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Abstract

Peat soil presents significant challenges for construction due to its inherent weak properties, including high water con-
tent, limited permeability, low shear Strength, low specific gravity, and acidity. Despite the potential of Mg-rich synthetic
gypsum (MRSG) to improve soil properties, research on its use for stabilising severely poor peat soils is limited. This study
addresses this gap by investigating the efficacy of MRSG in peat soil stabilisation using a novel multi-layering backfill
approach. The methodology includes soil classification of peat soil. And, to understand the mechanical and chemical
changes of stabilized peat soil, the unconfined compressive Strength (UCS) testing and microstructural analysis using
SEM, EDX, and XRD before and after stabilisation are studied. Peat samples were treated with MRSG through backfilling
method in 5, 7, and 9 layers and evaluated the strength increment after curing periods of 7, 28, and 60 days. Results
demonstrate that MRSG significantly enhanced the compressive strength, increasing it to 210.33 kPa as early as 7 days for
9 layers of backfillincomparable with the untreated soil strength of 51.87 kPa. The new cementitious product in the soil
known as ettringite was observed from SEM analysis and confirmed by the EDX and XRD analysis. By recycling industrial
byproducts, this environmentally friendly method encourages sustainability and lessens dependency on raw resources,
which is important for infrastructure construction and other projects in areas rich in peat.

Keywords Peat soil - Soil stabilisation - Multi-layer soil backfill - Mg-rich synthetic gypsum (MRSG) - Unconfined
compressive strength

1 Introduction

Peatland is Malaysia's largest wetland ecosystem, covering around 2.5 million hectares and about 7.5% of the country’s
surface area [1]. Peat is mostly found in Malaysia’s hilly and coastal areas, with large deposits in Kuantan, Pontian, Batu
Pahat, Pekan, and Perak. Peat soil, generated over centuries from degraded organic components, is highly organic and
contains degraded plant elements that are often black or dark brown [2].

Regarding the engineering characteristics, peat soil has various weak properties, including low specific gravity
[3], high moisture content [4], and high organic and fibre content [5], these characteristics lead to a notable low
shear strength [6], low unconfined compressive Strength (UCS) [7], and high compressibility [8], all of which reduce
its ability to sustain construction loads.

Massive development in areas with difficult peat characteristics demands the adoption of effective soil stabilisa-
tion techniques. Soil stabilisation is critical to maintain the infrastructure’s structural integrity in these scenarios.
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Numerous peat stabilisation approaches involving mechanical, chemical, and electrical stabilisation methods are
now being used to enhance engineering qualities and make peatland viable for use [9].

Examples of mechanical solutions include peat removal and replacement, a frequent strategy for addressing peat
soil's poor qualities. This approach uses drainage to lower the groundwater table, exposing the peat to air oxygen.
This exposure affects the peatland’s overall hydrological system, altering the breakdown process from anaerobic to
aerobic. As a result, large volumes of carbon dioxide (CO2) are emitted into the atmosphere, worsening the green-
house effect and contributing to climate change [9].

Chemical soil stabilisation, on the other hand, entails adding various chemical agents to improve soil qualities [10].
These chemicals include Ordinary Portland Cement (OPC), lime, bitumen, and tar [11], which interact with the soil to
increase its Strength, minimise compressibility, and enhance its overall stability [12]. Despite physical removal, chemi-
cal stabilisation tries to change the soil’s internal structure and qualities, rendering it more suited for construction
while minimising disturbance to the natural hydrological system [13]. Paul et al. [14] studied cement stabilisation of
peat soil, finding that cement treatment improved mechanical, chemical, and microstructural properties. It reduced
organic material effects, acidity and increased electrical conductivity. Tests (FESEM, EDX, XRD, FTIR) showed a denser
structure, formation of strength compounds like CSH and ettringite, and new strength-enhancing gels.

Regarding electrical stabilisation approaches, Wahab et al. [15] investigated the chemical stabilisation of peat
soil using electrokinetic stabilisation (EKS) to enhance engineering qualities. EKS was applied to peat samples from
Johor, Malaysia, at voltage gradients of 110 and 150V for 3 and 6 h, respectively. The results revealed considerable
enhancements: shear Strength rose from 11.66 to 70 kPa, moisture content dropped from 613.989% to 270.294%,
liquid Limit rose from 159.261% to 217.603%, and shear wave velocity rose from 68.5 to 110.5 m/s. Nevertheless,
according to Mekonnen et al. [16], electrical stabilising techniques are energy intensive.

