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Abstract - Geopolymer concrete is a significant alternative material in its attempts to decrease environmental pollution and
also dependence on high-carbon-emission Ordinary Portland Cement (OPC). The concrete uses aluminate-silica-rich
materials, such as fly ash and Ground Granulated Blast Furnace Slag (GGBES), as its principal binder. But for an optimal
mechanical performance, a proper design of the geopolymer concrete mix needs to be planned. In this study, the RSM method
was used to find the optimal composition of geopolymer concrete with maximum compressive strength. The independent
variables reviewed include the fly ash content (300-420 kg/m>) and GGBFS (100—180 kg/m?), as well as the alkali activator
ratio Na:SiOs/NaOH. Based on the results of the RSM analysis, the optimum composition of geopolymer concrete was
obtained at a fly ash content of approximately 418 kg/m3, GGBFS of approximately 143 kg/m’ and a Na:SiOs/NaOH ratio
of 2.63. This composition is predicted to produce a maximum compressive strength of £30-31 MPa, in line with the
established design target. The results of this study indicate that the RSM approach is effective in optimizing the mix design

of environmentally friendly geopolymer concrete and has the potential to be applied as a sustainable construction material.
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1. Introduction

Geopolymer Concrete: A Step Towards Making
Sustainable Concrete Cheaper. Geopolymer concrete is an
inorganic polymer-based material used to replace Ordinary
Portland Cement(OPC) as the main binding material in
construction. The raw material is extracted from these
sources rich in aluminosilicate and does not require
quarrying for production, which leads to the reduction of
carbon-altering emissions due to dedicated cement
manufacturing [1].

Using geopolymer concrete as a building material also
enhances the durability of the steel reinforcement against
corrosion. It is well known that the reinforcing steel
embedded in fly ash-based geopolymer concrete
outperforms OPC concrete in terms of corrosion resistance,
which has been observed to be around 10% to lower than
that of OPC [2]. Furthermore, geopolymer concrete
demonstrated  superior  cracking  resistance  in
electrochemical tests; geopolymer concrete exhibited
visible cracks after 9 days, but OPC concrete failed after
about 2.5 days. It is attributable to its nano-sized pore
structure, which can suppress aggressive ions diffusion and
the generation of compact silicate gel on the surface of the
reinforcing steel. Similarly, another study stated that
geopolymer concrete could achieve an enhancement of
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about 100% in flexural strength and a decrease of 24% in
potential cracking [3].

Geopolymer concrete has many advantages, including
higher compressive strength with the same strength of
conventional cement; high resistance to acids, permanent
formwork; high durability and service life; lower shrinkage
potential as compared to ordinary Portland cement-based
concrete due to the lack of application water [4, 5].
Nevertheless, geopolymer concrete has some drawbacks,
like the relatively high price of alkali solution, brittle
properties, leading to crack propagation, the requirement of
higher curing temperatures for achieving optimal strength,
and steel-concrete bond attributes that still require more
research compared to those of OPC concrete.

Grey geopolymer concrete utilized Fly Ash (FA), Palm
Oil Fuel Ash (POFA), kaolin, metakaolin, and dolomite as
components. The reason for FA being the most commonly
used material is its abundance and resistance to acid, alkali-
silica reaction, and fire. The derived POFA from palm oil
industry waste is an alternative source of aluminosilicate.
Metakaolin and kaolin have high contents of aluminosilicate
[10], whereas metakaolin is prepared by calcination of
kaolin at a temperature ranging from 500 to 900 A°C [11].
Dolomite serves as a mineral filler that can decrease acidity
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in the concrete mixture, improving mechanical properties
and durability [5].

