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In this study, the potential usage of wastewater bottle strips produced from polyethylene terephthalate
(PET) as a reinforcing material for strength properties of cement stabilized clay was investigated. For this
purpose; unconfined compression strength tests were conducted to determine the parameters affecting
the strength properties of cement stabilized-reinforced clay. Four different ratios of cement (0, 3, 6, and
9%) were used for clay stabilization and waste bottle strips obtained by cutting from waste pet bottles
were used for reinforcement. Considering that the waste bottle strips behave similar to the fiber material;
cement stabilized-reinforced clay samples were prepared with the ratios of 0, 0.5, 1.0, 1.5, and 2.0%,
which are generally used as reinforcement ratios for soil. The specimens were stored in the curing room
for 1, 7, 28, and 90 days until testing. Test results were evaluated according to cement content, water bot-
tle strip ratio and curing time parameters. The experimental results showed that the optimum water bot-
tle strip ratio for maximum strength gain ranged from 1 to 1.5%. It was also observed that the plastic
strips and cement used for soil improvement also changed the strength-deformation behavior of the kao-
lin clay. Besides, the augmentation in cement inclusion level and curing period increased the strength of
kaolin clay.
� 2021 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Growing industrialization and technological developments
have caused an increase in environmental pollution. It is very
important to regularly dispose of waste in a non-hazardous man-
ner to restrain environmental pollution and to protect the ecosys-
tem. Today, PET (Polyethylene-terephthalate) manufacturing and
PET usage for beverage and water packages are some of the funda-
mental factors causing environmental pollution. Pet is a light, dur-
able, flexible, and inexpensive material. Therefore; it is a widely
used material especially for bottled water and beverages. Further-
more, bottled water purchasing has increased 500% over the last
decade and 1.5 million tons of plastic are used to bottle water
every year according to the International Bottled Water Associa-
tion (IBWA) [1]. Although the PET bottle use in Turkey is low when
compared to other countries, this amount is increasing day by day.
It is known that 1.2 kilograms of crude oil are used for one PET bot-
tle production and the degradation time for PET bottle varies
between 100 and 1000 years in nature [2].165,000 tons of PET bot-
tles are produced annually in Turkey, however, only 40,000 tons of
PET bottles can be recycled and 125,000 tons of PET bottles are
mixed in nature every year [2]. Using these waste materials for soil
stabilization is an alternative method to improve the mechanical
properties of soil. This method can meet the requirements of soil
improvement and reduce the quantity of waste PET bottle.Using
strips obtained from waste pet bottles as reinforcement agents
with a combination of a binder on weak soils could be an effective
improvement method. Soil reinforcement techniques can be cate-
gorized according to different perspectives such as application
method, reinforcement type, binder type, etc. and summarized in
Fig. 1 [3].

Ground reinforcement is applied by using two different meth-
ods: the inclusion of fibers randomly in the soil matrix or the
placement of geosynthetics such as geocell, geonet, geogrid on
the soil in layers. Nowadays, fiber reinforcement is frequently used
for soil improvement and investigated extensively, in the literature
[4–9]. In these studies, it has been observed that the use of fiber
improves the strength properties of the soil. Fiber type, fiber con-
tent, fiber length, and also binder type are important parameters
in fiber-reinforced soil. Fiber types can be divided into three groups
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Fig. 1. Different procedures of soil reinforcement [3].

Table 1
Index Properties of Kaolin.

Properties Values Standards

Liquid Limit,wL 52 ASTMD4318
Plastic Limit,wP 28 ASTMD4318
Plasticity Index,IP 24 ASTMD4318
Specific Gravity 2.62 ASTMD854
Optimum Water Content (%) 33 ASTMD698
Maximum Dry Unit Weight (kN/m3) 12.75 ASTMD698
Soil Classification CH USCS

Fig. 2. Grain size distribution of kaolin.

Fig. 3. X-ray diffraction analysis of Kaolin clay.

Table 2
Chemical Properties of Ordinary Portland Cement.

