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Prediction of combined effects of fibers and cement on the
mechanical properties of sand using particle swarm optimization

algorithm

Saman Soleimani Kutanaei* and Asskar Janalizadeh Choobbasti

Department of Civil Engineering, Babol University of Technology, P.O. Box 484, Babol, Iran

(Received 17 October 2014; final version received 26 November 2014; accepted 1 December 2014)

In this research, a series of laboratory tests have been performed to investigate the
effects of cement and polyvinyl alcohol (PVA) fiber on the performance of sand.
Unconfined compression strength and compaction are also assessed in the present
study. The cement contents were 0.5, 1, 2, 4, and 6% by weight of the dry sand.
Fiber length and diameter were 12 and 0.1 mm, respectively, and were added at 0.0,
0.3, 0.6, and 1% by weight of dry sand. Finally, the obtained results from the
experimental data with particle swarm optimization algorithm are used to generate a
polynomial model for prediction unconfined compression strength, modulus of elas-
ticity, and axial strain at peak strength. The results of the study indicate that the
inclusion of PVA fiber increases the unconfined compressive strength and the peak
axial strain. The elastic modulus of specimen decreased with increase in fibers.
Maximum dry density of the sand–cement–fiber mixture increases with the increase
in cement content and decreases with the increase in fiber content.

Keywords: cement; fiber; UCS; compaction; sand

1. Introduction

In recent years, the number of suitable grounds for construction projects decreases with
increasing population.[1,2] The soil existing in the sites may not suitable for construc-
tion from the engineering viewpoint and some changes should be applied to it in order
to be prepared for such activities.[3,4] One of the appropriate solutions for encounter-
ing unsuitable soils in geotechnical engineering is change of soil properties, which is
called ground improvement. Different improvement techniques such as using geomem-
branes, geotextiles, fibers, rice husk, cement, and lime can be used to increase shear
strength parameters and bearing capacity of unstable soils.

Soil stabilization by adding materials such as cement, lime, bitumen, etc., is one of
the effective methods for improving the geotechnical properties of soils which has been
applied from many years ago. Cemented soils are generally used for the improvement
of soft ground, the backfill materials of retaining walls, embankments, and for the sub-
base of roads and railroads, because cemented soils are less compressible and have an
increased strength over that of natural soils. The mechanical behavior of cemented soils
is influenced by a number of parameters including curing time, cement content, cement
type, density, confining stress, grain size, and stress–strain history. According to the
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previous studies, the cementation can increase unconfined compressive strength (UCS),
brittleness, shear strength, and dilative behavior of cement composites.[5,6]

The use of reinforcements in order to improve the behaviors of soils dates to
ancient times. Several researchers have explored the effect of discrete randomly distrib-
uted fiber on mechanical properties of granular and clayey soils. These studies indicated
that friction between fiber and soil particles can improve the ultimate and peak strength
ductility of soils.[7–10] Yilmaz [11] conducted several laboratory split tensile and
unconfined compression tests on sand–clay mixtures reinforced with polypropylene
fibers. They found that the ratio of unconfined compression and split tensile strength of
sand–clay mixtures significantly improved by fiber reinforcement. Liu [12] investigated
the static liquefaction resistance of saturated sand reinforced with polypropylene fibers
in undrained ring shear tests. The results showed that the inclusion of fiber significantly
reduces the potential for the occurrence of liquefaction. Gao and Zhao [13] studied the
effect of fiber orientations on the behavior of sand reinforced with fibers. The results
showed that the fibers aligned to the horizontal direction in triaxial test will increase
the shear strength parameters significantly. Shao et al. [14] investigated the shear
strength of Jackson Mississippi sands reinforced with polypropylene fiber by carrying
out a series of ring shear tests at different normal stresses. They reported that the inclu-
sion of fiber had a significant effect on the shear strength parameters (cohesion and
angle of internal friction) of the sand.

