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ARTICLEINFO ABSTRACT

Avrticle history : To mitigate environmental impacts from Portland cement (PC) production, the
researcher’s efforts is introducing eco-friendly alternatives such as Geopolymer concrete
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(GPC). While GPC shows promise, further research is required to understand how fire or

Revised 25 May 2025 elevated temperatures affect GPC’s mechanical properties. This research investigates the
effects of elevated temperatures (200°C, 400°C, 600°C, and 800°C) on the residual
Accepted 16 June 2025 mechanical properties (compressive, flexural, splitting-tensile strengths, and modulus of

elasticity) of ambient-cured fly-ash (FA)-based GPC compared to PC mixtures. The study
examined various concrete types (GPC and PC), three coarse aggregate types (basalt,

Keywords:

gravel, and crushed dolomite), and three crushed dolomite sizes (40 mm, 20 mm, and 14

mm). Additionally, Artificial Neural Network (ANN) models were developed to predict
Geopolymer concrete the residual compressive strength of both ambient-cured and heat-cured GPC after

Aggregate size

exposure to elevated temperatures. Results showed that basalt aggregate significantly
enhanced the residual mechanical properties at 800 °C, outperforming crushed dolomite

Elevated temperatures and gravel in compressive, flexural, splitting-tensile strengths, and modulus of elasticity,
with increases of (20%, 80%), (26%, 244%), (10%, 100%), and (14%, 140%),

Residual strength

respectively. Moreover, the residual mechanical properties were found to be inversely

ANN modelling proportion with max size of coarse aggregate. In addition, using ANN models proved its
efficient in predicting the compressive strength for both ambient and heat-cured GPC with

R2 values of 0.94 and 0.887, respectively.

1 Introduction

Climate change has emerged as a critical global challenge, with severe environmental consequences such as river
desiccation and disruptions to agricultural systems. Therefore, drastic actions must be taken otherwise, in the future, adapting
to these impacts will be more difficult and more costly. Concrete is the most common construction material since it has many
benefits, including low cost, ease of manufacture, acceptable strength, good durability, good fire resistance, and non-
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combustibility characteristics [1]. Cement production significantly contributes to global warming as Portland cement (PC)
industry causes the emission of many pollutant gases, such as carbon dioxide (CO2) [2] and [3]. The manufacturing of PC is
responsible for about 5%-8% of CO2 emissions every year around the world [4, 5] which causes irreversible environmental
damages [6]. Global demand for PC is expected to increase by more than 12% until 2050, due to the increase in world
population and the needs of infrastructure development [4]. In order to limit the release of CO2 emissions, different binders
and raw materials can be developed and used as alternatives to cement, as a partial or full replacement, to produce eco-
friendly concrete [7].

Geopolymer Concrete (GPC), an alternative to Portland cement concrete (PCC), offers potential sustainability benefits
[7-10]. Recently, GPC has garnered significant research interest due to its superior properties, including low carbon
emissions, high early strength, excellent durability, and fire resistance [6, 11-18]. Geopolymers (GP) mainly consists of two
types of materials namely aluminosilicate solids (silica fume (SF), fly ash (FA), metakaolin (MK), ground granulated blast
furnace slag (GGBS) etc.) [19] and alkaline activating solutions [20]. Most common activating solutions include sodium
silicate (Na2SiO3), sodium hydroxide (NaOH), potassium silicate (K2SiO3) and potassium hydroxide (KOH) [21]. The
dissolved AlI203 and SiO2 species undergoes geopolymerization to form a three-dimensional amorphous alumina-silicate
network that have strength similar or higher than that of PCC [6] and [22].

Fire safety is a critical consideration in structural design. PCC is widely used in construction due to its non-combustible
nature and fire resistance. However, PCC exhibits vulnerabilities such as cracking, spalling, and strength loss under fire
conditions [21]. In contrast, GPC demonstrates superior fire resistance compared to PCC [23-25]. Many researches have
studied the performance of GPC after exposure to high temperatures [25-33]. Residual compressive strength of GPC and GP
mortars with steel fibers was higher than that of GPC and GP mortars without steel fibers after exposure to high temperatures
[34]. Junaid et al. [35] found that the strength loss is between 40 and 50% for GPC specimens when subjected to elevated
temperatures up to 1000 °C. Kong and Sanjayan [24] found that the residual strength of FA-based GPC was 41.5% after
exposure to 800 °C. PCC specimens suffered severe spalling, while there was no spalling in GPC specimens after exposure
to 800 °C and 1000 °C [27]. Bond properties of GPC were found to be better than PCC after exposure to elevated temperatures
[26].

Curing significantly influences GPC’s setting time and properties, as it governs molecular network formation and ensures
optimal mechanical and durability performance [36]. To activate the geopolymerization process of alumina-silicate in FA-
based geopolymers, a moderate heat (60 to 90 °C) is required to [22, 37]. As a result, to achieve his heat, a steam curing
chamber or oven is needed which limits the in-situ application of GPC [38]. In addition, heat curing also negatively affects
the carbon footprint [38]. heat-cured FA-based GPC exhibited good fire resistance and residual mechanical properties after
exposure to elevated temperatures [27 ,30, 32, 39]. Several studies have focused on using GGBS with ambient cured FA-
based GP to reduce the setting time and to improve the early-age compressive strength [40]. Compressive strength of GPC
containing 20% GGBS and 80% FA reached 51 MPa at ambient curing [41]. Guerrieri and Sanjayan [42] found that using
35% GGBS as a replacement of FA achieved the highest compressive strength either at ambient temperature or after exposure
to elevated temperature. ambient cured FA-based GP containing 20% GGBS showed a reduction of about 62% in the
compressive strength after exposure to 1000 °C [43]. Residual compressive strength of GP mortar containing 50% GGBS
and 50% FA was 91.7% after exposure to elevated temperatures up to 600 °C [44]. The residual compressive strengths of
GPC containing GGBS were 114%, 88%, 32% and 25% after exposure to 400 °C, 600 °C, 800 °C, and 1000 °C, respectively
[45]. Ramagiri et al., [46] showed that GPC made with FA/GGBS ratio of 70/30 exhibits the best mechanical performance
after exposure to elevated temperatures.

Laboratory testing of concrete mechanical properties is time-consuming and resource-intensive [47, 48]. In addition, the
mechanical properties of PCC or GPC are affected by different factors (such as content and types of binder material, weights
of fine and coarse aggregates, fineness modulus of fine aggregate, nominal size of coarse aggregate, water or alkaline solution
content, curing time, curing conditions, age of specimens.... etc.) which could make the optimum or accurate estimation
more difficult [47]. Artificial Intelligence (Al) techniques have been widely used in construction field such as designing self-
compacting concrete mixes [49] and predicting the mechanical properties and behavior of PCC [50-52] and GPC [53, 54].
Studying the behavior of PCC or GPC after exposure to high temperatures consumes a lot of time, effort, and high cost.
Therefore, using Al in predicting mechanical properties of concrete becomes an urgent necessity. Gupta et al., [55], Abbas
et al., [56], Ghazy et al., [57] and Liu et al., [58] proposed Acrtificial Neural Network (ANN) models to predict mechanical
properties, fire resistance and temperature distributions for different types of PCC. When GPC is exposed to elevated
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temperatures, its physical and mechanical properties change due to loss of moisture, decomposition of aggregate. Most of
previous studies focused on predicting the properties and behavior of GPC in conventional conditions (i.e, ambient
temperature) based on mixture composition. However, the prediction of residual compressive strength of GPC mixes after
exposure to high temperatures has been less considered [59].

According to the previous review, numerous studies have been conducted to study the performance of heat-cured GPC
taking into consideration many factors such as alkaline solution type, molarity of hydroxide solution, incorporating GGBS
and time of fire exposure. However, limited studies focused on the effect of coarse aggregate types and sizes on the
performance of ambient-cured GPC after exposure to elevated temperatures. Also, very limited research has been done in
predicting the residual compressive strength of GPC after exposure to high temperatures using ANN applications. So, this
investigation aims to study the physical and mechanical properties of ambient-cured GPC mixes after exposure to elevated
temperatures taking into consideration two variables; first is the binder materials and second is the coarse aggregate types
and sizes. FA-based GPC and FA/GGBS-based GPC were produced to study the effect of using GGBS on the residual
mechanical properties of ambient-cured GPC mixes after exposure to elevated temperatures. Also, three different types
(Basalt, crushed Dolomite and Gravel) and three different max-sizes (14 mm, 20 mm, and 40 mm) of coarse aggregate were
used to study their effect on the residual mechanical properties of ambient-cured GPC mixes after exposure to elevated
temperatures. Moreover, as Al can save time and cost in performing experimental works, ANN was implemented to predict
the residual compressive strength of both heat-cured and ambient-cured GPC after exposure to elevated temperatures.

