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ABSTRACT

The versatility of polyurethane (PU) properties has the potential to improve the
compressive strength, shear strength, and buoyancy force in soil improvement
applications. The PU waste materials were issued as disposal management that can
impact environmental pollution when these materials were dumped into landfills. In
this study, Polyurethane-Clay Composite (PU-CC) samples were prepared with
different ratios of untreated and treated PU waste filler (PUF) loading (0 wt%, 2.5
wt%, 5 wt %, 7.5 wt%, and 10wt%) namely as Polyurethane-Clay Composite
Untreated (PU-CCUN), Polyurethane-Clay Composite treated by the oven (PU-
CCTO) and Polyurethane-Clay Composite treated by microwave (PU-CCTM). In
accordance with ASTM standard, all the testing were successfully performed for
fourier transform infrared spectroscopy (FTIR), scanning electron microscope (SEM),
thermogravimetric (TGA), water absorption, buoyancy, unconfined compressive
strength (UCS) and direct shear strength). The PU-CCUN;5 exhibited the highest water
absorption of 20 % followed by PU-CCTOy, at 15% and PU-CCTM,5 at 5%
respectively. The PU-CCTO gives the high buoyancy force at 10 wt% of PU-CCTO,
samples at 50% followed by 45% of PU-CCTMy,, and the lowest at 2.5 wt% of PU-

CCUNgzs at 8%. The UCS and shear strength shows obviously the highest at 300 kPa
and 50 kPa of PU-CCTO,q followed by PU-CCTM, 5 at 130 kPa and 19 kPa and PU-
CCUN, 5 at 100kPa and 15kPa, respectively. PU-CCTO treated by drying oven has
the highest buoyancy force at 10% of PU-CCTO10 samples at 50%, followed by 45%
of PU-CCTMyo treated by microwave, and the lowest at 2.5 wt% of PU-CCUN25
untreated at 8%. In conclusion, the 10 wt% of PU filler treated by drying oven method
as an PU clay composite has the potential as an alternative material to improve the

compressive strength, shear strength, and buoyancy force in the soil improvement.
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ABSTRAK

Kepelbagaian sifat poliuretana (PU) berpotensi untuk meningkatkan kekuatan
mampatan, kekuatan ricih, dan daya keapungan dalam bidang yang melibatkan
kekuatan tanah.Bahan buangan PU mempunyaipengurusan pelupusan yang lemah dan
pencemaran alam sekitar ketika bahan ini dibuang ke tapak pelupusan sampah. Dalam
kajian ini, sampel komposit tanah liat telah disediakan dengan nisbah campuran yang
berbeza bagi pemuatan pengisi PU (0% 2.5%, 5%, 7.5%, dan 10%) yang dinamakan
komposit poliuretana-tanah liat tidak dirawat (PU-CCUN), komposit poliuretana-
tanah liat yang dirawat oleh ketuhar (PU-CCTO) dan komposit tanah liat poliuretana
yang dirawat oleh gelombang mikro (PU-CCTM). Sifat kejuruteraan sampel PU-CC
diuji mengikut piawaian Bahan Penguji Standard Amerika (ASTM) iaitu spektroskopi
inframerah transformasi fourier (FTIR), mikroskop elektron pengimbasan (SEM),
termogravimetrik (TGA), ujian keapungan, ujian penyerapan air, kekuatan mampatan
tidak terkurung (UCS), dan kekuatan ricih terus. PU-CCUNs menunjukan penyerapan
air tertinggi sebanyak 20 % diikuti dengan PU-CCTO1o pada 15% dan PU-CCTMas
pada 5% disebabkan oleh saiz pori sampel yang berbeza. PU-CCTO memberikan daya
keapungan yang tinggi pada 10 wt% bagi sampel PU-CCTO1o iaitu 50% diikuti oleh
PU-CCTMyo sebanyak 45%, and yang paling rendah pada 2.5 wt% bagi PU-CCUN2s
laitu sebanyak 8%. UCS dan kekuatan ricih bagi sampel menunjukkan paling tinggi
pada 300kPa dan 50kPa oleh PU- CCTOjodiikuti oleh PU-CCTM2s pada 130 kPa dan

