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Gravelly soils are widely adopted as civil construction materials in engineering practice. Although the influence mechanism of fine
contents (FCs) on the mechanical behavior of gravelly soils has been emphasized in the previous studies, few discuss the
compaction and strength properties concurrently. Besides, FCs of gravelly soils were discussed separately in many cases regardless
of the variation in water content. In this study, modified Proctor compaction test and medium-sized triaxial test were performed
to investigate the mechanical properties of gravelly soils containing different magnitudes of fine contents. It is shown that an
optimum FC exists for gravelly soils although the value of the optimum FC varies with grading curves of the coarse-grained
portion. By adjusting FC in the gravelly soils, not only could the maximum dry density ρdmax be improved but also the optimum
saturation degree Sropt rises significantly, and synchronously, the minimum air void ratio vamin decreases notably. Besides, fine
particles are just right to fill with the voids formed by the coarse-grained skeleton for the optimum FC sample. ,e soil structure
corresponding to the optimum FC status can be termed as a densely filled skeleton structure, which is the densest and most stable.
As fine contents increase or decrease from the optimum value, soil structure will loosen and deteriorate the mechanical properties.
In addition, the increase in water content has quite different effects on strength properties of gravelly soils with different FCs in a
triaxial test due to the opposite effects of pore water softening and negative pore pressure strengthening. Such results are expected
to provide guidance for the preparation of gravelly soils in engineering practices.

1. Introduction

Gravelly soil is a kind of coarse-grained soil that has rela-
tively excellent physical and mechanical properties. It is
widely adopted as a kind of civil and constructionmaterial in
railway engineering, highway engineering, hydraulic dam
engineering, and so on. For example, graded gravel, as a kind
of gravelly soil, is ordinarily used to fill the surface layer of
subgrade bed for high-speed railways in Japan, Germany,
France, Spain, and China [1]. As the uppermost layer of the
geotechnical substructure, the surface layer of subgrade bed
suffers both the static load of track structure and the dy-
namic load of high-speed train. ,erefore, the gravelly
fillings in surface layer should be mixed with each other
properly to possess favorable grading properties that enable
the fillings to obtain the densely compacted structure.
Moreover, a dam project also universally uses gravelly soils

to fill with the core wall. In the similar way, the grading curve
of the gravelly fillings is also required to be designed rea-
sonably [2]. Besides, gravelly soils are also generated and
reused in backfill projects extensively in mountainous re-
gions and coastal areas due to the severe shortage of land
resources, and their compaction characteristics and strength
properties are also emphasized in the backfill engineering
practices [3]. Although gravelly soils are widely adopted as
construction materials in civil engineering, their mechanical
properties are uncertain and susceptible to grading prop-
erties, void distribution features, origin of the fine particles,
fine contents, and so on.

When adopted in a certain engineering project, gravelly
soils are generally required to be compacted properly to
obtain enough bearing compacity. ,erefore, compaction
characteristics and strength properties of gravelly soils are
necessarily emphasized. Mikuni and Asao [4, 5] investigate
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the compaction characteristics of gravelly soils that are used
to fill a rockfill dam termed as Miboro Dam with a crest
height of 131m. ,ey pointed out that the maximum dry
density ρdmax is remarkably increased with compaction
energy, while optimum water content wopt decreases
gradually with the increase in compaction energy. With the
compaction data of Miboro Dam fillings, Tatsuoka [6]
proposed that the relationship between dry density ρd and
saturation degree Sr should be established, and in the same
way, the optimum saturation degree Sropt can be obtained for
a given gravelly soil compacted under a given energy level.
Besides, Tatsuoka and Gomes Correia [7] further reported
that the compaction curves of the gravelly soils can be
normalized into a unique line which is independent of
compaction energy level by plotting ρd/ρdmax against
Sr−Sropt. Matsumura and Tatsuoka [8] obtained the hori-
zontal slice images by X-ray CT scanning for K3 soil with a
compaction coefficient of 100% at different water contents to
analyze the effect of water content on soil structure prop-
erties after compaction. ,e compaction characteristics of
the soils greatly influence the strength and stiffness prop-
erties of the corresponding samples. Nowak and Gilbert [9]
considered that the saturation degree Sr should be controlled
to equal to Sropt to obtain the maximum strength or stiffness
after wetting under given compaction conditions. Fur-
thermore, it is noted by Tatsuoka and Gomes Correia [7] that
unsoaked CBR of the compacted soil is closely linked with Sr
and ρd, and the empirical relationship is established to
evaluate unsoaked CBR with Sr and ρd known. Ng et al.
emphasized that unsaturated suction-dependent soil stiff-
ness should be taken into consideration in the deep exca-
vation engineering, which implies that saturation degree Sr
could significantly influence the mechanical behaviors of soil
structures [10]. By preparing gravelly soils with different fine
contents and compacting them at different water contents,
Jenkins [11] proposed that the undrained shear strength of
gravelly soil in a UU triaxial test is uniquely related with
unsoaked CBR value irrespective of soil type and compacted
states. It thus can be deduced that the undrained shear
strength is also notably influenced by the compaction
characteristics.

Actually, the mechanical behaviors of coarse-grained
soils are determined by various factors, such as moisture
content, grain gradation, fine content, origin of soil particles,
and crushing effect [12–17]. Cao et al. [12] conducted a large-
scale triaxial test on crushed tuff gravelly soils under opti-
mum moisture condition and saturated condition. Results
show that axial strain accumulation is aggravated and re-
silient modulus is reduced under cyclic loadings by the
increase in moisture content from optimum to saturated
condition. Several series of large-scale cyclic triaxial tests
were conducted on unbounded granular materials to in-
vestigate the effects of grain gradation on plastic strain
accumulation. It is found that the granular material with
uniformity coefficient Cu � 22.8 has the distinctly smallest
axial strain and volumetric strain, followed by granular
material with Cu � 19.6 and material with Cu � 6.1 [13]. Chen
et al. noted that larger grains in gravelly soils can be crushed
into smaller grains under compression or shear stress,

resulting in the variation in grain size, grain shape, grain
location, arrangement, and contact features [3]. ,ese
variations due to crushing effect will notably influence the
deformability and strength properties of gravelly soils.
Moreover, the influences of stress and soil compaction on
the soil water retention curves are investigated for granite
soil, and furthermore, its implications for subgrade ground
settlement are discussed in detail [18].