Some previous studies have been also reported on the influence of both randomly
distributed fibers and cement on the mechanical properties of soils. The inclusions of
cement into soil matrix result in a brittle behavior that can be controlled by the applica-
tion of randomly distributed fibers.[15–19] Maher and Ho [20] carried out a large num-
ber of cyclic and static cyclic triaxial compression tests on cemented sand reinforced
with randomly distributed discrete fibers. They found that the inclusion of fibers into
cemented sand increased the energy absorption and shear strength. Tang et al. [21] have
used polypropylene fiber and cement to improve the mechanical behavior clayey soil.
They found that the fiber reinforcement causes an increase in shear strength parameters
and unconfined compression strength. They also found that the discrete fibers prevent
the development of cracks. Dos Santos et al. [22] performed a series of high-pressure
triaxial compression tests in order to investigate the effect of fiber content on the
hydrostatic compression behavior of cemented sand. Test results showed that the effects
of the addition of fibers on the shear strength of cemented sand significantly depended
on confining pressure. Consoli et al. [23] performed a large number of split tensile to
the mechanical behavior of cemented soil reinforced with polypropylene fibers. The
experimental results showed that the split tensile strength of cemented soil, over a wide
cementation range, increased as fiber content increased. Estabragh et al. [24] conducted
several unconfined compression tests to investigate the effect of nylon fiber on the
mechanical behavior of cemented clay. They found that the inclusion of fibers within
cemented clay caused an increase in the axial strain at failure and UCS, and changed
the brittle behavior of the cemented clay to a more ductile behavior.

Nowadays, one of the most important parameters in many industrial procedures is
optimization. Swarm intelligence methods (e.g. Particle swarm optimization algorithm
(PSOA), genetic algorithm) are powerful tools for optimization of cost function.
Among the available methods that can be applied to solve the engineering problems,
PSO is proved to be intelligent, effective, robust and easy to apply. PSOA are popula-
tion-based optimization algorithms inspired by animal social behavior such as bird and
fish groups. Although, most previous investigations indicate that the PSOA is suitable
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for geotechnical engineering applications.[25–28] Feng et al. [29] applied PSO
algorithms for identification of the geotechnical parameters of viscoelastic constitutive
models. Finsterle [30] presents the application of standard optimization algorithms for
transport simulations of contamination plumes. Zhao and Yin [31] examined the poten-
tial use of PSOA for determination of geomechanical parameters. Choobbasti et al. [32]
applied PSO techniques to optimize the position of the trench layer for the reduction of
the liquefaction potential around a marine pipeline in porous seabed.

In this research, a series of laboratory tests have been performed to investigate the
effects of cement and polyvinyl alcohol (PVA) fiber on the performance of sand.
Unconfined compression strength and compaction are assessed in the present study.
Finally, the obtained results from the experimental data with PSOA are used to generate
a polynomial model for prediction unconfined compression strength, modulus of
elasticity, and axial strain at peak strength.

2. Materials and specimen preparation

2.1. Sand

The sand used in this study was obtained from the coastal area of Caspian Sea in
Babolsar, north of Iran. The soil is classified as poorly graded sand (SP) according to
the unified soil classification system (USCS). The grain size distribution of the soil is
shown in Figure 1. A scanning electron microscope (SEM) image of Khazar coastal
sand with sub-rounded particles is shown in Figure 2(a). The index properties of the
sand are presented in Table 1.

2.2. Cement

Ordinary Portland cement CEM I type with a strength class of 42.5 was used in this
study. It was obtained from one of the cement companies in Iran. The chemical proper-
ties of cement are presented in Table 2.

Figure 1. Particle size distribution.
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2.3. Fiber

PVA (Figure 2(c)) fiber has been used in this research. The PVA fiber has 0.1 mm
diameter and 12 mm length and its properties are shown in Table 3.

2.4. Water

Distilled water was used for sample preparation.

Figure 2. (a) Scanning electron microscope (SEM) image of Khazar coastal sand, (b) Cement,
and (c) PVA.

Table 1. Index properties of sand.

Parameter Description Value Standard method

emax Maximum void ratio 0.8 ASTM D 4254
emin Minimum void ratio 0.526 ASTM D 4253
Gs Specific gravity 2.78 ASTM D854
Cu ¼ D60 =D10 Coefficient of uniformity 2.128 –
Cc ¼ D2

30= D60 � D10ð Þ� �
Coefficient of gradation 1.322 –

D50 Mean grain size of the sand (mm) 0.22 –
Wopt Optimum moisture content (%) 16.1 ASTM D698
cd Maximum dry density (kN/m3) 16.9 ASTM D698
/ Angle of internal friction (°) 38 ASTM D3080
c Cohesion (kPa) 1 ASTM D3080

Table 2. Chemical properties of the cement.