As aresult, there is an urgent need for more durable and efficient stabilising strategies. Considering rising sustain-
ability concerns, there is a growing interest in employing numerous industrial by-products to stabilise problematic
and weak soil. This can significantly improve the soil’s characteristics, provide environmental advantages, and align
with sustainability goals [17].

Fatima et al. [18] used Plaster of Paris Kiln Dust (PKD) to stabilise dispersive soils in Pakistan. They reported a
considerable drop in dispersion potential and a significant improvement in unconfined compression strength after
applying variable quantities of PKD (0.5% to 3%) under different curing durations. In another research, Hassan et al.
[19] investigated fine marble dust (FMD) to prevent erosion in sodium-rich clays, revealing lower dispersion poten-
tial and better soil stability. Several experiments have been conducted with varying FMD ratios and cure durations.
The results showed that 30% FMD for KC soil and 20% for HC soil considerably reduced dispersion potential and
salt concentration, resulting in increased soil stability. XRD and SEM measurements indicated enhanced resistance
caused by flocculation and cementing material development.

Another research conducted by Hassan et al. [20] explored the usage of potassium-rich ash (KRA) to improve
dispersibility and reduce internal erosion in sodium-rich clays. Traditional calcium treatments are expensive and
detrimental to the environment, necessitating the development of a sustainable alternative. Tests revealed that
after 28 days of curing, 15% KRA for QS clay and 10% KRA for PBS clay significantly decreased dispersion and erosion
by exchanging Na for K. The findings showed that KRA increased soil stability via flocculation, agglomeration, and
electrostatic mechanisms.

Also, Hassan et al. [21] used potassium-rich wood ash (KRWA) to stabilise dispersive clay. Testing KRWA content up
to 35% over 60 days revealed that 10% KRWA successfully lowers dispersion and salt concentration by 82% and 57%,
respectively, in just 28 days. This treatment enhances soil workability by lowering plasticity by 56%, increasing load-
bearing capacity by 575%, and lowering compressibility by 60%. Physiochemical investigations reveal quick ion exchange,
agglomeration, and flocculation, followed by pozzolanic activity forming cementitious gels. X-ray diffraction (XRD) and
scanning electron microscopy (SEM) demonstrate the creation of denser microstructures.

Additionally, Hassan et al. [22] investigated assessing geosynthetics’ behaviour in cohesive soil, particularly how soil
plasticity index (Pl) impacts reinforced soil mechanics. Investigating three cohesive soils reinforced with various geo-
synthetics (woven/non-woven geotextile, composite, and geogrid) through triaxial compression and direct shear tests
revealed that woven geotextile (GTW) enhanced shear Strength due to superior interface friction and tensile properties.
Three layers of GTW increased stiffness, cohesion, and shear strength parameters, highlighting performance variations
based on the soil plasticity index.

Accordingly, this study builds upon previous investigations on sustainable, friendly methods for stabilising weak soil
via industrial waste to improve soil qualities for building applications, as in recent studies. Specifically, this study examines
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using Mg-rich synthetic gypsum (MRSG) to stabilise peat soil. Unlike conventional approaches reviewed in recent studies,
which often rely on mixing the stabilisers uniformly with the treated soil, our study presents a novel methodology that
employs MRSG in a multi-layer soil backfill process.

Despite the potential for MRSG to improve soil properties, particularly in severely poor peat soils, more research is still
needed on its use in soil stabilisation. Accordingly, the aim of this study revolves around the effectiveness and innovation
of using MRSG in a multi-layer soil backfill technique to stabilise peat soil. Hence, the study’s objectives are: 1. To deter-
mine the physicochemical and mechanical characteristics of untreated peat soil collected from Gebeng. 2. To analyse
the effect of compressive Strength on untreated and treated Peat with Mg-rich synthetic gypsum using the soil layering
method. 3. To interpret the microstructural improvements of treated and untreated peat with different curing periods.

2 Materials
2.1 Soil sample

The sample was collected from an industrial area in Gebeng, Pahang state, at 3°59'57.8"N 103°2133.0" E. Such sampling is
often carried out using test pit excavation at short depths. In this scenario, peat samples were obtained with a shovel, hoe,
and trowel on a smaller scale. The soil samples were kept in airtight containers to avoid bacterial and algal development
and preserve their properties. Air contact was reduced by thoroughly filling the sample containers before closing them.

The engineering characteristics of the used peat soil were determined in the Soil Mechanics and Geotechnics Labo-
ratory at Universiti Malaysia Pahang. Before testing, the damp sample was air-dried for a day and baked for 24 hours at
105 °C. The tests conducted to study the peat characteristics included natural moisture content [23], particle size distri-
bution [24], Atterberg limits [25], specific gravity [26], compaction [27], loss on ignition (LOI) [27], and pH [28].