19 kPa and PU-CCUN2zs pada 100 kPa dan 15 kPa. PU-CCTO dirawat dengan
pengeringan ketuhar mempunyai daya daya apungan tertinggi pada 10% sampel PU-
CCTOqo pada 50%, diikuti oleh 45% PU-CCTMyo dirawat oleh gelombang mikro,
dan yang terendah pada 2.5 wt% daripada PU-CCUN_2 s yang tidak dirawat pada 8%.
Kesimpulannya, 10 wt% pengisi PU yang dirawat dengan kaedah ketuhar pengeringan
berpotensi untuk dijadikan bahan alternatif bagi meningkatkan kekuatan mampatan,

kekuatan ricih dan daya apungan bagi meningkatkan kekuatan tanah.
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CHAPTER 1

INTRODUCTION

1.1  Background of research

Polyurethane (PU) is one of the polymeric materials that offers many potential
applications in numerous industries including construction and manufacturing due to
its versatility such as cost benefits, energy savings, and durability (Khaikade et. al.,
2023; Khalifah et. al., 2020; Saleh et. al., 2020; Saleh et. al., 2019). However, PU
generates significant amounts of waste in various forms, of which only 29.7% is
recycled and 39.5% is recovered through energy recovery processes and unfortunately,
the first choice in many countries such as United State, Denmark and Japan,
accounting for 30.8% of total waste (Abrishamkar et. al., 2023; Wu et. al., 2021,
Masykuri et. al., 2021). Due to the increasing of PU amount waste, solutions have been
taken to reduce the problem of polymer waste which is a cost effective and efficient
method of recycling polymer waste through mechanical recycling. For many years,
the various additives as fillers used in PU composite for various purposes and as an
alternative to improve mechanical and physical properties of polymer materials.

Recently, many researchers have investigated the performance of the polymer
composite materials including PU doped with various additive, such as recycled
materials, plastic, fiber used to remediate problematic soil. Despite this discovery,
more efficient additive must be presented to alleviate some of the issues. Installation
and repair techniques based on PU foams have only been available for the last 25 years,
and a deep lifting approach has been patented (Khalifa et. al., 2020; Canteri et. al.,

2019). Toalleviate problematic of soil, the PU foam is installed into the soil at discrete



spots under an existing structure. Even though much research has been conducted on
PU and its application in many areas of specialization, information on the use of PU
in the improvement of clay soils is limited.

According to research by Saleh S. et al., (2019) were explored the possibility
of PU enhancing soil improvement strength. From this previous research discovered
that installation method the soils with PU resulted in considerable soil improvement.
Similar studies conducted by other researchers such as Saleh S. et al., (2021) and M.
A. et. al., (2017), demonstrate that clay soil is a weak soil in the soil improvement.
Various researchers have studied PU as a soil enhancement material (Zhou et. al.,
2023; Ghani et. al., 2017; Ghani et.al., 2017; Jais et. al., 2019). Nawamooz et al.,
(2016) conducted a study on resin installation in clay with high plasticity and
discovered that pressure meter and cone penetration test results before and after
installation of PU showed a significant increase in pressure limit and soil resistance
for all depths studied close to the installation point. Ghani et al.,(2017) was researched
the application of PU for soil flood damage reduction. This research was discussed the
types of soil are hard soil and soft soil which is commonly utilized as soil in soil
construction.

However, the demand for polymer materials in the construction of soil for soils
and other purposes in an urban environment introduced numerous technical and social
obstacles to civil engineering have been raised among researchers (Kiddel et. al., 2023;
Ghani et. al., 2017; Ghani et.al., 2017; Jais et. al., 2019). The scope of work was
developed and carried out with consideration for the potential interruption to people,
existing buildings and infrastructure, and the environment. One of the polymeric
materials, Expanded Polystyrene (EPS) or another name is geofoam, a form of polymer
group has emerged as the material of choice for most earthworks that require a
lightweight material and high strength and high stiffness (Horvath, 2019).

A study by Stuedlein and Negussey (2018) is on the application of lightweight
materials using EPS geofoam where the approach experienced significant on soils
while requiring constant grade maintenance. Replacement of fill with EPS geofoam
samples successfully eliminate further soil. Buskowicz and Culpan (2014) considered
the foam as inexpensive even inthe twentieth century and the high pay is due to fast
work done and efficient construction material that offers significant schedule

advantages to new structure especially in locations with poor soil conditions.



