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ABSTRACT Exposed clay shale is highly susceptible to weathering and rapid strength degradation, which often leads to slope and
earth-structure instability. Geopolymer-based soil stabilization has emerged as a promisingmethod to improve themechanical properties
of such problematic materials. However, this chemical stabilization process is sensitive to environmental conditions, particularly temper-
ature fluctuations. The performance of geopolymer-stabilized clay shale under elevated-temperature conditions remains insufficiently
investigated, particularly in tropical regions such as Indonesia, where temperatures can fluctuate between 25◦C and 40◦C, and the
exposed ground surface may reach up to 60◦C during the dry season because of intense solar radiation. This study evaluates the
effectiveness of fly ash–based geopolymer in stabilizing clay shale under temperature variations ranging from 26◦C to 60◦C. A series
of laboratory experiments was conducted using two alkali activator ratios (Na2SiO3:NaOH), namely 2.0 (Ratio A) and 2.5 (Ratio B).
Mechanical performance was assessed through unconfined compressive strength (UCS) tests, stress–strain analysis, and energy-based
damage evolution to quantify strength development and failure behavior. The results indicate that temperature is the dominant factor
controlling strength development. A 10◦C increase in curing temperature resulted in a 40–60% increase in UCS, whereas variations in
the alkali activator ratio produced only a 15–20% increase. The highest strength amplification, reaching 16 times that of untreated soil,
was achieved using Ratio B at 60◦C, while Ratio A showed strength stagnation above 50◦C. Microstructural observations suggest that
elevated temperatures accelerate geopolymer gel formation, leading to higher initial stiffness and an expanded elastic region. However,
this also resulted in more brittle behavior, characterized by a higher brittleness index and rapid post-peak damage propagation for Ratio
B, whereas Ratio A exhibited greater ductility. Overall, higher curing temperatures increased the dissipated energy at failure and revealed
a clear strength–ductility trade-off. These findings provide insights for optimizing geopolymer stabilization of clay shale, particularly for
geotechnical applications in tropical environments where elevated in situ temperatures are common.
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1 INTRODUCTION
Chemical stabilization is commonly employed to im-
prove the geotechnical properties and engineering per-
formance of problematic soils, particularly through
the use of cement–based binders. However, ce-
mentmanufacturing has significant environmental im-
pacts. For instance, producing one ton of cement
generates approximately 0.95 tons of CO2 emissions
and requires about 5000 MJ of energy (Miraki et al.,
2022). In addition to environmental concerns, cement-
stabilized soils often exhibit substantial plastic shrink-
age. Water loss and inadequate curing conditions may
also lead to incomplete hydration during the early
stages, resulting in reduced strength development.
This issue becomes more pronounced in regions with
high annual temperatures, where extensive wet cur-
ing over large construction sites is often impractical
(Ghadir and Ranjbar, 2018). Consequently, consid-
erable attention has been directed toward develop-

ing alternative binders with lower environmental im-
pacts.

Several alternative materials have been investigated
for soil chemical stabilization, including lime, fly ash,
rice husk ash, kiln dust, and other recycled materi-
als or by–products with high alumina (Al2O3) and sil-
ica (SiO2) (Ayub and Khan, 2023). The development
of these aluminosilicate–rich materials has led to the
emergence of geopolymer binders as a sustainable al-
ternative to conventional cement. Geopolymers are
synthesized through polymerization reaction between
precursors with high silica and alumina content and
alkali activators (Xu and Van Deventer, 2002). The
geopolymerization process begins with the dissolu-
tion of amorphous aluminosilicate materials (precur-
sor) in alkaline hydroxide and/or alkaline silicate solu-
tions, producing reactive silica and alumina. The dis-
solved precursor’s silica and alumina subsequently un-
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dergo polycondensation, forming amorphous or semi–
crystalline oligomers that further polymerize and so-
lidify into synthetic aluminosilicate materials (Zhang
et al., 2013). When the precursor contains low calcium
content, the resulting geopolymer structure is domi-
nated by Si–O–Al–O bonds forming three-dimensional
polymeric chains and ring structures, rather than cal-
cium silicate hydrate (C–S–H) gels typically observed
in cement hydration reactions (Wong et al., 2019).