2 Experimental work
2.1 Materials

Low-calcium Fly Ash (FA) class F as specified in ASTM C618 [60] with a specific gravity of 2.4 was used as the main
aluminosilicate material to manufacture geopolymer concrete (GPC) mixes. Ground granulated blast furnace slag (GGBS)
with a specific gravity of 2.9 was used in some GPC mixes. Portland cement (PC) CEM1 42.5N complied with the
requirements of EN 196-1 [61] and ES 4756-1 [62] was used in PC concrete (PCC) mixes. Results of the X-ray fluorescence
(XRF) test performed on the used FA, GGBS and PC are shown in Table 1.

The used alkaline activator consisted of 14M potassium hydroxide (KH) [17], and sodium silicate solution (NS), with
chemical compositions of 14.7% Na20, 29.4% SiO2, and 55.9% water by mass. The NS/KH ratio was 2.5. Tap water
complied with the requirements of the ECP 203-2019 [63] was used for preparing the hydroxide solution, mixing and curing
PCC specimens.

Table 1- Chemical composition of FA, GGBS and PC

Compound  SiO2 Al,O3  Fe:0O3  CaO Na20 K20 MgO  P20s SOs MnO: Lol

FA 60.50 2797  5.55 1.99 0.21 1.28 0.64 0.59 0.24 0.03 0.89
GGBS 37.87 14.01 1.67 3954 0.17 0.50 4.38 0.01 1.31 040 2.00
PC 21.50 5.15 3.45 63.41 043 0.25 0.87 0.003 295 0.001 1.83

The fine aggregate used was medium well graded siliceous sand, complied with the requirements of ASTM C33 [64],
having a fineness modulus of 2.4 and specific gravity of 2.55. Three types of coarse aggregates complied with the
requirements of ECP 203-2019 [63] were used, namely crushed basalt (B), crushed dolomite (A), and gravel (G). To study
the effect of coarse aggregate size, three different sizes of crushed dolomite were used (Al), (A2), and (A3) as shown in
Table 2. The physical and mechanical properties of fine and coarse aggregates are presented in Table 2. Moreover, the grain
size distribution curves of the used coarse aggregates are shown in Fig. 1.
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Table 2- Physical and mechanical properties of the fine and coarse aggregates

Basalt Crushed Dolomite Gravel

Property Sand
(B) (A1) (A2) (A3)* (G)

Specific gravity 2.55 2.85 2.60 2.65 2.62 2.60
Unit weight (t/m®) 1.75 1.80 1.58 1.62 1.60 1.70
Void ratio % 31.37 36.80 39.20 38.86 38.93 34.60
Fineness modulus 2.40 5.60 5.18 6.77 6.71 5.50
Crushing index, % - 10.10 22.00 23.40 22.50 14.70
Clay and fine content, % 0.50 0.80 0.95 0.96 0.96 0.60
Water absorption % 0.9 0.85 1.1 1.2 1.1 0.72
Maximum nominal size (mm) - 14 14 40 20 20

* Where A3 is a mix of A1 and A2 with a ratio of 50/50
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Figure 1 - Grading of the used coarse aggregates
2.2 Mix proportions and specimens preparation

Fifteen mixes—divided into three groups—were prepared to evaluate the effects of elevated temperatures (200-800°C)
on GPC and PCC. Group 1 comprised FA-based GPC, Group 2 included FA/GGBS-blended GPC, and Group 3 contained
PCC with a 30 MPa design strength. To study the effect of coarse aggregate types and sizes, five mixes of concrete were
designed in each group using absolute volume method. Table 3 presents the constituents of different GPC and PCC mixes.
For GPC mixes, a 14M KOH solution was prepared 24 hours prior to mixing. NS was added to the KOH solution 2 hours
before mixing to form the alkaline activator.

To assure the homogeneity of the concrete mixture, the binder materials, sand, and coarse aggregates were first dry mixed
together in a mechanical drum type concrete mixer, with capacity of 100 liter, for 2 min. The alkaline solution was then
added, and all constituents were blended again for at least 5 min until the mixture became glossy and well-combined. The
same procedure was followed in preparing PCC mixes.

All GPC and PCC samples were cast and compacted for 60 s on a vibrating table. Each mix included 15 cubes
100x100x100 mm, 15 prisms 100x100x500 mm and 30 cylinders 100x200 mm. PCC specimens were covered with plastic
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sheets, stored in molds at 25 + 2°C and 50% relative humidity for 24 hours, demolded, labeled, and water-cured at 20°C for
28 days. GPC specimens were covered, stored in molds at 25+3°C and 50% relative humidity for 3 days, demolded, labeled,
and ambient-cured outdoors for 90 days. The outdoor temperature profile for the curing duration is shown in Fig. 2.

Table 3 - Mix proportions of GPC and PCC kg/m?®

Crushed
Group MixID FA GGBS PC Sand B?;‘S"t Dolomite G{g‘)’e' NS KH Water
(A1) (A2)
FBL 400 - - 666 1086 - i - 134 54 -
- FAL 400 - - 666 - 1086 i - 134 54 -
Cg FA2 400 - - 666 - i 1086 - 134 54 -
o FA3 400 - - 666 - 543 543 - 134 54 -
FG 400 - - 666 - : 1086 134 54 -
FSBL 300 100 - 670 1092 - i - 134 54 -
~  FSAL 300 100 - 670 - 1092 i - 134 54 -
S " FsAa2z 300 100 - 670 - i 1002 - 134 54 -
& " Fsas 300 100 - 60 - 546 546 - 134 54 -
FSG 300 100 - 670 - i i 1002 134 54 -
cBL - - 400 655 1060 - i i - - 188
o cAlL - - 400 655 - 1060 i i - - 188
S T ca - - 400 655 - i 1060 i - - 188
G cCA3 - - 40 655 - 530 530 i - - 188
cG - - 40 655 - i i 1060 - - 188

Where: FA fly ash,
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Figure 2 - Outdoor temperature during the period from March to May 2022

2.2.1  Elevated Temperature regime

GGBS ground granulated blast furnace slag, PC Portland cement, NS sodium silicate solution,
KH potassium hydroxide solution with 14M.

All PCC and GPC specimens were exposed to elevated temperature at the age of 90 days after casting. Specimens were
heated in an electrical heater furnace with capacity up to 1200 °C. For each mix, three cubes, three prisms and six cylinders
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were exposed to 200 °C, 400 °C, 600 °C, and 800 °C according to the elevated temperature rate as shown in Fig. 3. The
furnace temperature was controlled to approximately follow the 1ISO834 curve. The temperature was sustained at the target
temperature for 2 h [25, 65] then, specimens were allowed to cool naturally inside the furnace. Figure 4 shows the specimens
inside the furnace.

Temperature °C

0 100 200 300 400 S00 600

Time (min)

Figure 3 - Elevated temperature curve Figure 4 - Concrete specimens inside the furnace

2.2.2  Physical tests

The average weight of three cube samples from each mix were taken before and after exposure to 200 °C, 400 °C,
600 °C, and 800 °C to determine the percentage of weight loss as a physical test. The percentage of weight loss of PCC and
GPC specimens was calculated by dividing the loss in weight after exposure to elevated temperature by the original weight.

2.2.3  Mechanical tests

Compressive, flexural, splitting strengths and modulus of elasticity of GPC and PCC specimens were measured at the
age of 90 days before and after exposure to elevated temperatures of 200 °C, 400 °C, 600 °C, and 800 °C. Compressive
strength was conducted on concrete cubes according to BS. EN-12390-3 [66]. Concrete prisms were tested under a three-
point loading test according to BS. EN-12390-5 [67] to determine the flexural strength. The splitting-tensile strength and the
modulus of elasticity were determined by testing concrete cylinders according to BS. EN-12390-6 [68] and BS EN-12390-
13 [69], respectively. Three samples were tested for each property and the average reading was recorded. Compressive and
splitting tensile strengths were measured using a 2000 kN hydraulic testing machine. Flexural strength and modulus of
elasticity were measured using a 300 kN Universal Testing Machine with a data acquisition system as shown in Fig. 5.

@

Figure 5 - Mechanical tests setup of GPC and PCC specimens, a) Compressive strength test, b) Flexural strength test,
c) Splitting-strength test, d) Modulus of elasticity test

(b)
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3 Results and discussion
3.1 Mass loss

Mass loss percentages for PCC and GPC cube specimens after exposure to elevated temperatures are shown in Fig. 6.
Generally, PCC specimens exhibited higher mass loss than GPC specimens aligning with findings from Sarker et al. [27],
Hassan et al. [70] and Razak et al. [71].
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Figure 6 - Mass loss of GPC and PCC mixes

After exposure to 200 °C, GPC specimens, showed mass losses between 2.56% -2.88% whereas PCC specimens losses
ranged from 3.51% to 4.17. This mass loss is attributed to free-water evaporation and partial dehydration of geopolymer-gel
[72-74]. After exposure to 800°C, mass loss increased significantly due to decomposition of concrete components and was
highly affected by the coarse aggregate types. Mass loss of basalt and gravel-based mixes were about (5%-9.1%). On the
other hand, crushed dolomite-based mixes exhibited much higher mass loss (10.70%-12.11% for GPC mixes and 15% for
PCC mixes). This higher mass loss is attributed to the decomposition of carbonate that exists in dolomite particles in these
high temperatures [75].

