In agreement with the compaction tests, the
Table 2
Torsional resonant column testing program.

Code name of specimen Laboratory material gdo (kN/m3)

LWC2D1-D01 LWC2D1 7.17

LWC2D1-D11 7.10

LWC2D1-D12 7.06

LWC2D1-D13 5.98

LWC2D3-D01 LWC2D3 6.79

LWC1D6-D01 LWC1D6 6.79

LWC1D6-D12 6.68

LWC1D6-D13 6.21

LWC1D10-D01 LWC1D10 6.45

C1D6-D01 C1D6 14.0

C1D6-D02 15.4

C1D8-D01 C1D8 14.2

C1D8-D02 16.1

C1D10-D01 C1D10 14.0

C1D10-D02 16.2

n Compaction in layers of equal dry mass using a metal hammer in order to prepa
nn Dry pluviation in order to prepare loose specimens.
specimens of the pumice soil had significantly lower values of
the initial dry density (gdo) and higher values of the void ratio (eo)
in comparison to the quartz samples. In general, the LARCT
measurements were obtained at shear strain amplitudes in the
range 5�10�4–1.0�10�3%. The experiments and the analysis of
the RC test results were performed according to the ASTM D4015-
92 specification [1].
3. Experimental results and discussion

3.1. Small-strain dynamic properties of pumice and quartz granular

soils

3.1.1. Typical LARCT results–empirical relationships used

Typical results of the LARCT program are shown in Figs. 2 and 3,
where specimen C1D6-D02 is a quartz gravel and specimen
LWC2D1-D12 is a pumice sand. The increase of shear wave
velocity, Vs, and small-strain shear modulus, GO, and the decrease
of small-strain damping ratio, DO, with increasing sm

0 , follow, with
a good approximation, a power law. Therefore, the Vs–sm

0 , GO–sm
0 ,

and DO–sm
0 relationships may be expressed through the empirical

forms of Eqs. (3)–(5), respectively.

Vs ¼ AV � s0m
� �nV

ð3Þ

GO ¼ AG � s0m
� �nG

ð4Þ

DO ¼ AD � s0m
� �nD

ð5Þ

In Figs. 2 and 3, the constants AV, AG and AD, as well as the
exponents nV, nG and nD, derived from regression analysis and
using Eqs. (3)–(5) are also quoted. Since the parameters Vs and GO

are related to each other through Eq. (1), the exponents nV and nG

must be related through Eq. (6).

nV ¼
1

2
nG ð6Þ

The exponents nV(¼0.23) and nG(¼0.46) of the quartz gravel
(Fig. 2) are close to the ‘‘typical’’ values of 0.25 and 0.50,
respectively, proposed by many researchers for granular materials
([12,20,43] and others). These values are higher than the theore-
tical ones (nG equals 0.33) derived from the assumption of
Hertzian contacts and elastic behavior (after [18]), and this is
attributed to the plastic deformations that occur at particle
contacts during the increase of the confining pressure and the
fabric changes in real soils [3].
eo Preparation method sm
0 for HARCT (kPa)

1.981 DC-Mn 50,100,200,400

1.623 DC-M 50,100

2.028 DC-M –

2.575 DP-Mnn 100,200

2.150 DC-M 100,200

2.153 DC-M 100,200,400

2.200 DC-M –

2.445 DP-M 100,200

2.321 DC-M 100,200

0.878 DP-M 50,100,200

0.700 DC-M 100,200

0.846 DP-M 100,200

0.624 DC-M 50,100

0.867 DP-M 50,100

0.618 DC-M 50,100

re medium dense and dense to very dense specimens.



Fig. 2. Effect of mean effective confining pressure on the variation of the small-

strain dynamic properties for specimen C1D6-D02 (quartz gravel) and correspond-

ing trend lines.

Fig. 3. Effect of mean effective confining pressure on the variation of the small-

strain dynamic properties for specimen LWC2D1-D12 (pumice sand) and corre-

sponding trend lines.
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The pumice sand of Fig. 3 shows higher values of the
exponents nV and nG (nG equals 0.61) which implies that the
plastic deformations at the particle contacts of the pumice
samples during the increase of the isotropic stress are more
pronounced in comparison to the quartz soils. Since materials
LWC2D1 and C1D6 have particles of similar roundness, these
differences are possibly related, at the micro-scale level, to the
effect of particle morphology in terms of surface roughness.