Furthermore, peat samples were visually classified according to their appearance and content. When pressed, the
samples emitted dark brownish water and contained degraded plant elements, including tree roots and wood remnants.
According to visual inspection and the Von Post Scale, the Gebeng site’s peat soil was classified as H3, signifying very
minimally degraded peat. Furthermore, the Radforth System defined peat soil as fine-fibrous (category 11), distinguished
by combining woody and non-woody materials in fine-fibrous Peatpeat. Table 1 summarises the peat soil properties
and classification.

However, the resulting soil’s physical properties, such as its distribution of particle sizes, which is important for peat
classifications. The process of particle size distribution was carried out in compliance with BS EN ISO 17892. [25], and
Fig. 1 shows the produced distribution curve of particle sizes.

The test yielded a uniformity coefficient (Cu) equals 3.82 and a coefficient of curvature (Cc) equals 1.02 for the
particle size distribution curve. The Cc value indicates a well-graded classification for the soil, whereas the Cu value
indicates a poorly graded classification. Overall, due to their disparity, the soil is generally classified as poorly graded.
Referring to the Unified Soil Classification System (USCS) in Fig. 2, the soil falls into the highly organic category, spe-
cifically peat. This classification is based on the characteristics noted in the soil classification chart: primarily organic
matter, dark colour, and organic odour, consistent with the visual analysis for the obtained samples. Therefore, this
soil is categorised as peat with the group symbol PT.

Table 1 The untreated peat

. . Parameters Values
soil characteristics

Natural moisture content (%) 474.49
Organic content (%) 85.52
Liquid limit (%) 110.80
Plasticity index (%) 16.86
Specific gravity (Mg/m3) 1.59
Maximum dry density (g/cm3) 0.527
Optimum moisture content (%) 63
pH 3.86
Radforth system peat category 11
Von post humification scale H3
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Fig. 1 Particle size distribu- Particle Distribution Size Curve (Dry Sieving with Hydrometer Filtration Sample)
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On the other hand, the Atterberg limits—Iliquid, plastic, and shrinkage—define critical soil properties used in
international soil classification and strength assessments and were conducted according to BS EN ISO 17892. [25],

the liquid Limit and Plastic Limit of the peat soil were determined to be 110.80% and 93.94%, respectively, yield-
ing a plasticity index of 16.86%. According to soil mechanics principles, a low plasticity index suggests the presence
of silt or clay, while a high index indicates clay and a near-zero index implies little to no silt or clay. The peat soil
in this study falls into the medium plastic category (7% to 17%), indicative of high organic content and significant
decomposition. This classification and the high liquid limit and organic content (85.52%) were obtained from the
loss of ignition test according to BS 1377-2. [27] confirms that the soil is peat. The classification of the soil as peat is
confirmed with the amount of organic contents that should be greater than 75 % [30]. These properties lead to high
compressibility, low shear Strength, and high sensitivity to moisture changes, typical characteristics of peat soil.

In addition, the optimum moisture content was obtained from the standard soil compaction test per BS 1377-2.
[27], The Standard Proctor method determined the optimum moisture content and maximum dry density. In a typi-
cal Proctor mould, the peat soil was compacted into three layers with 25 blows in each layer. After testing various
moisture contents, a compaction curve was created (as shown in Fig. 3) that revealed a maximum dry density of
0.527 g/cm? and an optimum moisture content of 63%. This test is essential for determining moisture content when
designing structures like embankments and foundations. In this study, these values are crucial for calculating the
gypsum and peat needed for backfill material in each layer.

On the other hand, regarding the mechanical characteristics of the studied peat soil, the UCS test, according to BS
ISO 17892-7.[31], was used to assess the compressive Strength of the collected peat soil before stabilisation. Peat
UCS was tested three times, yielding strengths for trials 1, 2, and 3 of 39.12 kPa, 28.68 kPa, and 87.82 kPa, respectively.
Based on these tests, an average value of 51.87 kPa for compressive Strength was determined.

