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ABSTRACT:  The waste generation of palm oil boiler ash has been one of its big problems 

as it is less used and deposited in landfills as a by-product. Geopolymer is a new green 

technology that has been intensively studied in concrete applications. However, few 

studies on geopolymers have been conducted in soil applications. Thus, this study 

investigated the influence of palm oil boiler ash-based geopolymer in laterite soil strength. 

Different percentages, 5, 10, 15, and 20% of geopolymer mixtures, were added to laterite 

soil. The process of producing a geopolymer binder was performed by sieving boiler ash 

(150 µm), then mixing with sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) as 

an alkaline activator at a ratio of 1:2. This material effectiveness was tested through 

compaction test using a standard proctor, unconfined compressive strength, and the 

scanning electron microscope (SEM). Fifteen percent (15%) of geopolymer in laterite soil 

indicated the best-mixed design with a maximum dry density of 2.23 Mg/m3 with a 

moisture content of 13.58%. The unconfined compressive strength test at curing times of 

zero, seven, and twenty-eight days on the LS-15.0 GPOBA sample, show a slightly 

increased strength of 47, 58, and 76 kPa, respectively. The SEM images proved that the 

geopolymer gel's development stabilized the soil structure from a loose structure to a 

denser soil structure. This study aims to investigate the influence of geopolymer in laterite 

soil. Boiler ash as an alternative material in geotechnical applications was studied to 

understand and develop new green alternative materials to sustain the environment from 

industrial waste and to enhance laterite soil properties.  

ABSTRAK: Abu kelapa sawit adalah salah satu sisa utama yang terhasil dari industri 

kelapa sawit tetapi penggunaannya kurang dimanfaatkan dan dibuang ke tempat 

pembuangan sampah. Teknologi hijau baru yang dikenali sebagai geopolimer telah dikaji 

secara intensif dengan kekuatan konkrit tetapi hanya sedikit kajian telah dibuat dalam 

penggunaan tanah. Tujuan kajian ini adalah bagi mengesan geopolimer berasaskan abu 

kelapa sawit terhadap kekuatan tanah laterit. Peratusan campuran geopolimer yang 

berbeza (0, 5, 10, 15 dan 20%) dicampur pada tanah laterit. Bagi menghasilkan 

geopolimer, saiz 150 μm abu kelapa sawit disintesis dengan kombinasi bahan kimia 

natrium hidroksida (NaOH) dan natrium silikat (Na2SiO3) pada nisbah 1:2 bagi semua 

campuran sebagai pengaktif alkali. Ujian terhadap keberkesanan bahan adalah melalui 

proses ujian pemampatan menggunakan proktor standard, kekuatan pemampatan tidak 

terbatas, dan Pengimbas Mikroskop Elektron (SEM). Berdasarkan dapatan ujian 
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pemadatan, 15% geopolimer di tanah laterit menunjukkan campuran terbaik dengan 

memberikan kepadatan pengeringan maksimum 2.23 Mg/m3 pada kelembapan 13.58%. 

Ujian kekuatan mampatan tidak terbatas pada masa pempolimeran sebanyak 0, 7 dan 28 

hari diuji pada sampel LS-15.0GPOBA bagi menguji kekuatan campuran. Dapatan 

menunjukkan kekuatan geopolimer sedikit meningkat pada 47, 58 dan 76, masing-masing. 

Imej SEM membuktikan pengembangan gel geopolimer menstabilkan struktur tanah 

daripada struktur lopong kepada struktur tanah padat. Oleh itu, abu kelapa sawit 

berasaskan geopolimer dan tanah laterit berpotensi sebagai alternatif bagi merawat tanah 

dalam aplikasi geoteknik dan berpotensi mengurangkan kadar kebolehtelapan. 

KEYWORDS: palm oil boiler ash; geopolymer; laterite soil; compaction compressive 

strength 

1. INTRODUCTION

Increased population is leading to higher demand in the construction industry and the

growth of infrastructure. Malaysia is the largest exporter of palm oil mill. The production 

of palm oil in Malaysia has had a positive impact on sustained economic growth in the 

global market over the past four decades, and the annual production of palm oil in Malaysia 

in the period of 2016–2020 has reached 15.4 million tons [1]. Despite the apparent benefits, 

oil palm mills' production significantly contributes to environmental degradation [2].  