The effect of sm
0 on the small-strain damping ratio is less

pronounced than in parameters Vs and GO, as illustrated in Fig. 2c
and 3c. DO slightly decreases with increasing sm

0 following an
exponent nD of the order of �0.10, which is close to typical values
presented in the literature for dry reconstituted granular soils
(e.g., [24]). Similarly, Santamarina and Cascante [31] reported that
the small-strain damping in granular soils is a function of the
isotropic confining pressure, but in that study they reported a higher
absolute value of the exponent nD. Higher absolute values of the
exponent nD were also reported by Senetakis et al. [34] for quartzitic
sands and this might be explained by differences in particle shape
between the sand-size and gravel-size fractions of the quartz crushed
rock used in this study and Senetakis et al. [34] investigation.

The effect of void ratio on the small-strain dynamic properties
of representative samples is demonstrated in Fig. 4. Vs and GO

systematically decrease with increasing e. However, the overall



Fig. 4. Effect of void ratio and mean effective confining pressure on the variation

of the small-strain dynamic properties for the pumice gravel LWC1D6.

Table 3
Small-strain fitting parameters for pumice and quartz soils.

Specimen Vs–sm
0

relationship

GO–sm
0 relationship DO–sm

0

relationship

AV nV AG AG
n nG AD nD

LWC2D1-D01 62.2 0.30 2.79 6.97 0.60 1.05 �0.12

LWC2D1-D11 66.9 0.29 3.19 6.26 0.59 1.70 �0.33

LWC2D1-D12 59.2 0.30 2.50 6.41 0.61 0.67 �0.11

LWC2D1-D13 44.0 0.35 1.14 4.14 0.71 0.97 �0.13

LWC2D3-D01 55.3 0.34 2.09 6.25 0.68 0.53 �0.03

LWC1D6-D01 67.6 0.31 3.12 8.62 0.63 0.85 �0.11

LWC1D6-D12 60.7 0.32 2.48 7.12 0.64 0.79 �0.10

LWC1D6-D13 51.8 0.34 1.72 5.49 0.68 0.99 �0.15

LWC1D10-D01 81.3 0.28 4.34 11.9 0.56 0.60 �0.02

C1D6-D01 83.4 0.25 9.87 8.41 0.50 1.34 �0.18

C1D6-D02 105.2 0.23 17.4 11.0 0.46 0.94 �0.10

C1D8-D01 76.6 0.27 8.52 6.91 0.53 1.52 �0.16

C1D8-D02 112.3 0.23 20.7 11.3 0.46 1.78 �0.19

C1D10-D01 89.1 0.24 11.1 10.4 0.49 2.66 �0.27

C1D10-D02 100.4 0.24 16.6 5.97 0.48 1.65 �0.26
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effect of e on DO is not that strong. This observation was also
supported in previous investigations on dry granular soils (e.g.,
[36], [24,33,34]). Within the framework of this research work, the
effect of void ratio on GO is studied through the general form of
Eq. (7) where F(e) is the void ratio function.

GO ¼ An

G � FðeÞ � s0m
� �nG

ð7Þ

The general form of a common void ratio function proposed in
the literature is given in Eq. (8).

F eð Þ ¼
A�eð Þ

2

1þe
ð8Þ
Hardin and Richart [12] proposed values of the constant A of
Eq. (8) equal to 2.17 and 2.97 for granular soils of rounded and
angular particles, respectively, while Wichtmann and Triantafyl-
lidis [40] correlated the constant A with the coefficient of
uniformity, Cu.

The main shortcoming of the general expression of the void
ratio in Eq. (8) is its non-applicability in some types of granular
soils, such as soils of high porosity. For example, for threshold
void ratio values equal to 2.17 and 2.97, the F(e) function
proposed by Hardin and Richart for soils of rounded and angular
particles, respectively, becomes zero, and beyond this threshold
the trend of decreasing F(e) with increasing e is reversed. Even
though void ratio values beyond 1.2 to 1.5 are not the general case
of ‘‘typical’’ granular soils, such as quartz sands and gravels of
solid particles, the pumice soils have remarkably high e values of
the order of 2.0 to 2.6 and thus the effect of void ratio on the
stiffness of these materials cannot be expressed effectively
through Eq. (8).

Alternatively, an exponential expression of the void ratio
function, as shown in Eq. (9) may be more suitable for pumice
soils. Jamiolkowski et al. [17] proposed a value of the exponent xe

of Eq. (9) equal to 1.3, Menq [24] correlated the exponent xe with
the mean grain size and in a recent study, Senetakis et al. [34]
proposed an expression for the exponent xe that is a function of
the coefficient of uniformity.

