Journal of Sustainable Construction Materials and Technologies

Volume 10 | Issue 2 Article 2

2025

Sustainable Modification of Stone Column Technique with
Polyethylene Terephthalate (PET) Plastic for Strengthening the
Expansive Clay

Ng Jun Shen

Department of Civil Engineering, Faculty of Civil Engineering Technology, Universiti Malaysia Pahang Al-
Sultan Abdullah, Lebuhraya Tun Razak 26300 Kuantan, Pahang Darul Makmur, Malaysia,
jshenng98@gmail.com

Muzamir Hasan

Department of Civil Engineering, Faculty of Civil Engineering Technology, Universiti Malaysia Pahang Al-
Sultan Abdullah, Lebuhraya Tun Razak 26300 Kuantan, Pahang Darul Makmur, Malaysia,
muzamir@umpsa.edu.my

Follow this and additional works at: https://commons.yildiz.edu.tr/jscmt

b Part of the Biomaterials Commons, Chemical Engineering Commons, Civil and Environmental
Engineering Commons, Engineering Science and Materials Commons, Materials Science and Engineering
Commons, Mechanical Engineering Commons, and the Molecular, Cellular, and Tissue Engineering
Commons

Recommended Citation

Shen, Ng Jun and Hasan, Muzamir (2025) "Sustainable Modification of Stone Column Technique with
Polyethylene Terephthalate (PET) Plastic for Strengthening the Expansive Clay," Journal of Sustainable
Construction Materials and Technologies: Vol. 10: Iss. 2, Article 2.
https://doi.org/10.29187/2458-973X.1186

Available at: https://commons.yildiz.edu.tr/jscmt/vol10/iss2/2

This Research Article is brought to you for free and open access by YTU Press. It has been accepted for inclusion
in Journal of Sustainable Construction Materials and Technologies by an authorized editor of YTU Press.


https://commons.yildiz.edu.tr/jscmt
https://commons.yildiz.edu.tr/jscmt/vol10
https://commons.yildiz.edu.tr/jscmt/vol10/iss2
https://commons.yildiz.edu.tr/jscmt/vol10/iss2/2
https://commons.yildiz.edu.tr/jscmt?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/233?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/240?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/251?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/251?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/279?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/285?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/285?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/293?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/236?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/236?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.29187/2458-973X.1186
https://commons.yildiz.edu.tr/jscmt/vol10/iss2/2?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss2%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages

JOURNAL OF SUSTAINABLE CONSTRUCTION MATERIALS AND TECHNOLOGIES 2025;10:156-168

RESEARCH ARTICLE

E lii':'ﬁ:@
[
Scan the QR to view - 2

the full-text article on =
the journal website ||

=]

Sustainable Modification of Stone Column
Technique with Polyethylene Terephthalate (PET)
Plastic for Strengthening the Expansive Clay

Ng Jun Shen®, Muzamir Hasan® *

Department of Civil Engineering, Faculty of Civil Engineering Technology, Universiti Malaysia Pahang Al-Sultan Abdullah, Lebuhraya

Tun Razak 26300 Kuantan, Pahang Darul Makmur, Malaysia

ABSTRACT

This research investigated the modification of stone column application by the association of PET plastic as a coarse
aggregate material for sustainable material replacement. Clay soil improvement with a granular material fabricated
column substantially affected its soil-bearing capacity. Subsequently, it avoided severe problems such as soil settlement
and structural instability. Previous studies have mentioned the function and alteration of stone columns using materials
like bottom ash and fly ash. Still, no attention has been paid to the utilization of PET plastic for this area. This study
examined the feasibility and reliability of materials, PET plastic, and kaolin clay S300 before examining geotechnical
properties through their physical and mechanical characteristics. The fundamental geotechnical tests verified that kaolin
clay was a problematic soil, and PET plastic was a substitute for coarse aggregate. Via the Unconfined Compression Test
(UCT) approach, the highest improvement magnitude of soil recorded was at 17.38kPa or 48.42%, referring to the
unreinforced kaolin specimen, which occurred at the GC10100 specimen. Coherently, it was suggested that the critical
column penetrating ratio was 1.0. The research proposed that using PET plastic could act as a reinforcing component to

rectify the engineering characteristics of kaolin.

Keywords: Expansive clay, Foundation, PET plastic, Ground improvement, Shear strength

