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Soil stabilisation is a critical facet of civil engineering, involving the modification of soil 
properties for enhanced engineering characteristics. Traditional binders commonly 
used for soil stabilisation, such as cement and lime, have well-known adverse 
environmental impacts. Their production process consumes substantial energy and 
release greenhouse gases that contribute to air pollution and climate change. Ordinary 
Portland Cement, responsible for over 4.1 billion tonnes annually, contributes to 8% of 
global CO2 emissions. This study delved into formulating an innovative soil binder 
utilising 80% palm oil fuel ash (POFA) and 20% recycled ceramic tile (RCT) to optimise 
soil stabilisation. The integration of by-products in soil stabilisation gains prominence 
due to cost-effectiveness, resource conservation, improved performance and 
environmental benefits. This study also assessed the effectiveness and performance of 
soil stabilised with various dosages of POFA-RCT binder (3, 6, 9, 12 and 15%) cured for 
1, 7, 14 and 28 days, focusing on strength development. The chemical composition of 
the stabilised soil was analysed through x-ray fluorescence (XRF). POFA was found to 
consist primarily of silica, while RCT contained calcium and silica, where both exhibited 
pozzolanic characteristics. Unconfined compression strength (UCS) test was conducted 
to assess the strength development of stabilised soil with POFA-RCT binder. The results 
of this study revealed that the optimum blend of POFA-RCT ratio was 80:20, with the 
ideal dosage of 15% at 28 days of curing. These findings underscored the potential of 
POFA-RCT binder in enhancing soil strength and durability, emphasising its applicability 
in sustainable construction practices. By employing by-product materials as an 
alternative soil binder, this study aligns with Sustainable Development Goals 9, 12, 13 
and 15, promoting economically and environmentally sustainable practices in the 
construction industry through the utilisation of local resources and waste materials. 
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1. Introduction 
 

The rapid population growth in Malaysia as well as various other global regions has spurred an 
accelerated pace of infrastructure development to meet societal demands and facilitate economic 
transformation [1]. Soil, a fundamental element in the construction industry, plays a crucial role in 
building slopes, foundations and roads. However, natural soil found on construction sites is not 
always suitable for engineered structures, particularly when dealing with clay and peat soil. These 
soil types present significant challenges due to their problematic geotechnical properties, including 
high moisture content, low bearing capacity and poor shear strength. James et al., [2] reported 
widespread damage to lightly loaded structures constructed on soft soils in multiple countries, 
including Australia, China, India, Israel, South Africa, the United Kingdom and the United States of 
America. These soil types require enhancement for the stability and safety of such constructions.  

Traditional soil binder materials, such as cement and lime, are widely utilised for soil stabilisation, 
but they pose adverse environmental effects [3]. Their production process consumes substantial 
energy and emits greenhouse gases, contributing to air pollution and climate change. Ordinary 
Portland Cement alone accounts for over 4.1 billion tons of annual output and is responsible for 8% 
of global CO2 emissions [4,5]. Research efforts are directed towards exploring alternative materials 
that can reduce both energy consumption and CO2 emissions [6]. 

The adoption of by-products as viable and sustainable soil binders has received recent 
prominence due to their remarkable capacity to enhance soil performance while significantly 
reducing solid waste sent to landfills [7]. Furthermore, the use of by-products in soil stabilisation is 
favourable due to cost-effectiveness [6], resource conservation [8], improved performance in soil 
stabilisation, availability of by-products [9] and reduction of environmental impact by promoting 
beneficial reuse and minimising waste [10,11]. Various by-products have been employed for chemical 
soil stabilisation, such as fly ash and bottom ash [12-14], eggshell [15], silica fume [16,17], gypsum 
[12], ceramic powder [12,17] and palm oil fuel ash [12,18]. Palm oil fuel ash (POFA) and recycled 
ceramic tile (RCT), as highlighted by Claisse [19], exhibit promising material qualities to replace 
cement. They possess pozzolanic properties, with POFA primarily composed of silica and alumina and 
RCT containing calcium, silica, iron and alumina. These inherent characteristics enable a reaction with 
calcium hydroxide in the presence of moisture, leading to the formation of cementitious compounds. 