F eð Þ ¼
1

exe
ð9Þ

in this study, we adopt the expression of F(e) of Eq. (9) as
proposed by Jamiolkowski et al. [17] in order to correlate the
small-strain shear modulus with the confining pressure level, and
thus Eq. (7) becomes:

GO ¼ An

G �
1

e1:3
� s0m
� �nG

ð10Þ
3.2. Analysis of LARCT results

The analysis of the experimental LARCT results by best-fit of
Eqs. (3)–(5) and (10) through the experimental data using
regression analysis led to the estimation of the constants AV, AG,
An

G, AD, nV, nG and nD. All the results stemming from the LARCT
data are summarized in Table 3.
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For the pumice soils, the exponent nG ranges between 0.56 and
0.71 with an average value of 0.63. For the quartz gravels the
values of the exponent nG are systematically lower than the
pumice soils, ranging between 0.46 and 0.53 with an average
value of 0.49. The values of the exponent nD are more scattered in
both the pumice and the quartz soils in comparison to the
exponents nV and nG, ranging from �0.02 to �0.33, but no
significant effect of particle type can be noticed. For quartzitic
sands of sub-angular to angular particles, Senetakis et al. [34]
reported values of the exponent nG higher than the quartz gravels
of this study, ranging between 0.53 and 0.71 with an average
value of 0.63.
3.3. The role of particle morphology and initial void ratio in the

evolution of axial strains with isotropic compression

The micro-mechanical considerations discussed above relative
to the possible role of the behavior at particle contacts and the
overall effect of particle morphology in terms of surface rough-
ness on the Vs�sm

0 and GO�sm
0 relationships is further supported

by the data presented in Fig. 5, where the vertical (axial) strains
against sm

0 of representative samples are plotted. For the quartzi-
tic samples C1D6-D01 and C1D6-D02 the axial strains that
occurred during the increase of the isotropic stress were small,
ranging from values less than 0.1% at sm

0 ¼25 kPa to about 0.3% at
sm
0 ¼200 kPa and consequently the decrease of void ratio with

increasing sm
0 was also small. For the pumice soils the axial

strains are of about one order of magnitude higher in comparison
to the corresponding strains in the quartz soils, which mirrors the
more pronounced plastic deformations at particle contacts in the
pumice soils and overall the higher values of the exponents nV

and nG. Fig. 5 also demonstrates the important effect of the initial
void ratio on the development of plastic deformations in the
pumice samples LWC2D1-D12 and LWC2D1-D13. Even though
the vertical strains as presented in this figure are a combination of
elastic and plastic response, a reduction of the isotropic stress in
some samples after the completion of the RC tests showed that
most of the axial strains during the isotropic compression were of
plastic nature.

Increasing the initial void ratio at which specimens were
prepared in the RC apparatus, which implies a more loose packing
of the granular assembly, it is demonstrated in Fig. 5 that the axial
strains increase and thus, the permanent changes in fabric due to
the isotropic compression are more pronounced as the initial void
ratio increases. This is further supported by the results presented
Fig. 5. Evolution of the vertical (axial) strain with increasing mean effective

confining pressure in representative specimens.
in Table 3; for a given sample, the exponents nV and nG increase
slightly with increasing initial void ratio.
3.4. Strain-dependent dynamic properties of pumice and quartz

granular soils

3.4.1. Typical HARCT results and micromechanical considerations

The variation of the normalized shear modulus, G/GO, and the
damping ratio, D, with increasing shear strain amplitude, g, for
variable values of the mean effective stress, sm

0 , of representative
samples is given in Figs. 6 and 7. The increase of g leads to a
reduction in G/GO and increase in D, but, as illustrated in
Figs. 6 and 7, at a given g, the specimens show a more linear
behavior, that is a higher G/GO and a lower D with increasing sm

0 .
In these figures the upper and lower bounds of the G/GO-logg and
D-logg curves proposed by Rollins et al. [29] for granular soils are
also plotted for comparison.

The curves proposed by Rollins et al. describe satisfactorily the
response of the quartz gravel C1D10-D02 (Fig. 7) in the range of
small-to-medium strains. However, it is noticeable that the
HARCT data of the pumice soil LWC2D1-D01 (Fig. 6) all plot
outside of the literature curves, with a remarkably more linear
response of the pumice sample in comparison to the correspond-
ing behavior of quartzitic soils; this trend was observed in all the
pumice soils. Senetakis [33] also reported a unsatisfactory
description of the behavior of other volcanic soils by curves and
empirical equations proposed in the literature on the basis of
quartzitic soils. In a recent study by Orense et al. [26] it was also
Fig. 6. Effect of shear strain amplitude and confinement on the normalized shear

modulus and damping ratio of the pumice sand LWC2D1-D01 (theoretical curves:

[29]).