1. Introduction

Soft clay is commonly defined as problematic soil,
with a series of issues occurring when this type of soil
is used for construction purposes, such as concrete
mixtures and foundation building. It is a complicated
process for construction activities to be implemented
over the soft clay soils in geotechnics, particularly
when designing infrastructures, EL Gendy et al. [1].
According to Foda et al. [2], clayey deposits are
mainly found in coastal areas, which combine a cer-
tain amount of silt and silty sand. Shen et al. [3]
reported that kaolin clay soil is available in powder
form, and it is an extremely fine-grained mineral,
appearing in white or nearly white color. The soil

particles in a measurement are lower than 0.002 mm,
and the spacing between the particles is minimal.
Therefore, they exhibit cohesive properties, which
are defined as cohesive soil [4]. Due to its sticky
properties, clayey soil is sensitive to the variation
of water, where the changes in the degree of mois-
ture content can easily turn the soil into mud. This
property leads to a higher compressibility issue, and
the water retained within the soil is ready to be
expelled from the soil particles when a force is ap-
plied to it. The less permeable characteristic of clay
restricts water flow to discharge out, which main-
tains a higher water ratio within the particles than
its total volume. Hasan et al. [5] stated that the
massive alteration of soil volume leads to uneven
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soil settlement, inducing serious structural stability
issues in the foundation system. Similarly, the higher
compressibility of clay soil signifies the soil’s lower
bearing capacity, which cannot cater to the dead and
live loads imposed by the structure and occupant [6].
Previous research by Phanikumar and Ramanjaneya
[7] discovered the failure of the structure constructed
on the soft clay bed, leading to the cracking of the
structure due to the soil settling after the loads were
applied. Yoobanpot et al. [8] reported that raw clay
soil possesses a very high content of natural water and
a very low undrained shear strength value (in kPa),
posing a higher risk to utilize directly for construction
applications.

Furthermore, Dhianty and Mochtar [9] discovered
that the classification of sand with silty or clayey
properties exhibits undrained shear strength between
0 and 50kPa, and the hardness is labeled as soft to
medium. Jun Shen et al. [10] found that clay soils
tend to deviate significantly, and shape deformation
occurs instantly due to the weak absorption of loads
by the soil itself. However, Suwito et al. [11] reported
that areas with periodic rainfall will further dete-
riorate the engineering properties of clay, imposing
more structural issues on the foundation system due
to the constant increment of water content in the
clay soil. Referring to the reviews and research data
provided, unstable soils like kaolin clay are rectified
with their engineering behaviors to enhance the shear
strength parameters of the soil. Several techniques
have been proposed to improve the soft soil, including
soil stabilization and ground improvement [12, 13].
These methods enhance shear strength parameters,
specifically for cohesive and fine-grained soils.

As proposed by the United Nations about the con-
cept of sustainable development goals (SDGs), the
idea and concept of sustainability have been en-
couraged and prioritized for application, including
in the construction industry. Li et al. [14] summa-
rized the importance of SDGs in response to the
ESG (Environment, Social, and Governance) con-
cept in response to the growing sustainability issues
worldwide. Hence, the recent research on soil sta-
bilization and ground improvement techniques has
encompassed the concept of sustainable development
to ensure the long-term advancement of society. Soil
stabilization deals with the stabilizing function of
soil with the addition of foreign materials, and cur-
ing of soil within a certain days is required before
proceeding to materials investigation. Coherent with
that, reinforcing the soil is not limited to clayey soil
but also the black cotton soil by associating with
the glass powder and plastic blends [15]. The soil-
kilned and processed glass wastes were deployed
within the same approach to stabilize the expansive

clay soil [16]. Zaini & Hasan [17] substituted silica
fume and lime for clay soil stabilization; however,
the approach requires specific curing days to achieve
the research’s objectives. Haidder et al. [13] adopted
shredded PET plastic to determine soil improvement
efficiency. Apart from that, this technique is not
limited to constructing foundation systems. Kumar
et al. [18] utilized plastic waste to raise the strength
of subgrade in the application of transportation engi-
neering. In this research, the authors employed the
stone column method, a popular ground improve-
ment technique. It regards the inclusion of granular
fabricated columns, which will be built beneath the
soft clay soil, mainly the unreinforced section. With
the consideration of sustainable materials, Syamsul et
al. [19] applied the bottom ash to build the granular
column, and Jun Shen et al. [10] used the fabricated
crushed brick column as a replacement material in
a partially or fully saturated bed that established a
reinforced ground to strengthen the soil bearing ca-
pacity. Installing the granular column can accelerate
the soil consolidation, acting as a human intervention
activity [20]. Besides, the authors emphasized that
using a certain amount of fiber induces a substantial
effect by disturbing the soil grain interaction between
the clay and additives, yielding a positive outcome.
The above findings are supported by Dey & Deb-
nath [21], where the granular column influences the
consolidation of the surrounding clay. However, this
effect is reduced as the distance increases. Aslani et
al. [22] reported that the speed-up of the soil consol-
idation process is due to the provision of additional
drainage by reinforcement material. Thus, referring
to the soil consolidation parameters, the additional
drainage reduces the soil compression index, making
it less compressible upon receiving external forces.

In contrast, the annexation of coarse-type material
generates positive results in expelling confined water
stuck within the clay particles, compared to only pure
clayey soil, which permits the higher compressibility
property.

By doing so, Haddad and Shahverdi [23] reported
that water pressure relief in clayey soil slashes down
the bearing pressure settlement in response to in-
stalling floating and non-floating granular columns.
The authors deduced that the design of granular
columns unleashes an influential relationship be-
tween the shear strength improvement and the soil
type. Hoque et al. [24] conducted a study regarding
the effect of Area Replacement Ratio (ARR), Column
Penetration Ratio (CPR), Column Height to Column
Diameter Ratio (HDR), and Volume Replacement Ra-
tio (VRR) of the fabricated column. They concluded
that these ratios modify the improvement of shear
strength.
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(b)

Fig. 1. Location of purchased materials (a) Kaolin (M) Sdn. Bhd. (b) Glowmore Express Sdn. Bhd.