Additionally, regarding chemical characteristics, a pH test was conducted according to ISO 10523. [28] using the
pH meter. Ethanol was used as the solvent for this analysis. When conducting pH tests on peat soil, it is important
to use a less dense solvent than water, as peat particles tend to float in water. For this test, ethanol was determined
to be the suitable solvent due to its density of 789 kg/m?>. The peat soil under investigation has an acidic pH of 3.86,
according to the findings of the pH test.
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Fig. 2 USCS chart for soil clas-
sification [29]

Fig. 3 The compaction test
curve
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Major Divisions Group Typical names
Symbol
Clean | GW Well graded gravels, gravel-sand
Gravels mixtures, <5% fines
GP Poorly graded gravels, gravel-sand
Gravels mixtures,
(more than half of <5% fines
coarse fraction
is larger than #4 Dirty GM Silty gravels, gravel-sand- silt mixtures|
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GC Clayey gravels, gravel-sand-clay
mixtures,
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plasticity
CL* Inorganic clays of low plasticity,
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Table2 A summary of the

Sample specimen Number of peat Number of gypsum  Total number of Curing days
prepared samples system layers layers layers

Sample 1 3 2 5 7,28,60

Sample 2 4 3 7 7,28,60

Sample 3 5 4 9 7,28,60

Fig.4 Remoulded soil speci-
mens prepared by: a 5 layers,
b 7 layers and (c) 9 layers

2.2 Additive sample

Gypsum was collected as an additive material in the study from an industrial company that processed the rare earth
mineral and produced the by-product waste Magnesium-rich synthetic gypsum (MRSG). The synthesised gypsum was
collected and stored in a dry condition. According to ISO 10523. [28], the pH was tested and revealed that gypsum is a
highly alkaline material, as its pH level is 9.47.

2.3 Theresearch design

The methodology for this study on peat soil stabilisation using MRSG through a multi-layered backfill method follows
a systematic approach. Initially, the study identifies challenges related to peat soil stabilisation and sets clear research
objectives to enhance soil strength with MRSG. Soil samples and MRSG additives were collected and prepared. Then,
layered sample specimens were meticulously prepared with varying configurations (5, 7, and 9 layers) and cured for 7,
28, and 60 days.

After the characterisation of untreated peat, the soil stabilisation using MRSG by the multi-layering backfill method
was recreated on a small scale. The recreation was performed in the laboratory by developing layered sample specimens.

Laboratory testing includes the UCS test to assess bearing capacity and scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD) analyses for microstructural and mineralogical charac-
terisation. Results from these tests are analysed to evaluate the effectiveness of MRSG in enhancing peat soil strength
under different curing durations. Conclusions drawn from the experimental findings guide recommendations for future
research on optimising MRSG application in peat soil stabilisation for practical engineering applications.

3 Methodology

3.1 Sampling procedure

The sample specimens were backfilled with three different numbers of layers in order to know which numbered layer
achieved the maximum strength. The first sample was prepared with three layers of peat and two layers of gypsum,

which totalled up to 5 layers. The second layered specimen was prepared with four layers of peat and three layers of
gypsum, totalling seven layered backfill specimens. As the final specimen, it was backfilled with five layers of peat and
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four layers of gypsum to a total of 9 layers. Table 2 summarises the prepared samples system for this study, while Fig. 4
shows the prepared sample specimens by backfilling method. All the sample specimens prepared are the same in size
and diameter and cured for three different curing days, which are 7, 28 and 60 days. A peat controller was also prepared
using the same method with the same size and diameter to compare the Strength of treated and untreated peat under
an unconfined compression strength test.

The height of each layer in the sample specimens was determined based on the equivalent heights of each layer
between the peat and the MRSG additive, where different configurations were systematically tested to assess their impact
on soil strength. This method allowed for exploring various combinations of peat and gypsum layers (ranging from 5 to
9 layers) to identify which configuration maximally enhanced the mechanical properties of the peat soil.

After determining the optimal layering configurations, the samples underwent air curing, a method for stabilising peat
soil by exposing it to air after combining it with gypsum. During air curing, gypsum interacts with organic components
in the peat soil to form calcium sulfate, which binds soil particles together, reducing water content and compressibility.
This process enhances the peat soil’s Strength and resilience against erosive factors like weathering and erosion, which
applies to both field and laboratory samples. Following air curing periods of 7, 28, and 60 days, the samples were evalu-
ated to measure the increased Strength of gypsum-stabilised Peat. Over time, as the curing progressed, moisture content
decreased, resulting in hardened and strengthened peat soil [32].

3.2 Experiment procedure
3.2.1 Mechanical properties analysis

The UCS test was conducted according to BS EN ISO 17892-7. [31] evaluates the strength and deformation properties
of the studied peat. Remoulded cylindrical specimens for untreated Peat and MRSG-treated Peat with 5, 7, and 9 layers
(length: 76 mm, diameter: 38 mm) were prepared based on Proctor data. These samples were cured for 7, 28, and 60 days.
The test involves placing cured specimens between two plates and applying an axial load until failure, with load and
axial deformation recorded using a semi-electronic controlled MTS UCS testing apparatus. Data collected electronically
were analysed to calculate the unconfined compressive Strength. Each test was repeated three times for statistical sig-
nificance. The results, including stress-strain curves, compressive Strength, and failure type, provide insights into the
soil’s compressive Strength and geotechnical properties.