Fig. 7. Effect of shear strain amplitude and confinement on the normalized shear

modulus and damping ratio of the quartz gravel C1D10-D02 (theoretical curves: [29]).

Fig. 8. Summary of the HARCT data for the pumice soils.
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revealed that at a given confining pressure level, reconstituted
pumice sands exhibit more linear shape of the G/GO-logg and
D-logg curves in comparison to quartzitic soils. Similar observa-
tions were reported previously by Marks et al. [23].

Beyond the elastic threshold strain, gt
e, friction at particle con-

tacts and particle rearrangement dominate the behavior of the
granular assembly. These mechanisms contribute to the dissipation
of energy, the reduction of shear stiffness and increase in damping.
For the pumice soils, the elastic threshold is shifted to higher strain
levels in comparison to the quartz gravels. For shear strain ampli-
tudes in the vicinity of 10�2%, which is the typical threshold
between non-linear elastic and non-linear plastic behavior (e.g.,
[37,41,38], Hsu and Vucetic, [15]), in specimen C1D10-D02 a
significant reduction of the shear modulus (GE0.70–0.75�GO)
and increase of the damping ratio (DE5–6%) has occurred (Fig. 7).
For the pumice sample LWC2D1-D01 (Fig. 6), the reduction of shear
modulus and increase in damping is noticeably less pronounced
(GE0.90–0.94�GO, DE1.0–1.5%) and that implies a shift of the
volumetric threshold, gt

v, to higher strain levels for the pumice sand
in comparison to the quartzitic soil.

The more linear response of the pumice soil cannot be simply
explained by macro-scale considerations, such as the effect of the
number of loading cycles or the frequency of loading since the
soils of this research work were studied in a dry state and the
applied shear strains are, in general, in the range of the non-linear
elastic response of the materials. It may then be assumed that
other mechanisms dominate the response of the pumice soils in
the range of medium strain levels. It is possible that micro-
crushing at the asperities of the particles prevails during the
cyclic loading, a micro-mechanism which prevents significant
particle rearrangement and thus the reduction of shear stiffness
and increase in damping is less pronounced in these soils.

In the majority of the quartz samples and for the range of
shear strain amplitudes studied, there was observed a small
decrease of specimen height during the cyclic loading, in parti-
cular for strain levels beyond 10�2%, an observation which
implies that plastic deformations occur during the torsional
loading of the samples. This was also supported by a small
decrease in the initial shear modulus of the quartz soils after
the performance of the HARCT. For the pumice soils, no changes of
the vertical LVDT readings occurred during the cyclic loading, and
the initial shear modulus before and after the performance of the
HARCT was found constant.

Visual observation of the individual particles of the pumice
soils after the performance of the RC tests as well as sieving
analyzes tests of representative samples, did not show any
significant damage to the particles or significant shift of the
grading curves of the samples before and after the tests. However,
it was noticed through visual observation of the samples that
finer particles were present in the pumice samples after the RC
tests, which demonstrates that damage to the asperities at a
micro-scale level has taken place. This micro-crushing could be
the result of a coupled effect of the isotropic compression and the
cyclic loading at medium strain levels.
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3.4.2. Synopsis of HARCT results and analytical models

In Figs. 8 and 9 the HARCT data of all specimens are summar-
ized. As also demonstrated in Fig. 7, the G/GO-logg and D-logg
curves proposed by Rollins et al. [29] describe satisfactorily the
response of the quartz soils (Fig. 9), whereas in Fig. 8 it is evident
that the pumice granular soils show a significantly more linear
response in comparison to the quartzitic soils.

For the extrapolation of the HARCT data to higher strain levels
as well as for the analytical correlation between the normalized
shear modulus and damping ratio with the shear strain ampli-
tude, commonly used models and equations of empirical form,
proposed in the literature, are utilized herein. In particular, a
modification of the hyperbolic model as proposed by Darendeli
[6,7] was used for the correlation between G/GO and g. The
damping ratio, expressed as D–DO, was correlated to the normal-
ized shear modulus, through a second order polynomial equation.

