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Abstract: Randomly distributed fiber and cement can be used for various purposes. However, no attention has been paid to the use of
randomly distributed fiber and cement on seismic wave velocity of sandy soil and the relation between seismic wave velocity and unconfined
compressive strength. In addition, there is no previous report on the use of nanosilica particles as a modifier for fiber-reinforced cemented
sandy soil. In this study a series of unconfined compression tests and 144 ultrasonic pulse velocity tests have been conducted to explore
the effects of polyvinyl alcohol (PVA) fiber and nanosilica particles on the mechanical characteristics of cemented sandy soil. Moreover,
microstructural properties of cemented sand with nanoparticles have been investigated using scanning electron microscope, atomic force
microscopy, and X-ray diffraction test. Finally, the ultrasonic pulse velocity test for the specimens has been performed in order to estimate the
unconfined compression strength of fiber-reinforced cemented sand with nanosilica. The results of this study show that the inclusion of
randomly distributed fiber increases the energy absorption capacity. Moreover, the secant modulus of elasticity of a specimen decreased
with the increase of fiber content. Based on the results, a correlation between pulse ultrasonic velocity and the unconfined compressive
strength at different ages was proposed. DOI: 10.1061/(ASCE)MT.1943-5533.0001761. © 2016 American Society of Civil Engineers.
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Introduction

The stabilization of local soils with additive cement agents for
the construction of canal lining, foundations, and pavement bases
presents great environmental and economic benefits, avoiding the
use of borrowed materials. Stabilization improves durability and
soil strength, reduces cost and dust in the work environment, con-
serves aggregate materials, improves soil workability, helps reduce
soil (fine grain) volume change (contraction and expansion) due to
moisture or temperature, and waterproofs the soil. Cementation
plays a significant role in the behavior of soils under applied loads,
and has been investigated extensively around the world. However,
the inclusion of cement agents in soil results in a brittle response
that can be controlled by the application of randomly distributed
fibers (Choobbasti et al. 2014; Kutanaei and Choobbasti 2015a).
Ateş (2016) explored the use of glass fiber–cement as reinforce-
ment to improve the mechanical characteristics properties of sand.
The results showed that the addition of portland cement leads to the
reduction of displacement at failure index and ductility. Moreover,
the utilization of cement increased the stiffness and unconfined
compressive strength noticeably.

Mechanical properties of cemented sandy soils have been
widely studied (Clough et al. 1981; Consoli et al. 2000). In particu-
lar, in case of using cement-stabilized soils at a shallow depth, the
degree of brittle response may be more pronounced due to a low

confining pressure. Adding discrete fiber to soil can provide a
reinforcement mechanism by developing tensile forces that
contribute to the stability of the soil-fibers composite. Several re-
searchers have attempted to explore the impact of randomly distrib-
uted fiber on granular and clayey soils. These studies showed that
fiber reinforcement has its unique advantages. For example, friction
between fiber and soil particles increases the bonding between the
particles of soils and this can increase failure stress, failure strain,
and the peak and ultimate strength of soils (Consoli et al. 2012;
Maher and Ho 1993; Tang et al. 2007). Tang et al. (2016) examined
the effect of fiber contents (FCs), water content, and dry density on
the tensile strength of fiber-reinforced soil. The results showed
that the tensile strength of both unreinforced and reinforced sam-
ples increased with increasing dry density and decreased with in-
creasing water content. In addition, the surface crack reduction
ratio increased with increasing the percentage of fiber.