1.2 Problem statement

The large amount of solid waste reported by the Compendium of Environment
Statistics, Malaysia (2020) is produced at 3,108.9 thousand tonnes in 2019 and the
solid waste expected will increase year by year (Khalifa et. al., 2020; Gomez-Rojo et.
al., 2019; Jamaluddin et. al., 2019). Solid waste associated with substantial
environmental issues, as based primarily on non-renewable raw materials, are
commonly used in short-lived product, and once discarded, are predominantly
landfilled or incinerated (90%) and only small percentages (10%) is recycled (L.
Chong et al., 2019). As reported by (Simon et. al., 2018), PU make uproughly 8% of
all PU produced, the world's sixth most common polymer. These processes consist
basically of the waste mechanical transformation into flakes, granules, or powder to
be used in new materials production including thermoplastic group which are plastic
and rubber (Daigavane et. al., 2015). The main advantages of these methods are their
simplicity and their low cost with successful results for thermoplastic PU recovery.
Furthermore, solid waste such as PU waste is a thermoset polymer that needs hundreds
of years to degrade in normal environmental conditions (Singh et al., 2017).

In soil constructions, the EPS has an established lightweight material used
since a long time ago and has a good ability to resist water flow due to closed cell
structure and low water absorption. However, there is the major concern of the
buoyancy property of lightweight materials such EPS as a soil improvement
application (Stephen et. al., 2016; Jamaludin et. al.,2019). This buoyancy issue
reported a few failure cases of founded on lightweight geofoam reported by Jamaludin
et. al., 2019. The buoyancy problems were also reported in the real incident cases
occurred in Thailand in 2019 where the unexpected water level washed away the soil
filled with EPS as low compressive strength and low shear strength (Gao et. al., 2019).
Due these issues, EPS may have a bad effect of buoyancy and weak of water absorption
as consideration on clay (Daigavane et. al., 2015).

The clay soil in the soil structure is found among the weak soils. The main
finding shows that the clay soil was allowed to absorb large amounts of water, thereby
increasing the volume of water and a tendency to low compressive strength (Sharma
et. al.,2015; Ahmed et. al., 2015; Malizaet. al., 2018; Kianimehr et. al., 2019) and low

shear strength. The presence of high water contents affects the structure of clay and



causes a higher chance of collapse. However, in the soil structure, the drainage clay
was provided between the EPS geofoam fill and the clay soils to reduce potential uplift
forces and buoyancy issues.

Furthermore, PU foam is a lightweight material that could minimize additional
load contribution to the underlying soil and therefore minimize further soil
improvement (Lu et. al., 2019). The uplift behavior of the foam can be controlled by
providing adequate overburden on the PU foam. Due to its lightweight property, the
soil problem can be overcome by using PU materials as filler. Through the concern to
overcome the several issues in waste polymer and problematic soil, the idealized in
this study was proposed to produce a Polyurethane-Clay Composite (PU-CC) samples
doped with untreated and treated Polyurethane waste filler (PUF) by different drying
method via microwave and drying oven exposure. The physical and mechanical
properties of PU-CC samples doped PUF filler were examined to reduce the buoyancy
force, increase shear strength, high compressive strength, and low water absorption in
order to enhance the soil improvement (Jafar et. al., 2016; Mohamed et. al., 2017;
Masykuri et. al., 2021).

1.3  Objectives of the research

The objectives of this research are:

1) To determine the polyurethane waste filler (PUF) untreated and treated by
different drying methods.

2) To fabricate the polyurethane-clay composite (PU-CC) at different ratios of
untreated and treated polyurethane waste filler (PUF) loading.

3) To characterize the engineering properties of polyurethane-clay composite (PU-
CC) untreated and treated of polyurethane waste filler (PUF) for soil

improvement.



1.4

Scopes of the research

The scopes of this study are:

Objective 1:

Polyurethane waste was obtained from Jiang Ji Cushion, Johor Bahru. The PU

waste was cut at the sizes of 25 cm x 10cm.

. The treated PUF was conducted at different drying apparatus such drying oven

and microwave. The drying parameter was set up at a temperature 60°C, PUF
size of 300um, and left to dry for 3 hours.

There are three samples of PUF untreated and treated which are Polyurethane
waste filler untreated (PU-FUN), Polyurethane waste filler treated by drying
oven (PU-FTO) and Polyurethane waste filler treated by microwave (PU-FTM).