The analytical expression of the modified hyperbolic model is
given in Eq. (11), where gref is the reference strain that expresses
the ‘‘linearity’’, and parameter (a), namely the coefficient of
curvature, expresses the overall slope of the G/GO-logg curve
[6,7,24]. Parameter (a) was introduced by Darendeli [6,7] for a
best-fit of the hyperbolic model to the experimental data since,
initially, in the hyperbolic model proposed by Hardin and Drnevich
[13,14], the only fitting parameter was the reference strain.

G

GO
¼

1

1þ g
gref

� �a ð11Þ
Fig. 9. Summary of the HARCT data for the quartz soils.
For granular soils in a dry state, gref strongly depends on
the confining pressure level and the coefficient of uniformity
(e.g., [24,33]); gref increases with increasing sm

0 and decreasing
Cu. In this study, the reference strain is expressed analytically
through the empirical form of Eq. (12), where Ag is a constant that
primarily depends on soil type and grading and ng is an exponent
that expresses the effect of sm

0 on the reference strain. This
equation in its general form was previously proposed by Menq
[24] for granular soils and Zhang et al. [44] for soils of variable
geologic age.

gref ¼ Ag � s0m
� �ng

ð12Þ

The damping ratio was correlated with the normalized shear
modulus through Eq. (13), where a1, a2 and a3 are constants and
DO is the small-strain damping ratio. This equation in its general
form was previously proposed by Zhang et al. [44].

D�DO %ð Þ ¼ a1 �
G

GO

� �2

þa2 �
G

GO

� �
þa3 ð13Þ
3.4.3. Analysis of HARCT results

Using the modified hyperbolic model, the reference strain and
coefficient of curvature of all specimens at variable mean effective
stresses were evaluated by fitting of the analytical model of Eq.
(11) to the experimental data. The fitting parameters Ag and ng
were then determined by plotting the reference strain against sm

0 .
These parameters as well the values of the coefficient of curvature
(a) are summarized in Table 4 for all the pumice and the
quartz soils.

There was no clear trend observed for the effect of sm
0 or Cu on

the fitting parameter (a). For the pumice soils, (a) ranges between
0.96 and 1.18 with an average value of 1.12 and a standard
deviation equal to 0.06. For the quartz soils, parameter (a) is
systematically lower, ranging between 0.95 and 1.08, with an
average value equal to 1.00 and a standard deviation of 0.04. The
higher (a) values of the pumice soils imply that the rate of
G/GO decrease, below a threshold strain that corresponds to
G/GO¼0.50, is less pronounced in comparison to the quartz soils.
However, for higher strain levels, the rate of stiffness degradation
in the pumice soils becomes more pronounced and that mirrors a
threshold, where suddenly significant slippage at particle contacts
and rearrangement of the particles occur.

As shown in Table 4, the values of the exponent ng are
scattered. For the pumice soils the average ng is equal to 0.25,
and for the quartz gravels the corresponding average value is
equal to 0.47, and that implies a less pronounced effect of sm

0 on
Table 4
Non-linear fitting parameters for pumice and quartz soils.

Code name of specimen Ag,ref (%) ng,ref (a) values at variable sm
0 (kPa)

50 100 200 400

LWC2D1-D01 5.3�10�2 0.15 1.10 1.14 1.14 1.16

LWC2D1-D11 7.6�10�2 0.07 1.18 1.16 – –

LWC2D1-D13 1.6�10�2 0.42 – 1.16 1.10 –

LWC2D3-D01 2.2�10�2 0.27 – 1.10 1.10 –

LWC1D6-D01 a a – a a –

LWC2D1-D13 a a – a a –

LWC1D10-D01 1.3�10�2 0.34 1.10 0.96 –

C1D6-D01 7.6�10�3 0.36 0.95 0.99 0.97 –

C1D6-D02 1.3�10�2 0.26 – 0.97 0.99 –

C1D8-D01 1.9�10�3 0.66 – 1.04 1.03 –

C1D8-D02 2.3�10�3 0.56 0.98 0.96 – –

C1D10-D01 3.0�10�3 0.47 1.08 1.00 – –

C1D10-D02 3.8�10�3 0.52 0.98 1.00 – –

a Not included.



Fig. 10. Correlation between the increase in damping and decrease in shear

stiffness of the pumice and the quartz soils of this study in comparison to

theoretical curves proposed in the literature.