3.2.2 Mineral & morphological analysis

Mineral analysis involves identifying and quantifying the minerals in peat soil, such as quartz, mica, plagioclase, and
feldspar [33]. The description and measurement of the size, porosity, structure, color, texture, shape, and distribution of
soil particles, aggregates, as well as horizons are the main objectives of morphological analysis [34]. The current study
used SEM, energy-dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD) methods to investigate the structure
and composition of peat soil. These methods of analysis offer a thorough comprehension of the soil’s morphological
and mineralogical properties essential for determining if the soil is suitable for stabilization and other geotechnical uses.

1. SEM analysis: this analysis involves producing high-resolution images for the analyzed sample’s morphology and
topography [35]. In this study, SEM analysis was conducted to analyze the structure and content of peat soil before
and after stabilization, which is conducted by using a concentrated electron beam to scan the soil samples surfaces.
This analysis was carried out in accordance with the ASTM E1508 [36] standard, and offer comprehensive images
providing details about the shape, texture, as well as arrangement of

2. EDXanalysis: This type of analysis represents an analytical approach that is employed in order to discover the elements
distribution and composition [37]. According to Brostrem et al. [38], EDX system detects different X-rays generated by
the analyzed sample when triggered by the electron beam in the SEM. The EDX employed in this study was performed
in accordance with ASTM E1508 [36], and the results disclose the components contained in the stabilized peat soil.

3. XRD analysis: XRD is a test used to detect and quantify the materials’ crystalline phases [39]. In this study, the XRD
analysis was conducted according to the ASTM D8453 [40] standard, which was carried out by concentrating an X-ray
beam on the peat sample and analyzing the diffraction pattern, hence, identifying the crystalline arrangement and
chemical composition of the tested peat soil. The XRD was performed on the stabilized peat soil samples in order
to detect the mineral composition changes and cementation material formation. Following a 28-day curing period,
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several soil samples were examined using XRD with a phase size of 0.02°, a scan phase duration of 0.1 s, and a 26
range from 5° to 80°. These analyses were performed using a D8 Advance Bruker instrument, specifically the LYNXEYE
model, equipped with an X-ray tube that emits Cu K radiation.

Table 3 summarises the experimental tests conducted for mechanical, mineral, and morphological analysis.

The data analysis for this study will encompass several facets. Firstly, it will compare the UCS results from testing
untreated peat soil against samples treated with varying configurations of gypsum layers (5, 7, and 9 layers). These
comparisons will be conducted across different curing periods of 7, 28, and 60 days to evaluate the influence of gypsum
addition and curing duration on soil strength. Additionally, mineral and morphological analyses will be performed on
the peat samples to assess changes induced by gypsum layers and curing periods. This comprehensive analysis aims to
elucidate the effects of layering and curing on peat soil’s mechanical and structural properties, providing insights into
its potential stabilisation mechanisms.

Ethical considerations centred on safeguarding the confidentiality and integrity of data collected from samples and
participants. Measures were taken to ensure privacy and anonymity. As for limitations, challenges included sample vari-
ability, which may affect the general applicability of findings. Despite these constraints, rigorous experimental protocols
were followed to minimise biases and provide robust results.

4 Results and discussion
4.1 Effect of MRSG on pH of peat soil

Peat is inherently very acidic, which can negatively impact soil strength. Therefore, adding MRSG for stabilisation purposes
can effectively raise the pH of peat soil. Initial pH testing on untreated peat samples from the Gebeng site revealed a
highly acidic pH of 3.86, influenced by microbial decomposition, cation exchange, and atmospheric acids. In contrast,
MRSG used for stabilisation showed a pH of 9.47, demonstrating its alkaline nature. Subsequent pH testing on treated
peat samples confirmed that mixing with MRSG neutralises the soil’s acidity, thereby balancing its pH level. Table 4 pre-
sents the pH results for untreated peat treated with layered and raw gypsum.

The pH results indicate significant changes in the acidity levels of peat samples after treatment with layered gypsum
over different durations. Following treatment, the pH of peat samples gradually shifted towards neutrality. After seven
days of treatment, pH values ranged from 7.63 to 7.80 across different layers, indicating effective neutralisation. This
trend continued at 28 and 60 days, stabilising pH values between 7.46 and 7.91, demonstrating sustained pH-balancing
effects. These results underscore layered gypsum'’s efficacy in neutralising peat soil’s acidity, making it more suitable for
various construction applications where soil pH is critical for optimal performance.