Consoli et al. (2004) explored the impact of polypropylene (PP)
and polyester (PE) fibers on the mechanical properties of cement-
stabilized soils. They found that the addition of polypropylene fiber
significantly improved the brittle response of cement-stabilized
soils, whereas the deviatoric stresses at failure slightly decreased.
Tang et al. (2007) studied the impact of fiber and cement inclusion
on behavior of clayey soils. Consoli et al. (2010) conducted tri-
axial compression tests to explore the effect of fiber reinforcement
on the mechanical properties of sand. They proposed polynomial
equations to determine residual and peak strength based on per-
centage of fiber, cement content, and confining stress. Dehghan
and Hamidi (2016) investigated triaxial shear response of ce-
mented gravelly sand reinforced with discrete fiber. They founded
that the effect of fiber on triaxial shear strength of cemented grav-
elly sand decreased with the increase in percentage of gravel.
Kutanaei and Choobbasti (2015b) conducted a series of uncon-
fined compressive tests in order to present an empirical equation
for prediction of mechanical behavior of fiber-reinforced ce-
mented sandy soil.
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A nanoparticle is defined as a particle that has at least one
dimension at the nanometer scale (Tavakoli et al. 2014a, b). Luo
et al. (2012) performed several unconfined compressive, swell po-
tential, and California bearing ratio tests in order to investigate the
mechanical characteristics of cohesive soils with sewage sludge ash
stabilized with cement and nano aluminum oxide. They concluded
that the unconfined compressive strength and California bearing
ratio increases and swell potential decreases with an increase in
nano aluminum oxide content. Taha (2009) explored the effect
of nanosoil obtained from ball mill operations on Atterberg limits
and unconfined compressive strength of cemented soil. The results
indicated that the presence of nanosoil resulted in a significant in-
crease in unconfined compressive strength of cement-stabilized soil
and a reduction in Atterberg limits. Bahmani et al. (2014) studied
the impact of nanosilica particles on the hydraulic conductivity,
Atterberg limits, and compressive strength of cement-stabilized
residual soil. Their results showed that addition of nanosilica leads
to the reduction of plasticity index and hydraulic conductivity.
Ghasabkolaei et al. (2016) explored the use of nanoparticles to im-
prove geotechnical properties of cemented clay. They indicated that
adding 1.5% nanosilica improved the unconfined compressive
strength of the cemented clay up to 38% at 28 days curing. Previous
studies also showed the effectiveness of nanosilica inclusions when
it is mixed with cement-based material due to their high activity,

accelerating cement hydration (Kutanaei and Choobbasti 2016;
Choobbasti et al. 2015).

Research Significance

Behavior of fiber-reinforced cemented sandy soil has been widely
studied. However, no attention has been paid to the use of randomly
distributed fiber and cement agenton seismic wave velocity of
sandy soil and relation between seismic wave velocity and uncon-
fined compressive strength. Although nanoparticles can be used for
various purposes, no attention has been paid to the use of nanopar-
ticles as a modifier for fiber-reinforced cemented sandy soil. More-
over, to the best knowledge of the authors, the combined effects of
nanosilica and fibers on the seismic wave velocity of soil has not
been studied yet. The main objective of the present study is to
evaluate the combined effects of fibers and nanosilica on the
mechanical properties of cemented sand. Unconfined compressive
strength and ultrasonic pulse velocity tests were performed and the
effect of these variables on the results is investigated. Moreover,
microstructural properties of cemented sand with nanoparticles
were assessed using atomic force microscopy, scanning electron
microscope (SEM), and X-ray diffraction (XRD).

Experimental Program

One hundred forty-four unconfined compression tests, 144 ultra-
sonic pulse velocity tests, six SEM tests, and two XRD test were
performed to investigate the effects of nanosilica and polyvinyl
alcohol (PVA) fiber on the performance of cemented sand.

Materials

Babolsar fine-grained sand was used in this study. The particle size
distribution curves for Babolsar sand are shown in Fig. 1. A SEM
image of Babolsar sand particles is presented in Fig. 2(a). The ce-
ment agent used in the study was ordinary portland cement Type II.
The chemical and physical properties of cement are shown in
Tables 1 and 2. In this study, amorphous nanosilica with a solid
content of more than 99% is used. Physical properties of nanosilica
particles are presented in Table 3. A SEM image of nanosilica
particles is shown in Fig. 2(b). PVA fibers 0.1 mm in diameterFig. 1. Particle size distribution

Fig. 2. SEM images: (a) sand; (b) nanosilica
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and 12 mm in length are used in research. The properties of the
PVA fibers are presented in Table 4. Distilled water was used
for specimen preparation.