Production from palm oil processing for oil extraction generates waste such as palm 

kernel, nutshell, palm fiber, and empty fruit brunch. These wastes are incinerated and 

produce ashes at the boiler's lower compartment, known as boiler ash. It has now been 

revealed that the palm oil industry will produce 657,000 tons of waste at the end of 

December 2020 [3]. The wastes are either dumped to landfill or eventually exposed and 

contaminate the soil, creating a significant disposal issue and harming the environment [4].  

Nowadays, Ordinary Portland Cement (OPC) and lime have become the most common 

soil stabilizers used as additives to enhance soil properties. However, the use of Ordinary 

Portland Cement (OPC) is held responsible for some CO2 emission during its production 

and has thus polluted the environment. Several efforts are in progress to reduce Ordinary 

Portland cement as an additive material in soil stabilization to address global warming 

issues. Studies are being conducted to find alternative and eco-friendly soil stabilizers from 

waste material to reduce CO2 emission and decrease construction costs. Therefore, in this 

study, boiler ash was introduced as an alternative by-product material in soil stabilizer by 

synthesizing it into geopolymer form. 

Daviddovits [5] introduced a new green technology known as geopolymer to enhance 

mechanical properties and material strength in the construction industry. All the materials 

that contain Si and Al can be used as a constituent in geopolymer to be activated with alkali 

solution presence [6]. According to Van Jaarsveld et al. [7], the SiO2 and Al2O3 in the ash 

provide a rich source of Si and Al atoms as a source of aluminosilicate materials for 

producing geopolymers. Xu et al. [8] investigated 16 natural Al-Si minerals and concluded 

that all the minerals are, to some extent, soluble in concentrated alkaline solution.  

According to Daviddovits, geopolymerization is a reaction that consists of Si-O-Al and 

Si-O-Si bonds depending on the ability of alumina ion (6-fold or 4-fold coordination) to 

induce the crystallographer and chemical changes in silica backbone. In geopolymerization, 

a reaction three-dimensional techto-aluminosilicate framework called polysialate is shown 

in Equation (1), where M is a cation (K, Na, Ca), n is the degree of polycondensation, and 

z is 1, 2, 3 or ≥3. In the sialates network, Si-O-Al bridge forms form the chain and ring of 
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SiO4 and AlO4 tetrahedra's cross-linked together with oxygen atoms. Positive ions (Na+, K+, 

Ca2+) must balance the negative charge if Al is in 4-fold coordination [7]. 

                        𝑀𝑛[−(𝑆𝑖𝑂2)𝑧 − 𝐴𝑙𝑂2]𝑛 − 𝑤𝐻2𝑂                              (1) 

      Previous researchers have investigated the application of geopolymer by using different 

waste materials, including sludge, fly ash, kaolin, risk husk, and slag [9-11]. The boiler ash 

contained the sum of SiO2 and Al2O3 about 44 to 55% which is the most required 

composition to produce geopolymer [12-13]. The researchers have systematically studied 

the effect of using different alkaline solutions, sodium hydroxide concentrations, curing 

times, temperatures, and sodium hydroxide and sodium silicate ratios [14-15]. Duchesne et 

al. [16] in their study, proved that NaOH presence in alkaline solution activated the reaction, 

dissolved Si4+ and Al3+, and produced smooth gel to fly ash. The presence of sodium silicate 

in the alkaline solution resulted in the rapid process of geopolymerization. 