Furthermore, Zaini and Hasan [25] mentioned
the alteration of shear strength parameters regard-
ing these ratios: deviatoric stress, axial strain, shear
strength value, and shear strength improvement rate.
However, the design of a granular column considers
the scale size in either the laboratory or on-site, the
column’s boundary, and the column’s category, which
can be single or group. The application of single bot-
tom ash column deployed by Shen et al. [3], crushed
brick fabricated columns (consisting of 3 columns)
applied by Jun Shen et al. [10], and both single
and group bottom ash columns utilized by Syamsul
et al. [19], and all the researchers yielded positive
soil’s improvement. Thus, using waste materials like
bottom ash and plastic has been proven as a sustain-
able approach to enhance the engineering properties
of kaolin clay soil through the ground improvement
technique.

Polyethylene Terephthalate or PET is a chemical
name given for this specific plastic, with the code
1 to signify the category of plastic. This plastic has
a very long polymer chain, which classifies it under
the generic group of polyesters [26], which can be
formed through the transesterification of dimethyl
terephthalate [27]. The authors mentioned that the
polymerization reaction process solidifies the forma-
tion of PET plastic and has been proven to possess
distinguished properties such as high-pressure resis-
tance and mechanical strength. Due to its properties,
PET plastic has been utilized in many areas, such as
asphalt mix in modifying the pavement [28], acting
as an antifreeze component [29], and improving soil
strength [13].

Consequently, the current study deployed the stone
column technique. It modified the existing approach
by replacing conventional coarse aggregate, like
sand, with PET plastic to rectify the engineering be-
haviors of kaolin soil within the laboratory scale.
However, none of the previous studies have discov-
ered the relationship between the fabricated group

PET columns and the shear strength improvement
of kaolin clay S300, which also considers the col-
umn ratios. This study expects the association of
kaolin clay S300 and PET plastic materials to enhance
the soil’s fundamental geotechnical properties and
the shear strength parameters. Thus, it centralizes
the construction of PET columns on the soft kaolin
clay with respective designs, which were then in-
vestigated using the UCT machine. In addition, this
proposal was crucial in highlighting the integration
of PET columns in increasing soil-bearing capacity.
Coherently, both materials’ physical and mechanical
properties were explored by conducting the relevant
tests, which played crucial roles in the design of group
PET columns. Therefore, the objectives of this study
were (1) to identify the kaolin clay soil and PET plas-
tic in terms of physical and mechanical properties,
and (2) to examine the shear strength parameters
of unreinforced and reinforced kaolin clay soil with
distinct PET column designs.

2. Setup of experiment

The first part of this chapter reviewed the materials
utilized in the research, which were kaolin clay S300
and PET plastic. The following section discusses the
procedures and standards deployed to implement all
the necessary investigative tests.

2.1 Research materials

The primary material of this study was kaolin clay
S300, which acts as the clayey soil component that
meets all the requirements of being a fine-grained
aggregate. Kaolin clay S300 material was purchased
from Kaolin (M) Sdn. Bhd is a company in Puchong,
Selangor, Malaysia, as shown in Fig. 1(a). This ma-
terial was selected because of the convenience of
kaolin clay S300’s solubility in water, which can form
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Table 1. The physical properties of kaolin clay S300

[19,34].
No. Parameter Value
1 Natural water content (%) 1.58
2 Specific gravity 2.63
3 Atterberg limit;
Liquid limit, LL (%) 38
Plastic limit, PL (%) 32
Plastic index, PI (%) 6
4 Soil content;
Sand (%) 0
Silt (%) 47
Clay (%) 53
Table 2. Mechanical properties of kaolin clay S300.
Parameter Researcher data
[10] [19] [5]
MDR (Mg/m3) 1.59 1.58 1.60
OMO (%) 20.50 18.40 19.00
Permeability 6.05 x 10712 257 x 108 227 x 10712

coefficient (m/s)

Table 3. The significant mineralogy
content of kaolin clay S300 [17].

Value (%)

Chemical composition

SiO9 66.11
CaO 0.08
Al 03 20.15
K20 2.85
MgO 1.23
Fep03 0.73
Total 91.15

into a slurry product easily when contacted with a
mild amount of water [11]. Regarding its chemical
formula, kaolin clay, which has kaolinitic minerals,
has the general formula of Al2Si205(0OH)4, which
makes it possess the hydrophilic characteristic. The
name is aluminium silicate hydroxide based on its
formula, which consists of aluminium, silicon, oxy-
gen, and hydroxide components. As mentioned by
Syamsul et al. [19] and Hasan et al. [30], this mate-
rial is convenient for producing a homogeneous soft
clay specimen, which is significant for ensuring the
accuracy and consistency of material content during
the data acquisition process. Table 1 summarizes the
physical engineering properties of kaolin clay S300
based on the relevant geotechnical parameters such
as soil categorization and natural moisture content.
Referring to Table 2, the mechanical properties of
kaolin clay S300 were deduced based on the previ-
ous data, mainly the maximum dry density (MDR),
optimum moisture content (OMC), and permeability
coefficient. Table 3 summarizes the significant chem-
ical composition of kaolin clay S300.