Components Value

SiO2 18.27
Al2O3 4.12
Fe2O3 3.49
CaO 63.32
MgO 2.43
Na2O 0.36
K2O 0.92
SO3 3.04

Loss on ignition 3.9
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as man-made (synthetic), natural, and mineral. Cornsilk fiber,
banana fiber, coconut fiber, palm fiber, jute, bamboo, wheat straw,
rice straw, kenaf, hay, etc. are the most commonly used natural
fiber types. Tran et al. [10] performed a study to assess the effect
of fibers (with the ratios of 0.5, 1, 1.5, and 2%) on mechanical prop-
erties of silt soil. A maximum unconfined compressive strength
increase was observed as 38% at 1% fiber content. Sunny and Joy
[11] investigated the use of waste banana fiber in geotechnical
applications by using unconfined compression strength and Cali-
fornia bearing ratio test. Prabakar and Siridihar [12] treated raw
soil by using sisal fibers at 0.25, 0.5, 0.75, 1.0% of fiber content.
The authors concluded that shear strength increased by increasing
fiber content and optimum fiber content was obtained as 0.75%.
Beyond this fiber content, shear strength decreased by increasing
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fiber content. Natural vernacular fibers of Grewia Optivia and Pinus
Roxburghii (chir pine) also was used as a reinforcement element by
Sharma et al. [13]. Moreover, natural, synthetic, and waste rein-
forcement elements can be combined with chemical binders.
Danso and Manu [14] investigated the influence of coconut fibers
and lime on the properties of soil–cement mortar. In their study;
0.2–0.8% of fiber inclusion level, 5% of cement content, and 0–
15% of lime content were selected to improve the soil. Maximum
strength was obtained at 0.2% of coconut fiber and 5% of lime con-
tent. However, preparation and compaction methods have a great



Table 3
Mechanical and Physcial Properties of Ordinary Port-
land Cement.

Properties Values

Specific gravity -Density (kg/m3) 3.18
Specific surface-Blaine (cm2/g) 3120
_Initial setting time (min) 110

Final setting time (min) 165
Volume expansion (mm) 1

1-day compressive strength (MPa) 21.34
7-day compressive strength (MPa) 32.43
28-day compressive strength (MPa) 42.67
90-day compressive strength (MPa) 44.09

Table 4
Mechanical and Physcial Properties of Plastic
Bottle Strips.

Properties Values

Specific gravity 1.38
Width (average) (mm) 4
Length (average) (mm) 10
Aspect ratio (average) 20
Thickness (mm) 0.05
Tensile strength, (rt) (MPa) 64
Modulus of elasticity, (E) (MPa) 2950
Resistance to acid and alkaline High
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effect on the behavior of fiber-reinforced soil. Abou Diab et al. [15]
compared different compaction methods which are kneading and
impact compaction. As a result of their study; it was indicated that
specimens prepared by impact compaction showed better perfor-
mance utilizing strength tests due to fiber orientation. The use of
fiber has many advantages in most circumstances such as cold
regions, under dynamic effects, etc. Bozyigit et al. [16] investigated
the effect of fiber length and fiber content on dynamic properties of
fiber-reinforced clayey sand. According to the authors’ study, it
was observed that until 1% fiber content dynamic shear modulus
was increased however, beyond 1% fiber content a reverse effect
occurred. The use of fiber is also advantageous in cold regions
and increases the resistance to freezing and thawing [17–20].
Moreover, fibers can be used with varying binder materials such
as cement, lime, or polymers. Nguyen et al. [21] proposed a consti-
tutive model to identify the behavior of the fiber-reinforced
Fig. 4. a. Plastic water bottle and 3 blade scissors b. cutting plastic bottle in a form
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cement treated clay based on the critical state soil mechanics
and the modified cam clay model.

