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Abstract

Reinforcement by fibers is one of the most practical and economic methods to improve some engineering properties and the
mechanical behavior of soils in civil engineering. In this paper, the impact of fiber reinforcement on the swelling behavior
of bentonite clay was investigated. Virgin homopolymer polypropylene (HPP) and copolymer polypropylene (CPP) with
various percentages were used as reinforcement materials, and the influence of fiber contents on one-dimensional swell-
ing pressure was evaluated. At first, sieve and hydrometer analysis and Atterberg limits tests were conducted on bentonite.
The standard Proctor compaction test was also used to determine the compaction properties of reinforced and unreinforced
bentonite. Then, the oedometer test was carried out on specimens. The results showed that both types of fiber enhanced the
swelling potential of bentonite. The optimum amount of fibers was analyzed via test results. Moreover, the most significant
improvement in terms of reducing the swelling potential of bentonite was observed due to the use of HPP fiber. The maxi-
mum improvement percentages to reduce the swelling pressure of bentonite layers using HPP and CPP fibers were 44.2%
and 29.4%, respectively. The statistical analysis was carried out to identify the relationship between the dependent variables
(fiber-reinforced samples) and the independent variable (plain bentonite). The result indicated the proper agreement of the
model and concerning values. Two significant equations were calculated to estimate the swelling pressure of bentonite with
HPP and CPP fibers that showed the use of synthetic fibers additives has a considerable effect on decreasing the swelling
pressure of expansive soils.
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Introduction

Expansive soils cause a serious hazard to foundations
throughout the world [1, 2]. Swelling clays derived from
sediment soil can apply uplift pressure of as much as 5.500
PSF, which can lead to considerable damage to buildings
and other structures constructed on problematic grounds
[3]. Significant researches have been conducted to improve
various solution techniques to strengthen expansive soils.
These treatment methods are chemical stabilization, pre-
wetting, the dissipation of excess pore water pressure, the
replacement of problematic soils, the compaction method,
moisture control, thermal methods, surcharge loading and
reinforcing the soil using natural, and synthetic fibers
[4-11]. Sand columns, concrete columns, lime stabiliza-
tion, lime slurry pressure injection (LSPI) technique and
cement stabilization are some of the most effective meth-
ods to stabilize potentially expansive soils [5, 12, 13].
Although these methods are used as soil improvement
techniques, there are some problems related to their appli-
cations. Soil reinforcement is a creative soil improvement
technique to solve soil problems in recent years [14—16].

A wide range of reinforcements is used to improve engi-
neering properties and to decrease the swelling behavior of
expansive soils [17, 18]. In recent decades, there has been
increasing use of fiber reinforcements in problematic soil.
One of the effective methods to improve some engineering
properties and strength behavior of expansive soils is incor-
porating both natural and human-made discrete fiber materi-
als in soils [19]. Hence, extensive researches have been car-
ried out to investigate the effects of fibers on expansive soils
and concerts [20-30]. The results of previous studies show
that various factors such as fiber length, fiber—soil friction
and fiber ratio in soil mass affect the strength characteristics
of fiber-reinforced soils [17, 20, 28].

Puppala and Musenda [17] carried out different uncon-
fined compression and consolidation tests on reinforced
expansive clays with various lengths of polypropylene
fiber. It was reported that short fibers encouraged stabi-
lization and decreased the swelling pressure of the clay.
Punthutaecha et al. concluded that the unconfined com-
pressive strength of the mixture containing polypropylene
fibers and fly ash significantly increased while the expan-
sive properties of clayey soils such as shrinkage and swell-
ing characteristics diminished [31].

Ebrahimpour et al. [32] investigated the feasibility
of using polypropylene fibers and other additives in the
high early strength concrete. Moreover, the bond perfor-
mance behavior of several mixes containing HES concrete
Class 50AF with and without polypropylene fibers was
investigated. The result illustrated that bond performance
behaves better with polypropylene fiber concrete [33].
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In another study, Melakzadeh and Bilsel reported the
influence of polypropylene fibers on the swelling potential
of expansive soils. The fiber percentages used in the research
were 0.0%, 0.5%, 0.75% and 1%. Results revealed that the
swelling percentages fell significantly with increasing fiber
content rates [34].