The second material was regarding the reinforcing
component, PET plastic. This plastic was purchased
from the ground floor of Glowmore Express (M) Sdn.
Bhd is a recycling company located in Pelabuhan
Klang, Selangor, Malaysia, as depicted in Fig. 1(a)
and (b). There were several reasons for choosing PET
plastic: (1) sustainable material as it was from the dis-
posal of PET plastic, mainly ground from unwanted
PET bottle and containers, thus reducing the volume
of disposal in the landfills area (2) cost-effective (3)
durable as it was proven to utilize in many civil en-
gineering fields to act as a coarse-grained material
replacement alternative, for instance, soil enhance-
ment and pavement subgrade application [31, 32].
Zair et al. [33] reported that PET plastic has a break-
ing strength of 50 MPa, a tensile strength of about
1700MPa, and a water absorption rate of 0.5% (mea-
sured after 24 hours), which these characteristics and
the mentioned reasons by the authors made it to be
the selected substituting materials in this research.

2.2. Research approaches

Referring to the study objectives stated in the previ-
ous chapter, the research materials, kaolin clay S300
and PET plastic, must be ascertained with relevant
geotechnical tests as the primary phase in this in-
vestigation. Coherently, the phase was classified into
two sections, kaolin clay examination and PET plastic
examination, as stated in Table 4, with the corre-
sponding American Society for Testing and Materials
(ASTM) and British Standards (BS) guidelines. The
tests included for kaolin clay S300 were hydrometer,
Atterberg limit, falling head, and standard proctor.
The replacement material encompasses sieve anal-
ysis, relative density, and constant head. However,
a small pycnometer test was deployed for both ma-
terials to yield a specific gravity result. Similarly,
the Unconfined Compression Test (UCT) was im-
plemented to assess the shear strength parameters
of pure kaolin clay or unreinforced specimens. PET
columns reinforced with kaolin clay or denoted as
reinforced specimens with the standard of ASTM D
2155.

The first test began with the deployment of a hy-
drometer test, aiming to obtain the data on particle
size distribution (PSI), as shown in Fig. 2(a). The
kaolin powder from the grade S300 was air-dried and
passed through the 0.063 mm sieve, which met the re-
quirement for fine particles. The Wet sieving method
was chosen from the standard operating procedures
instead of the dry sieving method due to the tendency
of kaolin clay particles to clump together. Stoke’s law
was applied to the hydrometer application, in which a
hydrometer bulb was used to fill the solution. Hence,
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Table 4. Relevant testing for kaolin clay S300, PET plastic, and reinforced kaolin.

Research material

Investigation approach

Standard

Kaolin clay S300 Hydrometer
Atterberg limits;
Liquid limit
Plastic limit
Pycnometer

Standard proctor

Falling head
Sieve analysis
Relative density
Pycnometer
Constant head

PET plastic

Reinforced kaolin

Unconfined Compression Test (UCT)

BS 1377: Part 2: 1990: 8.3

BS 1377: Part 2: 1990: 4.3
BS 1377: Part 2: 1990: 5.3
BS 1377: Part 2: 1990: 8.3
BS 1377: Part 2: 1990: 3.3
ASTM D 2434

BS 1377: Part 2: 1990: 9.6
BS 1377: Part 2: 1990: 4
BS 1377: Part 2: 1990: 8.3
ASTM D 2434

ASTM D 2166

Laboratory
works

(d

Fig. 2. The implementation of laboratory works (a) Hydrometer apparatus, (b) cone penetrometer, (c) small pycnometer bottles, (d)

unconfined compression machine.

the description of drag force in the hydrometer of
fluid provided the understanding of the behavior of
kaolin clay particles. For the dry sieving method,
sieve analysis was applied to a coarse-grained mate-
rial, PET plastic. The selected sieve sizes were 4.75
mm, 2.36 mm, 1.18 mm, 0.3 mm, and 0.063 mm. The
PET plastic was poured in descending order of sieve
sizes, from sieve 4.75 mm to sieve 0.06 mm, covered
with a lid at the top and a pan at the bottom. The
following investigation was the Atterberg limit test,
which comprised the Liquid Limit (LL) and Plastic
Limit (PL) tests. The LL test was executed through the
semi-automated cone penetrometer by recording the
dial reading to the nearest 0.1 mm, as demonstrated
in Fig. 2(b). In contrast, the PL test was implemented
by molding kaolin slurry into a spherical shape and
measuring the loss in moisture content after drying
the kaolin in the oven overnight.

