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Abstract

The main goal of this research is to study the failure behavior of cement-fiber-treated sand under triaxial direct tension condition 

tests. Thus, a new loading system and triaxial cell was designed and built for tensile loading. Samples were prepared with content 

cement of 3 and 5% (dry wt.) of the sand, while two types of polypropylene fibers 0.024 m in length and 23 μm and 300 μm thick were 

added at 0.0% and 0.5% (dry wt.) of the sand and cement mixture. After a seven-day curing period, the samples were loaded under 

triaxial direct tension tests under confining pressures of 100, 200, and 300 kpa in drained conditions. Stress-strain behavior, changes 

in volume and energy absorbed by cement-fiber reinforced sand were measured and compared with the results of other studies. 

Adding fibers resulted in reduced peak deviatoric stress and increased residual deviatoric stresses of the cement-fiber reinforced 

sand, with changes from brittle to ductile behavior. The initial stiffness and stiffness at 50% maximum tensile stress of the samples 

is decreased with the addition of fibers and with an increase in fiber diameter, the reduction rate of this stiffness is more evident. 

The absorbed energy for fibers with a thickness of 23 μm is less than fibers with a thickness of 300 μm. The effect of adding fibers to 

strength parameters showed that the cohesion intercept decreases, while the internal friction angle increases.

Keywords

cement-treated sand, artificial fibers, triaxial direct tension, strength parameters

1 Introduction
Nowadays, with regard to the acceptance and utilization of 
economical additives in problematic soil, construction on 
loose and soft soils has also had significant growth. From 
many years ago, different techniques have been used for 
refining the mechanical characteristics of soil, such as the 
injection of calcium oxide, cement, tar and etc. Today, new 
additives such as nano-materials and artificial polymers 
have resulted in the development of physical and mechan-
ical features of the cement-soil system more than ever 
before. One of the important issues in designing geotech-
nical structures related to the cement-soil system is ten-
sile stress from bending moment, which expands in these 
structures. Following dynamic experiments on centrifuge 
models and also finite element analysis on lattice-shaped 
walls with adequate performance in reducing liquefaction, 
it is observed that by creating strong shaking events, ten-
sile cracks appear in the cement-soil wall resulting from 
bending. These observations signify the importance of 
evaluating the tensile behavior on cement treated soil in 

the cement-treated column design process and the lat-
tice-shaped walls. Therefore, in order to prevent failure 
and weakness resulting from cement-treated soil under 
tension, one of the suggested methods is to use new addi-
tives such as artificial fibers. For example, in stabilizing 
the cement-treated soil column and lattice-shaped ground 
improvement, which are usually used for reducing the 
construction costs, bending tensile failure created from 
external loads in the cemented soil are the main factors in 
the stabilization plan of these soil types [1, 2].

In addition, regarding the centrifuge model experiments 
for soil columns stabilized with cement under embankment 
loading, it was observed that due to the tension mechanism 
created from bending, bending tensile failure is induced 
in the cement-treated columns because of the embankment 
loading. Soil stabilization has been achieved through lat-
tice-shaped walls by using cement as the method to reduce 
liquefaction. The adequate performance of this method was 
proven in 1995 during the Hyogo-ken Nanbu earthquake. 
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Research conducted and the finite element analyses have 
shown that high magnitude earthquakes enhance tensile 
rupture in the corners of lattice-shaped walls. [3]

Also, dynamic centrifuge experiments to evaluate 
strengthening factors of lattice-shaped walls in the cement-
soil system on the seismic response of soft soil profiles car-
ried out at depth indicate the strong movement to be the 
reason for tensile cracks in the cement-soil wall [4]. 

The creation and expansion of cracks in material con-
taining cement results in techniques that can be consid-
erably helpful in improving the behavior of composite 
material containing cement. One of these techniques is 
the addition of artificial fibers to the composite system. 
Artificial fibers are considered as reinforcement elements 
and result in reduced cracking. Observations made from 
research show that artificial fibers do not only directly 
control the cracking, but also improve the post-cracking 
mechanical properties. Such techniques are significant 
due to improved mechanical properties of soil, such as 
increased shear resistance, ductility, energy adsorption, 
strength against fatigue and impact [5, 6]. 