3.2 Mechanical tests results
3.2.1  Compressive strength results

The compressive strength results of PCC and GPC mixes before and after exposure to elevated temperatures are
summarized in Table 4 and Fig. 7. At ambient temperature, GPC mixes exhibited higher compressive strength than PCC
mixes across all aggregate types and sizes. GPC mix achieved the highest compressive strength (45.87 MPa), while PCC mix
CG showed the lowest compressive strength (28.58 MPa). Incorporating GGBS increased compressive strength by 13.2—
20.7% compared to FA-only GPC, aligning with findings from Ramagiri et al. [46], Lee and Lee [76] and Fang et al. [77].
The improvement in strength is attributed to the additional reaction products resulting in pore refinement and
the compactness of the microstructure [78, 79]. Using Basalt aggregates yielded superior compressive strength, compared to
using crushed dolomite or gravel, due to enhanced crushing resistance and matrix bonding. The compressive strength of GPC
mixes with basalt (FB1, FSB1) outperformed dolomite (FAL, FSA1) and gravel (FG, FSG) mixes by 6.3-9.2% and 22.6—
30.7%, respectively. Concrete mixes containing crushed dolomite aggregates Al with max-size (14 mm) exhibited higher
compressive strength than mixes containing either A2 (40 mm), or A3 (20 mm) due to the higher surface area to be bonded
with the matrix [80, 81].
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Elevated temperature exposure revealed different trends; compressive strength of PCC mixes declined gradually with
increasing elevated temperatures up to 800 °C, while compressive strength of GPC mixes increased at 200 °C (21.6% for
FA-based, 30.4% for FA/GGBS-based) before decreasing. Aslani and Asif [82] and Zhao et al. [83] found that ambient-
cured GPC containing GGBS exhibited higher compressive strength after exposure to 200 °C. Zhang et al. [72] and Hassan
et al. [70] also recorded an increase in the compressive strength of ambient-cured FA-based GPC. This initial strength gain
in GPC likely results from sintering of unreacted FA particles and enhanced geopolymerization, forming a denser
microstructure [83, 84].

E23°%C 2100°%C =400°C B600°C ®300°C
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Figure 7- Compressive strength and residual compressive strength of GPC and PCC mixes



JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 12 (2025) 207-228 215

Table 4 - Test results of compressive strength and flexural strength of different PCC and GPC mixes.

Mix ID Compressive strength (MPa) Flexural strength (MPa)
25°C  200°C 400°C 600°C 800°C | 25°C 200°C 400°C 600°C 800 °C
FB1 38.0 46.5 40.1 30.1 22.9 4.9 5.3 3.6 2.2 11
FA1 35.8 435 37.4 27.7 19.5 4.6 5.0 3.3 2.0 1.0
FA2 32.7 395 32.2 22.5 15.1 4.2 4.41 2.6 15 0.5
FA3 33.9 41.3 35.1 25.3 18.0 4.4 4.7 2.9 1.7 0.7
FG 31.0 37.5 30.9 21.1 13.2 3.8 4.0 2.3 1.3 0.2
FSB1 45.9 59.8 50.8 38.1 28.2 5.7 6.4 4.5 2.9 1.6
FSAl 42.0 52.9 44.8 33.6 23.5 52 5.5 3.8 2.5 1.3
FSA2 38.8 46.8 39.2 26.5 18.9 4.4 4.7 2.9 1.6 0.6
FSA3 395 48.8 40.6 29.6 21.2 45 4.7 3.2 1.8 0.9
FSG 35.1 43.0 37.0 24.0 15.5 4.19 4.3 2.8 1.4 0.5
CB1 35.4 33.8 28.9 22.0 12.6 4.71 4.1 3.0 1.8 0.9
CAl 33.8 30.9 26.6 19.7 11.5 4.62 4.0 2.8 1.7 0.6
CA2 30.6 26.6 21.7 17.3 7.6 4.21 3.4 2.3 1.3 0.4
CA3 32.7 29.8 24.2 18.5 10.5 4.37 3.7 2.6 1.5 0.5
CG 28.6 25.7 21.8 15.8 6.8 3.94 33 2.3 11 0.3

After exposure to 400 °C, GPC retained 98.5%—110.6% of compressive strength. After exposure to 600 °C, the retained
compressive strength of GPC mixes was in the range of 68%-83% while it was about 58% for PCC mixes. After exposure to
800 °C, GPC residual strength fell to 42%-61.5%, whereas PCC declined to 23.8%-35.6%. The compressive strength loss
in GPC mixes resulted from the loss of chemically bound water and the thermal incompatibility between GP matrix and
coarse aggregate [44]. In PCC, dehydration and C-S-H gel decomposition drove the decline [85].

Basalt-based mixes retained higher compressive strength than dolomite or gravel-based mixes after exposure to elevated
temperatures. This may be attributed to the lower thermal expansion of basalt aggregate than dolomite and gravel as
mentioned in SEM from previous study [71, 86]. Smaller dolomite aggregates (Al) delayed microcrack formation in the
interfacial transition zone (ITZ) compared to larger sizes (A2, A3), aligning with findings by [24, 87].

Flexural strength results

The flexural strength results for PCC and GPC mixes before and after exposure to elevated temperatures are summarized
in Table 4 and Fig. 8.

Flexural strength results followed the same trend of the compressive strength results. At ambient temperature, FA/GGBS-
based GPC mixes exhibited 3.6%-17.8% higher flexural strength than FA-based GPC and 4.1-22% higher than PCC. Basalt
aggregates consistently outperformed crushed dolomite and gravel, while smaller dolomite aggregates A1 (14 mm) showed
superior performance over larger sizes A2 (40 mm) and A3 (20 mm).

PCC flexural strength declined steadily with rising temperatures (200°C—800°C). In contrast, GPC strength initially
increased at 200°C before decreasing at higher temperatures. After exposure to 200°C, flexural strength of FA-based GPC
mixes increased by about 5.5%-9.8%, while for FA/GGBS-based GPC mixes increased by about 3.8%-10.9%. Using GGBS
with FA led to more enhancement in the flexural strength after exposure to 200 °C than using FA only. PCC mixes exhibited
a reduction in flexure strength by about 12.76%-18.54%.

At 400 °C, GPC retained 61.1-78.2% of its initial flexural strength, compared to 55.4-63.3% for PCC Although GPC
mixes exhibited higher residual compressive strength after exposure to 400 °C than the initial strength, they exhibited lower
flexural strength after exposure to 400°C. This reduction may be attributed to the development of microcracks.
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After exposure to 800 °C, residual flexural strength dropped to 6.5%-23% for FA-based GPC mixes and 11%-28.2%
for FA/IGGBS-GPC mixes, compared to 6.6%-18% for PCC mixes. The reduction of flexural strength in GPC mixes is
attributed to the thermal incompatibility between shrinking GP matrix and expanding coarse aggregates at elevated
temperature [45]. Basalt-based mixes retained higher flexural strength than dolomite or gravel-based mixes. Using crushed
dolomite Al (14 mm) was better than using crushed dolomite A2 (40 mm) or crushed dolomite A3 (20 mm). Flexural strength
of GPC mix FSA1 was higher than that of GPC mix FSA2 by 118% when exposed to 800 °C.
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Figure 8. Flexural strength of GPC and PCC mixes.
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3.2.2  Splitting tensile strength

The splitting tensile strength results for PCC and GPC mixes before and after exposure to elevated temperatures up to
800 °C are summarized in Table 5 and Fig. 9.

