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Abstract

Understanding the factors that influence the dynamic behavior of granular soils during cyclic loading is critical to infrastructure design.
Previous research has lacked quantitative study of the effects of fouling index (FI), mean effective confining pressure, relative density,
shear strain level and anisotropic consolidation, especially when the effective vertical stress is lower than the effective horizontal
stress on the dynamic behavior of gravelly soils. The objective of the present study was to evaluate the dynamic behavior and volume
change of both clean and fouled specimens for practical applications. To this end, cyclic triaxial tests with local strain measurements
under both isotropic and anisotropic confining conditions were conducted. It is found that the fouled specimen with 50 % sand
(i.e. the specimen which contains 50 % gravel and 50 % sand) has the highest shear modulus at low shear strain levels and the
largest volume reduction and damping ratio at large shear strain levels. The results of tests indicate that the effect of fouling index
on the shear modulus is reduced at large shear strain levels. Volumetric contraction due to the increase in mean effective confining
pressure is more significant at large shear strain levels. The results also indicate that the stiffness of the specimens under anisotropic

compression mode are larger than those in extension or isotropic mode.
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1 Introduction
Vibrations ground are a matter of growing concern, espe-
cially in densely populated cities and states. Beside natu-
ral vibration sources as seismic and wave loading, as well
as artificial sources generating vibrations gained in impor-
tance in recent years as recent developments lead to a sig-
nificant increase of the traffic volume. As a result, signifi-
cant higher vibration amplitudes as in the past are observed
which can result in increased dynamic loading and may
lead to a reduction of durability and service lifetime of civil
structures, such as bridges, road embankment, buildings,
tunnels and dams [1]. For this reason, it is useful under-
standing of the soil mechanisms during vibration loading
with respect to their damage risks for civil structures.
Dynamic loading of embankment, rail transport, foun-
dation and pavement structures results in particle break-
age and variations in microstructure of the granular mate-
rials, when the stresses imposed on the granular particles
exceed their strength. Particle breakage is dependent on
a number of 'macro-scale' parameters and characteristics

of the constituent particles such as the grain size distri-
bution, grain shape and size, particle roughness, initial
void ratio, magnitude of stress, and mineralogy. Particle
crushing affects the dilatancy behavior, compressibil-
ity, mechanical and hydraulic characteristics of granular
material [2—4].

The mechanical and dynamical behavior of granu-
lar soils generally consist of boulders, cobbles and coarse
gravel is governed by properties of the constituting parti-
cles, bulk properties of the granular medium, loading char-
acteristics and particle degradation. Slip, sliding, rotation
and rolling are four micro-mechanical processes that affect
the global deformation of the granular medium under cyclic
loading which can be result in an increase in settlement.
When the voids of the gravel are wholly or partially filled
by fines, the soil is considered to be fouled which results in
decreasing bearing capacity and consequently increasing
the plastic deformation [5—7]. By increasing the fines con-
tent, fine particles can govern the mechanical behavior of
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medium and ultimately decreases performance, void ratio,
drainage capacity, resulting in higher settlement, and local-
ized undrained failure [8—13]. Sources of fouling consist
of particle breakage, clay pumping, infiltration of underly-
ing and foreign materials. In order to quantify the degree
of fouling, Selig and Waters [14] have defined the Fouling
Index (FI), which defined as Eq. (1):

FI =P, +P,,, D

where P, and P,
4.75 mm and 0.075 mm sieves, respectively. The fouling

are percentage (by weight) passing

of gravel materials was reproduced in laboratory through
mixing the clean gravel material with fine soil (fine sand,
clays, and silt-size particles). Huang et al. [15] conducted
large direct shear tests on ballast material to evaluate
the effect of fouling material on ballast shear strength.
The results indicated that the shear strength decreased
steadily with an increase in the fouling content, which is
in a good agreement with the results reported by Danesh
et al. [16, 17]. Qian el al. [18] carried out a series of large
triaxial to evaluate plastic deformation of both clean and
degraded gravel specimens. Results indicated that plas-
tic deformation of degraded gravel specimens is approx-
imately three times higher than clean gravel specimens.
Particle breakage is commonly observed in coarse granu-
lar soils including ballast and rockfill materials when sub-
jected to static or dynamic loads which is affected by the
mean effective confining pressure, strain level and stress
path [19-21]. It is a critical issue for granular aggregates
which have received a great attention in the literature
[22-27]. Previous studies indicated that particle break-
age directly modifies the rockfill structure, influencing
its dilatancy, shear strength parameter, and permeability,
as well as generating plastic deformation under a seismic
load [10, 21, 28-32]. Yu [33] carried out a series of triax-
ial tests to study the particle breakage. The results indi-
cate that soil particle breakage results in a reduction of
the strength of granular materials and induce more plastic
deformation. Lenart et al. [34] performed a series of large-
scale triaxial tests on reconstituted gravel specimens.
Deformations of the specimens were measured locally
by using local displacement transducers. They reported
that the tangent modulus (£, ) increased noticeably for
all deviator stress levels smaller than the one used during
preloading and increased noticeably due to increase of
the deviator stress. Andrianatrehina et al. [34] studied the
influence of the fine content on the undrained mechanical
behavior of a granular soil using Consolidated undrained