Reinforcement of soil with fibers can be divided into two groups
(systematically and randomly) according to the orientation of the
fibers. However, randomly distributed fiber-reinforced soils have
some advantages. Randomly distributed fibers ensure strength iso-
tropy and limit potential planes of weakness that generally was
constituted the cause of systematically reinforced soil [22]. As
environmental consciousness increases, the use of waste and nat-
ural materials has gained importance for geotechnical engineering.
When waste and natural fiber-like materials are mixed with soil,
they behave similarly to the fiber in reinforced soils. Most
researchers used waste materials such as waste carpet fiber, waste
tire rubber, plastic strips, textile waste etc [23,24,10,25–29]. Con-
soli et al. [30] evaluated the engineering behavior of uniform sand
reinforced with PET fiber obtained from recycling waste plastic
bottles. Considering the experiments, the peak and ultimate
strengths of uncemented and cemented specimens improved due
to the inclusion of fiber. Babu and Chouksey [31], selected recy-
cling plastic waste from water bottles as fiber for reinforcement
and stated that a significant improvement was observed in the
strength properties with waste plastic addition. Furthermore, Ped-
daiah et al. [24] investigated the behavior of waste plastic bottle
strip reinforced silty clay with varying percentages of plastic strips
and different aspect ratios. Maximum performance in engineering
properties was obtained for 0.4% plastic content. Zhao et al. [32]
searched the factors affecting the shear strength of PET reinforced
soil. The optimum PET content for maximum unconfined compres-
sive strength was determined as 1.5%.

Although there are many studies on waste plastic until today, in
literature the behavior of plastic bottle strip reinforced cemented
clay has not been investigated yet to the best of authors’ knowl-
edge. Moreover; cement stabilization is a widely used soil
improvement technique, it may be beneficial to use a waste mate-
rial with cement. Waste material usage can reduce the cement
amount to achieve desired strength properties and may cause a
more economical improvement method. Therefore, it is important
to reveal the strength properties of the plastic bottle strip rein-
forced cemented clay. Materials with low density, high durability,
and thermal insulation are preferable for embankments, landfills,
etc. Since waste plastic has a low density and durable material, it
can be a choice in landfill engineering. This study aims to clarify
the influence of the cement content and plastic bottle strip (PBS)
insertion on the stress–strain and strength behavior of clay under
of rope c. cut plastic ropes d. plastic bottle strips chopped by 3 blade scissors.



Fig. 5. Maximum dry unit weight and optimum water content of PBS reinforced-
cement stabilized kaolin.
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undrained loading conditions from the point of ultimate strength,
brittleness, energy absorption capacity, and elasticity modulus.
Besides, the interactions between PBS-cement and clay are scruti-
nized with microstructure analysis. For this purpose, several
unconfined compression tests were conducted and test results
evaluated utilizing cement inclusion level, plastic bottle strip con-
tent, and curing period. Also, regression model is constituted for
prediction of unconfined compressive strength of PET reinforced
cemented clay.
Fig. 6. Variation of unconfined compressive strength of reinforced kaolin stabilized
with a) 3% b) 6% c) 9% of cement.
2. Materials and methods

2.1. Materials

A commercial type of kaolin clay was used to investigate the
effect of waste plastic bottle strips on the strength properties of
cement stabilized clay. Physical and index properties of kaolin
are determined in accordance with ASTM standards (Table 1). Kao-
lin is classified as CH in the unified soil classification system and
the grain size distribution of kaolin is given in Fig. 2. The miner-
alogical composition of kaolin was analysed by X-ray diffraction.
The wavelength (k) of the X-radiation was set to 1.540562. Two-
Theta (2h) range was 3–90� with 0.02� step size. The X-ray diffrac-
tion (XRD) pattern of kaolin is shown in Fig. 3. Some of the diffrac-
tion peaks of kaolin could be found at 2h values of 12.55, 23.03,
26.37, 38.55 similar with [33]. Rietveld analysis revealed the pres-
ence of 59.4% kaolinite, 37.1% illite, 2.4% zeolite and 1.1% vermi-
culite in kaolin. Ordinary portland cement (OPC) was chosen for
the stabilization of clay. Chemical properties and mechanical-
physical properties of OPC are shown in Tables 2 and 3, respec-
tively. The unconfined compressive strength of pure kaolin was
determined as 20 kPa.