Khan et al. [17] agreed that the higher the percentage of fly ash-based geopolymer 

added, the higher the value of compressive strength. In one of his samples, 70% of 

compressive strength was achieved using fly ash geopolymer in cement compared to the use 

of ground granulated blast furnace slag (GGBS) in cement with only a 30% increase. The 

concentration of sodium hydroxide played an important role in dissolving the silica-alumina 

from the source material. In cement application, most of NaOH's molarity is 8 to 16 M at 

curing days of seven to twenty-eight days. As agreed by Emdadi et al. [18] in their study, 

compressive strength was intensively ranging from 10-14 M NaOH. Different molarity of 

NaOH gives a different effect on geopolymer. In Puertas et al. [19], a mixture of fly ash and 

NaOH of 10 M was added to slag, resulting in compressive strength of approximately 50 

MPa. Investigation on the potential use of geopolymer of low calcium fly ash with different 

ratios of alkali activator, M1(0.5), M2(1.0), M3(1.5), M4(2.0), and M5(2.5), at curing time 

of three days gave compressive strength of 34.7, 61.6, 40.4, 40.5, and 22.3 MPa respectively. 

As agreed by Skvara et al. [20] who observed the increasing ratio from 2 to 2.5, the 

compressive strength decreased due to the excess sodium silicate hindering water 

evaporation and structure formation. 

Soil stabilization is a typical soil remediation method to improve the physical and 

chemical properties of low strength soil by mixing the potential raw materials as additives 

or processes. Laterite soil is known to be very resistant to erosion. Laterite soil can be 

demonstrated by the nature of its properties such as high shear strength, low infiltration 

capacity, and low clay content, making it an excellent geotechnical material [21]. Ahmad 

Sujeeth et al. [22] mentioned that laterite soil properties can easily change as it is exposed 

to air and water during construction. Laterite soil is full of cavities and pores; therefore, it 

is crucial to select sufficient treatment in laterite soil to enhance soil strength and properties. 

Marto et al. [23] stated that laterite is widely used and economically convenient in 

construction. Hence, information on laterite properties is essential to design the geotechnical 

process's strength and durability in construction. 

In recent years, the stabilization technique has been studied using geopolymerization. 

The geopolymer has become an effective method because the geopolymer source is cheaper 

since it uses industrial waste and reduces environmental pollution. Varied types of soil such 

as red mud soil, laterite soil, loess deposit, and sandblasting grit have been studied using a 

geopolymer to improve the soil properties [24-27]. 

Thiha et al. [28] studied the shear parameter of three soil types at curing times of zero 

and seven days. NaOH and Na2SiO3 were used as alkaline solutions and mixed with fly ash 

to produce a geopolymer. The ratio of fly ash-geopolymer to the soil was at 0.1. In the study, 
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soil with silty sand and high plasticity clay gave a higher soil strength than high plasticity 

silt at a curing time of seven days. Moreover, geopolymer curing at seven days was higher 

at 30% at day zero. This was supported by Wisam et al. [29] who made an extension of 

research to investigate NaOH's different molarity (4, 6, 8, 10 and 12 M) in geopolymer 

technique. Control soil samples displayed a UCS value of 77.9 kPa. Alkali activation for 

soil-olivine mixture increased the strength of the mixture to 392.8, 421.4, 583.9 1082.8 and 

904.3 kPa at 7 days, respectively. As a conclusion on this research, geopolymer reaction 

gives higher soil strength over time. Alkaline activator dissolves the bonding of Si-Al-Si 

from the source material and gains stronger atom bonding. Further study on the long-term 

performance should be carried out on boiler ash to compare other raw materials’ 

effectiveness. 

Nik et al. [30] studied the effectiveness of different percentages of class C fly ash 

geopolymer on the compaction effort used in a soil liner application. In their study, an 

investigation of compaction and a hydraulic conductivity test were conducted. Based on the 

compaction test, 15% of the geopolymer gave optimum MDD, which led to a good hydraulic 

conductivity test. MDD 20% of the geopolymer decreased as the excess water in the 

geopolymer failed the geopolymerization. 

A few works have studied the use of geopolymer binder as material in soil improvement 

such as sludge, fly ash, kaolin, risk husk, and slag [9-11]. However, no Malaysian works 

have used boiler ash as geopolymer source material. It is essential to carry out a study to 

understand and develop new green alternative materials to sustain the environment from 

industrial waste and convert it into alternative raw materials to enhance soil properties. This 

study investigates the potential of boiler ash as source material in producing a geopolymer 

to enhance laterite soil properties and sustain the environment. 