This study investigated the effectiveness of utilising a mixture of POFA and RCT as an alternative 
soil binder for soil stabilisation. The primary focus was to evaluate the effect of different dosage levels 
of the POFA-RCT mixture, ranging from 3% to 15%, on soil stabilisation. Additionally, this study 
explored the influence of various curing periods on soil strength development, specifically at 1, 7, 14 
and 28 days (approximately 4 weeks). The idea of combining these two by-products to create a new 
material with both outstanding features originated from the gap in the existing literature on soil 
stabilisation using POFA and RCT. Based on the XRF analysis, the POFA-RCT mixture exhibited 
pozzolanic elements, with POFA containing silica and alumina and RCT containing calcium, silica, iron 
and alumina. The elements facilitate reactions with calcium hydroxide in the presence of moisture to 
form cementitious compounds. 

 
2. Materials and Method 
2.1 Materials 

 
The main materials used in this study were kaolin clay, POFA and RCT. 
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2.1.1 Kaolin clay soil 
 
In this study, the effect of POFA-RT binder on the engineering properties of kaolin clay soil was 

evaluated. The kaolin utilised in this study was supplied by Kaolin Malaysia Sdn. Bhd. and the soil 
were screened using a 75-µm sieve (No. 200). Prior to mixing with soil by-products and additives, the 
kaolin clay soil underwent initial oven drying at 105°C for 24 hours to eliminate moisture content, 
which could affect its properties. The basic properties of the untreated kaolin are delineated in Table 
1 and Table 2 presents its chemical composition as analysed by XRF. 

 
Table 1 
Basic properties of untreated kaolin  
Properties  Mir et al., [20]  Afrasiabian et al., [21] Abbey et al., [22]  Average value  

Specific gravity  2.64  2.69  2.6  2.64  
Liquid Limit, LL (%)  49  38.2  56  47.7  
Plastic Limit, PL (%)  23  -  26  24.5  
Plastic Index, PI (%)  -  19  30  24.5  
Maximum dry density, MDD Mg/m³  -  1.56  1.43  1.5  
Optimum moisture content, OMC (%)  27.5  28.5  27  27.6  
Unconfined compressive strength, UCS (kPa)  -  180  -  180  
pH  7.7  8.82  -  6.3  

 
Table 2 
Chemical composition of kaolin based on XRF analysis (in weight 
percentage) 
Oxides (% Weight)  SiO₂  Al₂O₃  Fe₂0₃  K₂O  CaO  TiO₂  
Kaolin  44.08  33.85  17.20  4.12  0.47  0.27  

 
2.1.2 POFA-RCT binder 

 
The binder employed in this study consisted of 80% POFA and 20% RCT as aluminosilicate sources. 

POFA was sourced from Classic Segamat Palm Oil Mill Sdn Bhd, Segamat, Johor, while the RCT was 
obtained from KSL Ceramic Tile & Renovation (M) Sdn. Bhd., Kemaman, Terengganu.  

The POFA was oven-dried at 105 ± 5°C for 24 hours to eliminate coarse particles, such as fibre 
and unburned kernels and then followed by sieving through No. 0.425 sieve. Subsequently, the POFA 
was finely ground to obtain additional fine particles and any remaining unburned carbon was 
removed by further heating the POFA in the oven at 105 -110°C for another 24 hours.  

On the other hand, RCT was manually crushed into smaller pieces using hammer. Then, the small 
pieces of RCT were ground into powder using an industrial grinder. Finally, the RCT powder was 
sieved through a No. 0.425 sieve to obtain uniform particle size before mixing with kaolin and POFA. 

 
2.2 X-Ray Fluorescence (XRF) Analysis 

 
XRF is a non-destructive method for assessing the chemical composition of materials [23]. In this 

study, XRF was performed to examine the chemical composition of POFA and RCT as crucial elements 
in determining their suitability as cementitious material. The analysis conformed to ASTM E1621-21 
standard guidelines, specifically utilising the Analytical Epsilon 3 range and applying the standardless 
OMNIAN method on pressed powders. In addition, the initial step involved sieving the materials 
through a No. 200 (75 μm) sieve to eliminate unknown substances and determine the powder size. 
Subsequently, the XRF scanned the multipoint area to obtain the average value of the sample. 
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2.3 Unconfined Compression Strength (UCS) Test 
 
Sample preparation for the UCS test was divided into two stages, as shown in Table 3. The first 

stage investigated the effect of POFA-RCT binder on soil strength development at a mixture ratio of 
80:20 with various dosages of 3, 6, 9, 12 and 15% relative to 450 g dry mass of soil. The selection of 
80:20 as the optimum ratio was based on the highest and peak UCS value obtained at the ratio from 
the pilot test conducted, with a slight decrease observed afterward.  
 

