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Soft soil presents significant challenges for infrastructure development because of its high
compressibility, low bearing capacity, and lateral deformation. Granular column techniques can reduce
settlement in soft and weak soil by speeding up the dissipation of excess pore water pressure and
enhancing bearing capacity. Furthermore, by stopping the lateral deformation of the clay particle,

the use of reinforcing columns can greatly increase the shear strength of soft soil. The primary goal

of this study is to find out how polypropylene columns can improve the soft reconstituted kaolin

clay’s compressibility and shear strength. A number of factors, including the area replacement

ratio, height penetration ratio, and volume replacement ratio, were analysed in order to look at the
strength characteristics. This examination encompassed both single and grouped polypropylene
columns. The reinforced kaolin samples were assessed using the Unconfined Compression Test.

Based on the UCT results, it was observed that the undrained shear strength generally improved as
the height penetrating ratio increased, however, once it reached 100% height penetrating ratio, it
began to decrease. The undrained shear strength increment was also influenced by the polypropylene
area replacement ratio. The shear strength of the soil sample did not change despite its high area
replacement ratio. As the soil sample’s circumference was smaller than required, the column’s shearing
strength needed to be increased. The ratio increased as the strength increased in the absence of
restricting pressure. However, as the remaining width of the soil sample became insufficient to support
the columns, excessive area replacement reduced the shear strength of the sample reinforced by
group columns. In general, it can be concluded that the installation of polypropylene columns has the
potential to improve the shear strength and compressibility characteristics of soft clay.

Keywords Soft soil, Polypropylene column, Unconfined compression test, Bearing capacity and undrained
shear strength

The fundamental requisite for the comprehensive progress of any country is the existence of an adequate
infrastructure that includes residential buildings, highways, tunnels, bridges, and several other civil engineering
projects. In the past, suitable land for construction sites abound, but nowadays, there is a drastic increase
in land costs due to the rapid increase in infrastructure development, especially in metropolitan areas. The
construction of clay soil has increased in prevalence mostly as a result of the limited availability of suitable land
for infrastructure development and other improvements!. Construction is therefore now also being carried out
on sites with extremely poor soil conditions, such as clays, which cover a large region in Malaysia.

Soft soil in Malaysia is often categorised as an quaternary sediment, which encompasses alluvial deposits
and organic or peat soils?. According to the Quarterly Geological Map of Malaysia, significant areas of the
western and eastern coastlines of Peninsular and East Malaysia are characterised by the presence of soft land; a
common feature observed in the coastal plains of the country. The presence of a significant proportion of soft
ground inside the country, along with the concentration of economic and social development in coastal areas,
necessitates the undertaking of construction projects on these challenging deposits. In the past, several failures
have been recorded either locally or internationally due to high soil compressibility and low shear strength,
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which had caused excessive settlement and structural deformation, such as embankment. The Public Works
Department of Malaysia (PWD) has been actively engaged in several roadway and building projects on soft soil,
owing to the nation’s significant and rapid expansion witnessed over the last few decades. The Public Works
Department (PWD) plays a significant role as the primary technical agency for the Government of Malaysia. Its
participation in development projects can occur in two main capacities: construction and forensic investigation.
The summary of geotechnical forensic investigations conducted by JKR on problematic projects since 2010
is presented. Out of a total of 252 forensic instances, about 72% (182 cases) pertain to the matter of ground
settlement. The remaining 28% of cases are attributed to other variables like vibration, erosion, foundation
failures, and similar causes®. Therefore, it is apparent that the foremost technical obstacle encountered in the
construction of soft soil is unquestionably the problem of soil settlement.

There is substantial potential for reusing waste materials to improve soil strength from a geotechnical and soil
mechanics standpoint. Solid waste is widely recognised as one of the primary environmental issues in Malaysia,
constituting a significant environmental challenge for the entire country. According to a study conducted by?, it
was found that in 2013, the average daily solid waste generation per capita in Malaysia was approximately 800 g.
Only approximately 5% of the waste is recycled, according to’, and the amount of waste created has increased
as a result of growth and development. Nevertheless, Malaysia’s waste management standards continue to be
insufficient in light of the substantial quantity and intricate nature of the trash generated. Engineering firms
may utilise waste to create sustainable buildings. For instance, polypropylene is among the waste materials that
have been generated for this purpose. Polypropylene, a thermoplastic polymer, possesses the characteristic of
reusability. The use of this substance spans over a diverse array of items, encompassing textiles, plastics, food
packaging, reusable containers, and tyres. Hence, this study aims to investigate the challenges associated with
establishing infrastructure on soft soils and mitigate the scarcity of landfills in Malaysia due to increasing daily
waste. It is expected that significant advancements in soil improvement techniques will be made as a result of
this research. Furthermore, the utilisation of polypropylene as a waste product can lead to reduced expenses
associated with soil improvement. Ideally, the insights derived from the study will provide valuable contributions
to the ongoing progress of the field of clay soil development.