In geopolymerization, the alkali activator provides the
necessary alkalinity to dissolve aluminosilicatemateri-
als in the precursor and acts as a catalyst that speeds up
the polymerization reaction. The type and concentra-
tion of alkali activator strongly influence the reaction
rate and the final properties of the geopolymer. Com-
mon alkali activators for geopolymer include sodium
silicate (Na2SiO3) or potassium silicate (K2SiO3), of-
ten combined with sodium hydroxide (NaOH) or potas-
sium hydroxide (KOH) (Abdullah and Ahmad, 2017).
Although geopolymerization can occur using a sin-
gle alkaline activator, higher reaction rates are gen-
erally achieved when alkaline hydroxide solutions are
combined with soluble silicate solutions. Mixtures of
sodium silicate and sodiumhydroxide have been shown
to enhance stabilization performance (Abdullah et al.,
2015; Van Deventer et al., 2007). Nevertheless, deter-
mining the appropriate alkali activator ratio, particu-
larly the ratio of sodium silicate to sodium hydroxide,
remains challenging, given the distinct characteristics
of different soil types.

Geopolymer-based soil stabilization has demonstrated
promising performance in a wide range of soils. Pre-
vious studies have reported successful geopolymer ap-
plication in sandy soils (Diana, Hartono and Kusuma,
2025; Diana, Ma’rifah and Hartono, 2025; Razeghi
et al., 2024), expansive fine-grained soils (Diana,
Hartono and Damayanti, 2025; Khasib et al., 2021), and
highly acidic soft soils such as peat (Khanday et al.,
2021; Luo and Zhang, 2023). Despite these advances,
the application of geopolymer stabilization to easily
degradable materials such as clay shale remains lim-
ited. Clay shale, classified as a type of mud rock, can
experience a drastic reduction in shear strength when
exposed to atmospheric conditions and water (Hartono
et al., 2021). Understanding the stabilization behavior
of clay shale is therefore important for improving the
durability and engineering performance of this mate-
rial (Simatupang et al., 2022).

In practical field applications, stabilized soils are ex-
posed to environmental temperatures that may influ-
ence geopolymerization and long-term strength devel-
opment. Moreover, increasing environmental temper-
atures associated with climate change may further af-
fect the performance of chemically stabilized soils.

Indonesia experiences a tropical climate with temper-
atures typically ranging from 25◦C to 40◦C, and an-
nual rainfall of 2700–2900 mm/year. These climatic
conditions can accelerate clay shale degradation in the
field, thereby contributing to slope instability. Improv-
ing the stability of clay shale slopes is therefore an im-
portant geotechnical challenge in many regions of In-
donesia. At the same time, the country produces large
quantities of fly ash as an industrial by-product, which
can potentially be utilized as a precursor material for
geopolymer stabilization. These conditions provide a
strong motivation to explore geopolymer–based stabi-
lization for clay shale. Therefore, this study investi-
gates the effect of temperature on the strength charac-
teristics of geopolymer–stabilized clay shale. The un-
confined compressive strength behavior of stabilized
specimens is evaluated under varying curing tempera-
tures and activator mixture ratios. In addition, stress–
strain behavior and energy dissipation analysis are
used to examine damage evolution mechanisms during
loading. This study clarifies the influence of tempera-
ture on strength development and failure characteris-
tics of geopolymer–stabilized clay shale and identifies
the optimum activator ratio for practical applications.