Specimen Preparation

The undercompaction technique was used for specimen preparation
in this study based on the method described by Ladd (1978). The
requisite amount of oven-dried sand was mixed with the desired
amount of portland cement, nanosilica, and an optimum water
content. During the specimen preparation, it was important
to add the water prior to adding the randomly distributed fibers
to prevent floating of the fibers. Fiber was then added and mixed
using an electric mixer. After the mixing process, the mixture was
divided into five portions and stored in a covered container to avoid
moisture losses before compaction. Each portion was transferred
into a 52-mm diameter by 104-mm high split mold and compacted
using a metal hammer until the desired height was reached. The top

of each layer was scratched before adding the next layer to promote
suitable bonding. The tests were conducted on the specimens
with relative density of 80%. Each specimen was extracted from
the split mold and was cured in a humid room at a constant temper-
ature of 25� 2°C and >90% relative humidity for 7, 28, and
90 days. Before tests, the samples were submerged in distilled
water for 1 day (24 h) for saturation to minimize matric suction.
The water temperature was controlled at a constant temperature
of 25� 2°C. Immediately before the unconfined compressive test
and ultrasonic pulse velocity test, the samples were removed from
the water container and dried with an absorbent cloth.

Results and Discussion

Matric Suction

The process of submerging the samples for 1 day (24 h) before the
unconfined compression tests was satisfactory to ensure a repeat-
able and high degree of saturation. The matric suction (capillary
forces) measurements were conducted on specimens after failure
in the unconfined compression tests. The matric suction was mea-
sured in accordance with ASTM D5298 (ASTM 2010a) using the
filter paper method. All the samples were tested in an unsaturated
condition and a certain level of suction might be presented. Matric
suction measurements were performed on certain samples. The ma-
tric suction values ranging from about 0.8 to 4.6% of the uncon-
fined compressive strength (11–230 kPa). Given the small values of
matric suction (capillary forces) measured in these samples, the
small impact on unconfined compressive strength arising from
the unsaturated nature was disregarded.

Secant Modulus of Elasticity and Energy Absorption
Capacity

Unconfined compression tests were performed in accordance
with the ASTM D2166 (ASTM 2010b) test method. The samples
were loaded at a displacement rate of 1 mm=min. The secant
modulus of elasticity (E50) was calculated from one-half of the ax-
ial strain at peak strength (Fig. 3). Energy absorption capacity (EA)
can be determined by calculating the area below the axial stress–
axial strain curve (Fig. 3). To assess the validity of the obtained
results, two samples prepared from each mixing design and tested.
After each test, the average error was calculated. The test results
were considered suitable for presenting if their average error
was less than 5%.

Table 1. Chemical Compositions of Cement

Oxide Percentage by weight (%)

SiO2 21.90
Al2O3 4.86
Fe2O3 3.30
CaO 63.33
MgO 1.15
SO3 2.10
CaCO3 —
LOI 2.40

Table 2. Analysis of Physical Properties of Cement

Property Value

Blaine (cm2=g) 3,050
Expansion (autoclave) (%) 0.05
Specific gravity 3.1
Compressive strength (kg=cm2)
3 days 185
7 days 295
28 days 397

Table 3. Physical Properties of Nanosilica

Property Value

Diameter (nm) 20–40
Surface volume ratio (m2=g) 193
Density (g=cm3) 1.7
Purity (%) >99

Shape White powder

Table 4. Properties of PVA Fiber

Property Value

Specific gravity 1.3
Cut length (mm) 12
Diameter (mm) 0.1
Tensile strength (MPa) 1,078
Young’s modulus (MPa) 25,000
Melting point (°C) 225
Water absorption <1% by weight

Fig. 3. Energy absorption capacity and modulus of elasticity in uncon-
fined compression test
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Fig. 4 shows the variation of E50 with fiber content at different
nanosiliaca content for specimens containing 4% cement. As seen
in this figure, adding fibers to the specimens reduces the secant
modulus of elasticity. This behavior can be explained by the fact
that randomly distributed fibers require an initial deformation to
begin strength mobilization, which results in the reduction of fi-
ber-reinforced cemented soil stiffness. The variation of secant
modulus of elasticity with the nanosilica content (NC) is also
shown in Fig. 4, which shows that an increase in nanosilica up
to 8% increased the secant modulus of elasticity in all specimens.
The reason can be inferred to be the higher density of the cement
part of the specimen, especially in the transmission zone due to the
higher proportion of nanosilica. But by adding more nanosilica, the
secant modulus of elasticity decreases.