Polypropylene is lightweight in nature, having a low density compared to other plastics. It has a relatively
low cost and is energy saving in the manufacturing and transportation process. Polypropylene is used as a raw
material for the granular column, and its performance is almost the same as the conventional stone column.
The effectiveness in improving soil strength is dependent on the properties of polypropylene®. According to
the result obtained by’, the maximum shear strength increment by reinforcing kaolin clay with polypropylene
column is 91.24%, which proved that polypropylene is a suitable filler to be used in reinforcing soft clay. The two
largest companies producing polypropylene are Polypropylene (M) Sdn. Bhd. and Titan Petchem (M) Sdn. Bhd.,,
both with respective outstanding yearly production capabilities of 80,000 and 370,000 metric tons, respectively.
Polypropylene is simple to process and is lightweight and rigid. It has a high average tensile strength of 330 kg/
cm?, an average density of between 0.855 and 0.946 gm/cm?, and a range of densities.

On the contrary, it is well acknowledged that soft soil has notable compressibility and restricted bearing
ability. In order to facilitate building on soft soil, it is imperative to employ a ground improvement approach
that may efficiently improve bearing capacity while concurrently reducing settlement and consolidation time®.
Sand drains, stone columns, prefabricated vertical drains, and many more methods have been selected over
the years for this purpose. Choosing the right ground improvement method is essential to guarantee a safe and
economical building. The stone column approach has gained significant popularity in recent times as a means
to address building challenges encountered in soft soil conditions®. The stone column is commonly utilised
in cohesive, soft soil to augment its capacity to carry loads, reduce settling, and aid in the dissipation of pore
water pressure. Polypropylene exhibits characteristics that are analogous to those of sand, suggesting its potential
viability as a substitute material for stone columns. The use of polypropylene as a substitute material in stone
columns offers the possibility of reducing both the financial outlay of the project and the necessary space for
disposing of any residual polypropylene. According to'’, the utilisation of granular columns in engineering
applications has been implemented to improve load-bearing capacity and mitigate settlement issues in soils that
possess weak or soft properties. This process is thought to be among the most flexible and economical ways to
deal with unstable ground conditions.

Granite residual soil (GRS) is a type of weathering soil that can decompose upon contact with water,
potentially causing geological hazards!!. In this study, cement, an alkaline solution, and glass fibre were used to
reinforce GRS. The effects of cement content and the SiO,/Na,O ratio of the alkaline solution on the static and
dynamic strengths of GRS were discussed. Microscopically, the reinforcement mechanism and coupling effect
were examined using X-ray diffraction, micro-computed tomography, and scanning electron microscopy. The
results indicated that the addition of 2% cement and an alkaline solution with an SiO,/Na,O ratio of 0.5 led to the
densest matrix, lowest porosity, and highest static compressive strength after adding glass fibre. The compressive
strength and dynamic impact resistance were a result of the coupling effect of cement hydration, a pozzolanic
reaction of clay minerals in the GRS, and the alkali activation of clay minerals. Excessive cement addition or an
excessively high SiO,/Na,O ratio in the alkaline solution can have negative effects, such as the destruction of
C-(A)-S-H gels by the alkaline solution and hindering the production of N-A-S-H gels. The overall performance
of the geopolymers was assessed via multiple influence indicator methods, and the optimal synthesis conditions
for the geopolymers were a SiO,/Na,O ratio of 1.5 and a liquid-solid ratio of 0.75. The use of alkaline activation
technology to transform EM into geopolymers has potential as a substitute for concrete, providing a new type of
green material for geotechnical engineering'2 This can result in damage to the matrix of reinforced GRS, leading
to a decrease in both static and dynamic strengths. The findings indicate that cement and alkaline solution are
appropriate for GRS and that the reinforced GRS can be used for high-strength foundation and embankment
construction.
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Breported that in controlled laboratory studies, the presence of a fully penetrating column within clay samples
resulted in a notable 33% enhancement in strength as compared to those without a sand column. Furthermore,
the research findings indicated that the observed augmentation in undrained shear strength observed in fully
penetrated soil columns ranged from 13% to 19.5%. Moreover, the recorded increase in undrained shear strength
showed a variation ranging from 67.5% to 75% when evaluating area replacement ratios of 7.9% and 17.8%
respectively. The granular column can increase bearing capacity and provide a shorter drainage path, which
can speed up the crucial process of consolidation!. suggested that the installation of granular material columns
offers two distinct benefits. Firstly, due to the inherent stiffness and increased frictional strength of the granular
material in comparison to soft clay, these columns function as piles. Consequently, these mechanisms efficiently
transfer the applied stress to greater depths by means of both shaft resistance and end bearing. Furthermore, it
is important to highlight that the material used for columns has a higher permeability when compared to clay.
This results in the drainage channel being shorter, which speeds up the consolidation process and increases the
strength overall.