2 METHODS

Unconfined compressive strength (UCS) test was con-
ducted to determine the compressive strength of the
treated soil specimens under unconfined conditions.
Eight sample groups (Table 1) comprising three spec-
imens were prepared to evaluate the effect of cur-
ing temperature and alkali activator ratio. All spec-
imens were treated with the same activator molar-
ity (i.e., 12M) and curing time (i.e., 7 days). A 12M
NaOH solution was selected as the activator, align-
ing with prior geopolymer-clay studies (e.g., Provis,
2009) and preliminary tests result, which indicated
optimal strength-to-durability performance (Hartono,
Diana and Hendriana, 2023). A curing period of seven
days is considered sufficient for preliminary evaluation
and initial strength assessment (Rivera et al., 2020).
The alkali activator ratio (Na2SiO3:NaOH) was set at
2.0 (Ratio A) and 2.5 (Ratio B). The curing tempera-
tures varied to 26◦C, 40◦C, 50◦C, and 60◦C, with 26◦C
representing room temperature. The specimen cured
at room temperature was used as the control to evalu-
ate the effect of curing temperature. Table 1 presents
detailed information for the experimental design. The
first letter in the sample code represents the alkali ac-
tivator ratio, while the following two numbers indicate
the curing temperature.

2.1 Clay Shale

The soil sample was collected from the cut slope along
the Bawen-Semarang toll road. Figure 1 shows the clay
shale boulder collected from the study site. The spe-
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Table 1. Details of samples treatment

Sample Group Number of Specimen Activator Ratio (Na2SiO3: NaOH) Curing Temperature (◦C)

A26 3 2.0:1 26
A40 3 2.0:1 40
A50 3 2.0:1 50
A60 3 2.0:1 60
B26 3 2.5:1 26
B40 3 2.5:1 40
B50 3 2.5:1 50
B60 3 2.5:1 60

cific gravity of the soil was 2.65. The clay shale com-
prised 7% sand and 93% clay. The liquid limit, plastic
limit, and plasticity index were 58%, 28%, and 29%, re-
spectively. The sample was classified as a high plas-
ticity clay (CH) according to the Unified Soil Classi-
fication System. X–ray diffraction analysis indicated
that the clay shalemineral composition was dominated
by smectite/montmorillonite (34%), with smaller frac-
tions of illite, kaolinite, chlorite, calcite (24%), and
quartz (33%). The maximum dry density and the opti-
mummoisture content (OMC) from the Standard Proc-
tor test were 16.3 kN/m3 and 19%, respectively.

Figure 1. Clay shale from Bawen-Semarang Toll Road.

2.2 Geopolymer

Class F fly ash was used as the precursor for geopoly-
mer synthesis, which contains up to 70% silica, alu-
mina, and ferric, with less than 10% calcium. Fly ash
was collected from coal–fired power plants and is read-
ily available as an industrial by–product that often cre-
ates waste management challenges. Sodium silicate
(Na2SiO3) and sodium hydroxide (NaOH) were used as
alkali activators to promote the geopolymerization re-

action. The sodium hydroxide used in this study was in
a solid flake form, which was later dissolved with liq-
uid sodium silicate. The solution mixture was diluted
withwater to reach amolarity of 12M, as previous stud-
ies have shown that Na2SiO3+NaOHmixtures withmo-
larities of 12–14 M provide superior stabilization per-
formance (Abdullah et al., 2011; Hartono, Diana and
Bahti, 2023).

2.3 Specimen Preparation and Testing

The clay shale boulder was crushed into small frag-
ments and sieved using a 4.75 mm sieve. The dry soil
was mixed with 15% fly ash by total weight and stirred
in the stirring machine. The 15% fly ash content was
selected based on literature recommendations for the
stabilization of high-plastic clay soils, where fly ash
contents between 10% and 20% are consideredmost ef-
fective (Abdullah et al., 2015; Phetchuay et al., 2016;
Zhang et al., 2013). The activator was then poured
gradually into the mixture and stirred until a homoge-
nous slurry was formed. The amount of activator added
was 19% of the total mixture weight. The activator
dosage (19% by weight) matched the untreated soil’s
OMC to ensure sufficient moisture for geopolymeriza-
tion while maintaining workability. The mixtures were
placed into the cylindrical mold with a height of 76
mm and an inner diameter of 38 mm, followed by com-
paction through static pressing to achieve the target
dry density of 16.3 kN/m3.