triaxial tests. The results indicated that increase of fine
content reduces undrained strength and the dilative phase
amplitude. Goudarzy et al. [35] investigated the small

strain moduli (G, ,M__and E__ ) of the granular materi-

max’
als containing fines using resonant column and compres-
sion wave velocity Testing Techniques. They conducted
that the small strain moduli of the coarse granular materi-
als are significantly affected by the fines content which is
dependent on the particle characteristics, fine content, and
position of the fine particles in the coarse matrix. Some of
the research used intergranular void ratio as an alternative
parameter to assess the mechanical and dynamic behavior
of composite matrix of coarse and fine grains [36—38].

Even though, many studies have been done to investi-
gate the effect of fouling sand or fine content on mechani-
cal behavior of gravel materials, there are no studies on the
effect of fouling sand on dynamic properties and volume
change of gravel specimens. The objective of the present
study is to investigate the dynamic properties and volume
change of both clean and sand-fouled gravel specimens at
various levels of fouling under cyclic loadings. It summa-
rizes the findings from an experimental program assessing
the dynamic properties and volume change of both clean
and sand-fouled gravel specimens were tested at different
relative densities, men effective confining pressures and
initial deviatoric stresses.

2 Materials, testing programs and specimen preparation
Fig. 1 illustrates the particle size distribution curves of
both clean gravel and the fouling sand used in the pres-
ent study. According to the unified soil classification, the
fouling sand and gravel are categorized as poorly graded
sand (SP) and poorly graded gravel (GP), respectively.

The physical properties of the gravel and sand are pro-
vided in Table 1. Table 2 summarizes the cyclic triaxial tests
performed in the present study. Maximum and minimum
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Fig. 1 Gradations of gravel and fouling sand



Table 1 Physical properties of the sand and gravel

Parameter Sand Gravel
G, 2.645 2.684
D . (mm) 0.075 10

D, (mm) 2 25

e . 0.658 0.665
e 0.91 0.847
yd . (kKN/m?) 13.56 14.29
yd _ (kN/m?) 15.63 15.83

-max

Table 2 Summary of the tests details

’

Eftective confining No. of cyclic

(e}
stress (kPa) FIC®) Dy K= 0':': triaxial tests
0
30 10
600 50 30 1 15
75 60
100
100 0
300 60 6
600 100
0.5
0 0.75
300 60 1 10
100 125
1.5

void ratios (e, and e . ) represent the loosest and dens-
est conditions based on fouling sand content are presented
in Fig. 2. The minimum and maximum void ratios were
obtained for the soils according to ASTM-D4253 and
D4254, respectively.

In the previous studies, the stiffness and damping ratio
of soils were evaluated on the basis of varied laboratory
techniques, namely, cyclic triaxial test, resonant column
or bender element tests (e.g. [39, 40, 49, 41-48]).

In the present study, as shown in Fig. 3(a), a cyclic tri-
axial apparatus was used to measure the stiffness degrada-
tion and volume change of the specimens for a wide range
of shear strain amplitudes.