Similar to use of fiber, plastic water bottle strips were utilized
as a reinforcement agent for clay. Plastic bottle strips were
obtained from plastic waste water bottles. Plastic bottles are pro-
duced from polymers and according to Plastic Industry Trade Asso-
ciation (SPI), the plastics are identified into seven categories (PETE,
HDPE, V, LDPE, PP, PS, and others). Water bottles are usually made
of PETE (polyethylene terephthalate). The PET is chemically
1093



Fig. 7. Stress–strain curves of cement contained specimens with a) 1-day b) 7-day c) 28-day d) 90-day curing period.
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expressed as (C10H8O4)n and produced from petroleum, a result of
the reactions between ethylene glycol and terephthalate acid. Also,
it can be preferable as an additive due to its low coefficient of fric-
tion and high flexural modulus. Mechanical and physical proper-
ties of plastic bottle strips (PBS) were presented in Table 4.

Before the experimental study; bottles are cleaned and cut in a
form of rope with the help of a snap blade knife to prepare the
plastic bottle strips. Then, ropes were chopped into pieces ran-
domly using 3 blade shredding scissors. The PBS preparation pro-
cess is also shown in Fig. 4. The obtained plastic strips have
random dimensions due to the cutting method.
2.2. Specimen preparation

An experimental framework was set up to investigate the effect
of PBS and cement stabilization on strength. Therefore, the kaolin
was stabilized with OPC at four cement inclusion levels (0%, 3%,
6%, 9%). Plastic bottle strip content was selected as 0.5, 1.0, 1.5,
and 2%. PBS and cement content were calculated as a percentage
by dry weight of kaolin. Firstly, standard proctor tests were con-
ducted to obtain the optimum water content of specimens that
contain both PBS and cement. Specimens were prepared regarding
the compaction test results. Initially; kaolin, cement, and PBS were
mixed in a dry form to ensure homogeneity. Then, the required
amount of water equivalent to optimum water content was added
and mixed again for 2 min. After the mixing stage, the mixture was
placed in cylindrical molds with dimensions of 50x100 mm. In
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order to provide standard proctor energy, a special hammer (ap-
proximately 1/2 scale of standard Proctor hammer) was designed
and specimens compacted by using standard proctor energy. It is
important to lubricate the inside of the mold before the com-
paction process to prevent side friction during extraction. Since
the initial setting time of cement is 30 min, the specimen prepara-
tion stage was completed in less than 30 min to avoid setting. At
least three specimens prepared for each case to provide repeatably.
All specimens were covered with LLDPE (Linear low-density poly-
ethylene) film to avoid moisture loss and placed in a curing room
at 25 �C temperature and 97% relative humidity until the testing
day. Also, specimens were named regarding their content before
curing. B, C, and D indicate PBS content (%), cement content (%),
and curing time (day), respectively. Following numbers indicate
the additive content or curing period.
3. Results and discussion

3.1. Effect of cement and PBS contents on compaction properties

Mechanical properties (strength, cohesion, permeability, swel-
ling, etc.) are apparently affected by compaction parameters such
as maximum dry unit weight and optimum water content. Maxi-
mum dry unit weight and optimum water contents of PBS
reinforced- cement stabilized clay specimens were obtained by
applying standard effort by 600 kN-m/m3 according to ASTMD698.
The specimens were compacted in a standard mold with dimen-



Fig. 8. Stress–strain curves of a a) 1-day b) 7-day c) 28-day d) 90-day cured cement contained specimens with varying amount of PBS.

Fig. 9. Schematic diagram of interlock force between soil and fiber (or reinforce-
ment element).