Subsequently, Fig. 2(c) depicts the small pycnome-
ter test to ascertain the specific gravity of kaolin
clay and PET plastic. The pycnometer bottles were
filled with dry soil and water, and 20 g of oven-dried
samples were prepared. After filling it with water and
covering it with a stopper, the pycnometer bottle was

placed in vacuum desiccators for 24 hours to stabilize
the water vapor. This step was repeated, and the
necessary data were utilized to compute the specific
gravity of each material. Data accuracy was ensured
by ensuring that the obtained specific gravity did not
alter by more than 0.03 Mg/m3.

The standard proctor analysis was implemented
to determine the maximum dry density (MDR) and
optimum moisture content (OMC) of kaolin clay,
and the values were to be used to design the PET-
reinforced kaolin clay specimen. The test procedure
was varied according to the different added water
volumes, resulting in distinct dry density and dry
unit weight data. Around 3 to 4 kg of oven-dried
kaolin soil was used for mixing purposes, and the
compaction work was done by dropping a 2.5 kg
hammer from a distance of 250 mm above the soil.
The entire procedure was repeated 6 times, where
every repetition increased 5% of moisture content.
The subsequent examination was the hydraulic con-
ductivity of kaolin clay and PET plastic, in which the
falling head and constant head tests were conducted,
respectively. Both tests followed the same standard,
ASTM D 2434, where the water flow rate through the
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7.5 mm

50 mm

50 mm

(a)

50 mm

50 mm

(b)

Fig. 3. The group PET column design (a) 10 mm diameter, (b) 16 mm diameter.

Table 5. The design of the PET column corresponds to its density.

Column diameter (mm)  Column length (mm)

Column volume (mm?3)

Density of PET (Mg/m3)  Mass of PET required (g)

10 60 4712
80 6283
100 7853
16 60 12063
80 16084
100 20106

0.47 2.21
2.95
3.69
5.66
7.55
9.44

soil was obtained, which was crucial for computing
the permeability coefficient.

Before accessing the shear strength parameters of
soil, the unreinforced and reinforced specimens were
prepared based on the MDR and OMO values gen-
erated from the proctor curve. The current research
utilized 330g of air-dried kaolin powder to prepare
the specimen with a customized mold, 100 mm
height, and 50 mm diameter. Afterward, the 10 mm
and 16 mm diameter holes were drilled using the
respective sizes of drilling bits on the unreinforced
kaolin specimen. Reinforcement was achieved by in-
stalling the group PET columns based on the design
depicted in Fig. 3, as referred to in Tables 4 and 5,
where 60 mm, 80 mm, and 100 mm height columns
were constructed, respectively. During this stage, the
poured-in PET plastic was hit by the backside of the
drilling bits, creating a vacuum area within the PET
column. The PET columns reinforced the kaolin speci-
men, which was then extruded out with the assistance
of an extruder. In Table 5, each group’s PET column
design was expressed in the column design section;
for instance, GC1060 denoted group PET columns
with 10 mm diameter and 60 mm height.

The investigation of shear strength parameters was
obtained through conducting UCT, where the place-
ment of unreinforced and reinforced specimens in the
center of the UCT machine is shown in Fig. 2(d). The
calibration works were done before the experiment
started, and the time interval of 20 seconds, load dial

reading, and specimen deformation were recorded.
The test was terminated when the load dial presented
a decreasing or constant load with increasing strain.

Table 6. The group PET column design with the
respective ratios.

Column design CPR HDR VRR (%)
Control - - _
GC1060 0.6 6 2.40
GC1080 0.8 8 3.20
GC10100 1.0 10 4.00
GC1660 0.6 3.75 6.14
GC1680 0.8 5 8.19
GC16100 1.0 6.25 10.24

3. Results and discussion

This chapter separated the analysis of results
into three parts, where the first part reviewed the
geotechnical characteristics obtained from the tests
conducted, as stated in Table 3. The following part
discusses the shear strength parameters generated
from the implementation of UCT, such as the shear
strength value and its improvement rate based on the
unreinforced specimen. The third part analyzed the
column ratios, including the ARR, HDR, and VRR,
regarding the shear improvement rate using the cor-
relation technique. The regression coefficient, R2,
measured the correlation accuracy.
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Table 7. Kaolin clay S300 engineering characteristics. be classified as water evaporation when the specimen

Research material Parameter Value was placed inside the vacuum desiccator. Further-

Kaolin clay $300 AASHTO Al more, the execution of the permeability investigation
USCS chart ML step obtained the coefficient of hydraulic conductiv-
Liquid limit (LL) 37.48% ity of kaolin clay S300, with the value 0f 4.097 x 10-8
Plastic limit (PL) 31.58% my/s. It signified that this material was less permeable
Plasticity index (PI) 5.90%

Maximum dry density (MDR) 1.55 Mg/m3

Optimum Moisture 19.10%
Content (OMO)
Specific gravity 2.59

Permeability coefficient 4.097 x 10 m/s

3.1. Geotechnical characteristics of kaolin clay S300
and PET plastic

As follows the ASTM and BS guidelines, all the
proposed tests, as stated in Table 3, were successfully
implemented, and the properties of kaolin clay were
summarized in Table 7.