FA/GGBS-based GPC mixes exhibited 7%—-12.8% higher splitting tensile strength than FA-based GPC and 9.8%-17%
higher than PCC. Basalt aggregate demonstrated higher splitting-tensile strength than using crushed dolomite or gravel. Also,
using crushed dolomite Al (14 mm) gave higher splitting-tensile strength than using either crushed dolomite A2 (40 mm) or
crushed dolomite A3 (20 mm).
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Figure 9 - Splitting tensile strength of GPC and PCC mixes.
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Table 5 - Splitting tensile strength and modulus of elasticity values of different PCC and GPC mixes

Mix ID Splitting-tensile strength (MPa) Modulus of elasticity (GPa)
25°C  200°C 400°C 600°C 800°C | 25°C 200°C  400°C 600°C  800°C
FB1 33 3.7 2.6 1.8 1.2 28.1 29.3 231 15.8 10.0
FAl 3.2 35 2.6 1.7 1.0 26.8 27.8 221 13.8 9.0
FA2 2.8 31 2.2 1.4 0.8 23.5 24.0 174 10.5 6.0
FA3 3.0 33 2.4 15 1.0 25.0 25.6 195 12.0 5.7
FG 2.4 2.7 1.8 1.0 0.5 21.0 215 15.0 8.0 4.2
FSB1 3.7 4.2 3.2 2.2 1.4 30.4 323 25.5 17.3 12.0
FSAl 35 3.8 2.9 2.0 13 28.9 30.5 23.9 15.6 10.5
FSA2 3.0 33 2.5 15 0.9 25.0 25.7 19.7 11.6 7.1
FSA3 3.3 3.6 2.6 1.7 1.2 26.5 27.1 215 13.6 9.0
FSG 2.7 2.9 2.1 1.2 0.7 23.5 24.1 175 9.0 5.0
CB1 3.2 25 19 11 0.4 27.5 24.1 17.4 12.3 8.0
CA1l 31 2.4 1.8 1.0 0.4 25.9 22.2 15.7 111 6.6
CA2 2.8 2.1 15 0.7 0.2 22.8 19.2 13.3 8.7 4.0
CA3 2.9 2.2 1.6 0.9 0.3 24.2 20.5 145 10.0 5.7
CG 2.4 1.8 1.2 0.6 0.1 20.5 17.0 115 6.5 3.0

After exposure to 200 °C, FA-based GPC showed a 9.1%-12.2% increase in splitting tensile strength, while FA/GGBS-
based GPC exhibited an 8%—13.7% enhancement. In contrast, PCC retained only 75.7%-80% of its initial strength. After
exposure to 400 °C, microcrack development caused reductions in all mixes, GPC mixes retained 40.3%-60.3% of its strength
compared to 25.5%-35.1% for PCC. After exposure to 800 °C, residual splitting tensile strength declined sharply: FA-based
GPC mixes retained 23%-36.3%, FA/GGBS-based GPC mixes retained 26.9%-39%, and PCC mixes retained only 6.4%—
14%. The superior performance of FA/GGBS-based GPC highlights the role of GGBS in enhancing geopolymerization and
thermal stability.

Taking into consideration the coarse aggregates type, using basalt aggregate gave higher residual splitting-tensile strength
than crushed dolomite or gravel. On the other hand, using gravel as coarse aggregate gave the least values of splitting-tensile
strength especially after exposure to 600 °C and 800 °C due to the higher thermal incompatibility between paste and gravel.
The size of crushed dolomite aggregates has a clear effect on the splitting-tensile strength of concrete mixes when exposed
to elevated temperatures. Using dolomite Al (14 mm) was better than using crushed dolomite A2 (40 mm) or crushed
dolomite A3 (20 mm).

3.2.3  Modulus of elasticity

The results of modulus of elasticity for different PCC and GPC mixes before and after exposure to elevated temperatures
up to 800 °C are summarized in Table 5 and Fig. 10.

At ambient temperature, FA/GGBS-based GPC mixes exhibited 6%—14.6% higher modulus values than PCC mixes,
while FA-based GPC showed a 2.2%-3.1% advantage than PCC mixes. Using GGBS in GPC mixes enhanced the modulus
of elasticity by 6%-11.9% compared to FA-based GPC mixes. Basalt aggregate provided the highest stiffness, followed by
crushed dolomite (Al: 14 mm). Modulus of elasticity of concrete mixes FSA1, FAl and CA1 was higher than that of mixes
FSA2, FA2, and CA2 by 14.04%, 15.6% and 13.6%, respectively.

At 200 °C, FA-based GPC modulus and FA/GGBS-based GPC modulus increased marginally (2.1%-46.3%) and (2.3%-
6.25%, respectively whereas PCC retained 82.9-87.6% of its initial stiffness. After exposure to 400 °C and 600 °C, all GPC
and PCC mixes exhibited a reduction in modulus of elasticity due to the development of microcracks [45]. After exposure to
800 °C, residual modulus values declined: FA/GGBS-based GPC retained 21%—-39.5%, FA-based GPC retained 20%—35.6%,
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and PCC retained only 14.6%—-29.1%. The superior thermal resilience of GPC, particularly FA/GGBS blends, stems from
the stable geopolymer matrix and reduced thermal incompatibility with basalt aggregates. Smaller dolomite aggregates (A1)
delayed ITZ degradation, aligning with trends observed in compressive and flexural strengths [24].
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Figure 10 - Modulus of elasticity of GPC and PCC mixes

4 Prediction of residual compressive strength for GPC using Artificial Neural Network models

Two different data sets have been used in this study. Data set 1 was used to build ANN model (ANN-1) to predict
compressive strength of ambient-cured GPC after exposure to elevated temperatures. The input parameters and compressive
strength were collected from various prior investigations [46, 70, 72, 82, 88]. In addition, GPC mixes from the test results of
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the current experimental work were used in data set 1. Data set 2 was used to build ANN model (ANN-2) to predict
compressive strength of heat-cured GPC after exposure to elevated temperatures. Input parameters and compressive strength
were collected from different previous studies [24, 27, 28, 30, 44, 65, 70, 72, 89].

4.1 Structure of Model ANN-1 for ambient cured GPC mixes

The different parameters (inputs) used in model ANN-1 were FA content, GGBS content, molarity of hydroxide solution,
solution to binder ratio, extra water to binder ratio, thermal expansion of coarse aggregate, nominal maximum size of coarse
aggregate, fire temperature and fire rate as inputs. The output of model ANN-1 is the residual compressive strength of GPC
mixes after exposure to different elevated temperatures.

4.2 Structure of Model ANN-2 for heat cured GPC mixes

The different parameters (inputs) used in model ANN-2 were FA content, GGBS content, molarity of hydroxide solution,
solution to binder ratio, extra water to binder ratio, thermal expansion of coarse aggregate, nominal maximum size of coarse
aggregate, curing temperature, fire temperature, fire rate and fire duration as inputs. The output of model ANN-2 is the
residual compressive strength of GPC mixes after exposure to different elevated temperatures.

4.3 Training and testing of ANN models

The computer program was performed under MATLAB R2013a software using the neural network toolbox. In the
training process, data set-1 and data set-2 were used to learn the ANNs models ANN-1 and ANN-2, respectively using the
Levenberg — Marquardt backpropagation algorithm. Both ANN models included one output layer, input layer, one hidden
layer and the in-between connections. The numbers of the neuron on the hidden layer as well as the percentage of data in
training, validation and testing were changed to find best results and accuracy. Several performance metrics were used in this
study to evaluate model performance such as adjusted R2, root mean square error (RMSE) difference and the normalized
root mean square error (NRMSE). The equation of the root mean square error has been adopted to measure the accuracy
between the actual and predicted values using Eq. 1 [49, 57].

RMSE = \/% Zg:l _(An - Pn)2 (1)
where An is the actual value, Pn is the predicted value and N is the number of data points in the training data set.
Normalizing the RMSE facilitates the comparison between data sets or models with different scales and is calculated

using Eq. 2 [49, 57].

RMSE
NRMSE = — 2

where S represents the mean of the actual values.

The R? has been also estimated for each ingredient using Eq. 3 [49, 57].

Z_Z(An_Pn)z
ke = (An_S)z

When R? nears to one it is a sign of good or more accuracy, and on the other hand when it nears to zero it is a sign of bad
or less accuracy [49]. Several trials were run by changing number of neurons, then the predicted value of compressive strength
were calculated. The actual and predicted values of compressive strength were then plotted on graphs. In the plotted graph,
three lines including line of perfect values as well as two lines shifted by £20% from the perfect one were drawn [49, 57].

®)

4.4 Results and discussion of ANN models

For Model ANN-1, the best results were obtained from taking 75%-10%-15% of data in training, validation and testing
with 5 neurons as shown in Fig. 11-a. The values of R2, RMSE and NRMSE were 0.940, 3.58 and 0.111, respectively, which
indicates high accuracy of model ANN-1.
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For model ANN-2, the best results were obtained from taking 60%-30%-10% of data in training, validation and testing
with 5 neurons as shown in Fig. 11-b. The values of R2, RMSE and NRMSE were 0.887, 6.31 and 0.155, respectively, which
indicates high accuracy of model ANN-2.

To show the performance of the ANN models, the actual values of compressive strength after exposure to elevated
temperatures (from data set-1 and data set-2) versus the predicted values from model ANN-1 and model ANN-2 are plotted
in Figs. 12-a and 12-b, respectively. From Fig. 12 it is obvious that most of the points lie between the two boundary lines
80% and 120% (about 95.8% for model ANN-1 and 87% for model ANN-2).

To rigorously evaluate the generalization performance of ANN models, a5-fold cross-validation procedure was
employed. This approach balances computational efficiency with reliable performance estimation by partitioning the dataset
into five equal subsets. For each iteration, four folds were used for training, and the remaining fold served as the validation
set. This process was repeated until all folds had been utilized once for validation, ensuring every data point contributed to
both training and testing phases. Across the five folds, the average R2 value for model ANN-1 and ANN-2 were 0.7 and 0.61,
respectively (with standard deviation values of 0.23 and0.12). This indicates moderate explanatory power, suggesting that
the ANN captures a meaningful portion of the underlying data patterns while highlighting opportunities for refinement.