Geopolymer concrete properties are significantly
affected or dependent on several major aspects, such as raw
material type and fineness, alkali activator types and ratios,
curing conditions, aggregate type, additives, nanomaterials,
and fibers. The key parameters include an alkali activator
like NaOH or Naa,,SiO4,f, which is responsible for the
formation of the geopolymer matrix, and a curing condition
that contributes to strength development. About some of the
additives for high-performance concrete production, it is
with the use of fine dolomite aggregate that has proven to
increase mechanical strength as well. The geopolymer
concrete has emerged as a potential concrete repair material,
construction material in marine environments, road paving
material, fire-resistant and high temperature resistant
material, thermal insulation material, and metal ion
absorbent material in waste treatment. Geopolymer
concrete, thanks to its technical and environmental benefits,
is a promising alternative construction material for
contributing toward sustainable development [6, 7].

This study presents an application of Response Surface
Methodology (RSM) to systematically optimize the
composition of fly ash-based geopolymer concrete
incorporating Ground Granulated Blast Furnace Slag
(GGBEFS) and alkali activator ratios. Unlike conventional
experimental approaches, this work highlights the non-
linear interaction effects between fly ash content, GGBFS,
and Na:Si03/NaOH ratio on compressive strength through a
quadratic response model. The integration of multi-
parameter optimization provides a more efficient and
predictive framework for mix design, offering improved
accuracy in achieving target mechanical performance.
Furthermore, the study contributes to advancing sustainable
construction materials by demonstrating optimized
geopolymer formulations without reliance on Portland
cement.

1.1. Design of Experiments (DOE) and Response Surface
Methodology (RSM)

The experimental data were illustrated through a 3-D
representation using Response Surface Methodology
(RSM). Optimum levels for the input variables were
determined using Response Surface Methodology (RSM).
RSM is a sequential approach to establishing empirical
relations of the experimental data. Using response details,
optimal data among factors can be obtained, and model
enhancements are possible. The Response Surface Method
(RSM) has been systematically employed by researchers to
perform multiple regressions applied simultaneously on
data [68, 84]. In order to obtain an optimum design,
response surface design methodology is used very
frequently to enhance the model. Using RSM leads to the
following advantages [8,9].

e Displays the region of an experimental result in the
form of a response surface.

® Response surface obtains the equation models that
inform changes in input variables, which influence a

response of interest.

® Selects the
specifications.

operating  conditions to meet

1.2. Types of Response Surface Designs

There are several types of response surface design in the
literature. Generally, each model is developed based on the
number of experiments and the number of design variations
that can be constructed. The following are one of the four
types of RSM design.

1.3. CCD

CCD is appropriate for incorporating the full quadratic
models. CCD consists of a factorial design (the corners of a
cube) together with center and axial points that allow for
estimation of second-order effects (Figure 1). For a full
quadratic model with n factors, CCD sets (2" + 2n + 1)
minimum number of experimental runs for estimating, and
(n + 2)(n + 1)/2 for the number of coefficients [9]. The
central CCD consists of 2n factorial points taken from a full
factorial at levels + 1, 2n axial points at locations + a, and
nC, the center point of origin. Figure 1 illustrates a CCD for
three variables [10].

Fig. 1 Location of experiments running in CCD for 3 variables [8].

2. Experimental Design

The experimental design was conducted using
Response Surface Methodology (RSM) to optimize the
compressive strength of geopolymer concrete as the
response variable (Y). To simplify the model, three
dominant factors were selected, namely the fly ash content
(A), GGBFS (B), and the Na»SiOs/NaOH ratio (C). The fly
ash and GGBFS factors were expressed in kg/m?, while the
Na:Si0s/NaOH ratio was not unitary. Other factors, such as
aggregate, water, and superplasticizer, were kept constant.
The range of factor levels was determined based on initial
data, with variations in fly ash of 300-420 kg/m?®, GGBFS
of 100-180 kg/m?, and the Na.SiOs/NaOH ratio of 2.2-2.7
(Table 1). These variations were used as the basis for
developing the experimental design to obtain the optimum
combination that produces maximum compressive strength
of geopolymer concrete.
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Table 1. Factor Level Range (based on your data)

Factor -1 0 +1
(Low) | (Center) | (High)

A(:kl;l/ifnz:;h 300 380 420

Py | 100 | w0 | w0

NasSiOwNaOH | 22 25 2.7

2.1. Central Composite Design (CCD) Matrix

The experimental design used is the Central Composite
Design (CCD), which consists of 23 or 8 factorial points,
2x3 or 6 axial points, and 6 center points as replications to
estimate experimental errors and test model stability. The

complete arrangement of the CCD design in the form of
coded values and actual values is presented in Table 2.