Soft clay is a soil formation that has low bearing capacity, high compressibility, and a tendency for lateral
flow. It causes excessive displacement of structures'®. Moreover, the process of disposing of soft soil is both
costly and time-intensive. In addition, the establishment of infrastructure on soft soils may necessitate frequent
post-construction maintenance activities aimed at decreasing the potential risks of structural problems'¢. The
characteristics of soft clay make it very undrainable. These circumstances, particularly during the rainy season in
Malaysia, cause serious havoc to structures. Thus, tackling this problem is of significant importance. Due to its
effectiveness and positive economic impact, introducing a stone column or vertical column is a widely employed
method for treating soft clay soils. The stone columns help reduce settlements, increase the bearing capacity, and
accelerate the pre-consolidation of clay soil deposits.

Crushed stones and sand are the primary constituents of the stone column construction!”. However, the
uncontrollable usage of natural resources in granular columns like sand and stone is a matter of concern and
calls for the crucial need to search for alternative substitutes for vertical column from renewable materials. To
tackle these issues, the utilisation of renewable materials like polypropylene can be a potential solution. A stone
column is normally installed in soft, cohesive soil to improve bearing capacity, reduce settlement, and accelerate
pore water pressure dissipation'. On the other hand, Polypropylene is endowed with better crack resistance and
stress absorption capability in comparison to sand'®. Additionally, it can absorb stresses and movements without
causing structural damage. The high friction angle value of polypropylene could increase soft clay’s bearing
capacity, while the high permeability coefficient could accelerate the consolidation. Furthermore, the coefficient
of the permeability of polypropylene is higher than that of sand, thus releasing extra pore water pressure from
the sample'®. Since the other functional attributes of polypropylene are similar to sand, it is anticipated that,
using polypropylene as a substitute material in stone columns can replace the use of sand.

Soil stabilisation, as a cost-effective and environmentally friendly method, is used in the building of systems
like roads, dams, canals and river levels. Various researchers have carried out research on the properties of
soil, such as its compaction, compressibility, hydraulic conductivity, and strength characteristics®®. Granular
piles have been and are still widely employed to improve the ground in a number of ways, including reducing
settlements, increasing load carrying capacity, facilitating the quick dissipation of pore pressures, reducing the
impacts of liquefaction, etc. Determining the behaviour of granular piles in various soil conditions requires an
understanding of the earth’s and the piles’ deformation characteristics in order to apply granular piles in soft
ground effectively. The modular ratio of granular piles and the modulus of deformation of the surrounding
in situ soil can be estimated using the load settlement response derived from compression experiments, as
presented in this study. This study has taken into account the direct loading test situations, when the applied
load is completely transferred onto the granular pile?..

Additionally, laboratory testing was highlighted in numerous research in the literature review. Therefore, a
more comprehensive knowledge of the behavior of polypropylene columns in soft clay requires a closer look at
the laboratory testing methods and outcomes, as well as how they relate to field performance. The development
of sustainable and efficient soil reinforcing methods as well as a better comprehension of the mechanical and
physical properties of soft clay reinforced with polypropylene columns can be achieved by filling in these
knowledge gaps. The use of waste materials and products from different industries as reinforcing materials for
soft soil is an innovative approach to a sustainable and financially sensible environment for the construction
sector.

