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Abstract
The aim of this research was to explain the effects of gravel content using the intergrain state concept, relative density and 
confining pressure on Gmax, G/Gmax–γ and D–γ curves and the reference strain (γr). A total of 45 G–γ and D–γ curves derived 
from resonant column testing and cyclic triaxial testing along with S-wave velocity measurements obtained using the bender 
element technique were assessed. The test specimens were prepared with different gravel contents (0, 30, 50, 75 and 100%) 
under different relative densities (10, 30 and 60%) and mean effective confining pressures (100, 300 and 600 kPa). Com-
parison of the Gmax results of the resonant column and bender element tests was also carried out. The desired excitation 
frequencies and ratios λ/D50 and d/λ (where λ is wavelength, d is transmission path length and D50 is average particle size) 
were determined based on the bender element tests results. The test results were used to evaluate the empirical equation for 
prediction of Gmax and to develop a new prediction equation with which to estimate γr. The results of the tests were used to 
validate previous models and empirical curves.
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1  Introduction

The small-strain shear modulus (Gmax) along with the nor-
malized modulus degradation (G/Gmax) and damping ratio 
increase (D) from small to large shear strains (γ) are nec-
essary data for geotechnical seismic analyses. To evaluate 
the response of soil layers under different types of dynamic 
loading (such as impact, wind, vehicle loads, detonation and 
earthquake loading), an appropriate evaluation of the shear 
modulus and damping properties of the various soil layers is 
necessary and critical for the design of structures subjected 
to vibrations [1]. For this purpose, advanced laboratory test-
ing techniques have been specifically developed to study the 
dynamic properties of soil. In this context, resonant column 
(RC) and cyclic triaxial (CT) tests were conducted under 
ASTM [2, 3]. There are several advantages of the bender 
element technique, namely its simplicity and ease of use; 

however, no standard has been developed for this testing 
technique or to interpret the results obtained from BE tests. 
Nevertheless, BE testing has been used extensively by 
researchers in the laboratory to evaluate the dynamic prop-
erties of soil. As illustrated in Fig. 1, each apparatus can be 
used for a certain range of strains. In the current study, an 
advanced cyclic triaxial apparatus incorporating BEs, local 
displacement measurement and a RC apparatus have been 
used to measure stiffness and damping for a broad range of 
strain amplitudes.

Studies have shown that the most important param-
eters affecting the dynamic properties of soil are external 
parameters such as loading properties (stress–strain path, 
stress–strain amplitude, stress–strain rate and stress–strain 
duration) and material properties (soil type, grain size dis-
tribution curve, shape of soil grains and density) [5]. The 
most important factors that affect the shear modulus and 
damping ratio of granular soil are the amplitude of shear 
strain, effective confining pressure and relative density. Less 
important parameters are frequency of loading and degree 
of saturation [6]. Although many researchers have studied 
the factors affecting the G/Gmax–γ and D–γ curves for clayey, 
silty and sandy soil [6–14], there is relatively little research 
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concerning the dynamic properties of sand-gravel mixtures 
[8, 15–18].

Hardin [15] studied the dynamic properties of granular 
soil using a free–free resonant column device. The results 
showed that the dynamic properties of gravelly soil are a 
function of void ratio, confining pressure and grain charac-
teristics. Seed et al. [8] presented the results of cyclic triaxial 
tests on gravelly soil. Based on the results, they proposed a 
set of nonlinear shear modulus and damping ratio curves for 
sandy and gravelly soil. They also suggested the use of the 
D–γ curves for sandy and gravelly soil using damping curves 
suggested by Seed and Idriss [19] for sands. Lin et al. [17] 
used large-scale cyclic triaxial testing to study the dynamic 
properties of gravelly deposits. Their results show that gravel 
content has an important effect on the nonlinear behaviour 
of gravelly soil under large strains. The G/Gmax of the speci-
mens which contained 60 and 80% gravel increased at shear 
strains larger than 0.1%. This trend was not observed in 
specimens containing 20 and 40% gravel. Tanaka et al. [16] 
tested reconstituted gravelly soil and showed that effective 
confining pressure has an important effect on the nonlinear 
dynamic parameters of gravelly soil as well as on the non-
linear dynamic parameters of sandy soil. They concluded 
that gravelly soil behaved more linearly as the isotropic con-
fining stress increases. Soil having a lower gravel content 
(GC = 25%) behaved slightly more linearly than soil having 
a higher gravel content (GC = 50%).

Despite these research efforts, the behaviour of granu-
lar material under seismic loading remains not fully under-
stood and is currently the subject of interesting research. 

Therefore, in the current study, shear strain amplitude, mean 
effective confining pressure, relative density and gravel 
content were selected as the controlled variables during the 
design of the experimental program.

The initial or maximum of shear modulus (G0 or Gmax) 
at shear strain levels of less than 0.001% is an important 
parameter in earthquake engineering and a variety of geo-
technical design applications. It is possible to offer a func-
tional relationship between shear modulus degradation ver-
sus strain level by using a reliable value of Gmax along with 
completed stress–strain curves of the soil. Gmax can be deter-
mined in the laboratory using an RC test or a BE installed 
on conventional test devices such as the triaxial apparatus. 
Gu and Yang [20] indicated that among various test meth-
ods for evaluation of Gmax, the RC test is recognized as the 
most reliable. In the current study, the results of BE tests are 
evaluated by comparison with RC data.