2. METHODOLOGY

Laboratory work was carried out in the Faculty of Civil Engineering in UiTM Johor

Kampus Pasir Gudang, Johor, Malaysia. The total number of samples in this study was nine 

samples for chemical properties, sixteen samples for physical properties, five samples for 

compaction value, and three samples for unconfined compression test conductivity with a 

total of thirty-three samples. The sample number and sample definition of this analysis are 

shown in Table 1. The best percentage of boiler-ash geopolymer added to laterite soil was 

investigated using five different percentages, (0, 5, 10, 15, and 20%). This percentage was 

determined based on the previous soil stabilization literature review [31-32].  

Table 1: Soil descriptions 

No Sample Number Soil Description 

1 LS - P Laterite Soil + 0% POBA geopolymer 

2 LS – 5.0 GPOBA Laterite Soil + 5.0% POBA geopolymer 

3 LS – 10.0 GPOBA Laterite Soil + 10.0% POBA geopolymer 

4 LS – 15.0 GPOBA Laterite Soil + 15.0% POBA geopolymer 

5 LS – 20.0 GPOBA Laterite Soil + 20.0% POBA geopolymer 

Three stages of laboratory work were conducted to determine the physical properties. 

The Atterberg test, pH test, particle density test, and shrinkage test followed the British 

Standard BS 1377-2:1990. Scanning electron machine (SEM) was utilized at the Faculty of 

Chemical Engineering, UiTM Johor Kampus Pasir Gudang, and X-Ray Fluorescence at 

Jabatan Kimia UTM Skudai Johor, covering the chemical properties test to determine the 
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soil structure of laterite soil mixed with geopolymer and the chemical composition in palm 

oil boiler ash. Compaction and unconfined compression strength (UCT) engineering tests 

were performed to investigate the reaction of soil strength to geopolymer. Fig.1 shows the 

study flow chart in this study. 

Fig 1: Study flow chart. 

2.1  Materials 

In this study, laterite soil was mixed with a geopolymer to produce a good binder to 

enhance the properties of laterite soil. To generate a geopolymerization reaction, raw 

material from industrial waste known as palm oil boiler ash and alkaline activator (sodium 

hydroxide and sodium silicate) were mixed with a suitable mixed design as discussed below, 

thus generating a new green technology binder known as geopolymer. Data of properties 

and soil strength at different percentages of boiler ash- geopolymer mixed in laterite soil 

were recorded. 

2.1.1 Laterite Soil 

The laterite soil used was collected at a depth of 1.5 m, 100 m away from Tanjung 

Langsat Landfill, Pasir Gudang, Johor, Malaysia. The gradation test was conducted using 

BS 1377: Part 2:1990. Fig. 2 shows the gradation chart of the laterite soil. From the sieve 

analysis test, the laterite soil used in this study consisted of about 25.98% of gravel, 35.55% 

of sand, and 38.47% of fine size grain and was classified under very “silty sand” as shown 

in Table 2. The laterite soil had a specific gravity of 2.62. An Atterberg limit test that was 

conducted on the laterite soil of sieve size 425 µm showed the result of the liquid limit (LL) 

of the soil was 58.61% and the plastic index (PI) was 6.15%. According to the Unified Soil 

Classification system (USCS), this soil is classified as high plasticity (MH). The laterite soil 

in this study consisted of a high portion of silt compared to clay resulting in a low shear 

strength or low compressibility. This type of soil was therefore chosen in this study to 

investigate the effect of geopolymer palm oil (boiler ash) to enhance the mechanical and 

properties of laterite soil. 