I. Bozyigit, F. Bulbul, C. Alp et al. Engineering Science and Technology, an International Journal 24 (2021) 1090–1101
sions of 101.6 mm diameter and 116.4 mm height. The compaction
curves of PBS reinforced- cement stabilized clay specimens were
presented in Fig. 5. Considering the Fig. 5, PBS and cement content
showed an insignificant effect on optimum water content. How-
ever, the maximum dry unit weight has generally shown an
increasing trend till 1.5% PBS content, beyond this point maximum
dry unit weight decreased. This phenomenon may be caused by the
reduction of voids in the fiber-cement-soil matrix. Beyond 1.5%
fiber content; lumps and air pockets were formed depending on
the structure of fiber-soil–cement matrix [12].
1095
3.2. Effect of cement and PBS contents on strength and deformation

The effects of PBS on strength of cement treated clay were eval-
uated with strain-controlled unconfined compression test device
in accordance with ASTM D 2166 standard, at a constant speed
of 1.42 mm/min until a maximum 20% of strain was reached or
failure occurred. Cement content, curing time, and PBS were
designed as variable parameters. Unconfined compressive strength
of cement treated kaolin at various plastic bottle strip (PBS) was
shown in Fig. 6. A remarkable increase in strength was observed
with increasing cement inclusion level, irrespective of PBS content.
Although; undrained strength of pure kaolin is determined as
20 kPa, the maximum unconfined compressive strength is obtained
as 3452 kPa for a 90-day cured specimen containing 1% of PBS and
9% of cement. Besides, the minimum strength was determined for a
1-day cured specimen having 3% cement inclusion level. In other
words, the contribution of cement and PBS is observed as 4 to
173 times increase in unconfined compressive strength values. Lor-
enzo and Bergado [34] characterized strength properties of cement
stabilized clay at high water contents. It was found that the
strength of specimens containing 10% cement at 80% water content
was increased 23 to 37 times according to pure clay. Moreover,
Khalid et al. [35] found this strength increment interval between
4 and 13 for 3–6% cement inclusion level. These results obtained
from specimens cured up to 28 days. More duration of curing
and higher cement content induced to higher strength increments
[36,37].

The main reason for the strength gain mechanism due to
cement addition is the reactions between cement and kaolin. As



Fig. 10. Image of fracture patterns of specimens a) 9% cement treated (C9B0D7) b)9% cement treated with 1.5% PBS content (C9B1.5D7) c) 3% cement treated (C3B0D90) d) 3%
cement treated with 1.0% PBS content (C3B1.0D90) e) 9% cement treated (C9B0D28) f) 9% cement treated with 1.5% PBS content (C9B1.5D90).
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the cement and soil are mixed with water, different kinds of
cementitious materials have occurred in soil–cement matrix from
several reactions [38–40]. These products namely primary and sec-
ondary cementitious products formed as a result of hydration and
pozzolanic reactions, respectively. Hydration of cement provides
strength in early curing days. However, in long term, the strength
increment is continued by pozzolanic reactions. Furthermore, kao-
lin provides usage of Ca+2 ions produced by cement during the poz-
zolanic reaction. Thereby, the presence of kaolin induces cement
stabilization more effectively. Therefore, more cementitious mate-
rials are produced with increasing cement inclusion level and cur-
ing time to improve strength. Although cementitious products
cause strength increase, these products are also quite effective in
stress–strain behavior.

Fig. 7 shows the stress–strain curves of cement-stabilized clay
specimens without PBS. As the cementitious products are
increased due to increment of cement inclusion level and curing
time, stress–strain relationships show brittle/semi-brittle behavior
from ductile/semi-brittle behavior. This means that greater stress
values are needed for a specimen to continue deformation and
axial strain. After stress reaches the peak value, the strength
dropped significantly to a much lower value. It is important to note
that specimens including 3% cement content maintain ductile
behavior since the cement addition produces an insufficient
amount of cementitious products. The axial strain values of 1–7
and 28 days cured specimens vary between 2 and 4%. After 90-
day curing time as the amount of cementitious products reaches
their maximum value, 3% cement containing specimens tend to
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show semi-brittle behavior. Eventually, the axial strain reaches
approximately 1.5%. All specimens containing 6% cement content
tend to show semi-brittle behaviour at the beginning of 1-day cur-
ing time in that the required amount of cementitious products
formed in specimens and axial strains ranged from 1 to 1.5%. Con-
sidering all cement contents, the greatest amount of cementitious
products are formed in specimens containing 9% cement. There-
fore, semi-brittle behavior is more pronounced in these specimens.
As a consequence of cementitious products, an increase in cement
content caused a lower axial strain corresponding to peak strength.
It should be underlined that both curing period and cement con-
tent parameters are effective for cement stabilized clay behavior,
however, the cement content parameter has a more dominant
influence on clay behavior rather than curing period. Moreover,
each additive used for improvement has an effect on the mechan-
ical properties of the soil. PBS also affects the soil deformation
behavior as well as cementitious products. Stress–strain curves of
cement stabilized- PBS reinforced kaolin are shown in Fig. 8.