Hardin and Black [21] showed that Gmax depends primar-
ily on the void ratio of the soil e and mean effective confin-
ing pressure �′

m
 as:

where A and n are the model parameters that are, in turn, 
linked to grain size distribution characteristics and f(e) is a 
void ratio function reflecting the effect of density [22].

The concept of reference strain, γr (a shear strain ampli-
tude in which G/Gmax = 0.5), is useful in comparisons of 
nonlinearity parameters. Seed et al. [8] indicated that the γr 
of gravelly soil (about 0.012%) is lower than that of sandy 
soil (about 0.036%). In the other words, gravelly soil behaves 
more nonlinearly than sandy soil when deformed under the 
same shear strain amplitude, which agrees with the results 
of Tanaka et al. [16]. Reference strain γr has been studied for 
different soils, but there has been a significant lack of infor-
mation on the γr for sand-gravel mixtures thus far. In the cur-
rent study, the γr of sand-gravel mixtures under various con-
fining pressures and relative densities has been examined. 
This paper presents test data from BE, CT and RC tests on 
pure sand, pure gravel and sand-gravel mixtures. It summa-
rizes the findings from an experimental program assessing 
the dynamic properties of the specimens at different relative 
densities tested under various confining pressures.

2 � Testing Program and Materials

2.1 � Materials

A series of tests were performed on specimens of Firooz-
kooh sand 161 and Metosak gravel under saturated condi-
tions to investigate the influence of relative density, gravel 
content and mean confining pressure on the dynamic 

(1)Gmax = Af (e)
(

�
�

m

)n
,

Fig. 1   Variation of stiffness with strain measured with diffident labo-
ratory tests after Atkinson et al. [4]
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properties. Firoozkooh sand 161 was chosen for testing 
because it has been well characterized in the literature and 
is a clean, uniformly-graded fine-sand with a silt content of 
less than 1%, which should enhance the reproduction of the 
specimens. Note that Firoozkooh sand 161 is classified as 
SP according to the USCS.

The Metosak gravel is a uniform gravel soil with a maxi-
mum particle size of less than 17 mm. The geotechnical 
properties of the sand-gravel mixtures were determined 
in the laboratory and the grain size distribution curves are 
shown in Fig. 2. Figure 3 shows the maximum and mini-
mum void ratios (emax and emin) versus gravel content for 
the materials. The emax and emin values were obtained for the 
sand-gravel mixtures in accordance with ASTM [23, 24]. As 
shown in Fig. 3, the values of emax and emin declined signifi-
cantly with an increase in gravel content from 0 to 50%. For 
gravel contents of 0–50%, it appeared that the gravel grains 
float in the sand matrix and there is little contact between 
the gravel grains. The values of emax and emin increased as 
the gravel content increased to more than 50% and contact 
between the gravel grains increased. The results of emax and 
emin are in good agreement with those of previous studies, 
such as Evans and Zhou [25]. On the other hand, the results 

of emax and emin show that, it is impossible to compare the 
dynamic properties of composite specimens with different 
gravel contents using an identical void ratio. For this rea-
son, in the current study, the effect of gravel content on the 
dynamic properties of the sand-gravel mixtures was investi-
gated at given relative densities.

2.2 � Specimen Preparation

Researchers have used several specimen reconstitution tech-
niques in an element testing device. Previous studies indicate 
that the specimen reconstitution technique has important 
effect on the behaviour of soil [26]. One method of speci-
men preparation is the wet tamping technique, which has the 
advantage of easy control of soil density [27, 28]. In the pre-
sent work, the wet tamping technique was used with a low 
initial water content and consideration of under-compaction 
of the lower layers during preparation [29, 30]. Details of 
the wet tamping technique can be found in Fakharian and 
Eghbali [31]. The same specimen preparation procedure was 
employed for both reconstituted specimens of RC and CT in 
split molds using the wet tamping technique.

During specimen preparation, dry gravel was mixed 
with dry sand at various weight ratios (0, 30, 50, 75 and 
100%). According to ASTM [3], neither the length nor the 
diameter of the test specimen should be less than approxi-
mately 6 times the size of the largest particle intended for 
use. The specimens were compacted with a diameter equal 
to 100 mm, and a height/diameter relation close to 2. After 
specimen preparation and measurement of the diameter and 
height, full saturation is required to perform the RC and CT 
tests. For this purpose, the specimen were first subjected 
to a flow of CO2 from the bottom to the top and were then 
saturated with de-aired water. The back pressure technique 
was used to ensure a saturated state. According to ASTM 
[32], the Skempton’s B coefficient must be greater than 0.95 
in the tests. Following saturation, the saturated soil speci-
mens were isotopically consolidated under a given confin-
ing stress (σ3). In the triaxial apparatus, after completion of 
the consolidation stage, a wave signal was generated using 
a signal wave generator in the transmitter bender element 
before cyclic loading.