4.2 Effect of MRSG on UCS of peat soil

The UCS test assesses the Strength of samples after 7, 28, and 60 days, measuring both force and deformation. Table 5
presents lab results, showing Strength for each layer number and curing days.

Table 3 Experimental

Test Sample type Layers Curing periods Number of
summary samples

Unconfined compressive strength (UCS) Untreated - - 3

Treated 57,9 7,28, 60 days 27
Mineral analysis (XRD) Untreated - - 3

Treated 57,9 7,28, 60 days 27
Morphological analysis (SEM) Untreated - - 3

Treated 9 7,28, 60 days 9
Energy dispersive X-ray (EDX) Untreated - - 3

Treated 9 7,28, 60 days 9
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Table 4 Results on pH values

Types of samples Layers H value Condition
of untreated peat, raw P P y P
QYF::U’“' and trealated peat Untreated peat - 3.86 Acidic
Wlt. gypsum by layers and Raw gypsum - 9.50 Alkaline
curing days
Treated peat (7 days) 5 7.70 Neutral
7 7.63 Neutral
9 7.80 Neutral
Treated peat (28 days) 5 7.84 Neutral
7 7.80 Neutral
9 7.91 Neutral
Treated peat (60 days) 5 7.87 Neutral
7 7.46 Neutral
9 7.81 Neutral
Tab!e 5 Average Strength . Soil sample Average strength obtained (kPa)
achieved by each type of soil
specimen according to curing No curing Seven days curing 28 days curing 60 days curing
days
Peat controller 51.87 - - -
5 Layers - 117.89 146.01 141.92
7 Layers - 163.44 146.39 148.09
9 Layers - 210.33 182.96 198.96
Fig.5 Average strength sum- AVERAGE STRENGTH COMPARISON SUMMARY
mary and comparison of all 250

treated and untreated peat 21033
specimens under different
layers and curing days

Average Stress, 6 (kKN/m2)
»

7 28 60
Days

@Peat Controller @5 Layers @7 Layers M9 Layers

The average UCS value of 51.87 kPa for the peat controller indicates that untreated peat has low shear Strength. In
the context of UCS, this low value suggests that the soil has relatively weak resistance to axial compressive stresses
when not laterally confined. A low UCS implies a weaker soil structure, making it prone to breaking or deforming
under applied stresses. Such soil may lack the Strength needed to support foundations or buildings adequately.

Using multiple layering, treated Peat with MRSG backfill ranges from 141.92 to 210.33 kPa based on layer number
and curing days. Figure 5 graphically displays the average compressive strengths for comparison between treated
and untreated values.

The untreated peat soil demonstrated the lowest Strength at 51.87 kPa, highlighting its inherent weakness. Among
the gypsum-treated samples, the 9-layer backfilled specimen exhibited the highest Strength at 210.33 kPa after seven
days. This is significantly higher compared to the 5-layer and 7-layer specimens, which showed strengths of 117.89 kPa
and 163.44 kPa, respectively. These results indicate that the Strength of peat soil increases with the number of layers
of gypsum backfill, with the highest Strength achieved within the first seven days of treatment.

However, over time, the Strength of the treated specimens showed some variations. After 28 days, the Strength
of the 7-layer and 9-layer specimens slightly decreased to 146.39 kPa and 182.96 kPa, respectively, while the 5-layer
specimen’s Strength increased to 146.01 kPa. This fluctuation suggests that while the initial stabilisation is highly
effective, the strength gains can vary as the soil consolidates and interacts with the stabilising agent. The similar
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strength values of the 5-layer and 7-layer specimens at 28 days could be attributed to differences in consolidation
and curing conditions, where the stabilisation effect may plateau or exhibit nonlinear behaviour.

After 60 days, the Strength of the 7-layer and 9-layer specimens increased again to 148.09 kPa and 198.96 kPa, respec-
tively, whereas the Strength of the 5-layer specimen decreased slightly to 141.92 kPa. These observations suggest that a
longer curing period allows for continued interaction between the peat and the gypsum, potentially leading to further
stabilisation and strength gains in certain conditions.

Overall, the 9-layer backfilling with MRSG consistently achieved the highest Strength throughout the testing periods,
making it the most suitable method for stabilising peat soil. This layered approach facilitates better distribution and
interaction of the stabilising agent within the soil matrix, contributing to improved mechanical properties and increased
soil strength. The observed fluctuations in Strength, including the initial drop after seven days for higher-layer speci-
mens, may be due to the complex interactions between the gypsum and organic matter, moisture content variations,
and consolidation dynamics over time.