Chemical name Sio2 Al2o3 Fe2o3 K2o Cao Mgo So3 Nao3

Percent (%) 21.25 21.25 3.19 0.63 64.07 1.20 2.04 3.08

Table 3. Properties of PVA fiber.

Specific
gravity

Cut length
(mm)

Diameter
(mm)

Tensile strength
(MPa)

Young modulus
(MPa)

1.3 12 0.1 1078 25,000
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2.5. Specimen preparation

Dry sand and cement with a water content of 15% was mixed. Each portion of
specimen was mixed by an electrical mixer with a predetermined amount of fiber to
obtain a uniform fiber distribution. Cemented sand mixed with PVA fibers was com-
pacted in five equal layers.[33] The cylindrical specimens had 38 mm diameter and
83 mm height. After compaction, the specimens were extruded from the mold and were
kept in the humidity room at a constant temperature of 25 ± 2 °C. The cement content
qc and the fiber content qf are defined as follows:

qc ¼
Wc

Ws
� 100 ð%Þ (1)

qf ¼
Wf

Ws
� 100 ð%Þ (2)

where Ws is the weight of dry sand, Wc is the weight of cement, and Wf is the weight
of fiber.

3. Particle swarm optimization algorithm

PSOA was firstly introduced by Eberhart and Kennedy based on the population of
particles.[34] Each particle is associated with velocity that indicates where the particle
is traveling. If t be a time instant, the new particle position is computed by adding the
velocity vector to the current position:

xpðt þ 1Þ ¼ xpðtÞ þ vpðt þ 1Þ (3)

being xp(t) particle p position, p = 1,…,S, at time instant t, vp(t + 1) is the new velocity
(at time t + 1), and S is the population size. The velocity update equation is given by:

vpj t þ 1ð Þ ¼ j1 � vpj tð Þ þ j2 � x1jðtÞ ypj tð Þ � xpj tð Þ
� �

þ j3 � x2jðtÞ ŷj tð Þ � xpj tð Þ
� �

(4)

for j = 1,…,n, where j1 is a weighting factor (inertial), j2 is the cognitive parameter,
and j3 is the social parameter that are set to 1, 1.5, and 2, respectively. x1j and
x2jðtÞ are random numbers drawn from the uniform distribution (0,1), used for each
dimension j = 1,…, n. ypj tð Þ is particle p position with the best objective function
(goal function) value so far and ŷ tð Þ is a particle position with the best function value
so far.
Method can be described as follows:

(1) Randomly initialize the swarm positions, X ¼ fxtð0Þ; . . .; xsð0Þg and velocities
V ¼ fvtð0Þ; . . .; vsð0Þg

(2) Let t = 0 and yp(t) = xp(t), p = 1,…, s .
(3) For all p in {1,…, s} do:

If f xp tð Þð Þ\f yp tð Þð Þ, then set yp t þ 1ð Þ = xp tð Þ else set yp t þ 1ð Þ = yp tð Þ.
(4) For all p in {1,…, s} do:
(5) Compute yp t þ 1ð Þ and xp t þ 1ð Þ, using Equations (3) and (4). If the stopping

criterion is true, then stop. Otherwise, set t = t + 1 goes to step 3. The structure
of PSOA shows in Figure 3.

Journal of Adhesion Science and Technology 5
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4. Results and discussion

4.1. Compaction

Standard Proctor compaction tests were conducted in accordance with ASTM D698.
The compaction process was done in three layers. Each layer was compacted with 25
blows. A series of standard Proctor tests were done for the soil samples containing 0,
2, 4, and 6% cement and 0, 0.3, 0.6, and 1% fiber by dry weight of soil.