Ikizler et al. studied the influence of polypropylene fibers
on the swelling behavior of bentonite treated with fibril-
lated polypropylene fiber and multifilament fiber. The results
showed a large void distribution as well as a sizeable swell-
ing strain in the fiber-treated soil due to the difficulty in mix-
ing and compacting of samples with increasing the amount
of fiber [19].

Twinkle and Sayida reported the effect of polypropylene
fiber and lime on the stabilization of black cotton soil. It was
found that by increasing the percentages of lime and fiber,
the optimum water content dropped, whereas the maximum
dry density increased [35].

Khosrowshahi et al. studied the performance of copoly-
mer polypropylene and homopolymer fibers on the benton-
ite—fiber mixture. The results indicated that both copolymer
polypropylene and homopolymer fibers significantly reduced
the swelling pressure of bentonite clay. The maximum swell-
ing reduction in both fiber—bentonite mixtures samples was
reported at the same percentage of fibers blended with ben-
tonite [36].

The impact of fiber length and ratio on the strength and
swelling properties of high potential expansive clayey soils
was investigated by Moghal et al. The fiber contents used in
the study were 02%, 0.4% and 0.6% by dry weight of the soil,
and the fiber lengths were considered between 6 and 12 mm.
The results suggested that FC fiber had a better swelling
restricted performance. Furthermore, nonlinear best-fit equa-
tions were proposed to relate the compression index (Cc)
and the recompression index (Cr) of expansive soil based
on the result of regression analysis [37, 38].

As mentioned above, many studies have investigated
the impact of reinforcement on the swelling parameters of
expansive soils. However, most studies were carried out
without a focus on determining the optimum amount of rein-
forcement and the effect of reinforcing doses on the swelling
pressure of expansive soil using a reliability approach [19,
31, 34, 39-42]. In addition, the regression analysis was not
considered to develop an illustrative model to predict the
swelling pressure of fiber-reinforced expansive soils. Hence,
considering previous studies, the effect of randomly oriented
discrete fiber on reducing swelling tendency in expansive
soil needs to be investigated further.

This study aims to investigate the effects of reinforcing
bentonite with randomly fibrillated virgin homopolymer
polypropylene (HPP) and copolymer polypropylene (CPP)
fibers on the swelling characteristics of bentonite clay with
high swelling potential. The effect of fibers contents on the
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Table 1 Physical properties of bentonite

Properties of bentonite Value
Color Yellow
Methylene blue value 410 mg/g
Montmorillonite content >75%
Moisture content (on dry substance) Max. 10%
API water loss (cm®) Max. 15%
PH (in 6.5% mud) 9.5
Sieve analysis 90% Pass the
sieve No.
200
Minimum application temperature 1°C
Table 2. Chemical properties of Parameters Value (%)
bentonite
Sio, 61.32
Al,O4 17.31
Fe,0; 2.89
K,0 1.33
MgO 2.21
CaO 3.86
Na,O 2.65
TiO, 1.33

swelling pressure of bentonite was also evaluated. Further-
more, the regression analysis was employed for compac-
tion parameters and two parabolic equations were computed
based on fiber types for the swelling pressure of fiber-rein-
forced expansive soils.

Materials specifications

Bentonite

Bentonite is absorbent aluminum phyllosilicate clay which
consists mainly of montmorillonite. There are different types

Fig.1 Sample of fibers: a
copolymer polypropylene
(CPP); b homopolymer poly-
propylene (HPP)

of bentonite named based on dominant elements, such as
calcium (Ca), aluminum (Al), potassium (K) and sodium
(Na). The bentonite used in this study is high-plasticity
sodium bentonite supplied by Canbensan Corporation in the
North of Ankara (Turkey). Tables 1 and 2 present informa-
tion about the physical and chemical properties of bentonite
utilized in this research, respectively [43—45]. The percent-
age of montmorillonite is above 75% which plays a signifi-
cant role in the swelling characteristics of clay soil (Table 1).

Fiber types

There has been a growing interest in soil reinforcement with
both natural and synthetic fibers in recent years. Polypropyl-
ene is a human-made fiber used to improve some engineer-
ing properties of soil such as shear strength and to control
the swelling potential of expansive grounds. One of the main
benefits of polypropylene is its low cost [46, 47]. Figure 1
shows photographs of two different synthetic fibers (copoly-
mer polypropylene and virgin homopolymer polypropylene)
used in the current study.