Fig. 5 shows the variation of energy absorption capacity by FC
at different axial strains for samples with 4% cement and different
NC after 7 days curing. As can be seen in Fig. 5, at low strain the
energy absorption capacity for a specimen with low percentages of
fiber is greater than that of a specimen with high percentages of
fiber. But at high strain, energy absorption capacity for a specimen
with high percentages of fiber is greater than that of a specimen
with low percentages of fiber. Moreover, Fig. 5 indicates that in

all specimens, when nanosilica content increased to an optimum
value of 8% in the specimen, energy absorption capacity of the
samples was enhanced.

Mechanical properties improvement due to nanosilica increase
up to 8% can be attributed to the following mechanisms:
1. Pozzolanic reaction: A large amount of calcium hydroxide

½CaðOHÞ2� crystals is produced during the cement particles–
water reaction [Eqs. (1) and (2)]. Crystals of calcium hydroxide
were harmful for mechanical properties. Nanoparticles, due to
their high specific surface area (SSA) and reactive attribute, pro-
duce calcium silicate hydrate (C-S-H) gel as a result of reaction
with calcium hydroxide. Calcium silicate hydrate gel fills the
pores to give the cement soil a denser structure and improves
the binding of the matrix. Therefore, the compact calcium sili-
cate hydrate gel is produced, while a pozzolanic reaction pre-
vented more growth of crystals of calcium hydroxide [Eq. (3)].
The density of transition zone increases by filling pores and
thus improves the mechanical properties (Beigi et al. 2013;
Li 2004)

2C3Sþ 11H2O → C − S − Hþ 3CaðOHÞ2 ð1Þ

2C3Sþ 9H2O → C − S − Hþ CaðOHÞ2 ð2Þ

2SiO2 þ 3CaðOHÞ2 → 3CaO · 2SiO2 · H2O ð3Þ

2. Nanofilling impact: Calcium silicate hydrate gel constitutes
70% of hydration productions. The average diameter of particles
of calcium silicate hydrate gel is approximately 10 nm. Nano-
silica, having filling ability, fills the pores in calcium silicate
hydrate gel and makes a condensed adhesive cement matrix
(Li et al. 2006).

3. Nucleus effect: When a low percentage of nanosilica was homo-
genously dispersed in the cement paste matrix, the nanosilica
acted like the nucleus forming as a result of their very high spe-
cific surface area and very high surface energy. Thus, the hydra-
tion trend continued and mechanical properties of the sample are
expected to improve (Li et al. 2005; Bahadori and Hosseini
2012).

4. Controlled crystallization: When the percentage of nanoparticles
and the distance between nanosilica particles are appropriate
(uniform spacing among particles), the crystallization will be
controlled to produce a suitable state by restricting the formation
and growth of calcium hydroxide crystals. This makes the ce-
ment paste matrix more uniform, compact, and homogeneous
(Bahadori and Hosseini 2012).
The mechanical properties of the nanosilica samples decrease

with the increase of percentage of nanosilica from 8 to 12%. There
are two mechanisms for the reduction in mechanical properties
when increasing nanosilica particles more than the optimum
percentage. Nanosilica particles have high specific surface area;
hence, they are likely to form unstable structure and weak zones
in a specimen, which decreases the mechanical properties of spec-
imens. Moreover, increasing the percentage of nanosilica restrains
the suitable formation process of calcium hydroxide crystals in the
transition zone and the cement matrix mechanical properties de-
crease. If calcium hydroxide crystals do not have sufficient growth,
a pozzolanic reaction would not occur and thus cracks appear in the
structure of the sample and the mechanical properties would not
have suitable improvement (Beigi et al. 2013; Li et al. 2006;
Choobbasti et al. 2015).