Geopolymer Production 

Boiler ash + Alkaline 

Activator (1:2) 

Collecting Sample  

Laterite soil 

Palm Oil Boiler Ash (POBA) 

Soil Sample on Standard Proctor Test 

Laterite soil + 0% Geopolymer 

Laterite soil + 5.0% Geopolymer 

Laterite soil + 10.0% Geopolymer 

Laterite soil + 15.0% Geopolymer 

Laterite soil + 20.0% Geopolymer 

Engineering test Properties  

(Unconfined Compression Test) 

-only for best % of geopolymer with high

MDD value at curing time of:

(0-day,7-day,28-day)

Chemical Properties Test 

• X-ray Fluorescence test (XRF)

• Scanning Electron Machine test (SEM)
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Fig. 2: Grain size distribution of laterite soil. 

Table 2: Grading characteristics of the laterite soil 

Composition of soil 

Gravel % 25.98 

Sand % 35.55 

Silt % 25.81 

Clay (%) 12.66 

Gradation 

D60 (mm) 0.995 

D50 (mm) 0.558 

D30 (mm) 0.033 

2.1.2 Palm Oil Boiler Ash (POBA) 

Palm oil boiler ash (POBA) was sourced from Teluk Sengat palm oil mill, Kota Tinggi, 

Johor. The palm oil boiler ash, as shown in Fig.3, consisted of boiler ash that was obtained 

from the lower compartment of a palm oil boiler burning what consisted of large particles 

including nutshells and kernels. Palm oil boiler ash is one of the industrial wastes from the 

burning of palm oil that creates disposal problems and causes soil contaminants as the waste 

is stored in landfills. The chemical composition of the palm oil boiler ash was determined 

using x-ray fluorescence (XRF), as shown in Table 3. The higher content of silica could be 

the potential of a geopolymer. 

Fig. 3: Palm oil boiler ash (POBA) in Teluk Sengat Palm Mill, Johor. 
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Table 3: Chemical composition of laterite soil and boiler ash 

Oxides SiO2 Al2O3 CaO Fe2O3 Na2O MgO P2O5 K2O 

Laterite Soil (LS-P) 

Palm Oil Boiler Ash (POBA) 

56.0 

43.9 

30.3 

4.55 

0.381 

13.1 

9.54 

4.11 

-

- 

-

3.27

- 

2.45 

0.290 

12.5 

Based on Table 3, the percentage of boiler ash was suitable to be a geopolymer source 

material as the percentage of silica was more than 40% [5]. In laterite soil, the silica-alumina 

comprised 30 percent to 60 percent content. However, the properties of laterite soil were 

complex such as shrinkage and low plastic index due to the presence of water. Therefore, it 

was not sufficient for laterite soil alone without additives to be the source material for 

geopolymerization production. Fig. 4 shows the size sample of the palm oil boiler ash at 

150 µm used in this study. 

Fig. 4: Palm oil boiler ash passing 150 µm sieve size. 

2.1.3 Alkaline Solution 

The alkaline activator used in this study was sodium hydroxide (NaOH) in pellet form 

with 97% purity and sodium silicate (Na2SiO3), as shown in Fig. 5. Referring to Thiha et al. 

[28], the concentration of sodium hydroxide (NaOH) in this study was chosen to be 5 M. 

Sodium silicate (Na2SiO3) was a liquid solution that consisted of 9.4% Na2O, 30% SiO2, 

and 60.5% H2O taken from chemical suppliers in Johor. The ratio of sodium hydroxide 

(NaOH) and sodium silicate (Na2SiO3) in the study was 1:2. 

2.2  Sample Preparation 

The palm oil boiler ash was collected and ground to finer particles and sieved using 150 

µm sieves and put in an oven at 80 oC for 24 hours to activate the silica content before being 

mixed with an alkaline activator. The fine particles of palm oil boiler ash were used to 

produce the geopolymerization reaction between palm oil boiler ash and alkaline solution 

at different mixed designs. The purpose of using an alkaline activator was to synthesize the 

chemical structure of palm oil boiler ash to produce a geopolymer. Sodium hydroxide 

(NaOH) and sodium silicate (Na2SiO3) were selected at a ratio of 1:2. The sodium hydroxide 

(NaOH) pellets were prepared by diluting them with distilled water at a concentration of 5 

M (molarity) to create an alkaline solution. The concentration of the sodium hydroxide 

solution (NaOH) used was 5 M. For preparation of 1 M solution, 40 g NaOH flakes were 

dissolved in water to prepare 1 liter of sodium hydroxide solution. Thus, for preparation of 

5 M, 200 g of NaOH flakes were used. 
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Fig. 5: (left) Sodium hydroxide in pellet form; (right) Sodium silicate in liquid form. 

