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Abstract 
The development of sustainable cement alternatives has intensified interest in alkali-activated binders formulated 
from abundant clay minerals. In this study, a clay-based geopolymer binder was synthesized and optimized by 
investigating the combined influence of activated clay loading (10-100 g), bauxite loading (0-150 g), alkaline activator 
dosage (0-3 g), and curing temperature (90-150 °C) on its setting time and compressive strength. A Central Composite 
Design (CCD) under Response Surface Methodology (RSM) was employed to model the responses and determine 
optimal processing conditions. The experimental results revealed that both responses were significantly influenced by 
the synergy between the activator dosage and raw material loading. Increasing activated clay and bauxite content 
accelerated geopolymerization, leading to shortened setting time, whereas excessive activator addition resulted in 
delayed matrix hardening due to excess soluble silicate–aluminate species. Compressive strength increased with 
increasing precursor loading up to a threshold level, beyond which incomplete dissolution restricted polycondensation. 
Regression analysis demonstrated excellent agreement between predicted and experimental values, with no 
transformation required, as confirmed by Box–Cox analysis. The normality and independence of residuals were verified 
through residual plots against predicted values and experimental runs. Optimization using a desirability function 
achieved a setting time of 6 h and compressive strength of 40.44 MPa at optimal conditions of activated clay (55 g), 
bauxite (75 g), activator dosage (1.5 g), and curing temperature (120 °C), with a global desirability of 1.000. These 
results confirm RSM as an effective statistical tool for tailoring the performance of clay-based geopolymers, offering a 
promising pathway for developing high-strength, fast-setting, sustainable binders. 
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1.  Introduction 
Oil-well cementing plays a vital role in 

drilling and well completion. It ensures zonal 
isolation, supports the casing, and maintains 
long-term wellbore stability [1-3]. To perform 
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effectively, the cement must withstand extreme 
downhole conditions such as high temperatures, 
high pressures, corrosive fluids, and repeated 
stress cycles. Because of this, the American 
Petroleum Institute (API) sets strict requirements 
for properties like setting time, compressive 
strength, rheology, and durability [4-6]. Ordinary 
Portland cement (OPC) has long been the 
standard material for oil-well cementing. 
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However, its performance can decline under 
harsh downhole conditions. At high 
temperatures, its hydration products begin to 
degrade, leading to a loss of strength, increased 
permeability, and potential failure of zonal 
isolation [7]. OPC is also vulnerable to chemical 
attacks from sulfates, CO2, and aggressive 
formation fluids. Beyond technical limitations, 
OPC production is energy-intensive and 
contributes significantly to global CO2 emissions, 
increasing the demand for more sustainable 
alternatives [8-10]. 

Geopolymer cement has emerged as a 
promising substitute. Produced through the 
alkaline activation of aluminosilicate materials, 
geopolymers offer high strength, faster setting, 
improved thermal stability, and strong resistance 
to chemical attack [11-13]. Their low calcium 
content enhances performance at elevated 
temperatures, making them better suited for deep 
and high-temperature wells. In addition, 
geopolymer production generates considerably 
lower CO2 emissions compared to OPC. Among 
these alternatives, clay-based geopolymers 
(CBG), especially those derived from calcined 
clays, are particularly attractive due to their 
abundance, affordability, and consistent 
composition. When combined with materials such 
as bauxite or agricultural ashes, they can be 
engineered to meet the strength and durability 
requirements of oil-well applications [9,13,14]. 
However, their performance depends on several 
interacting factors, including precursor content, 
activator concentration, and curing temperature. 
Traditional trial-and-error methods are 
insufficient to understand these interactions 
fully. Response Surface Methodology (RSM) offers 
a systematic and efficient way to model these 
variables and determine optimal conditions. 
While widely used in materials research, it has 
been less explored for CBG designed specifically 
for oil-well cementing [15,16]. 