Obijective 2:

The PU-CC was prepared with polyol and isocyanate ration of 1:1, 0.2 mm
expanded polystyrene (EPS) bead, soft clay sizes at 4.75 mm to ASTM 4221-
18, 25 wt% fly ash and 60 wt% distilled water, and different ratio of untreated
and treated PUF.

ii. The PU-CCUN, PU-CCTO and PU-CCTM was doped at different ratio 0 wt%,

2.5 wt%, 5 wt%, 7.5 wt% and 10 wt% with untreated and treated of PUF

Obijective 3:

Table 1.1 shows the physical and mechanical testing was conducted in this study
according to ASTM Standards.



Table 1.1: Testing outline for materials characterization

Testing Function Parameter Standard
Fourier Transform | To identify the functional | 4000 cm? to 650 cm® | ASTM D6342-
Infrared group of material spectral range sample | 12
spectroscopy scans is 32.
(FTIR)
Scanning Electron | To observe the morphological | The structural analysis of | ASTM D3576
Microscope (SEM) | structure of thespecimen the surface an
surface acceleration of 15 kV,
average 500 pm scans.
The images of these
samples were taken by
using optical microscope
with  scanning image
500x magnifications
Thernogravimetric | To determine a material's | The flow 25 mil/min in [ ASTM E1131
Analysis (TGA) thermalstability and its fraction | the temperature range
of wvolatile components by [ from 0°C to 800 °C.
monitoring the Samples mass  was
weight changes. approximately 10 mg.
The  sample  tested
samples  with  sizes
300um
Buoyancy To determine the floating of [ 38mm x 75mm ASTM F2682
material asaccording to
Archimedes Principle
Water Absorption To determine the amount of [ 50mm x 50mm ASTM-994
water absorbed  under M11-2016
specified conditions.
Unconfined To determine maximum 38mm x 75mm ASTM
Compressive stress. D2166/D216
Strength (UCS) 6M-
16
Shear Strength To identify the maximum | 60mmx60mmx25mm ASTM D3080
resistance to the shearingstress.
1.5  Significant of study

In this study represent the various contributions towards furthering the understanding
of the innovation of a new PU-CC doped with different ratios of PUF untreated and
treated method. This alternative to produce a new PUF is one of the ways to reduce the
abundance of polymer waste dumped to landfill and at the same time gives a better
environmental impact to society. The improvement of the different ratios of PUF

mixed with EPS was successfully proven to reduce the buoyancy force in soil



improvement soil. This also influences the PU waste as a filler will accelerate the
prolonged decomposition of PU of soil improvement.

The addition of PUF into the soil also contributed a large effect on the mass
and volumetric properties of the resulting modified soil mixtures and their influence
on mechanical properties are scarce in the literature (Formela et. al., 2017 ). The PU-
CC samples have an intentioned to reduce the buoyancy force, increase shear strength,
high compressive strength, and low water absorption soil improvement in applications.
The PU-CC samples evidently helped to control the movement of water flow by
controlling the interconnected cell shape structure between EPS, clay, fly ash and PUF,
at the same time uplift force in the soil improvement soil.

The addition of lightweight EPS particulates has the potential to produce a
modified soil with improved performance and a wide range of practical applications.
EPS modified soils could be used as lightweight fill-in soil with significant strength.
A modifying soil with reduced unit weight and significant void space could produce a
sample material with beneficial applications. Hence, the finding of this study also
contributed as a reference or beneficial information to the geotechnical engineering
towards the recycling PU materials as a filler approached as an alternative solution to
decrease problematic soil and as the stabilizing material by applying the PU through

the soil improvement.

1.6 Thesis organization

The present thesis comprised of five chapters that were organized to address
the objectives as referred to in section 1.3 which are:
» Chapter 1. The description of research overview is discussed. The problem
statements, research objective, scope of the research and the research contributions are
described. The justification of this study is discussed under the problem statement. The
objectives are mentioned about which aspect should be considered.
» Chapter 2: The basic theory to support the implementation of the background
research work is discussed in this chapter. It includes a general review on the
polyurethane waste filler (PUF) untreated and treated, a detailed review on previous
research studies and literature findings on application of PUF in soil improvement

layer.



