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Abstract This paper studies loading rate effect on stress–strain behaviors of high compacted rockfill
materials. The large scale triaxial-dynamic equipment was used for this propose. To check the equipment
capabilities, tests have been carried out on elastic spring and damping rubber specimens. The laboratory
tests results indicate that the loading rate effect in elastic metal spring is negligible, while it has
considerable effects on stress–strain behaviors in damping rubber, and especially in rockfill materials.
The laboratory test results on rockfill materials have shown that dry specimens have higher E and D
values compared to the saturated samples. Anisotropic specimens have higher Young’s modulus and less
damping ratio in comparison to isotropic samples. Generally, the influence of the main parameters on E
and D in rockfill specimens is initial vertical effective stress and loading frequency, respectively. The high
compacted rockfill specimen exhibits a non-destructive response to the application of cyclic loading below
a threshold axial strain level of<0.005%. Since the frequency effect was observed in the strain levels lower
than 0.005%, and there is not meaningful build up of pore pressure in this strain level, therefore any effect
of excess pore water pressure on the frequency effect is negligible.

© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.
1. Introduction

Damping rubber and rockfill materials have many useful
applications in civil engineering structures. For example, the
damping rubber used as elastomeric bearing for seismic
isolation of structures and bridges. Generally, damping rubber
exhibits both nonlinear and viscous properties. Effects of
temperature [1], strain amplitude [2] and strain rate [3] on
modulus and damping ratio of damping rubber at strain higher
than 5% were investigated previously. Moreover, modulus and
damping ratio decrease as temperature and strain increase,
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whilst damping ratio and especially modulus increase as strain
rate increases.

Furthermore, gravelly materials that have higher damping
ratio compared to clay and sand materials are frequently used
in the earth fill structures and rockfill dams. The seismic
design of these structures at earthquake-prone regions requires
determination of the stress–strain properties under monotonic
and cyclic loading conditions of the usedmaterials. The strength
and deformation behavior of coarse granular media under
monotonic condition were studied previously [4–7].

Over the past two decades, many investigators published
cyclic triaxial shear test results for gravels [8–20]. In general,
in cyclic loading using triaxial equipment, each stress–strain
curve, which is named hysteresis loop, can be described by
Young modulus (E) and damping ratio (D) curves. The word
hysteresis comes from ancient Greek and means ‘‘lag’’ or
‘‘delay’’; the time lag between a driven cyclic stress and the
driving cyclic strain.

Many researchers [21,22] have shown that the dynamic
properties of soils cannot be considered frequency independent
in the earthquake frequency bandwidth, 0.01–30 Hz [23], even
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Nomenclature

The following symbols are used in this paper:

Ave. Average
Bg Marsal’s Breakage index
c Cohesion
cc(soil) Critical damping of the soil specimen
csoil Viscous damping of the soil specimen
CD Consolidated Drained
CFRDs Concrete Faced Rockfill Dams
D Damping ratio
D10 Damping ratio at 10th cycle
D(10),D(30),D(50),D(85) (mm) Particle size (mm) corre-

sponding to 10, 30, 50 and85passing percentage,
respectively

D40 Damping ratio at 40th cycle
Dr Relative density
e Void ratio
eo Void ratio according to modified proctor com-

paction
ei Void ratio at end of consolidation
ev Volumetric strain
ev(qmax) Volumetric strain at the strain corresponding to

the maximum deviator stress
ε1 Major principal strain
E Young’s modulus
E10 Modulus E at 10th cycle
E40 Modulus E at 40th cycle
Emax Maximum value of Young’s modulus
EPWP Excess Pore Water Pressure
φ′ Effective friction angle at maximum shear stress
f Frequency of the cyclic loading
fn(spring) Natural frequency of the spring
fns Natural frequency of the soil specimen in the free

vibration
fms Frequency at maximum amplitude (the resonant

frequency) under cyclic loading of the soil
specimen

F0 Maximum amplitude of the cyclic loading
Hz Hertz
Is Point Load Index
γd Dry density
G Shear modulus
Gs Specific gravity
kc = σ ′

1/σ
′

3 Initial stress conditions before cyclic loading
ksoil Stiffness of the soil specimen
kspring Stiffness of the spring
l Length of the spring
LA Los Angeles Abrasion
L.B. Lower bound
mcap Mass of the cap
meff Effective mass = mcap + msoil/3
msoil Mass of the soil specimen
mspring Mass of the spring
Ph Measured horizontal stresses at a point
Pv Measured vertical stress at a point
q = σ ′

1 − σ ′

3 Deviator stress
qmax Maximum deviator stress
SDOF Single degree of freedom
σ ′

1 Effective major principal stress
σ ′

3 Effective minor principal stress, Effective confin-
ing pressure
σ ′
m = (σ ′

1 + 2σ ′

3)/3 Mean effective stress
t Time
T Kinetic energy of the spring
U .B. Upper bound
Umax Maximum accumulated excess pore water pres-

sure at the end of the . . . th cycle
Wopt Optimum water content
ż Velocity of the top part of spring,
ży Velocity of the spring element a distance y from

the fixed end

for low strain level excitations [24] as it is common practice in
geotechnical engineering [25]. Generally, the higher modulus
is obtained from Resonant Column and Bender Element tests
compared to triaxial and torsional shear tests. This may be due
to higher loading frequency effect. Frequency effect on damping
is not observed in triaxial and torsional shear element tests
in previous research and can be explained as follows: most
element tests are performed at very low frequencies of less than
1 Hz. In this range, perhaps the effect of frequency is negligible
except for a creep effect which may be observed at a very
low frequency. Generally, in Resonant Column test, damping
is measured under free vibrations. It not necessary that the
behavior of the material should be the same under free and
forced vibrations and the material in forced vibration might
not dissipate energy as expected according to the minimum
principle. Recent test results show high damping ratio even
at low strain levels (<0.001%) in non Resonant Column
tests [21,24]. Besides, higher damping ratio was observed at
the resonant frequency [21]. Loading frequency and waveform
effects on modulus and damping ratio of the three high
compacted modeled rockfill materials were studied by means
of a large scale triaxial testing [19]. The laboratory test results
have shown that the modulus, and especially the damping
behavior, is influenced by the frequency of loading. The D
value for sinusoidal waveform is slightly higher than those of
the triangle waveform. Furthermore, the D value of rectangle
waveform is considerably higher than sinusoidal and triangle
waveforms [19].

