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Peat soils are generally characterized by high water content, significant organic matter 
composition, and relatively low shear strength compared to mineral soils. These properties may 
lead to excessive settlement and reduced load-bearing capacity, which can affect the 
performance of foundations and embankments constructed on peat deposits. Extensive 
peatland areas can be found in Jambi, Indonesia and innovative stabilization methods are 
required to enhance their mechanical properties for sustainable land use. This study develops 
an alternative method of stabilization by using palm oil fuel ash (POFA) as a base material for 
geopolymerization. POFA, an industrial by-product, is abundant in Jambi and offers a 
sustainable alternative to highly polluting Portland cement. The research methodology involved 
the preparation of geopolymer-stabilized peat samples with 0%, 10%, 15%, and 20% to total 
dry weight of POFA addition, followed by Unconfined Compressive Strength (UCS) tests to 
assess the improvement in soil strength. The results indicate a positive trend with increasing 
compressive strength values as the geopolymer content increases to 15%. The average UCS 
results for the consecutive amount of POFA geopolymer addition are 15.10 kPa, 30.05 kPa, 
37.90 kPa, and 9.71 kPa. In conclusion, using POFA-based geopolymer shows potential as an 
effective and sustainable solution for improving the strength characteristics of peat soils with 
a notable maximum amount of addition at 15%. This stabilization technique could provide a 
viable method for infrastructure development in peatland areas. 
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1. INTRODUCTION 

 

In recent decades, chemical stabilization has 

been widely studied as an effective technique for 

improving peat soils. Many studies have attempted to 

use pozzolanic materials, especially Palm Oil Fuel Ash 

(POFA), due to its high silica and alumina content 

(Anda et al., 2021; Pei, Yang, Gui, Wang, & Zhang, 

2022). The inclusion of POFA has shown potential in 

forming cementitious compounds such as calcium 

silicate hydrate (C-S-H) and calcium aluminate hydrate 

(C-A-H), which can improve strength and durability of 

soil (Andriani, Novasari, & Putra, 2023; Muroby & 

Anwar Makarim, 2020). However, peat’s high organic 
content and acidic pH significantly inhibit pozzolanic 

reactions, resulting in poor strength development, 

especially in early curing stages (Khanday, Hussain, & 

Das, 2021a). Researchers have also noted that POFA’s 
effectiveness depends heavily on its physical 

properties, such as fineness and particle size, and on 

the curing-conditions applied (Dwina, Abiyoga, & 

Nurdin, 2024). 

To overcome these limitations, several recent 

studies have turned to alkali activation or geopolymer 

technology as an alternative. Geopolymers are 

synthesized through the reaction of aluminosilicate 
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materials with alkaline activators, producing 

amorphous polymeric gels such as sodium 

aluminosilicate hydrate (N-A-S-H) or calcium-

containing gels like (C, N)-A-S-H. These gel products 

offer greater early strength and long-term performance 

under harsh chemical environments (Ambily, 

Ravisankar, Umarani, Dattatreya, & Iyer, 2014; Fu, Ye, 

Zhu, Fang, & Zhou, 2020). The application of 

geopolymer technology in peat soil stabilization 

remains relatively underexplored, particularly in the use 

of POFA as a geopolymer precursor. Preliminary 

studies suggest that incorporating POFA into a 

geopolymer matrix can improve reaction kinetics and 

binder formation compared to traditional pozzolanic 

reactions (Khanday, Hussain, & Das, 2021b). 

However, comprehensive data on the optimal dosage 

and strength behavior in peat environments is still 

limited, especially regarding unconfined compressive 

strength (UCS) as a performance indicator. 

Despite growing interest in sustainable binders 

and agricultural waste utilization, limited attention has 

been paid to the use of POFA-based geopolymer 

systems specifically for peat soil stabilization. Most 

previous studies have focused either on conventional 

cementitious stabilization of peat or on geopolymer 

applications in mineral soils such as clay and laterite. 

As a result, the interaction between alkali-activated 

POFA binders and peat soils, which are characterized 

by high organic content and acidic conditions, remains 

insufficiently understood. In particular, few studies 

have systematically examined the influence of POFA 

content and activator composition on strength 

development in peat environments, especially with 

respect to early-stage unconfined compressive strength 

(UCS). Consequently, the optimal mixture design 

parameters for POFA-based geopolymers in peat 

stabilization have not been clearly established. 