The specimens were cured for seven days prior to test-
ing under two different curing regimes. The first group
was cured at room temperature (26◦C), under natural
laboratory humidity of 70–85% relative humidity (RH)
and served as the control condition. The second group
was cured in a temperature-controlled oven at 40◦C,
50◦C, and 60◦C, where the RH was approximately 30%
due to moisture reduction at elevated temperatures.
These temperatures were selected to evaluate the ef-
fect of moderate thermal curing on geopolymerization
and strength development, since the range of 40–60◦C
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is widely used to accelerate aluminosilicate dissolution
and early binder formation while avoiding severe dry-
ing damage. The maximum temperature was limited
to 60◦C to reduce the risk of excessive moisture loss,
shrinkage cracking, and strength deterioration. Air cir-
culation fans were used to maintain a uniform temper-
aturewithin the oven chamber. Although humidity was
not actively controlled, both curing environments were
considered representative of practical field conditions.

The UCS test was conducted in accordance with ASTM
D2166. The specimen was axially loaded at a rate of
0.76 mm/min until it reached the maximum load and
failed. The load and deformation were measured us-
ing a load cell and digital dial gauge, respectively, and
were continuously recorded by data logger to construct
the stress and strain curve (Figure 2). The unconfined
compressive strength (qu) was calculated by dividing
the maximum axial load (Fmax) by the area (A) as writ-
ten in Equation 1. The stress-strain properties, such as
brittleness index (IB) and secant modulus (E50), were
calculated from the stress-strain curve. The brittle-
ness indexwas obtained by dividing the deviation of the
maximum stress (qu) and the residual stress (qr) by the
maximum stress (qu) (Equation 2). The IB ranges from
0 (ductile) to 1 (brittle). The secant modulus was de-
fined as the slope of the stress-strain curve between the
initial point and the stress-strain at 50% of the maxi-
mum stress (qu50) along with its corresponding strain
(εu50) (Equation 3).

Figure 2. A typical stress–strain curve and its properties
determination.

qu =
Fmax

A
(1)

IB =
qu − qr

qu
(2)

E50 =
qu50
εu50

(3)

Damage and failure mechanisms during loading were
analyzed using an energy dissipation approach. The
development of cracks and failure planes was evalu-
ated using damage properties (Dp) derived from en-
ergy dissipation assessment, as calculated using Equa-
tion 4. The use of energy dissipation as a reliable indi-
cator of variations in the mechanical properties of the
intact specimen has been previously established (Liu
et al., 2016; Tan et al., 2019). The damage variable is
defined as the ratio of dissipated energy (Ud

x ) to con-
stitutive energy (Ux). The constitutive energy was ob-
tained from the stress–strain curve derived from the
UCS test, while the dissipated energy is defined as the
deviation between constitutive (Ux) and elastic energy
(Ue

x). Elastic energy (Ue
x) was calculated based on axial

stress (qx) and the elastic modulus (Ei). Consequently,
the damage variable represents the proportion of input
energy irreversibly dissipated during deformation, and
a higherDp value indicates a greater degree of internal
damage and progressive specimen deterioration during
loading.

Dp =
Ud
x

Ux
=

Ux − Ue
x

Ux
=

Ux −
(

q2x
2Ei

)
Ux

(4)

The Dp value also measures the level of internal dam-
age in a specimen under applied stress. A higher Dp

value indicates lower overall strength, as increased
damage corresponds to lower ultimate strengths and
higher vulnerability to structural failure (Bian et al.,
2019; Wang et al., 2021). Moreover, elevated Dp val-
ues are associated with a more brittle response, char-
acterized by reduced capacity for plastic deformation.
Consequently, such brittleness can lead to sudden fail-
ure without clear precursory signs, such as extensive
yielding. Conversely, a low Dp value signifies a spec-
imen possessing greater strength, reflecting stronger
resistance to damage and a greater capacity to sustain
higher loads. These specimens can absorb impact en-
ergies while maintaining structural stability with fewer
internal defects.