PBS that is used as a soil reinforcement caused ductile behavior
in contrast to cement content influence. Two mechanisms specify
the behavior of reinforced-stabilized clay specimens. The first
mechanism is occurred by cementitious products due to the
cement content and curing time, led to brittle behavior. The second
mechanism is originated from the reinforcement element (plastic
bottle strips) and forced clay specimens to show ductile behavior.
These two mechanisms can be explained as the cementation pro-
cess that causes the increase of compressive strength and the soil
reinforcement that induces tensile strength increment. Two mech-



Fig. 11. Brittleness index of a) 3% b) 6% c) 9% of cement treated kaolin for various
PBS content.
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anisms affect simultaneously, causing an improvement in the
mechanical behavior of clay due to additive inclusion level. How-
ever, each additive has an optimum content for maximum strength
increase. For the specimens with 3% cement content, it is observed
that the optimum PBS inclusion level causing maximum strength
value is 2% PBS content up to 28 curing days. After 28 days, the
optimum value of PBS is decreased to 1.5%. Maximum strength val-
ues of specimens contained 6 and 9% cement content are obtained
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generally from specimens with 1% PBS content. Akbulut et al. [41]
investigated the influence of randomly oriented fiber content on
strength of clay using scrap tire rubber, polyethylene, and
polypropylene fiber. It was specified that unconfined compressive
strength values of specimens increased with the addition of tire
rubber fiber up to 2% and beyond this value, the strength of spec-
imens tended to decrease. Also, Tafti and Emadi [42] evinced that
the optimum fiber content for clayey soils was 1.5%. As it can be
seen from Fig. 6; test results are compatible with literature
[41,42]. Therefore; it should be noted that PBS showed the same
behavior with fiber. Besides, Zhao et al. [32] indicated that beyond
1.5% of waste pet content, the shear strength showed a declining
trend. Moreover, the optimum plastic contents are obtained as
1.5% for both fine and coarse grained soils. Zhao et al. [32] indi-
cated that the increase in PBS (or PET) content led up to 2 times lar-
ger strain. Reinforcement elements which are PBS in this study, can
efficiently restrain potential tensile cracks and reduce further
deformations as a consequence, reinforced soil shows more ductile
behavior. It can be said that the interlocking mechanism and
bridge effect induced this ductile behavior. When the soil was sub-
jected to normal stress, stress was transmitted to soil particles and
movement of soil particles started to compress to form a denser
structure. This movement of the soil grains caused a deformation
on fiber like material that lay in the voids. The rotation and motion
of soil particles on the deformation zone (the area that soil parti-
cles contacted with deformed fiber) generated interlock and fric-
tional forces. Eventually, tensile stress on fiber was mobilized by
particle interlocking and frictional forces. The mechanism of inter-
locking forces is shown in Fig. 9. Due to the particle interlocking
and frictional effects, sliding of clay particles and the fiber-clay-
cement matrix were more difficult, soil–cement–fiber matrix
becomes more resistant to tensile stress. Also, randomly dis-
tributed fibers behave like a structural grid holding the soil matrix
as a consequence soil strength and integrity were increased. To
examine the bridge effect and increased soil integrity, fracture pat-
terns of PBS free and PBS contained specimens were shown in
Fig. 10. In PBS free specimens, apparent fractures and deeper cracks
were observed, on the other hand, despite all cracks, PBS contain-
ing specimens tended to preserve their structural integrity.

