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ABSTRACT 

Clay soils with low bearing capacity pose significant challenges for road pavement subgrade performance, 

especially in moisture-sensitive environments. This study evaluates the effectiveness of cement–fly ash 

mixtures for soil stabilization to improve the engineering properties of clay used as a subgrade layer. 

Laboratory experiments varied the fly ash content (0%, 5%, 10%, 15%, and 20%) while keeping the 

cement proportion fixed. The stabilized soils were evaluated using Atterberg limits, compaction 

characteristics, and California Bearing Ratio (CBR) tests. The results show that using cement–fly ash 

mixtures reduces soil plasticity while increasing maximum dry density and bearing capacity. Optimal 

performance was observed at 15% fly ash, which produced a significant improvement in CBR compared 

with untreated soil, whereas higher fly ash contents yielded diminishing strength gains. This study 

identifies an optimal cement–fly ash combination that improves mechanical performance while 

maintaining material efficiency, supporting sustainable pavement design. The findings also demonstrate 

the potential to use industrial by-products to reduce dependence on conventional materials, contributing to 

the Sustainable Development Goals (SDGs), particularly SDG 9 (Industry, Innovation, and 

Infrastructure), SDG 11 (Sustainable Cities and Communities), and SDG 12 (Responsible Consumption 

and Production). The results provide practical guidance for engineers and policymakers in developing 

cost-effective and environmentally responsible road infrastructure. 

Keywords-clay soil stabilization; cement–fly ash stabilization; subgrade improvement; CBR; sustainable 

pavement design; industrial waste management; SDGs 
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I. INTRODUCTION  

Clay soil is widely used as a natural subgrade material in 
road pavement construction. However, its inherently low 
bearing capacity, high plasticity, and sensitivity to moisture 
variations often lead to premature pavement distress [1]. These 
unfavorable characteristics can cause excessive deformation, 
cracking, and a reduced service life of pavement structures, 
particularly in tropical regions with high rainfall intensity [2]. 
Consequently, soil stabilization has become an important 
engineering approach for improving subgrade performance and 
maintaining pavement durability. Among the various 
stabilization methods, chemical treatment using cement and 
industrial by-products has gained attention because of its 
effectiveness and its potential contribution to sustainable 
infrastructure development. Cement-based stabilization can 
significantly improve the mechanical behavior of weak soils by 
increasing strength, stiffness, and durability. Authors in [3] 
reported that incorporating fly ash and agricultural waste ash in 
geopolymer-based systems can enhance durability while 
reducing dependence on ordinary Portland cement. Authors in 
[4] found that the addition of soluble silicates and limestone 
improves compressive strength and soil stiffness, highlighting 
the importance of binder composition in soil stabilization. 
Moreover, the utilization of waste-derived materials has been 
explored as an environmentally responsible stabilization 
approach. Authors in [5] demonstrated that waste tire shreds 
can enhance soil strength and durability, while authors in [6] 
showed that waste marble dust and corncob ash improve both 
the engineering and microstructural properties of expansive 
soils used in road subgrades. 

The construction industry has explored the use of industrial 
by-products and waste materials to enhance the mechanical and 
environmental performance of construction materials. 
Materials such as steel waste, Ground Granulated Blast 
Furnace Slag (GGBS), graphene, and other additives can 
improve concrete strength, durability, and overall sustainability 
[7-11]. These innovations are particularly relevant in 
developing countries, where industrial by-products, such as fly 
ash, are readily available. Incorporating these materials into 
pavement and subgrade stabilization systems provides 
opportunities to reduce environmental impacts while enhancing 
structural performance and extending infrastructure service life. 
Despite the growing number of studies on alternative 
stabilizers, many investigations emphasize geopolymer 
systems, unconventional additives, or microstructural analysis, 
while limited attention is given to the systematic optimization 
of conventional cement–fly ash mixtures for pavement 
subgrade applications. In many cases, fly ash is introduced only 
as a supplementary material without evaluating its interaction 
with cement across different mixture proportions. As a result, 
practical guidance for determining the optimum fly ash content 
for subgrade stabilization remains limited. This limitation is 
particularly relevant for regions with locally available clay soils 
whose mineralogical characteristics and environmental 
conditions may influence stabilization performance. 