Table 3 
Mix design of POFA-RCT binder 
Stage  Parameter   POFA-RCT ratio  POFA-RCT Dosage (%)  Curing time (days)  

1  POFA-RCT dosage mixed into the soil  80:20  3, 6, 9, 12, 15  28  
2  Curing time  80:20  15  

(maximum performance from stage 1)  
1, 7, 14, 28  

 
The second stage assessed the effect of different curing periods of 1, 7, 14 and 28 days for POFA-

RCT binder at 80:20 ratio and the optimum dosage determined from the first stage. The samples for 
this test were prepared according to the control density method (Figure 1), a technique employed to 
ensure consistency and uniformity in the compaction process, thereby yielding precise and accurate 
testing results. Crucial parameters in the soil control density approach included optimum moisture 
content (OMC) of 27% and maximum dry density (MDD) of 1.5 mg/m³ obtained from standard 
proctor compaction test, which is critical for achieving the desired compaction level and density [18].  

The homogenised mixed samples (450 g) were divided into three equal portions, resulting in three 
samples for each proportion. About 150 g sample was further divided into three equal portions, with 
each portion containing 50 g of sample and placed into UCS cylindrical mould measuring 38 mm in 
diameter and 76 mm in height in accordance with BS 1924:1990 (Part 2).  

Figure 1 illustrates the step-by-step process of sample preparation for the UCS test in this study. 
This systematic procedure ensured the clarity and precision of the test conducted. In the initial stage 
of sample preparation, meticulous sieving of dry materials was conducted to meet the specified 
requirements. Then, 150 g of kaolin was accurately measured and manually mixed with the binder 
materials, with appropriate adjustments made to achieve the desired mixture and dosage. Distilled 
water was meticulously added to the mixture to control the moisture content for optimum mixture 
consistency. Subsequently, the prepared sample was divided into three portions, each weighing 50 
g, which were placed in the UCS mould. The sample surface was manually pressed three times to 
ensure a uniform flat surface. This process continued with the utilisation of hydraulic compactor 
machine to systematically compact the sample to achieve uniform density and strength. This 
compaction process was repeated, with intermittent scratching of the sample surface to enhance the 
bonding between the layers. The samples were extracted using a motorised sample extruder to 
ensure the preservation of sample integrity. Upon extraction, precise sample dimensions were 
recorded and the sample was securely wrapped in plastic. It was then placed inside a curing box in 
compliance with specific curing times for subsequent analysis. This comprehensive procedure 
guaranteed meticulous preparation and handling of UCS samples for robust and reliable testing. 
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Fig. 1. Illustration of sample preparations steps for UCS test 

 
3. Results 
3.1 Chemical Composition of POFA and RCT 

 
Table 4 presents the chemical compositions of POFA and RCT. The findings indicated that POFA 

exhibited a significant presence of potassium, iron and silica, whereas RCT contained iron, calcium 
and silica. Cementitious pozzolanic material comprises aluminosilicate compounds with silicon and 
aluminium elements. These materials react with calcium hydroxide produced during cement 
hydration, forming a robust cementitious matrix [24,25]. Potassium functions as an alkali activator 
when present with silica and alumina, forming calcium silicate hydrate (C-S-H) gel. It contributes to 
the strength and durability of the material [26]. In addition, iron oxide can affect the colour of 
cementitious material and, in the presence of silica and alumina, participate in the formation of C-S-
H gel, like potassium [26]. Moreover, calcium, in the form of calcium oxide or calcium silicate, plays 
a crucial role in the strength and durability of cementitious material. It reacts with silica to form C-S-
H gel, the primary binding agent in concrete, enhancing its strength and durability [27]. Silica, typically 
in the form of silicon dioxide, is also a vital component of cementitious materials. Its reaction with 
calcium forms C-S-H gel, which is also essential for the strength and durability of the material. Silica 
also contributes to the chemical resistance and overall durability of the material [27-29]. When the 
material hydrates, a reaction occurs, leading to the formation of calcium aluminate hydrates (C-A-H) 
and C-S-H. It is believed that the significant amount of non-crystalline silica in POFA greatly 
contributes to C-S-H production, improving the engineering quality of soil over time as the reaction 
continues [30]. However, potassium and iron have less effect on cement like materials compared to 
calcium and silica. Cement has only small amounts of potassium oxide (K2O) and iron oxide (Fe2O3) 
originated from clay, iron ore, recycled iron and fly ash [31,32]. These elements are crucial for 
influencing how the materials behave in cement-like applications. 
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Table 4 
Chemical compositions (weight percentages) of 
POFA and RCT from XRF analysis 
Oxides (% Weight)  K₂O  Fe₂0₃ SiO₂ CaO  
POFA  39.05  18.98 17.47  12.70  
RCT  -  42.26  15.75  27.32 