Methodology

The study focuses on whether polypropylene can function as a suitable substitute for granular material
in alternative soil reinforcing methods. The preparation and execution of the project methodology were
accompanied by the study of previous experiments. The methodology encompasses a series of laboratory
experiments aimed at assessing the mechanical, physical, and strength properties of polypropylene and kaolin
clay, as well as the composite material formed by reinforcing kaolin with polypropylene columns. Cylindrical
specimens, with a diameter of 50 mm and a height of 100 mm, were produced using kaolin as the clay element,
and polypropylene provided the granular component. The studies were conducted at Universiti Malaysia
Pahang’s Soil and Geotechnical Laboratory. The final selection of laboratory equipment for various tests was
dependent on criteria such as suitability and financial considerations. This situation also led to the use of guiding
frameworks like the British Standard (BS) and the American Society of Testing Materials (ASTM). This chapter
presents a thorough examination of the process of setting up the model test, including the test content and the
overall procedures involved.
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Determination of properties of materials and laboratory tests standards

A comprehensive assessment of the mechanical and physical characteristics of soft kaolin and polypropylene was
conducted via a series of experimental experiments. Soft kaolin clay was reinforced with polypropylene columns
in a lab test to determine its shear strength. The American Society for Testing and Materials (ASTM) and the
British Standard (BS) were frequently used as benchmarks, depending on the testing facilities at hand. The
primary aim of this investigation was to comprehensively document all aspects of the experimental procedure,
encompassing the equipment used, methodologies employed, and specifics on the undrained strength tests done
on soft clay with polypropylene column reinforcements. The next part presents a comprehensive overview of the
parameters under investigation, the materials utilised, the experimental setup, and the methods employed for
testing. Table 1 presents the laboratory testing programme and the procedural criteria.

Preparation of Kaolin clay sample

In this study, the moisture content maintained in the reconstituted samples was 20%. This level was chosen as
it is the ideal moisture level for kaolin clay, according to a reference from?2. Moreover, the typical dry density
range for kaolin clay at 20% MC, based on Proctor compaction, is approximately 1.3 to 1.6 gm/cm®. According
to?2, the compaction method was used to apply the soil to a defined compaction effort or to get the soil to a given
dry density or void ratio. The moist soil was mixed by hand until it was evenly distributed, then poured into
the specially designed mould and compacted into three layers. A 3.10 kg steel extruder was used to crush each
layer with five free-fall strokes. The kaolin material which consisted of the specifically built mould underwent
compaction to produce a specimen with a diameter of 50 mm and a height of 100 mm. Before introducing the
soil into the mould, a thin coating of silicone grease was applied to the inside surface of the mould. Furthermore,
a smooth polyethylene sheet was strategically positioned over the coated surface to reduce the level of friction
that occurs between the soil and the wall of the mould.

According to initial predictions of negligible mass reductions during the operation, the applied approach
effectively preserved the integrity of each specimen. Complete adherence to a roughly equal distribution of soil
mass and mould volume allowed for the accomplishment. The “controlled sample” specimens did not have a
polypropylene column attachment. For kaolin samples reinforced with polypropylene columns, drill bits with
diameters of 10-16 mm were used to make a hole for the column to reduce the specimen’s expansion while it was
within the mould. The columns were specifically intended to have a height of 100 mm for completely penetrating
columns, while partially penetrating columns were created with lengths of 60 mm and 80 mm. The specimen
was then taken out of the moulds and placed in an appropriate container. To encourage the stabilisation of pore
pressure, the container was left undisturbed for at least 24 h after that. The geographical distribution of the places
utilised for measuring the moisture content of the samples is depicted.

Installation of polypropylene columns

The investigation involved the production of specimens to assess the shear strength of kaolin clay that had been
reinforced with polypropylene columns. The control sample consisted of three produced samples, each lacking
polypropylene reinforcement and exhibiting a 0-penetration ratio. The provided samples were used to determine
the unmodified sample’s shear strength. Every individual kaolin sample has a uniform penetration ratio, namely
0.6, 0.8, and 1.0. However, the area replacement ratio differs across specimens. Subsequently, perforations were
created with a drill bit with a suitable diameter, while the specimens remained enclosed within the mould to
impede any expansion. This was done in preparation for the fabrication of the polypropylene column for the
reinforced specimens. Installation of the 16 mm group polypropylene column requires very careful work. The
space around the 16 mm column is very small, so if it is not installed properly, the 16 mm sample breaks during

Material Tests Test Standards
Relative Density Test ASTM D4254-16
Sieve Analysis Test BS 1377: Part 2: 2022: 9
Polypropylene Water Absorption Test ASTM D570-22

Constant Head Permeability Test ASTM D2434-19
Scanning Electron Microscopy Test | ASTM E986-04

Specific Gravity Test BS 1377: Part 2: 2022: 8
Hydrometer Test ASTM D7928-21el
Sieve Analysis Test BS 1377: Part 2: 2022: 9
Atterberg Limit Test

Kaolin Clay Liquid Limit BS 1377: Part 2: 2022: 4.3
Plastic Limit BS 1377: Part 2: 2022: 5.3
Falling Head Permeability Test ASTM D5084
Standard Proctor Test BS 1377: Part 4: 2022: 3.3
Direct Shear Test ASTM D3080-04
Vane Shear Test ASTM D2573-08

Kaolin Clay Reinforced with Polypropylene Columns | Unconfined Compression Test ASTM D2166-06

Table 1. List of test standards and test methods for the materials.
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installation. On the other hand, the installation of the 10 mm group polypropylene column did not break because
of sufficient area around the 10 mm group column.