Cyclic triaxial tests were conducted on the cylindrical
soil specimens, which were prepared using moist-tamping
method with a low initial water content. The moist-tamp-
ing method produces very loose to dense granular soil
specimens which has the advantage of easy control of soil
density and porosity [50-52]. The sand and gravel mix-
ture with a low initial water content about 3 % was com-
pacted after mixing into the split mold in six layers of
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Fig. 3 (a) Cyclic triaxial apparatus used in the experimental program;
(b) Prepared specimen along with two LVDT's

equal height and each layer was compacted a metal ham-
mer with a graduated vertical rod to control the desired
height by abutting against the edges of the mold. In order
to achieve a uniform specimen, the specimens were com-
pacted using the under-compaction technique proposed by
Ladd [53]. The number of blows were varied to prepare
homogeneous specimens. Karim and Alam [54] indicated
that in moist-tamping method, homogenous soil structure
is developed. As maintained before, initially low water
content was mixed with dry soil in the moist-tamping
method. As a result, the cohesive forces or surface ten-
sion forces develop in the sand and gravel particles, which
are shared with all neighboring particles in the specimen
and, as a consequence a homogeneous fabric is developed
after tamping. After specimen preparation, dimension
measurement and instrument installation, full saturation
is required to measure volume change continuously during
test procedure. For this purpose, CO, was passed through
the specimen followed by de-aired water. The specimen
was saturated according to ASTM-D5311 by applying cell
pressure and sufficient back pressure. This stage was ter-
minated when the Skempton's B-parameter was equal to
or higher than 0.95 [55]. Following the saturation process,
the soil specimens were consolidated under desired condi-
tion (anisotropic or isotropic consolidation) and then sub-
jected to cyclic loading. For example, three kinds of load-
ing paths under isotropic and anisotropic consolidations
are shown in Fig. 4. A-B path indicates the applied low
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effective confining stress of about 20 kPa before the satu-
ration stage. B—C path indicates the applied effective con-
fining stress of 300 kPa during the isotopic consolidation
path. C-D path indicates the applied negative deviatoric
stress for the specimen which consolidated under aniso-
tropic consolidation (effective confining pressure equal to
300 kPa and K. = 1.5). C-E path indicates the applied pos-
itive deviatoric stress for the specimen which consolidated
under anisotropic consolidation (effective confining pres-
sure equal to 300 kPa and K .= 0.5). Drainage was allowed
during in all these stages.

The cyclic triaxial tests were carried out according
to the procedure defined by ASTM-D3999. As shown in
Fig. 5(a), each stage of loading consisted of 40 loading
cycles, began with small constant cyclic shear stress load-
ing, and gradually increased as the shear stress amplitudes
increased. The cyclic loading was applied with a constant
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Fig. 5 (a) Recorded multi-cyclic loading; (b) Hysteresis loop showing

secant shear modulus and damping ratio

frequency of 1 Hz and a sinusoidal waveform in all load-
ing stages. Drainage was not allowed during each stage of
loading, and the accumulated excess pore water pressure
at the end of loading stage was released by opening the
drainage valves before the next stage of loading. The vol-
ume changes of the specimen were measured at the end of
each loading stage by the volume of water exchanged along
the drainage line. As shown in Fig. 3(b), axial strain was
recorded from the two LVDT’s that were installed directly
on both sides of the specimen. The shear modulus value
can be computed on each of the hysteresis loop at 1 to 5,
10, 20, and 40 cycles as recommended in ASTM-D3999.
In the present study, shear modulus and damping ratio was
computed from the hysteresis loop of the tenth load cycle
(See Fig. 5(b)).

3 Results and discussions

The stiffness, damping ratio and volume change of the
specimens have been studied by cyclic triaxial tests. The
effects of fouling content, relative density, mean effective
confining pressure and initial deviatoric stress (anisotro-
pic consolidation) on the stiffness, damping ratio and vol-
ume change are particularly examined. Figs. 6 to 8 pres-
ent the shear modulus, damping ratio, and relative density
versus shear strain levels under mean effective confining
pressure of 600 kPa, different initial relative densities and
fouling contents. The specimens are named based on their
fouling index. As shown in the figures, the shear modu-
lus, damping ratio, and relative density are highly sensitive
to shear strain amplitude. Clearly, shear modulus and rela-
tive density or damping ratio are monotonically decreasing
and increasing with the shear strain amplitude increasing,
respectively. The results also indicate that the stiffness deg-
radation rate is dependent on the fouling index especially at
low shear strain levels. However, the variation in damping
ratio with a changes in the fouling index is more impressive
at large shear strain levels. The fouled gravel with 50 %
sand has the higher shear modulus at low shear strain levels
and has the higher damping ratio than other specimens for
a given relative density. It is noteworthy that, the values of
void ratio decrease with an increase in gravel content from
0 % to 50 %. The gravel specimens containing 50 % sand
had the lowest void ratio when compared with the other
specimens at a given relative density. The point to point
contacts between the particles increases and the soil parti-
cles were close to each other. The highest damping ratio in
the gravel specimens containing 50 % sand show that the
part of the sand particles in contact with the surface of the
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gravel particles caused separation and sliding of the gravel
particles under cyclic loading. In general, the stiffness deg-
radation more quickly as the GC increased up to a thresh-
old value (sand content = 50 %), at which point the sand
particles were close to each other and the gravel particles
broke away. However, the variation in shear modulus with
a change in fouling index is not more impressive at large
shear strain levels.