3 � Test Apparatuses and Testing Procedures

3.1 � Cyclic Triaxial Test

The results of the cyclic triaxial tests were used to obtain 
the dynamic properties for medium-to-large shear strain 
amplitudes (10− 4 to 10− 2). The procedure defined by ASTM 
[3] is usually used to identify the dynamic characteristics 
of soil by using hysteresis loops under cyclic loading. For 

Fig. 2   Grain size distribution curves of the sand–gravel mixtures

Fig. 3   Maximum and minimum composite void ratios versus gravel 
content
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this purpose, constant cyclic shear stress loading started at 
a small amplitude and was gradually increased. Each stage 
of loading consisted of 40 loading cycles. Drainage was not 
allowed during each stage of loading, the excess pore water 
pressure generated during dynamic loading was dissipated 
before the next stage of loading. The tenth cycle hysteresis 
loops of loading in each stage was used to compute the 
dynamic properties.

The slope of a secant line that connects the extreme 
points on the hysteresis loop was denoted as shear modulus 
G. Damping ratio D is a measure of dissipated energy WD 
versus elastic strain energy WS and can be calculated as:

The cyclic triaxial tests were carried out according to 
ASTM [3] to evaluate the dynamic properties of the soil at 
a frequencies of 0.5 to 1.0 Hz, although ASTM [33] recom-
mends a frequency variation between 0.1 and 2 Hz (with 
1 Hz preferred). Previous research has suggested that an 
increase in frequency leads to an increase in the shear modu-
lus of some soils [34]. Consequently, in the current study, 
all the cyclic triaxial tests were performed using a constant 
cyclic load with a sinusoidal wave at a constant frequency 
of 1 Hz and the first half cycle in compression. Estimations 
of the shear modulus and shear strain parameters could be 
obtained using Poisson’s ratio, ν, which was taken as 0.5 for 
the saturated undrained condition [35].

Determination of soil dynamic parameters under small 
strains can be difficult in the laboratory because of the insuf-
ficient resolution and accuracy when measuring the load 
and displacement. In the other words, measuring the axial 
strain of a specimen outside the triaxial cell introduces sig-
nificant error (bedding error and apparatus compliance) into 
the computation of strain, particularly in the small-strain 
range [36]. As shown in Fig. 4, two LVDTs were installed 
directly on the either side of the specimen without punctur-
ing the surrounding rubber membrane to measure the rela-
tive local axial strain, which was calculated as the average 
of two LVDTs.

3.2 � Bender Element Test

A pair of bender elements (a transmitter and receiver) was 
installed in the top cap and base pedestal of the triaxial appa-
ratus to apply shear waves in the axial direction.

The most common methodologies for interpreting BE 
results are generally grouped into time-domain (TD) and 
in the frequency domain (FD) methods. The time domain 
method is the simplest to implement as far as computational 
capabilities; however, it can prove to be more difficult than 
the other methods due to the need for the user to manually 

(2)D =
WD

4�WS

=
1

2�
×
Aloop

G�2
.

decide which arrival to select. It is best performed by a 
researcher with experience at selecting the arrival time and 
with a knowledge of wave propagation principles as well as 
the mechanical behavior of the bender elements. Since the 
traces are time-averaged, the selection of the arrival time 
becomes even more unambiguous. Although the frequency 
domain method of selecting the arrival time reduces the 
user-bias associate with arrival selections, it still requires 
someone with expertise to perform post-processing verifi-
cation of the experimental results. As opposed to the time 
domain method, which is continuously performed with the 
judgement of the user, thus readily identifying anomalous 
waveforms, the computer automated method of FD is more 
prone to overlooking such instanced that might greatly affect 
the subsequent outcome.

In the current study TD method has been used for inter-
preting BE results. In order to calculate the shear wave 
velocity (VS), the time delay between the sender and receiver 
signals and the distance traveled is required. In the current 
study, the first major deflection on the received signal was 
used to determine the shear wave arrival time. Using the the-
ory of shear wave propagation in an elastic body, the shear 
modulus was calculated from the measurement of the shear 
wave velocity and mass density of the soil ρ as:

3.3 � Resonant Column Test

Because of the limitations associated with cyclic triaxial 
incorporation of BEs, resonant column testing is required to 
obtain the complete curves for G–γ and D–γ for a wide range 

(3)G = � V2
S
.

Fig. 4   Prepared specimen along with two LVDTs
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of strains. RC testing has become a standard in geotechnical 
engineering to study the small strain response of geomaterials 
commonly performed at frequencies above 30 Hz [2, 37]. In 
the current study, a free–free resonant column device was used 
in which the actuator was mounted on the top of the sample 
and the bottom was free to rotate. The free–free resonant fre-
quency method is a simple approach used by many researchers 
to measure small-strain dynamic properties. Based on bound-
ary condition of the RC apparatus and basic dynamic relations, 
the following relations have been obtained for the free–free 
RC apparatus:

where h is the height of the specimen, ρ is the soil density 
and J, J0 and JL are the mass moment of the polar of the 
sample, the bottom part and the top part, respectively. From 
the relation of the RC apparatus, it can be concluded that α 
is a main RC parameter, relates to the geometry of the RC 
apparatus and is a function of the mass moment of the polar 
of the top and bottom parts of the RC. The value of J0 and 
JL for the RC apparatus were geometrically determined to 
be equal to 1.1819076 and 0.0688066 kg m2, respectively.