Hidden Output a
g gl
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Figure 11 - Neural network of a) model ANN-1 and b) model ANN-2

5 Cost/Scalability of GPC

The practical adoption of GPC depends on balancing material economics with scalability. While the main binders for
GPC, (FA) and (GGBS) [19], are industrial by-products (from coal power plants and steel mills), their cost-effectiveness
relies substantially on regional availability. In areas with several coal or steel industries, these materials are low-cost and
abundant. However, in regions lacking such infrastructure, transportation and logistics costs can inflate expenses, posing
challenges for large-scale applications [90]. Moreover, alkaline activators like sodium silicate (Na2SiOs) and potassium
hydroxide (KOH) remain a cost constraint. For example, Na.SiOs production involves energy-intensive silica smelting, while
KOH requires electrolysis of potassium chloride.

Scalability also depends on handling alkaline solutions safely. Unlike PC, which uses water as the primary solution, GPC
requires careful storage and mixing of corrosive alkaline liquids—a hurdle for conventional concrete batching plants [91].
Yet, ambient-cured GPC eliminates the need for energy-intensive heat curing (60-90°C), slashing energy use by ~50%
compared to heat-cured geopolymers [92]. This makes it more practical for on-site applications, especially where FA/GGBS
blends are locally accessible. Future advancements, such as recycling spent alkaline solutions or developing bio-based
activators (e.g., rice husk ash-derived silicates), could further lower costs. For now, GPC’s scalability shines in fields
prioritizing low-carbon goals over short-term economics, such as infrastructure projects near industrial hubs with abundant
FA/GGBS stockpiles.
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6 Influence on design codes, material selection, or fire safety strategies in construction

Our results can contribute to the development of specific fire resistance guidelines for GPC structures, as current building
codes primarily focus on traditional PCC [93]. The superior performance GPC under high temperatures, as demonstrated in
our study, suggests the need for distinct fire resistance ratings and specifications [91].

The study’s results can inform the development of specific guidelines for aggregate selection in fire-resistant GPC. This
is crucial as the chemical composition and size of aggregates significantly influence the concrete’s post-fire performance.
Also, the results emphasize the importance of establishing rigorous quality control measures for raw materials, especially
considering the variability in industrial by-products used in GPC [94]. Using machine learning programs to find the optimum
mix design of fire-resistant GPC is a need.

The findings support the integration of environmentally friendly fire-resistant materials in construction, as GPC offers
both superior fire resistance and reduced carbon footprint compared to PCC [95]. The demonstrated performance of GPC
under high temperatures supports its use in critical infrastructure where fire resistance is paramount. This can influence the
selection of materials for fire-prone areas or structures requiring enhanced fire protection.

7 Conclusions

In this study, the effect of elevated temperatures on the mechanical properties of ambient-cured geopolymer concrete
(GPC) mixes were investigated. Different GPC mixes (FA-based GPC and FA/GGBS-based GPC) as well as Portland cement
concrete mixes (PCC) were exposed to elevated temperature 200 °C, 400 °C, 600 °C, and 800 °C. The effect of different
coarse aggregate types and sizes were studied. Furthermore, artificial neural networks (ANN) models were presented to
predict the residual compressive strength of ambient and heat cured GPC after exposure to elevated temperatures. The key
findings include:

o Ambient-cured GPC mixes exhibited higher compressive, flexural, splitting-tensile strengths and modulus of
elasticity than PCC by 16%, 5%, 8% and 7%, respectively at ambient conditions. Moreover, GPC mixes showed
better performance than PCC mixes after exposure to elevated temperatures.

e Incorporating 25% GGBS in GPC mixes enhanced the mechanical properties either at ambient conditions or
after exposure to elevated temperatures. Compressive, improved by about (15%-21%) at ambient condition
when compared to FA-based GPC. Residual compressive strength of FA/GGBS based GPC and FA-based GPC
after exposure to 800°C were (44.2%-66.5%) and (42%-60%), respectively.

o Coarse aggregate types and sizes significantly impacted the mechanical properties of both PCC and GPC mixes
especially after exposure to elevated temperatures.

e Using basalt aggregate provided the highest residual mechanical properties outperforming gravel and crushed
dolomite. Thermal incompatibility between gravel and paste and decomposition of crushed dolomite at high
temperatures caused more reductions in mechanical properties.

e GPC or PCC contained smaller crushed dolomite (14 mm) exhibited better residual mechanical properties
compared to those larger sizes (20 mm and 40 mm) after exposure to 800°C due to the delayed interfacial
transition zone (ITZ) microcracking.

e This study demonstrated the feasibility of using artificial neural networks (ANN) in predicting residual
compressive strength after exposure to elevated temperatures for either heat-cured (R2=0.887) or ambient-cured
(R?=0.94) GPC mixes.

e  Further studies including Scanning Electron Microscopy (SEM) are essential for elucidating the microstructural
evolution of GPC subjected to elevated temperatures, particularly in understanding crack propagation
mechanisms and the degradation of the aggregate—matrix interface.

e Further studies applying advanced statistical methods and data-driven strategies, such as advanced machine
learning (ML) models, to quantify variability and strengthen predictive reliability are essential.

These findings highlight the potential benefits of GGBS incorporation, the influence of aggregate types and sizes, and
the effectiveness of ANN models in understanding and predicting the behavior of GPC under varying temperature conditions.



224 JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 12 (2025) 207-228

Acknowledgements

The authors would like to acknowledge the staff of the Properties of Materials Laboratory — Faculty of Engineering —
Tanta University for the help they offered during various stages of conducting this study.

Conflicts of interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

REFERENCES

[1]- Y.L. Li, X.L. Zhao, R.S. Raman, S. Al-Saadi, Thermal and mechanical properties of alkali-activated slag paste,
mortar and concrete utilising seawater and sea sand. Constr. Build. Mater. 159 (2018) 704-724.
https://doi.org/10.1016/j.conbuildmat.2017.10.104

[2]- Z.He, X. Zhu,J. Wang, M. Mu, Y. Wang, Comparison of CO: emissions from OPC and recycled cement production.
Constr. Build. Mater. 211 (2019) 965-973. https://doi.org/10.1016/j.conbuildmat.2019.03.289

[3]- S.M. Park, J.G. Jang, N.K. Lee, H.K. Lee, Physicochemical properties of binder gel in alkali-activated fly ash/slag
exposed to high temperatures. Cem. Concr. Res. 89 (2016) 72-79. https://doi.org/10.1016/j.cemconres.2016.08.004

[4]- D. Cheng, D.M. Reiner, F. Yang, C. Cui, J. Meng, Y. Shan, Y. Liu, S. Tao, D. Guan, Projecting future carbon
emissions from cement production in developing countries. Nat. Commun. 14(1) (2023) 8213.
https://doi.org/10.1038/s41467-023-43660-x

[5]- H. Li, Q. Deng, J. Zhang, B. Xia, M. Skitmore, Assessing the life cycle CO2 emissions of reinforced concrete
structures: Four cases from China. J. Clean. Prod. 210 (2019) 1496-1506.
https://doi.org/10.1016/j.jclepro.2018.11.102

[6]- F. Farooq, X. Jin, M.F. Javed, A. Akbar, M.l. Shah, F. Aslam, R. Alyousef, Geopolymer concrete as sustainable
material: A state of the art review. Constr. Build. Mater. 306 (2021) 124762.
https://doi.org/10.1016/j.conbuildmat.2021.124762

[7]- N.B. Singh, B. Middendorf, Geopolymers as an alternative to Portland cement: An overview. Constr. Build. Mater.
237 (2020) 117455. https://doi.org/10.1016/j.conbuildmat.2019.117455

[8]- R. Bajpai, K. Choudhary, A. Srivastava, K.S. Sangwan, M. Singh, Environmental impact assessment of fly ash and
silica  fume based geopolymer concrete. J. Clean. Prod. 254 (2020) 120147.
https://doi.org/10.1016/j.jclepro.2020.120147

[9]- A.R.G. Azevedo, C.M.F. Vieira, W.M. Ferreira, K.C.P. Faria, L.G. Pedroti, B.C. Mendes, Potential use of ceramic
waste as precursor in the geopolymerization reaction for the production of ceramic roof tiles. J. Build. Eng. 29
(2020) 101156. https://doi.org/10.1016/j.jobe.2019.101156

[10]- A.R. de Azevedo, M.T. Marvila, H.A. Rocha, L.R. Cruz, C.M.F. Vieira, Use of glass polishing waste in the
development of ecological ceramic roof tiles by the geopolymerization process. Int. J. Appl. Ceram. Technol. 17(6)
(2020) 2649-2658. https://doi.org/10.1111/ijac.13585