Copolymer polypropylene fiber

Copolymer polypropylene fiber is a synthetic fiber made of
pure virgin copolymer polypropylene. It consists of a twisted
bundle of non-fibrillating monofilament which is generally
used in concrete reinforcement systems. This type of fiber
significantly reduces plastic shrinkage and increases the
impact strength of concrete. The copolymer polypropylene
used for this study is polypropylene twisted fiber FORTA
Ferro Macrofiber. The physical properties of this fiber are
summarized in Table 3.

Virgin homopolymer polypropylene

Virgin homopolymer polypropylene fiber (HPP) is used as
a concrete reinforcement to mitigate some crucial problems
of reinforced concrete such as settlement shrinkage. Table 4
shows the physical properties of HPP.

@ Springer
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Table 3 Physical properties of copolymer polypropylene (CPP)

Properties Value

Material Virgin copolymer polypropylene/polypro-
pylene

Form Monofilament/fibrillated fiber system

Specific gravity 0.91

Absorption Nil

Tensile strength 83-96 ksi (570-660 MPa)

Length 2.25” (54 mm)

Color Gray

Acid/alkali resistance ~ Excellent

Compliance ASTM C-1116 [48]

Table 4 Physical properties of virgin homopolymer polypropylene
(HPP)

Properties Value

Material Virgin homopolymer
polypropylene/polypro-
pylene

Form Monofilament fiber

Specific gravity 0.91

Absorption Nil

Tensile strength 83-96 ksi (570-660 MPa)

Length 0.591” (15 mm)
Color White
Acid/alkali resistance Excellent

Compliance ASTM C-1116 [48]

Research method

To investigate the effect of polypropylene fibers on the
swelling characteristics of bentonite, a series of reinforced
and unreinforced bentonite clays was prepared. Vari-
ous contents of both fibers (0.1%, 0.2%, 0.3%, 0.4% and
0.7% of the dry weight of soil) with the length of 54 mm
were added to bentonite. Then, the soil and the fibers
were mixed by hand thoroughly into a pan and water was
added as per requirements. The experimental tests were
performed in Prof. Hamdi Peynircioglu’s Soil Mechanics
Laboratory of Istanbul Technical University. The sieve and
hydrometer tests were carried out on bentonite to classify
soil materials. Regarding the test results and the unified
soil classification system (USCS), bentonite was classi-
fied as the fine-grained soil. Then, the optimum moisture
content and the maximum dry unit weight of unreinforced
and reinforced specimens were determined by the standard
Proctor compaction test. Atterberg limits tests which are
the liquid and plastic limits of soils were also carried out
[49]. The plasticity index was used to identify the type
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of soil based on the unified soil classification system. All
specimens were prepared with the optimum water content
obtained from the standard Proctor compaction test to per-
form the one-dimensional swell test. Figure 2 displays a
schematic illustration of the test setup including the stand-
ard Proctor compaction equipment, the one-dimensional
swell test, the oedometer (consolidometer) apparatus and
the test setup with a consolidometer apparatus used in this
research. The experimental procedure is shown in Fig. 3.
As can be seen, in order to obtain more accurate results,
the one-dimensional pressure test was applied for each
specimen. Whenever a difference was observed between
the swelling pressures of the same two specimens com-
pacted under the same conditions, the test was repeated.

Test procedure

Sieve and hydrometer analysis and the standard
Proctor compaction test

A sieve analysis evaluates the grain size characteristics of
predominantly coarse-grained soils. A hydrometer analysis
was used to determine the specific gravity value of the ben-
tonite. The gradation test was also performed on the benton-
ite sample to obtain the particle size distribution. Regarding
the Unified Soil Classification System (USCS), bentonite
was categorized in the fine material group (CH). It was
observed that 93% of the soil particles passed through the
No. 200 sieve and hydrometer test data indicated the grain
size distribution of bentonite as illustrated in Fig. 4a.