Fig. 4. Secant elastic modulus, E50, of fiber-reinforced cemented speci-
men with different fiber contents and nanosilica contents for 7 days
curing

Fig. 5. Variation of the absorbed energy with axial strain for different
fiber for 7 days curing

© ASCE 04016230-4 J. Mater. Civ. Eng.

 J. Mater. Civ. Eng., 04016230 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

N
ew

ca
st

le
 U

ni
ve

rs
ity

 o
n 

09
/3

0/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Ultrasonic Pulse Velocity

Seismic wave velocity depends on many parameters such as type of
the cement, specimen age, and specimen length. A nondestructive
test was performed on the samples at the age of 7, 28, and 90 days
for specimens that have 2, 4, and 6% cement content and different
nanosilica and fiber content. Frequencies of transmission pulses
were 50 kHz and travel time was obtained at the microsecond level
and is shown on a digital screen with resolution up to 0.01μs.
Calculating the travel time for the ultrasonic pulses and considering
the specimen length (104 mm), ultrasonic pulse velocity can be cal-
culated by using the following formula:

V ¼ L
T

ð4Þ

where L = distance of propagation of the ultrasonic pulse (km); T =
travel time in the specimen; and V = ultrasonic pulse velocity in the
specimen. The effect of percentage of cement and curing time on
ultrasonic pulse velocity of cemented sand is shown in Fig. 6. The
figure reveals that the ultrasonic pulse velocity increases with in-
creasing the percentage of cement and curing time. As the curing
progresses, reactions occur between the sand particles and the ce-
ment particles. These reactions generally result in an increase in the
stiffness of the cement-treated sand. The ultrasonic pulse velocity
increases with increased stiffness of the cement-treated sand. The
increase in ultrasonic pulse velocity of cemented can be explained
by three reasons:
1. In general, a higher of percentage of cement in the cemented

sand results in greater heat development, accelerating the
strengthening and hydration processes. Cement particles were
apparently the primary bonding agent in the cement-treated sand
mixture, where cement hydration formed a stiffer soil matrix in
the treated samples.

2. The beneficial impact of an increase in interparticle contacts (ul-
trasonic pulse path) in the cement-treated soil has been explored
by several researchers. Chang and Woods (1992) performed a
series of electron microscopy tests on different treated soils with
various kinds of cement agent. They indicated that the mechan-
ism by which the decrease in porosity of mixture influences the
unconfined compressive cement strength of cement-treated sand
is related to the existence of a larger number of interparticle con-
tacts (ultrasonic pulse path). Hence, the specimen with a high

percentage of cement has higher ultrasonic pulse velocity and
unconfined compressive strength.

3. The inclusion of cement led to a higher density and denser struc-
ture, thus providing a suitablewave traveling path. To explore the
impacts of cement content on the maximum dry density of ce-
ment treated sand, standard Proctor compaction tests were done
in accordance with ASTM D698 (ASTM 2010c). A series of
standard Proctor tests were conducted for the sand specimens
containing different percentages of cement. Results on dry unit
weight versus water content for sand and cement treated are pre-
sented in Fig. 7. It can be seen that the maximum dry density of
the cement-treated sand increases with the increase in percentage
of portland cement. This result can be explained by two reasons.
Cement particles have a higher specific gravity (3.1) than sand
particles (2.78), which results in increasing the maximum dry
density when added to soil. On the other hand, cement has
finer grains than sandy soil; hence, the pore within the coarse
aggregate becomes occupied by cement particles and makes a
coherent and dense structure with higher maximum dry density.
The influence of nanosilica content on the ultrasonic pulse

velocity and unconfined compressive strength at the age of 2, 7,
28, and 90 days is shown in Fig. 8. The figure shows that the ultra-
sonic pulse velocity increases with increasing nanosilica content.
The reason can be referred to the higher density of the cement part
of the specimen due to the higher proportion of nanosilica. The
cement part of the specimen is less able to transmit the ultrasonic
pulses; hence, reduced pores and microcracks cause higher veloc-
ity. It can be also seen that the unconfined compressive strength and
ultrasonic pulse velocity increase with increase of the curing time.
The reason can be inferred to be the elimination of microcracks in
the cement part of the specimen and hydration development when
the samples get older. The curve slope decreases with increasing
nanosilica content, which indicates that increasing nanosilica con-
tent causes specimens to have a faster ultrasonic pulse velocity and
unconfined compressive strength.