[11]- N. Shehata, E.T. Sayed, M.A. Abdelkareem, Recent progress in environmentally friendly geopolymers: A review.
Sci. Total Environ. 762 (2021) 143166. https://doi.org/10.1016/j.scitotenv.2020.143166

[12]- R. He, N. Dai, Z. Wang, Thermal and mechanical properties of geopolymers exposed to high temperature: A
literature review. Adv. Civ. Eng. 2020 (2020) 1-17. https://doi.org/10.1155/2020/7532703

[13]- S. Das, P. Saha, S.P. Jena, P. Panda, Geopolymer concrete: Sustainable green concrete for reduced greenhouse gas
emission—A review. Mater. Today Proc. 60 (2022) 62-71. https://doi.org/10.1016/j.matpr.2021.11.588

[14]- B. Zhang, Durability of sustainable geopolymer concrete: A critical review. Sustain. Mater. Technol. 2024 e00882.
https://doi.org/10.1016/j.susmat.2024.e00882

[15]- A. Hassan, M. Arif, M. Shariq, Use of geopolymer concrete for a cleaner and sustainable environment—A review of
mechanical properties and microstructure. J. Clean. Prod. 223 (2019) 704-728.
https://doi.org/10.1016/j.jclepro.2019.03.051

[16]- T. Lingyu, H. Dongpo, Z. Jianing, W. Hongguang, Durability of geopolymers and geopolymer concretes: A review.
Rev. Adv. Mater. Sci. 60(1) (2021) 1-14. https://doi.org/10.1515/rams-2021-0002

[17]- M.F. Ghazy, M.A. Abd Elaty, M. Taman, M.E. Eissa, Durability performance of geopolymer ferrocement panels


https://doi.org/10.1016/j.conbuildmat.2017.10.104
https://doi.org/10.1016/j.conbuildmat.2019.03.289
https://doi.org/10.1016/j.cemconres.2016.08.004
https://doi.org/10.1038/s41467-023-43660-x
https://doi.org/10.1016/j.jclepro.2018.11.102
https://doi.org/10.1016/j.conbuildmat.2021.124762
https://doi.org/10.1016/j.conbuildmat.2019.117455
https://doi.org/10.1016/j.jclepro.2020.120147
https://doi.org/10.1016/j.jobe.2019.101156
https://doi.org/10.1111/ijac.13585
https://doi.org/10.1016/j.scitotenv.2020.143166
https://doi.org/10.1155/2020/7532703
https://doi.org/10.1016/j.matpr.2021.11.588
https://doi.org/10.1016/j.susmat.2024.e00882
https://doi.org/10.1016/j.jclepro.2019.03.051
https://doi.org/10.1515/rams-2021-0002

JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 12 (2025) 207-228 225

prepared by different alkaline activators. Struct. 38 (2022) 168-183. https://doi.org/10.1016/j.istruc.2022.01.087

[18]- A. Ojha, P. Aggarwal, Durability performance of low calcium Flyash-Based geopolymer concrete. Struct. 54 (2023)
956-963. https://doi.org/10.1016/j.istruc.2023.05.115

[19]- B. Singh, G. Ishwarya, M. Gupta, S.K. Bhattacharyya, Geopolymer concrete: A review of some recent
developments. Constr. Build. Mater. 85 (2015) 78-90. https://doi.org/10.1016/j.conbuildmat.2015.03.036

[20]- Z. Zhang, J.L. Provis, A. Reid, H. Wang, Geopolymer foam concrete: An emerging material for sustainable
construction. Constr. Build. Mater. 56 (2014) 113-127. https://doi.org/10.1016/j.conbuildmat.2014.01.081

[21]- M. Lahoti, K.H. Tan, E.H. Yang, A critical review of geopolymer properties for structural fire-resistance
applications. Constr. Build. Mater. 221 (2019) 514-526. https://doi.org/10.1016/j.conbuildmat.2019.06.076

[22]- W.K. Part, M. Ramli, C.B. Cheah, An overview on the influence of various factors on the properties of geopolymer
concrete  derived from industrial by-products. Constr. Build. Mater. 77 (2015) 370-395.
https://doi.org/10.1016/j.conbuildmat.2014.12.065

[23]- M.F. Ghazy, M.A. Abd Elaty, M.H. Taman, A.M. Mehriz, A comprehensive review on the performance of
geopolymer concrete subjected to elevated temperature. Innov. Infrastruct. Solut. 8(7) (2023) 194.
https://doi.org/10.1007/s41062-023-01158-x

[24]- D.L. Kong, J.G. Sanjayan, Effect of elevated temperatures on geopolymer paste, mortar and concrete. Cem. Concr.
Res. 40(2) (2010) 334-339. https://doi.org/10.1016/j.cemconres.2009.10.017

[25]- M.F. Ghazy, M.A. Abd Elaty, M. Taman, A.M. Mehriz, Performance of geopolymer mortars prepared by different
alkaline solutions under elevated temperature. J. Mater. Eng. Struct. 10(3) (2023) 423-447.
https://revue.ummto.dz/index.php/JMES/article/view/3272

[26]- H.Y. Zhang, V. Kodur, B. Wu, J. Yan, Z.S. Yuan, Effect of temperature on bond characteristics of geopolymer
concrete. Constr. Build. Mater. 163 (2018) 277-285. https://doi.org/10.1016/j.conbuildmat.2017.12.043

[27]- P.K. Sarker, S. Kelly, Z. Yao, Effect of fire exposure on cracking, spalling and residual strength of fly ash
geopolymer concrete. Mater. Des. 63 (2014) 584-592. https://doi.org/10.1016/j.matdes.2014.06.059

[28]- R.D. Abd El Hafez, A.R.M. Ahmad, M.A. Khafaga, F.A.Z. Refaie, Effect of exposure to elevated temperatures on
geopolymer concrete properties. Int. J. Civ. Eng. Technol. 10 (2019) 448-461.

[29]- A.M. Ali, J. Sanjayan, M. Guerrieri, Performance of geopolymer high strength concrete wall panels and cylinders
when exposed to a hydrocarbon fire. Constr. Build. Mater. 137 (2017) 195-207.
https://doi.org/10.1016/j.conbuildmat.2017.01.099

[30]- G. Mathew, B. Joseph, Flexural behaviour of geopolymer concrete beams exposed to elevated temperatures. J.
Build. Eng. 15 (2018) 311-317. https://doi.org/10.1016/j.jobe.2017.09.009

[31]- Z. Pan, J.G. Sanjayan, D.L. Kong, Effect of aggregate size on spalling of geopolymer and Portland cement concretes
subjected to elevated temperatures. Constr. Build. Mater. 36 (2012) 365-372.
https://doi.org/10.1016/j.conbuildmat.2012.04.120

[32]- P.K. Sarker, S. McBeath, Fire endurance of steel reinforced fly ash geopolymer concrete elements. Constr. Build.
Mater. 90 (2015) 91-98. https://doi.org/10.1016/j.conbuildmat.2015.04.054

[33]- T. Manzoor, J.A. Bhat, A.H. Shah, Performance of geopolymer concrete at elevated temperature— A critical review.
Constr. Build. Mater. 420 (2024) 135578. https://doi.org/10.1016/j.conbuildmat.2024.135578

[34]- M. Yu, T. Wang, Y. Chi, D. Li, L.Y. Li, F. Shi, Residual mechanical properties of GGBS-FA-SF blended
geopolymer concrete after exposed to elevated temperatures. Constr. Build. Mater. 411 (2024) 134378.
https://doi.org/10.1016/j.conbuildmat.2023.134378

[35]- M.T. Junaid, A. Khennane, O. Kayali, Investigation into the effect of the duration of exposure on the behaviour of
GPC at elevated temperatures. MATEC Web Conf. 11 (2014) 01003.
https://doi.org/10.1051/matecconf/20141101003

[36]- N. Poornima, T. Revathi, M. Sivasakthi, R. Jeyalakshmi, Effect of curing on mechanical strength and microstructure
of fly ash blend GGBS geopolymer, Portland cement mortar and its behavior at elevated temperature. Mater. Today
Proc. 47 (2021) 863-870. https://doi.org/10.1016/j.matpr.2021.04.087

[37]- Z. Tao, Z. Pan, Geopolymer concrete at ambient and elevated temperatures: recent developments and challenges.
NED Univ. J. Res. 2 (2019) 113-128.