Results on dry density vs. water content for sand, sand mixed with cement, and
sand mixed with fiber are shown in Figure 4. As can be seen, maximum dry density of
the sand–cement mixture increases with the increase in cement content. The increases
in maximum dry density of sand mixed with cement for standard proctor compaction
can be explained by two reasons. Cement has finer grains rather than sand; therefore,
the void within the coarse aggregate becoming occupied by cement particles and make
a dense and coherent structure with higher density. Cement has a higher specific gravity
(3.1) than sand (2.78), which results in increasing the maximum dry unit weight when
added to sand. The figure also reveals that there is decreasing trend in the optimum
moisture content of the sand–cement mixture with the increase in cement content. But
for all practical purposes, it can generally be concluded that the behavior of sand–
cement mixes and sand is nearly similar.

Figure 4 also reveals that the maximum dry density of reinforced sand decreases
with increasing fiber content. The interaction between soil particles and fiber restricts
the movement of soil particles and causes a reduction in average unit weight of solids
in the mixture of soil and fiber. The amount of fiber in sample has no effect on the
optimum moisture content and the optimum moisture content does not show a
significant change by the addition of fiber. More compaction energy appears necessary
to produce specimens with higher fiber contents at a given dry density.

Figure 3. The standard elementary algorithm of PSOA.
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4.2. Unconfined compression tests

Unconfined compression tests were conducted in accordance with the ASTM D2166
test method. After curing, specimens were loaded at a displacement rate of 1 mm/min.
Figure 5(a)–(c) represents typical results of unconfined compression tests conducted on
unreinforced and reinforced specimen having 0.5 and 6% cement and 0, 0.3, 0.6, and
1% fiber. As can been seen in the figure, the stress–strain curves indicate a consistent
increase in stress with strain up to a maximum peak stress value at which failure
occurs. The value of the peak and the post-peak behavior are a function of the cement
content and fiber content. The failure mode as indicated by the value of the strain at
failure and by the post peak response is found to be more ductile as the fiber content
increased from 0 to 1.0%.

The secant modulus of elasticity (E50) was calculated from one-half of the axial
strain at peak strength; straight lines were drawn up to 50% of axial compressive
strength through the stress–strain curves; and the slope of these lines is taken as the
secant modulus of elasticity (Figure 6(a)).

Figure 4. Standard compaction curve.

Figure 5. Stress–strain curve of specimen with 0, 0.3, 0.6, and 1% (a) 0.5% cement, (b) 6%
cement.
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Park defined a strain-based index called the deformability index, which is the ratio
of the axial strain at peak strength in fiber reinforcement specimen to the axial strain at
peak strength in nonfiber-reinforced specimen. Deformability index is defined as
follows [34]:

D ¼ Dfiber

Dno fiber
(5)

where Dfiber is the axial strain at peak strength in fiber reinforcement specimen, and
Dno fiber (Figure 6(b)) is the axial strain at peak strength in nonfiber-reinforced
specimen.

The increase in the UCS due to the inclusion of PVA fiber is quantified by R in
Equation (6).

R ¼ UCSfiber
UCSno fiber

(6)

The summary of results from unconfined compression tests are presented in Table 4.
In the present study, an attempt has been made to develop empirical relationships to

estimate the UCS, axial strain at peak strength, secant modulus of elasticity as functions
of cement, and fiber content. Using PSOA, the following polynomial model for UCS,
axial strain at peak strength, and secant modulus of elasticity is obtained:

UCS; E50; ea ¼ a1 þ a2qc þ a3qf þ a4qc
2 þ a5qcqf þ a6qf

2 (7)

Evaluation and validation of ai coefficients in the polynomial model constitutes the
main goal of PSOA. The coefficient for Equation (7) is present in Table 5.

Figure 7 shows the result obtained by PSOA for different iteration numbers. The
figure shows the random initial position of the particles (0 iteration) and particle move-
ment during the solution procedure for estimated value of UCS, as well as it demon-
strates that most of the particles approach the best objective function value by 40
iterations.

Figure 8 shows regression value obtained between result of polynomial model and
available experimental data for prediction of unconfined compression strength and axial
strain at peak strength. The regression value is 0.987 and 0.995 for unconfined com-
pression strength and axial strain at peak strength, respectively, which shows that the
polynomial model is able to predict the outputs successfully.

Figure 6. (a) Modulus of elasticity, E50, (b) deformability index, D.
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Table 4. Summary of unconfined compression tests.