One of the most useful methods for determining soil com-
paction parameters is the Proctor compaction test which is
widely used in many geotechnical laboratories. In this study,
the optimum water content (@,,,,) and the maximum dry den-
sity (74may) Of bentonite were evaluated by the standard Proc-
tor compaction test based on the ASTM-D698 [50] standard.
The compaction properties of bentonite were obtained as
indicators. Accordingly, the effect of different fiber con-
tents on these parameters was measured using the standard
Proctor test. Figure 4b displays the results of the standard
Proctor compaction test carried out on original bentonite to
determine the compaction parameters of plain bentonite in
the absence of additive materials. The maximum dry unit
weight and the optimum water content of the original ben-
tonite were 11.9 kN/m? and 39%, respectively.

Atterberg limit test

The Atterberg limits are the primary measurement for the
critical moisture content of fine-grained soils. As bentonite
is a high water absorbent clay, the Atterberg limit tests were
applied to determine its liquid, plastic and shrinkage limits
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Fig.2 Experiment setup: a standard Proctor compaction test; b oedometer (consolidometer) apparatus; ¢ soil sample condition in a consolidom-

eter cell

parameters according to the ASTM-D4318 [51] standard.
The Atterberg limits of the bentonite used are shown in
Table 5.

One-dimensional swelling test

The oedometer test method is carried out to measure the
swelling pressure which is one of the critical parameters to
determine the heave potential of expansive soils. There are
two types of oedometer test: (1) the consolidation—swelling
test and (2) the constant volume or swelling pressure test [6].
The consolidation—swelling test approach was adopted in
this study in which soil sample swelling is allowed to occur
under known pressure after inundating the sample. The
swelling pressure is then defined as the pressure required to

re-surpassing the swollen sample to its pre-swelling volume
[6, 52].

The one-dimensional swelling test can be carried out
in an oedometer on undisturbed soil specimens or re-com-
pacted ones in accordance with AASHTO T256 [53] and
ASTM D4546 [54]. In this study to investigate the swelling
characteristics of the original bentonite and fiber-reinforced
specimens, the one-dimensional swelling experiment was
carried out by the oedometer apparatus according to the
C-method of the ASTM-D4546 [54] Standard. First, the
samples with different contents of both fibers (0.1%, 0.2%,
0.3%, 0.4%, 0.5% and 0.7%) were compacted at maximum
dry density and optimum water content in a consolidation
ring with a height of 20 mm and a 50 mm inner diameter
and were then put in the consolidometer. Next, they were
saturated with water to be exposed to the swelling pressure.

@ Springer
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Fig.3 Optimized flowchart for
the experimental procedure

v

Laboratory Investigation /

[
¢

v v

Obtaining grain size
distribution and the
specific gravity of
bentonite using sieve
and hydrometer

Obtaining LL, PL,
and PI, using
Atterbrg limits tests

Obtaining compaction
parameters (Wopt, ¥dmax) OF
plain bentonite and each
bentonite-fiber mixture
specimen using the

A 4

Providing bentonite and bentonite-fiber mixture samples at the optimum water

contents obtained from the standard proctor compaction test

'

Preparing specimens in the rings with 50 mm diameter and 20 mm

thickness from each prepared sample compacted in the mold, providing
two samples for each specimen to get more accurate results

v

One-dimensional swelling test (D-4546 Method C)

Are the results of any two
specimens provided from

the same compacted
sample approximately
close to each other?

Investigation between various additives

It should be noted that the quality of water has a substantial
effect on the engineering properties of concretes and stabi-
lized soils [55—-66]. Therefore, distilled water was used for
characterization tests while tap water was used for molding
specimens [67-86]. The swelling pressure of the specimens
was measured by adding weight and keeping the dial gauge
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at zero until the dial gauge no longer indicated swelling
movements. Eventually, the results of the swelling pres-
sure of bentonite—fiber admixture specimens blended with
CPP and HPP fibers were compared with the outcome of the
swelling pressure of plain bentonite (as indicators). During
the test procedure, all specimens were confined laterally, but
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Table 5 Index properties of bentonite used in the study
Soil properties Value
Specific gravity (Gs) 2.52
Liquid limit—LL (%) 385
Plastic limit—PL (%) 39
Plasticity index—PI 346
USCS classification CH
Compaction test
Optimum water content (%) 37
Maximum dry density (kN/m?>) 11.9
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Fig.5 Deformation versus vertical stress, loading-after-wetting test
method C [ASTM D4546-08 [54])]

unconfined in the bottom by porous stone to keep them in a
saturation condition.