[38]- F.U.A. Shaikh, Effects of slag content on the residual mechanical properties of ambient air-cured geopolymers
exposed to  elevated temperatures. J.  Asian  Ceram.  Soc. 6(4) (2018)  342-358.
https://doi.org/10.1080/21870764.2018.1529013


https://doi.org/10.1016/j.istruc.2022.01.087
https://doi.org/10.1016/j.istruc.2023.05.115
https://doi.org/10.1016/j.conbuildmat.2015.03.036
https://doi.org/10.1016/j.conbuildmat.2014.01.081
https://doi.org/10.1016/j.conbuildmat.2019.06.076
https://doi.org/10.1016/j.conbuildmat.2014.12.065
https://doi.org/10.1007/s41062-023-01158-x
https://doi.org/10.1016/j.cemconres.2009.10.017
https://revue.ummto.dz/index.php/JMES/article/view/3272
https://doi.org/10.1016/j.conbuildmat.2017.12.043
https://doi.org/10.1016/j.matdes.2014.06.059
https://doi.org/10.1016/j.conbuildmat.2017.01.099
https://doi.org/10.1016/j.jobe.2017.09.009
https://doi.org/10.1016/j.conbuildmat.2012.04.120
https://doi.org/10.1016/j.conbuildmat.2015.04.054
https://doi.org/10.1016/j.conbuildmat.2024.135578
https://doi.org/10.1016/j.conbuildmat.2023.134378
https://doi.org/10.1051/matecconf/20141101003
https://doi.org/10.1016/j.matpr.2021.04.087
https://doi.org/10.1080/21870764.2018.1529013

226

JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 12 (2025) 207-228

[39]- R. Zhao, J.G. Sanjayan, Geopolymer and Portland cement concretes in simulated fire. Mag. Concr. Res. 63(3) (2011)
163-173. https://doi.org/10.1680/macr.9.00110

[40]- M.F. Ghazy, M.A. Abd Elaty, M.H. Taman, E.S.A. Elnokrashy, Towards manufacturing of geopolymers with
minimization of energy consumption: a review. Des. Eng. 18 (2021) 5206-5219.

[41]- P.S. Deb, P. Nath, P.K. Sarker, The effects of ground granulated blast-furnace slag blending with fly ash and
activator content on the workability and strength properties of geopolymer concrete cured at ambient temperature.
Mater. Des. 62 (2014) 32-39. https://doi.org/10.1016/j.matdes.2014.05.001

[42]- M. Guerrieri, J.G. Sanjayan, Behavior of combined fly ash/slag-based geopolymers when exposed to high
temperatures. Fire Mater. 34(4) (2010) 163-175. https://doi.org/10.1002/fam.1014

[43]- A. Kashani, T.D. Ngo, B. Walkley, P. Mendis, Thermal performance of calcium-rich alkali-activated materials: a
microstructural  and ~ mechanical  study.  Constr. Build. Mater. 153  (2017)  225-237.
https://doi.org/10.1016/j.conbuildmat.2017.07.119

[44]- M.H. Agamy, A.M. Mohammed, S.F. Abd Elnaby, R.S. Abd Elaziz, Effect of elevated temperature on alkali
activated slag and fly ash based geopolymer concrete. Int. J. Eng. Adv. Technol. 9(4) (2020) 1241-1250.
https://doi.org/10.35940/ijeat.D7935.049420

[45]- R. Junru, C. Huiguo, D. Ruixi, S. Tao, Behavior of combined fly ash/GBFS-based geopolymer concrete after
exposed to elevated temperature. IOP Conf. Ser. Earth Environ. Sci. 267(3) (2019) 032056.

[46]- K.K. Ramagiri, D.R. Chauhan, S. Gupta, A. Kar, D. Adak, A. Mukherjee, High-temperature performance of
ambient-cured  alkali-activated  binder  concrete.  Innov. Infrastruct. Solut. 6 (2021) 1-11.
https://doi.org/10.1007/s41062-020-00448-y

[47]- A.A. Shahmansouri, M. Yazdani, S. Ghanbari, H.A. Bengar, A. Jafari, H.F. Ghatte, Artificial neural network model
to predict the compressive strength of eco-friendly geopolymer concrete incorporating silica fume and natural
zeolite. J. Clean. Prod. 279 (2021) 123697. https://doi.org/10.1016/j.jclepro.2020.123697

[48]- S. Paruthi, A. Husain, P. Alam, A.H. Khan, M.A. Hasan, H.M. Magbool, A review on material mix proportion and
strength influence parameters of geopolymer concrete: Application of ANN model for GPC strength prediction.
Constr. Build. Mater. 356 (2022) 129253. https://doi.org/10.1016/j.conbuildmat.2022.129253

[49]- M.A. Yaman, M. Abd Elaty, M. Taman, Predicting the ingredients of self compacting concrete using artificial neural
network. Alexandria Eng. J. 56(4) (2017) 523-532. https://doi.org/10.1016/j.aej.2017.04.007

[50]- A. Ashrafian, M.J.T. Amiri, M. Rezaie-Balf, T. Ozbakkaloglu, O. Lotfi-Omran, Prediction of compressive strength
and ultrasonic pulse velocity of fiber reinforced concrete incorporating nano silica using heuristic regression
methods. Constr. Build. Mater. 190 (2018) 479-494. https://doi.org/10.1016/j.conbuildmat.2018.09.047

[51]- M.J. Moradi, M. Khaleghi, J. Salimi, V. Farhangi, A.M. Ramezanianpour, Predicting the compressive strength of
concrete containing metakaolin with different properties using ANN. Measurement 183 (2021) 109790.
https://doi.org/10.1016/j.measurement.2021.109790

[52]- A. Behnood, E.M. Golafshani, Machine learning study of the mechanical properties of concretes containing waste
foundry sand. Constr. Build. Mater. 243 (2020) 118152. https://doi.org/10.1016/j.conbuildmat.2020.118152

[53]- M.A. Ansari, M. Sharig, F. Mahdi, Geopolymer concrete for clean and sustainable construction—A state-of-the-art
review on the mix design approaches. Struct. 55 (2023) 1045-1070. https://doi.org/10.1016/j.istruc.2023.06.089

[54]- S.A.E. Afzali, M.A. Shayanfar, M. Ghanooni-Bagha, E. Golafshani, T. Ngo, The use of machine learning techniques
to investigate the properties of metakaolin-based geopolymer concrete. J. Clean. Prod. 2024 141305.
https://doi.org/10.1016/j.jclepro.2024.141305

[55]- T. Gupta, K.A. Patel, S. Siddique, R.K. Sharma, S. Chaudhary, Prediction of mechanical properties of rubberised
concrete exposed to elevated temperature using ANN. Measurement 147 (2019) 106870.
https://doi.org/10.1016/j.measurement.2019.106870

[56]- H. Abbas, Y.A. Al-Salloum, H.M. Elsanadedy, T.H. Almusallam, ANN models for prediction of residual strength
of HSC after exposure to elevated temperature. Fire Saf. J. 106 (2019) 13-28.
https://doi.org/10.1016/j.firesaf.2019.03.011

[57]- M.F. Ghazy, M.A.A. Al-Elaty, N.M. Zalhaf, Prediction of temperature distribution and fire resistance of RC slab
using artificial neural networks. Int. J. Struct. Eng. 11(2) (2021) 1-18.
https://doi.org/10.1504/IJSTRUCTE.2021.112084

[58]- J.C. Liu, Z. Zhang, Neural network models to predict explosive spalling of PP fiber reinforced concrete under
heating. J. Build. Eng. 32 (2020) 101472. https://doi.org/10.1016/j.jobe.2020.101472


https://doi.org/10.1680/macr.9.00110
https://doi.org/10.1016/j.matdes.2014.05.001
https://doi.org/10.1002/fam.1014
https://doi.org/10.1016/j.conbuildmat.2017.07.119
https://doi.org/10.35940/ijeat.D7935.049420
https://doi.org/10.1007/s41062-020-00448-y
https://doi.org/10.1016/j.jclepro.2020.123697
https://doi.org/10.1016/j.conbuildmat.2022.129253
https://doi.org/10.1016/j.aej.2017.04.007
https://doi.org/10.1016/j.conbuildmat.2018.09.047
https://doi.org/10.1016/j.measurement.2021.109790
https://doi.org/10.1016/j.conbuildmat.2020.118152
https://doi.org/10.1016/j.istruc.2023.06.089
https://doi.org/10.1016/j.jclepro.2024.141305
https://doi.org/10.1016/j.measurement.2019.106870
https://doi.org/10.1016/j.firesaf.2019.03.011
https://doi.org/10.1504/IJSTRUCTE.2021.112084
https://doi.org/10.1016/j.jobe.2020.101472

JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 12 (2025) 207-228 227

[59]- M. Rahmati, V. Toufigh, Evaluation of geopolymer concrete at high temperatures: An experimental study using
machine learning. J. Clean. Prod. 372 (2022) 133608. https://doi.org/10.1016/j.jclepro.2022.133608

[60]- ASTM-C618, Standard specification for coal fly ash and raw or calcined natural pozzolan for use in concrete. Am.
Soc. Test. Mater. (2019).

[61]- EN 196-1, Cement — Part 1: Methods of testing cement-part1: Determination of strength. Eur. Comm. Stand. (2016).

[62]- ES 4756, Cement part 1 composition, specific and conformity criteria for common cements. Egypt. Organ. Stand.
Qual. (2022).

[63]- ECP-203, Egyptian Code of Practice for Design and Construction of Reinforced Concrete Structures. Hous. Build.
Res. Cent. (2020).