Specimen
Cement ratio

(%)
Fiber ratio

(%)
UCS
(%)

Axial strain at peak
strength (%) R D E50

A-0 0.5 0 15 0.81 1 1 2.9
A-1 0.5 0.3 30 1.79 1.9 2.2 2.5
A-2 0.5 0.6 43 2.8 2.7 3.4 2.0
A-3 0.5 1 65 4.71 4.0 5.8 1.8
B-0 1 0 51 1.02 1 1 5.9
B-1 1 0.3 87 1.95 1.7 1.9 5.3
B-2 1 0.6 134 2.97 2.6 2.9 4.5
B-3 1 1 197 4.53 3.8 4.4 3.4
C-0 2 0 171 1.17 1 1 19.1
C-1 2 0.3 254 2.19 1.4 1.8 15.3
C-2 2 0.6 444 3.21 2.5 2.7 13.8
C-3 2 1 632 4.58 3.6 3.9 12.3
D-0 4 0 309 1.19 1 1 38.5
D-1 4 0.3 439 2.38 1.4 2 29.4
D-2 4 0.6 687 3.29 2.2 2.7 27.4
D-3 4 1 915 4.96 2.9 4.1 23.1
E-0 6 0 476 1.18 1 1 46.1
E-1 6 0.3 642 2.25 1.3 1.9 39.6
E-2 6 0.6 809 3.37 1.6 2.8 36.5
E-3 6 1 1237 5.28 2.5 4.4 34.3

Table 5. Coefficient to estimate the UCS, E50, and ea.

a1 a2 a3 a4 a5 a6

UCS −95.357 173.89 55.516 15.055 125.16 126.7
E50 −2.375 11.469 7.7406 0.54483 2.1674 6.3156
ea 0.82801 0.17346 2.8949 0.018129 0.068555 0.63372

Figure 7. Particles movement during the solution procedure.
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Figure 9 shows the variation of UCS with fiber and cement content. Figure 9 revels
that the UCS is proportional to the fiber content and cement content. As the fiber ratio
increases, the UCS of fiber-reinforced cemented sand increases to more than four times
that of the unreinforced cemented sample. The same trend for UCS with other types of
fiber was reported by several researchers. For unreinforced samples, the increase in
cement content from 0.5 to 6% increased the UCS from 15 to 476 kPa.

As shown in Table 4, the increase in the values of R decreases with increasing
cement content. This result revels that for lower cement content, the inclusion of fiber
has a higher impact in UCS compared with a sample of bigger cement content. This
may be attributed to the fact that the tensile strength of the randomly distributed dis-
crete fibers would be mobilized only after deformation of the sand particles around the

Figure 8. Performance of polynomial model in terms of regression value.

Figure 9. Variation of UCS with fiber and cement content.
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fibers. The portion of UCS to be mobilized significantly depends on the magnitude of
the sand particles deformation and also on the stiffness of the fibers. The fiber-
reinforced cemented sand stiffness and strength increase with increasing cement con-
tent. For high cement contents, the amount of cement content. It can be expected that
for high cement content, reinforcing elements due to being less stiff are not able to
mobilize shear strength, because low deformation occurs between sand particles and
fibers. The similar observations were reported by a number of researchers. Maher and
Ho mixed 4% cemented and 1% glass fiber with Ottawa sand. They found that R was
approximately 1.5.[20] Kumar et al. mixed clay with 10% sand and 1% polyester fiber
and found that R was approximately 1.2.[35] Maher and Ho tested a specimen of 1%
Polypropylene fiber and 1% glass fiber that was mixed with Kaolinite clay, and found
that R was approximately 1.2.[36]

The effect of fiber and cement content on axial strain at peak strength is shown in
Figure 10. It can be seen that the axial strain at failure increases with increasing fiber
content. The results reveal that inclusion of randomly distributed fibers delays failure
and improves the brittle behavior. The figure also indicates that when the fiber content
is constant, the axial strain at failure is almost the same, regardless of the cement con-
tent. As shown in Table 4, the deformability index increase with increasing fiber con-
tent. UCS of cemented soils increases with increasing cement content; this causes a
brittle or sudden failure without plastic deformation. As the confining pressure
increases, the brittle behavior of cemented sand changes to a more ductile behavior. In
particular, when applying cemented sand at a shallow depth, the degree of brittle
behavior may be more pronounced due to a low confining pressure.