In RC testing, the damping ratio can be determined by 
either the half-power bandwidth or free-vibration decay (FVD) 
methods. Ni [7] states that the half-power bandwidth method 
for measuring soil damping ratios is not suitable because seri-
ous error can be introduced into the damping ratios in nonlin-
ear regions and that the free-vibration decay method should be 
used in this case. In order to minimize ambient noise, Hwang 
[38] and Stokoe et al. [9] suggest using three successive cycles 
for damping derivation with the assumption that material 
damping ratios do not change much within the shear strain 
variation of the first three cycles. In the current study, three 
successive cycles were implemented using the FVD method 
for damping derivation. Material damping for the FVD method 
can be calculated as:

where Δ1 is the inclination of a log-linear plot of the shear 
strain amplitude versus the number of cycles.

(4)G =

(

2� h fR

a

)2

× �,

(5)a tan (a) −
J2

J0 JL
×
tan (a)

a
=

J

J0
+

J

JL
,

(6)D =
1

2�
Δ,

4 � Results and Discussion

4.1 � Combined RC, BE and CT Equipment

A typical example of the combined results of the BE, RC 
and CT is presented in Fig. 5. This shows the results of 
the tests on the pure sand specimen at DR = 60% under a 
confining pressure of 600 kPa. BE was capable of detect-
ing the shear modulus at very small strain amplitudes 
(γ ≤ 10− 5). The values for the shear modulus and damp-
ing ratio were then extracted from the results of RC test-
ing (4 × 10− 6 < γ < 2 × 10− 4). Finally, the shear modulus and 
damping ratio in the medium to large strain amplitudes were 
obtained using CT testing (2 × 10− 4 < γ).

Researchers such as Huot and Vulliet [39] and Seed et al. 
[40] have indicated that the results will be more accurate if 
a load cell is placed inside the triaxial cell because this posi-
tion avoids recording friction between the loading stem and 
triaxial cell. Preliminary testing of the triaxial device used 
indicated that the friction was very low, but, as the results 
showed, the small amount of friction affected the dynamic 
parameters at strain levels below 10− 4. Comparison of the 
results of RC testing with CT testing indicated that the meas-
ured shear modulus from the CT test was higher than that 
obtained from RC testing at a given strain below 10− 4. This 
difference resulted from placing the load cell outside the 
triaxial cell and using local LVDTs mounted at the surface 
of the specimen. In other words, although the axial strain 
was measured with high accuracy, even a small amount of 
friction could falsely increase the applied stress (or shear 
modulus), especially at shear strain levels below 10− 4.

4.2 � Small‑Strain Shear Modulus (Gmax)

Up to now, BE and RC tests have been widely utilized to 
determine the shear stiffness at shear strains of less than 
10− 5, depending on the void ratio as well as the mean princi-
pal effective stress [41]. Relatively few publications could be 

Fig. 5   A typical example of the combined results of the BE, RC and 
CT tests
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found that compare the results of RC and BE testing. Dyvik 
and Madshus [42] and Fam et al. [43] and Hoyos et al. [44] 
found good agreement between the Gmax values of sandy soil 
derived from the BE and RC techniques.

The size of the BE plays a more important role for a trans-
mitter than a receiver. Flexibility is important for a receiver; 
it has an important effect on the strength of the signal 
acknowledged by a receiver. When the specimens were sub-
jected to a high confining pressure, the motion of the BE was 
greatly impeded and could not vibrate at a strong enough 
intensity to produce a strong signal for the receiver to pick 
up. Increasing the size of the BE and its flexibility increased 
the intensity of the vibration of the BEs. When gravelly soil 
was used, two BEs of appropriate lengths (9 mm) were used.

A single sinusoidal pulse having a frequency of 6–25 kHz 
was used as the transmitted signal. The results show that the 
desired frequencies range depended on the gravel content. 
The desired excitation frequencies ranges are determined by 
comparing the test results of BE (Vs or G0) with the results 
of RC tests. The desired excitation frequencies ranges based 
on gravel content are presented in Table 1. Outside of these 
ranges, very noisy received signals were found to be pro-
duced. The resonant frequency of the bender element is a 
very important parameter for near-field effect and travel time 
determinations. Although bender elements are not designed 
to create P-waves, they induce some weak P-waves due to 
compression effect of the vibration. The existence of near-
field effect can mislead the travel time measurements. Rec-
ommended frequency ranges are more suitable for S-waves 
therefore formation of P-waves is minimized. Outside of 
these ranges, very noisy received signals were found to be 
produced and Finding the right answer is difficult. Near-field 
effect starts fading when the frequency range is limited down 

to the ranges that presented in Table 1. Table 1 shows that 
the recommended ratio of λ/D50 (where λ is wavelength and 
D50 is average particle size) depends on the gravel content. 
For example, in order to avoid dispersion, the lower limit of 
λ/D50 of the pure sand and pure gravel specimens was 33 and 
1, respectively. The results indicate that near-field effects can 
be minimized by using transmitted wave frequencies with a 
d/λ ratio (where d is transmission path length) higher than 
3. This is in good agreement with the results of Leong et al. 
[45]. This restriction may be useful for avoiding overesti-
mation of the shear wave velocity due to near-field effects. 
Table 1 also shows that the range of λ/D50 decreases as the 
gravel content increases.