Among the factors that could influence the mechanical
properties of coarse-grained soils, fine content is greatly
emphasized [19–25]. Babić [19] mixed two types of fine
particles of stone and clay origin, respectively, with granular
stone material to study the effect of fine particles on bearing
capacity of granular base course. Results show that fine clay
particles should be less than 5% by mass since bearing ca-
pacity decreases for higher fine percentages. However,
bearing capacity has a positive relationship with fine stone
contents within the scope of 0 to 10% by mass. Computed
tomography scan and large-scale triaxial test were per-
formed by Cao et al. [20] to investigate long-term behavior
of clay-fouled granular materials. It is found that the in-
vasion of fines into the granular materials changes the in-
ternal soil structure remarkably, and consequently, the
dominant effect of fines transit from lubrication to densi-
fication and then to suffocation as fine contents increase.
Chen and Zhang [21] also evidenced that fine clay invasion
of subgrade soils into unbound aggregate subbase will lead to
the decrease in peak strength and critical strength, with a
20%–30% strength loss. In addition, the triaxial test was
performed by Ekblad and Isacsson [22] to discuss the in-
fluence of mica content on mechanical properties of coarse
granular materials. ,ey found that resilient modulus and
stiffness decreased obviously with increased mica content.
Duong et al. [23] performed a large-scale cyclic triaxial test
on interlayer soil of railway substructure at three water
contents and three fine contents, respectively, to investigate
the resilient behavior. ,ey found that the soils having high
fine contents show higher resilient modulus due to the
suction effect under unsaturated conditions. Nevertheless,
the fine contents could generate negative effect on the re-
silient modulus as the soil approaches the saturated con-
ditions. Cui [24] reported that the soil structure is
determined by the coarse grains portion in coarse grain/fines
mixture through X-ray μCT scan. When volumetric content
of coarse grains fv varies from 0% to 10%, the fines establish
the skeleton of the sample; when fv reaches 20%, the
connections between coarse grains start to develop; as
fv > 35%, almost all coarse grains participate in the estab-
lishment of the skeleton with grain-grain contacts. Similarly,
Jehring Bareither [25] also proposed that the mechanical
behavior of the mixtures containing waste rock (a kind of
crushed gravel) and tailings is determined by proportions of
each ingredient. Besides, the liquefaction resistance of the
coarse-grained soils is also remarkably influenced by the fine
contents [26–28].

As could be seen from the abovementioned literatures,
mechanical properties of gravelly soils are susceptible to
various factors, among which fine content (FC) is worth
particular attention. However, many of the previous studies
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mainly discuss either compaction behaviors or strength
properties, and the description about the relationship between
these two mechanical characteristics is relatively few. Fur-
thermore, the influence mechanism of FC on the mechanical
behaviors of coarse-grained soils was investigated regardless of
the variation inmoisture content inmany previous cases, which
could not systematically reflect the different development
features ofmechanical behaviors under different water contents
for soils with various FCs. In this study, compaction charac-
teristics and strength properties of gravelly soils are closely
linked to discuss themechanical behaviors and soil structures of
gravelly soils, and the influence mechanism of FC is analyzed
quantitatively. Besides, interaction of fine content and water
content is discussed in detail for gravelly soils to reveal the
different variation laws of mechanical behaviors with water
contents for soils with different FCs.,e results are expected to
provide technical guidance for the preparation of gravelly soils
that is intended to be adopted in engineering practice.

2. Materials and Methods

2.1. TestMaterials. Graded gravel, as a kind of gravelly soil, is
selected as the testedmaterial in this study.,e gravel samples
are mechanically disrupted from pebbles and boulders to
form particles with different shapes and sizes. ,eir source
rocks are granite mingled with quartz stone or quartz
sandstone. According to TB 10621-2014 [1], the tested graded
gravels are suitable to be adopted to fill the surface layer of
subgrade bed in a high-speed railway construction work.

After taken to the laboratory, gravel samples are carefully
hand-washed by tap water to remove the fine-grained frac-
tion. After washing, the samples are air-dried for 12 hours,
and then, pure graded gravels are obtained. After that, the
pure gravel is sieved by a square hole sieve to obtain its grain
size distribution, as shown by Figure 1(a). It can be seen that
all the particles have grain sizes ranging from 0.075mm to
30mm after washing. In other words, no fine particle is
existed in the gravel mass. On the contrary, fine-grained
particles (with grain size <0.075mm) are also prepared tomix
with pure graded gravels to investigate the influence of fine-
grain content on compaction properties and strength char-
acteristics. ,e fine particles are composed of 91.8% silt and
8.2% clay fraction. Grain size distribution of the fine-grained
soil is plotted independently, as shown in Figure 1(b).

,e tested gravel samples are divided into five groups
with equal mass, and different contents of fine-grained soil
are mixed with each group of pure graded gravels to prepare
gravel samples that have fine contents of 5%, 10%, 20%, 30%,
40%, and 50%, respectively. After mixing, each group of
mixture is placed in an airtight cylindrical container that has
sufficient excessive volume to turn upside down for ten times
to make fine-grained particles distribute evenly in the gravel
mass. ,en, preparation of graded gravels with different
fine-grain contents is accomplished.

2.2. Test Apparatus. Compaction test and triaxial test ap-
paratus are used in this test program. Proctor compaction
test apparatus is designed and manufactured by Shiji

Chengda Instruments, Ltd., as shown in Figure 2(a). ,e
Proctor cylinder has a volume of 2103.9 cm3, with 152mm in
diameter and 116mm in length. According to ASTM D
1557-09 and GB T 50123-2019 [29, 30], a drop hammer that
weighs 4.5 kg is selected to perform the modified Proctor
compaction test. During compaction, the hammer is
dropped from a height of 457mm every time to compact the
graded gravels in the Proctor cylinder.

,e working mechanism of compaction apparatus is
shown in Figures 2(b) and 2(c). In every compaction cycle, a
gear that is driven by servo motor rotates clockwise to lift a
vertical spline with a drop hammer attached to one end. In
the lifting process, the gear teeth and spline teeth occlude
with each other all along. When a height of 457mm is
reached for the hammer, the gear path is just accomplished.
,e gear teeth and spline teeth separate with each other, and
the hammer, along with the vertical spline, starts to drop
down to compact the gravel samples. In the next compaction
cycle, the gear and spline occlude with each other again to
start the next lifting and dropping.