From Table 7, the soil categorization standard,
AASHTO, had classified the kaolin clay S300 for A-4,
showing that this material was a silty-clay mineral
with more than 35% of soil passing through the 0.075
mm sieve. The measurement was assisted by the value
of LL, PL, and PI values yielded from the Atterberg
limit test, which deduced the ML value based on the
USCS plasticity chart. It demonstrated that the kaolin
clay S300 was inorganic silt and possessed the char-
acteristics of very fine sands with slight plasticity.
The above results were supported by Zaini and Hasan
[25], in which the authors obtained the identical
AASHTO classification, A-4. The hydrometer test con-
cluded the PSI of kaolin clay S300. It determined this
soil as a poorly graded sand, in which the detected
majority of soil particles ranged from 0.005 mm to
0.008 mm, as depicted in Fig. 4(a).

In contrast, the proctor curve generated a slight
difference in the values of MDR and OMO, with 1.55
Mg/m3 and 19.10%, respectively, as shown in Fig. 5.
Hasan et al. [5] presented the MDR value as 1.60
Mg/m3 and 19.00% for the OMO value. However,
Hoque et al. [24] reported a bigger gap in value for
these two parameters, with 1.65 Mg/m3 for MDR
and 18.20% for OMO value. The subtle differences
in these values were attributed to the compaction
effort and the compacting device’s weight, producing
varying results.

The small pycnometer test yielded a specific gravity
value of 2.59. The value proved that kaolin clay S300
was denser than water, with a mass-of-unit volume
ratio of 2.59 times that of water. Suwito et al. [11]
and [35] reported the same type of kaolin possessed
values of 2.63 and 2.62, which made the difference
between 0.03 and 0.04. The slight data variation can

soil, where the value was less than the 1 x 104 m/s
limit.

Similarly, the geotechnical properties of PET plas-
tic were tabulated in Table 8, referencing respective
standards as stated in Table 4.

Due to its natural behavior, the PET plastic un-
derwent the dry sieving process, with most of the
particles retained on the 1.18 mm sieve size, as de-
picted in Fig. 4(b). Hence, this particle size of PET
plastic was selected as the reinforcing substituent for
PET column fabrication. Like every type of soil, the
PET plastic was examined under the AASHTO soil
classification system and obtained the value of A-1-a.
This categorization indicated that PET plastic was a
granular material, with less than 35% of the mate-
rial passing through the No. 200 sieve. PET was also
depicted as behaving like stone fragments, minerals,
gravel, and sand, which had a good to excellent rating
as a subgrade. The above data were supported by
Haider et al. [13], in which the shredded PET material
was a supporting element for the long-term durability
and stability of the soil stabilization process. Simi-
larly, Arulajah et al. [36] obtained the identical result
with the current findings, verified by its uniformity
and curvature coefficient.

The relative density test generated PET plastic’s
maximum and minimum dry density, 0.530 Mg/m3
and 0.430 Mg/m3, respectively. By determining its
in-situ density, 0.48 Mg/m3, the computed rela-
tive density was approximately 56.59%. This value
signified that PET plastic has a medium range of com-
pactness when considered as cohesionless soil. This
was reflected in the generation of the permeability
coefficient, which was obtained at 2.603 x 10-4 m/s.
Therefore, it was a coarse-grained aggregate as it
could solve the issue of kaolinitic clay, for example,
providing additional drainage to discharge the exces-
sive water, enhancing the soil’s resistivity towards the
axial load, and reducing the soil’s settlement rate.

3.2. Examination of unreinforced and reinforced
kaolin clay S300 with PET columns

The determination of unreinforced and reinforced
kaolin was executed via the implementation of UCT,
in which the shear strength parameters were ob-
tained, including the shear strength value and shear
strength improvement. The data were tabulated in
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Table 8. PET plastic engineering characteristics.

Research material ~ Parameter Value

PET plastic AASHTO A-1-a
Maximum dry density 0.530 Mg/m?
Minimum dry density 0.430 Mg/m?
Relative density 56.59%

Specific gravity 1.39
Permeability coefficient  2.603 x 10 m/s

Table 9, corresponding to the respective column ra-
tios, ARR, HDR, and VRR.

Table 9 recorded the highest values at the GC10100
design, with the SH and ASH values of 17.38 kPa and
48.23%, respectively. In contrast, the lowest values
were yielded at the GC16100 design, with only 13.04
kPa or 11.35% improvement. From the GC16100 de-
sign, the specimen had improved by 1.33kPa, much
lower than the GC10100 design, which showed an
improvement of 5.67kPa. In general, the SH value
showed an inconsistent trend of improvement, which
translated to the trend of ASH.

By looking into the column ratio of CPR, the critical
value of CPR occurred at the G10100 design, signi-
fying that the 1.0 CPR ratio generated the optimum
result. Coherently, the GC16100 design produced the
least ASH; therefore, the authors concluded that the
diameter of PET columns influenced the SH value.
Based on the stated ratio value of HDR in Table 9, the
range of HDR from 6-10 improved from 38% to 48%.
However, Hasan et al. [5] reported that the optimum
range of HDR is within the value of 4 to 7. This was
due to the different diameters of fabricated columns
constructed beneath the kaolin clay. The VRR ratio
also presented an inversely proportional trend to the
SH and ASH values. The current results were sup-
ported by Najjar [37], where the soil disturbance
level increases as the replacement ratio increases.

