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The main objective of this study is to evaluate the mechanical 

properties of geopolymer concrete (GPC), made from alkaline-

activated fly ash and Ground Granulated Blast Furnace Slag 

(GGBS), compared to conventional M30 grade concrete. 

Additional samples of GPC incorporating steel fibers were also 

tested. To investigate the behavior of these materials under 

elevated temperatures (0°C, 250°C, 500°C, 750°C), thirty-six 

specimens were cast and tested, including cubes, cylinders, and 

prisms. These specimens comprised slag-based GPC (containing 

GGBS and fly ash) and standard M30 concrete. The results of the 

compressive strength tests indicated that GPC demonstrated 22.3% 

greater strength than conventional concrete. Furthermore, adding 

steel fibers to GPC enhanced its compressive strength by 61%. The 

split tensile strength of GPC was 71.8% higher than standard 

concrete, and GPC with steel fibers exhibited a 118.5% increase. 

Similarly, the flexural strength (modulus of rupture) increased by 

22% for GPC and 54% for GPC reinforced with steel fibers, 

compared to conventional concrete. Overall, the findings reveal 

that incorporating steel fibers significantly improves the 

mechanical properties of slag-based GPC, particularly in 

compressive, tensile, and flexural strength, making it superior to 

ordinary Portland cement (OPC)-based concrete. 
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1. Introduction 

Despite being the dominant construction material for many years, concrete is encountering difficulties in 

satisfying the demand for environmentally friendly and sustainable building materials [1–8]. Many 

scientists actively explore novel environmentally sustainable materials [9,10]. A growing trend involves 

replacing cement with low-energy materials or construction waste [11–13]. 

GPC offers outstanding mechanical properties and resistance to high temperatures, fire, alkalis, and acids 

[14,15]. As a sustainable alternative to traditional cement, it reduces carbon emissions, making it crucial 

for environmentally friendly construction practices [16–18]. The polymerization process in GPC involves 

activating aluminosilicate materials using various activators, resulting in different geopolymers: acid-

activated, alkali-activated, and salt-activated. This process results in a rapid-curing material with superior 

strength, excellent thermal stability, and durability, making GPC highly suitable for use in building 

materials, especially in applications requiring resilience to high temperatures and harsh environments 

[18,19]. 

With the ongoing advancement of contemporary urbanization and the subsequent rise in building density, 

ensuring the fire resistance of structures has become a crucial and pressing issue. Several parts of a structure 

may be damaged to various extents throughout a fire. They may even be at risk of collapsing, a significant 

danger to people's lives and property. Thus, it is essential to guarantee fire resistance of buildings throughout 

the construction of various civil structures and infrastructures. Studies [20,21] show that GPC has illustrated 

outstanding resilience to high temperatures. 

Additionally, Razak et al. [22] found that GPC exhibited improved mechanical strength and a more compact 

structure when exposed to 500 °C. Consequently, GPC demonstrated greater structural integrity and thermal 

stability than normal concrete. Türkmen et al. [23] examined the water absorption and fire resistance 

characteristics of GPC using two distinct aggregate types (crushed sand aggregate and river sand 

aggregate). They found that the water absorption increased at 700 °C, while the compressive strength of 

the GPC specimens increased at temperatures of 100 and 300 °C. In recent studies, researchers have 

extensively investigated the various factors that influence the elevated temperature characteristics of GPC. 

They have found that factors such as conservation conditions, exposure time, exposure temperature, heating 

rate, and cooling method all influence the mechanical properties of GPC after exposure to high 

temperatures. 

 Yazdi et al. [24] investigated the relationship between the mechanical characteristics and microstructural 

of geopolymers made from slag and fly ash at normal temperature using various proportions of FA were 

replaced with GGBS to improve the initial geopolymers strength development healed at the normal 

temperature. Compressive and flexural strength tests have been performed to measure mechanical features; 

the flexural and compressive strengths of geopolymers with slag reached 100 and 10 MPa, accordingly. 

The reduction in geopolymers' porosity corresponded with the increasing compressive strength magnitudes. 

Nevertheless, despite an increase in flexural strength, neither improved significantly when more than half 

of the FA was replaced by GGBS. 