Different hammer drops have different drop points, as
shown in Figure 2(c). Initial eight hammer drops distribute
along the inner side wall of the compaction cylinder. After
each dropping and lifting cycle, the Proctor cylindrical
container rotates anticlockwise for 45° to accommodate the
next dropping. Remarkably, overlapped area that is com-
pacted repeatedly existed in the two adjacent dropping
points. At the same time, some dead zones are also presented
along the margin of the side wall. After the eighth drop
accomplished, the compaction container moves horizontally
for a suitable distance, while the anticlockwise rotation takes
place, accommodating the ninth drop whose point locates in
the center of container. Although some overlapped areas and
dead zones are presented in this compaction scheme, uni-
form settlement can be obtained across the whole section of
the cylinder.

,e triaxial test apparatus used in this study is designed
and manufactured by GDS Instruments, Ltd. ,e apparatus
is composed of actuating device to apply vertical load,
pressure controller to provide confining and backpressure,
triaxial cell to accommodate specimen, transducers to collect
deformation and pore pressure data, plastic tube to drain
water or air, and computer to process data, as shown in
Figure 3. ,e pressure controller is connected with triaxial
cell with a plastic tube. In the testing process, pressure
controller drives deaired water into the cell or specimen to
provide confining pressure or backpressure. ,e controllers
can provide the largest confining pressure of 2MPa and the
greatest backpressure of 1MPa. At the same time, load,
displacement, and pore pressure transducers can collect data
automatically to feedback to the computer. ,is triaxial
apparatus is suitable to perform tests for samples whose
diameter is less than 100mm.

However, the maximum particle diameter of the tested
graded gravel is 30mm. According to GB T 50123-2019 [30],
a gravel sample with a diameter of at least 150mm is needed
to perform a triaxial test to avoid boundary effect on the test
results. For this purpose, a large load cell is designed to
accommodate the 150mm-diameter sample. Moreover,
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Figure 1: Grain size distribution for (a) coarse-grained portion and (b) fine-grained portion.
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Figure 2: Compaction apparatus adopted in this study: (a) pictures of apparatus; (b) lifting mechanism of drop hammer; (c) drop locations.
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Figure 3: GDS triaxial test apparatus in (a) photo and (b) diagram.

4 Advances in Materials Science and Engineering



refitted flange plate, pedestal, and connecting rod are also
prepared to support the large load cell, as shown in
Figure 4(a). As the refitted large load cell needs more water
supply to sustain a constant confining pressure in the
consolidation process compared with the original cell, a
single confining pressure controller is not sufficient to
provide plentiful pressure water since the cubage of a single
controller is only 200ml. With this deficiency in mind, an
infinite confining pressure switchover device is adopted to
supply sufficient pressure water. ,e switchover device is
connected with two confining pressure controllers on the
one side. However, on the other side, the two water outlets
on the device are linked with a load cell and a water source,
respectively, as shown in Figure 4(b). In the consolidation
process, confining pressure controller I is firstly activated to
supply pressure water to the load cell to impose confining
pressure on the gravel sample. Once pressure water in
controller I is exhausted, the switchover device is cut au-
tomatically to activate confining pressure controller II to
supply pressure water. At the same time, controller I is
unblocked to the water source via a switchover device to
replenish water into the controller. When controller II is
exhausted, controller I is activated again. ,e two confining
pressure controllers are activated alternatively to supply
water until the pressure water in load cell is sufficient to
provide constant confining pressure. In this way, confining
pressure in the large-sized load cell can be kept constant.

2.3. Test Method. All of the graded gravel samples with fine
contents of 5%, 10%, 20%, 30%, 40%, and 50%were prepared
to perform a compaction test. ,e gravel with a certain
amount of fine content was divided into six equivalent
groups. Tap water was added to each group of gravels to
prepare samples with targeted water contents of 2%, 4%, 6%,
8%, 10%, and 12%.

In the compaction process, gravel samples with different
water contents were filled into the Proctor compaction
container by three layers. After each layer of gravel sample
was filled, the hammer dropped from a height of 457mm
and compacted the layer for 94 times. ,en, the next layer
was filled and compacted for another 94 times. A sample was
compacted for 282 times totally in a compaction test, and the
compaction energy was 2701 kJ·m/m3. After compaction, the
sample in the container was weighed to calculate its natural
density. ,en, gravels that weigh 300 g were collected from
the sample to measure its water content. At last, the dry
density can be evaluated for the gravel samples with different
water contents.

Given the fact that fine content of surface layer fillings of
subgrade bed for high-speed railway is generally less than
20%, and graded gravel samples with fine contents of 5%,
10%, and 20% were prepared for the triaxial test. ,e triaxial
sample was 150mm in diameter and 300mm in height. Both
kinds of samples, in optimum water content state and in
saturated state, were needed to perform the triaxial test. To
prepare the sample, suitable amount of water was added into
the gravel sample to obtain the optimum water content state
initially. ,en, a moderate number of gravels were weighed

to prepare the triaxial sample that has a compaction coef-
ficient of 0.97. After that, the weighed gravels were divided
into five equivalent portions to fill the model container by
five layers. After each layer was filled, it was compacted
slightly to a thickness of 60mm. After the fifth layer was
filled and compacted, the gravel sample in optimum water
content was prepared to perform the triaxial test. Since the
bottom layers suffer more compaction energy than the top
layers, this sample preparation method inevitably causes the
dry density to be nonuniform over the structural height [31].
However, this preparation error can be neglected since the
effect is the same to all the gravel samples [12].

However, preparation of the saturated gravel sample still
needs the saturation process. After filling and compaction, the
gravel sample in optimum water content was moved to the
vacuum saturation cylinder to start the saturation process.
,e vacuum saturation cylinder was set to one negative at-
mosphere pressure. At the same time, deaired water was
injected into the saturation cylinder, while air exhaustion was
conducted simultaneously. When the gravel sample was
submerged into the deaired water, water injection and air
exhaustion were accomplished. ,en, the sample was left
standing for 12 h to saturate under the effect of atmosphere
pressure. After vacuum saturation, the sample was moved to
the GDS triaxial apparatus to measure its pore pressure
coefficient B. If B goes beyond 0.95, the sample can be
regarded as saturated. If B is still less than 0.95, backpressure
saturation is necessary to be conducted until the value of B
goes beyond 0.95. In a backpressure saturation process, the
backpressure increment is set as 30 kPa for each stage.