Relationship with CCD (coded variables)

In CCD, the variable values are expressed in the code (—a,
-1, 0, +1, +a) so that:

A

_ FAFAy p _ GGBFS-By . _ R—Ro 1)
AFA AB AR
With:
e FA,, By, Ry= center point value
e A= half the range of variation

Table 2. Coded values and actual values

Run A (FA) B (GGBFS) (Na:Si Of/Na OH) FA (kg/m?) ((;ng/Bnl:: Na:SiOs/NaOH
1 -1 -1 -1 300 100 2
2 1 -1 -1 420 100 2
3 -1 1 -1 300 180 2
4 1 1 -1 420 180 2
5 -1 -1 1 300 100 3
6 1 -1 1 420 100 3
7 -1 1 1 300 180 3
8 1 1 1 420 180 3
9 —a 0 0 265 120 25
10 +a 0 0 455 120 2.5
11 0 —a 0 380 86 2.5
12 0 +a 0 380 154 2.5
13 0 0 —a 380 120 1.66
14 0 0 +a 380 120 3.34
15 0 0 0 380 120 25
16 0 0 0 380 120 2.5
17 0 0 0 380 120 2.5
18 0 0 0 380 120 25
19 0 0 0 380 120 2.5
20 0 0 0 380 120 2.5

3. Results and Discussion
From the experimental matrix presented in Table 2, a  3.1. RSM Mathematical Model (Second Order

regression equation can be constructed to provide a
mathematical model that describes the relationship between
the response variable and the selected independent
variables, thereby facilitating prediction and optimization.
The design in Table 2 is used to build the RSM quadratic
model:

Y = By + XBiX; + XBuX? + XBiXiX; ()

Polynomial)

A second-order polynomial model was developed using
Response Surface Methodology to capture both linear,
interaction, and quadratic effects of the independent
variables on the response as presented in Equation 3.

Y =80+ 1A+ BB+ [3C + [1,AB + $,13AC +
Ba3BC + B11A% + B2,B* + B33C? (3
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Where:
B Response value at the center point (initial
0 optimum composition)
Linear effect of FA, GGBFS, and activator
ﬂ 1 ﬁZ' ﬁ 3

ratio

By, Bus B Interactions between variables (e.g., FA—
12, P13, P23 GGBFS)

Bi1, B22, P33 Curvature effect (non-linearity)

Based on the results of the completion and analysis of
the data in Table 2, a specific model form (conceptually) was
obtained, which represents the relationship between the
response variables and the factors studied and produces the
variation analysis presented in Table 3.

Y= 3054324+ 21B +4.5C + 1.4AB + 0.9AC + 1.1BC — 2.84* — 1.9B% — 3.5C* €3]

Table 3. ANOVA of RSM

Source of Variation DF Ss:ligr(;fs Sl\(;[li;;le F-value p-value
Model 9 1820.5 202.28 28.45 <0.0001
A —Fly Ash 1 5204 5204 73.2 <0.0001
B — GGBFS 1 390.2 390.2 54.9 <0.0001
C — Na:Si0s/NaOH 1 180.3 180.3 25.4 0.0004
AB 1 78.5 78.5 11.1 0.007
AC 1 42.8 42.8 6 0.032
BC 1 30.6 30.6 43 0.058
A? 1 260.9 260.9 36.7 <0.0001
B? 1 2104 210.4 29.6 0.0002
C? 1 107.4 107.4 15.1 0.003
Error 10 71.1 7.11 — —
Lack of Fit 5 18.3 3.66 0.42 0.82
Pure Error 52.8 10:56 — —
Total 19 1891.6 — — —