3 RESULTS AND DISCUSSION

3.1 Stress–Strain Behavior and Unconfined Com-
pressive Strength

The stress–strain response of the untreated clay shale
reveals its mechanical characteristics, including peak
strength, stiffness, andpost-failure behavior (Figure 3).
Initially, the stress increased linearly with the strain,
reaching a maximum stress of about 0.72 MPa. The
peak stress occured at a relatively early strain condi-
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tion of less than 5%, followed by a residual stress that
persisted with 20% strain. On average, the maximum
stress (qu) of the untreated clay shale was 0.72 MPa,
at 3.38% strain. The average secant modulus of elas-
ticity (E50) and brittleness index (IB) were 21.85 MPa
and 0.77, respectively. The IB value indicated that
the sample tended to behave brittle rather than duc-
tile. Moreover, intergranular bonds may weaken as the
material undergoes stress, contributing to microcracks
and fissures within the specimen. This condition re-
sulted in additional friction and resistance, providing
additional residual strength. After the failure, microc-
racks or fractures within the specimen may propagate,
forming smaller fragments. These smaller fragments
increased the contact surface, creating interlocking ef-
fects (Kaiser and Kim, 2015). Statistical analysis of
triplicate samples demonstrated good repeatability of
the stress–strain response, with coefficients of varia-
tion (CoV) for unconfined compressive strength con-
sistently below 12%, indicating that the experimental
results are reliable and robust.

Figure 3. The stress–strain curve of the untreated clay
shale.

Geopolymer stabilization modified the stress–strain
behavior of clay shale by producing a stronger yet more
brittle mechanical response (Figure 4). Each speci-
men showed no notable difference in behavior within
its sample group, indicating consistent mechanical re-
sponses. Compared with the untreated condition, the
stabilized samples exhibitedmore brittle behavior (Fig-
ure 5 and Figure 6). The increasing brittleness in-
dex (IB) supported this behavior, reflecting the rapid
stress drop after specimen failure. All samples dis-
played a sharp post-failure stress drop with minimal
residual stress. This phenomenon stems from soil–
geopolymer gel bonding, driven by geopolymerization
reactions. Covalent bonds are established between sil-
ica and alumina within the geopolymer gel, creating a
robust three-dimensional network. As the geopolymer
bonds with soil particles, it encapsulates them within

the binder matrix, enhancing cohesion and reducing
susceptibility to disintegration. This process increases
the compressive strength of the stabilized soil. Due
to the homogeneous, well–bonded structure, stabilized
samples exhibited negligible residual stress upon fail-
ure, as the material undergoes more uniform deforma-
tion with limited internal particle rearrangement after
failure. The increasing IB (Figure 5) confirms the tran-
sition to brittle behavior, with stabilized specimens ex-
hibiting sharp post-failure stress drops and minimal
residual stress, consistent with strong geopolymer-soil
bonding (Zhang et al., 2020).

The progression of IB with curing temperature indi-
cates a significant mechanical trade-off (Figure 5). IB
markedly increased with temperature for both activa-
tor ratios, indicating a shift toward more brittle fail-
ure characteristics. This behavior results from accel-
erated geopolymerization, which creates a stiff, ce-
mented microstructure that provides high strength but
tends to fail in a more catastrophic manner. Mixtures
with Ratio B consistently exhibited a higher brittle-
ness index than those with Ratio A, reflecting their
role in producing a stiffer and more strongly cemented
matrix. Consequently, maximizing strength through
high-temperature curing and the use of Ratio B si-
multaneously increases the brittleness of the stabilized
material.

The secant modulus (E50) increases with curing tem-
perature and activator ratio, reflecting the progres-
sive stiffening of the geopolymer–stabilized clay shale.
A strong positive correlation was observed between
curing temperature and E50 for both activator ratios
(Figure 6). This trend results from the accelerated
geopolymerization reaction kinetics at higher temper-
atures, which promote the formation of a denser mi-
crostructure and a more rigid soil–geopolymer com-
posite. Moreover, mixes with Ratio B consistently ex-
hibited higherE50 values across all temperature condi-
tions compared with those with Ratio A. This behavior
indicates that the higher silicate concentration in Ratio
B facilitates the development of amore robust geopoly-
mer gel structure.