Stabilization of soil by means of cement has been exten-
sively used for structural foundations, exclusion methods 
against liquefaction, retaining walls during excavation, 
and other cases. Extensive studies have been conducted 
by numerous researchers in this field [7–10]. Most of these 
studies are based on results from triaxial compression 
tests which indicate that with an increase in the percent-
age of cement in soil, its brittleness and dilative behavior 
will increase until the point of peak shear strength and 
by increasing confining pressure, the behavior will tend 
towards strain softening. [11–14].

According to a study conducted by Namikawa and 
Koseki [15], by using numerical simulation on three types 
of direct tension, splitting tension and bending tests, and 
by designing a new tool for measuring concrete tension 
resistance in a study carried out by Sarafrazi et al. [16], 
it was shown that the direct tension test yields more real-
istic results compared to other methods. In order to show 
the failure criterion of cement-treated soils under tensile 
behavior, it is necessary to conduct experimental tests so 
that tensions can be adequately controlled in three-dimen-
sional conditions. Therefore, in 2017, the failure behav-
ior of cement-treated soil under triaxial tension tests was 
carried out by Namikava et al. [17]. Overall results of 
their experiments showed that the stress strain relation-
ship of the drained triaxial tension tests with high confin-
ing pressure (at about 400–500 kpa) is similar to triaxial 

compression tests at low confining pressure. In fact, it can 
be concluded that the failure of cement-treated soil in the 
above-mentioned conditions occurs at shear mode. 

The behavior of fiber-reinforced sand has also been 
studied by some researchers [18–20]. The results of these 
studies show that adding fibers to sandy soils results in 
enhancing the peak shear strength level and also increases 
soil ductile behavior [21–24].

The simultaneous effects of both cement and fibers on 
the mechanical behavior of sandy soil have been studied by 
a group of researchers [25–34], among which the work by 
Consoli et al. [26–30, 34] can be referred to. In their study, 
by conducting triaxial compression tests it was observed 
that adding fibers to cemented soil could increase peak and 
residual shear strength and reduce residual dilation [25–28]. 
Overall, artificial fibers are resistant towards tensile rup-
ture and have considerable features in improving compos-
ite material ductility [32–34]. In 1993, Maher and Ho [25] 
have reported a number of studies regarding the effect of 
cement and artificial fibers on the mechanical behavior of 
sandy soils. They have conducted static and dynamic tri-
axial compression tests and the Brazilian test on cement-
treated sands with randomly distributed artificial fibers and 
reported the highest shear strength and energy absorption 
for fiber containing soils. In addition, by carrying out split 
tensile tests in 2011, Consoli et al. [34] showed the effect of 
porosity and cement and the voids/cement ratio on evalu-
ating cement-treated soil tensile strength with and without 
fibers. Their results indicated that adding fiber results in 
enhancing split tensile strength [34]. This study is among 
the very few studies conducted on evaluating sand tensile 
strength reinforced with cement and fibers.

In all previous studies related to evaluating compres-
sive strength and specifically tensile strength, the effect 
of confining pressures and also direct tensile strength of 
cemented samples and those with added fibers were not 
considered and were not evaluated. Overall, artificial fibers 
are strength towards tensile failure and fracturing and have 
considerable features in improving composite material duc-
tility. Therefore, the aim of this research with regard to lat-
tice-shaped ground improvement and cement-treated soil 
columns, which are stabilized by cement-soil systems, is 
failure due to governing tension. Also, implementing this 
system at great depths, simulating soil elements in-depth, 
and evaluating the effect of confining pressures of soil in 
this type of study by using triaxial tests is more appropriate. 
In this study, in order to increase the cement-soil system, 
tensile strength polypropylene polymer fibers were used. 
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As indicated by Namikawa et al. [17], using triaxial direct 
tension tests shows that the percentage of cement and con-
fining pressure in tensile and shear failure mode are effec-
tive. In this study, with regard to adding polypropylene 
fibers to the samples, the drained triaxial tension test was 
carried out in order to evaluate the tensile and shear fail-
ure mode, peak and residual tensile strength, changes in 
volume, and determining The initial stiffness of the sam-
ple against variables such as changes in fiber diameter, con-
fining pressure, percentage of fiber and cement on devia-
toric stress-axial strain behavior and changes in volumetric 
strain-axial strain, The brittleness index, and energy absorp-
tion potential of this type of composite materials.