The penetration ratios (Hc/Hs) for each batch of kaolin specimens were consistent, with values of 0.0, 0.6,
0.8, and 1.0. The column diameter was seen to have two distinct measurements, specifically 10 mm and 16 mm.
These measurements corresponded to area displacement ratios of 4.00% and 10.24%, respectively, denoted as
the column area to sample area ratio (Ac/As). Figure 1 shows the photograph of specimens reinforced with
singular and group polypropylene columns respectively. The specimen apertures were subsequently substituted
with polypropylene material, as depicted in Fig. 1. For the installation of the group column, the centre-to-centre
distance between the columns is 22 mm, and the clear spacing between the columns is 6 mm for a 16 mm
polypropylene column and 12 mm for a 10 mm polypropylene column. The distance between the outer
surface of the sample and the outer surface of the 10 mm polypropylene column is 7.5 mm, and the distance
between the outer surface of the sample and the outer surface of the 16 mm polypropylene column is 4.5 mm.
The determination and production of the mass of polypropylene necessary to fill each pre-drilled hole were
conducted to ensure constant density throughout all polypropylene columns.

The diameter of the polypropylene column (D) and also the particle size of granular material (d) played an
important role in choosing the appropriate size of the column to be used in the model tests. The diameters of
polypropylene columns used in this study were 10 mm and 16 mm, while the particle size of polypropylene
was between 1.08 mm and 3.35 mm. The ratio D/d in the model tests therefore had the values between 4 and
17. Although the lower range D/d values of model tests were slightly smaller than those typical in practice, it
was unavoidable as there was a limitation on the diameter of the column to be used to avoid boundary effects.
Figure 2 shows the preparation and installation of polypropylene columns for both single and group columns.

Result and discussion

The primary materials employed in this study were kaolin and polypropylene. The engineering characteristics
of kaolin were assessed using various laboratory examinations, such as the Atterberg limit test, particle size
distribution analysis, compaction test, specific gravity measurement, permeability test, unconfined compression
test, and consolidated undrained triaxial test. Several tests were performed on the polypropylene in the
laboratory, including the vane shear test, the consolidated undrained triaxial test, the particle size distribution
test, the relative density test, the compaction test, the permeability test, the direct shear test, the scanning electron
microscope test, and the unconfined compression test.

The results of the consolidated undrained triaxial test and the unconfined compression test are also included
in this research. The cylindrical specimens, measuring 50 mm in diameter and 100 mm in height, were made of
soft kaolin clay and used for experimental research. Both reinforced and unreinforced samples were included
in the study. These tests aimed to determine the engineering qualities of the materials investigated in the study.
In order to assess the enhancement in shear strength observed at a specific location, an experimental study was
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Fig. 1. Polypropylene column arrangement in clay samples for both single and group columns.
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Fig. 2. Preparation and installation of polypropylene columns for both single and group columns.

Soil Classification AASHTO Al-a
USCD (Plasticity Chart) SW
. . Min. Density 0.57 gm/cm?®
Relative Density Max. Density 0.74 gm/cm®
Constant Head Permeability | Coefficient of Permeability 5.73% 1073 m/s
Polypropylene -
Direct Shear Test Cohesion 8.50 kPa
Angle of Shear Resistance 39.40°
Consolidated Cohesion 14.40 kPa
Undrained Triaxial Angle of Shear Resistance 29.60°
Morphological Test Scanning Electron Microscope -
. . . AASHTO A-6
Soil Classification USCD (Plasticity Chart) ML
Liquid Limit 36.6
Atterberg Limit Plastic Limit 25.1
Plasticity Index 11.5
Kaolin X . . . . 1.63
Standard Compaction Maximum Dry Density Optimum Moisture Content 20%
Specific Gravity Specific Gravity 2.63
Falling Head Permeability Coeficient of Permeability 227x107 2 m/s
Vane Shear Undrained Shear Strength 8.07 kPa
Kaolin Reinforced with Polypropylene | Unconfined Compression Test | Undrained Shear Strength 11.13 kPa
Table 2. Test results for the properties of polypropylene and kaolin.
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conducted by employing polypropylene columns with varying diameters and penetration ratios to reinforce the
soft kaolin clay (Table 2).