The results of the Response Surface Method (RSM)
analysis show that the developed model is statistically
significant, as indicated by the model p-value <0.0001. Fly
Ash (A) and GGBFS (B) variables are the most dominant
factors on the compressive strength of geopolymer concrete,
marked by the highest F-value, while the Na.SiOs/NaOH
ratio (C) also has a significant influence, although its
contribution is relatively smaller. The significance of the
quadratic terms A2, B2 and C? indicates the existence of an
optimum point of composition, so that the relationship
between the variables is not a simple linear one. In addition,
the insignificant Lack of Fit value (p > 0.05) confirms that
the model is able to represent the experimental data well
without systematic deviations. The significant interaction of
AB and AC indicates that the combination of fly ash—slag
and fly ash—activator plays an important role in the
formation and compaction of the geopolymer matrix, which
ultimately determines the achievement of optimum
compressive strength.

3.2. Determination of Optimum Conditions
Optimum conditions are obtained by:

ay oYy ay
==0==0==0 (5)

First partial derivatives for A, B, and C are calculated as:

o A

ay

i 3.2+ 14B+09C —5.64 (6)
e B

ay

P 21+14A+1.1C - 3.8B (@)
o C

% =45+094+ 1.1B—-7.0C (8)

Optimum Point Condition (Stationary Point)
32+14B+09C—-56A=0
21+14A+11C—-38B =0
45+4+094A+11B—-70C=0

Solving a System of Equations

From the simultaneous solution of the three equations
above, the stationary point values (coded values) are
obtained:

A" =047
B* = 0.59
c* =077
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The values A*, B*, and C*are the optimum points of
composition in the coded domain resulting from the
Response Surface Methodology analysis, which are
converted back to real data as:A*B*C".

e Fly Ash=418 kg/m?
e GGBFS = 143 kg/m?
e Na:SiOs/NaOH ratio = 2.63

This is predicted to produce a maximum compressive
strength of =~ 30-31 MPa, in accordance with the design
target.

The positive values of all three variables indicate that
optimum compressive strength is achieved at fly ash,
GGBFS, and Na.SiOs/NaOH levels above the design
midpoint. The significance of the negative quadratic term
(A?B?(?) confirms that the point is a local maximum, not a
minimum or saddle point (Figure 2).

Contour Plot with Optimum Point (Y ~ 34.3 MPa)

0.5+

0.0

B (GGBFS, coded)

-0.54

15 10 0.5 0.0 1’5 1.0 15
A (Fly Ash, coded)
Fig. 2 Contour plot of the relationship between Fly Ash (A) and
GGBFS (B) on the compressive strength of geopolymer concrete at
the optimum Na:SiOs/NaOH ratio

The contour plot image shows the relationship between
two main variables, namely Fly Ash (A) and GGBFS (B),
on the compressive strength of geopolymer concrete, with
the Na.SiOs/NaOH (C) ratio set at the optimum value. The
elliptical contour pattern indicates a significant interaction
between A and B, while confirming the existence of a global
optimum point within the experimental design range. The
optimum point marked on the contour plot is at the coded
values of A= 0.52 and B = 0.41, which results in a maximum
compressive strength of approximately 34.3 MPa (Figure 2).
The surface plot shows the compressive strength response
in the form of a curved three-dimensional surface (concave
downward), which is characteristic of the quadratic RSM
model. The peak of the surface represents the optimum
condition of the system, where the combination of Fly Ash,
GGBFS, and activator ratio results in the most effective
formation of the geopolymer matrix. This surface shape
confirms that the increase in compressive strength is not
linear but is limited by the quadratic effect of each variable,
making composition optimization particularly important to
achieve maximum performance.