2 Experimental process 
2.1 Sand, cement and fiber
The sand used in this research is uniform sand from the city 
of Ardebil, Iran, which was used after washing and drying. 
Fig. 1 shows granulated sand obtained at CC = 1 and CU = 2.3 
according to ASTM standard [35]. Therefore, poorly graded 
sand is categorized with the group symbol (sp).

The cement used is of Portland Pozzolana Type I from 
Ardebil Cement factory, the physical and mechanical 
characteristics of which are given in Table 1. Two types 
of polypropylene fiber have been used in order to evaluate 
the effects of fiber diameter in these experiments

In this study, two types of fibers with different diameters 
were used. Both fibers have a specific weight of 0.91 g/cm3, 
length of 24 mm, tensile strength of 400000 kpa, Type I fiber 
thickness of 23 μm and Type II fiber thickness of 300 μm. 
Macro synthetic fibers are made of refined polyolefin poly-
mers, but micro synthetic fibers are made of 100 percent 
polypropylene polymer. The most distinctive features are 
their diameter, tensile strength, the aspect ratio of fiber 
(length/diameter), number per kg according to Table 2.

2.2 Sample preparation process
The amount of sand and cement needed for each sample 
was combined with 10 percent kaolin clay and 20% dis-
tilled water; cement weight was calculated at 3 and 5 % of 
the weight of dry sand and weight of fibers at 0 and 0.5% 
of the dry sand and cement weight and was added in equal 
portions to the sand and cement mixture. In the preparation 
phase, distilled water was initially added to the kaolin, and 
after the homogenous suspension was formed, it was added 
to the mixture of dry cement and sand. Clay was used as 
prevention for the separation of sand particles with a prob-
ability of passing through the 200 sieves at less than 2% so 
that the resulting mixture would be homogenous [17].

In this study, the density method proposed by Ladd [36] 
was used. The sample was prepared in eight layers and the 
composite soil of each layer was calculated and condensed 
until reaching the objective density. [36] 

After being combined in one split cylindrical mold 
according to Fig. 2 using the vibration method, they were 
compressed. The mold height is 140 mm, with a diameter 
of 50 mm at the front and end of the mold and 45 mm in 
the middle. The length of the sample with a thickness of 
50 mm is 25 mm and the section with 45 mm thickness is 
50 mm long. The length of the section in which diameter 
changes from 50 mm to 45 mm, is considered as 20 mm. 
Specimen geometry is shown in Fig. 3.

Fig. 1 Gradation curve of the base soil

Table 1 Physical properties of Cement

Object Range

Autoclave 0.2

Blain 3000

Setting Time (min)

Initial 120

Final 180

Compressive strength (MPa)

3 days 220

7 days 320

28 days 400

Table 2 Physical properties of Fiber

Typing Fiber type I Fiber type II

Material Micro Synthetic Macro Synthetic 

Tensile Strength 400000 kpa 570000–660000 kpa

Diameter 23 μm 300 μm

Aspect Ratio 600–1200 30–120

Number per kg <100000000 53800

Color Glossy white Gray
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Samples were cured for five days after being removed 
from the mold in wet conditions and were kept in distilled 
water for 24 hours in order to increase their saturation 
level. In the triaxial drained experiment, samples are iso-
tropically consolidated for approximately one day in order 
for the curing time to reach seven days. The uniaxial ten-
sile strength (without confining pressure) of the provided 
samples has been obtained using the above method, with 
an added day of curing time as shown in Table 3.

2.3 Experimental setup
The image of the device used in the tensile test is sche-
matically given in Fig. 4. In fact, this device was initially 
designed by Koseki et al. [37] and in this study, with changes 
in loading systems, pressure cell and measurement system 
of strain and volume change are re-designed. In this device, 

the specimen is placed between two holders. Gypsum is 
used as an adhesive material for filling the gap between the 
specimens and the holder in order to transmit tensile forces 
during the loading process. The holders are connected to the 
upper and lower base with ball joint connections in order to 
prevent a bending moment on the specimen. 

As it was previously mentioned, the direct tensile test 
has more realistic results compared to cement-treated sand 
tensile strength. [19] In order to reduce error resulting from 
shaft bearing friction and the cover above the cell from the 
two-part sealing system, an oring was placed at the bottom 
and in the inner wall of the covering. The tensile force was 
measured by using an external electronic power meter. Axial 
displacement is achieved by Linear Variable Differential 
Transformer (LVDT) and the cross-sectional area of the 
sample is modified according to the axial strain. Changes 
in the volume were evaluated using the Burrette volumetric 
measuring device due to insignificant changes in the sam-
ple volume from tensile forces, whereas back-pressure is 
applied in this device. The figure of the device used during 
the triaxial tensile test is provided in Fig. 5.