Undrained shear strength for UCT test

Unconfined compression tests were performed on samples of soft clay reinforced with polypropylene columns
to determine their shear strength. In order to calculate the average values of shear strength, a total of four sets
of tests were conducted for each penetration ratio. Average max. shear strength equal to maximum corrected
deviator stress divided into two (S, = q,/2). The findings of the average max. shear strength are presented in
Table 3. Additionally, there was no polypropylene column reinforcement used in the control sample.

The effect of area replacement ratio

The results shown in Fig. 3 demonstrate that increasing the width of a polypropylene column can result in
greater shear strengths. The mentioned relationship shows that the shear strength demonstrates improvement
with an increase in the area replacement ratio (Ac/As). The research showed that the polypropylene columns,
which had a height of 80 mm, demonstrated a much greater shear strength of 10.24% for the area replacement
ratio compared to the lower value of 4.00%. This observation shows the possibility of improving shear strength
by increasing the area replacement ratio. At a column height of 80 mm, it was observed that the shear strength
of the polypropylene column was comparatively lower for the area replacement ratio of 4.00% as compared
to the column with an area replacement ratio of 10.24%. This is a result of the high particle size and gaps in
polypropylene, which makes the material less resistant to compression. The 10.24% area replacement ratio
exhibited superior performance compared to the 4.00% area replacement ratio for an 80 mm column height,
owing to its higher compactness and reduced inter-particle spacing. The value of axial strain varies from 2.43
to 2.86 for the varieties of shear strength. The maximum shear strength obtained was 74.50% at axial strain
2.54. Moreover, the compressive strength experienced a significant increase due to the large surface area of the
polypropylene pellets that made contact with the upper conical plate.

The correlation between the area replacement ratio (Ac/As) and an increase in shear strength is shown in
Fig. 3. It also suggests that the polypropylene column’s shear strength could improve with respect to an increase
in its diameter. At a column height of only 80 mm, the polypropylene columns’ shear strength for the area of
12.00% was higher than the shear strength for the area replacement ratio of 30.72%, which might potentially
increase the shear strength. This finding indicates the potential of improving the shear strength. This is a result
of the high particle size and gaps in polypropylene, which makes the material less resistant to compression.
The improvement in the area replacement ratio of 12.00% was more significant compared to the 30.72% area
replacement ratio for an 80 mm column height due to denser packing of particles and reduced intermediate
spaces. In addition, the large contact area between the polypropylene pellets and the upper conical plate resulted
in a significant increase in the compression strength.

This was due to the fact that the area replacement ratio of the column was too small. When the vertical load
was distributed inside the column, there was a bulge in the column as the remaining width of the soil sample was
too thick to hold the column. The circular periphery area of the soil sample was as much as the column needed
to increase the shearing strength. That is why the shear strength has increased even though the area replacement
ratio of the soil sample is high.

The results show that the trend is in line with previous studies by?* and®, which described how the decline
in performance is caused by the mobilization of greater confining stress in smaller SDC. A higher stiffness
of smaller diameter results from the columns’ higher value of confining stresses. The results support research

Column Height Average Max. | Improvement
Column Area Replacement | Column Height | Penetration Ratio, | Axial Strain | Shear Strength | of Shear
Samples | No. of Columns | Diameter (mm) | Ratio Ac/As (%) (mm) Hc/Hs € (%) (kPa) strength (%)
Controlled Sample
C 0 0 0 0 o 276 12.75 ‘
Single Columns
S10-60 1 10 4.00 60 0.6 243 18.48 44.95%
S$10-80 1 10 4.00 80 0.8 2.45 19.22 51.94%
S$10-100 |1 10 4.00 100 1.0 2.74 17.97 40.90%
S16-60 1 16 10.24 60 0.6 2.74 19.35 51.75%
S$16-80 1 16 10.24 80 0.8 2.54 22.25 74.50%
S16-100 |1 16 10.24 100 1.0 2.78 19.02 49.20%
Group Columns
G10-60 |3 10 12.00 60 0.6 2.78 18.94 48.50%
G10-80 |3 10 12.00 80 0.8 2.86 21.49 68.50%
G10-100 | 3 10 12.00 100 1.0 2.76 18.29 43.50%
G16-60 |3 16 30.72 60 0.6 2.54 15.05 18.00%
G16-80 |3 16 30.72 80 0.8 2.56 15.58 22.20%
G16-100 |3 16 30.72 100 1.0 2.48 14.91 17.00%
Table 3. Summary of analysis on unconfined compression test.
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Fig. 3. Improvement of shear strength vs. area replacement ratio Ac/As (%).

studies by®, which employed a sand column to find that the height of the column over column diameter ratio and
the area of the replacement ratio affected the improvement of soft clay.