Despite these advancements, significant 
research gaps remain [17]. Most previous studies 
have focused on evaluating geopolymer 
formulations using conventional experimental 
approaches that investigate individual factors 
independently, thereby providing limited 
understanding of the interactive effects among 
clay loading, bauxite content, alkaline activator 
concentration, and curing temperature. 
Moreover, although Response Surface 
Methodology (RSM) has been successfully applied 
in various materials optimization studies, its 
application to clay-based geopolymer systems 
specifically developed for oil-well cementing 
remains limited [18,19]. Consequently, there is 
still a lack of statistically validated predictive 
models capable of optimizing multiple 
formulation variables simultaneously to satisfy 

the stringent performance requirements of oil-
well cement. The novelty of this study lies in the 
development of an optimized clay–bauxite 
geopolymer cement specifically designed for oil-
well applications through the integration of RSM-
based modelling and optimization [19]. In 
addition to identifying the optimum formulation, 
this study establishes predictive mathematical 
models that quantify the interactions between 
critical processing variables and their influence on 
setting time and compressive strength [20]. These 
findings provide new scientific knowledge for 
designing high-performance, low-carbon 
geopolymer cement systems suitable for harsh 
downhole environments and offer a practical 
optimization framework that extends beyond 
previous studies. 

This study, therefore, aims to optimize CBG 
cement for oil-well applications using RSM. It 
investigates the effects of clay loading, bauxite 
content, activator concentration, and curing 
temperature on setting time and compressive 
strength, develops predictive models, and 
identifies the optimal formulation suitable for 
downhole conditions. Through this approach, the 
research contributes to the development of high-
performance, low-carbon alternatives to 
conventional oil-well cement. 

 
2. Materials and Methods 

The selection of the experimental variables 
was based on their well-established influence on 
the geopolymerization process and the 
engineering performance of geopolymer binders 
reported in previous studies [19-21]. Activated 
clay loading, bauxite loading, alkaline activator 
loading, and curing temperature were therefore 
selected as the independent variables because 
they directly control the dissolution of 
aluminosilicate species, geopolymer gel 
formation, reaction kinetics, and microstructural 
development of the geopolymer matrix. Variations 
in activated clay and bauxite loadings determine 
the availability and balance of reactive silica and 
alumina necessary for geopolymer network 
formation, while the alkaline activator loading 
governs the extent of precursor dissolution and 
polymerization [21]. Likewise, curing 
temperature significantly affects the rate of 
geopolymerization and the degree of matrix 
densification. These factors collectively influence 
the final engineering properties of the geopolymer 
[22]. Consequently, compressive strength and 
setting time were selected as the dependent 
variables because they represent the primary 
performance indicators for evaluating the 
suitability of geopolymer cement in oil-well 
cementing applications. Compressive strength 
reflects the load-bearing capacity and structural 
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Oxide (%) SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 TiO2 P2O5 

KRC 23.1 40.8 1.71 2.02 2.08 2.21 2.22 1.06 1.22 1.01 
EFBA 20.1 1.70 2.12 0.9 1.20 2.05 43.9 1.45 1.84 - 

Bauxite 6.21 21.3 1.16 2.76 1.80 - 3.15 - 0.78 - 

integrity of the hardened cement, whereas setting 
time determines its placement characteristics and 
operational feasibility during well cementing 
[22,23]. Therefore, the dependent variables are 
direct responses to changes in the selected 
independent variables, making them appropriate 
response parameters for optimization using RSM. 

 
2.1 Materials and Clay Precursor 

The primary aluminosilicate precursor used 
in this study was natural clay collected from the 
Kuala Rompin region in Pahang, Malaysia. Kuala 
Rompin Clay (KRC) is geologically associated 
with tropical residual soil formations, 
predominantly composed of kaolinite with minor 
quantities of quartz, hematite, and feldspar. The 
clay deposit is characterized by fine-grained 
particles formed through prolonged weathering of 
silicate-rich parent rock, making it suitable for 
geopolymer synthesis due to its high alumina and 
silica content and structural reactivity upon 
calcination. 

 
2.2. Pre-Treatment of Raw Clay 

The primary aluminosilicate precursor used 
in this study was natural clay collected from the 
Kuala Rompin region in Pahang, Malaysia. KRC 
is geologically associated with tropical residual 
soil formations, predominantly composed of 
kaolinite with minor quantities of quartz, 
hematite, and feldspar. The clay deposit is 
characterized by fine-grained particles formed 
through prolonged weathering of silicate-rich 
parent rock, making it suitable for geopolymer 
synthesis due to its high alumina and silica 
content and structural reactivity upon 
calcination. 