After placement in the cell, the sample is surrounded 
a latex membrane and then saturated using the double vac-
uuming method or dry setting method [38].

All specimens reached saturated conditions by apply-
ing back pressures between 190 to 240 kPa. Skempton's 
B-value obtained for all experiments was at least 0.75 [39].

Table 3 Summary of uniaxial tensile strength test results in present study

CCa FCb TFc Tf (kpa)

3 0 - 44

3 0.5 I 41

3 0.5 II 39

5 0 - 104

5 0.5 I 95

5 0.5 II 90
a Cement content.(%); b Fiber content.(%); cType fiber

Fig. 3 Specimen geometry

Fig. 2 Split cylindrical mold

Fig. 4 Schematic diagram of the triaxial tensile test device
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After applying back-pressure, the triaxial tension exper- 
imental specimens were consolidated for 24 hours in iso-
tropic pressure. In all experiments, effective confining 

pressure was applied at 100, 200 and 300 kPa. Then, 
at a very low loading rate of 0.005 mm/min, they were 
loaded in drainage form. In order to prevent excess pore 
pressure during loading, the loading rate was considered 
at a minimum and an attempt was made to stabilize the 
pore pressure during loading.

3 Experimental results
In this study, the cement-fiber-treated sand tensile behav-
ior was evaluated using triaxial direct tension tests. The 
summary of these tests is provided in Table 4. Overall, 
23 experiments were conducted, a number of which were 
repeated for validation. In Table 4, the amount of divia-
toric stress (q) and mean stress (p') are calculated accord-
ing to Eq. (1) and Eq. (2) below, in which σ1' is effective 
major stress and σ3' is minor principal stress:

q = ′ − ′σ σ
1 3

, (1)

′ =
′ + ′

p
σ σ
1 3
2

3
. (2)

Fig. 5 Triaxial tensile test device

Table 4 Summary of triaxial direct tension test results in present study

CC FC TF CPa Deviatoric stress (kpa) Mean stress (kpa) Volumetric strain (%) Axial strain (%)

At failure Residual state At failure Residual state At failure Residual state At failure Residual state