This study addresses this gap by experimentally 

evaluating the effect of varying POFA content within 

an alkali-activated geopolymer system on the 

unconfined compressive strength of stabilized peat 

soils. Unlike previous studies that primarily assessed 

conventional pozzolanic reactions, the present 

research investigates the geopolymerization 

mechanism within a peat matrix and examines its 

implications for early strength development, thereby 

contributing to a clearer understanding of mixture 

optimization for peat stabilization. 

 

 

 

 

  

2. METHODS 

 

This study employed a laboratory-based 

experimental approach to evaluate the effectiveness of 

alkali-activated POFA geopolymer in stabilizing peat 

soil. The research was structured into four main stages: 

material characterization, geopolymer formulation, 

specimen preparation and curing, and mechanical 

testing. To identify the optimal stabilization dosage, 

four POFA contents (0%, 10%, 15%, and 25%) were 

investigated, expressed as a percentage of the dry soil 

weight. The mass of the alkaline activator was excluded 

from this percentage. 

The peat soil used in this study was collected 

from Tanjung Jabung Timur, Jambi Province, 

Indonesia. Its index properties are presented in Table 

1. The soil exhibited a very high natural moisture 

content (511.70%) and organic matter content 

(88.54%), together with non-plastic behavior. In 

accordance with ASTM D2487 (USCS), soils 

exhibiting highly organic characteristics are classified 

as peat (Pt). The observed properties are consistent 

with this classification. 

Table 1. Index properties of Tanjung Jabung Timur 

peat soil 

No Parameter Peat 
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1 Moisture content (%) 511.70 

2 Specific gravity 2.31 

3 Sand (%) 28.43 

4 Silt (%) 53.07 

5 Clay (%) 18.50 

6 Optimum moisture content (%) 78.04 

7 Maximum dry density (kN/m3) 5.30 

8 Liquid limit (%) 151.32 

9 Plastic limit Non-plastic 

10 Organic matter (%) 88.54 

11 Ash content (%) 11.46 

 

Palm Oil Fuel Ash (POFA), obtained from PT 

Muara Jambi Lestari, was characterized using X-ray 

fluorescence (XRF) analysis. As shown in Table 2, 

POFA contains a high silicon (Si) content 

(approximately 48.95%), together with calcium (Ca), 

potassium (K), iron (Fe), and minor oxides. The 

reported values represent duplicate measurements. 

The presence of silica and alumina-bearing 

components indicates potential reactivity under 

alkaline activation, although the relatively high calcium 

content suggests that C–A–S–H type reaction 

products may also contribute to strength development. 

Table 2. XRF Results of POFA from PT Muara Jambi 

Lestari 

No Elements Sample 1 (%) Sample 2 (%) 

1 Si 48.95 48.37 

2 Al 2.14 2.13 

3 Ca 19.77 20.32 

4 K 12.49 13.10 

5 Fe 6.90 7.01 

6 P 4.96 4.99 

7 Mg 1.39 0.36 

8 Cl 0.83 0.55 
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9 S 0.74 0.83 

10 Ti 0.06 0.05 

11 Mn 0.44 0.46 

12 Cu 0.26 0.28 

13 Rb 0.21 0.20 

14 Zn 0.16 0.14 

15 Sr 0.11 0.13 

16 Zr 0.02 0.02 

17 Ni 0.02 0.02 

18 Cr 0.02 0.02 

19 V 0.02 0.01 

20 Sc - 0.01 

 

The alkaline activator was prepared using 

sodium silicate (Na2SiO3) and 12 M sodium hydroxide 

(NaOH) at a mass ratio of 1:2 (Na2SiO3:NaOH). The 

solutions were mixed and allowed to equilibrate for 24 

hours prior to application. The activator solution was 

incorporated as part of the total mixing fluid and 

adjusted to achieve the target moisture condition 

corresponding to the soil’s Optimum Moisture 
Content (OMC). 