For 3% cement contained specimens, PBS is more effective on
clay behavior. However, after 90 days of the curing period, it is
observed that axial strain value is decreased considerably and
specimens slightly tend to show semi-brittle behavior due to
increase in cementitious material. In Fig. 8; stress–strain curves
of 6% of cement treated specimens containing varying amounts
of PBS content and axial strain values of the stabilized specimens
with different PBS content are higher than non-PBS specimens.
Also, the stress–strain behavior of 0.5% PBS contained specimens
is very close to non-PBS specimens. In this case, the cementation
process becomes more dominant to induce semi-brittle behavior.
However, specimens show a more ductile behavior beyond 0.5%
of PBS content and axial strain values reach higher values. If
strength-deformation behavior of specimens containing PBS stabi-
lized with 6% of cement are comparatively analyzed, peak stress
values are increased and as the curing time increases, specimens
tend to show semi-brittle behavior. If specimens contained 9%
cement are considered, it is seen that PBS content is more domi-
nant in stress–strain behavior when compared to cement content.
The axial strain values corresponding to peak shear stress are sig-
nificantly increased with PBS content.

3.3. Energy absorption capacity and brittleness index

The stress–strain behaviour of soils can be also specified by
using the brittleness index (IB) that shows the ductile and brittle
behavior of soils [43]. Brittleness index is calculated as:



Fig. 12. Energy absorption capacity of a) 1-day b) 7-day c) 28-day d) 90-day cured cement treated kaolin for various PBS content.

Table 5
Quantitative correlations for cemented soil from literature

Materials Functions R2 Sources

Sediments with cement, lime and fly
ash

E50 = 119.91 UCS 0.8013 [45]

Sediments with cement E50 = 167.3 UCS 0.94 [46]
Lead-polluted soils with cement E50 = 57.2

UCS + 57.2
0.9179 [47]

Kaolin with cement E50 = 89.529 UCS 0.7854 [48]
Kaolin with cement and magnesium

sulphate
E50 = 91.343 UCS 0.8731 [48]

Fig. 13. The relationship between elasticity modulus and unconfined compressive
strength of specimens with PBS and cement.
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IB ¼ qf

qult
� 1 ð1Þ

where qf and qult are the failure stress and ultimate stress, respec-
tively. As the brittleness index approaches zero value, the specimen
shows more ductile behavior. The specimen with the highest brit-
tleness index value shows more brittle behavior than the others.
The brittleness index (IB) of cement and PBS contained specimens
is shown in Fig. 11. Fatahi et al. [44] indicated that increasing
cement content increased brittleness index also brittleness
decreased by increasing fiber content. The average value of (IB) is
1.77 for 3% cement stabilized kaolin. However, this value increased
up to 1.99 for 9% of cement treated kaolin. As cement and PBS
additives have an opposite contribution to stress–strain behavior,
IB decreases with increasing cement content. Also, increase in PBS
1098
content cause the tendency to ductile behavior. Considering PBS
contained specimens, no significant change was observed on IB.
Since toughness indicates energy absorption capacity, it would be
more useful to determine the effect of PBS on stress-stain beha-



Fig. 14. a. model building sequence b. incremental impact of variables.

Fig. 15. SEM images of a. kaolin clay b. 9% cement stabilized kaolin c. 9% cement stabilized kaolin with PBS d. 6% cement stabilized kaolin with PBS.
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viour. Toughness is an important parameter to evaluate the effect of
fibers on soil stabilization. Toughness indicates the energy absorp-
tion ability of material until the failure point and can be calculated
by integrating the area under the stress–strain curve [10].