3. Test Results

3.1. Compaction Test Results. ,e compaction curves of
graded gravel samples with different FCs are shown in Figure 5.
,e gravel sample with 5% FCs is denoted as 5% FC in the
figure. ,e denotations of gravel samples with other magni-
tudes of FCs remain the same.,e asymptotic compaction lines
under the condition that both specific gravity Gs and saturation
degree Sr are given can be deduced from the three-phase re-
lationship of the soil, as shown by the following equation:

ρd �
Gs

wGs/Srρw(  + 1
, (1)

where ρd is the dry density of gravel sample, w is the water
content, and ρw is the density of pure water. ,e theoretical
compression lines are also plotted in Figure 5 as references.
It is indicated that all of the gravel samples have an optimum
water content wopt that is corresponding to the maximum
dry density ρdmax. ,e dry density ρd increases with water
content w on the condition of w<wopt but decreases with
the increase in water content on the condition of w>wopt.
As water content increases to a certain extent, the measured
compression curves of the gravel samples are very close to
the theoretical compaction line that corresponds to
Sr � 100%, indicating that the gavel samples with high water
contents are close to saturation after compaction. In addi-
tion, it is worth noting that the measured water content after
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compaction is significantly less than the targeted water
content for the gravel samples with lower FCs. As FC in-
creases, water holding capacity of the gravel sample also
rises.

Moreover, 10% FC gravel sample tends to have the
largest ρdmax and the minimum wopt compared with gravel
samples with other magnitudes of FCs. 5% FC gravel sample
has ρdmax that is similar to 20% FC sample. ,e maximum
dry density ρdmax of 5% FC and 20% FC samples is just lower
than that of 10% FC sample but is remarkably higher than
those of 30% FC, 40% FC, and 50% FC samples. Actually,
when fine content goes beyond 20%, ρdmax decreases re-
markably with the increase in FC. Moreover, it is interesting
to find that the coordinate point corresponding the opti-
mum water content wopt and maximum dry density ρdmax,
which can be denoted as (wopt, ρdmax), shows different
characteristics for gravel samples with different FCs. ,e
coordinate point (wopt, ρdmax) of 10% FC gravel samples

locates within the scope between asymptotic compaction
lines determined by the condition of Sr � 100% and Sr � 90%,
demonstrating that saturation degree is higher than 90% for
the 10% FC sample when ρdmax is obtained. Furthermore, the
featured points of 5% FC, 20% FC, and 30% FC samples lie
between the theoretical compaction lines plotted on a basis
of Sr � 90% and Sr � 80%. ,is implies that the saturation
degree corresponding to ρdmax (termed as optimum satu-
ration degree and denoted as Sropt hereinafter) remains
between 80% and 90%. Sropt is slightly lower than 80% for the
gravel samples whose fine contents are 40% and 50%,
respectively.

Saturation degree Sr of the gravel sample can be precisely
calculated with w and ρd known, as shown by the following
equation:

Sr �
wGs

Gs/ρd) − 1( ρw.(
(2)
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,erefore, the relationship between dry density ρd and
saturation degree Sr can be established, as shown in
Figure 6(a). Remarkably, the 10% FC sample has the largest
optimum saturation degree Sropt compared with gravel
samples with other magnitudes of FCs. When FC goes
beyond 20%, there is an obvious decreasing trend for Sropt
with the increased FC. Furthermore, compaction coefficient,
which is calculated as ρd/ρdmax, can be plotted against
Sr−Sropt for gravel samples with different FCs to obtain a
unique normalized curve, as reported by Tatsuoka and
Correia [7] and shown in Figure 6(b). It should be noted that
ρdmax and Sropt are two critical parameters that are signifi-
cantly influenced by FC of graded gravel samples. With ρd
normalized by ρdmax and Sr normalized by Sropt, graded
gravels with different FCs present similar compaction be-
haviors that are unsusceptible to FCs.

3.2. Triaxial Test Results. Gravel samples with FCs ranging
from 5% to 20% are adopted to perform the triaxial test. ,e
deviatoric stress is plotted against axial strain to demonstrate
the strength and deformation properties for graded gravels
under saturation water content (SWC) and optimum water
content (OWC) conditions, as shown in Figure 7. As shown
in Figure 7(a), the deviatoric stress increases with axial strain
initially for gravel samples with 5%, 10%, and 20% FCs on
the condition that confining pressure σ3 is 20 kPa. As the
deviatoric stress reaches its peak value, it will decrease with
the increase in axial strain until the deviatoric stress levels off
to its residual value. ,us, graded gravels with different FCs
present strain softening characteristics under SWC and
OWC conditions when σ3 � 20 kPa. However, SWC samples
demonstrate weaker strain softening degree compared with
OWC samples. ,is phenomenon can be due to the larger
magnitude of negative pore pressure of SWC samples in the
shearing process compared to OWC samples, as shown in

Figure 8(a). Negative pore pressure in the shearing process
aids in improving effective confining pressure, which further
promotes the strength properties and weakens the softening
properties of the gravel samples. On the contrary, the
stronger strain softening presented in OWC samples may
also attribute to the suction-induced dilatancy in the un-
saturated OWC samples [32]. Take the 10% FC gravel
sample; for example, the matric suction in the unsaturated
OWC sample increases the peak strength owing to a re-
duction in water content compared with SWC samples, but
the dilatancy can also lead to a decrease in dry density for the
OWC sample, which will reduce the residual deviatoric
stress, resulting in a significant strain softening behavior.

More importantly, 10% FC gravel samples have the
maximum peak strength regardless of the water content.
Meanwhile, the peak strength of 10% FC sample is 630 kPa
on the condition of OWC, and its peak strength decreases to
520 kPa after saturation. However, the peak strengths of 5%
and 20% FC samples are 280 kPa and 320 kPa, respectively,
under OWC condition. It is interesting to find that their
strengths unexpectedly increase to 380 kPa and 340 kPa,
respectively, when they are saturated.

Gravel samples with different water contents also present
strain softening properties on the conditions that the con-
fining stresses are 40 kPa and 60 kPa, respectively, as shown
in Figures 7(b) and 7(c). Also, the softening degree weakens
after saturation for the gravel samples with different FCs
when σ3 � 40 kPa and σ3 � 60 kPa. Furthermore, 10% FC
samples also have the maximum peak stresses compared
with other samples. By comparing Figures 7(a)–7(c), it is
remarkable that the peak strength increases with confining
pressure for gravel sample with a given FC under a given
moisture condition. For example, the 20% FC gravel sample
has a peak strength of 320 kPa under OWC condition when
σ3 � 20 kPa, and its strength increases to 430 kPa and 590 kPa
when the confining pressure rises to 40 kPa and 60 kPa,
respectively.