Prior to mixing, peat soil and POFA were 

oven-dried and sieved to remove oversized particles. 

The dry constituents were blended thoroughly to 

ensure homogeneity before gradual addition of the 

activator solution (Figure 1). The mixture was then 

immediately compacted into cylindrical specimens 

measuring 35.2 mm in diameter and 71 mm in height. 

The compaction was performed in three layers. For 

each mixture composition, three specimens were 

prepared. Specimen unit weight was controlled based 

on the Maximum Dry Density (MDD) and OMC 

obtained from compaction testing. 

 

 

(a) 

 

 
(b) 

Figure 1 (a) Peat soil and POFA and (b) 

Activator (Na2SiO3 and NaOH) 

Following molding, the specimens were sealed 

to prevent moisture loss and cured at ambient 

laboratory conditions (room temperature) for seven 

days. Upon completion of the curing period, 

Unconfined Compressive Strength (UCS) testing was 

performed in accordance with ASTM D2166. Strain-

controlled axial loading was applied at a strain rate of 

2% per minute. 

To evaluate the mechanical response of the 

stabilized specimens, three parameters were derived 
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from the stress–strain curves obtained during UCS 

testing: unconfined compressive strength (qu), secant 

modulus at 50% of peak stress (E₅₀), and brittleness 

index (Ib). The coefficient of variation (CV) was 

maintained below 15%, indicating acceptable 

repeatability of the triplicate specimens. The 

unconfined compressive strength (qu) was defined as 

the maximum axial stress sustained by the specimen 

prior to failure. The secant modulus (E₅₀) was 

calculated as the slope of the line connecting the origin 

to the point corresponding to 50% of the peak stress, 

representing the material stiffness within the pre-peak 

loading range. The brittleness index (Ib) was 

determined to quantify the relative reduction in 

strength after peak stress and to characterize the post-

peak deformation behavior of the specimens. These 

parameters were used to assess the stress–strain 

characteristics of untreated and geopolymer-stabilized 

peat soils. 

 

3. RESULT AND DISCUSSION 

Figure 2 illustrates the physical appearance of 

peat specimens after stabilization with POFA-based 

geopolymer. All stabilized samples exhibited visible 

surface and internal pores, regardless of the POFA 

dosage. These pores appeared as small cavities 

scattered throughout the specimen body, with 

increasing prevalence observed at higher POFA 

content. The porous structure suggests that the 

stabilization process introduced changes not only in 

the chemical matrix but also in the physical integrity of 

the material. 

(a) (b) 

 

Figure 2 (a) natural condition specimen and 

(b) specimen with 15% addition of POFA-based 

geopolymer 

Several factors may have contributed to this 

porosity. First, the high organic matter content 

(88.54%) and fibrous texture of peat soil hinder 

uniform binder distribution, limiting the interaction 

between the POFA geopolymer gel and the 

surrounding soil matrix. Organic compounds are 

known to interfere with gel bonding and disrupt the 

formation of a continuous solid phase, resulting in 

micro voids within the stabilized body (Amaludin, 

Asrah, & Mohamad, 2023). Second, the 

geopolymerization reaction itself releases heat and can 

cause localized drying or expansion during setting, 

which may lead to entrapped air bubbles or 

microcracking if the mix is not well-compacted. 

Additionally, peat’s natural water retention capacity 

may have prevented uniform moisture redistribution 

during compaction, leading to insufficient 

densification of the samples during molding. 

The presence of these pores has direct 

implications for the mechanical performance of the 

stabilized soil. Increased porosity reduces the effective 

contact area for load transfer, potentially lowering the 

unconfined compressive strength (qu) and stiffness 

(E₅₀) of the specimens. Furthermore, micro voids may 

act as stress concentration zones, promoting brittle 

failure and reducing the energy absorption capacity of 

the material. This is consistent with the UCS results 

observed in this study, where specimens with higher 

visible porosity generally exhibited lower strength and 

stiffness values, especially at early curing stages. 