Also in this section, the effects of gravel content, rela-
tive density and confining pressure on Gmax are presented 
and Gmax-BE (the value of Gmax from BE data) is compared 
with Gmax-RC (value of Gmax from RC tests). Of the available 
methods for laboratory evaluation of shear modulus, the RC 
technique is recognized as the most reliable [20]. The results 
indicate that relative density had no significant effect on the 
difference between Gmax-BE and Gmax-RC; therefore, the aver-
age values of Gmax-BE and Gmax-RC of the specimens having 
different relative densities for a given confining pressure 
and gravel content were used to calculate Gmax-RC/Gmax-BE 
(Fig. 6). As shown, the Gmax of the specimens with gravel 
contents of less than 75% from both methods were in good 
agreement, but Gmax-BE for sand specimens containing 75 or 
100% gravel were consistently lower than Gmax-RC.

A significant difference between Gmax-BE and Gmax-RC 
was shown for the pure gravel specimens. This indicates 
that the BE test does not perform well in uniform coarse-
grained soils, probably because of the path of the wave to 
reach the destination (Fig. 7). The wave generally follows a 

Table 1   Summary of bender 
element test details

Gravel content Dr e D50 Desired frequency 
range (kHz)

λ/D50 d/λ

0 10 0.890 0.607 6–15 82–33 3.7–9.1
30 0.830
60 0.760

30 10 0.597 1.15 6–8 48–36 3.1–4.1
30 0.558
60 0.500

50 10 0.488 4.75 6–10 13–8 3–5
30 0.450
60 0.393

75 10 0.711 7.07 8–10 5.4–4.3 4.7–5.8
30 0.673
60 0.616

100 10 0.822 8.3 20–25 1.3–1 15–18.6
30 0.787
60 0.733
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shorter and more direct path in fine-grained soil specimens 
than in uniform coarse-grained soil specimens. The shear 
wave velocity and shear modulus of the specimens with high 

percentages of clean, well-rounded uniform gravel grains 
is much less than the corresponding values measured with 
RC tests.

The value of Gmax-RC versus relative density in terms 
of gravel content and confining pressure are presented in 
Fig. 8. As shown, Gmax increased as the confining pressure 
or relative density increased [46, 47]. The value of Gmax-RC 
increased as the gravel content increased up to 50% and then 
decreased. Gravel specimens (GC = 100%) recorded greater 
values of Gmax-RC than specimens containing 75% gravel. 
The specimens containing 50% gravel recorded the highest 
Gmax-RC at a given relative density and confining pressure. 
Note that the specimens containing 50% gravel had the low-
est void ratio when compared to other specimens at a given 
relative density.

The results of RC tests (Gmax-RC) were used to evaluate 
the empirical equation in Eq. (1). The quality of the predic-
tions of Gmax are shown in Fig. 9. The predicted Gmax values 
were plotted versus Gmax−RC. Here, f(e) = (2.17−e)2/(1 + e) 
was adopted and the values for Gmax and �′

m
 in Eq. (1) are 

in kPa. Stress exponent (n) was used as a constant equal to 
0.55 for all cases and A was considered to be a function of 
gravel content (Fig. 10). As shown in Fig. 9, most data points 
plotted close to the bisecting line.

4.3 � Effect of Gravel Content on G/Gmax–γ and D–γ 
Curves

The normalized modulus reduction and damping ratio curves 
of the specimens containing different gravel contents are 
presented in Fig. 11. Due to the large number of tests, only 
a few examples of the results are presented. As expected, 
the nonlinearity in the damping ratio curves resulted in an 

Fig. 6   Comparison between results of RC and BE tests

Fig. 7   Shear wave propagation in the pure gravel and pure sand speci-
mens

Fig. 8   Variation of Gmax-RC versus relative density
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increase in energy dissipation and in material damping ratio 
D with an increase in shear strain amplitude. As shown in 
the results, the pure sand specimen behaved slightly more 
linearly than the sand-gravel mixture specimens for a given 
confining pressure and relative density. In other words, the 
G/Gmax–γ curves for the sand-gravel mixture specimens were 
much lower than that of the sand specimens for a given con-
fining pressure and relative density. The results indicate that 
the specimens which contained 50% gravel are more nonlin-
ear than other specimens when deformed to the same strain 
level at a given confining pressure and relative density. The 
increase in gravel content also slightly increased the damp-
ing ratio. The D–γ curves of the specimens with various 
gravel contents were close to each other, but the specimen 
containing 50% gravel exhibited the highest damping ratio 
at a given shear strain amplitude.