Therefore, this study systematically investigates the 
influence of cement–fly ash mixture variations on the 
engineering properties of clay soil used as a pavement subgrade 

layer. The research evaluates changes in plasticity 
characteristics, compaction behavior, and CBR values to 
identify the optimal fly ash proportion that balances mechanical 
improvement and material efficiency. The investigation focuses 
on locally sourced clay and fly ash under environmental 
conditions representative of South Sulawesi, Indonesia, 
providing practical insights for context-specific stabilization 
strategies. From a sustainability perspective, the use of fly ash 
as a partial stabilizing material contributes to the SDGs, 
particularly SDG 9 (Industry, Innovation and Infrastructure), 
SDG 11 (Sustainable Cities and Communities), and SDG 12 
(Responsible Consumption and Production), by reducing 
reliance on Portland cement and promoting the reuse of 
industrial by-products while improving the load-bearing 
performance of pavement subgrades. 

II. MATERIALS AND METHODS 

A. Fly Ash 

Fly ash is a by-product of coal combustion in thermal 
power plants and is commonly employed as a stabilizing 
material in geotechnical engineering because of its pozzolanic 
and cementitious properties. According to [12], fly ash is 
classified into Class C (high-calcium) and Class F (low-
calcium) based on the coal source and calcium oxide (CaO) 
content [13, 14]. Class C fly ash, typically produced from sub-
bituminous coal, contains more than 20% CaO and exhibits 
self-cementing properties. In contrast, Class F fly ash, derived 
from bituminous or anthracite coal, contains less than 10% 
CaO and generally requires an external activator for strength 
development [15]. High-calcium fly ash can contribute more 
effectively to both early-age and long-term strength gain in soil 
stabilization applications [16]. The fly ash used in this study 
was obtained from the Jayapura Thermal Power Plant and 
classified as Class F fly ash according to [12]. Its chemical 
composition, presented in Table I, is dominated by silica 
(SiO₂), alumina (Al₂O₃), and iron oxide (Fe₂O₃), confirming its 
pozzolanic nature. The relatively low CaO content (2%) 
indicates limited self-cementing capability; therefore, cement 
was used as an activator to enhance the stabilization reaction 
[15, 16]. 

From a geotechnical perspective, fly ash has been applied 
to improve the engineering properties of clay soils used in 
subgrade and embankment construction. The addition of fly ash 
can reduce soil plasticity, improve compaction characteristics, 
and increase Unconfined Compressive Strength (UCS) and 
shear strength of fine-grained soils [17]. Fly ash–stabilized 
soils also exhibit lower swelling potential and higher load-
bearing capacity compared to untreated clay, making them 
suitable for pavement subgrade applications. Fly ash contents 
ranging from 10% to 20% can significantly improve soil 
performance, particularly when combined with hydraulic 
binders such as cement [18]. The effectiveness of fly ash 
stabilization depends on factors such as soil mineralogy, fly ash 
content, moisture condition, compaction delay time, and curing 
conditions, which influence the development of pozzolanic 
reactions [19, 20]. Compared to other waste-based stabilizers, 
such as rice husk ash, marble dust, and tire shreds, fly ash 
offers a balanced combination of engineering performance, 
availability, and environmental benefits while supporting 
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sustainable construction practices [21]. The physical 
appearance of the fly ash used in this study is shown in Figure 
1. 

TABLE I.  CHEMICAL COMPOSITION OF CLASS F FLY ASH 

Component Content (%) 

SiO₂ 55.2 
Al₂O₃ 26.8 
Fe₂O₃ 12 
CaO 2 
MgO 2.5 
SO₃ 1.5 

Fineness (cm²/g) – 
Loss on ignition (%) – 

 

 
Fig. 1.  Physical appearance of class F fly ash. 