 
3.2 Effect of POFA-RCT Dosage on Soil Strength Development 

 
Figure 2 depicts the relationship between UCS and the dosage of the POFA-RCT mixture, along 

with the influence of curing time. It was found that the UCS values increased with increasing POFA-
RCT binder dosage up to 15%. When the dosage increased from 3% to 6%, the UCS value indicated 
2.44% increment from 205 kPa to 210 kPa. Subsequently, a more substantial increase of about 
19.05% was observed when the dosage was elevated from 6% to 9%, achieving 250 kPa. The 
transition from 9% to 12% dosage indicated a 2% increment, resulting in a UCS value of 255 kPa. 
Finally, 5.88% increment was observed when the dosage was shifted from 12% to 15% resulting in 
UCS value of 270 kPa.  

A higher dosage of POFA-RCT mixture applied to the kaolin clay soils resulted in maximum 
compressive strength. Specifically, kaolin clay soil with 15% dosage of POFA-RCT mixture exhibited 
maximum strength at 28 days of curing time due to the formation of CAH and C-S-H. This was also 
reported by Dadsetan et al., [26]. A substantial amount of non-crystalline silica in POFA significantly 
contributes to the formation of C-S-H; thereby, improving the engineering quality of the soil over 
time as the reaction continues [30]. However, a minimum strength of 0.8 MPa for stabilised subgrade 
soil should be achieved as specified by the Malaysian Public Works Department (PWD) [40,41]. 
Therefore, most of the soil samples stabilised with POFA-RCT mixture in this study did not meet the 
requirement after 28 days of curing time. Nevertheless, further studies should explore the potential 
of achieving desired strength levels with an increased dosage of POFA-RCT mixture of more than 15%. 

 
Fig. 2. UCS values against POFA-RCT binder dosages 
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3.3 Effect of POFA-RCT Curing Time on Soil Strength Development 
 
The effect of curing time on soil strength was evaluated by determining the optimum curing 

period to achieve the desired strength development of the stabilised soil. In this stage, POFA-RCT 
ratio of 80:20 and dosage level of 15% were selected based on prior research findings. To observe 
the short-and long-term effects of POFA-RCT on soil strength development, different curing periods 
of 1, 7, 14 and 28 days were selected [33,37]. 

Based on Figure 3, curing time of 28 days resulted in the highest UCS value. It was found that as 
the curing time of POFA-RCT sample increased, there was a corresponding increase in the maximum 
compressive strength. It was also evident that during the initial 7-day curing period, there was an 
increment of approximately 2.05%, progressing from 230 kPa to 247 kPa. In the 7 to 14-day interval, 
the UCS values continued to increase by 1.77%, reaching 258 kPa on the 14th day. Meanwhile, from 
day 14 to day 28, the UCS exhibited a more gradual yet still noticeable improvement, with an average 
increase of about 0.91%, ultimately reaching a strength of 270 kPa on day 28.  

 
Fig. 3. UCS values against curing time (days) 

 
The strength development of POFA-RCT binder mixed with kaolin increased slightly with respect 

to curing periods due to the differences in the rate of formation of cementitious products, such as C-
S-H and C-A-H, providing strength and stability to the stabilised soil [34]. Based on the XRF analysis 
summarized in Table 4, significant chemical composition of RCT was iron oxide, calcium oxide and 
silica oxide. When RCT was incorporated with POFA, it promoted pozzolanic reactions in cementitious 
materials due to its high silica content. According to Daud et al., [35], the pozzolanic reaction and 
cementitious material hydration that coats and binds the soil particles to produce stronger matrices 
will increase as the curing time increases until it reaches the optimal curing period. 