To further explain the rapid pozzolanic reaction of nanosilica
particles, it can be said that for nanoparticles with unsaturated
bonds the pozzolanic reaction process between nanosilica is as
follows:

≡Si − O −þH − OH → ≡Si − OH ð5Þ

≡Si −þH − OH → ≡Si − OH ð6Þ

Fig. 6. Effect of curing time and cement content on ultrasonic pulse
velocity and unconfined compressive strength for specimen without
fiber Fig. 7. Standard compaction curve
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≡Si − OHþ CaðOHÞ2 → C − S − H ð7Þ
Thus nanosilica particles undergo pozzolanic quick reactions.

By decreasing the size of materials to nanoparticle, many atomic
uneven degrees are made which amplify the chemical reaction.

Hence, nanosilica particles have very high surface energy, which
causes atoms (nanosilica) to react with other external atoms
(hydrated cement) and therefore enhances pozzolanic activity of
nanosilica at low curing times.

Fig. 9 shows the effect of fiber content, nanosilica content, and
curing time on the ultrasonic pulse velocity for samples with 4%
cement. As can be seen, inclusion of 0.3% fiber increases the ultra-
sonic pulse velocity in almost all of the samples for all of the curing
times, but adding more fiber (0.6 and 1%) decreases the ultrasonic
velocity, so the maximum ultrasonic pulse velocity is 2.88 km=s for
the 90-day-old sample with 0.3% fiber added while it is 2.8 km=s
for the sample without fiber at the same curing time (for specimens
without nanosilica). For low fiber specimens (up to 0.3%), the in-
clusion of fibers would fill some of the pores in the cement-sand-
matrix, thus providing a suitable wave travelling path. However,
the further inclusion of fibers beyond 0.3% resulted in a decrease
of ultrasonic pulse velocity. This behavior is explained by the fact
that the addition of fibers to the cement-sand mixture decreases
density. Moreover, the addition of a softer material (fibers) to
the cement-sand mixture creates softer ways along the ultrasonic
pulse path.

SEM photos were used to investigate the homogeneity and dis-
tribution of the fibers in the cement-sand-matrix before testing.
SEM images obtained from cut-up sections of fiber-reinforced ce-
mented sand with 6% cement and 0.6% fiber and cement-treated
sand with 6% cement are presented in Fig. 10. The SEM images
were taken after curing. It can be seen that in the cemented sand
specimen, the sand grains are well coated by the cement particles.
Fig. 10(b) shows that for fiber-reinforced cemented sand, although
prior to the specimen preparation, the mixing was continued until
achieving a uniform fiber distribution throughout the entire ce-
mented sand specimen. However, the SEM photo from the fiber-
reinforced cemented sand specimen reveals that at microscale,
the homogeneity is not as good as observed in the visual inspection.
Hence, the addition of randomly distributed fibers to the cement-
stabilized sand decreases homogeneity and traps the traveling
wave. Moreover, from the SEM photo obtained from the reinforced
cement-stabilized sand sample, it can be seen that the fibers have a
preferred near-horizontal orientation in the cement-sand-matrix,
which is not surprising considering the process of fabrication of
the samples moist tamping during which a static pressure is applied
along the longitudinal axis of the fiber-reinforced cemented sand
sample. Wood et al. (2007) and Ibraim et al. (2012) reported that

Fig. 9. Influence of the specimen age, nanosilica content, and fiber
content on ultrasonic pulse velocity for samples with 4% cement

Fig. 10. SEM image: (a) cemented specimens with cement content of 6%; (b) fiber-reinforced cemented sand with 6% cement and 0.6% fiber

Fig. 8. Effect of curing time and nanosilica content on ultrasonic pulse
velocity and unconfined compressive strength for specimen without
fiber (cement content = 4%)
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such a procedure produces a preferred near-horizontal orientation
of the fibers. Hence, using the moist tamping method for sample
preparation leads to having a preferred near-horizontal direction of
the fibers, i.e., perpendicular to the ultrasonic pulse’s path.