Many recent studies employed the UCS test in order to measure the soil stabilization additives’ efficiency, includ-
ing [41-44]. UCS is notably important in road construction and foundation works, where it serves as a primary design
standard [21, 42].

Recent studies such as Koaly & Pui [45] and Almsedeen et al. [46] have shown varying increases in UCS values with gyp-
sum treatments. Koaly & Pui [45] reported an increase in peat UCS from 20 kPa to 44.94 kPa with 6% gypsum after 28 days,
highlighting significant improvements. Similarly, Aimsedeen et al. [46] observed an increase in UCS from 15.45 kPa at
0% MRSG to 59.15 kPa at 5% MRSG added into the soil after 28 curing days. In contrast, our study employed an MRSG
layering approach, demonstrating even higher UCS values. The untreated peat exhibited a UCS of 51.87 kPa, which
increased notably to 182.96 kPa for the 9-layer configuration after the same curing period (28 curing days). This significant
enhancement suggests that the layering method may provide more effective soil stabilisation and stronger mechanical
properties than traditional mixing methods with gypsum.

4.3 Effect of MRSG on microstructure analysis of peat soil
4.3.1 Scanning electron microscopy (SEM)

The microstructure analysis was conducted on the treated peat sample specimens to discover the bonding between peat
and synthetic gypsum. Figures 6 and 7 show the image generated via SEM analysis. As depicted in Fig. 6, the untreated
peat soil sample exhibits a rounded shape, high porosity, significant voids, loose organic fibres, and coarse organic parti-
cles. The morphology of untreated peat soil particles lacks an apparent microstructure orientation, appearing randomly
arranged.

The SEM analysis was conducted on the samples with the highest UCS results, specifically the 9-layer backfilled treated
sample, after seven days of curing and 90 days. The results are shown in Fig. 7.

Fig.6 Microscopicimage
from SEM analysis for peat
sample before stabilisation
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Fig. 7 Microscopic image from SEM analysis for nine layers of the backfilled treated sample (a) after seven days of curing and (b) after
60 days

As shown in Fig. 7 (a), the SEM analysis reveals significant changes in the sample structure after seven days of cur-
ing. The initially observed large lumps appear compressed, with a visible reduction in voids, indicating the beginning
of coagulation and bonding formation when peat is treated with synthetic gypsum. According to Ebailila [47], this
bonding process is facilitated by ettringite, which acts as a key mechanism in stiffening the peat-gypsum composite.

Upon reaching 60 days of curing, Fig. 7 (b) illustrates well-defined, robust structures with a rough, crystalline sur-
face, illustrating a strong interlocking relationship between gypsum and peat. This crystalline structure highlights
the robust bond formed between the two materials.

The SEM analysis of this study'’s stabilised peat soil samples revealed the formation of robust cementitious bonding
structures, particularly at longer curing times. This is consistent with the findings of Mustapa et al. [48], who used
SEM to observe the development of dense, interlocking crystalline structures when gypsum was added to organic
soil. The SEM images in their study showed the gradual filling of pore spaces and the formation of a more compact
soil matrix over time, which they attributed to the cementitious reactions between the gypsum and soil particles.
Similarly, Ahmad et al. [9] employed SEM to analyse the microstructural changes in peat soil treated with cement
kiln dust and rice husk ash, noting the presence of hydration products that contributed to the observed strength
gains. The current study’s SEM analysis and recent investigations highlight the importance of cementitious bonding
in enhancing the engineering properties of peat soil when stabilised with gypsum and other cementitious additives.

4.3.2 The X-ray diffraction (XRD) analysis

The X-ray diffraction (XRD) was carried out to identify the minerals and reveal the pozzolanic activities in stabilised
peat upon treatment with Mg-rich synthetic gypsum. The diffraction patterns of the studied treated peat showed
that it was a heterogeneous material comprising a mixture of crystalline phases. Figure 8 illustrates the XRD results
of untreated Peat, Peat treated with Mg-rich synthetic gypsum (MRSG).