He et al. [25] reviewed the mechanical and thermal characteristics of geopolymers exposed to high 

temperatures. They concluded that geopolymers have excellent thermal stability at extreme temperatures 

and that the proportion of expansion, loss of mass, and thermal conductivity of burned geopolymers are 

much lower than those of OPC. They also concluded that composition has a lower influence on geopolymer 

failure behavior under thermal conditions than strength. 

Korniejenko et al. [26] examined the geopolymer mechanical characteristics dependent on fly ash 

strengthened with short natural fibers from plants like coconut, raffia, cotton, and sisal. This research 

explores the impact of adding various natural fibers on the geopolymer mechanical characteristics. The 
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findings show that the suitable incorporation of natural fibers can improve the mechanical properties of 

geopolymer composites. 

Cheng et al. [27] investigated the effects of textile sludge substituting aggregates and cement on 

polypropylene fiber concrete compressive strength, heavy metal leaching concentration, micromorphology, 

drying shrinkage, and nano-mechanical characteristics. The outcomes indicate that the concrete containing 

textile sludge effectively solidifies heavy metal ions. Using 10% textile sludge instead of cement enhances 

the concrete microstructure, increasing high-density calcium silicate hydrate production and reducing 

interfacial transition zone thickness. 

Hai et al. [28] studied geopolymer mortar's thermal behavior and mechanical features after exposure to high 

temperatures. They describe the experimental test findings on the mechanical characteristics and thermal 

reaction of geopolymer mortar made from an alkaline solution activating a blend of fly ash and metakaolin. 

Extensive experiments were performed on geopolymer mortar, including bond strength, tensile, 

compressive, and bending tests. According to the findings, geopolymer mortar's bond strengths, tensile, 

compressive, and bending increase at 100 degrees centigrade and then decline in the 300–700 degree 

centigrade ranges. Furthermore, compared with regular Portland cement mortar, geopolymer mortar shows 

reduced temperature-induced degradation in compressive and bond strength but higher temperature-

induced degradation in bending and tensile strength. Sarker et al. [29] examined and contrasted nine mixes 

of Self-Compressed Geopolymer Concrete (SCGPC) before and after being exposed to fire as part of an 

experimental program. To illustrate the impact of 5 substitute proportions of slag and fly ash and 5 

volumetric proportions of steel fibers on these qualities, they performed five new property tests and 

compared the material behavior. According to test findings, every designed SCGPC mix has flowability, 

filling capacity, and passing ability that aligns with the requirements. However, for a blend of 50 percent 

fly ash and 50 percent slag, the amount of steel fibers added should not exceed 0.75%. The tested SCGPC 

slabs exhibit good thermal conductivity, heat insulation, and fire resistance. SCGPC slabs show better 

residual flexural strength than SCC slabs in the post-fire test. This research used varied proportions of 

previously recycled materials, adding steel fibers to increase their strength. These mixes were then 

subjected to various temperatures to identify their mechanical features. 

These days, the most prevalent sources of silicate minerals are fly ash, metakaolin, silica fume, and GGBS. 

Under the same conditions, GPC is superior to standard Portland cement concrete in tensile strength, 

durability, compressive strength, CO2 emissions, fire resistance, and setting time. The use of fiber-

reinforced materials improves the GPC compressive strength. The fundamental reason for this phenomenon 

is that fiber has a more negligible influence than water-binder proportion, aggregate type, curing 

environment, and age. Factors such as the volume rate, shape, type, and aspect proportion of fiber in Ground 

Granulated Blast Furnace Slag fluence geopolymer concrete's splitting tensile strength and flexural 

strength. Steel fiber greatly enhances these characteristics. Hooked-end performance is superior at the same 

volume rate. However, the mechanical properties were evaluated at three different temperatures and 

compared with the original values before exposure. Furthermore, the results were compared to conventional 

concrete at the same temperature, which has the same compressive strength but employs ordinary cement. 

However, the current study considered the first one that explored the GPC microstructure under four 

temperatures (0, 250, 500, and 750) degrees centigrade. 

The importance of this work lies in its contribution to the development of more resilient and sustainable 

construction materials. By investigating the mechanical characteristics and microstructure of fibrous-

geopolymer concrete (GPC) under high-temperature exposure, this study provides valuable insights into 

the performance of GPC, which is made from eco-friendly materials such as fly ash and GGBS. The 

findings demonstrate that GPC outperforms conventional concrete in strength and that adding steel fibers 

further enhances its compressive, tensile, and flexural properties, particularly under extreme conditions like 

high temperatures. This research is crucial for advancing sustainable, high-performance materials in 
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infrastructure projects and promoting environmental conservation while improving structural durability and 

fire resistance. 