By adding 4 and 8% of nanosilica, the ultrasonic velocity in-
creases, but adding more nanosilica up to 12% would not increase
the ultrasonic pulse velocity significantly. The maximum increase
in ultrasonic pulse velocity belongs to the sample with 12% nano-
silica at the age of 90 days, which is 2.9 km=s, while it is 2.8 km=s
for the control sample without nanosilica particles and fiber at the
same age. The border layer is a border area between cement paste
and the surface of fibers or aggregates or reinforcing elements that
plays an important role in durability, strength, and permeability of
cement-based composite material. Microstructural properties of the
border layer are quite different from the cement paste containing
more microcracks and voids. The thickness of the border layer de-
pends on the type of cement agent, water-to-cement ratio, fibers,
pozzolanic material, and specimen age.

Fig. 11 shows the SEM images of the cemented sand and fiber
surface of the specimens containing 6% cement and 0 and 8%
nanosilica. As can be seen from the SEM images, the fiber surface
of the sample containing nanosilica particles is completely attached
by hydrated products of the cement and sand matrix, which makes
the contribution to bond strength and friction between the fiber and
cemented sand as compared with the sample without nanosilica
particles. In other words, the grooves and pits filled on the fiber
surface constituted an interlock and improved the interactions be-
tween randomly distributed fiber surface and the cement-stabilized
sand particles. If the percentage of nanosilica particles and their
spacing is proper, the formation process of calcium hydroxide
crystals in the transition zone (border area between cement paste
and the surface of fibers or aggregates) decreases, thus the cement
paste matrix and transition zone becomes smoother and denser and
provides a suitable wave traveling path. Finally, it can be concluded
that, regarding hydrated structure of cement thus cement paste with
microscale and nanoscale pores, nanosilica can efficiently fill
nanopores and increase ultrasonic pulse velocity and unconfined
compressive strength of cemented soil. Moreover, nanosilica can
increase the bonding strength of cemented sand–fiber interfaces re-
sults in an improvement of structural properties of the border layer.

The ultrasonic velocity can be used to estimate the strength
of both in situ and precast cemented material. There is no certain
relationship between the ultrasonic pulse velocity and the uncon-
fined compressive strength. The module of elasticity is related to

the unconfined compressive strength and there is a relationship
between the seismic wave velocity, the module of elasticity, and
the density of the specimen, so there is a good reason to determine
the unconfined compressive strength based on the ultrasonic pulse
velocity. Previous studies showed that the relationship between
the ultrasonic velocity and unconfined compressive strength can
be estimated by the following equation:

UCS ¼ A · eðBVÞ ð8Þ
where UCS = unconfined compressive strength; V = ultrasonic
pulse velocity (km=s); and A and B = empirical constants
(Ravindrarajah 1997). The function relationships between the
ultrasonic velocity and the unconfined compressive strength for
all of the fiber reinforcement samples that contain different nano-
silica content and cement content regardless of their curing time
are defined and shown in Fig. 12.

Scanning Electron Microscope

The microstructure of the samples containing 6% cement and 8%
nanosilica for 90 days curing was analyzed by scanning electron
microscopic. The middle (central) parts of the samples were taken
for investigation of their micromechanical analysis (scanning

Fig. 11. SEM image: (a) specimen without nanosilica; (b) specimen containing 8% nanosilica

Fig. 12. Relationship between the pulse velocity and compressive
strength
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electron microscope image). The surface of the scanning electron
microscope sample was cleaned before mounting the sample. The
homogenous and uniform structure improved the strength of the
soil-cement mixture containing nanosilica compared with the speci-
men without nanosilica. The SEM micrographs of the samples con-
taining 6% cement and 8% nanosilica for 90 days are shown in
Fig. 13. As can be seen from the SEM images, the microstructure
of the sample containing nanosilica particles appeared quite dense
and compact with relatively less pores and more homogeneous
structure as compared with the sample without nanosilica particles.
It may reflect the formation of secondary calcium silicate hydrate
gel in reactions between the nanosilica particles and the cement. It
can be seen that SEM micrograph results confirm the unconfined
compressive strength and ultrasonic pulse velocity results and fur-
ther confirmed that the reactions between the nanosilica particles
and the cement products have a positive effect on the behavior of
cement-sand mixtures.