The Fourier spectra of shear strain time histories of some
earthquakes show that the amplitude of the shear strain decays
quickly with an increase in frequency [26–30]. Additionally, in-
situ soil-specific nonlinear dynamic properties back-calculated
from vertical array records during strong ground [31,32] show
that modulus and especially damping ratio are dependent on
the frequency of loading. Selection of D curve independent
of testing loading frequency usually can result in unrealistic
amplification of low period components using a groundmotion
rich in high frequency contents.

Among mechanisms contributing to material damping, it
was understood that inertia acting on the individual soil
particles and the system as a whole reduce the contact surface
between the particles and disturb the stable structure and
orientation of grains causing the energy dissipation. In addition,
dynamic loading at higher frequency caused an impact between
the particles (particle collision) and the tendency of particles to
decrease in volume (settlement) resulted in greater interaction
between them, causing large energy dissipation [33,34,18,19].

All the cyclic deviator stresses in earlier studies on gravels
were applied in uniform sinusoidal cycles at frequencies
of up to 0.2 Hz [35]. The low frequency may be selected
in order to measure the deformation accurately as well
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Table 1: Predominant frequency of some near-fault earthquakes.

Earthquake Station Date Magnitude Predominant frequency (Hz)
M Ml Ms L V T Average

Kobe, Japan 99999 kJMA 1995/01/16 6.9 – 2.02 3.61 2.01 2.55
Landers SCE 24 Lucerne 1992/06/28 7.3 – 7.4 9.42 13.01 10.48 10.97
Tabas, Iran 9101 Tabas 1978/09/16 7.4 7.7 7.4 3.84 7.11 4.00 4.98
Bam Farmandri, 3168/02 2003/12/26 – – 6.7 4.86 8.38 5.08 6.11
Cape Mendocino 89005 Cape Mendocino 1992/04/25 7.1 7.1 4.74 6.14 4.74 5.21
Chi-Chi, Taiwan TCU084 1999/09/20 7.6 7.3 7.6 1.94 3.53 1.34 2.27
Kocaeli, Turkey Sakarya 1999/08/17 7.4 – 7.8 – 8.52 5.85 7.18
Loma Prietas 57007 Corralitos 1989/10/18 6.9 – 7.1 2.76 4.81 2.39 3.32
Northridge 24087 Arleta—Nordhoff Fire Sta 1994/01/17 6.7 6.6 6.7 3.02 8.22 3.48 4.91
Superstitn Hills (B) 286 Superstition Mtn 1987/11/24 6.7 – 6.6 4.41 – 3.91 4.16
Duzce, Turkey Duzce 1999/11/12 7.1 7.2 7.3 2.16 8.44 1.93 4.17
Erzincan, Turkey 95 Erzincan 1992/03/13 6.9 – – 1.40 5.55 2.25 3.00
Imperial Valley 942 El Centro Array #6 1979/10/15 6.5 6.6 6.9 3.71 8.98 3.00 5.23
Average 3.69 7.19 3.88 4.93

Note: Closest distances to faults ruptures are less than 10 km.M:momentmagnitude;Ml: Richter local magnitude;Ms: surface wavemagnitude; L: Longitudinal
component; V : Vertical component T : Transversal component.
Table 2: Predominant frequency of some far-field earthquakes.

Earthquake Station Date Magnitude Predominant frequency (Hz)
M Ml Ms L V T Average

Irpinia, Italy ENEL/SEA99 1980/11/23 – 6.5 – 2.86 8.46 2.95 4.76
Chi-Chi Taiwan CHY036 1999/09/20 7.6 7.3 7.6 0.93 5.95 1.82 2.90
Northridge Saturn St 1994/01/17 6.7 6.6 6.7 3.37 4.40 3.30 3.69
Landers 22074 Yermo Fire Station 1992/06/28 7.3 – 7.4 2.08 7.58 3.16 4.27
Loma Prietas 47524 Hollister—South & Pine 1989/10/18 6.9 – 7.1 1.48 3.90 1.83 2.40
Kocaeli, Turkey Ambarli 1999/08/17 7.4 – 7.8 1.69 4.47 1.38 2.51
Bam 3170 2003/12/26 – – 6.7 2.92 5.22 3.39 3.84
Average 2.19 5.71 2.55 3.48

Note: Closest distances to faults ruptures are higher than 20 km; M: moment magnitude; Ml: Richter local magnitude; Ms: surface wave magnitude;
L: Longitudinal component; V : Vertical component T : Transversal component.
as equipment limitations. The FFT analysis indicates that
predominant frequency of the studied near faults (Table 1) and
far fields (Table 2) earthquakes ranges between 1 and 13 Hz.
The results of numerical analysis show that the greater part of
earthquake energy are in the frequency range of 2–5 Hz [36].
ASTM D3999-91 [37] recommended the frequency variation
between 0.5 and 1 Hz for different source of cyclic loads such as
those caused by earthquakes, ocean wave, or blast. Moreover,
ASTM D3999-91 [37] suggested that cyclic loading equipment
used for load or deformation controlled cyclic triaxial testsmust
be capable of applying a uniform sinusoidal load at a frequency
within the range of 0.1–2 Hz.

Based on the results, investigation of E and D in the
frequency range of 1 and 5 Hz has especial importance in
earthquake engineering.

In the previous dynamic analysis procedure, only the hor-
izontal shear stresses induced by earthquake in the embank-
ment are evaluated and simulated in cyclic triaxial test [38].
However, the results obtained from the finite element analysis
and the instrument results raise a question about the reliability
of the cyclic tests results conducted at kc =

σ ′
1

σ ′
3

= 1, instead of
anisotropic kc > 1 at low confining pressure in soils elements
located below sloping surfaces [39]. Young’smodulus (at strains
less than about 0.001%) of compactedwell-graded sandy gravel,
consolidated under anisotropic stress-state was evaluated by
applying small amplitude cyclic loadings on square prismatic
specimens [40]. Moreover, the anisotropy stress condition on G
and D parameters in conglomerated rockfill materials was in-
vestigated by Aghaei Araei et al. [20].
It seems that there are not many published papers dealing
with rate of loading in monotonic tests as well as loading
frequency and anisotropy effects on D and especially on E
behaviors of the dry and saturated rockfill materials and
damping rubber based on element tests. This study looks
at these issues via large triaxial tests. Moreover, a series of
monotonic and cyclic tests were conducted on metal spring,
which does not exhibit any viscous effect (only elastic), for
sure, about the accuracy of measurements and to check the
equipment capabilities.