B. Cement 

Cement is one of the most widely used hydraulic binders 
for soil stabilization because it can significantly improve the 
mechanical properties of fine-grained soils. In geotechnical 
engineering, cement stabilization reduces plasticity, limits 
volumetric changes, and increases the strength and stiffness of 
clay soils through hydration and cementation reactions [22]. 
Unlike fly ash, which primarily exhibits pozzolanic behavior, 
cement reacts directly with water to form Calcium Silicate 
Hydrate (C–S–H) and Calcium Aluminate Hydrate (C–A–H) 
compounds that bind soil particles into a dense and stable 
matrix [23]. As a result, cement-stabilized soils have been 
utilized in road subgrade construction because they provide 
substantial improvements in unconfined compressive strength, 
bearing capacity, and durability [24]. However, the use of 
cement alone is often associated with higher construction costs 
and increased carbon emissions due to its energy-intensive 
manufacturing process. Therefore, research has explored the 
partial replacement of cement with supplementary materials 
such as fly ash to improve sustainability while maintaining 
engineering performance [25]. In blended stabilization systems, 
cement acts not only as a primary stabilizer but also as an 
activator that enhances the pozzolanic reactions of low-calcium 
fly ash. Calcium ions released during cement hydration react 
with silica and alumina in fly ash to form additional 
cementitious compounds, resulting in a denser and stronger soil 
structure [25]. Cement–fly ash mixtures can significantly 
improve compressive strength, stiffness, and durability while 
reducing brittleness compared with cement-only stabilization 
systems [26, 27]. The effectiveness of this method depends on 
several factors, including cement dosage, curing time, and soil 

mineralogy, as excessive cement content may lead to brittle 
behavior and economic inefficiency [28]. Accordingly, this 
study evaluates the effectiveness of 8% cement combined with 
varying proportions of locally sourced Class F fly ash to 
stabilize clay subgrade soils typical of Indonesian tropical 
regions. The objective is to identify an optimal cement–fly ash 
mixture that maximizes mechanical performance, particularly 
the UCS and CBR values, while improving material efficiency 
and supporting sustainable engineering practices [29]. 

C. Methodology 

This study employed a laboratory experimental approach to 
evaluate the influence of cement–fly ash mixtures on the 
engineering properties of clay soil used as a road pavement 
subgrade. The behavior of untreated natural soil was compared 
with that of soils stabilized using varying fly ash proportions 
and a constant cement content. All experimental procedures 
followed relevant standards to ensure the reliability and 
repeatability of results. The clay soil was first tested in its 
natural state to determine baseline physical and mechanical 
properties before stabilization. Soil classification and index 
property tests were conducted following [30], while the Liquid 
Limit (LL) and Plastic Limit (PL) were determined based on 
[31]. Specific gravity was measured according to [32], and 
Particle Size Distribution (PSD) was analyzed based on [33]. 
Compaction characteristics were evaluated using the Standard 
Proctor [34] and Modified Proctor [35] methods, while 
mechanical performance was assessed using the UCS test [36] 
and the CBR test [37]. 

 

 
Fig. 2.  Variation of test specimens and experimental program. 

Soil stabilization was performed utilizing a dry mixing 
method to ensure uniform distribution of cement and fly ash 
before adding water to achieve the target moisture content for 
compaction. Cement content was maintained at 8% to act as a 
chemical activator, while fly ash was varied at 0%, 10%, 15%, 
and 20% by dry weight of soil based on recommendations from 
previous stabilization studies. The stabilized mixtures were 
compacted following standard laboratory procedures and cured 
at 25 ± 2°C and 95% relative humidity for 7, 14, and 28 days 
before testing. UCS specimens were wrapped with plastic film 
to minimize moisture loss, whereas CBR specimens were 
soaked in water for 24 h before testing and subjected to an 
additional soaked condition after 96 h of immersion to simulate 
critical moisture conditions in pavement subgrades. Statistical 
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analysis was performed using one-way Analysis of Variance 
(ANOVA) at a significance level of 5% (α = 0.05), assuming 
normality and homogeneity of variance. Five identical 
specimens were prepared for each mixture, and the results are 
presented as mean values ± Standard Deviation (SD). The 
overall experimental workflow is summarized in Figure 2, 
while the composition of each specimen is presented in Table 
II, which includes untreated soil and stabilized mixtures with 
8% cement and fly ash contents of 10%, 15%, and 20%. 