Besides, although gravel samples have different magni-
tudes of peak strengths that vary with FC and confining
pressure, the axial strain corresponding to the peak strength
(termed as featured axial strain hereinafter) remains close to
2% for all the gravel samples on the condition of OWC.
However, once gravel samples are saturated, the featured
axial strain differs with FC significantly. All of the featured
axial strains under the three levels of confining pressures are
larger than 2% for 10% FC sample, averaging at 3.1%.
Nevertheless, the 5% FC sample and 20% FC sample only
have average featured axial strains of 2% and 1.1%, re-
spectively.,is indicates that the featured axial strain of 10%
FC sample increases remarkably when the moisture con-
dition changes from OWC to SWC, while the featured axial
strains of 5% and 20% FC samples level off or decrease after
saturation. It implies that the 10% FC sample presents
stronger deformation resistance compared with gravel
samples with other magnitudes of fine contents after
saturation.

Figure 8 shows the pore pressure evolvement charac-
teristics against axial strain for graded gravels with different
FCs. It should be noted that the pore pressure in the OWC
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samples not only include pore water pressure but also
contain pore air pressure since the OWC samples remain
unsaturated state. ,e overall pore pressure was monitored
for the OWC samples to demonstrate the variation in ef-
fective stress state in the shearing process. ,e pore pressure
increases slightly with axial strain in the initial period for the
gravel samples with different FCs on the condition of
σ3 � 20 kPa. However, it decreases to zero and further be-
comes negative pore pressure rapidly. As axial strain in-
creases, the negative pore pressure develops continuously
until it levels off to a certain value. ,is can be attributed to
the fact that the total volume of gravel sample decreases
slightly in the preliminary stage, resulting in the increase in
pore pressure initially. Since the gravel sample is densely
compacted in the preparation stage, its volume tends to
increase with axial strain in the subsequent shearing stage.
,e dilating sample will undoubtedly lead to continuous
development of negative pore pressure. Of course, negative
pore pressure levels off at the later period due to the
gradually stable sample volume until the gravel sample
collapses. Besides, negative pore pressure in the SWC
samples is universally larger than the OWC samples on the
condition that FC is given.,is is because pore water is more
difficult to be compressed than pore air, leading to the larger
negative pore pressure accumulated in the SWC samples
during the shearing process. ,e evolvement characteristics
of pore pressure on the condition of σ3 � 40 kPa and
σ3 � 60 kPa remain the same as those when σ3 � 20 kPa.
Moreover, SWC samples also have negative pore pressures
that are larger than OWC samples when the confining
pressure is 40 kPa and 60 kPa, respectively.

More importantly, 10% FC gravel samples have the
maximum negative pore pressure compared to gravel
samples with other magnitudes of FC regardless of moisture

condition.,e accumulated negative pore pressure is closely
related to the shear dilatancy of gravel samples. ,e max-
imum negative pore pressure presented in 10% FC gravel
sample implies that degree of shear dilatancy in 10% FC
sample is the most significant. At the same time, 10% FC
gravel sample obtains the maximum effective confining
pressure due to the maximum negative pore pressure, which
contributes to the maximum peak strength in the shearing
process to some extent.

4. Discussion

4.1. CompactionCharacteristics Analysis. ,emaximum dry
density ρdmax and optimum water content Sropt are plotted
against fine content (FC) to demonstrate compaction
characteristics of gravel samples with different FCs, as shown
in Figure 9. Notably, FC has a significant effect on ρdmax and
Sropt. When FC< 10%, ρdmax and Sropt tend to increase with
FC. However, they begin to decrease continuously with the
increase in FC on the condition of FC> 10%. ,at is to say,
10% FC samples have the highest ρdmax and the largest Sropt.
Similar results can be found from the compaction test on the
five soil types around Miboro Dam site. Grading curves of
these five soil types are shown in Figure 10(a). In the same
way, fine particles also refer to those whose particle size is
less than 0.075mm. It can be seen that the soils have different
FCs ranging from 2.5% to 37%. Meanwhile, Proctor com-
paction test was performed on the soils to obtain their
compaction properties, as presented in Figure 10(b). All of
the compaction curves for the five kinds of soils increase
with water content initially but decrease with the increase in
water content when water content goes beyond a certain
value. Both ρdmax and wopt are significantly presented for the
five kinds of soils. Interestingly, the 5.7% FC sample has the
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Figure 6: Compaction curves plotted in terms of saturation degree: (a) dry density ρd plotted against saturation degree Sr; (b) ρd/ρdmax
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largest ρdmax and the lowest wopt compared with soil samples
with other magnitudes of FCs. Similarly, the saturation
degree Sr can also be obtained by equation (2) with ρd and w

known, and the relationship between ρd and Sr of the five
kinds of soils is presented in Figure 10(c). It is interesting to
find that the 5.7% FC sample has the maximum Sropt that
equals to 95%. ,e Sropt of other samples stays lower than
95% whenever FC is lower or larger than 5.7%. ,us, the
5.7% FC soil sample aroundMiboro Dam site is quite similar
to the 10% FC gravel sample in this study. Both samples tend
to possess the densest soil structure in a compaction test
compared with samples with other magnitudes of FCs.

Besides, fillings of Miboro Dam also indicate that fine
content in coarse-grained soil has a remarkable effect on its

compaction properties. Figure 11(a) shows the grading
curves of core material used for the field compaction test and
sieved material adopted for the laboratory test. ,e core
material has the maximum particle size of 140mm, while the
maximum particle size of sieved material is 4.8mm. Cor-
respondingly, FC of core material is only 4.1%, comparing
with 6.9% of that of sieved material. Field compaction tests
with different compaction energy levels were performed on
the core material to obtain its compaction curves, as shown
in Figures 11(b) and 11(c). ,e symbol N denotes the
number of compaction roller passes. It indicates that ρdmax
increases from 2.07 g/cm3 to 2.14 g/cm3 with compaction
energy levels for the core material. On the contrary, Sropt
seems to level off to 86% under different compaction energy
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Figure 7:,e relationship between deviatoric stress and axial strain for graded gravels under the confining pressure of (a) 20 kPa, (b) 40 kPa,
and (c) 60 kPa.

Advances in Materials Science and Engineering 9



levels. Furthermore, laboratory compaction tests with
compaction energy levels ranging from 0.6 Ec to 4.5 Ec were
conducted on a sieved material. It is interesting to find that
ρdmax of the sieved material ranges from 1.84 g/cm3 to 1.98 g/
cm3, as the compaction energy increases from 0.6 Ec to
4.5 Ec. Nevertheless, Sropt also levels off at 84% for the
laboratory compaction samples, which demonstrates the
same development feature as that presented in a field
compaction test. However, by comparing compaction curves
of core material with that of a sieved material, it can be
concluded that Sropt varies obviously with FCs of the coarse-
grained soils.