2. Triaxial testing system

The large scale triaxial apparatus for conducting tests is
equipped with universal electro-hydraulic servo controller
for vertical load (actuator). The equipment has the following
specifications: Capacity of static load: 500 kN; dynamic load:
±200 kN for bias static load of 300 kN. Frequency ranges
between 0.01 and 10 Hz. Waveforms are sinusoidal, triangle
and rectangle. Lateral pressure for soil and rock specimen is
limited to 2 MPa and 20 MPa, respectively. There are external
and internal load cells. The internal load cell with a capacity of
500 kN is submersiblewith accuracy of 150N. This combination
excludes the effect of piston friction in load measurements.
High sensitive non-contact coiled deformation transducers [41]
located on opposite sides of the top plate is used to measure
the average strain and eliminate the rotational component. The
maximum range of measurement is 2.5 mm with the accuracy
less than 0.001mm. The pore pressure sensors are located at the
bottom plate with a capacity of 1 MPa and accuracy of 0.4 kPa.
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Table 3: Details of large scale triaxial apparatus specification at BHRC laboratory.

Measuring element Accuracy Resolution
(mV/V)

Carrier
frequency (kHz)

Electric transducers, capacity Amplifiers

Vertical external load cell
(large capacity)

150 N 1.5 5 Strain gauge type, 500 kN EA-410, Calibration: 500, 250 kN,
Attenuator: 1, 1/2

Vertical internal load cell
(large capacity)

150 N 1.5 5 Strain gauge type, 500 kN EA-410, Calibration: 500, 250 kN,
Attenuator: 1, 1/2

Vertical internal load cell
(small capacity)

60 1.5 5 Strain gauge type, 200 kN EA-410, Calibration: 200, 100 kN,
Attenuator: 1, 1/2

Vertical displacement
(external LVDT)

0.01 mm 2 5 Strain gauge inductance
type,100 mm

EA-410, Calibration: 100, 50 mm,
Attenuator: 1, 1/2

Vertical displacement (two
sets placed just at top of the
specimen and opposite sides)

<0.001mm 1 20 Twin coil type, 25 mm EA-330, Calibration:25, 12.5, 5,
2.5 mm, Attenuator: 1, 1/2, 1/5, 1/10

Lateral pressure 0.8 kPa 2 5 Strain gauge flush diaphragm
type, 2 MPa

EA-410, Calibration: 2, 1 MPa,
Attenuator: 1, 1/2

Pore water pressure 0.4 kPa 2 4.9 Strain gauge flush diaphragm
type, 1 MPa

EA-410, Calibration: 1, 0.5 MPa,
Attenuator: 1, 1/2

Volume change (internal) 8 cc 10 4.9 Differential pressure type, 4 L EA-410B, Calibration: 4, 2, 0.8 L,
Attenuator: 1, 1/2, 1/5
More details about types of sensors, accuracy and resolution are
presented in Table 3.

Data acquisition system has eight independent channels
with response frequency of 75 kHz. It can record data for an
interval of less than 0.1 ms.

2.1. Accuracy of measurements

The correctness of the results depends on the accuracy of
the measurements of both stresses and strains. The obtained
results are affected by three sources of errors; compliance,
bedding error, and time lag in measurement. The compliance
of loading system consists of all parts (top and bottom
platens and connections) where the specimen deformation
is monitored and determined [42]. In the present study,
errors due to apparatus compliance were investigated with
reasonable certainty by careful calibration in the laboratory. For
this purpose, a metal spring and cylindrical damping rubber
specimen were placed into the location normally occupied by
specimens where some calibration tests were performed. The
results will be discussed in the following section. Also, in this
study, deformation properties were obtained by the same test
method from very small strain to large strain levels. Therefore,
deviation in tests results caused by system compliance was not
encountered [24].

On other hand, lower values of stiffness during initial cycles,
because of bedding errors, were not observed in hysteresis
loop. Bedding error may be high in the case of soft rock,
hard soils [43] and gravelly materials [44]. We eliminated
bedding effect between specimen cap and specimen by filling
the voids between the cap and specimen with the same finer
materials. Moreover, bedding error can be reduced through
the following method: achieving the final desired height of
reconstituted specimens by tapping and rotating the specimen
cap on top of the specimen [37]. Therefore, the effect of bedding
error can be ignored in these tests with the above mentioned
considerations.

Although the data acquisition is simultaneous, possibility of
apparent damping at high loading frequency due to time lag in
measurement of axial load and axial displacement is also inves-
tigated as follows: (1) acquisition of axial displacement after ax-
ial load, (2) axial load measured late to axial displacement. No
difference in damping ratio was observed in the two methods
given above.
Figure 1: Load–axial displacement results on the elastic spring at different rate
of loading.

3. Monotonic and cyclic tests on metal spring and damping
rubber

In order to calibrate and check the performance and accuracy
of all parts of the triaxial equipment, a series of tests were
conducted on spring and damping rubber. The axial load–axial
displacement curve for the spring under different strain rates is
shown in Figure 1. As illustrated, the speed of loading does not
affect the behavior of elastic spring and almost a single straight
line is obtained. In other words, when the loading is maximum,
at the same time the corresponding displacement is maximum,
and there is no time lag. Then, some cyclic testswere performed
on the spring under initial static axial load of 13 kN, which
induced 13mmdeformation in the spring. The cyclic tests were
performed with loading frequency equal to 0.1, 0.2, 0.5, 1, 2,
5 and 10 Hz. The results of spring tested at different loading
frequencies under rectangle, sinusoidal and trianglewaveforms
did not show apparent damping ratio for the linear elastic
material (Figure 2). Moreover, the same stiffness was obtained
under different waveform and loading frequency, which is
equal to 1000 kN/m. Similar results were obtained when initial
static axial load was 30 kN. It is worth to note that there is a
considerable difference between induced axial displacements
under rapid cyclic loading (rectanglewaveform) and slow cyclic
loading (trianglewaveform), as shown in Figure 3. Induced axial
displacements decrease as loading frequency increases.

Figure 3 shows the maximum axial displacement ratio for
different waveforms on the spring. Induced axial displacement
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Figure 2: Typical cyclic load–axial displacement result on the elastic spring at
different loading frequency (not shifted).