TABLE II.  COMPOSITION OF CEMENT–FLY ASH 
STABILIZED SOIL SPECIMENS 

Sample 

code 

Fly ash 

content (% by 

weight of soil) 

Cement 

content (% by 

weight of soil) 

Description 

S0 0% 0% Natural clay soil (untreated) 

S1 0% 8% 
Soil stabilized with cement 

only 

S2 10% 8% 
Soil stabilized with 10% fly 

ash + cement 

S3 15% 8% 
Soil stabilized with 15% fly 

ash + cement 

S4 20% 8% 
Soil stabilized with 20% fly 

ash + cement 
 

III. RESULTS AND DISCUSSION 

A. Physical Properties of Untreated Clay Soil 

The physical properties of the untreated clay soil were 
determined through laboratory testing to establish baseline 
characteristics before stabilization. These properties are 
important for evaluating the suitability of the soil as a 
pavement subgrade and for assessing the effectiveness of fly 
ash–cement treatment in subsequent analyses. The results 
indicate that the natural soil exhibits relatively high plasticity 
and sensitivity to moisture variations, which are typical 
characteristics of clayey subgrade soils and have been reported 
in previous studies on expansive clays used in pavement 
structures [38, 39]. The natural water content of the soil is 
21.53%, indicating a moderately moist condition commonly 
observed in expansive soils influenced by tropical climatic 
conditions [1, 2]. The specific gravity (Gs) value of 2.78 
suggests that the soil matrix is dominated by clay minerals and 
silicate-based constituents, which are typical of fine-grained 
soils with relatively high plasticity and low structural stability 
[3, 19]. The physical properties of the untreated clay soil are 
detailed in Table III. 

The PSD results presented in Figure 3 indicate that the soil 
is predominantly composed of fine particles, consisting of silt 
(48.8%), clay (33.8%), sand (16.6%), and a minor gravel 
fraction (0.8%). In this study, clay is defined as particles 
smaller than 2 μm, while silt refers to particles ranging from 2 
μm to 75 μm, according to the USDA soil texture classification 
system. Therefore, the fraction passing the No. 200 sieve (75 
μm) includes both silt and clay components. The Atterberg 
limit results show an LL of 45.09%, a PL of 25.71%, and a PI 
of 19.08%, indicating medium to high plasticity. Such 
characteristics are commonly associated with low bearing 
capacity, high compressibility, and significant shrink–swell 
potential [1, 25]. Based on the AASHTO classification system, 
the soil is categorized as A-7-6, which is generally considered 

poor to fair for subgrade applications. This classification is 
consistent with the measured compaction characteristics, 
including a maximum dry density of 1.73 g/cm³, an optimum 
moisture content of 21.82%, and a relatively low UCS value of 
11.73 kg/cm². Soils within the A-7-6 category often require 
chemical or pozzolanic stabilization to improve strength, 
reduce plasticity, and enhance durability in pavement structures 
[5, 14, 16, 19, 24, 25, 41]. Therefore, the baseline 
characteristics presented in Table III provide a justification for 
investigating the effectiveness of cement–fly ash stabilization 
in improving the engineering performance of the clay subgrade. 

 

 

Fig. 3.  PSD of untreated clay soil. 