Figure 5 gives more information about the swelling pres-
sure measurement technique based on the C-method [54],
and a schematic image of this process is shown in Fig. 6.
This method is based on keeping the height of the specimen
constant in the consolidometer ring by adding weight after
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inundating the sample. Initially, compaction parameters of
plain and fiber-reinforced bentonite were obtained for HPP
and CPP fibers. Then, the swelling pressure was measured,
and the samples for the oedometer test were prepared using
compaction parameters obtained from compaction tests.
Finally, the one-dimensional swelling analysis was applied
to specimens in the oedometer apparatus for each sample.
Figures 7 and 8 show the oedometer apparatuses and con-
solidometer cell equipment along with a soil sample in the
ring, respectively.

Results

Effect of copolymer polypropylene fiber
on compaction parameters

The standard Proctor test was performed to obtain the
compaction characteristics of plain bentonite and ben-
tonite—fiber mixture samples [50]. The bentonite—fiber
mixture samples with different water contents were com-
pacted in the standard mold in 3 layers and 25 blows on
each layer. The statistical results of the mentioned test
are presented as the scatter plot in Fig. 9. The maxi-
mum dry density and optimum moisture content values
of bentonite blended with different CPP contents were
obtained. The results show that the optimum moisture
content changed inconsiderably between 36 and 39% due
to the impermeability of polypropylene fiber. However,
there was an insignificant reduction in optimum water
content by increasing the fiber content. Otherwise, the
dry unit weight of the reinforced samples rose moder-
ately. It reached a peak of 12.8 kN/m? in the sample with
0.5% CPP fiber content; it then dropped to 12.1 kN/m?
in the sample with 0.7% CPP fiber. By increasing the

@ Springer
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Fig.6 Schematic image of the deformation of the sample, according to swelling and vertical stress, loading-after-wetting (ASTM D4546 [54]

Method C)
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Fig. 7 Experimental setup (oedometer apparatus)

fiber content, the maximum dry density rose, followed
by a significant decrease in samples with more than 0.5%
copolymer polypropylene fiber contents.

The statistical analysis results of compaction param-
eters for bentonite blended with CPP fiber are shown in
Tables 6 and 7. These tables give details of the regres-
sion analysis of samples with different additives, dry unit
weights and optimum water contents. As shown in the
tables, the regression model values of R-squared (R?),
root mean squared error (RMSE) and the mean absolute
error (MAE) for soil samples with different percentages
of fiber are calculated.
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Effect of HPP fiber on the compaction parameters
of bentonite

The statistical analysis of the dry unit weight of bentonite
and its admixture is shown in Fig. 10a. It can be observed
that the maximum dry unit weight of bentonite grew slightly
with increasing fiber content and reached its maximum val-
ues in samples with 0.1% and 0.2% fiber contents. However,
it was followed by a decrease in values by increasing the
fiber percentages after the optimum point. By changing the
percentages of additives, the optimum water content of ben-
tonite and HPP-bentonite mixture varied slightly. Figure 10b
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Fig.8 Consolidometer cell equipment (the left image) and a compacted soil sample in the ring (the right image)
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Table 6 Statistical analysis of samples with different additives and
dry unit weight v,

(b)

Table 7 Statistical analysis of samples with different additives and
water contents

Different addi- MAE (kN/m®) RMSE (kN/m?) Coefficient of

Different additives MAE (%) RMSE (%) Coefficient of

tives determination determination
;9] (RY

CPP 0.1% 0.22 0.27 0.68 CPP 0.1% 3.40 4.22 0.94

CPP 0.2% 0.64 0.76 0.21 CPP 0.2% 6.40 6.81 0.96

CPP 0.3% 0.48 0.53 0.76 CPP 0.3% 2.40 2.76 0.92

CPP 0.4% 0.30 0.40 0.89 CPP 0.4% 3.00 3.55 0.94

CPP 0.5% 0.50 0.59 0.78 CPP 0.5% 3.60 4.00 0.97

CPP 0.7% 0.14 0.16 0.97 CPP 0.7% 2.80 3.03 0.98

shows insignificant changes in the optimum moisture con-
tents of bentonite—HPP fiber admixtures. To check the accu-
racy of the model, a regression analysis was performed on
samples with HPP and CPP fiber admixture. Statistical anal-
ysis values such as R%, RMSE and MAE were calculated for
each sample with different amounts of additives. As can be
seen, Tables 8 and 9 provide details of the regression model.