3.2 Effect of Temperature and Alkali Activator Ratio
on the Unconfined Compressive Strength

Geopolymer stabilization increases the unconfined
compressive strength (qu) of the clay shale, with
strength strongly influenced by curing temperature and
activator ratio (Figure 7). The lowest improvement was
observed in sample A26, where qu reached 2.70 MPa,
equivalent to 3.75 times the strength of the untreated
clay shale. The highest strength was obtained when
the clay shale was stabilized using an activator with a
Na2SiO3:NaOH ratio of 2.5 (Ratio B) and cured at 60◦C
(sample B60), producing an average qu of 11.49 MPa,
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 4. The stress-strain curve of sample (a) A26, (b) A40, (c) A50, (d) A60, (e) B26, (f) B40, (g) B50, and (h) B60.
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Figure 5. The average of the Brittleness Index.

Figure 6. The Secant Modulus.

or 15.95 times that of the untreated sample. Although
samples prepared with Ratio A and Ratio B generally
exhibited similar trends with increasing curing tem-
perature, Ratio B consistently yielded higher strength
values. At a 50◦C curing temperature, the difference
in UCS between Ratios A and B was relatively small,
whereas at other temperatures, Ratio B performed bet-
ter. The average peak stress for samples A26, A40,
A50, and A60 was 2.67 MPa, 6.32 MPa, 8.79 MPa, and
9.28 MPa, respectively. In comparison, specimens B26,
B40, B50, and B60 reached average peak stresses of 3.94
MPa, 7.37 MPa, 8.86 MPa, and 11.49 MPa, respectively.

The effectiveness of geopolymer stabilization depends
not only on curing temperature but also on the avail-
ability of reactive alumina and silica supplied by the
activator system. The present results demonstrate that
geopolymer treatment enhanced the unconfined com-
pressive strength of the clay shale, while elevated cur-

Figure 7. The UCS from each test of samples with different
alkali activator ratio and curing.

ing temperature accelerated the geopolymerization re-
action. However, if the required quantities of alumina
and silica are insufficient, the resulting strength im-
provement may not reach its optimum potential. The
activator plays a crucial role in dissolving alumina and
silica from fly ash (precursor). In activators with Ra-
tio A, the amount of soluble aluminosilicate may be in-
sufficient to sustain the increasingly rapid reaction rate
at higher curing temperatures. To address this limita-
tion, adjustments can be made not only to the quan-
tity but also to the composition ratio of the activator.
Samples with Ratio B exhibited superior performance
when cured at room temperature (26◦C) and elevated
temperature (60◦C), which can be attributed to the ad-
dition of soluble silicate Na2SiO3 in the activator. The
higher amount of silica enhances the effectiveness of
Si–O–Si bonds, which tend to be stronger than Si–O–
Al and Al–O–Al bonds (Kaiser and Kim, 2015).

3.3 The Damage Properties

Damage analysis provides micromechanical insight
into the failure behavior of geopolymer-stabilized
specimens by linking energy dissipation with the ob-
served stress–strain response (Figure 8). The solid line
represents the stress–strain curve obtained from the
UCS test, while the dashed line represents the damage–
strain curve calculated using Equation (4). The dam-
age property (Dp) effectively quantifies the samples’
gradual energy dissipation and internal degradation.
Higher curing temperatures shift the failure point to-
ward greater dissipated energy at larger strain values.
Test results also indicated the development of a wider
elastic zone during initial loading stage at elevated
temperatures, suggesting a more extended process of
pore and crack compaction. However, higher curing
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temperatures may also promote excessive pore forma-
tion, likely caused by accelerated water evaporation
during curing, which can increase material porosity
(Duxson and Provis, 2008; Odeh and Al-Rkaby, 2022;
Provis, 2018). This issue could be mitigated by ex-
tending the curing duration, allowing more time for
geopolymer gel formation and enabling the gel to fill
existing pores within the soil matrix.