Figure 11 shows the variation of modulus of elasticity with fiber content with differ-
ent cements. As shown in this figure, the inclusion of fibers into samples reduces the
secant modulus of elasticity. This behavior may be explained by the fact that extensible
randomly distributed fibers require an initial deformation to begin tensile strength mobili-
zation that results in the reduction of sample stiffness. Past literature shows that an
increase in the fiber content in reinforced sample has the same effect as an increase in the

Figure 10. Variation of axial strain at peak strength with fiber and cement.
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confining pressure in unreinforced sample in the triaxial test.[37–39] Past studies show
that the horizontal deformation of sample decreases with an increase in confining pres-
sure. The horizontal deformation of fiber-reinforced sample was also restrained by the
increase in the fiber content. Yang reports that the increase in peak deviatoric stress in the
fiber-reinforced sample was attributable to the increase in the confining pressure.[39]

Figure 11. Variation of modulus of elasticity with fiber and cement.

Figure 12. Specimen with 6% cement content after failure (a) 0% fiber, (b) 1% fiber.
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Figure 12 shows photographs of the unreinforced cemented sample and reinforced
cemented sample after failure. In the unreinforced sample, a crack throughout the entire
specimen appeared after failure, as shown in Figure 12(a). The failure of the fiber-rein-
forced cemented specimen occurred due to slippage between the sand particles and the
fibers (Figure 12(b)). Inclusion of fiber to cemented sand produces strong frictional
interaction between the fibers and the soil particles and reduces the brittle behavior of
cemented sand

Scanning electron microscopy (SEM) was used to analyze the homogeneity of the
sample before testing. Typical SEM photos obtained from cutup sections of cemented
samples with 6% cement and fiber-reinforced cemented sample with 0.6% fiber and 6%
cement are shown in Figure 13(a) and (b), respectively. The SEM photos were taken
after curing. It can be observed from the figure that in the samples, the sand particles
are well coated by the cement. Figure 13 indicates that for fiber-reinforced sample,
although prior to the sample preparation, the mixing was continued until achieving a
uniform fiber distribution throughout the entire sample; however, the SEM photos from
the sample indicate that at microscale, the homogeneity and uniformity are not as good
as observed in the visual inspection.

4.3. Matric suction measurement.

The matric suction tests were conducted in accordance with the accordance with ASTM
D5298 using the filter paper technique (Whatman No. 42) after failure in the uncon-
fined compression tests. Its initial moisture content, in the air dried condition, is
approximately 5.5%, which allows measurements of suction from zero to 28 MPa. The
calibration equations for this filter paper are presented by Chandler et al. [40].

5. Conclusion

This research evaluated the combined effects of cement and fibers on the mechanical
properties and compaction characters of sand. Particle swarm optimization method is
utilized for evaluation of the coefficient of polynomial model for prediction of UCS,

Figure 13. SEM image (a) cemented specimens with cement content of 6%, (b) fiber-reinforced
cemented sand with 6% cement and 0.6% fiber.

Journal of Adhesion Science and Technology 13

D
ow

nl
oa

de
d 

by
 [

L
ah

or
e 

U
ni

ve
rs

ity
 o

f 
M

an
ag

em
en

t S
ci

en
ce

s]
 a

t 0
0:

04
 1

1 
Ja

nu
ar

y 
20

15
 



axial strain at peak strength, and secant modulus of elasticity. The results of this study
can be summarized as follow:

(1) Comparison shows that the polynomial model obtained from PSOA has good
agreement with experimental results.

(2) The addition of cement to the sand significantly increased the modulus of elas-
ticity and unconfined compression strength and changed the sand behavior to a
noticeably more brittle behavior.

(3) The addition of fiber to the cemented sand decreased the modulus of elasticity.
(4) Inclusion of fiber causes an increase in unconfined compression strength in the

cemented sand. Moreover, deformability index significantly increases with
increasing fiber content. At low fiber content (qc\1%), deformability index
was not influenced by the cement content.

(5) Due to the ductile behavior of the fiber reinforced cemented sand, the axial
strain at failure of samples with 6% cement content increases up to 5% as the
fiber content increases.
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