TABLE III.  PROPERTIES OF UNTREATED CLAY SOIL 

Property Obtained value Unit 

Water content 21.53 % 
Specific gravity (Gs) 2.78 – 

Atterberg limits 

Shrinkage limit 9.37 % 
LL 45.09 % 
PL 25.71 % 
PI 19.08 % 

Grain size distribution 

Passing No. 200 sieve 48.8 % 
Gravel 0.8 % 
Sand 16.6 % 

Silt (2–75 μm) 15 % 
Clay (<2 μm) 33.8 % 

Soil classification (AASHTO) A-7-6 – 
Mechanical characteristics 

Maximum dry density (γdry) 1.73 g/cm³ 
Optimum moisture content (ωopt) 21.82 % 

UCS 11.73 kg/cm² 
 

B. The Effect of Fly Ash and Cement on Atterberg Limits of 

Subgrade Soil 

The modification of Atterberg limits is an important 
indicator for evaluating the effectiveness of chemical 
stabilization in clayey subgrade soils. Adding fly ash and 
cement alters the physicochemical interactions among clay 
particles, resulting in changes to the LL, PL, and PI. As 
outlined in Table IV, the untreated soil (S0) exhibits the highest 
plasticity, whereas the stabilized samples show progressively 
lower plasticity with increasing fly ash content combined with 
cement. Similar reductions in plasticity have been reported in 
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expansive and soft clays treated with stabilizing agents, leading 
to improved soil workability and reduced moisture sensitivity 
[1, 6, 19]. These improvements are particularly important for 
pavement subgrades, since lower plasticity is closely associated 
with greater volumetric stability and reduced susceptibility to 
moisture-induced deformation [25, 42]. During the early stages 
of stabilization, the LL and PL values may initially increase 
slightly due to flocculation–agglomeration processes. In this 
stage, calcium ions released from cement and fly ash interact 
with clay particle surfaces, temporarily increasing the soil’s 
water-holding capacity [24, 37]. 

TABLE IV.  ATTERBERG LIMITS OF SUBGRADE SOIL 
STABILIZED WITH FLY ASH AND CEMENT 

Sample code LL (%) PL (%) PI (%) 

S0 45.09 25.71 19.38 
S1 42.6 28.4 14.2 
S2 40.2 30.8 9.4 
S3 38.1 31.6 6.5 
S4 36.4 32.1 4.3 

 

 
Fig. 4.  Effect of fly ash and cement addition on the LL, PL, and PI of 
subgrade soil. 

With further addition of stabilizers, pozzolanic reactions 
become dominant, producing cementitious compounds, such as 
C–S–H and C–A–H, which bind soil particles into a denser and 
more stable structure while consuming free water. 
Consequently, the LL and PL gradually decrease as the fly ash–
cement content increases, indicating a transition from highly 
plastic soil to a more stable and less compressible material [16, 
29]. The reduction in PI, illustrated in Figure 4, represents one 
of the most significant outcomes of the stabilization process 
because lower PI values indicate reduced plasticity and 
compressibility under repeated traffic loading. Similar findings 
were reported in [5, 6], where cementitious binders reduced PI 
by modifying the diffuse double layer surrounding clay 
particles. The combined use of fly ash and cement further 
enhances this effect because fly ash supplies reactive silica and 
alumina, while cement provides calcium hydroxide that 
accelerates pozzolanic reactions within the soil matrix [17, 19, 
26]. The trends demonstrated in Figure 4 are consistent with 
previous stabilization studies in which blended binders 
produced greater reductions in soil plasticity than cement-only 
treatments [16, 22]. Overall, these results confirm that the 

untreated A-7-6 clay soil becomes less plastic and more stable 
after stabilization, thereby reducing shrink–swell behavior and 
improving pavement performance under varying environmental 
conditions [1, 3, 29]. 

C. Effect of Fly Ash and Cement on UCS and CBR 

The influence of fly ash and cement addition on the 
mechanical performance of subgrade soil was evaluated using 
UCS and CBR tests. As summarized in Table V, both 
parameters show substantial improvement compared with 
untreated soil, confirming the effectiveness of fly ash–cement 
stabilization. The untreated clay soil (S0) exhibits low UCS and 
CBR values, indicating poor bearing capacity and limited 
suitability for pavement subgrade applications, which is typical 
for A-7-6 soils reported in [1, 6]. Table V presents the 
comparative UCS and CBR values of untreated and stabilized 
samples, where the results are expressed as mean ± SD (e.g., 
UCS = 1.85 ± 0.12 MPa; CBR = 24.5 ± 1.3%). 

TABLE V.  COMPARISON OF UCS AND CBR RESULTS FOR 
SOIL SAMPLES WITH FLY ASH AND CEMENT MIXTURES 

Sample code UCS (kg/cm²) CBR (%) 

S0 11.73 3.57 
S1 18.45 7.62 
S2 22.68 10.14 
S3 25.94 11.89 
S4 27.12 10.85 

 