During the preparation of NaOH, precautions were taken to put the pellets into the 

distilled water and not the other way around as sodium hydroxide could react with moisture 

from the air and generate heat while dissolving and cause a fire near flammable material, as 

well as possible sparks that could come into contact with eyes or skin. The sodium silicate 

was poured into the NaOH solution at a ratio of 1:2, stirred for 10 minutes, and left at room 

temperature for 24 hours to produce a better strength of mortar [12]. Lastly, to produce the 

geopolymer binder, 80% of boiler ash and 20 % of alkaline solution were carefully mixed 

before being added to laterite soil at a different percentage of mixed design, as shown in 

Fig. 6. 

After the geopolymer curing at ambient temperature for 24 hours, the geopolymer was 

mixed with laterite soil at a different percentage of 0, 5, 10, 15, and 20% as shown in Fig. 7 

The samples were then tested to determine the physical properties, chemical properties, 

compaction test, and soil strength using an unconfined compression test (UCT) at zero, 

seven, and twenty-eight days of curing. 

Fig 6: Alkaline solution mixed with 

POBA. 
Fig 7: Preparation of geopolymer mixed 

with laterite soil. 

2.3  Experimental Design 

2.3.1 Compaction Test  

Five samples at different percentages of geopolymer (0, 5, 10, 15, and 20%) were 

prepared. The percentage of water required was added and mixed until a uniform 

consistency was achieved [30]. The standard proctor test as shown Fig.9 was conducted in 

this study to determine the maximum dry density (MDD) and optimum moisture content 

(OMC). The soil sample was dynamically compacted with a release of a steel hammer with 

a weight of 2.5 kg and 27 blows per each of three layers, falling freely 300 m with a 50 mm 

diameter of rammer. After compaction was conducted, samples were then trimmed to 

remove the excess soil, molded, and weighed. Equation (2) and Equation (3) show the 

calculation of the standard proctor test: 
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𝜌 =  
𝑚2−𝑚1

𝑣
 𝑀𝑔/𝑚3 (2) 

where: 

m1 = mass of mold and base 

m2= mass of soil and mold 

V = volume of mold 

Then, dry density was calculated from the equation below: 

𝜌 = (
100

100+𝑤
)𝜌    𝑀𝑔/𝑚3 (3) 

The dry density was recorded to determine the optimum moisture content (OMC) at the 

maximum dry density (MDD) to conduct an unconfined compression test (UCT). 

2.3.2 Unconfined Compression Test (UCT) 

Fig. 8: UCT machine. 

Unconfined compressive strength is based on ASTM Designation D2166.  The size of 

samples in this test was 50 mm in diameter with 100 mm height based on the procedure in 

ASTM D2166. In this study, the investigation of unconfined strength was conducted for 

sample LS-15.0 GPOBA measured at curing times of the compacted sample under ambient 

temperature. Curing times of zero, seven, and twenty-eight days were chosen for this study. 

These samples were selected to determine the before and after reaction of the geopolymer 

towards laterite soil. Also, LS-15.0 GPOBA was chosen due to the best compaction obtained 

from MDD and OMC results.  

The sample was mixed with water, based on moisture content resulting from the 

compaction test for LS- 15.0 GPOBA. Then, the samples were compacted in the mold with 

three (3) layers 10 tamping’s of compaction for each layer. The compressed samples at zero 

day were immediately diverted and installed for the UCT test as shown in Fig. 8. Samples 

of seven and twenty-eight days were kept in a plastic bag and tightly sealed under ambient 

temperature based on curing times. When the sample reached its curing time, it was taken 

out and immediately run on the UCT machine. In this test, all samples were sheared with 

the dry condition without submerging the sample into water. 
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3. RESULTS AND DISCUSSION

3.1  Physical Properties of Samples 

This study conducted laboratory investigations on different percentages of geopolymers 

to enhance the properties of laterite soil. This study aimed to determine the soil compaction 

and shear strength of geopolymer as additives in laterite soil. Table 4 shows the physical 

properties of laterite soil. The properties and characteristics of laterite soil are important to 

be investigated for the future development of laterite soil. 