 
2.3. Calcination Procedures  

To transform the raw clay into a reactive 
metakaolinized precursor, controlled thermal 
activation was performed using a muffle furnace. 
The clay powder was heated at a rate of 10 °C/min 
to a peak temperature of 1200 °C and maintained 
for 2 hours [22]. This temperature range was 
selected based on dehydroxylation thresholds for 
kaolinitic clays, ensuring the breakdown of 
structural hydroxyl groups while avoiding the 
formation of spinel or mullite phases that reduce 
reactivity. The calcined material (metakaolinized 

KRC) was then cooled in a desiccator to prevent 
moisture uptake. 

 
2.4. Preparation and Aging  

The NaOH solution was prepared 24 hours 
before mixing to ensure complete dissolution and 
thermal stabilization. It was then combined with 
the sodium silicate solution at predetermined 
ratios based on the RSM design. The activator 
mixture was allowed to equilibrate at room 
temperature for at least one hour before 
geopolymer synthesis to ensure consistent 
viscosity and chemical activity. Bauxite and 
Empty Fruit Bunch Ash (EFBA) were used as 
supplementary aluminosilicate sources in the 
geopolymer formulation. Bauxite, rich in Al2O3 
(over 45% as confirmed by XRF; see Table 1), 
provided additional alumina to enhance network 
formation, while EFBA, an agricultural by-
product from the palm oil industry, supplied 
amorphous silica, as evidenced by XRD analysis. 
Their inclusion served to optimize the silica–
alumina ratio, improve geopolymer gel formation 
and mechanical strength, enhance thermal 
stability for oil-well applications, and promote 
sustainability through the use of locally available 
waste materials. 

 
2.5. Design of Experimental  
2.5.1. Response Surface Methodology (RSM) 
framework 

RSM was employed to evaluate the effects of 
multiple interacting factors on the performance of 
CBG and to determine the optimum conditions for 
oil-well cementing applications [22,23]. A Box–
Behnken Design (BBD) was adopted due to its 
efficiency, reduced number of experimental trials, 
and suitability for quadratic surface modeling, 
without requiring extreme (high or low) factor-
level combinations, as seen in Table 2. BBD is 
particularly advantageous for materials research 
where extreme values of factors, such as 
excessively high alkali concentration or 
temperature, may lead to impractical or unsafe 
conditions that distort true material behavior. 
Alternatively, Central Composite Design (CCD) is 
commonly used in optimization studies; however, 
CCD generally requires more factorial points and 
includes axial points that may fall outside the 
practical ranges of geopolymer processing 

Table 1. XRF results showing the chemical composition of KRC, EFBA, and Bauxite by wt%. 
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Std Run 

Factor 1 Factor 2 Factor 3 Factor 4 Response 1 Response 2 
Activated Clay 

Loading 
Bauxite 
Loading 

Alkaline Activator 
Loading Temperature Compressive 

strength Setting time 

g g g oC Mpa Hour 
11 1 10 75 1.5 150 39.7 5.00 
1 2 10 0 1.5 120 33.5 8.00 
22 3 55 150 1.5 90 39.8 6.00 
24 4 55 150 1.5 150 45.5 3.00 
13 5 55 0 0 120 32.0 8.00 
20 6 100 75 3 120 48.8 3.00 
23 7 55 0 1.5 150 40.6 5.00 
18 8 100 75 0 120 38.6 6.00 
29 9 55 75 1.5 120 40.0 6.00 
28 10 55 75 1.5 120 40.2 6.00 
15 11 55 0 3 120 42.8 5.00 
3 12 10 150 1.5 120 39.0 6.00 
10 13 100 75 1.5 90 40.6 6.00 
6 14 55 75 3 90 42.5 5.00 
2 15 100 0 1.5 120 41.2 6.00 
5 16 55 75 0 90 31.5 8.00 
14 17 55 150 0 120 38.8 6.00 
17 18 10 75 0 120 32.0 8.00 
19 19 10 75 3 120 41.6 5.00 
27 20 55 75 1.5 120 40.8 6.00 
12 21 100 75 1.5 150 46.6 3.00 
9 22 10 75 1.5 90 36.5 7.00 
21 23 55 0 1.5 90 34.8 8.00 
25 24 55 75 1.5 120 40.4 6.00 
8 25 55 75 3 150 47.9 2.00 
7 26 55 75 0 150 37.2 5.00 
4 27 100 150 1.5 120 46.9 4.00 
16 28 55 150 3 120 48.2 3.00 
26 29 55 75 1.5 120 40.8 6.00 

variables. Since the goal of this study was to 
capture curvature effects while maintaining 
experimental feasibility, BBD was selected as the 
optimal design strategy [22-24]. The RSM 
framework enabled the development of predictive 
regression equations, analysis of factor 
significance using analysis of variance (ANOVA), 
and generation of contour and response surface 
plots to visualize interactions among key process 
variables. 