Figure 3: Maximum axial displacement ratio-loading frequency for different
waveform in the spring.

by the rapid cyclic loading (rectangle waveform) is two times
the trianglewaveform ones up to 2 Hz. For better interpretation
of the spring behavior, its natural frequency is required. In order
to obtain effective mass of the spring for the case of distributed
mass system, firstly, the kinetic energy must be calculated. If ż
is equal to the velocity of the top of the spring, the velocity of
the spring element with length of l located at a distance y from
the fixed end varies linearly with y as follows [45]:

ży = ż
y
l
. (1)

The kinetic energy of the spring can then be integrated to:

T =
1
2

 l

0


ż
y
l
ż
2 mspring

l
dy =

1
2
mspring

3
ż2. (2)

This means the effective mass is to be one third the mass of
the spring. Then, the natural frequency of the spring is:

fn(spring) =
1
2π


kspring

(1/3) · mspring
, (3)

with mspring = 9.62 kg and kspring = 1000 kg/cm, fn(spring) is
equal to 2.81 Hz. According to Figure 4, at higher frequency
(4fn(spring) or >10 Hz), the effect of the waveform on maximum
Figure 4: Load–axial displacement results at effective confining pressure of
250 kPa of the damping rubber with diameter of 20 cm and height of 40 cm.

Table 4: Characteristics of cyclic triaxial tests on the damping rubber.

σ ′

3 (kPa) kc = σ ′

1/σ
′

3 Frequency of loading (Hz)

0 a 0.1, 0.5, 1, 5, 10
250 1 0.1, 0.5, 1, 5, 10
250 2 0.1, 0.5, 1, 5, 10

a σ ′

1 = 7.85 kN.

displacements ratio is negligible. Moreover, in the tested
spring under cyclic loading, if the loading frequency is less
than 2fn(spring), the maximum displacement occurs during
cyclic loading (see sinusoidal/triangle waveform curve in
Figure 4). The shock response to triangle and rectangle pulse
of an undamped spring-mass system for SDOF was studied
previously [46].

Moreover, the test results such as load–axial displacement
curves on the damping rubber (20 cm diameter, 40 cm height,
and unite weight of 12.23 kN/m3) at effective confining
pressure of 250 kPa under speed of 0.06 and 1.55 mm/s are
presented in Figure 4. Figure 4 shows a clear non linearity
(not linear the stress–strain relation) especially for the smaller
loading rate. Stiffness of the damping rubber is about 10MN/m
for rate of 0.06 mm/s and 20 MN/m for rate of 1.55 mm/s.
Hence, stiffness increases as rate of loading increases (strain
dependent). Moreover, the load and axial displacement versus
time results indicates that maximum axial displacement occurs
with a time lag for corresponding maximum axial load.

In addition, a series of sinusoidal cyclic loading were
conducted on the damping rubber at different conditions
(Table 4). For instance, Figure 5 shows axial load–axial
displacement loops of the damping rubber at effective confining
pressure of 250 kPa and kc = 2 under loading frequency of
0.1, 1 and 5 Hz. The sizes and inclination of the hysteresis loops
clearly indicate the effects of the loading frequency on stiffness
and damping ratio results.

Cyclic tests results including E–ε1 and D − ε1 on the damp-
ing rubber at effective confining pressure of 250 kPa and kc = 2
are shown in Figure 6. As shown in Figure 6, E and D decrease
with strain level. Moreover, the result indicates that at certain
strain, E and D increase as loading frequency increases. Vari-
ation of D with loading frequency is less pronounced, and its
value at frequency of 5 and 10 Hz does not show considerable
difference. Variation of damping ratio for frequency of 0.1 and
10Hz ranges between15% tomaximum25%. The E−ε1 values at
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Figure 5: Example of cyclic load–axial displacement results on the damping
rubber at effective confining pressure of 250 kPa and σ ′

1/σ
′

3 = 2 under different
loading frequency.

unconfined anisotropic (kc = 2) condition is slightly higher
than the value of the isotropic condition at effective con-
fining pressure of 250 kPa, but less than the value of the
anisotropic (kc = 2) condition at effective confining pres-
sure of 250 kPa [47]. Moreover, damping ratio at anisotropic
(kc = 2) unconfined condition is similar to isotropic condi-
tion at effective confining pressure of 250 kPa, but less than
anisotropic (kc = 2) condition at effective confining pressure
of 250 kPa [47]. Accurately speaking, in damping rubber for a
given strain level, E increases with kc and confining stress while
D is rather insensitive to the confining stress which increases
with kc .
a

b

Figure 6: Cyclic tests results of the damping rubber at effective confining
pressure of 250 kPa and σ ′

1/σ
′

3 = 2. (a) E versus axial strain; and (b) D versus
axial strain.

4. Rockfill test specimens

4.1. Material properties

In this study, the tested gravelly rockfill sample was
obtained from the shell material of the under-construction
Lower Siah-Bisheh Concrete Faced Rockfill Dams (CFRDs) in
Iran [18]. Table 5 summarizes the main characteristics of the
material, including rockfill name, size distribution, Point Load
Strength index, Loss Angeles abrasion, dry density, optimum
water content and specific gravity. Thequarry blastingproduces
the S.SBLIVmaterial from quarry No. IV, which was used for the
Lower Siah-Bisheh CFRD. The individual particle is composed
of Lime rock. The gradation curve of the material for triaxial
testing was obtained with maximum particle sizes of 50 mm
(1/6 diameter of large scale triaxial specimen, which is 30 cm),
Figure 7. The material consist of 3.8% fine grains (<0.075 mm).

Maximum dry density was estimated for the sample
according to Modified Proctor [48] and modified for oversize
(20% higher than 19 mm) percentage [49]. Specific gravity (Gs)
is 2.62 and minimum void ratio (eo) is 0.174.

4.2. Specimen preparation

Tests were conducted on large scale specimens with the di-
mensions of 30 cm diameter and 60 cm height, using the large
scale triaxial equipment at the BHRC, Iran. Specimens were
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Table 5: Characteristics of gravelly material used in large scale triaxial
testing.

Material symbol S.SBLIV

Maximum particle size (mm) 50
D(10),D(30),D(50),D(85) (mm) 0.5, 2.5, 6.5, 25
Passing #200 (%) 3.8

Is (ASTM D5731) Submerged for 7 days 2.89
Natural water content 2.82

Loss angeles abrasion for no. of rotations of 1000 (%)
(ASTM C131)

44.9

γd(max) (kN/m3) ASTM D1557 (C-method) 21.8
wopt (%) 6.1

Gs (bulk specific gravity—oven dry) (ASTM C127) 2.62
e0 0.174

Figure 7: Grain size distribution for modeled rockfill materials in triaxial
testing.

compacted to required dry density in a split mold using a vibra-
tor compactor operating at a frequency of 60 cycles. A silicone
type membrane with a thickness of 2.5 mm complying with
ASTM D3999 [37] and ASTM D4767 [50] was used to encase
the specimen and provide reliable protection against leakage.
The Young’s modulus (Em) of the used membrane is 750 kPa.
The increase of deviator stress for ε1 = 15% (0.15 in decimal
form) is less than 4 kPa. We ignore membrane correction effect
over the measured deviator stress. The interaction between the
specimen, membrane, and confining fluid has an influence on
monotonic and cyclic behaviors. Changes in pore water pres-
sure can cause changes in membrane penetration in specimens
of cohesion-less soils [51]. We eliminated membrane penetra-
tion effects by putting the finer soil in the surface of specimens
to create a smooth surface.