The results of the unconfined compressive 

strength (UCS) tests are presented in Figure 3, with 

average UCS values for the 0%, 10%, 15%, and 25% 

POFA geopolymer mixtures recorded as 15.10 kPa, 

30.05 kPa, 37.90 kPa, and 17.33 kPa, respectively. The 

coefficient of variation (CV) ranged from 3.06% to 

11.59%, indicating acceptable repeatability of the 

triplicate specimens. The incorporation of POFA-
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based geopolymer significantly enhanced the strength 

of the peat soil, with the 15% mixture yielding the 

highest UCS, nearly 2.5 times greater than the 

untreated control. This result suggests that 15% is the 

optimal dosage for strength development under the 

given curing conditions (Figure 4). 

The 10% mixture also exhibited improved 

strength, although it remained lower than the 15% 

dosage. Interestingly, the 25% mixture, while still 

higher than the untreated sample, showed a noticeable 

drop in strength compared to both 10% and 15%. This 

decline indicates that beyond a certain point, additional 

binder content does not contribute positively to 

strength and may even reduce it due to poor matrix 

formation or excessive porosity. Stress–strain curves 

for the representative samples are shown in Figure 3. 

The control sample (0%) displayed a brittle response, 

with a sharp peak followed by immediate loss of 

strength, characteristic of weak, fibrous peat. As 

POFA content increased, the curves began to shift, 

showing smoother ascents and broader peaks, 

particularly in the 10% and 15% specimens. These 

curves reflect increased ductility, with the 15% sample 

showing the widest deformation range before failure, 

indicating both high strength and moderate flexibility. 

 
Figure 3 Stress-strain behavior of the test 

samples 

 
Figure 4 Compression strength development 

of stabilized peat soil 

In contrast, the 25% sample exhibited a 

softening behavior, with a long, gradual curve and an 

extended strain at failure. This suggests a more ductile 

failure mode, likely resulting from the formation of 

micro voids or interparticle gaps due to excess 

geopolymer paste. As higher binder content can hinder 

uniform packing and introduce internal defects, it leads 

to a more flexible but structurally weaker matrix 

(Elangbam & Kalita, 2024; Jwaida, Dulaimi, Mashaan, 

& Othuman Mydin, 2023). Similar trends have been 

observed in geopolymer-treated soft soils, where 

increased binder concentrations reduce material 

brittleness but compromise strength (Khanday, 

Hussain, & Das, 2023). 

Figure 5 illustrates the changes in secant 

modulus (E₅₀), representing material stiffness. A 

consistent increase in E₅₀ was observed from 400.23 

kPa (0%) to 709.37 kPa (15%), confirming that 

moderate POFA addition enhances the soil’s resistance 
to deformation. However, at 25% POFA content, E₅₀ 
sharply decreased to 164.49 kPa, indicating that 

excessive geopolymer weakens the structural integrity 

of the composite. Failure modes observed during UCS 

testing also varied between mixtures. The 0% and 25% 

specimens typically exhibited ductile shear failure, 

where the sample deformed extensively before failure. 
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The 10% and 15% specimens displayed more brittle or 

splitting failure, characterized by sudden cracking and 

limited lateral bulging. These observations reinforce 

the interpretation that 15% POFA geopolymer yields 

the best balance between stiffness, strength, and 

deformability. 

 
Figure 5 Mechanical behavior of the test 

samples 

The brittleness index (ܾܫ) results revealed 

distinct patterns in the deformation characteristics of 

the peat–geopolymer composites. The untreated peat 

sample (0% POFA) recorded a high ܾܫ value of 0.991, 

indicating a highly brittle behavior with minimal post-

peak deformation. Upon the addition of 10% POFA 

geopolymer, ܾܫ dropped sharply to 0.622, reflecting a 

significant improvement in ductility. This change 

suggests that at moderate geopolymer dosage, the 

binder enhances internal cohesion and allows for 

greater strain accommodation before failure. However, 

as the POFA content increased further, the ܾܫ value 

rose again to 0.717 at 15% and 0.748 at 25%, indicating 

a partial return toward brittle behavior. This nonlinear 

trend implies that while a moderate amount of 

geopolymer promotes ductile response, excessive 

binder may reduce this benefit due to changes in the 

microstructural arrangement of the composite. 