Effect of CPP and HPP fibers on the swelling
potential of bentonite

Figure 11 shows the swelling pressure of bentonite—fiber
mixtures containing fibrillated virgin homopolymer poly-
propylene fiber (HPP) and copolymer polypropylene fiber
(CPP) with various fiber contents. At first sight, it can

@ Springer
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Table 8 Statistical analysis of samples with different additives and
different dry unit weights v,

Different addi- ~ MAE (kN/m®) RMSE (kN/m®)  Coefficient of

tives determination
(R

HPP 0.1% 0.40 0.48 0.74

HPP 0.2% 0.28 0.35 0.87

HPP 0.3% 0.14 0.17 0.91

HPP 0.4% 0.22 0.27 0.89

HPP 0.5% 0.20 0.25 0.87

HPP 0.7% 0.10 0.12 0.98

Table 9 Statistical analysis of samples with different additives and
different water contents

Different additives MAE (%) RMSE (%) Coefficient of
determination
(R

HPP 0.1% 3.00 4.12 0.98

HPP 0.2% 6.40 6.81 0.96

HPP 0.3% 1.80 2.32 0.95

HPP 0.4% 1.80 2.15 0.97

HPP 0.5% 1.80 1.95 0.98

HPP 0.7% 1.20 1.90 0.99

be seen that there is a dramatic reduction in the swelling
pressure of the soil by increasing the percentages of both
fibers. Regarding the curve of CPP fiber and comparing
results with plain bentonite, the swelling potential dropped
at the optimum point in the sample with 0.5% fiber and
the optimum amount of the swelling pressure reduced up
to 29.4%. In the case of HPP fiber, the swelling pressure
experienced a 44.2% reduction and reached 173 kPa for a
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Fig. 11 Effect of various percentages of HPP and CPP fibers on the
swelling pressure of bentonite

fibrillated sample with 0.4% HPP fiber. Then the swelling
pressure increased again by adding fiber content.

Regression model development

The regression analysis method is widely used to obtain the
relationship between dependent and independent variables
[38, 40, 52, 87-90]. In the present research, a relationship
between swelling pressure and additive materials was found.
Due to fitting a linear or nonlinear model of experiments,
the regression analysis was applied to data obtained from
experimental results. The forecast parameter was the swell-
ing pressure of the reinforced expansive clay with HPP and
CPP fibers. Three critical parameters of regression analy-
sis are the coefficient of determination (R?), the root mean
square error (RMSE) and the mean absolute error (MAE)
values calculated for the swelling pressure of bentonite and
bentonite—fiber additives. The best-fit nonlinear equation
for estimating the swelling pressure of bentonite with CPP

(SWPCPP) and HPP (SWPhpp) fibers is given in Egs. 1 and
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2, respectively. With respect to the regression analysis, the
coefficient of determination (R?) values of 0.974 and 0.990
and root mean square error (RMSE) values of 4.753 kPa and
4.298 kPa were calculated for the swelling pressure of ben-
tonite blended with CPP and HPP fibers, respectively. These
values indicate the goodness of fit for the model.

SwP,,, = 297.257 exp (—1.083FibC) + 9.240 exp (3.0303FibC)
M
SwP,,, = 172.829 exp (=7.316FibC) + 136.582 exp (0.583FibC)
@

Comparing the effect of CPP and HPP
on the swelling potential of bentonite

Figure 12 reveals a comparison between the swelling poten-
tial of bentonite blended with various amounts of HPP and
CPP. It is evident that both HPP and CPP fibers critically
impacted the swelling potential of bentonite and reduced the
swelling pressure of bentonite. Although these fibers showed
a similar pattern, the test results indicated significantly
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Fig. 12 Comparison between the effects of fibrillated virgin
homopolymer polypropylene fiber (HPP) and copolymer polypropyl-
ene fiber (CPP) on the swelling pressure of bentonite (o)

Fig. 13 Comparison between 350

different values for the swelling stress of bentonite—fiber
mixtures in the same fiber content for both CPP and HPP.
According to Fig. 12, the values of the swelling pressure
(o,) of bentonite blended with HPP fiber were higher than
those of bentonite—CPP mixture. Moreover, the maximum
swelling improvement for samples with HPP fiber occurred
at 0.4% fiber content in the soil mass, whereas the maximum
swelling improvement for samples with CPP fiber occurred
at 0.5% fiber content.