The G/Gcs ratios (ratio of the G of the sand-gravel mix-
ture to the G of clean sand for a given shear strain level 

under similar loading conditions) are good parameters to 
study the rate of degradation in the sand–gravel mixture 
stiffness. The G/Gcs ratios of the specimens are presented 
in Fig. 12. The results indicate that the rate of degradation 
in G/Gcs can be evaluated in three areas based on shear 
strain amplitude. The first is the degradation of the soil 
stiffness from very-small-to-small strains where the G/Gcs 
ratio is nearly constant or degradation rate of G/Gcs is very 
low. The small change in the degradation of the G/Gcs 
ratio at very small strain levels indicates that there was no 
sliding or rolling between gravel grains in the sand-gravel 
mixture specimens during cyclic loading. The second is 
the degradation of soil stiffness from small-to-medium 
strains where the rate of degradation of the G/Gcs ratio 
increased rapidly compared to the first region. In this 
region, sliding or rolling between gravel grains resulted 
in an increase in the degradation rate of the G/Gcs ratio. 
The highest degradation rate was for GC = 50%. The third 
area is the degradation of soil stiffness from medium-to-
large strains with irregularities in the degradation ratio of 
G/Gcs due to the highly complex motion and rotation of 
the soil grains. As shown in Fig. 12, the lengths of these 
three areas depend on the gravel content, relative density 
and confining pressure.

The microstructures of the specimens with various gravel 
contents are shown in Fig. 13. The internal force chain net-
work among particles and relative sliding between particles 
were affected by the microstructure. As shown in the results, 
most of the degradation of the normalized modulus curve 
and the high damping ratio was for specimens containing 
50% gravel. This indicates that the part of the sand that is 
in contact with the surfaces of the gravel grains cause slid-
ing and rolling of the gravel grains during cyclic loading 
(Fig. 14).

Fig. 9   Predicted versus measured values of Gmax from RC tests

Fig. 10   Variation of A parameter as a function of GC
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The effect of gravel content was assessed by comparing 
the strains occurring under compression and extension. Fig-
ure 15 shows the hysteresis loops for specimens at differ-
ent gravel contents under a confining pressure of 600 kPa. 
As seen, shear strain developed relatively symmetrically in 
all specimens except those for which GC equalled 30 and 

50%. The highest strength anisotropy was recorded for the 
specimen with a GC of 50% for which shear deformation 
under extension was considerably larger; this effect relates 
to anisotropy. A further decrease in the slope of the loops 
during the loading stage was evident in the specimen with 
a GC of 50%.

Fig. 11   Variation of G/ Gmax 
and D as a function of γ in 
terms of relative density and 
confining pressure
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Fig. 12   Variation of G/ Gcs as a 
function of γ in terms of relative 
density and confining pressure
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The excess pore water pressure and shear strain ampli-
tudes during cyclic loading are presented in Fig. 16. Cyclic 
loading in the undrained condition generated a pore pressure 
characterized by permanent pore-pressure component up and 
cyclic pore-pressure component ucy.

Plastic deformation occurs when permanent deformation 
(γp) is developed during the loading process. As shown in 
the results, the residual excess pore-water pressure increased 
with repeated loading as did the cumulative plastic strain 
in the specimens with GC values of 100 and 75%. Energy 
dissipation by plastic deformation will occur when perma-
nent deformation is developed in the loading process. As the 

Fig. 13   The microstructures of the soil with various gravel content

Fig. 14   Sliding and rolling between gravel grains in the specimens 
containing 50% gravel

Fig. 15   Shear stress–strain hysteresis loops for the specimens with various gravel content at DR = 60% under confining pressure of 600 kPa
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Fig. 16   Pore-pressure and shear 
strain as function of time under 
undrained cyclic loading
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vibration amplitude increases, particles in granular systems 
temporarily lose contact or slide relative to each other. Per-
manent deformation or residual excess pore-water pressure 
of the specimens indicates that the particles slide and roll 
more freely over each other. The results show that the shear 
strain developed symmetrically without significant dominant 
permanent shear strain and large cyclic shear strain (γcy) at 
the end of loading stage in the specimens with GC values 
of 0, 30 and 50%. The shear strain was symmetrical and the 
permanent shear strain is positive (in compression mode) 
and negative (in extension mode), in the specimens with GC 
values of 100 and 75%, respectively.

4.4 � Effects of Relative Density and Confining 
Pressure on G/Gmax–γ and D–γ Curves

It is clear from comparison of Fig. 11a and b that the effect 
of relative density on the G/Gmax–γ curves was significant at 
large shear strains. The effect of confining pressure can be 
investigated by comparing Fig. 11b and c. The results show 
that the damping ratio of the materials increased slightly as 
the relative density or confining pressure decreased. These 
findings are in good agreement with experimental results 
reported by RaviShankar [48].

The effect of confining pressure on the nonlinear behav-
iour and dynamic properties of sand-gravel specimens is 
easier to discuss in terms of reference threshold shear strain 
γr, which is simply the value of γ at G/Gmax = 0.5 [49]. The 
variable γr is also regarded as a soil parameter for hyperbolic 
models of soils and is used to define the stiffness degradation 
curve [21, 49]. Figure 17 shows the reference strain versus 
relative density for various confining pressures. As shown, 
there was a slight increase in γr with an increase in relative 
density. Also, γr increased as the effective confining pres-
sure increased, which is in good agreement with previous 
studies [6, 49].