The UCS values show an increasing trend with higher fly 
ash content at a constant cement content of 8%, rising from 
11.73 kg/cm² for untreated soil to 27.12 kg/cm² for the mixture 
containing 20% fly ash and 8% cement (S4). This strength 
improvement is mainly attributed to pozzolanic reactions 
between fly ash, cement hydration products, and clay minerals, 
which generate cementitious compounds such as C–S–H and 
C–A–H that enhance particle bonding and densify the soil 
matrix [16, 17, 29]. During UCS testing, untreated specimens 
generally showed ductile failure with noticeable deformation. 
In contrast, stabilized samples exhibited more brittle failure 
patterns characterized by vertical or inclined cracks due to 
stronger cementitious bonding. In contrast, the CBR results 
indicate the presence of an optimum fly ash content rather than 
a continuous strength increase. As illustrated in Figure 5, the 
CBR value rises significantly from 3.57 for the untreated soil to 
a maximum of 11.89 at 15% fly ash and 8% cement (S3), 
before slightly decreasing at 20% fly ash (S4). This behavior 
suggests that excessive fly ash may introduce unreacted 
particles or reduce effective bonding within the soil matrix, 
which weakens the load-bearing structure. Similar findings 
were reported in [6, 16], where it was observed that soil 
strength improves only up to an optimum stabilizer dosage. In 
addition to the calculated CBR values, the load–penetration 
curves obtained from the CBR tests are also presented in Figure 
5 to illustrate the penetration resistance of the stabilized clay. 
The untreated soil shows a gradual increase in load with 
penetration, whereas stabilized specimens exhibit steeper 
curves, indicating higher stiffness and improved resistance to 
deformation. The improvement in mechanical performance can 
be explained by physicochemical interactions within the soil–
binder matrix. Cement hydration releases calcium ions that 
initiate reactions forming C–S–H and C–A–H gels, which fill 



Engineering, Technology & Applied Science Research Vol. 16, No. 3, 2026, 35912-35919 35917  
 

www.etasr.com Pinasang et al.: Mechanical and Bearing Performance of Cement–Fly Ash Stabilized Clay Subgrade 

 

voids and strengthen interparticle bonding, while the reactive 
silica and alumina in fly ash participate in pozzolanic reactions 
with calcium hydroxide to produce additional cementitious 
compounds. The comparison between UCS and CBR responses 
indicates that different mechanisms influence these parameters; 
UCS tends to increase continuously with higher fly ash content 
due to ongoing pozzolanic reactions, whereas CBR is more 
sensitive to compaction efficiency, particle interlocking, and 
short-term stiffness under penetration loading. As shown in 
Figure 5, this difference underscores the importance of 
identifying an optimal stabilizer dosage for pavement 
applications rather than relying solely on compressive strength 
indicators, consistent with pavement engineering 
recommendations that emphasize CBR as a key design 
parameter [25, 42]. Strength development is also influenced by 
curing time because hydration and pozzolanic reactions 
continue beyond the selected curing period, potentially 
producing additional strength gains. From a practical 
perspective, partial replacement of cement with fly ash 
provides economic and environmental benefits by reducing 
cement consumption and associated carbon emissions. Overall, 
the results confirm that the mixture containing 15% fly ash and 
8% cement provides the optimum balance between strength 
improvement and bearing capacity for clay subgrade 
stabilization, consistent with previous studies on sustainable 
soil stabilization using industrial by-products [14, 19, 22]. 

 

 

Fig. 5.  UCS and CBR of fly ash–cement stabilized subgrade soil. 

D. Environmental Benefits and Sustainability Implications of 

Fly Ash Utilization 

To evaluate the statistical significance of the stabilization 
materials on the mechanical properties of the treated clay soil, a 
one-way ANOVA was conducted. Before the analysis, the 
main ANOVA assumptions, independence of observations, 
normality of residuals, and homogeneity of variances, were 
verified. The stabilizer dosage was treated as a single factor 
with multiple levels corresponding to the different cement–fly 
ash mixtures used in this study, while UCS and CBR were used 
as the dependent variables. Post-hoc Tukey’s HSD tests were 
performed to identify pairwise differences among dosage 
levels. All analyses were carried out using statistical software 
(e.g., SPSS v.26) with a significance level of p < 0.05. The 