Regarding the same number of fabricated granular
columns in ground improvement, Jun Shen et al. [10]
obtained the CPR value at 1.0, HDR value of 3.75-
6.25, and VRR of 6.14-10.24%. However, a single
granular column utilization yielded a different col-
umn ratio, in which the ideal ratios of CPR, HDR, and
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Table 9. The results of shear strength parameters in accordance with the column ratios.

Shear strength, Shear strength improvement,

Column design CPR HDR VRR (%) SH (kPa) ASH (%)
Control - - - 11.71 -
GC1060 0.6 6 2.40 17.91 46.79
GC1080 0.8 8 3.20 16.25 38.77
GC10100 1.0 10 4.00 17.38 48.42
GC1660 0.6 3.75 6.14 14.17 21.00
GC1680 0.8 5 8.19 14.36 22.63
GC16100 1.0 6.25 10.24 13.04 11.35
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Fig. 6. Correlation of column penetrating ratio (CPR) to the shear strength improvement (ASH).

VRR are 0.8, 4.28-7.14%, and 4.70-7.84%, respec-
tively [38]. The replaced material, column designs,
and preparation methods influenced the divergence
of these ratios. Moreover, particle size selection has
also substantially influenced the shear strength re-
inforcement, which is monitored by the ratio of
column diameter to particle size. Hasan et al. [38]
emphasized that the ratio significantly influences the
reinforced specimen contacts with varying compres-
sion areas during the shearing process. Therefore, the
specimen receives different axial loads aligned with
the diameter values. As stated by Najjar et al. [39],
the drilling effect produces a notable soil disturbance
level, which reduces the initial shear strength of the
soil.

Analyzing the morphological characteristics of PET
plastic demonstrates a smooth, asymmetric, and
spherical shape. The asymmetric characteristic signi-
fies that the PET structures have no interconnection
with each other and a variation of molecular ar-
rangement [40]. However, the smooth PET structure,
proper selection of PET particle size in 1.18 mm,
and appropriate arrangement of PET columns allow
the movement of pore water to discharge effectively
via the provision of an additional drainage path.
Although specific water molecules adhered to the

surroundings of the specimen due to the lower PET
surface energy, the proper design of PET columns was
still able to offset the moderate adhesion property of
PET plastic.

3.3. Correlation of column ratios to the shear
strength and shear strength improvement value

This sub-chapter deployed the correlation tech-
nique to correlate the respective column ratios, CRP,
HDR, and VRR, into a single graph, with a simpli-
fied power one function and regression coefficient to
streamline the engineering parameters’ complexity.

3.3.1. Correlation of column penetrating ratio to the
shear strength improvement

Fig. 6 demonstrates the graph of the correlation of
column penetrating ratio (CPR) to the shear strength
improvement (ASH). With the assistance of data from
Table 9, it was noticed that the critical CPR value fell
to 1.0, where 10 mm diameter group PET columns
yielded the peak value. In comparison, 16 mm diam-
eter group PET columns produced the lowest value.
As the diameter of columns was increased from 10
mm to 16 mm, the area of soil disturbance increased
drastically, given the same length of columns. Thus,
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the shear strength of the surrounding unreinforced
area was reduced, although the reinforcement works
were carried out afterward. The installation of group
PET columns that provided a certain degree of stiff-
ness did not compromise the soil’s disturbance level,
which caused the drop in shear strength. Coherent
with that, the axial load applied to the top part of the
reinforced PET 16 mm group columns specimen with
1.0 CPR had not transferred the loading effectively
to the bottom part of the specimen, which resulted
in the early failure of the specimen, such as column
bulging. Similarly, the 10 mm diameter group PET
columns transferred the loads efficiently, which, in
turn, absorbed a certain magnitude of forces from
the compacted kaolin due to the minimum level of
disturbance during the PET columns installation pro-
cess. Previous analyses that utilized group crushed
brick columns reported the same data, in which 1.0
CPR was the critical ratio [10]. The authors men-
tioned that load transference was effectively carried
out when the pressure was spread across the spec-
imen, which prolonged the failure of the specimen
under the shearing process. Eq. (1) displayed the en-
gineering function of group PET columns for 10 mm
diameter with the R2 = 0.9442, and Eq. (2) showed
the function of the 16 mm group PET column with
the R2 = 0.9681.