The effect of column penetration ratio

The potential influence of the column’s height to diameter ratio on undrained shear strength has been examined
using Fig. 4. This was achieved by visualising how these two variables relate to one another. This was accomplished
by graphically representing the relationship between these two variables. A variety of results from the study
conducted by** are illustrated on one graph for easier comparison. According to previous research, the dark grey
area in the image is known as “the critical column length” and it is four to eight times the column’s diameter (Dc).

The findings are consistent with the hypothesis that there is a critical column length over which there is very
little increase in undrained shear strength. Based on all the area ratios, the grey area showed the most gain.
Higher increases were often observed in single columns instead of in group columns. When it reached 8Dc, the
undrained shear strength increased the most with area replacement ratios of 4% and 12%. The area replacement
ratios at 5Dc, which were 10.24% and 30.76%, showed the greatest improvement.

An unconfined compression test was used to increase the shear strength to height penetration ratio for both
single and grouped polypropylene columns, shown in Fig. 5. The height penetrating ratio (Hc/Hs) indicated
consistency, with the most significant enhancement seen at Hc/Hs=0.8 across all samples. The findings of the
investigation suggest that the height penetration ratio had a greater influence on the improvement of undrained
shear strength in clay soil in comparison to the height-to-diameter ratio of the column.

This suggests that deeper penetration of the columns enhances their reinforcing effects on the soil. The results
are analogous to the study on the encasement of a sand column conducted by?*, which discovered that the
undrained shear strength was raised by encasing the sand column. As per the studies by?® and?’, the enhancement
of soft clay’s shear strength relies upon the area replacement ratio and the penetrating proportion when paired
with either SDC or sand columns.

The effect of volume replacement ratio
The results illustrated demonstrate an increased undrained shear strength in a relationship with the volume
ratio (Vc/Vs). The table presents data that demonstrates an increase in the undrained shear strength of the
kaolin sample following the installation of the polypropylene column. The undrained shear strength indicated
substantial improvements of 44.95%, 51.94%, and 40.90% for specimens with a single column diameter of 10 mm
and heights of 60 mm, 80 mm, and 100 mm, respectively. Similarly, samples with a single column diameter
of 16 mm had comparable percentage increases of 51.75%, 74.50%, and 49.20%. However, the advancement
became more apparent as the volume replacement ratio increased.

The results presented in Table 3 indicate that the presence of the polypropylene column leads to a significant
enhancement in the undrained shear strength of the kaolin specimen. The undrained shear strength of the
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Fig. 5. Improvement of undrained shear strength for both single and group polypropylene columns through

the height penetrating ratio.

samples increased by 48.50%, 68.50%, and 43.50% for samples with group column diameters of 10 mm and
heights of 60 mm, 80 mm, and 100 mm, respectively. Conversely, samples with group column diameters of
16 mm had comparatively lower improvements of 18.00%, 22.20%, and 17.00%. However, as the volume
replacement ratio was raised, there was a corresponding increase in the level of improvement observed. Figure 6
shows a graph of the volume penetration ratio vs. the rise in shear strength. The column with a diameter of
16 mm showed the highest improvement percentage, reaching 74.50%. In comparison, the group of columns

with a diameter of 10 mm had a slightly lower improvement percentage of 68.50%.
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Bproposed that the enhancement in undrained shear strength could rely upon this column volume
penetration ratio as well as the volume proportion (Vc/Vs). In their study of this relationship®, suggested critical
column length, above which the columns is unlikely to have any favorable impacts upon efficiency gains.

Morphological properties

The Field Emission Scanning Electron Microscope (FESEM) images demonstrated the texture, roughness, and
topology of the polypropylene (Figs. 7 and 8). During the initial investigation, it was seen that the polypropylene
particles within the pellets exhibited both cylindrical and spherical shapes, characterized by smooth surface
textures. In regions where the pellets had been through the cutting process, it was observed that the texture
tended to be comparatively rougher. Referring to Fig. 7 (A, B, C), three specific areas were marked to show
the difference between the cutting areas, and referring to Fig. 8, three areas were marked areas as D, E and F to
differentiate between the process areas. The experimental findings indicated that the cutting area exhibited a
higher degree of surface roughness compared to the normal surface area of the polypropylene particle.