The observed behavior can be attributed to 

several microstructural mechanisms. At 10% POFA, 

the geopolymer matrix likely fills the voids between 

peat particles efficiently, forming a cohesive but 

flexible network. The moderate gel formation may help 

bridge fibers and particles without over-stiffening the 

structure, allowing for controlled deformation under 

stress. At higher dosages (15% and especially 25%), the 

increased geopolymer content may lead to excessive 

gel formation and unreacted binder residue, which 

disrupts the continuity of the soil matrix. This may 

result in the development of internal microcracks, 

voids, or weak interfaces due to incomplete bonding 

or thermal shrinkage during curing. These defects can 

localize stress and trigger early cracking, thereby 

increasing the brittleness index. Furthermore, the 

dense gel matrix might limit the ability of the 

composite to redistribute stress, reducing its capacity 

for plastic deformation. 

Therefore, the rise in ܾܫ at higher POFA 

content can be interpreted as a shift from an optimally 

compacted and flexible matrix to a more rigid and 

flaw-sensitive structure. This finding aligns with the 

observed reduction in E50 at 25% POFA and supports 

the conclusion that 15% POFA geopolymer represents 

an optimal balance, not only in strength but also in 

post-peak behavior and ductility. 

As shown in Table 3, the unit weight of all 

specimens remained relatively constant, ranging from 

0.961 to 0.964 g/cm³ regardless of POFA geopolymer 

content. This uniformity suggests that geopolymer 

addition does not significantly influence the bulk 

density or compaction of the treated soil. Therefore, 

the observed improvements in mechanical properties 

are likely due to chemical and microstructural changes 

rather than variations in physical mass or volume 

(Ghadir & Ranjbar, 2018). 

Table 3. Unit weight and moisture content of tested 

specimen after curing 

No Geopolymer content (%) Unit weight (g/cm3) Moisture content (%) 
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1 0 0.964 70.905 

2 10 0.961 46.112 

3 15 0.962 39.343 

4 25 0.961 37.652 

 

In contrast, the moisture content decreased 

noticeably with increasing POFA geopolymer 

dosage—from 70.91% (0%) to 37.65% (25%). This 

reduction can be attributed to the high reactivity and 

fine particle size of POFA, which increases water 

demand during geopolymerization. The alkaline 

activator promotes the dissolution of silica and 

alumina, consuming free water in the process and 

forming stable gels such as N-A-S-H and C-S-H, which 

trap water within their structure. Additionally, the 

enhanced interparticle bonding from the geopolymer 

matrix likely reduces the number of free voids and 

hygroscopic organic bonds, thereby lowering the soil’s 
overall moisture retention (Wassie, Demir, & Köktan, 

2023). 

These findings imply that moisture reduction is 

a key mechanism through which POFA-based 

geopolymers improve peat soil behavior, contributing 

to both strength gain and reduced deformability. 

Future microstructural studies (e.g., SEM or XRD) 

could offer deeper insight into water-binding phases 

and pore structure evolution during stabilization. 

 

4. CONCLUSION 

 

This study demonstrates that alkali-activated 

POFA geopolymer substantially improves the early-

stage mechanical performance of peat soil. The 

unconfined compressive strength increased from 15.10 

kPa (untreated) to 37.90 kPa at 15% POFA, 

representing a 151% strength enhancement within 7 

days of curing. Stiffness similarly improved, with E₅₀ 
increasing from 400.23 kPa to 709.37 kPa, indicating 

enhanced resistance to deformation. In addition to 

strength gain, moderate POFA incorporation reduced 

brittleness (Ib decreased from 0.991 to 0.622 at 10%), 

demonstrating improved ductility and more stable 

post-peak behavior. However, excessive POFA 

content (25%) led to reduced strength and stiffness, 

confirming that performance is highly dosage-

dependent. 

Compared with conventional pozzolanic 

stabilization approaches reported in previous studies, 

which often exhibit limited early strength development 

in high-organic peat, the geopolymer system used in 

this study promotes faster reaction kinetics through 

alkali activation, resulting in superior early strength and 

stiffness enhancement. These findings indicate that 

optimized POFA-based geopolymer stabilization is a 

promising approach for road subgrade improvement 

on soft organic soils, although long-term durability and 

microstructural validation remain to be investigated. 
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