Specimens were reconstituted in six layers. For each layer,
the necessary quantity by weight of each granulometric class
was weighed andmixed with the appropriate water content. In
the saturated specimen, after passing the CO2 and applying a
vacuum for a period of 24 h, the sample was partially saturated
by allowing de-air water to pass through the base of the
triaxial cell and removing air bubbles. To achieve full saturation
(Skempton B-value greater than 95%), back-pressurization was
used.

5. Monotonic loading triaxial tests

Monotonic triaxial compression tests were used to study
the stress–strain–strength behavior of the rockfill materials.
Eight monotonic Consolidated Drained (CD) triaxial tests were
performed at dry densities of 21 and 21.5 kN/m3 and different
confining pressures on the saturated specimens (Table 6).
All monotonic tests were performed with the use of strain-
controlled compression loading system. After applying the
predefined confining pressure, the axial load was applied to
axial strain up to about 15%. The imposed axial strain rate was
0.5 mm/min. During the test, the amount of axial stress, axial
strain and volumetric strain were recorded. Also, one more
dried specimen with dry density of 21.5 kN/m3 was sheared
under a strain rate of 300 mm/min.

5.1. Presentation of the results

Table 6 presents the summary of the results of the mono-
tonic triaxial tests. Maximum friction angles are calculated for
each single confining pressure, assuming c = 0 and using the
following equation:

sinφ′
=


σ ′

1 − σ ′

3

σ ′

1 + σ ′

3


max

. (4)

Generally, φ′ for the materials decreases with an increase
in the confining pressures; the internal friction angle for under
study materials ranges between 46° and 38° for the confining
pressures ranging from 200 to 1500 kPa (Table 6). Figure 8
shows the value of deviator stress and volumetric strain versus
axial strain for different materials at different dry densities.
Generally, the higher the value of dry density, the more the
amount of deviator stress is. As it is expected, axial strain
at failure increases with an increase in confining pressure.
The dilation in volumetric strain decreases considerably with
any increase in confining pressure. According to the results
obtained, there is no remarkable difference between the studied
materials with respect to internal friction angles at two dry
densities.

Figure 9(a) shows deviator stress and axial strain versus time
of the dry specimen under confining pressure of 200 kN/m3

and strain rate of 300 mm/min. As shown in Figure 9(a), at the
initial stage of loading, when the deviator stress is maximum
(around 7 s), the corresponding axial strain is not maximum
(time lag existed). So, it seems that in the rockfill materials at
high speed of loading, rate dependent behavior can be observed.
Figure 9(b) shows deviator stress versus axial strain. Comparing
to saturated condition, onemay say that themaximumdeviator
stress of the dry specimen is 1.5 times higher than saturated
ones. Some part of difference may be attributed to high speed
of loading of the dry specimen.

6. Cyclic testing programs

6.1. Testing procedure

24 cyclic triaxial tests were carried out in this research ac-
cording to ASTM D3999 [37] (Table 7). The specimens were
first subjected to the required consolidation pressures with re-
spect to the stress levels in typical high rockfill dams or CFRDs.
Then, specimens were loaded under initial isotropic condition
(kc = σ ′

1/σ
′

3 = 1) and anisotropic condition (kc = 2). Dur-
ing the tests the amount of anisotropy coefficient was fixed by
applying the desired loads from the load cell of triaxial equip-
ment. Staged tests were performed to save cost and time. Forty
cycles sinusoidal loading, with the desired loading frequencies,
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Figure 8: Deviator stress–volumetric strain versus axial strain curves.
Table 6: Summarized information and results of large scale monotonic triaxial tests.

Rockfill
type

γd (kN/m3) Dr (%) σ ′

3 (kPa) Volume change at
end of isotropic
consolidation (L)

qmax/σ
′

3 εv(qmax) (%) φ′°

(Peak)
Bg (%) for particle size ranges from

0.075–50mm 0.075–4.75mm 4.75–50 mm

S.SBLIV-1 21.0 96

– – – – – 5.4 2 3.6
200 0.397 5.05 0.078 46 6.3 3.3 2.9
600 0.623 4.23 0.64 42.9 7.1 2.7 4.4

1000 0.873 3.54 4.4 39.45 8.4 3.4 5
1500 0.904 3.2 4.4 37.9 9.1 5.3 3.9

S.SBLIV-2 21.5 98

– – – – – 6 1.5 4.5
200 0.396 5.1 −0.027 46.2 6.3 4.5 5.9
600 0.519 3.93 1.55 41.6 8.6 4.7 5.2

1000 0.593 3.66 2.68 40.2 10.6 4.1 6.5
1500 0.658 3.29 4.84 38.25 10.1 3.5 6.9
Table 7: Characteristics of testing program according to ASTM D3999 under sinusoidal waveform.

Material symbol/specimen condition σ ′

3 (kPa) kc = σ ′

1/σ
′

3 Number of cycles Frequency of loading (Hz) Total no.

S.SBLIV/saturated 100, 200, 400, 600, 1000, 1500 1 40 1, 5 12
S.SBLIV/saturated 200, 400 2 40 1, 5 4
S.SBLIV/dry 200, 400 1 40 1, 5 4
S.SBLIV/dry 200, 400 2 40 1, 5 4
were applied at a very small strain level [37]. This number of cy-
cles corresponds to a loading induced by an earthquake with a
magnitude of 7.5 on the Richter scale [52]. Test results for cycles
1–40 have been recorded. The excess pore pressure that had de-
velopedduring this cyclic loadingwasdissipated byopening the
drainage valve, so that the original effective stresses could be re-
gained in the saturated specimens. This procedure was then re-
peated at higher strain levels (about twice the initial amplitude)
until the maximum strain level was achieved. Axial loads, ver-
tical displacements, volume changes and pore pressures were
measured at periodic intervals of 0.020 and 0.004 s, respec-
tively, for the applied sinusoidal waveform with frequencies 1
and 5 Hz. Thus, the sampling frequency was 50 data points per
cycle (according to ASTM D3999 [37] minimum sampling rate
should be 40 data points per cycle). Cyclic tests were performed
under stress-control.
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a

b

Figure 9: Test results of the dry S.SBLIV specimen at confining pressure of
200 kPa and strain rate of 300 mm/min. (a) Deviator stress–axial strain versus
time; and (b) deviator stress–axial strain.