X-Ray Diffraction

An X-ray diffraction test was conducted to have a suitable criterion
for assessment of pozzolanic activity of nanoparticle. An X-ray dif-
fraction test was conducted on the samples without fibers which
have 0 and 8% nanosilica and 6% cement content at the age of
90 days. Fig. 14 shows the XRD graphs of samples with 6% cement
and without nanosilica and with 8% nanosilica for 90 days curing.
The presence of the calcium silicate hydrate phase could be con-
firmed by the presence of peak at 2θ ¼ 29° and peaks at 2θ ¼ 18°
and 2θ ¼ 33°, which are related to the calcium hydroxide phase
(Bahmani et al. 2014). As seen in Fig. 14, the addition of nanosilica
to the matrix cemented sand reduced the intensity of the peaks
attributable to the formation of calcium hydroxide and increased
the intensity of the peaks attributable to the formation of calcium
silicate hydrate. This result indicates that pozzolanic activity of
nanosilica particles efficiently reduced calcium hydroxide forma-
tion in the cemented sand samples. The reduction in calcium
hydroxide formation and increase in the amount of calcium
hydroxide makes the cement past matrix and transmission zone
more uniform, compact, and homogeneous. The results from the
X-ray diffraction test may well explain the increased unconfined
compressive strength and ultrasonic pulse velocity of samples con-
taining nanosilica.

Conclusion

This research evaluated the impacts of nanosilica particles and ran-
domly distributed fibers on the mechanical properties and ultra-
sonic pulse velocity of cemented sand. Other limitations linked
to cement agent, soil, nanoparticle, and fiber cement were investi-
gated. Further research is still necessary to check if such a result
might be spread to other fibers (e.g., nylon, glass, polyester, and
polypropylene), nanoparticles (nanoclay, carbon nanotube, nano
alumina, nano copper), soils (e.g., silt, loess, and clay), as well
as to other cement agents, such as lime, cement kiln dust, lime
fly ash, gypsum plaster, and calcite cement. The obtained results
can be summarized as follows:
• The inclusion of portland cement to the sandy soil increased the

secant modules of elasticity and compression strength and chan-
ged the sand behavior to a noticeably more brittle behavior.

• Inclusion of randomly distributed fiber causes an increase in the
energy absorption capacity and compression strength in the ce-
ment-stabilized soil. In addition, the secant modulus of elasticity
decreases with increasing fiber content.

• When the percentage of nanosilica is increased up to 8% of the
cement agent weight in the samples, there was a significant in-
crease in ultrasonic pulse velocity. This was due to filling and

Fig. 13. SEM images of the specimen for 90 days curing: (a) specimen without nanosilica; (b) specimen containing 8% nanosilica

Fig. 14. XRD patterns of the concrete samples containing 0 and 8%
nanosilica
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pozzolanic effects of nanosilica particles in transmission zone
and cement paste matrix. Moreover, the older the specimen
is the higher the ultrasonic pulse velocity will be. In addition,
the proposed equation by Ravindrarajah (1997), which was an
exponential relationship between unconfined compressive
strength and ultrasonic velocity in concrete, has been adapted
for the fiber-reinforced cemented sand containing nanoscilica.

• It seems that adding 0.3% fiber increases the ultrasonic velocity
in almost all of the specimens for all of the curing times, but
adding more fiber (0.6 and 1%) decreases the ultrasonic pulse
velocity. Moreover, the ultrasonic pulse velocity increases with
increase of the curing time.

• The obtained results from the scanning electron microscopic
indicated that the surface of the specimen containing the nano-
silica was more uniform and compact than that without nano-
silica, which causes improvement of the mechanical properties
of the cemented sand.

• Results of X-ray diffraction graphs and its calcium hydroxide
peaks reveal that the addition of nanosilica particles to the ma-
trix cemented sand reduced the intensity of the peaks that are
attributable to the formation of calcium hydroxide and nanosi-
lica’s pozzolanic activity.
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