The energy absorption capacity of cement stabilized-PBS rein-
forced kaolin is given in Fig. 12. The energy absorption capacity
increased significantly with increasing PBS content. Toughness
(energy absorption capacity) of PBS-cement treated specimens
multiplied from 1.11 to 4.56 times than non-PBS contained speci-
mens. In each case, the maximum toughness value was determined
in 1.5% PBS contained specimens. Considering that more energy is
required for the same deformation level, PBS is more effective on
specimens containing 1.5% fiber.

Deformation modulus or Secant modulus (E50) is an important
parameter in soil deformation behavior and represents the
resistance capacity to elastic and plastic deformation. Quantitative
correlations for cemented soil from literature are presented in
Table 5. The relationship between elasticity modulus (E50) and
1099
unconfined compressive strength (qu) is shown in Fig. 13. An expo-
nential trend line is suitable with obtained data with
E50 = 5.2914q1:3443

u and the coefficient of determination value (R2)
is determined as 0.9493.

3.4. A simple model for estimation of UCS

A mathematical model is established between the unconfined
compressive strength and the three variable parameters as curing
time, cement content, PBS content. According to experimental
data, it has been seen that unconfined compressive strength values
are related to these parameters. In order to obtain a relation with
these variables with the greatest coefficient of determination, mul-
tiple regression analysis were performed and a mathematical
model for unconfined compressive strength is presented in Eq. (2).

qu ¼ 844CC � 175:2PBSþ 22:03CP � 48:4CC2 � 0:2621CP2

þ 2:063CCxCP � 2003 ð2Þ
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Here; CC, CP PBS indicate cement content, curing period, PBS con-
tent, respectively. It should be noted that these models are obtained
for cement stabilized and PBS reinforced kaolin clay. Mathematical
equation can be used practically to predict the undrained strength
of cement-PBS treated clay in structures such as embankment or
under-foundation materials. It is also important to obtain degree
of the effectiveness of these variables on the strength properties
of clayey soil. For this purpose,the impact of variables on the coef-
ficient of determination (R2) is analyzed to determine the contribu-
tion of these variables to the model. The variable that caused the
greatest increment in the coefficient of determination would be
the most effective parameter. It was obtained that; in order of sig-
nificance, variables were obtained as cement content, curing time,
and PBS content. Stages of model building and the impact of
variables were shown in Fig. 14. As expected; since the effect of
cement stabilization on soil improvement is greater than fiber and
fiber-like elements, cement, and cement related curing time vari-
ables has a great significance on the model.

3.5. Scanning electron microscopy (SEM) analysis

After unconfined compressive strength tests, selected speci-
mens were analyzed by scanning electron microscopy. In Fig. 15
the SEM images of pure kaolin and specimens were shown. Since
the PBS strips have low density and have a transparent color, it is
not easy to recognize PBS in SEM analysis. C-S-H gels formed with
cement inclusion increase the contact of the grains with each other
by wrapping the clay grains. After PBS addition, PBS was placed in
the voids in the soil matrix and also surrounded by C-S-H gels.
Analyzing the Fig. 15; PBS was deformed during the unconfined
compression test due to the normal stresses, then interlocking
and friction forces occurred between clay-cement and PBS. Also,
some gap creations were observed at the interface caused by poor
adhesion between soil and PBS.

4. Conclusions

In this study, the effects of PBS on the strength properties of
cement stabilized kaolin are investigated experimentally. The con-
cluding remarks are listed below:

� At the same PBS content, unconfined compressive strength
increases by increasing cement content.

� As the amount of cementitious products formed by cement con-
tent increases, lower deformation values are observed at peak
strength.

� It is observed that the specimens at the same cement content
tend to behave more ductile with increasing PBS content.

� Test results revealed that optimum PBS content for cement sta-
bilized clay range between 1 and 1.5%.

� A mathematical model is proposed to estimate the unconfined
compressive strength of cement stabilized kaolin which was
reinforced by using PBS.

� Recycling of PET waste in geotechnical applications has two
advantages. While improving the geotechnical properties of
soils, utilization of this non-degradable waste in soil stabiliza-
tion also reduces environmental damage.
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