3 0 - 100 -196 -104 35 65 -0.037 -0.45 -0.41 -1.07

3 0 - 200 -277 -191 108 136 0.035 -0.86 -0.45 -1.32

3 0 - 300 -365 -278 178 207 0.029 -0.22 -0.49 -0.89

3 0 - 300 -364 -282 179 206 0.060 -0.10 -0.46 -0.73

3 0.5 I 100 -172 -160 43 47 -0.601 -1.61 -0.61 -1.51

3 0.5 I 200 -258 -240 114 120 -0.303 -1.21 -0.66 -2.18

3 0.5 I 300 -311 -293 196 202 -0.031 -1.35 -1.00 -3.26

3 0.5 I 200 -245 -222 118 126 -0.330 -1.45 -0.77 -2.33

3 0.5 II 100 -148 -123 51 59 -1.800 -1.80 -1.40 -4.50

3 0.5 II 200 -239 -192 120 136 -1.050 -1.43 -2.06 -4.39

3 0.5 II 300 -320 -292 193 203 -1.190 -1.60 -2.51 -4.76

5 0 - 100 -211 -95 30 68 -0.229 -0.66 -0.58 -1.01

5 0 - 200 -346 -164 85 145 -0.100 -0.63 -0.44 -1.25

5 0 - 300 -431 -240 156 220 -0.050 -0.53 -0.56 -1.46

5 0 - 200 -316 -172 95 143 -0.090 -0.43 -0.42 -1.22

5 0 - 300 -450 -232 150 223 -0.050 -0.33 -0.55 -1.47

5 0.5 I 100 -186 -165 38 45 0.110 -1.62 -0.38 -3.02

5 0.5 I 200 -333 -313 89 96 0.120 -0.99 -0.70 -3.03

5 0.5 I 300 -406 -369 165 177 0.110 -1.06 -0.68 -5.54

5 0.5 II 100 -191 -157 36 48 -2.160 -2.68 -5.86 -9.97

5 0.5 II 200 -299 -267 100 111 -1.860 -2.00 -8.58 -11.56

5 0.5 II 300 -364 -328 179 191 -0.900 -1.80 -8.89 -12.09

5 0.5 II 200 -322 -256 93 115 -2.150 -3.10 -4.77 -7.20
a Confining pressure
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3.1. Mode of failure
Fig. 6 shows the impact of effective variables on failure 
and increase in shear band. As it is seen, in both specimens 
without fibers, the fracture surfaces of the specimens are 
approximately perpendicular to the applied tensile stress, 
which shows that the fracture mode might be of tension 
type. In case of an increase in confining pressure this behav-
ior would probably transform from tensile fracture to shear 
fracture. The shear bandwidth in all cement-treated samples 
increases due to added fibers and fiber thickness increases 
due to strain localization. It should be noted that fibers in 
combination with cement begin to operate after certain dis-
placement. On this basis, in samples with Type II fibers, 
due to the increase in surface contact with soil particles 
and involvement of fibers with tensile forces, they begin to 
stretch and with regard to the content of the cement bond 
with fibers, other parts of the sample are placed under ten-
sion and result in multiple fractures. In this type of fracture, 
while the shear band has a slope, its width also increases. 
In type II fibers, the shear bandwidth reduces with an increase 
in cement and rises with an increase in confining pressure. 

It can be concluded that in order to use maximum tension 
capacity in cemented-soils with an increase in cement per-
centage, fiber diameter also increases accordingly.

3.2 Stress-strain and volume change behavior
The axial stress-strain curve and volumetric strain-axial 
strain curve diagrams of all experiments are shown in 
Figs. 7 and 8 based on the percentage of cement and type  
of fiber. According to these results, it can be concluded 
that the initial stress-strain relationship related to all dia-
grams has a similar curve. Fracture type in cement-treated 
sand without fiber is similar in both cements at 3% and 5%. 
In these specimens, after initial hardening-strain, the dia-
gram reaches a peak state at strain of less than 0.5% and is 
suddenly fractured and shows brittle behavior. Basically, 
the bonded structure effects include an initial harden-
ing behavior and then an increasing plastic deformation, 
which eventually results in soil fracture. 

However, this mechanical behavior of composite soils 
has been shown by Consoli et al. [27] for the compression 
condition. With regard to the essence of fiber, introducing 
fibers to cement composites might reduce to fracture and 
this effect enhances by applying longer fibers. Also, Stacho 
et al. [40] showed that adding geogrid to grained materials 
reduces shear strength and increases deformation. As it is 
observed in Figs. 7 and 8, adding fibers results in reduced 
peak for fiber specimens. A possible explanation for this 
condition is that increasing fiber length in soil can result in 
increased surface contact between soil and fiber and hence 
more fortification due to the friction between fiber and soil. 
On the other hand, by adding fibers such as polypropylene 
along with cement, part of the pores was filled with fiber 
instead of cement and the hardening resulting from cement 
decreases due to reduced cement bonds between soil grains. 

The effect of fiber diameter in sections b and c of Fig. 7 
and Fig. 8 shows that with an increase in fiber diameter, 
the brittleness rate resulting from cement is reduced. In 
Fig. 8(b), due to the high content of cement bond in 5% 
cement and the low diameter of type I fiber, brittle behavior 
resulting from cement has a relatively stronger effect and 
the curve has a peak similar to sample without fiber and 
after sudden fracture, matrix interface fibers get involved 
and the extensible fibers result in elongation and increased 
residual strength. This fracture mode was not observed in 
thicker type II fibers. Fig. 8(c) indicates that due to strain 
localization on the fracture point of the sample and coordi-
nated bearing by both sections of the cement bond and fiber 
involvement, behavior becomes considerably more flexible. 

Fig. 6 Fracture mode: (a) CP = 300 Kpa, CC = 3.0%, FC = 0.0%; 
(b) CP = 300 Kpa, CC = 5.0%, FC = 0.0%; (c) CP = 200 Kpa, 

CC = 3.0%, FT = TYPE I; (d) CP = 300 Kpa, CC = 5.0%, FT = TYPE II; 
(e) CP = 100 Kpa, CC = 3.0%, FT = TYPE II; (f) CP = 200 Kpa, 

CC = 5.0%, FT = TYPE II



390|Isazadeh-Khiav et al.
Period. Polytech. Civ. Eng., 66(2), pp. 384–397, 2022

Evaluation of final residual strain shows that the exis-
tence of polypropylene fibers results in its increased 
amount in cement-treated sands and the greater the diam-
eter of fibers, this rate also increases due to increased sur-
face contact of fiber with soil grains, while the absorbed 
energy and hence cemented soil ductility also increases.