The results show that relative density and confining pres-
sure have more effect on the γr of the pure sand than on that 
of sand-gravel mixtures. The values of γr indicate that grav-
elly soil behaved more nonlinearly than sandy soil, which 

agrees with the results of Tanaka et al. [16] and Seed et al. 
[8].

An equation similar to that of Eq. (1) for Gmax can be used 
to prediction of γr:

where B and n are the model parameters and �′
m

 is the mean 
effective confining pressure (kPa).

The triaxial test results were used to evaluate the empiri-
cal constants in Eq. (7). The quality of the predictions of 
γr are shown in Fig. 18, where the predicted γr values are 
plotted versus the γr values obtained from testing. Here, 
f(e) = (1.16−e)2/(1 + e) was adopted and stress exponent (n) 
was a constant value equal to 0.45 for all cases. As shown 
in Fig. 19, B is defined as a function of gravel content. 
Figure 18 shows that most data points plotted close to the 
bisecting line.

4.5 � Comparison of Results With Previous Models 
and Empirical Curves

Hyperbolic models or empirical curves are widely used to 
describe the nonlinear behaviour of soil in geotechnical 
earthquake engineering [6, 11, 49]. Hardin and Drnevich 
[6] used hyperbolae to model shear stress–strain curves as:

(7)�r = B f (e)
(

�
�

m

)n
,

Fig. 17   Variation of reference strain, γr, with relative density for various confining pressures

Fig. 18   Predicted versus measured values of γr
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where G is the shear modulus corresponding to γ, Gmax is the 
maximum shear modulus and γr is the reference shear strain 
value (γr = τmax/Gmax).

Hardin and Drnevich [6] also proposed an approximate 
shape for the material damping curve as:

where Dmax is the maximum damping ratio that depends on 
soil type, confining pressure, number of cycles and loading 
frequency. Darendeli [49] presented a predictive modified 
hyperbolic model for estimating normalized shear modulus 
as:

where α is a curvature parameter to better fit the data cor-
responding to small and large strains and γr is the reference 
shear strain that controls the efficient normalization of shear 
strain. Increasing α increases the normalized stiffness at 
small shear strain amplitudes, but decreases the stiffness at 
large shear strain amplitudes.

For the material damping curve, Darendeli [49] used the 
normalized modulus reduction curve and Masing behav-
iour as a criterion with which to evaluate material damp-
ing. In the Darendeli method, the material damping curve 
is calculated by evaluating the hysteresis loops for a given 
modulus reduction curve assuming the validity of the Mas-
ing behaviour. Darendeli [49] introduced function F, that 
adjusts damping at high strains as:

(8)
G

Gmax
=

1

1 +
(

�

�ref

) ,

(9)
D

Dmax
=

�

�r

1 +
�

�r

,

(10)
G

Gmax
=

1

1 +
(

�

�r

)�
,

where (G/Gmax) is the normalized modulus reduction curve 
and b and p are model parameters that control the character-
istics of this function. Parameter p was replaced by a con-
stant value of 0.1 to simplify the model [49].

According to Darendeli [49], the material damping curve 
is expressed as:

where Dmin is the material damping ratio at small strains 
(in the linear range). Darendeli [49] used a four-parameter 
model (γr, a, b and Dmin) to characterize the normalized 
modulus reduction and material damping curves.

The shear modulus reduction data of all specimens with 
different gravel contents are plotted along with the upper, 
mean and lower curves of G/Gmax as reported by Rollins 
et al. [35] and Seed and Idriss [19] in Fig. 20a. It is clear 
that the curves developed by Rollins et al. [35] and Seed 
and Idriss [19] underestimated the values of the normalized 
shear modulus at small-to-medium shear strain amplitudes 
and overestimated them at large shear strain amplitudes. It 

(11)F = b ×

[

G

Gmax

]p

,

(12)D = b ×

[

G

Gmax

]0.1

× Dma sin g + Dmin,

Fig. 19   Variation of B parameter as a function of gravel content

Fig. 20   Comparison of the tests results with recommended a 
G/Gmax–γ curves and b D–γ curves developed by Rollins et  al. [35] 
and Seed and Idriss [19]
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appears that the G/Gmax-γ curves developed by Rollins et al. 
[35] and Seed and Idriss [19] require modification, espe-
cially at small-to-medium shear strain amplitudes.

Comparison was also carried out of the D–γ data and 
the upper, mean and lower curves of D–γ as reported by 
Seed and Idriss [19] and Rollins et al. [35] in Fig. 20b. 
As seen, the damping ratios of the specimens at various 
gravel contents were within the range proposed by Seed and 
Idriss; however, the range proposed by Rollins et al. tended 
to underestimate the damping at large strain amplitudes. It 
appears that the D–γ curves developed by Seed and Idriss 
[19] provide good prediction of damping ratios in sand-
gravel mixtures.