Discussion

Recently, the potential use of synthetic fibers such as poly-
propylene to improve the swelling characteristics of expan-
sive soils has been investigated. The results show that
synthetic fibers have a remarkable effect on the swelling
potential of expansive grounds. Malekzadeh and Bilsel [34]
indicated that the use of polypropylene fiber and copoly-
mer decreases the swelling pressure of expansive soils. The
amount of swelling pressure of the original soil samples var-
ies because of their chemical properties and soil activities.

In a study conducted by Khosrowshahi et al. [36], copoly-
mer polypropylene (CPP) and homopolymer polypropylene
(HPP) were used as synthetic stabilizers to improve the
swelling characteristics of bentonite. Khosrowshahi et al.
[36] reported that both CPP and HPP fibers had a significant
effect on reducing the swelling pressure of bentonite. The
results also showed that by increasing the copolymer fiber
content, the pressure values of bentonite reduced. Moreover,
the greatest reduction in the swelling pressure occurred with
the inclusion of a 0.7% fiber ratio.

Figure 13 compares the effect of the copolymer on the
swelling pressure of bentonite between the current study and
earlier research by Khosrowshahi et al. [36]. As can be seen,
the swelling pressure and the swelling pressure reduction
versus fiber contents are shown in Fig. 13. Concerning simi-
larities in the results, it is noticeable that copolymer plays a
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key role in reducing the swelling pressure of bentonite. By
increasing the percentages of copolymer fibers, the swelling
pressure dropped before reaching a peak. While the maxi-
mum swelling pressure for fiber-reinforced soil specimen
was observed at 0.5% fiber content and the swelling pressure
reduction in this point approached to 29.4%, this amount
was 68% in a specimen with 0.7% fiber content obtained by
Khosrowshahi et al. [36]. Similar to the result of an earlier
study by Khosrowshabhi et al., any further addition of copoly-
mer fiber after an optimum dosage showed less effect on the
swelling pressure of the soil. Khosrowshahi et al. reported
an erratic trend in swelling pressure reduction which may
be due to the type of soil and the chemical properties of
soils. In addition to the above-mentioned parameters, the
compaction parameters (dry unit weight and water content)
and temperature can be effective in the swelling pressure of
expansive grounds which create some differences between
values in Fig. 13.

A number of researches have been carried out to investi-
gate the influence of homopolymer polypropylene fiber on
the swelling potential of expansive soils. In recent studies
done by Khosrowshahi et al. and Malekzadeh and Bilsel
[34, 36], the swelling pressure of expansive soil blended
with homopolymer polypropylene was investigated. Male-
kzadeh and Bilsel prepared clay soil specimens with differ-
ent percentages (0.0%, 0.5%, 0.75% and 1%) of homopoly-
mer polypropylene fiber [34]. In another study conducted
by Khosrowshahi et al. [36], to determine the impact of
homopolymer polypropylene fiber on the swelling pressure
of expansive soil, soil was blended with six percentages of
0.0%, 0.1%, 0.2%, 0.3%, 0.5%, 0.7% and 1% of fiber using
a one-dimensional swelling test. In order to investigate the
behavior of fiber-reinforced soils, the outcomes of previ-
ous studies were compared with the current studies. As can
be seen, the swelling pressure decreased significantly in all
studies. In this case, Malekzadeh and Bilsel [34] reported
that the swelling pressure dropped substantially by using

fiber and reducing the swelling pressure continued without
reaching the optimum point (see Fig. 14a). Khosrowshahi
et al. [36] concluded that the addition of 0.1% homopolymer
polypropylene fiber had a negligible effect on decreasing
swelling pressure. However, by increasing fiber contents, the
swelling pressure declined noticeably until adding 0.7% of
HPP fiber resulted in a 68% reduction (see Fig. 14b) in the
swelling pressure of soil. It should be noted that the maxi-
mum reduction in swelling pressure occurred in a sample
with 0.7% of HPP fiber content blended with the soil and
the addition of any further HPP fiber showed less mitigation
than other dosages.