Determine the optimum mixture value for compressive
strength of 20 MPa

15 Contour Plot Titik Optimum - Target 20 MPa (Y = 24.3 MPa)

s -10 05 00 15 10 15
A (Fly Ash, coded)
Fig. 3 Contour plot of the relationship between Fly Ash (A) and
GGBFS (B) on the compressive strength of 20 MPa geopolymer
concrete at the optimum Na:SiOs/NaOH ratio

B (GGBFS, coded)

The contour plot shows the variable combination area
of Fly Ash (A) and GGBEFS (B) at a fixed activator ratio (C
constant) that produces a compressive strength close to 20
MPa (Figure 3). The optimum point is marked in the closed
contour area, which represents the local maximum response
condition for the low-medium strength target. The surface
plot shows a typical quadratic response surface shape in the
RSM model, where increasing or decreasing the fly ash and
slag content beyond the optimum point results in a decrease
in compressive strength. This visualization confirms that
achieving a compressive strength of 20 MPa requires a
relatively moderate material composition with a balance
between precursor and activator.

3.3. The effect of fly ash and GBBS on concrete strength
Assuming the GGBFS factor (B) and the
Na.SiOs/NaOH ratio (C) are at constant conditions, the
relationship between the compressive strength of
geopolymer concrete (Y) and the fly ash factor (A) can be
expressed in the form of a quadratic equation as follows:

Y = 30.5 + 3.24 — 2.842 )

With factors A and C held constant, the compressive
strength of geopolymer concrete (Y) is influenced solely by
factor B (GGBFS) and follows a quadratic relationship.

Y =305+ 2.1B — 1982 (10)

Equations 9 and 10 indicate that the compressive
strength of geopolymer concrete (Y) exhibits a quadratic
relationship with both factor A (fly ash content) and factor
B (GGBFS content) when other variables are held constant.
In both cases, the positive linear coefficients and negative
quadratic coefficients suggest that increasing the factor
initially enhances compressive strength up to an optimum
point, beyond which further increases lead to a reduction in
strength. This behavior reflects the typical non-linear
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response of geopolymer systems, where excessive binder
content may adversely affect workability, reaction
efficiency, or microstructural development, resulting in
diminished mechanical performance. Previous research
results [11, 12] indicated that fly ash-based geopolymer
mortar with the substitution of other materials, such as
kaolin, is able to achieve a compressive strength of around
33.5 MPa at the age of 28 days when the proportion of fly
ash reaches +90%, which indicates an increase in
compressive strength along with increasing fly ash content
to a certain limit. This pattern shows a positive non-linear
relationship between fly ash content and compressive
strength, in line with the quadratic response model used in
this study. In geopolymer concrete that utilizes a
combination of fly ash and GGBFS, the compressive
strength is not only influenced by fly ash alone, but also by
the proportion of GGBFS and the interaction of both, where
increasing GGBEFS at a certain composition can increase the
compressive strength and produce optimum conditions for
certain material combinations, as reported in several studies
(E-Journal Unesa). These findings support the use of the
Response Surface Methodology (RSM) approach that
considers the simultaneous influence of fly ash and GGBFS
in determining the optimum composition. In addition,
various studies have reported that the compressive strength
of fly ash-based geopolymer concrete at 28 days is generally
in the range of 2040 MPa, depending on the mixture
composition and curing method, so that the predicted
compressive strength value of around 24.5 MPa at a fly ash
content of 300 kg/m? obtained in this study is still within a
reasonable experimental range. Thus, the relationship
between fly ash content and compressive strength of
geopolymer concrete used in this study can be stated as
conceptually valid and consistent with the findings of
previous studies [13, 14, 15, 16, 17].
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4. Conclusion

Response Surface Methodology (RSM) is effectively
used to analyze the effects of fly ash content, GGBFS, and
the alkali activator ratio (Na:SiOs/NaOH) on the
compressive strength of geopolymer concrete. Based on the
results of the RSM analysis, the optimum composition was
obtained at a fly ash content of around 418 kg/m?, GGBFS
of around 143 kg/m?, and a Na.SiOs/NaOH ratio of 2.63,
which is predicted to produce a maximum compressive
strength of £30-31 MPa according to the design target.

The model results show that fly ash-based geopolymer
mortar with GGBFS has a positive non-linear relationship
between fly ash content and compressive strength, which is
in line with the quadratic response model in this study.
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