The results also indicate that the fouled gravel speci-
mens which contained 50 % sand have higher compress-
ibility and recovery under cyclic loading than other spec-
imens when deformed to the same strain level at a given
relative density, whereas the clean gravel specimens
exhibit the lowest volumetric contraction under cyclic
loading. This finding is in good agreement with the obser-
vation of Esmaeili et al. [52].

In the clean gravel material, coarse gravel particles are
in contact with each other and the behavior of the spec-
imens under cyclic loading are controlled by the gravel
particles. When the contacts between the gravel particles
reduce, the behavior of the specimens becomes to sand-
gravel mixture like. In this condition, a part of fouled
gravel specimens that is placed in contact surfaces of
gravel particles leads to separation and sliding the gravel
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particles during cyclic loading which leads to the increase
of soil compressibility and the decrease of soil stiffness at
large shear strain levels. These findings are consistent with
experimental results reported by previous studies [38, 56].
The results also confirm that the shear modulus and damp-
ing ratio is dependent of relative density for a given value
of the shear strain amplitude and fouling index.

The shear modulus and damping ratio of the specimens
slightly increased and decreased with an increase in initial
relative density, which is similar to previous reports for
granular materials [57, 58].

Figs. 9 and 10 indicate the shear modulus, damping
ratio, and relative density versus shear strain for both clean
gravel and fouling sand under various effective confining
pressures (100, 300 and 600 kPa), respectively. As shown
in the results, effective confining pressure has an important
effect on the dynamic properties and volume change of both
clean gravel and fouling sand. As expected, shear modulus
or volumetric contraction and damping ratio increased and
decreased as the effective confining pressure increased,
respectively. The effect of the effective confining pressure
on the volume change of both clean gravel and fouling sand
under cyclic loading at small and medium shear strain lev-
els is not very important, whereas this effect is more pro-
nounced for shear strains greater than 0.02 %.

Figs. 11 and 12 indicate the shear modulus, damping
ratio, and ratio of relative density to initial relative density
(D /D) versus shear strain for both clean gravel and foul-
ing sand with different initial relative densities (10 %, 30 %
and 60 %), respectively. As shown in the figures, initial rel-
ative density has an important effect on the dynamic prop-
erties of both clean gravel and fouling sand. As expected,
shear modulus and damping ratio increased and decreased
as the initial relative density increased, respectively. The
effect of the initial relative density on the D /D  of both
clean gravel and fouling sand under cyclic loading at small
and medium shear strain levels is not important, whereas
this effect is more pronounced for shear strains greater
than 0.03 %. The specimens with lowest relative density
(i.e. D, = 10 %) experienced the greatest change of D /D .

The effect of anisotropic consolidation on dynamic
properties and relative density versus shear strain for both
clean gravel and fouling sand under constant effective con-
fining pressure (300 kPa) is presented in Figs. 13 and 14,
respectively. In the present study, initial consolidation
stress ratio (K. = 0,/0) used to describe induced anisot-
ropy, where o, and o, are horizontal and axial effective
consolidation stress, respectively.
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As shown in the results, an increase in K, decreased
shear modulus and increased damping ratio which may
be because of a decrease in the mean effective stress
(o), =(20,+0.)/3). This finding is in good agreement
with the results of Sun et al. [59], which demonstrated an
increase in normalized shear modulus due to an increase
of the initial shear stress.

The results also confirm that the effect of XK. on the vol-
ume change is negligible for gravel, whereas this effect
is more impressive for fouling sand. The effect of K. on
relative density change of fouling sand is a function of the
shear strain level so that an increase in K. may lead to
an increase or decrease in relative density depending on
shear strain level.

4 Conclusions

In the present study, an experimental study was performed
to investigate of dynamic properties and volume change
of both clean and fouled gravel specimens. Based on the
results, the following conclusions can be drawn:

The fouled gravel specimen with 50 % sand has higher
shear modulus than others at shear strain lower than 0.01 %;
however, these specimens exhibit the largest damping ratio
or volume reduction at shear strain greater than 0.1 %. The
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