6.2. Monotonic triaxial tests for creation of anisotropic condition

The initial phase of static shear stress application is envis-
aged as representing a sustained static pre-earthquake state of
stress which exists in a soil element beneath sloping surfaces.
Based on the above monotonic tests and instrument data re-
sults in the rockfill dam in which horizontal stress ratio (Ph/Pv)
ranges between 0.1 and 1.0 with an average of 0.55 [39], kc = 2
was selected in this study only for low confining pressures.

Dry and saturated specimenswith dry density of 21.5kN/m3

at confining pressure of 200 and 400 kPa were loaded till
anisotropic conditions were achived (kc = 2). Tests results in-
cluding deviator stress–axial strain versus time and deviator
stress versus axial strain are presented in Figure 10. Time re-
quired to obtainmaximum axial load of the saturated specimen
is nearly 2 times the dry specimen. The initial modulus of dry
specimen is higher than saturated samples (Figure 10). The re-
sult indicates that secant modulus increases as confining pres-
sure increases.

6.3. Cyclic test results

Tests results, including the Young’s modulus and damping
ratio versus axial strains, have been calculated based on the
stress–strain hysteresis loop for the 1–40th cycles according to
ASTM D3999 [37].

6.3.1. Young’s modulus
The E versus γ data points at 10th cycle under confining

pressure of 100, 600, 1000 and 1500 kPa are shown in Figure 11.
a

b

Figure 10: Test results of the dry and saturated S.SBLIV specimen at confining
pressure of 200 and 400 kPa. (a) Deviator stress–axial strain versus time; and
(b) deviator stress versus axial strain.

In this study, for comparison proposes, it was considered that
the most appropriate E value was at the 10th cycle, since this is
considered to be an average representation for the earthquake
in this dam region. It can be seen that E is strongly dependent on
the axial strain. At low strain amplitudes, the modulus is nearly
constant and at its highest value, Emax, but it decreases while
the strain amplitude is increasing. As it is expected, as confining
pressure increases, the E versus ε1 values increase. However,
for studied rockfillmaterials, as confining pressure increases, its
effect on the values of E decreases; the rate of increase in E at
low confining pressure is higher than the corresponding value
at a higher confining pressure. It is observed that, in general, the
E values increase as loading frequency increases, especially at
the axial strains less than 0.01% (Figure 11). However, for these
materials, as axial strain increases, loading frequency effect on
the values of E decreases; the rate of increase in E at low strains
is higher than the corresponding value at higher strain.

Generally, in this discrete rockfill materials, increase in
frequency increases the magnitude of acceleration in vertical
direction at the upper part of the large triaxial specimen. Higher
acceleration on the particles of soil reduces the modulus due to
inertia effect [33]. The absolute effect of inertia is to reduce the
modulus considerably, while the reduction in modulus may be
compensated by the frequency effect. The net effect is to slight
increase the modulus.

6.3.2. Damping ratio
Figure 12, for instance, shows stress–strain hysteresis loop

at almost the same amplitude of deviator stress and strain for
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Figure 11: Variations of Young’s modulus versus axial strain of saturated
isotropic specimen at confining pressures 100, 600, 1000 and 1500 kPa under
loading frequency of 1 and 5 Hz.

S.SBLIV material at effective confining pressure of 400 kPa at
the 10th cycle under loading frequency of 1 and 5 Hz. There are
some differences in the hysteresis loop. The obtained hysteresis
loop indicates the importance of loading frequency on damping
results.

Figure 13 presents the D versus ε1 data points at 10th cycle
formaterials tested at confining pressures of 100, 600, 1000 and
1500 kPa under loading frequencies of 1 and 5 Hz with those of
Seed et al. [8] andRollins et al. [35]. The damping ratio decreases
as confining pressure increases.

It is worth mentioning here that by increasing the loading
frequency, damping ratio increases, not only at low strain but
also at medium and higher strain levels. For tests at loading
frequency of 1 Hz, at high strain, data lie completely within the
main curve proposed previously; whereas at low strain (axial
strain less than 0.005%), considerable portion of the data lie
above upper bound proposed by Seed et al. [8]. However, at
higher loading frequency (5 Hz) the damping ratios completely
fall above the upper bound trend observed by Seed et al. [8].

The high values of damping at loading frequency of
5 Hz for the rockfill materials with low void ratio may be
attributed to sensitivity of their structure to loading frequency,
due to increased collision of soil particles resulting in high
dissipation of energy at contact points of the particles and
more settlement [18,33]. Generally, in this discrete rockfill
material, at higher frequency, almost all particles try to
move, where damping ratio increases by the inertia effect.
For controlling above statement, the resonant frequency of
the triaxial specimen must be calculated. The case of the
distributed mass rockfill specimen in triaxial equipment under
cyclic loading can be approximated to a spring and dashpot,
subjected to a sinusoidal varying force (F0 sin(2π ft)), where
f = frequency of loading, and F0 is the maximum amplitude of
loading. The differential equation of motion for this system can
be given by:

(meff)z̈ + (ksoil)ż + (csoil)z = F0 sin(2π ft), (5)

where meff is equal to mass of cap (mcap = 14.48 kg) as well as
effective mass of the specimen (at strain less than 0.1%, it may
be assumed that the velocity of soil particle varies linearly with
length of specimen, and rockfill specimen is similar to the case
of spring), ksoil is the soil stiffness, which changes by the loading
frequency and strain, and csoil is the viscous damping of soil.
For the steady-state motion, fms, the frequency at maximum
amplitude (the resonant frequency) of the soil specimen is:

fms = fns

1 − 2D2

=
1
2π


ksoil

mcap + (1/3) · msoil
·


1 − 2D2, (6)

where damping ratio is D =
csoil

cc(soil)
=

csoil
2
√
ksoil·meff

, and cc(soil) is
the critical damping. Then the high strain and low strain natural
frequencies of the rockfill specimen at confining pressure of
100 kPa are ranges between 3 and 7 Hz. The corresponding
values at confining pressure of 1500 kPa are ranges between
10 and 14 Hz. Therefore, coinciding natural frequency of the
specimen and cyclic loading frequency at 5 Hz especially at low
confining pressure may happen.

Generally, the frequency effect on damping ratio is more
remarkable than on modulus. This may be attributed to the
effects of frequency and inertia among many other reasons.
In the discrete rockfill materials, the effect of frequency is to
increase both modulus and damping, while the effect of inertia
is to reduce the modulus but increase damping.