The variability of testing findings between polypropylene columns may be attributed to the smoothness and
lack of voids observed on the particle surfaces. The polypropylene pellets were rigid enough to withstand its
shape after compaction. As a result, even under compression, the stacking of polypropylene particles formed
more voids inside the column, leading to more space. Subsequently, these spaces aided in speeding up the release
of extra pore water pressure from the samples. Thus, by reducing the consolidation time, the process progress
accelerated faster.

The increased polypropylene content of the stabilised tertiary clay caused microstructural development in
the stabilised soil. The micrograph reveals an entirely novel mineral crystal formation within the pore spaces,
believed to be the result of a pozzolanic reaction. The addition of polypropylene to soft kaolin clay led to a
decrease in the coeflicient of permeability compared to the coefficient of permeability of soft kaolin clay itself.
The soft kaolin clay and the stabilised mixtures showed an impervious degree of permeability and generally
corresponded to clay soil, indicating a poor drainage characteristic. Based on the results, it can be concluded
that polypropylene was an effective stabiliser for improving the geotechnical properties of clayey soil samples to
be suitable for engineering projects.

The interlocking mechanism arises from the arrangement of the polypropylene granules within the polymer
matrix. During the processing of the composite material, the polypropylene granules are dispersed and
distributed evenly within the polymer matrix. As the polymer matrix solidifies, the granules become embedded
within it, forming a network of reinforcing columns. These columns act as barriers against external forces,
effectively increasing the material’s resistance to deformation and improving its overall strength. As a result,
the composite material exhibits improved mechanical properties such as higher tensile strength, modulus, and
impact resistance.
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Fig. 8. Side view of polypropylene particle 30 times zoomed and 500 zoomed areas of selected areas.
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Conclusions

The major focus of this study is to check out whether there is any improvement on the undrained shear strength
of soft kaolin soil after reinforced with polypropylene column with two different column diameters and different
length of penetration. Based on laboratory test results analysis, the following conclusions can be made:

« The plasticity chart indicates that kaolin has an LL of 36.60% and PI of 11.50%, which may be classed as low
plasticity silt, organic silt of medium compressibility, or organic silt (ML). Furthermore, based on the AASH-
TO table, kaolin was classified under Group A-6. With a specific gravity of 2.63, kaolin was found to be within
the range of inorganic silt. Additionally, the standard compaction test produced maximum dry density and
optimum moisture content values of 1.63 gm/cm® and 20%, respectively.

o The plasticity chart classifies polypropylene into three groups: well-graded gravels (SW), little or no fines,
and gravel-sand mixtures. Furthermore, according to the AASHTO chart, polypropylene was classified under
Group A-1-a. Furthermore, utilising a vibratory table, the maximum density of polypropylene at 100% and
0% compaction was found to be 0.74 gm/cm? and 0.57 g/cm?, respectively.

o The shear strength of both single and group polypropylene columns was improved by implementing an un-
confined compression test, resulting in an improvement in shear strength by area replacement ratio. The
polypropylene column with maximum shear strength at an 80 mm column height and an area replacement
ratio (Ac/As) of 10.24% could also improve the shear strength. The shear strength improvements by height
penetration ratio were observed with a 16 mm penetrating single column with Hc/Hs=0.8. The undrained
shear strength showed the highest increments at an area replacement ratio of 10.24% when it reached a value
of five times the diameter of the column (5Dc). The observed increases in strength for single columns were
found to be larger compared to those for group columns.

o The undrained shear strength improved in relation to the volume replacement ratio (Vc/Vs). The insertion of
the polypropylene column increased the undrained shear strength of the kaolin specimen. Shear strength was
improved by 74.50% in samples that were 80 mm high and had a single column diameter of 16 mm. But as the
volume replacement ratio approached nearer to 0.082, shear strength increased.

Polypropylene is an urgent need to identify building materials that can replace sand in light of the worldwide
push towards sustainable development goals and low-carbon emissions. In tropical areas, foundation pit
engineering produces engineering muck (EM), which is rich in clay minerals and can be used to prepare low-
carbon geotechnical materials. Eco-friendly recycling of engineering muck for the creation of low-carbon
geopolymers assessed by life cycle assessment should include the required life cycle assessment comparisons,
as well as an investigation into how synthesis conditions affect performance and the use of polypropylene (PP)
columns for reinforcement. According to this study, converting electromagnetic fields into geopolymers using
alkaline activation technology may be a viable alternative to foundations, offering a novel green material for
geotechnical engineering.
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