»  Chapter 3: The details of the experimental approaches on materials, experimental
techniques, equipment, and methods used in the study, including the polyurethane
waste filler (PUF) untreated and treated methods, fabrication procedures of
polyurethane-clay composite (PU-CC) using PUF solution, EPS, and fly ash and the
physical and mechanical characterization techniques for testing PU-CC. The samples
preparation, fabrication method and equipment used in the research activities are
described. The parameter orthe specific experiment such as FTIR, SEM, TGA,
buoyancy, unconfined compressive strength (UCS) test and direct shear test are

explained.

»  Chapter 4: Discusses the results of the PUF and PU-CC untreated and treated

samples.

»  Chapter 5: Highlighted the general conclusions derived from the experimental and
investigations are presented. The summary of all the major findings from this thesis

and future works that could be done to sustain and improve the knowledge in PU-CC.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter presents the literature review relevant to this research. Thesupportive
information presented in this chapter is comprehensive. It covers the preparation the
polyurethane waste filler (PUF) untreated and treated with different drying method.
The fabrication of the polyurethane-clay composite (PU-CC) at different ratios of
untreated and treated polyurethane waste filler (PUF) loading and the last of this
research is to analyze the engineering properties of polyurethane-clay composite (PU-

CC) untreated and treated of polyurethane waste filler (PUF) for soil improvement.

2.2  Polyurethane (PU)

Polyurethanes (PU) are versatile materials and have many applications in the
manufacturing industry due to their wide range of densities, stiffness, and hardness.
The materials include flexible foams used in upholstery and bedding and rigid foams
used for thermal insulation. Globally over three-quarters of the PU are consumed in the
form of foams, either flexible foams or rigid foams. In 2015, the worldwide
consumption of PU was over 12 million metric tons and is continuously increasing at
an average annual growth rate of 5 % (Samarth and Mahanwar, 2015; Wang and
Schuman, 2012). The two essential components to produce PU are isocyanate
containing isocyanate group (-N=C=0) and hydroxyl group (-OH) from polyol. A
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urethane linkage is produced by reacting an isocyanate group with a hydroxyl group,
and therefore, PU are manufactured from the reaction between isocyanate and a polyol
in the presence of catalysts and other additives. The generalized PU reaction is shown
as follows (Klempner and Senijarevic, 2004) in the PU industry, where both isocyanate
and polyols are usually made from petroleum derived feedstocks. However, in recent
decades, various factors spur researchers to explore alternative resources for the
feedstock of polyol, such as the increasing costs of petroleum, the increasing global
consumption of PU, the unstable supplyof petroleum market partially due to political
factors, and the enhanced public desire for environmentally friendly green products
(Mahmoodet al., 2016; Jamdar et. al., 2017; Kemona et. al., 2020). Furthermore, there
is potential for vegetable-oil derived polyols to replace petrochemical-based polyols
exists (Mahmoodet al., 2016).

Initially, PU foams were developed early in the 1930s and has since grown
in  numerous and extensive, applications, after World War Il. The main
characteristic of PU foams revolves in its ability to deliver a wide range of cell
structures, densities, rigidity,and foam morphologies (Saleh et. al., 2020; Cong et. al.,
2018; Clark et. al., 2018). PU foams are excessively predictable inperformance and
known for their strength, durability, and surface feel (Hussein, 2016). The main
classification of PU foams is rigid, flexible, and semirigid/flexible foams. Rigid PU
foams have high insulation ability along with its rigidity, therefore, there are
essentially used in automotive, construction,recreation, and appliance applications
(Xie et al., 2015; Zhang et al., 2015). On the other hand, flexible PU foams reveal
excellent deformation and elastic recovery characteristics since the PU are made with
a less functional groups and shorter polyol. Flexible PU foams are suitable for
packaging, furniture, and flexible hoses (Dos Santos et al., 2012; Wu et al., 2009)

Economically, PU foams market occupies a massive sector because of their
applications in a wide range of industrial processes. For example, the spray PU foam
(SPF) industry was projected to grow at 13 % per year from about $800 million in
2013 to $1.1 billion in 2015. Growth will surpassoverall construction industry
expansion based on increased penetration of SPF in key residential and commercial
applications (Xu et al., 2014). However, the industry faces some challenges, including

concerns about improper installations. In residential construction, walls and
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