 
3. Results and Discussion 

The mechanical and rheological performance 
of the CBG cement was strongly influenced by the 
interplay among precursor composition, alkaline 
activator concentration, and curing temperature. 
The RSM-based experimental design produced 
compressive strengths ranging from 31.5 to 48.8 
MPa and setting times between 2 and 8 hours, 
demonstrating a wide variability that reflects the 
sensitivity of the geopolymer system to changes in 
mix parameters. Importantly, many formulations 
surpassed the API-recommended compressive 
strength for oil-well cementing (35 MPa), 

illustrating the viability of clay-based 
geopolymers for high-temperature downhole 
applications. 

 
3.1. Analysis and Discussion of the Contour Plot 
of Compressive Strength as Influenced by 
Activated Clay Loading (A) and Temperature (D).  

The RSM results in Figure 1 (a–d) clearly 
show that compressive strength optimization is 
controlled by the combined effects of activated 
clay loading (A), bauxite loading (B), alkaline 
activator loading (C), and curing temperature (D). 
Figure 1 (a) indicates that compressive strength 
increases markedly with increasing alkaline 
activator loading, confirming that C is the most 
influential parameter due to its role in enhancing 
aluminosilicate dissolution and geopolymer gel 
formation [24-25]. High bauxite content alone is 
insufficient at low activator levels, highlighting 
the need for adequate activation of solid 
precursors. Figure 1 (b) shows that simultaneous 
increases in activated clay and bauxite lead to a 
steady, near-linear increase in strength at 
constant activator dosage and temperature. 

Table 2. Illustration of all the factors, responses of compressive strength, and setting time. 
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Activated clay provides the primary reactive 
silica–alumina framework, while bauxite supplies 
additional alumina to optimize the Al/Si ratio. 
Figure 1(c) further confirms the dominance of 
alkaline activator loading, as strength increases 
more sharply along the activator axis than along 
the clay axis, indicating that sufficient activator is 
required to realize the reactive potential of 
activated clay fully [25]. Figure 1 (d) demonstrates 
that a higher curing temperature, combined with 
an increased activated clay content, enhances 
compressive strength by accelerating 
geopolymerization kinetics and matrix 
densification. The optimum compressive strength 
is achieved at high alkaline activator loading, 
high activated clay content, moderate-to-high 
bauxite loading, and elevated curing temperature. 
These results confirm that all parameters 
contribute to strength development, with 
activator loading as the key controlling factor, 
supporting the research objective of producing a 
high-strength geopolymer suitable for oil-well 
cementing applications [25,26]. 

 

3.2. Analysis and Discussion of the Predicted vs. 
Actual Plot for Compressive Strength. 

Figure 2 (a–d) presents the optimization and 
validation results for compressive strength using 
RSM. Figure 2 (a) shows the 3D surface plot of 
alkaline activator loading (C) and curing 
temperature (D) at fixed activated clay (A = 55 g) 
and bauxite loading (B = 75 g). Compressive 
strength increases with both higher activator 
dosage and elevated curing temperature, 
confirming their combined role in enhancing 
aluminosilicate dissolution, reaction kinetics, and 
geopolymer gel development [27,28]. Figure 2 (b) 
compares predicted and experimental 
compressive strength values. The close clustering 
of data points along the 45° reference line 
indicates excellent agreement between predicted 
and actual responses, confirming the robustness 
and predictive accuracy of the developed model. 
Figure 2 (c) presents the numerical optimization 
results based on the desirability function. The 
optimal conditions were identified as activated 
clay loading of 55 g, bauxite loading of 75 g, 
alkaline activator loading of 1.5 g, and curing 