To further illustrate the compaction properties of the
coarse-grained soils with different FCs, the optimum satu-
ration degree Sropt is plotted against the maximum dry

density ρdmax for the tested graded gravels (marked as group
1), soil types around Miboro Dam (marked as group 2), and
fillings of Miboro Dam (marked as group 3), as shown in
Figure 12. It is obvious that soil samples in group 1 and
group 2 have optimum saturation degree Sropt that increases
with themaximum dry density ρdmax.,is is comprehensible
since larger Sropt implies a smaller air void in the soil mass
and aids in promoting ρdmax. However, Sropt of samples in
group 3, series 1, and group 3, series 2, levels off to a certain
value, indicating that Sropt remains constant on the condi-
tion of increasing ρdmax induced by rising compaction en-
ergy level. Although ρdmax of coarse-grained soils can be
improved by increasing compaction energy level and
adjusting FC, only variation in FC could significantly pro-
mote the value of Sropt.
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Moreover, the theoretical relationship between ρdmax
and Sropt is also plotted on the condition that specific gravity
Gs and air void ratio va are given. Air void ratio va is defined
as the ratio of air void volume Va to total volume V of the
soil mass, as presented by the following equation [7]:

va �
Va

V
. (3)

Given the basic fact that the total volume V is the
summation of void volume Vv and solid soil volume Vs and
Vv can be obtained by adding Va to pore water volume Vw,
the equation can be rewritten as follows:

va � 1 −
Vw

Vv

  1 −
Vs

V
 . (4)

Furthermore, air void ratio va can be expressed as
follows:

va � 1 − Sr(  1 −
ρd

ρwGs

 , (5)

where ρw is the density of pore water. It should be noted that
ρdmax and Sropt are corresponding to the minimum air void
ratio vamin for a given kind of soil sample compacted at a
given compaction energy. Moreover, the theoretical rela-
tionship between ρdmax and Sropt can be established with Gs

and vamin known.
Based on equation (5), once compaction energy in-

creases, ρdmax also increases for a given kind of soil with FC
fixed, and Sropt tends to level off to a certain value, which
makes vamin decrease slightly. Nevertheless, for different
kinds of soil samples with various FCs, ρdmax increases with
the increase in Sropt. At the same time, the minimum air void
ratio vamin decreases remarkably with the increase in ρdmax
and Sropt. It thus can be concluded that vamin only decreases
slightly for a given kind of soil although its ρdmax increases
significantly with compaction energy level. In other words,
in spite of the fact that the increase in compaction energy can

promote ρdmax, and it could not decrease Sropt and can just
decrease vamin slightly. On the contrary, the increase in ρdmax
and Sropt induced by the variation in FCwill notably decrease
vamin for soil samples with different FCs.

Furthermore, vamin is plotted against FC for the three
groups of soil samples, as shown in Figure 13. Soil samples in
group 1 and group 2 present similar development charac-
teristics. Samples of both groups have vamin that decreases
with the increase in FC in the initial stage, but it will increase
continuously with FC subsequently. ,is implies that FC
could not only influence ρdmax and Sropt but also has a re-
markable effect on vamin, indicating that fine particles could
noticeably change the air void proportion in the coarse-
grained soils. Besides, soil samples in group 3, series 1, and
group 3, series 2, demonstrate quite close (but slightly de-
creasing) values of vamin on the condition of the same FC
although their compaction energy is very different. More-
over, by comparing group 3, series 1, with group 3, series 2,
FC of the dam fillings increases from 4.1% to 6.9% after
passing the no. 4 sieve, and concomitantly, vamin also
presents a significant increasing trend. ,erefore, FC is the
dominant factor that controls the air void proportion in the
coarse-grained soils. An optimum FC should be existed for
the coarse-grained soils. Under the condition of optimum
FC, the soils could present the lowest value of vamin and the
highest value of ρdmax, comparing to soils with other
magnitudes of FCs. In the nature of things, the value of the
optimum FC varies with the grading characteristics of the
coarse-grained soil.

4.2. Soil Structure Analysis. It has been investigated that soil
structure of coarse-grained soil can be classified into three
kinds according to fine content (FC): void-existed skeleton
structure, densely filled skeleton structure, and suspended
skeleton structure [2, 34]. Void ratio of coarse-grained soil is
relatively high when FC stays at an extremely low level,
leading to small value of dry density. At this time, coarse
grains contact with each other to form soil skeleton, but the
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Figure 9: Compaction characteristics of tested gravel samples with different fine contents: (a) maximum dry density plotted against FC; (b)
optimum saturation degree plotted against FC.
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quantity of fine grains is too small to fill the voids established
by coarse grain skeleton. ,us, a large amount of voids
existed between soil skeleton structure, and the corre-
sponding soil structure can be termed as a void-existed
skeleton structure. When FC increases to a suitable amount,
fine grain can just fill in the void formed by soil skeleton. At
this point, coarse grain stays in close contact with fine grain,
and void ratio of the soil reaches the minimum value, which
is corresponding to the maximum dry density. ,e soil
structure is very steady at this time and can be defined as a
densely filled skeleton structure. As FC increases continu-
ously, coarse grains start to be squeezed out by the excessive
fine grains. Fine grains begin to encircle coarse ones and also

participate in the establishment of soil skeleton. ,erefore,
dry density of soil skeleton is influenced due to the par-
ticipant of fine grains, and void ratio begins to increase with
the increase in FC. ,is corresponding status can be termed
as a suspended skeleton structure [34].,e diagrams of these
three kinds of soil structures are shown in Figure 14.