Similar to earlier studies, the current study showed that
homopolymer polypropylene fiber has a significant effect
on decreasing the swelling pressure of expansive soil. In the
research conducted by Khosrowshahi et al. [36], the results
revealed that there is an optimum dosage of fiber content
causing a maximum decrease in the swelling pressure while
with increasing the fiber ratio above to the optimum dosage,
the swelling pressure got smaller. Concerning Fig. 14 in the
current study, adding 0.4% of HPP resulted in the maximum
decrease in the swelling pressure up to 29.4%, and then with
an increase in fiber content, the swelling pressure increased
again.

Regarding Fig. 14, despite homopolymer, polypropylene
fiber reduced the swelling pressure of soils, but this trend
varies during research. In the case of Khosrowshahi et al.
[36], although the general process showed a decrease in
swelling pressure, this trend was erratic. The result of the
research of Malekzadeh and Bilsel [34] displayed a normal
decline in the swelling pressure of the soil, but this trend
continued without any change in the process. It is not appar-
ent that with an increase in the fiber content what may hap-
pen to swelling pressure.

In summary, the results of the present study and the
above-mentioned researches reveal that increasing the per-
centage of homopolymer polypropylene fiber leads to a
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significant decrease in the swelling pressure of expansive
soils and any further addition of fiber shows less mitigation
[34, 36].

Overall, Figs. 13 and 14 present information on the influ-
ence of reinforcement on the swelling potential of expan-
sive soils. It can be concluded that the fibers have an effec-
tive role in decreasing the swelling pressure of expansive
grounds, but some other parameters may affect the results
during the process. However, it should be noted that mate-
rial properties including chemical and physical properties of
soils and additives affect the swelling pressure.

Conclusions

A series of laboratory experiments were carried out to study
the effect of two different types of synthetic fibers (CPP and
HPP) inclusion on the compaction and the swelling pressure
of bentonite. The following conclusions were drawn based
on test results:

1. The addition of HPP and CPP fibers significantly
decreased the swelling pressure of bentonite to a maxi-
mum amount. Then, by adding more percentages of fib-
ers, the swelling pressure increased slightly.

2. The greatest reduction in the swelling pressure of HPP
treated bentonite occurred at about 0.4% fiber content,
whereas in the case of CPP fiber, results show that the
greatest reduction in the swelling pressure was 29.4%
compared with bentonite without additive materials.
However, by increasing the CPP content, the decrease
in the swelling potential was smaller after the 0.5% opti-
mum point in fiber content. This can be clarified by the
fact that at higher percentages of copolymer fiber, com-
paction is difficult due to the massive void distribution
in fiber-treated bentonite.

3. In the case of HPP fiber, the maximum reduction in the
swelling pressure of bentonite was about 44.2% which
happened in a sample with 0.4% fiber content. The
results show that HPP fiber is more effective than CPP
fiber in reducing the swelling pressure of bentonite. It
seems that the texture of fibrillated homopolymer poly-
propylene has a significant influence on reducing the
swelling potential of bentonite compared to copolymer
polypropylene. Due to the shape of CPP, it is harder than
HPP and has a rough surface. Unlike CPP, HPP has a
texture that is softer and spreads out when mixed with
bentonite, so it can hold bentonite particles together with
a lower mixture void ratio.

4. In both CPP and HPP fibers, the swelling pressure
increased after the optimum point when the higher dos-
ages of fibers were used. Increasing the fiber dosages
higher than 0.5% and 0.4% for a bentonite—fiber mix-

ture containing fibrillated copolymer polypropylene
and virgin homopolymer polypropylene, respectively,
had no influence on swelling pressure. On the other
hand, when the dosage level of fibrillated CPP and HPP
fibers increased after an optimum point, the swelling
pressure declined. According to research results, a dos-
age level between 0.4 and 0.5% of copolymer polypro-
pylene and fiber content ranging from 0.3 to 0.5% for
virgin homopolymer polypropylene would be better for
improving the swelling behavior of bentonite. It can be
concluded that although both types of fibers are influen-
tial in reducing the swelling pressure of bentonite, HPP
fiber has a significant effect on decreasing the swelling
pressure compared to copolymer fiber.
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