Fig. 11. Design normalized shear modulus reduction and damping ratio increase

curves of this study for pumice and quartz soils corresponding to sm
0 equal to 25

and 400 kPa.
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the G/GO-logg curves of the pumice soils in comparison to the
quartzitic granular materials. Similarly, Senetakis [33] reported a
less pronounced effect of the confinement level on the non-linear
response of other volcanic soils in comparison to quartz sands.

Regarding the constant Ag, it can be seen in Table 4 that the
pumice soils exhibit systematically higher values in comparison
to the quartz ones, a trend which supports the observations from
Figs. 6–9 that the pumice soils exhibit a significantly more linear
shape of the G/GO-logg curves and that in these soils there is a
shift of the elastic and volumetric thresholds to higher strains.

The correlation between the stiffness degradation and the
increase in damping is shown in Fig. 10. In the same figure trend
lines of polynomial form are shown for the pumice and quartz
soils as well as correlations presented in the literature [19,24,44].
Through regression analysis and using Eq. (13), the fitting para-
meters a1, a2 and a3 were evaluated as 23.7, �50.3 and 26.6 for
the pumice soils, and 8.5, �31.1 and 22.6 for the quartz gravels,
respectively.

3.4.4. Proposed relationships and design G/GO-logg and D-logg
curves

Following the analysis of the HARCT data presented above, the
expressions for the estimation of the stiffness degradation and
increase in damping with increasing shear strain amplitude, are
summarized below, separately for pumice soils of sand to gravel
size and uniform quartz soils of gravel size. In these equations,
sm
0 is given in kPa, while g, gref, and the damping ratio are given in

percentile scale. The values of 3.60�10�2 in Eq. (15) and
5.27�10�3 in Eq. (18) correspond to the average Ag(%) values
as determined from the results presented in Table 4.

Granular pumice soils:

G

GO
¼

1

1þ g
gref

� �1:12
ð14Þ

gref %ð Þ ¼ 3:60� 10�2
� s0m
� �0:25

ð15Þ

D�DO %ð Þ ¼ 23:7�
G

GO

� �2

�50:3�
G

GO

� �
þ26:6 ð16Þ

Uniform quartz gravels:

G

GO
¼

1

1þ g
gref

� � ð17Þ

gref %ð Þ ¼ 5:27� 10�3
� s0m
� �0:47

ð18Þ
D�DO %ð Þ ¼ 8:5�
G

GO

� �2

�31:1�
G

GO

� �
þ22:6 ð19Þ

Based on the results stemming from the HARCT program of
this study and using Eqs. (14)–(19), design G/GO-logg and D-logg
curves for pumice and quartz coarse grained soils are plotted in
Fig. 11. These curves correspond to sm

0 values equal to 25 and
400 kPa. As also mentioned previously, the overall effect of the
confining pressure is less pronounced in the pumice soils, and
thus the increase of sm

0 leads to a less pronounced shift of the
curves of Fig. 11 for the pumice soils in comparison to the quartz
ones. The higher coefficient of curvature (a) that the pumice soils
exhibit reflects the slightly steeper slope of the G/GO-logg and
D-logg curves for these materials at high strain levels (410�2%).
4. Conclusions

In this study the coarse fractions of a pumice soil of low
density and high porosity were examined in a dry state under
isotropic torsional resonant column testing. The gravel size
fractions of a quartz crushed rock were used as reference soils.

In the range of very small strains, the pumice samples showed
significantly lower shear moduli in comparison to the quartz
ones; this is attributed to the higher void ratio and lower dry
density of the pumice samples. However, attenuation parameters
were fairly similar between pumice and quartzitic specimens. The
Vs–sm

0 and GO–sm
0 relationships strongly depend on the behavior
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at particle contacts and thus on the type of particles which
includes both mineralogy and morphology. For the pumice soils,
the analysis of the RC data demonstrated higher nV and nG values
in comparison to the quartz samples, which is related to plastic
deformations at particle contacts during the increase of the
isotropic stress. The DO–sm

0 relationship was less affected by
particle type, while the nD values were more scattered.

In the range of medium strain levels, it was revealed that the
pumice soils exhibit a more linear shape of the G/GO-logg and D-logg
curves in comparison to the quartz ones, with a shift of the elastic and
volumetric thresholds to higher strains. These observations are
attributed partially to micro-crushing of the asperities at the contacts
of the pumice particles which would play an important role on the
energy dissipation. Based on commonly used analytical models
and equations of empirical form and after modifying the various
constants, appropriate relationships were proposed for the estimation
of the shear modulus and damping ratio of pumice and quartz gravels
over a wide range of shear strain amplitudes.
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