For tested gravel samples in this study (group 1), the 10%
FC sample tends to have the densely filled skeleton structure.
,e number of fine particles is just right to fill in the voids
formed by the soil skeleton but not take part in the estab-
lishment of the skeleton. In the optimum water content wopt

(i.e., optimum saturation degree Sropt) state, the 10% FC
sample has the lowest value of the minimum air void ratio
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vamin compared to samples with other magnitudes of FCs,
indicating that the 10% FC sample has the densest soil
structure, as shown in Figure 14(b). As FC< 10%, soil sample
has a void-existed skeleton structure. A mass of voids is

existed between soil skeleton due to the lack of fine grains,
leading to ρdmax and Sropt that are significantly lower than
that of 10% FC sample (Figure 14(a)). However, soil sample
with FC> 10% stays in suspended skeleton status. Since fine
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grains are abundant to encircle the coarse particles, void
ratio begins to increase remarkably, which certainly decrease
ρdmax and Sropt, as presented in Figure 14(c). Besides, the
5.7% FC sample is likely to possess a densely filled skeleton
structure for the soil samples aroundMiboro Dam (group 2).
Sample with FC< 5.7% tends to stay in a void-existed

skeleton structure, while samples with FC> 5.7% have a
suspended skeleton structure. It is worth noting that there is
a difference between gravel samples of group 1 and gravelly
soils of group 2. Gravel samples in group 1 have the coarse-
grained portion that shares the same grading curves.
However, gravelly soil samples around Miboro Dam in
group 2 have quite different grading curves for the coarse-
grained portion. Despite this, soils in group 2 also present a
quasioptimum FC since the soils were sampled from adja-
cent sites.,is is not difficult to understand for the optimum
FC ranges within a moderate scope of less than 15% in
general despite the influence of grading features of coarse-
grained portion.

Fillings of Miboro Dam in group 3 also comply with the
soil structures summarized in Figure 14. When FC increases
slightly from 4.1% to 6.9% after passing the No. 4 sieve, vamin
rises significantly. It is clear that the sievedmaterial (group 3,
series 2) lies in a suspended skeleton soil structure since its
ρdmax and Sropt decrease as FC increases. However, confir-
mation for a structure type of the core material still needs
further discussion. Nevertheless, given the fact that FC of the
core material is rather close to that of the sieved material, the
optimum FC corresponding to the densely filled skeleton
structure should be close to or a bit less than 4.1%; otherwise,
significant increase in vamin could not be demonstrated after
passing the sieve. In other words, the core material of
Miboro Dam is likely to stay in a densely compacted skeleton
structure or suspended skeleton structure.

4.3. Strength Properties Analysis. FC has a remarkable effect
on the soil structure types of coarse-grained soils; thus, it
could greatly influence ρdmax and Sropt in a compaction test.
By parity of reasoning, different soil structures due to
various FC would also lead to variation in strength prop-
erties of graded gravels.,e influence of FC on peak strength
(σ1−σ3)f of tested graded gravel is presented in Figure 15. As
shown in Figure 15(a), the OWC samples have peak
strengths (σ1−σ3)f that increase with FCs on the condition of
FC< 10%. Once FC goes beyond 10%, (σ1−σ3)f of graded
gravels begins to decrease with the increase in FC. ,e 10%
FC sample has the maximum peak strength (σ1−σ3)f in a
triaxial test under a given confining pressure for OWC
samples. Reason for this phenomenon is not difficult to find.
,e 10% FC sample has the largest dry density and possesses
the densely filled skeleton structure, which implies that the
internal friction angle of the 10% FC sample is greater than
that of gravel samples with other FCs. Moreover, the initial
negative pore pressure (suction pressure) of the gravel
samples with different FCs varies slightly (from −3 kPa to
0 kPa). At the same time, the shear strength envelop line of
the 10% FC sample is the steepest among all the gravel
samples with different FCs due to its maximum internal
friction angle. ,erefore, given the extended
Mohr–Coulomb model, the diameter of Mohr’s stress circle
for the 10% FC sample should be the largest to make tangent
with the envelop line, leading to the maximum (σ1−σ3)f for
10% FC sample. Besides, (σ1−σ3)f of OWC gravel sample
with a given FC increases with confining pressure
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remarkably. Similarly, (σ1−σ3)f of SWC samples present the
same development properties against FC as that of OWC
samples, as shown in Figure 15(b).

,erefore, 10% FC sample demonstrate the maximum
peak strength (σ1−σ3)f under a given confining pressure for
samples that stay in OWC and SWC condition, respec-
tively, which comes down in one continuous line with the
compaction characteristics of graded gravels with different
FCs. ,e variation in strength properties of gravel samples
with different FCs also originates the different soil struc-
tures. ,e gravel sample stays in a void-existed skeleton
structure on the condition that FC equals to 5%. At this
time, fine grain portion only partly filled with the voids, and
puny constraining force is existed between coarse and fine
grain portions. ,e shear strength of gravel samples mainly
derives from frictional and occlusal forces between the
coarse grains, and fine grain portion is difficult to play a
substantial role in promoting the shear strength [34, 35].
,e maximum dry density ρdmax and optimum saturation
degree Sropt of the 5% FC sample remains relatively low
compared with the 10% FC gravel sample. As a result, shear
strength of 5% FC sample also stays at a relatively low level.
As FC increases to 10%, tested gravel sample enters into
densely filled skeleton structure. ,e embeddedness and
squeeze effects between coarse and fine portions enhance
significantly compared to the void-existed skeleton struc-
ture. At this point, shear strength of graded gravel sample is
provided by both coarse grains and fine ones simulta-
neously.,e ρdmax and Sropt of the 10% FC sample reach the
highest value compared with gravel samples with other
magnitudes of FC, leading to the maximum peak shear
strength (σ1−σ3)f. When FC goes beyond 10%, the frictional
and occlusal forces between coarse grains are weakened due
to the squeeze effect of the extra fine portion, resulting in
the decrease in shear strength compared with the 10% FC
gravel sample.

Furthermore, by comparing Figures 15(a) and 15(b), the
variation in (σ1−σ3)f under different confining pressures is
plotted against FC for gravel samples after saturation, as
shown in Figure 16.,e variation in (σ1−σ3)f is calculated by
the following equation:

Δ σ1 − σ3( f �
σ1 − σ3( f1 − σ1 − σ3( f2

σ1 − σ3( f2
, (6)

where (σ1 − σ3)f1 is the peak strength of SWC sample and
(σ1 − σ3)f2 is the peak strength of OWC sample.

It can be seen that the peak strength (σ1−σ3)f of 10% FC
sample decreases by 15%–20% after saturation. However, 5%
FC sample and 20% FC sample have peak strengths that rise
by 10%–35% after saturation. Reason for this phenomenon
can be deduced that variation in strength properties of gravel
samples after saturation depends on both softening effect of
pore water and strengthening effect of negative pore pres-
sure. On the one hand, softening effect of pore water is
intensified after saturation, leading to the decrease in
strength properties of gravel samples. On the other hand,
negative pore pressure also increases after saturation on the
undrained condition. ,e accumulated negative pore
pressure will undoubtedly promote the effective confining
pressure, which further increases the peak strength of gravel
samples. ,erefore, the variation in strength properties is
determined by whether softening effect of pore water or
strengthening effect of negative pore pressure lies in the
dominant position.