Table 4: Physical properties of different percentages of geopolymer in laterite soil 

Soil Description LS-P 

Liquid Limit (%) 58.61 

Plastic Index (%) 6.15 

Specific Gravity 2.62 

Ph 6.49 

Shrinkage  11.49 

Based on the experimental data collected, with the right percentage of boiler ash-based 

geopolymer added to laterite soil, it improves the properties of soil and enhances the soil 

strength. Further investigation in the compaction test and soil strength was conducted as 

follows.  

3.2  Compaction Test 

Fig. 10 shows the compaction curve indicating maximum dry density (MDD) and 

optimum moisture content (OMC) of all geopolymer percentages in laterite soil. Based on 

the compaction curve produced, 0% of geopolymer in laterite soil gave a maximum dry 

density of 1.80 Mg/m3 at 14.07% optimum moisture content. The adding of geopolymer at 

5% and 10% showed increasing maximum dry densities of 1.88 Mg/m3 and 1.90 Mg/m3 and 

decreasing optimum moisture contents at 13.88% and 13.70%, respectively. The increase 

of moisture content was probably because of the reaction between laterite soil, and 

geopolymer led to the loss of water [27]. However, drastic increase can be seen of maximum 

dry density of 2.23 Mg/m3 and decrease of optimum moisture content at 13.58% at 15.0 % 

of geopolymer in laterite which give positive results of geopolymerization reactions. 15.0 

% of geopolymer in laterite soil indicated the optimum mixed design of geopolymer as a 

mixed design. The bonding created by alkaline solution and the subsequent isomorphous 

substitution of silica (SI) has indeed increased the packing between the grains [32]. This 

result is supported by Nik et al. [30] in their study on laterite soil and fly ash geopolymer 

mentioned, whereby geopolymer added in laterites soil showed an increment in dry density 

due to the action of alkaline attack which changed the soil mineral. In 20% of geopolymer, 

results gave a decreasing value of dry density of 1.71 Mg/m3 and increasing optimum 

moisture content at 16.38%. This result happened due to the optimum and peak reaction 

achieved in 15.0 % of geopolymer in laterite soil. The structure of silica-alumina in 

geopolymerization was lost due to increased moisture content because of the rapid reaction 

between geopolymer and laterite soil, which led to the loss of water. This result is in good 

agreement with the Noushini et al. [35] study of the behavior in laterite soil with sodium 

silicate-liquid stabilizer. Based on the result obtained from this study in compaction 

parameters, the increased percentage of geopolymer added to laterite soil gives increasing 

MDD and decreasing OMC. It was observed that the presence of a geopolymer in laterite 
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soil gave a strong relationship between moisture content and maximum dry density shows 

the compaction curve of tested samples. 

Fig. 9: Standard Proctor Machine and compaction sample. 

Fig. 10: Compaction Curve of Laterite soil with different percentages of geopolymer. 

3.3  Unconfined Compression Test (UCT) 

Soil compaction has direct effects on soil physical properties such as bulk density, 

strength, and porosity [36]. Therefore, the LS-15.0 GPOBA sample that gave the best value 

of maximum dry density (MDD) of 2.23 Mg/m3 was directly chosen as the optimum 

percentage to determine the soil strength using an unconfined compression test (UCT). In 

this study, the effect of compressive force on sample LS–15.0 GPOBA was investigated at 

different curing times of zero, seven, and twenty-eight days. The samples were compacted 

under moisture content based on the compaction parameter of LS- 15.0 GPOBA, which was 

13.70%. The pieces were cured at ambient temperature (27°C to 30°C) reflecting the field 

conditions. The soil sample took on a hardened state after compacting. During the curing 

time, chemical reactions were expected to happen between the soil grain and the geopolymer 

molecules. Table 5 shows the samples from lowest strength at zero day of curing (47 kPa) 

after seven days of curing (58 kPa). 
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Fig. 11: (a) zero days, (b) seven days, (c) twenty-eight days of UCT. 