The best-fit functional relationship for the G/Gmax–γ data 
based on confining pressure is shown in Fig. 21a as a modi-
fied hyperbolic equation in the form proposed by Darendeli 
[49]. Curve-fitting parameters (γr and α) of the mean, lower 
and upper bounds are presented in Table 2. As shown, curva-
ture parameter α was a constant equal to 1.1 for all cases and 
the values of γr were determined based on the test data as a 
function of confining pressure and position of curve (lower, 
mean or upper curve). Figure 21a shows that the normal-
ized shear modulus data fall within the ranges proposed by 
Darendeli with an appropriate choice of curve-fitting param-
eters. Figure 21b shows the D–γ data for the specimens along 
with the D–γ curves reported by Darendeli and indicates that 

the ranges proposed by Darendeli were not very sensitive 
to confining pressure variation, but the D–γ data exhibited 
greater sensitivity to it.

5 � Conclusions

A series of bender element, resonant column and cyclic tri-
axial tests were carried out on fully-saturated specimens to 
investigate the dynamic properties of sand-gravel mixtures. 
Based on the results, the following conclusions could be 
drawn:

1.	 The normalized modulus reduction and material damp-
ing curves of the saturated sand-gravel mixtures were 
mainly affected by confining pressure, relative density, 
gravel content and cyclic strain amplitude. More specifi-
cally:

(a)	 Pure sand experienced less normalized modulus 
reduction with an increase in strain than the sand-
gravel mixture and pure gravel, while the sand-
gravel mixture specimens with intermediate gravel 
contents displayed the greatest degradation of nor-
malized modulus. The effects of gravel content 
(GC) on the stiffness degradation and damping 
ratio were based on the intergrain state concept.

(b)	 Pure sand exhibited slightly lower damping val-
ues in comparison with the sand-gravel mixtures. 
At a given relative density and confining pres-
sure, increasing the gravel content up to 50% 
slightly increased the damping values, which then 
decreased after 50%.

(c)	 The relative density and confining pressure influ-
enced the normalized modulus reduction and 
damping ratio, especially at large strains, such that 
an increase in confining pressure or relative den-

Fig. 21   Comparison of the tests results with recommended; a 
G/Gmax–γ curves and b D–γ curves developed by Darendeli [49]

Table 2   Curve-fitting parameters (γr and α)

Confining pressure 
(kPa)

Position of curve γr α

100 Lower 0.07 1.1
Mean 0.034 1.1
Upper 0.015 1.1

300 Lower 0.1 1.1
Mean 0.055 1.1
Upper 0.02 1.1

600 Lower 0.15 1.1
Mean 0.08 1.1
Upper 0.03 1.1
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sity shifted the modulus reduction curves to the 
right and either upward (for G/Gmax) or downward 
(for D).

2.	 The performance of the BE test was analysed by com-
paring the results with the RC test, which is renowned 
for the quality of its measurements based on Gmax. The 
results of the tests indicated that the Gmax obtained from 
these testing methods showed good agreement only for 
sand specimens which contained less than 75% gravel, 
while the results were different for specimens containing 
more than 75% gravel. The greatest difference between 
methods was for pure gravel specimens. The results indi-
cate that the BE test did not perform as well for uniform 
gravelly soil and that the Gmax obtained from BE testing 
was smaller than the maximum values of shear modulus 
obtained from RC testing. This may be because of the 
path through which the shear wave passes among the 
grains of gravel.

3.	 The BE tests results showed that the dimensions of the 
specimen should exceed wavelength λ by at least three-
fold (D/λ ≥ 3) in order to avoid such dispersion. The 
results indicated that, in order to minimize the near-field 
effect, the value of d/λ should be greater than 3.

4.	 The Gmax of the gravel-sand mixtures depends on rela-
tive density, confining pressure and gravel content. An 
increase in the confining pressure or relative density 
resulted in a nonlinear increase in Gmax such that the 
effect of confining pressure was greater than that of rel-
ative density. In addition, pure sand exhibited signifi-
cantly lower Gmax values than the sand-gravel mixture 
or pure gravel. Gmax increased nonlinearly with gravel 
content. This continued until a maximum value of Gmax 
was reached at a gravel content of 50%.

5.	 The shear strain amplitude at which G/Gmax = 0.5 (γr) 
increased with an increase in confining pressure or rela-
tive density. The confining pressure was more effective 
than relative density in this case. Also, the γr of the pure 
sand was greater than that for the sand-gravel mixtures 
at a given confining pressure and relative density. The 
results indicate that the values of γr can be predicted 
as function of relative density (or void ratio), confining 
pressure and gravel content.

6.	 In the current study, validation of the previous model 
and empirical curves was carried out using tests results.

(a)	 According to the results, the G/Gmax–γ curves 
developed by Rollins et al. [35] and Seed and 
Idriss [19] underestimated the values of G/Gmax 
at small-to-medium shear strain amplitudes and 
overestimated the values of G/Gmax at large strain 
amplitudes. The results indicate that the D–γ 

ranges proposed by Rollins et al. require modi-
fication for large strain amplitudes; however, the 
D–γ curves proposed by Seed and Idriss showed 
reasonably good performance for all tests results.

(b)	 The results indicated that the values of G/Gmax fell 
within the ranges proposed by Darendeli [49] with 
the appropriate choice of curve-fitting parameters. 
In addition, the D–γ ranges proposed by Darendeli 
were validated by the tests results. These results 
indicate that the D–γ ranges proposed by Daren-
deli require modification in order to increase sen-
sitivity to confining pressure variation.
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