6.3.3. Effects of loading waveforms on induced maximum axial
displacement ratio

Similar to the case of spring, the effects of waveforms on
induced maximum axial displacement ratio are investigated
on S.SBLIV specimen. The specimens are loaded under triangle,
sinusoidal and rectangle waveforms, and the loading frequency
(a) 1 Hz. (b) 5 Hz.

Figure 12: Stress–strain hysteresis loop at the 10th cycle for S.SBLIV material at effective confining pressure of 400 kPa and under loading frequencies.



1230 A. Aghaei Araei et al. / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 1220–1235
Figure 13: Damping ratio versus ε1 relationships of the saturated isotropic
specimen at different confining pressures and loading frequency.

Figure 14: Maximum axial displacement ratio-loading frequency for different
waveform of the saturated isotropic S.SBLIV specimen at confining pressure
1000 kPa.

ranges from 0.1 to 10 Hz. Maximum axial displacement
ratio versus loading frequency for different waveform of the
saturated isotropic S.SBLIV specimen at confining pressure
1000 kPa are shown in Figure 14. Comparing Figures 3 and 14
indicate that there are two main differences:

(a) The maximum axial displacement ratio is lower for rockfill,
and

(b) Not constant with loading frequency, reaching the maxi-
mum for frequencies between 1 and 2 Hz.

6.3.4. Effect of kc for dry and saturated specimens
Figures 15 and 16 show the variations of the E–ε1 of the dry

and saturated specimens under following conditions: loading
frequency = 1 and 5 Hz, confining pressures = 200 kPa
and 400 kPa, isotropic (kc = 1) and anisotropic initial stress
(kc = 2).

The Young’s modulus of the dry specimen is higher than of
the saturated ones. The results indicates that E values at axial
strain less than 0.005% increase as loading frequency increases.
It can be seen that in the anisotropic condition, higher amount
of Young’s modulus is obtained (Figures 15 and 16). This is
because of higher amount of initial σ ′

m = (σ ′

1 + 2σ ′

3)/3 at
anisotropy state. Generally, compared to frequency, saturation
and confining pressure, the effect of kc on increasing E is clear.
Figure 15: Results of E–ε1 for dry and saturated isotropic specimens at
confining pressures of 200 and 400 kPa and loading frequency of 1 and 5 Hz.

Figure 16: Results of E–ε1 for dry and saturated anisotropic specimens at
confining pressures of 200 and 400 kPa and loading frequency of 1 and 5 Hz.

Figure 17: Results of D–ε1 for dry and saturated isotropic specimens at
confining pressures of 200 and 400 kPa and loading frequency of 1 and 5 Hz.

Figures 17 and 18 indicate that the damping ratio in dry
specimen is higher than of the saturation specimen. The figures
clearly show that D versus ε1, at certain strain, increases as
loading frequency increases. Moreover, at certain strain, the D
values for the isotropic condition are slightly higher than of the
anisotropic condition. Generally, the main influence is that of
the loading frequency.
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Figure 18: Results of D–ε1 for dry and saturated anisotropic specimens at
confining pressures of 200 and 400 kPa and loading frequency of 1 and 5 Hz.

a

b

Figure 19: Effect of number of cycles on (a) E10/E40 , and (b) D10/D40
results versus axial strains of the dry and saturated isotropic and anisotropic
specimens.

6.3.5. Variation of E and D with number of cycles
Figure 19(a), for instance, shows the test results of the dry

and saturated isotropic and anisotropic specimens including
the effects of the number of cycles on E value (i.e. E10/E40; E40 =

modulus E for 40th cycle) versus axial strain. Generally, the
values of E10/E40 increase at strain between 0.005% and 0.1%.
The values of E10/E40 are less than 1.2 at strain less than 0.05%.
The values of E10/E40 increase markedly at axial strain higher
than 0.05%. A larger increase seems casual. The E10/E40 ratios for
a

b

Figure 20: Variations of excess pore water pressure ratio at 10th and
40th cycles versus axial strain of the saturated specimen. (a) Isotropic, and
(b) anisotropic.

anisotropic condition have the lowest variation in comparison
to tested specimens in isotropic condition.

Variations of D10/D40 (D10 = damping D for 10th cycle)
versus axial strain of the dry and saturated isotropic and
anisotropic specimens are shown in Figure 19(b). Results
indicate that the effects of the number of cycles over damping
ratio are slightly complicated, and it is not possible to draw
any definitive conclusion. However, the variations of D10/D40
range from 0.95 to 1.15 for strain up to 0.1%. It seems that
the D10/D40 results were not significantly affected by the
number of cycles up to strain less than 0.005% for the rockfill
materials, but beyond the mentioned strain, the results were
strongly affected. The D10/D40 ratio of the dry anisotropic
specimen under frequency of 1 Hz have the higher variation in
comparison to dry isotropic specimen.

6.3.6. Variation of excess pore water pressure ratio
Figure 20 shows the variations of excess porewater pressure

ratio at 10th and 40th cycles versus axial strain under loading
frequencies of 1 and 5 Hz. The excess pore water pressure ratio
of the isotropic and anisotropic specimens at low confining
under loading frequency of 5 Hz is slightly higher than of 1 Hz.
The results show that the excess pore water pressure ratios are
less dependent on loading frequency and more dependent on
imposed strain level.

Since the frequency effect was observed in the strain levels
lower than 0.005%, and there is no meaningful build up of pore
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Figure 21: Results of volume change versus axial strain at different loading
frequency and confining pressures of the isotropic and anisotropic saturated
specimens.

water pressure at this strain level, therefore, any effect of pore
water pressure on the frequency effect is negligible.

6.3.7. Variation of volume change and permanent axial displace-
ment

In stage loading, when the pore pressure was released
by opening the drainage valve, the volume of the specimen
decreases and thus the specimen becomes a little denser. The
change in volume is dependent on the axial strain amplitude,
the number of strain cycles applied, confining pressure, and
the specimen type. Test results of the high compacted rockfill
indicates that maximum volume change due to drainage of
the specimen at axial strains 0.005% and 0.05% is 0.013 and
0.7 L, respectively (Figure 21). Volume change in percent at
axial strain of 0.05% is less than 1.5%. Moreover, the change in
density due to drainage is less than 1% for axial strain of 0.1%.
The change in volume of the saturated anisotropic specimens is
slightly lower than of the isotropic specimen.