The soil sample obtained after twenty-eight days achieved the highest compressive 

strength of 76 kPa. Fig.12 showed a slight increase in compressive strength in increasing 

curing times of zero to twenty-eight days. The result is similar to previous studies [30,37-

38], where it shows the increment of compressive strength that proves the improvement of 

the geopolymerization process along the curing time. According to Emdadi et al. [18] the 

form of aluminosilicate and alkaline influences the effect of compressive force in 

geopolymer. Based on the result in this study, palm oil boiler ash (POBA) that contains a 

high percentage of silica can be used as pozzolanic materials to enhance the shear strength 

of soils. The geotechnical technology using a geopolymer can be a potential study and 

practice in applying soil strength such as soil slope, embankment, and landfill soil liner. 

Table 5: Shear parameters of laterite soil with 15% of geopolymer at 

curing times of zero, seven, and twenty -nine days condition 

Curing Time 

(Days) 

Shear Strength 

(kPa) 

UCS 

(kPa) 

0 47 94 

7 58 132 

28 76 153 

Fig. 12: The comparison of soil strength (LS-15.0 GPOBA) at zero, seven, 

        and twenty-eight days of curing time. 
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3.2  Microstructure of Materials 

 Fig 13 shows the morphological features of plain laterite soil (LS-P) and Fig 14 shows 

the laterite soil with 15% of geopolymer (LS.15.0 GPOBA) at a curing time of zero days. 

The test was examined using Scanning Electron Machine analysis using magnifying power 

5000x at the Faculty of Chemical Engineering in UiTM Johor Campus, Pasir Gudang, Johor, 

Malaysia. As seen in Fig. 13, the structure layered with larger voids led to low compressive 

strength. The microstructure of the laterite soil without geopolymer can be found to be loose 

and not uniform; cracks and pores are observed between soil particles. Meanwhile, in Fig. 

14 some particles show popcorn type and spherical type. Moreover, the structure of laterite 

soil with a geopolymer demonstrated a denser geopolymer matrix after the 

geopolymerization process with less pores compare to blank laterite. In the study by 

Temujun et al. [39] the soil structure becomes compact causing higher packing density, low 

porosity in microstructure, and leading to higher strength. 

Fig. 13: SEM Samples of Plain Laterite (LS-P). 

Fig. 14:  SEM Samples of Laterite soil with 15% of Geopolymer (LS.15.0 GPOBA). 
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4. CONCLUSION

This paper examines the influence of geopolymers on the properties of laterite soil to

be applied in the field of geotechnical application. The palm oil boiler ash combined with 

an alkaline solution at a constant ratio to form a geopolymer binder has shown to have a 

beneficial effect on compaction and high compressive strength by improving the properties 

of the laterite soil. Based on the results of the study, the effective percentage of geopolymer 

in laterite soil was found at 15% that generated a maximum dry density of 2.23 Mg/m3 at 

13.58% optimum moisture content which gave a good compaction parameter leading to the 

high strength of soil properties. The UCT was only conducted on the sample of LS.15.0 

GPOBA, which offered the highest MDD. Samples were cured in a plastic bag at ambient 

temperature to suit field conditions at zero, seven, and twenty-eight days accordingly. Based 

on the experimental data, the compressive strength of the geopolymer slightly increased as 

curing days increased on zero, seven, and twenty-eight and gave the strength of 47, 58, and 

76kPa, respectively.  Based on SEM test, it is apparent that it is due to the geopolymerization 

process that makes the sample harder and denser, which improves the soil strength. The 

SEM images have proven that the development of geopolymer gel in laterite soil has 

stabilized the soil structure from a loose structure to a denser soil structure. Thus, 

geopolymer-based palm oil boiler ash and laterite soil may be a potential by-product as an 

alternative to soil treatment in geotechnical applications that minimize porosity and 

potentially reduce permeability. 
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