The XRD analysis of the stabilised peat samples was conducted after 7 and 60 days of curing. Quartz (5i02) was
identified as the primary mineral with the highest peak in untreated peat. Conversely, in peat treated with MRSG
using a 9-layer backfill method after 7 and 60 days, bassanite (2CaS0O4-H20) emerged as the predominant mineral,
alongside gypsum (CaS04-2H20), which is related to bassanite. These minerals indicate a high pH environment due
to the abundance of CaS04-2H20, suggesting effective neutralisation of acidity and enhancement of soil properties.
Sharp peaks in the XRD patterns at both curing periods for the 9-layer configuration indicate increased crystallin-
ity over time. This enhancement in crystalline structure supports the formation of cementitious products, notably
observed in Fig. 8, such as ettringite, calcium silicate hydrate (C-S-H), and calcium aluminium silicate hydrate (C-A-
S-H). These products contribute to a robust bonding network that enhances interparticle friction and soil stability.
The higher peak intensities in treated peat than untreated peat indicate substantial mineral formation attributed to
MRSG's pozzolanic reactions [9].
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Fig.8 XRD analysis of Intensity (Counts) vs Position [°26]
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4.3.3 Energy dispersive X-ray (EDX) analysis

EDX analysis was conducted on both treated (with nine MRSG layers) and untreated peat samples to compare the
elemental composition after 7, 28, and 60 days. The results are summarised in Table 6.

EDX analysis was employed to analyse the elemental composition of untreated and treated peat samples with
nine layers of MRSG backfill after curing periods of 7, 28, and 60 days, revealing significant insights into the chemical
transformations occurring during stabilisation. Initially, untreated peat showed predominant levels of carbon (55.08%)
and oxygen (39.66%), characteristic of high organic content. The addition of MRSG backfill caused significant altera-
tions in elemental composition, notably in increased magnesium (Mg), silicon (Si), and aluminum (Al) content within
seven days of curing and remained to climb for 60 days. This behavior can be related to hydration actions triggered by
magnesium hydrate inside the MRSG, which result in the formation of cementitious compounds such as magnesium
silicate hydrate (M-S-H) and magnesium aluminate hydrate (M-A-H). These chemicals function as binding agents,
increasing the cohesiveness and durability of the peat soil matrix with time.

According to Zimar et al. [49], the increase in magnesium, silicon, and aluminium levels reflects the progressive
incorporation of these elements into the stabilised peat structure, forming durable bonds that improve mechanical
properties such as compressive Strength and shear resistance. The observed chemical transformations underscore
MRSG backfill's effectiveness in altering peat’s elemental composition and promoting long-term stability and resil-
ience against environmental factors.

Table 6 Presence of chemical

elements in both treated and Element Mass (%)
untreated peat Peat controller 9 Layers (7 Days) 9 Layers
(60 Days)

Carbon, C 55.08 29.56 6.83
Oxygen, O 39.66 42.21 47.76
Silicon, Si 2.37 1.07 0.71
Aluminium, Al 2.55 1.81 0.04
Calcium, Ca NA 4.96 23.61
Magnesium, Mg NA 7.38 4.38
Sulphur, S NA 4.09 16.17
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5 Conclusion

This research has delineated the engineering attributes of peat soil in Gebeng, Pahang, an industrial locale. It delved
into the Strength of stabilised peat soil analysis using MRSG through the multi-layering backfill approach, with curing
atintervals of 7, 28, and 60 days. The experimental analysis led to the following conclusions.

1. pH Adjustment: MRSG effectively neutralised the highly acidic nature of peat soil, raising pH levels from 3.86
(untreated) to approximately 7.63-7.91 after 7, 28, and 60 days of curing. This pH adjustment enhances soil stability
for construction applications.

2. UCS Improvement: Peat soil treated with MRSG, particularly with a 9-layer backfilling method, exhibited significant
UCS improvements. The Strength increased from 51.87 kPa (untreated) to 210.33 kPa after seven days of curing,
demonstrating enhanced mechanical properties essential for load-bearing applications.

3. Microstructural Changes: SEM analysis revealed the development of compact, bonded structures in MRSG-treated
peat soil. These structures evolved into robust, interconnected networks over time, indicating effective cementitious
bonding and reduced porosity.

4, Chemical Composition: EDX and XRD analyses showed increased magnesium, silicon, and aluminium content in
treated peat soil, suggesting pozzolanic reactions and the formation of durable cementitious compounds like gypsum
and bassanite. These compounds contribute to improved soil cohesion and stability.

In conclusion, the application of MRSG through layered backfilling demonstrates its efficacy in significantly improving
the engineering properties of peat soil, thereby rendering it suitable for sustainable construction practices. However, this
study’s limitation lies in its focus on a specific type of peat soil from Gebeng, Pahang, which may limit direct applicabil-
ity to peat soils with differing characteristics in other regions. Therefore, future research should further investigate this
stabilisation method’s effectiveness across various types of peat soils and explore optimal application conditions and
long-term performance to refine its utilisation in diverse environmental settings.
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