According to ASTM D3999 [37] and ASTM D4015 [53], a soil
material typically behaves like an elastic solid exhibiting a non-
destructive response to the application of cyclic loading below a
threshold axial strain level of<0.01%, andmanymeasurements
may be made on the same specimen and with various states
of ambient stress. It is therefore believed that the re-use of
samples for higher strain amplitudes (i.e. up to 0.1%) still gives
reasonably good results if the number of strain cycles applied is
limited [8].

Figure 22(a) and (b) show the permanent axial deformation
versus axial strain of the saturated isotropic and anisotropic
specimens in cyclic tests, respectively. Permanent axial defor-
mation at the axial strain less than 0.01% is negligible (less than
0.2 mm) and the height of the specimen decreases. Generally,
high compacted specimen under low frequency (1 Hz) cyclic
loading at low confining pressure, undergo increase in height
at axial strain higher than 0.05%, but at high confining pressure
and high loading frequency (5 Hz), the height of specimen de-
creases continuously. Maximum permanent axial deformations
at the axial strain of 0.05% are less 0.5 mm and 1 mm of the
isotropic and anisotropic specimens, respectively. Figure 22(c)
shows the permanent axial deformation versus axial strain of
the dry isotropic and anisotropic specimens in cyclic tests. At
certain strain, the anisotropic dry specimen under low confin-
ing pressure experiences higher permanent axial deformations
compared to isotropic condition. It is worth to note that the
permanent axial deformation increases as loading frequency in-
creases.
a

b

c

Figure 22: Variations of permanent axial displacement versus axial strain at
different loading frequency and confining pressures. (a) Saturated isotropic;
(b) saturated anisotropic; and (c) dry isotropic and anisotropic specimens.

6.3.8. Effect of particle breakage
Breakage of the particles was observed during the triaxial

tests. The breakage is usually expressed quantitatively by the
Breakage Index, Bg [54,55]. The value of Bg is calculated by
sieving the sample using a set of sieves before and after testing.
The percentage of particles retained in each sieve is determined
at both stages. Due to breakage of particles, the percentage
of the particles retained in large size sieves will decrease and
the percentage of particles retained in small size sieves will
increase. The sum of the decreases will be equal to the sum of
increases in the percentage retained. The decrease (or increase)
is the value of the breakage factor, Bg .
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Table 8: Marsal breakage index at the end of cyclic loading of the S.SBLIV
specimen.

Specimen
condition

σ ′

3(kPa) kc =

σ ′

1/σ
′

3

For particle size ranges Bg (%) from

0.075–50mm 0.075–4.75mm 4.75–50 mm

Saturated

100 1 6.8 1.8 6.8
200 1 6.8 2.2 6.1
400 1 6.2 1.9 5.7
600 1 6.5 3 6.5

1000 1 6.3 2.7 5.1
1500 1 6.1 1.9 4.9

Dry 200 1 6.8 2.6 4.5

Bg values after construction and monotonic tests of the
different particle sizes are presented in Table 6. The results
indicates thatBg increases as confining pressure increases (Bg =

10.1% at σ ′

3 = 1500 kPa). Considerable amount of Bg is related
to breakage of particle at the specimen construction stage. The
average value of Bg is 8.3%.

Studies show that particles more susceptible to breakage
materials have higher damping ratio [56–58]. The values of Bg
at the end of cyclic tests are presented in Table 8. In comparison
to monotonic tests (Bg = 8.3%), the average value of Bg in
cyclic loading (6.5%) decreases. It seems that Bg does not have
considerable value in cyclic test and is strongly dependent on
strain level applied. Generally, as confining pressure increases,
Bg for gravel and sand portions of rockfill materials decreases
slightly in cyclic tests. This may be due to less strain application
on specimens and reduction of stress concentration at particle
contacts. There is no considerable difference between Point
Load Index in dry and saturated particle. So, same Bg values in
dry and saturated specimens may be expected (Table 8).

7. Summary and conclusions

Monotonic and cyclic tests were carried out on triaxial
specimens of a damping rubber and a modeled rockfill
materials. Based on the literature and previous laboratory
test results, assessment of loading rate and anisotropy over
the damping rubber and rockfill behaviors by triaxial test
is suitable. The calibration tests on the elastic spring were
conducted in order to ensure the accuracy of themeasurements.
Based on the studies described in the text, it may be concluded
that:
• The response to the loading frequency in elasticmetal spring

is completely different from those of the damping rubber
and rockfill materials. Spring does not exhibit any viscous
properties (only elastic), but damping rubber exhibits both
nonlinear (strain dependent) and viscous effects.

• Generally, increasing strain level causes increase of damping
and decrease in Young’s modulus in the rockfill materials,
but in damping rubber, increasing strain level causes
decrease in damping ratio and Young’s modulus.

• Increase in loading frequency cause increase in Young’s
modulus at low strain in rockfill materials. But the rate of
increase in E due to increase of loading frequency decreases
at axial strain higher than 0.005%. It seems that E is slightly
affected by loading frequency.

• At higher loading frequency (5 Hz), the energy loss may
be high, as the integral of drag force between the particles
and the displacement may become maximum, causing high
damping. Reduction of number of contact surfaces and
increasing collision between particles is possible during
higher settlement. This may cause higher damping at higher
frequency and low confining pressure.
• The anisotropic specimen has considerably higher Young’s
modulus and slightly less damping ratio in comparison to
isotropic samples.

• E mainly depends on the initial vertical stress more than
confining pressure, saturation condition, and then loading
frequency.

• Among initial vertical stress, confining pressure, saturation
condition, and loading frequency, the main influence on D is
that of the loading frequency.

• The number of cyclic loadings has some effects on E and
D results, especially at axial strain higher than 0.005%. The
number of cycles increases E up to amaximum20% for strain
level about 0.05%.

• The rate of increase of excess pore water pressure ratio
decreases as confining pressure increases. The excess pore
pressure at anisotropy condition is less than of the isotropy
condition. The values of generated excess pore water
pressure in cyclic loading are less dependent on loading
frequency, and more dependent on imposed strain level.

• At certain strain in dry anisotropic specimen, the permanent
axial displacement increases as loading frequency increases.

• Comparing with spring, the maximum axial displacement
ratio is lower for rockfill and not constant with loading
frequency, reaching the maximum for frequencies between
1 and 2 Hz.

• When applied cycle number is limited, Marsal Breakage
Index (Bg) is mostly dependent on strain level application.

• Finally, selection of the appropriate E andD curvesmeasured
at frequency and cycle number similar to those of the
anticipated cyclic loading on the representative specimens
are of paramount importance. Moreover, it is recommended
that loading frequency range in ASTMD 3999 bemodified to
5 Hz as upper limit for near fault earthquakes.
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