In a comparison of sections related to volumetric strain 
and changes in axial strain in Fig. 7 and Fig. 8, it can be 
observed that samples show a very insignificant dilative 
behavior and after failure the increase in samples volume 

behavior increases similar to the axial strain. The greater 
the increase in percentage of cement, diameter of fiber 
and confining pressure, the volumetric strain axial-strain 
curves become flatter.

The brittleness index (IB) defined by Consoli et al. [26], 
which is presented as the Eq. (3), can be an index for eval-
uating the brittle behavior of materials used:

I
q
qB = −max

res

1 . (3)

Fig. 7 Stress-strain and volume change behavior with 3.0% cement; (a) FC = 0.0%; (b) FC = 0.5%, TF = I; (c) FC = 0.5%, TF = II



Isazadeh-Khiav et al.
Period. Polytech. Civ. Eng., 66(2), pp. 384–397, 2022|391

In which qmax and qres are the peak and residual devia-
toric stresses, respectively. The relationship between brit-
tleness index and confining pressure with regard to per-
centage of cement and type of fiber is shown in Fig. 9. Both 
figures show that with an increase in confining pressure, 
the brittleness index decreases, specifically for cement-
treated sand without fiber, and this reduction is not sig-
nificant when the fibers are added. In Fig. 9(a), for sand 
with 3% cement and fiber, the brittleness index in a con-
fining pressure of 100 kPa is less than 200 kPa, which is 
due to tearing of the membrane during experimentation. 

This occurrence is usually due to the large shear band 
in strains above 3% with regard to the focus of stress on 
the membrane in the location of shear band. However, 
the conclusion made from this diagram is that the reduc-
tion in brittleness index in fibers with a greater diame-
ter is a little bit more than fibers with smaller diameter. 
Overall, it can be concluded that two parameters of con-
fining pressure and fibers result in a reduced brittleness 
index of cement-treated sand and with an increase in both 
parameters, especially fibers, the brittleness of materials 
considerably decreases. 

Fig. 8 Stress-strain and volume change behavior with 5.0% cement. (a) FC = 0.0% (b) FC = 0.5%, TF = I (c) FC = 0.5%, TF = II
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Fig. 10 shows the effects of peak deviatoric tensile 
stress versus the fiber aspect ratio logarithm (fiber length 
divided by fiber diameter) in order to consider the effect 

of fiber diameter, cement percentages and changes in con-
fining pressure. As it was previously mentioned, due to 
the decrease in cement bond by adding fibers, the ultimate 
deviatoric stress decreases and more interestingly, with 
an increase in aspect ratio (reduced fiber diameter) the 
drop becomes negligible. This might be because with an 
increase in aspect ratio of fiber, the reduction in cement 
bond is considerably lower.

It is well known that fiber results in reduced peak 
deviatoric tensile stress of cement-treated sand, while it 
increases strain in peak deviatoric tensile stress and resid-
ual deviatoric tensile stress. If we pay closer attention 
to Fig. 11, we will notice the effects of fiber on strain in 
peak deviatoric tensile stress. The simultaneous effect of 
cement percentage and fiber diameter on increases of strain 
in peak deviatoric tensile stress is 70% more than other 
parameters. Certainly, due to the accumulation of cement-
treated grains and the formation of bigger grains, the rate 
of friction and involvement with thicker fibers enhanced. 
The effect of increases in confining pressure in both 3 and 
5% cement is approximately the same and with an increase 
in confining pressure, peak strain also increases.