Figure 1. Response surface and contour plots illustrate the effects of activated clay, bauxite, alkaline 
activator, and curing temperature on compressive strength optimization. 
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temperature of 120 °C, yielding a predicted 
compressive strength of approximately 40.4 MPa 
with a desirability value of 1.0. This confirms that 
the selected factor combination satisfies the 
optimization criteria. Figure 2 (d) shows the 
overlay plot, where the highlighted region 
represents the feasible design space meeting the 
target compressive strength requirements 
[28,29]. The location of the optimal point within 
this region demonstrates a stable and well-
defined operating window. These results confirm 
that compressive strength optimization is 
primarily controlled by alkaline activator loading 
and curing temperature, with activated clay and 
bauxite providing the necessary reactive 
framework. The strong agreement between model 
predictions and experimental data validates the 
suitability of the optimized mix design for oil-well 
cementing applications. The empirical 
mathematical model for compressive strength is 
as follow: 
 
𝑌𝑌𝑐𝑐𝑐𝑐 = +39.04− 0.0750𝐴𝐴 − 1.93𝐵𝐵 − 0.1500𝐶𝐶 −
0.3417𝐷𝐷 + 2.29𝐴𝐴𝐴𝐴+ 0.0125𝐴𝐴𝐴𝐴 + 0.7250𝐴𝐴𝐴𝐴−
0.4125𝐵𝐵𝐵𝐵 + 0.9750𝐵𝐵𝐵𝐵 + 0.9500𝐶𝐶𝐶𝐶 + 0.8004𝐴𝐴2 +
1.23𝐵𝐵2 + 0.1379𝐶𝐶2 − 0.6371𝐷𝐷2   (1) 

where A is activated clay loading (g), B is bauxite 
loading (g), C is alkaline activator loading (g), D is 
curing temperature (°C), and Ycs is predicted 
compressive strength (MPa). 
 
3.3. Analysis and Discussion of the Contour Plot 
of Setting Time as Influenced by Activated Clay 
Loading (A) and Temperature (D) 

Figure 3 (a–d) presents the response surface 
and contour plot analyses for setting time 
optimization of the geopolymer system. Figure 3 
(a) illustrates the combined influence of activated 
clay loading (A) and bauxite loading (B) on setting 
time at fixed alkaline activator loading (C = 1.5 g) 
and curing temperature (D = 120 °C). Setting time 
increases gradually with increasing contents of 
both solid precursors, indicating that higher solid 
loadings slow down the setting process due to 
increased solid–liquid interactions and reduced 
effective activator availability [30,31]. The 
corresponding contour plot in Figure 3 (b) 
confirms this trend, showing longer setting times 
at higher levels of activated clay and bauxite. The 
smooth and nearly parallel contour lines indicate 
a predominantly linear response, suggesting 
limited interaction between A and B within the 

Figure 2. Optimization and validation of compressive strength using RSM. 
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studied range. Figure 3 (c) shows the 3D surface 
of activated clay loading (A) and alkaline activator 
loading (C) at constant bauxite content (75 g) and 
curing temperature (120 °C). Increasing alkaline 
activator loading significantly reduces setting 
time, reflecting accelerated dissolution and faster 
geopolymer gel formation. While higher activated 
clay content tends to increase setting time, its 
effect is moderated when sufficient activator is 
present. Figure 3 (d), the contour plot of activated 
clay loading (A) versus alkaline activator loading 
(C), further highlights that short setting times are 
achieved at higher activator dosages and lower 
clay contents. The diagonal contour pattern 
confirms the dominant role of alkaline activator 
loading in controlling setting kinetics [32-34]. The 
RSM analysis demonstrates that setting time is 
primarily controlled by alkaline activator loading, 
with activated clay and bauxite contents exerting 
secondary, retarding effects, while curing 
temperature (120 °C) provides a constant thermal 
environment that supports stable and predictable 
setting behavior. These findings support the 
optimization of setting time alongside 
compressive strength for practical oil-well 
cementing applications [35-37]. 

3.4. Analysis and Discussion of the Predicted vs. 
Actual Plot for Setting Time. 

Figure 4 (a–d) presents the optimization and 
validation results for setting time using RSM. 
Figure 4 (a) shows the 3D response surface of 
bauxite loading (B) and curing temperature (D) at 
fixed activated clay loading (A = 55 g) and alkaline 
activator loading (C = 1.5 g). Setting time 
increases by increasing bauxite content and 
curing temperature, indicating that higher solid 
loading and thermal exposure tend to slow the 
setting process by moderating reaction kinetics 
and delaying structural buildup. Figure 4 (b) 
compares predicted and experimental setting time 
values. The close alignment of data points along 
the 45° line demonstrates excellent agreement 
between predicted and actual responses, 
confirming the adequacy and reliability of the 
developed model for setting time prediction [38-
40]. Figure 4 (c) presents numerical optimization 
results based on the desirability function. The 
optimal conditions were identified as activated 
clay loading of 55 g, bauxite loading of 75 g, 
alkaline activator loading of 1.5 g, and curing 
temperature of 120 °C, yielding a predicted 