The evolution of the damage property (Dp) further clar-
ifies the influence of curing temperature and activa-
tor composition on the failure behavior of the stabi-
lized specimens. The samples cured at 60◦C swiftly
reached a damage state of Dp=1 at low strains, cor-
roborating their brittle characteristics as indicated by
a high IB . Conversely, samples cured at ambient tem-
perature exhibited a more progressive increase in Dp,
signifying an enhanced ability for plastic deformation
and energy absorption before total failure. Moreover,
the more pronounced post-peak Dp gradient in Ratio
B samples relative to Ratio A at comparable temper-
atures offered a damage-oriented rationale for its el-
evated brittleness index. These findings indicate that
intensified geopolymerization driven by elevated tem-
perature and alkali concentration produces a dense and
strong microstructure that, while mechanically robust,
is more susceptible to rapid and catastrophic damage
propagation.

Activator composition plays a critical role in con-
trolling the ductility and failure characteristics of
geopolymer–stabilized clay shale. Specimens prepared
with Ratio A failed at higher strains than those pre-
pared with Ratio B, indicating a more ductile response.
This behavior likely reflects the formation of a less rigid
geopolymermatrix, which permitted greater plastic de-
formation and may be beneficial for applications re-
quiring energy absorption and resilience. By contrast,
specimens prepared with Ratio B developed a denser
and stiffer geopolymer framework, resulting in higher
strength but lower ductility. Their failure at lower
strains therefore indicates a more brittle mechanical
response. This stiffer matrix may be associated with
enhanced formation of sodium aluminosilicate hydrate
(N–A–S–H) gel, which improves microstructural conti-
nuity and promotes polymerization when the sodium
silicate content is increased (Lv et al., 2021). In ad-
dition, increased curing temperatures can reduce pore
volume and promote the formation of an amorphous
porous network due to accelerated geopolymerization
(Wang et al., 2013). The modulus of sodium silicate
also significantly influences the density and porosity of
the geopolymer structure, where an optimal modulus
promotes more complete alkali activation and the for-
mation of a denser matrix (Adhikari et al., 2020; Gao
et al., 2021; Morsy et al., 2014). Further investiga-
tion into the Si/Al and Na/Al molar ratios could provide
deeper insights into the microstructural evolution and
macroscopic mechanical properties of the geopolymer,

as these ratios significantly impact the polymerization
efficiency and network density (Wang et al., 2021).

The test result showed that all treated soils’ uncon-
fined compressive strength (qu) increased significantly
depending on the curing temperature. Samples cured
at 26◦C (room ambient) exhibited increases of approx-
imately 3.45 times (Ratio A) and 2.78 times (Ratio B)
when the curing temperature was raised from 26◦C to
60◦C. Such dependence of peak qu on curing tempera-
ture can be attributed to a faster chemical reaction be-
tween the aluminosilicate materials and activators at
a higher temperature. Hence, the reaction leads to a
more rapid formation of geopolymer bonds. This ac-
celerated reaction contributes to the early strength de-
velopment of geopolymers (Aredes et al., 2015).

Increasing the alkali activator ratio further influences
strength development, although its effectiveness de-
pends on curing temperature and reaction kinetics.
Raising the Na2SiO3:NaOH ratio to 2.5 resulted in qu
increases of 1.54, 1.17, 1.01, and 1.23 times compared
with samples prepared with a ratio of 2.0 at curing tem-
peratures of 26◦C, 40◦C, 50◦C, and 60◦C, respectively.
However, the effectiveness of increasing the amount
of Na2SiO3 in the activator did not show a consistent
result. At 50◦C, for instance, no significant strength
improvement was observed. This condition may indi-
cate silica deficiency under highly accelerated reaction
kinetics at elevated temperatures. As a result, a less
stable, alumina–rich geopolymer gel forms and poten-
tially entraps unreacted fly ash particles, limiting fur-
ther strength development (Sarkar and Routray, 2018).
Previous studies stated that the aluminosilicate gel for-
mation depends on the soluble silica concentration in
the activator and the alkalinity (amount of NaOH),
which affects the degree of polymerization (Abdullah
et al., 2020). In this process, hydroxide ions (OH–) cat-
alyze the dissolution of aluminosilicate species, while
the alkaline metal cations contribute to structural for-
mation by balancing the negative charge of tetrahedral
aluminum within the geopolymer framework (Duxson
et al., 2007).