ANOVA results, outlined in Table VI, indicate significant 
differences in UCS and CBR values among the tested mixtures 
(p < 0.05), confirming that cement–fly ash dosage has a 
statistically significant influence on the mechanical 
performance of the clay subgrade. Beyond the statistical 
evaluation, the utilization of fly ash in soil stabilization 
provides important environmental benefits by improving 
infrastructure durability and service life. Fly ash enhances 
long-term mechanical performance and resistance to 
environmental degradation, thereby reducing maintenance 
frequency and material consumption in pavement systems [13, 
19]. Improved durability of stabilized subgrades also increases 
resistance to moisture damage and cyclic loading conditions [6, 
22]. Furthermore, partial replacement of Portland cement with 
fly ash reduces energy consumption and greenhouse gas 
emissions because cement production is highly energy-
intensive and a major contributor to global CO₂ emissions. The 
reuse of fly ash also supports waste reduction and resource 
conservation by diverting coal combustion by-products from 
landfills while decreasing the demand for virgin raw materials 
[13, 19]. Considering that ordinary Portland cement typically 
emits approximately 0.8–0.9 tons of CO₂ per ton of production, 
the use of fly ash contributes to lower carbon footprints and 
supports circular economy principles in sustainable 
geotechnical engineering and infrastructure development [14, 
15, 25-27, 41]. 

TABLE VI.  ANOVA RESULTS FOR CLAY SUBGRADE 
STABILIZATION (UCS AND CBR) 

Source of 

variation 
df SS MS F-value p-value Significance 

UCS (MPa)       
Between 
groups 

5 12.45 2.49 15.32 0.002 Yes 

Within groups 12 1.95 0.16 - - - 
Total 17 14.4 - - - - 

CBR (%)       
Between 
groups 

5 430.8 86.16 18.45 0.001 Yes 

Within groups 12 56 4.67 - - - 
Total 17 486.8 - - - - 

df = degrees of freedom 

SS = sum of squares 

MS = mean square 

F-value = MS(Between)/MS(Within) 

p-value = probability value for F-test 

Significance = indicates if p < 0.05 (Yes = statistically significant) 

 

IV. CONCLUSIONS 

This study confirms that the combined use of cement and 
fly ash is an effective approach for improving the engineering 
performance of problematic clay subgrade soils while 
supporting a lower-carbon stabilization strategy through partial 
cement replacement and the utilization of industrial by-
products. The experimental results show that fly ash–cement 
mixtures modify the soil's plasticity characteristics, Liquid 
Limit (LL),  Plastic Limit (PL), and PI, which initially increase 
and subsequently decrease, resulting in reduced swelling 
potential and improved stability. Compaction behavior also 
improves, as indicated by a reduction in optimum moisture 
content and an increase in maximum dry density, reflecting the 
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formation of a denser soil structure. Mechanical performance is 
substantially enhanced, with both Unconfined Compressive 
Strength (UCS) and CBR values increasing significantly 
compared to the untreated soil. The optimum mixture identified 
in this study is 15% fly ash with 8% cement, which produced 
the highest CBR value, while higher fly ash contents further 
improved UCS. Although the direct economic benefit of fly ash 
replacement may be moderate, the improved mechanical 
performance together with the reuse of industrial by-products 
demonstrates that cement–fly ash stabilization is a technically 
viable and environmentally beneficial alternative for pavement 
subgrade improvement, consistent with sustainable 
construction goals. Despite these promising findings, several 
limitations should be acknowledged. The experiments were 
conducted under controlled laboratory conditions using a 
specific clay soil type and limited stabilization proportions, 
which may not fully represent the variability of field 
conditions. In addition, the investigation primarily focused on 
short-term mechanical performance, particularly UCS and CBR 
behaviour, without assessing long-term durability aspects such 
as cyclic loading, environmental exposure, or moisture 
fluctuations. Future research should investigate a wider variety 
of soil types and stabilization ratios, as well as long-term 
durability performance under conditions such as wet–dry 
cycling and freeze–thaw action, supported by field-scale 
validation. It should also include environmental assessments, 
such as leaching tests and life-cycle analysis, to better quantify 
sustainability benefits. In addition, combining microstructural 
analysis with in situ performance studies would improve the 
understanding of stabilization mechanisms and strengthen the 
practical application of cement–fly ash mixtures in sustainable 
subgrade engineering. 
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