Figure 3. Response surface and contour plots illustrating the effects of activated clay, bauxite, alkaline 
activator, and curing temperature on optimizing setting time. 
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setting time of approximately 6 hours with a 
desirability value of 1.0. This confirms that the 
selected factor combination satisfies the target 
setting time requirement while maintaining 
acceptable compressive strength. Figure 4 (d) 
shows the overlay plot, where the highlighted 
region represents the feasible design space 
meeting the setting time criteria. The optimal 
point lies well within this region, indicating a 
stable and robust operating window [41-43]. 
Additionally, the results demonstrate that setting 
time is primarily influenced by bauxite loading 
and curing temperature, with activated clay and 
alkaline activator providing secondary control. 
The strong agreement between model predictions 
and experimental data validates the suitability of 
the optimized formulation for practical oil-well 
cementing applications [44-46]. Empirical 
mathematical model for setting time (Yst, h) is as 
follow: 
 
𝑌𝑌𝑠𝑠𝑠𝑠 = +6.00 + 0.0833𝐴𝐴 + 0.5833𝐵𝐵 + 0.1667𝐶𝐶 +
0.0833𝐷𝐷 − 0.7500𝐴𝐴𝐴𝐴 + 0.1250𝐴𝐴𝐴𝐴 + 0.0000𝐴𝐴𝐴𝐴 +
0.2500𝐵𝐵𝐵𝐵 − 0.1250𝐵𝐵𝐵𝐵 − 0.5000𝐶𝐶𝐶𝐶 − 0.4167𝐴𝐴2 −
0.2917𝐵𝐵2 − 0.0417𝐶𝐶2 + 0.2083𝐷𝐷2  (2) 

4. Conclusions 
This study successfully achieved the 

objectives of optimizing the setting time and 
compressive strength of a CBG binder for oil-well 
cementing applications using RSM. Firstly, the 
study systematically evaluated the effects of 
activated clay loading, bauxite loading, alkaline 
activator loading, and curing temperature on 
geopolymer performance. The results 
demonstrated that these variables interact 
significantly to control the geopolymerization 
process, with alkaline activator loading and 
curing temperature exerting the greatest 
influence on compressive strength and setting 
time. Secondly, reliable quadratic predictive 
models were successfully developed and 
statistically validated to describe the 
relationships between the processing variables 
and the response parameters. The close 
agreement between the predicted and 
experimental values confirmed the robustness 
and predictive capability of the developed models 
for geopolymer optimization. Third, numerical 
optimization using the desirability function 
identified the optimum formulation comprising 55 

Figure 4. Optimization and validation of setting time using RSM. 
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g activated clay, 75 g bauxite, 1.5 g alkaline 
activator loading, and a curing temperature of 120 
°C, yielding a compressive strength of 
approximately 40.4 MPa and a setting time of 6 h, 
demonstrating its suitability for oil-well 
cementing applications. 

The scientific novelty of this work lies in the 
development of a clay–bauxite geopolymer binder 
specifically optimized for oil-well cementing 
through an integrated RSM-based optimization 
approach. Unlike previous studies that primarily 
investigated individual processing parameters or 
relied on conventional trial-and-error 
experimentation, this study establishes 
statistically validated predictive models that 
quantify the interactive effects of activated clay 
loading, bauxite loading, alkaline activator 
loading, and curing temperature on both fresh 
and hardened properties of the geopolymer 
binder. This provides new scientific knowledge on 
the optimization of clay-based geopolymer 
systems under conditions relevant to oil-well 
cementing. 

This research advances the current state of 
knowledge by providing a systematic, statistically 
validated optimization framework for designing 
high-performance, low-carbon clay-based 
geopolymer binders capable of meeting the 
stringent performance requirements of oil-well 
cementing. The findings not only improve the 
understanding of the relationships between 
formulation variables and geopolymer 
performance but also provide a practical basis for 
the future development and industrial application 
of sustainable alternatives to conventional 
Ordinary Portland Cement in high-temperature 
and high-pressure well environments. 
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