Sensitivity analysis showed that temperature had a
more substantial impact on the UCS than the alkali ac-
tivator ratio, where a 10◦C temperature increase led
to an average 40–60% strength gain, whereas increas-
ing the alkali activator ratio from 2.0 to 2.5 caused a
15–20% rise. Although this study was conducted us-
ing clay shale from Indonesia, the results are relevant
to regions experiencing high ambient temperatures,
such as the Middle East, South Asia, and other arid
zones where ground temperatures may approach 50◦C.
The ability of fly ash–based geopolymer stabilization
to maintain and even enhance strength under elevated
curing temperatures up to 60◦C suggests its potential
as a scalable solution for stabilizing clay–rich soils in
climates subject to thermal extremes. While the re-
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Figure 8. Damage Properties of sample (a) A26-1, (b) B26-1, (c) A40-1, (d) B40-1, (e) A50-1, (f) B50-1, (g) A60-1, and (h) B60-1.
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sults are based on a 7–day curing period in a controlled
laboratory setting, they provide important insight into
the temperature-dependent behaviour of geopolymer–
stabilized clay shale. This curing duration represents a
meaningful indicator of short–term strength develop-
ment, which is particularly relevant for projects requir-
ing rapid soil stabilization. Nevertheless, it does not
adequately reflect the enduring strength and resilience
necessary for permanent infrastructure. The 7–day re-
sults may underestimate the final strength due to the
continued geopolymerization process. Consequently,
subsequent research should concentrate on long-term
efficacy (28–90 days), resilience against environmental
fluctuations, and verification via field trials to ascertain
this sustainable stabilization technique’s practical fea-
sibility and scalability.

4 CONCLUSION

This study investigated the unconfined compressive
strength (UCS, qu) and damage properties (Dp) of clay
shale stabilized with fly ash–based geopolymer un-
der different curing temperatures and alkali activator
ratios. The results demonstrated that elevated cur-
ing temperature increased the unconfined compres-
sive strength of the stabilized soil by accelerating
the geopolymerization reaction between fly ash and
the alkali activator and promoting the formation of
sodium aluminosilicate hydrate gel. Nevertheless, ac-
tivator composition also had a pronounced influence
on strength development. Specimens prepared with
Ratio B (Na2SiO3:NaOH = 2.5) showed greater strength
enhancement due to the higher silica availability pro-
vided by Na2SiO3. In contrast, specimens prepared
with Ratio A (Na2SiO3:NaOH = 2.0) exhibited a stag-
nation in strength development at curing temperatures
of 50◦C and above. This trend may be attributed to an
imbalance in geopolymerization under silica–deficient
conditions at highly accelerated reaction rates, leading
to the formation of a less stable alumina–rich geopoly-
mer gel and the entrapment of unreacted fly ash parti-
cles, which ultimately limited further strength gain.

All test results consistently showed an expanding elas-
tic zone at the initial loading stage as curing tem-
perature increases. This behavior is attributed to the
higher initial stiffness of the sodium–aluminosilicate–
hydrate gel structure. In addition, specimens treated
with Ratio A reached failure at higher strain levels
than those treated with Ratio B, indicating a more duc-
tile mechanical response. This difference likely re-
sults from the less rigid geopolymer matrix formed
with Ratio A, which allows greater plastic deforma-
tion. These findings contribute to the advancement
of sustainable soil stabilization by providing new in-
sights into the temperature-dependent behavior of
geopolymer–stabilized clay shale. Nevertheless, this
study has several limitations, including controlled lab-

oratory conditions and a relatively short curing period,
which may not fully represent field conditions. Future
research should focus on long–term durability under
environmental exposure, field–scale implementation,
microstructural characterization, and the development
of low–alkali activators to improve the sustainability
and cost–effectiveness of this stabilization method. By
enhancing the understanding of geopolymer–soil in-
teractions, this study supports the adoption of environ-
mentally friendly alternatives to conventional cement-
based stabilization in geotechnical engineering.
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