ASH = —60.065(CPR)? + 105.06 (CPR) + 0.4886
(1

ASH = —63.927(CPR)? + 76.463 (CPR) — 0.1695
(2)

3.3.2. Correlation of column height to column diameter
ratio to the shear strength improvement

The correlation graph of HDR to ASH was depicted
in Fig. 7. The optimum value of the HDR ratio was
10, which produced the SH value of 17.38 kPa that
yielded 48.42% of the ASH value. Coherently, previ-
ous studies that utilized the group fabricated columns
had reported that the optimum range of HDR was
within 6 to 10 times, as reported by Hasan et al.
[41]. However, the HDR ratio from 3.75 to 6.25 only
generated the ASH from around 11% to 22%, which
showed a difference in ASH of approximately 20%.
Jun Shen et al. [10] reported the lowest value of ASH
production when a ratio of 3.25HDR was applied. The
authors summarized that the drop in ASH was due to
the insufficient granular material supply concerning
the column height, with its diameter for fabricating
the reinforcement column. It led to the expansion
of the column when the UCT machine examined it.
The regression value, R2 = 0.9442, was displayed in
Eq. (3) for 10 mm group PET columns, and R2 =
0.9681 was shown in Eq. (4) for 16 mm group PET
columns.

ASH = —0.6006(HDR)? + 10.506 (HDR) + 0.4886

(3)
ASH = —1.6365(HDR)? + 12.234 (HDR) — 0.1695

(4

3.3.3. Correlation of volume replacement ratio to the
shear strength improvement

The correlation graph of VRR to ASH was demon-
strated in Fig. 8. The lowest value of the kaolin clay
improvement rate occurred when VRR = 10.24%, and
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Fig. 8. Correlation of volume replacement ratio (VRR) to the shear strength improvement (ASH).

the highest value was noticed when a 4.00% VRR
ratio was applied to the fabrication of group PET
columns. Najjar et al. [42] discovered that the repli-
cation of homogeneous stone columns on a very soft
to soft clay specimen was a challenging process due
to the natural behavior of the soil. Although Table 9
displayed a certain degree of alteration of SH and
ASH by the VRR ratio, it was deduced that the in-
crease in the VRR ratio led to the reduction of the SH
and ASH values. The initial state of kaolin clay S300
turned from undisturbed to disturbed conditions, in
which the SH value was certainly lowered as the soil
particles tended to lose their charge. Thus, a certain
level of dispersion of soil particles occurred when
drilling bits were utilized to drill the pre-mixed kaolin
powder. The correlation functions for the 10 mm and
16 mm diameter of group PET columns were shown
in Egs. (5) and (6), with the regression coefficients R2
= 0.9442 and R2 = 0.9682, respectively.

ASH = —3.7541(VRR)* + 26.266 (VRR) + 0.4886

(5)
ASH = —0.6096(VRR)? + 7.4667 (VRR) — 0.1697

(6)

4. Conclusions

The current study utilized PET plastic as a replace-
ment material for coarse aggregate, which yielded
a positive result by modifying the stone column
method’s existing ground improvement technique.
The geotechnical properties of research materials,
kaolin clay S300 and PET plastic, were examined fol-
lowing the appropriate tests with standards. Via the

UCT, the shear strength parameters of unreinforced
and reinforced kaolin clay S300 were obtained, and
the degree of improvement was measured. Hence,
several conclusions and recommendations can be de-
duced based on this study.

i) Kaolin clay S300 was investigated as a soft clay
soil that was identical to the previous stud-
ies. The AASHTO and USCS plasticity charts
were utilized to categorize this soil, which was
silty soil with high plasticity. These results were
similar. Besides, implementing the proctor test
generated the value of MDR and OMO, with 1.55
mg/m® and 19.1%, respectively. Regarding the
coefficient of permeability, it was checked to be
a less permeable soil, with a value of less than 1
x 10" (-4 m/s). Thus, it was a highly compress-
ible soil.

ii) Using the same geotechnical test and stan-
dards, the PET plastic was verified to behave
like a coarse-grained material based on the dry
sieve analysis. With the same soil classification
standard, AASHTO classified PET as sand or
gravel-type material. Furthermore, the relative
density test measured the maximum and mini-
mum dry densities, resulting in a relative density
index of 56.59%. Similarly, the PET plastic was
tested for its specific gravity, with a value of
1.39. The execution of the constant head test
determined the hydraulic conductivity of PET
plastic, which was 2.603 x 10~* m/s. The overall
assessment referred to PET plastic as a poten-
tially sustainable conventional coarse aggregate
substitution material.

iii) Deploying PET columns enhanced the kaolin
soil efficiently, yielding an improvement rate
from 11.35% to 48.42%. Furthermore, the
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establishment of regression equations confirmed
a strong correlation between the shear strength
parameters, as observed by the R2 value higher
than 0.9. This situation can be explained by
providing additional drainage for discharging
pore water and enhancing soil stiffness. The
column ratios exerted a substantial influence,
with the optimum CPR value lying at 1.0, the
HDR value in the range of 6-10, and the VRR
value lying at 2.4-4.0%.

iv) Periodic checking of the installed PET column
beneath the soft clay soil is necessary to ensure
the structure’s performance in enhancing the
shear strength improvement rate.

v) Similar research can be repeated using different
particle sizes of PET and the mixture of PET
with other coarse materials like bottom ash to
examine the potential combination to improve
the optimum shear strength.

vi) The existing data can be used to compare
with the data produced from the construction
site. The PET columns were produced
homogeneously during the experimental
works, while the stone columns’ dimensions
at the construction site might have a larger
measurement deviation.
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