Fig. 9 The effects of brittleness index versus confining pressure and 
type of fiber; (a) CC = 3.0%; (b) CC = 5.0%

Fig. 10 Changes in tensile strength against confining pressure and type 
of fiber; (a) CC = 3.0%; (b) CC = 5.0%

Fig. 11 Axial strain changes in failure stress with changes in confining 
pressure and type of fiber; (a) CC = 3.0%; (b) CC = 5.0%
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3.3 Stiffness
In defining initial stiffness, and stiffness in 50% tension 
and maximum tensile stress, secant stiffness was used. 
Secant stiffness is equal to the slope of the connecting line 
from the center of the stress-strain curve to a point on the 
curve at the considered stress or strain. Fig. 12(a) shows 
the changes in initial stiffness against effects of fiber type 
and confining pressure for samples with 5% cement. As it 
is observed, initial stiffness is reduced with the addition 
of fibers and this reduction is much greater for fibers with 
greater diameter. Considering that after initial deforma-
tion, polypropylene fibers accumulate in order to con-
front probable stresses, thus fibers with thicker diame-
ter become involved in lower stresses and result in more 
reduced stiffness of cement-treated sands. 

In order to compare the effects of fiber on stiffness by 
considering greater stress, secant stiffness for 50% maxi-
mum tensile stress was carried out (E50%). Fig. 12(b) shows 
changes in stiffness compared to changes in fiber diame-
ter and confining pressure. As observed in this figure, the 
effects of fiber diameter on reducing stiffness by 50% the 
maximum tensile stress for fibers with greater diameter is 
completely evident and shows that with an increase in fiber 
diameter, initial stiffness and stiffness in stress of 50% 

reduces by 30 to 50% depending on the confining pres-
sure. According to Figs. 7(a) and (b), with an increase in 
confining pressure, initial stiffness and stiffness in tension 
at 50% of the maximum tension increases. Overall, it can 
be concluded that the addition of fiber reduces cement-
treated sand samples stiffness, indicating ductile behavior.

3.4 Energy absorption
In this study, in order to evaluate the brittle and ductile fail-
ure modes, the concept of toughness was used, which indi-
cates the capacity of materials in the amount of absorbed 
energy and transformation in plastic before failure. With 
regard to the static experimental conditions, toughness is 
equal to the area below the stress-strain curve up to the 
failure point. Failure point was defined as the amount of 
reduced stress from peak stress by 25% [41]. In a number 
of tests, since perforation of the membrane tension does not 
reach the failure point, the remaining residual stresses were 
considered as failure stress. Fig. 13 shows the changes in 
energy absorption with regard to variables including fiber 
diameter, confining pressure, and percentage of cement. 
According to the Fig. 13, absorbed energy for 5% cement is 
greater than 3% cement and with an increase in confining 
pressure, absorbed energy increases greatly. The effect of 
fiber diameter and confining pressure on energy absorption 
is noteworthy in this diagram.

With an increase in confining pressure and fiber diam-
eter, the energy absorption rate increases compared to 
fibers with lower diameter, especially in 5% cement. This 
might be interpreted such that when confining pressure 
increases, friction between cement-treated soil grains and 
fiber increases. On the other hand, tensile forces increase 
energy absorption due to the adequate tensile resistant 
characteristic of fiber. This issue will intensify when fiber 
diameter grows and will result in more cement-treated soil 
grains to accumulate for confronting applied tensile stress.

Fig. 12 Changes in initial stiffness and Stiffness at 50% tension 
strength of samples with 5% cement with changes in confining pressure 

and type of fiber
Fig. 13 Changes in energy absorption up to failure point versus effects 

of fiber diameter
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This is while the fracture mode diagram shown in Fig. 6 
indicates that the fiber overlap along the length of the sam-
ple and its fracture from the weakest point has resulted in 
rapid friction of fibers with applied tensile stress and frac-
ture spreads to other parts of the sample, which occurs in 
numerous parts of the sample, causing maximum energy 
adsorption. 

Fig. 14 shows the effects of normalized energy adsorp-
tion in each strain divided by the overall energy absorbed in 
3% strain in cement content of 5% and confining pressure 
of 100 Kpa. The sample slope without fiber changes after 
0.8% strain and continues with a stable slope, which indi-
cates the higher energy absorption rate at low strain. This 
is while the slope of diagrams with fiber is more uniform 
and with an increase in axial strain, absorbed energy also 
increases accordingly. If a line is depicted parallel to the 
horizontal axis at any height of Fig. 14, it can be concluded 
that the energy absorption rate in each strain for fibers with 
bigger diameters will be greater than smaller diameters and 
both will be greater than the sample without fiber.