Looking back at Figure 8, the 10% FC sample has the
maximum negative pore pressure on the condition of three
different levels of confining pressure compared with the 5%
FC and 20% FC samples. ,e average values of negative pore
pressure for the 10% FC sample are −52.4 kPa and -61.0 kPa
for OWC and SWC conditions, respectively. Nevertheless,
the 5% FC sample and 20% FC sample have average values of
negative pore pressure that equals to −25.0 kPa and
−27.8 kPa for OWC condition. Besides, negative pore
pressures of the 5% FC sample and 20% FC sample average
at −42.0 kPa and −49.9 kPa, respectively, for SWC condition.
,erefore, the average negative pore pressure of the 10% FC
sample only increases 16% for the SWC samples compared
with the OWC samples. In contrast, the 5% FC and 20% FC
samples have average negative pore pressures that increases
by 68% and 79% after saturation, respectively. ,e variation
in negative pore pressure is also closely related with soil

(a) (b) (c)

Figure 14: ,ree kinds of soil structures of coarse-grained soils: (a) void-existed skeleton structure; (b) densely filled skeleton structure; (c)
suspended skeleton structure.
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structure types [34]. ,e 10% FC sample has the densely
compacted soil structure. ,e dense soil structure contrib-
utes to the accumulation of negative pore pressure in a
triaxial test and results in a higher negative pore pressure
compared with samples with other FCs even though the
sample lies in OWC condition. ,erefore, the increase in
negative pore pressure after saturation is more difficult for
the 10% FC sample compared with samples with other FCs.
On the contrary, the soil structure is relatively loose for
samples with 5% and 20% FCs, and the negative pore
pressures are relatively low in OWC condition. ,us, a

significant increase in negative pore pressure is easier to be
presented after saturation.

,e increase in negative pore pressure for the 10% FC
sample after saturation is so small that the promotion of
strengthening effect of negative pore pressure is too weak.
,us, softening effect induced by the increase in pore water
after saturation is stronger than the strengthening effect of
negative pore pressure for the 10% FC gravel sample, leading
to the decrease in 15%–20% for the peak strength (σ1−σ3)f.
However, the negative pore pressures of the 5% FC and 20%
FC samples increase significantly after saturation. At this
time, strengthening effect of negative pore pressure lies in the
dominant position and facilitates the increase in peak strength
(σ1−σ3)f by 10%–35%. In other words, as the graded gravel has
a densely filled skeleton structure, peak strength tends to
decrease due to the softening effect of increased pore water
after saturation; when the gravel sample stays in a void-
existed skeleton structure or suspended skeleton structure,
peak strength is likely to increase on account of the significant
increase in negative pore pressure after saturation. ,erefore,
the 10% FC sample presents different development properties
of shear strength from the 5% FC and 20% FC samples in the
case that the moisture condition transfers from OWC to
SWC. Finally, it is worth noting that peak strength (σ1−σ3)f of
gravel sample will decrease ordinarily after saturation in
engineering practice, which can be attributed to the difficult
accumulation of negative pore pressure in field conditions.
Besides, it is also unsafe to improve the soil strength by
controlling negative pore pressure practically.

5. Conclusions

Compaction test and triaxial test were performed in this
study to investigate the compaction and strength properties
of graded gravels with different fine contents. Soil structure
types of these gravel samples were analyzed in detail to

(σ
1 

– 
σ 3

) f 
(k

Pa
)

300

400

500

600

700

800

900

10 15 205
FC (%)

OWC, 20kPa
OWC, 40kPa
OWC, 60kPa

(a)

(σ
1 

– 
σ 3

) f 
(k

Pa
)

300

400

500

600

700

800

900

10 15 205
FC (%)

SWC, 20kPa
SWC, 40kPa
SWC, 60kPa

(b)

Figure 15: Relationship between FC and peak strength of graded gravels: (a) OWC samples; (b) SWC samples.

In
cr

ea
se

 o
r d

ec
re

as
e p

er
ce

nt
 o

f (
σ 1

 –
 σ

3)
f (

%
)

10 15 205
FC (%)

20kPa
40kPa
60kPa

–20

–10

0

10

20

30

40

Figure 16: Increase or decrease percent of (σ1−σ3)f for gravel
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illustrate their mechanical properties. Some significant
conclusions can be drawn as follows:

(1) An optimum fine content (FC) ordinarily exists for
the coarse-grained soils. Comparing to soils with
other magnitudes of FC, the maximum dry density
ρdmax and optimum saturation degree Sropt of the
soils with the optimum FC have the highest values.
Correspondingly, soils with optimum FC also
demonstrate the maximum peak shear strength in a
triaxial test. Although the value of optimum FC
varies with the grading curves of the coarse-grained
portion, it is expected that FC of the graded gravels
can be reasonably controlled to obtain the soil
structures that have the optimum mechanical
behavior.

(2) Although the increase in compaction energy level
can greatly rise the maximum dry density ρdmax of
the coarse-grained soils, it could not increase Sropt
substantially and can just slightly decrease the
minimum air void ratio vamin, which implies that air
void proportion of the samples at ρdmax and Sropt
state varies a little in spite of the increase in com-
paction energy. However, adjustment of FC could
not only significantly increase ρdmax but also re-
markably increase Sropt and decrease vamin. ,ere-
fore, the improvement in mechanical properties of
gravel samples induced by FC adjustment can be
attributed to the optimization of soil structure.

(3) As FC stays at the optimum value, fine grain portion
is just right to fill with the void formed by the coarse-
grained skeleton. ,e soil lies in a densely filled
skeleton structure, which facilitates the optimum
compaction and strength properties that are pre-
sented in the soil. Besides, the mechanical properties
will be degraded whenever FC is lower than or goes
beyond the optimum value since the variation in FC
can loosen the soil structure.

(4) As moisture content transfers from OWC to SWC
condition, development characteristics of strength
properties of graded gravels differs significantly with
FC in a triaxial test. ,e variation trend in strength
properties after saturation is determined by both
softening effect of pore water and strengthening
effect of negative pore pressure. ,e 10% FC gravel
sample has negative pore pressure that increases
slightly after saturation, resulting in the decrease in
peak shear strength due to the fact that softening
effect of pore water is the dominant factor. Negative
pore pressures of samples with other magnitudes of
FCs increase remarkably after saturation, which
facilitates the increase in peak strengths of gravel
samples.
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