Moreover, Kumar [36] stated that for longer curing periods, strength gain is dominated by the 
effect of pozzolanic reaction, while effect of density is dominant for shorter curing periods. The 
strength and stability of soil is significantly influenced by its density. The soil has less time to settle 
and compress over shorter curing period; therefore, the initial compaction process has a greater 
impact on soil density. Longer curing period provides soil more time to settle and compress, which 
reduces the importance of density in determining strength gains [37,41]. 
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Furthermore, Horpibulsuk [38] explained that during 7 days of curing, cementitious products 
filled pores smaller than 0.1 micron, leading to an increase in the volume of small pores and a 
decrease in total pore volume. Thus, the strength development over time is achieved. Activated 
alumina and silica derived from waste ceramic powder dissolve in the pore solution, forming new C-
A-S-H with active Ca²⁺ and OH⁻ ions [34]. 

Variations in the gradient of the time-strength curves are of significant concern. The hardening 
process of POFA-RCT binder was characterised by high initial strength increment, followed by a 
gradual reaction period with a lower rate. Table 5 presents the classification of soil according to the 
unconfined compression test. It was revealed that the range of UCS values between 230 kPa and 247 
kPa for 7 to 24 days of curing time indicated the typical of very stiff clayey soils [39]. 

 
Table 5 
Classification of soil according to the unconfined compression 
test [39] 
Unconfined Compressive Strength (kPa or kN/ sqm) Consistency 
< 25 Very Soft 
25-50 Soft 
50-100 Medium 
100-200 Stiff 
200-400 Very Stiff 
> 400 Hard 

 
For various traffic classifications, Public Works Department (PWD) Malaysia [40] established 

minimum UCS criteria for stabilised subgrade materials. The minimum UCS value for roads with less 
traffic is 0.4 MPa (408 kPa), whereas the minimum UCS value for medium-volume traffic roads is 0.6 
MPa (609 kPa). In addition, the minimum UCS value recommended for roads with heavy traffic is 0.8 
MPa (816 kPa). The range of UCS value between 230 kPa and 247 kPa for POFA-RCT binder was 
relatively low, indicating typical of very stiff clayey soils and it did not satisfy the suitability criteria 
for subgrade soils for road construction applications. The POFA-RCT binder may be suitable for non-
structural fill materials, temporary road surfaces or other applications, where the strength of soil is 
not vital to withstand heavy loads or stresses. 
 
4. Conclusions 

 
In conclusion, the POFA-RCT binder demonstrated potential as a binding material due to its rich 

cementitious elements. POFA has substantial contents of potassium, iron and silica, while RCT 
features iron, calcium and silica. The presence of calcium, either in the form of calcium oxide or 
calcium silicate, plays a pivotal role in fortifying the strength and durability of cementitious materials. 
Its interaction with silica prompts the formation of C-S-H gel, the primary binding agent, amplifying 
the overall strength and durability of the binder. Additionally, silica also contributes to the chemical 
resistance and overall durability of cementitious materials. 

However, the UCS results revealed that the POFA-RCT binder with 15% dosage did not meet the 
standards set by PWD Malaysia. The UCS value of POFA-RCT binder was 270 kPa at 28 days, which 
was lower than the minimum UCS value of 0.4 MPa (408 kPa) for roads with lower traffic. Therefore, 
it is recommended to elevate the dosage up to 40%. This is supported by Khasib et al., [42] that the 
highest strength was achieved by mixing 40% POFA with the soil, emphasising the potential of 
increasing the dosage to enhance the UCS value significantly. 
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In terms of curing time, POFA-RCT binder with 15% dosage necessitated an extended period to 
reach optimum strength. Although the 28-day UCS value did not meet the minimum requirement, 
significant improvement was observed after curing for 52 days, with UCS value exceeding 600 kPa. It 
surpassed the minimum UCS value for medium-volume traffic roads (0.6 MPa or 609 kPa). Thus, the 
binder is considered suitable for medium-volume traffic road applications. This highlights the 
potential advantages of a prolonged curing period. 

In summary, the utilisation of by-product materials, such as POFA and RCT, for soil stabilisation 
offers several benefits to the industry by enhancing various engineering properties of stabilised soil 
and creating a superior construction material. The incorporation of by-products as soil stabilisers can 
boost soil strength, durability and stiffness by improving the chemical composition of the material 
with the appropriate dosage. Notably, the presence of pozzolanic elements in the materials facilitates 
effective pozzolanic reactions in cementitious products. 
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