3.5 Failure envelopes and strength parameters
Fig. 15 shows the failure envelopes resulting from direct 
tension in triaxial conditions with linear regression. The 
failure envelopes might not be linear for cement-fiber rein-
forced sand. However, with regard to adequate regression 
of above 90 percent, it can be a good estimate of cement-fi-
ber reinforced sand parameters. By comparing the inter-
nal friction angle and cohesion intercept for cement-fiber 
reinforced sand at different diameters in Fig. 16, it can be 
concluded that by adding fibers, cohesion decreases and 
this decrease is greater for thicker fibers. The reason for 
a reduction in cohesion factor might be the reduced bond 
between soil grains due to fibers and in fact connections 
from cement due to added fiber have become less and 

reduced the cohesion factor. With an increase in fiber diam-
eter, this reduction will be greater whereas for type 2 fibers, 
almost 15% and for type 1 fibers almost a 9% decrease in 
cohesion is obtained. However, the internal friction angle 
increases by adding fiber and the greater the fiber diameter, 
the bigger the friction angle. By comparing the increase 
in friction angle in Fig. 16(b) it can be observed that this 
parameter has been enhanced for fibers with a diameter 
greater than 30% and for those with a diameter less than 
11%. It is noteworthy that with an increase in the percent-
age of cement both strength parameters of soil increase. 

Fig. 17 shows changes in the principal stress ratio in 
failure stress and residual stress compared to changes in 
dimensional ratio and effects of percentage and cement 
and confining pressure. With an increase in confining pres-
sure, both of the main stress ratios decrease at the failure 
and residual stress. However, with the addition of fiber, the 
ratio of main stress in failure decreases, while it increases 
in residual stress. The effect of cement percentage on the 
ratio of failure and residual stress has been similar and 
both increase with an increase in cement percentage.

Fig. 14 Changes in normalized absorbed energy compared to axial 
strain with effect of fiber diameter

Fig. 15 Failure envelopes for cement-treated sand reinforced with fibers 
compared to percentage of cement; (a) CC = 3%; (b) CC = 5%
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4 Conclusions
Due to the significance of cement-fiber reinforced sand ten-
sile behavior in engineering projects and its high impact in 
the design of geotechnical structures, with regard to car-
rying out direct tension tests under triaxial loading condi-
tions, the results of this study can be beneficial for design-
ers and geotechnical engineers as follows: 

The results obtained from Fig. 6 show that the frac-
ture point does not occur at a specific point in the sample 
length and the random fracture indicates homogeneity in 
sample preparation using a vibration method.

Adding fibers results in changes in fracture mode from 
tensile to shear mode, and when the fiber diameter increases, 
the fracture type transforms to multiple shear fracture. The 
increase in shear bandwidth is greater with the addition of 
fiber and the effect of increasing fiber diameter and decreas-
ing cement percentage compared to other parameters. 

The peak tensile stress for fiber-treated samples in all 
cement-treated sand samples is decreased, but the residual 
stress and failure strain increase and the material behavior 
changes from brittle to ductile state. 

The initial stiffness and stiffness at 50% peak tensile 
stress is reduced with the addition of fibers, especially 
thicker fibers. Also, evaluating the brittleness index shows 
that fiber-reinforced samples have lower stiffness com-
pared to those samples without fiber. 

Toughness and absorbed energy to the failure point of 
fiber-treated samples were greater than cement-treated sand 
samples and the effect of fibers with a bigger diameter was 
greater than fibers with a smaller diameter. However, it is 
noteworthy that with an increase in confining pressure and 
percentage of cement, the rate of absorbed energy increases, 
while increasing fiber diameter is the most effective param-
eter in increasing energy absorption to the failure point.

The cohesion intercept in fiber-reinforced samples de- 
creases due to a decrease in the cement bond by a maxi-
mum of 15% for type 2 fibers and by a maximum of 9% 
for type 1 fibers. However, the internal friction angle 
increases with the addition of fibers to cement-treated 
sand samples by a maximum of 30% for type 2 fibers and 
11% for type 1 fibers. 

Even though the main stress ratio decreases for the peak 
with the addition of fiber, this ratio significantly increases 
for residual stress with the addition of fibers, especially 
thicker fibers.

Fig. 16 Changes in (a) the cohesion intercept; (b) internal friction 
coefficient compared to the fiber dimensional ratio

Fig. 17 Changes in main stress ratio in (a) peak stress; (b) residual stress
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