[64]- ASTM-C33, Standard Specification for Concrete Aggregates. Am. Soc. Test. Mater. (2018).

[65]- F.U.A. Shaikh, A. Hosan, Mechanical properties of steel fibre reinforced geopolymer concretes at elevated
temperatures. Constr. Build. Mater. 114 (2016) 15-28. https://doi.org/10.1016/j.conbuildmat.2016.03.158

[66]- BS EN-12390-3, Testing hardened concrete. Compressive strength of test specimens. Br. Stand. (2002).

[67]- BS EN-12390-5, Testing hardened concrete. Flexural strength of test specimens. Br. Stand. (2000).

[68]- BS EN-12390-6, Testing hardened concrete. Tensile splitting strength of test specimens. Br. Stand. (2023).

[69]- BS EN-12390-13, Testing hardened concrete. Determination of secant modulus of elasticity in compression. Br.
Stand. (2021).

[70]- A. Hassan, M. Arif, M. Sharig, Mechanical behaviour and microstructural investigation of geopolymer concrete
after exposure to elevated temperatures. Arab. J. Sci. Eng. 45 (2020) 3843-3861. https://doi.org/10.1007/s13369-
019-04269-9

[71]- S.N.A. Razak, N. Shafiq, L. Guillaumat, S.A. Farhan, V.K. Lohana, Fire-exposed fly-ash-based geopolymer
concrete: effects of burning temperature on mechanical and microstructural properties. Materials 15(5) (2022) 1884.
https://doi.org/10.3390/mal15051884

[72]- H. Zhang, L. Li, C. Yuan, Q. Wang, P.K. Sarker, X. Shi, Deterioration of ambient-cured and heat-cured fly ash
geopolymer concrete by high temperature exposure and prediction of its residual compressive strength. Constr.
Build. Mater. 262 (2020) 120924. https://doi.org/10.1016/j.conbuildmat.2020.120924

[73]- AAM.A.E. Albadawy, M.A. Abd Elaty, M.H. Taman, Performance of Geopolymer Mortars Subjected to Elevated
Temperatures. MEJ-Mansoura Eng. J. 42(1) (2017) 12-20. https://doi.org/10.21608/bfemu.2020.97655

[74]- K.M. Klima, K. Schollbach, H.J.H. Brouwers, Q. Yu, Thermal and fire resistance of Class F fly ash based
geopolymers—A review. Constr. Build. Mater. 323 (2022) 126529.
https://doi.org/10.1016/j.conbuildmat.2022.126529

[75]- I. Hager, T. Tracz, J. Sliwifiski, K. Krzemien, The influence of aggregate type on the physical and mechanical
properties of high - performance concrete subjected to high temperature. Fire Mater. 40(5) (2016) 668-682.
https://doi.org/10.1002/fam.2318

[76]- N.K. Lee, H.K. Lee, Setting and mechanical properties of alkali-activated fly ash/slag concrete manufactured at
room temperature. Constr. Build. Mater. 47 (2013) 1201-1209. https://doi.org/10.1016/j.conbuildmat.2013.05.107

[77]- G. Fang, W.K. Ho, W. Tu, M. Zhang, Workability and mechanical properties of alkali-activated fly ash-slag
concrete  cured at ambient temperature.  Constr.  Build. Mater. 172  (2018) 476-487.
https://doi.org/10.1016/j.conbuildmat.2018.04.008

[78]- S. Kumar, R. Kumar, S.P. Mehrotra, Influence of granulated blast furnace slag on the reaction, structure and
properties of fly ash based geopolymer. J. Mater. Sci. 45 (2010) 607-615.

[79]- Z. Pan, Z. Tao, Y.F. Cao, R. Wuhrer, T. Murphy, Compressive strength and microstructure of alkali-activated fly
ash/slag  binders at  high  temperature. Cem. Concr. Compos. 86  (2018)  9-18.
https://doi.org/10.1016/j.cemconcomp.2017.09.011

[80]- A. Woode, D.K. Amoah, I.A. Aguba, P. Ballow, The effect of maximum coarse aggregate size on the compressive
strength of concrete produced in Ghana. Civ. Environ. Res. 7(5) (2015) 7-12.

[81]- R.P. Kumar, R.M.V. Krishna, A study on the effect of size of aggregate on the strength and sorptivity characteristics
of cinder based light weight concrete. Res. J. Eng. Sci. 1(6) (2012) 27-35.

[82]- F. Aslani, Z. Asif, Properties of ambient-cured normal and heavyweight geopolymer concrete exposed to high
temperatures. Materials 12(5) (2019) 740. https://doi.org/10.3390/ma12050740

[83]- J. Zhao, K. Wang, S. Wang, Z. Wang, Z. Yang, E.D. Shumuye, X. Gong, Effect of elevated temperature on
mechanical properties of high-volume fly ash-based geopolymer concrete, mortar and paste cured at room


https://doi.org/10.1016/j.jclepro.2022.133608
https://doi.org/10.1016/j.conbuildmat.2016.03.158
https://doi.org/10.1007/s13369-019-04269-9
https://doi.org/10.1007/s13369-019-04269-9
https://doi.org/10.3390/ma15051884
https://doi.org/10.1016/j.conbuildmat.2020.120924
https://doi.org/10.21608/bfemu.2020.97655
https://doi.org/10.1016/j.conbuildmat.2022.126529
https://doi.org/10.1002/fam.2318
https://doi.org/10.1016/j.conbuildmat.2013.05.107
https://doi.org/10.1016/j.conbuildmat.2018.04.008
https://doi.org/10.1016/j.cemconcomp.2017.09.011
https://doi.org/10.3390/ma12050740

228

JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 12 (2025) 207-228

temperature. Polymers 13(9) (2021) 1473.

[84]- H. Kucukgoncu, A. Ozbayrak, Microstructural analysis of low-calcium fly ash-based geopolymer concrete with
different ratios of activator and binder under high temperatures. Arab. J. Sci. Eng. 2024 1-27.

[85]- M. Tufail, K. Shahzada, B. Gencturk, J. Wei, Effect of elevated temperature on mechanical properties of limestone,
quartzite and granite concrete. Int. J. Concr. Struct. Mater. 11(1) (2017) 17-28.

[86]- F.U.A. Shaikh, V. Vimonsatit, Compressive strength of fly - ash - based geopolymer concrete at elevated
temperatures. Fire Mater. 39(2) (2015) 174-188. https://doi.org/10.1002/fam.2240

[87]- M. Malik, S.K. Bhattacharyya, S.V. Barai, Microstructural changes in concrete: Postfire scenario. J. Mater. Civ.
Eng. 33(2) (2021) 04020462. https://doi.org/10.1061/(ASCE)MT.1943-5533.0003449

[88]- W.G.V. Saavedra, R.M. de Gutiérrez, Performance of geopolymer concrete composed of fly ash after exposure to
elevated temperatures. Constr. Build. Mater. 154 (2017) 229-235.
https://doi.org/10.1016/j.conbuildmat.2017.07.208

[89]- B.A. Tayeh, A.M. Zeyad, I.S. Agwa, M. Amin, Effect of elevated temperatures on mechanical properties of
lightweight ~ geopolymer  concrete. Case  Stud. Constr. Mater. 15 (2021) e00673.
https://doi.org/10.1016/j.cscm.2021.e00673

[90]- A. Martinez, S.A. Miller, Life cycle assessment and production cost of geopolymer concrete: A meta-analysis.
Resour. Conserv. Recycl. 215 (2025) 108018.

[91]- J.L. Provis, J.S.J. Van Deventer (Eds.), Geopolymers: structures, processing, properties and industrial applications.
Elsevier (2009).

[92]- M. Verma, N. Dev, I. Rahman, M. Nigam, M. Ahmed, J. Mallick, Geopolymer concrete: a material for sustainable
development in Indian construction industries. Crystals 12(4) (2022) 514. https://doi.org/10.3390/cryst12040514

[93]- BS EN 1992-1-1, Eurocode 2: Design of concrete structures—Part 1-1: General rules and rules for buildings. Br.
Stand. (2004).

[94]- P. Duxson, A. Fernadndez-Jiménez, J.L. Provis, G.C. Lukey, A. Palomo, J.S. van Deventer, Geopolymer technology:
the current state of the art. J. Mater. Sci. 42 (2007) 2917-2933.

[95]- L.K. Turner, F.G. Collins, Carbon dioxide equivalent (CO2-e) emissions: A comparison between geopolymer and
OPC cement concrete. Constr. Build. Mater. 43 (2013) 125-130. https://doi.org/10.1016/j.conbuildmat.2013.01.023


https://doi.org/10.1002/fam.2240
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003449
https://doi.org/10.1016/j.conbuildmat.2017.07.208
https://doi.org/10.1016/j.cscm.2021.e00673
https://doi.org/10.3390/cryst12040514
https://doi.org/10.1016/j.conbuildmat.2013.01.023