2. Experimental Program 

Figure 1 defines the experimental programs used in this work. 

 
Fig. 1. The Experimental Work Program Flow Chart. 

2.1. Materials 

2.1.1. Fly Ash 

Fly ash is a fine powder byproduct from pulverized coal combustion in electric generating stations. It 

consists primarily of calcium oxides, iron, aluminum, and silicon. Using fly ash in concrete can reduce the 

material's environmental footprint, as it reuses a waste product and reduces the amount of cement required. 

Table 1 indicates the characteristics of the materials utilized for the experiment study, and Table 2 illustrates 

the chemical composition and physical characteristics of fly ash. 

2.1.2. Ground Granulated Blast Furnace Slag (GGBS) 

A byproduct of the blast furnaces utilized to produce iron is called ground granulated blast furnace slag 

(GGBS). GGBS is widely utilized in the construction industry as a supplementary cementitious material. 

When mixed with Portland cement, it enhances the features of concrete, such as durability, workability, 

resistance to chemical attack, and sustainability. The characteristics of the materials utilized for the 

experiment study are indicated in Tables 1 and 2, which display the physical characteristics and chemical 

composition of GGBS. 

2.1.3. Ordinary Portland Cement 

This research utilizes ordinary Portland cement (class I), produced at the Almas Cement Factory in Iraq, to 

refer to normal concrete beam samples. Tables (2 and 3) demonstrate the cement's chemical analysis and 

physical test findings, respectively. The test findings indicated that the cement utilized conformed to Iraqi 

Requirement No. 5/1984 [30]. 
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2.1.4. Alkaline-activated solution 

The alkaline solution was mixed with sodium silicate (Na2SiO3) and sodium hydroxide (NaOH). The 

sodium hydroxide used was 97% pure and available in solid form commercially. The NaOH solution was 

prepared by dissolving the flakes or pellets in water. The amount of NaOH solids present in a solution is 

determined by the amount of the solution, which can be determined in molarity. 

2.1.5. River sand 

This research utilized natural sand as the fine aggregate, and sieve analysis was conducted to determine the 

fineness modulus of the sand. Table 1 presents the chemical and physical characteristics of the fine 

aggregate, which meet the specifications given in the ASTM C33/C33M. The fine aggregate grading is 

presented in Table 4. 

2.1.6. Coarse aggregate 

Small-sized coarse aggregate is used throughout this study. A pycnometer test was performed to identify 

the specific gravity of the aggregates. Sieve analysis was performed to find the fineness modulus of the 

aggregate. Table 1 displays the physical characteristics of the coarse aggregate. Dust and dirt were removed 

by washing the aggregate. The coarse aggregate grading is presented in Table 5. 

2.1.7. Steel Fibers 

The steel fibers utilized in this study are hook-end steel fibers, depicted in Figure 2. The high-tensile fibers 

possess a maximum tensile strength of up to 1345 MPa. They have a diameter of about 0.55 mm, a length 

of around 50 mm, and an aspect ratio of 91. 

 
Fig. 2. Hook-end Steel Fibbers. 

Table 1. Utilized materials characteristics. 

No Material 
Specific 

Gravity 

Specific 

surface area 

Water 

Absorption % 

Dry Loose Unit 

Weight kg/m3 

Sulfate 

amount 

(As SO3) 

(%) 

Material Finer than 

Sieve 0.075 mm 

1 
Cement 

(OPC) Type I 
3.1 300 m2/kg 27.6 - - - 

2 Fly Ash 2.41 525 m2/kg ----------- - - - 

3 GGBS slag 2.59 293 m2/kg ----------- - - - 

4 
Coarse 

aggregate 
2.68 ----------- 1.15 1620 0.087 - 

5 Fine aggregate 2.45 ----------- 1.25 1793 0.073 1.85 
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Table 2. Oxide Composition of Cement, Fly Ash, and GGBS. 

Oxides composition 
Content (%) 

Cement FA GGBFS 

CaO 58.29 1.58 30.1 

Al2O3 4.61 22.13 8.77 

SiO2 20.31 63.21 35.42 

Fe2O3 3.99 7.15 1.99 

MgO 3.5 2.39 6.93 

SO3 2.04 0.11 0.43 

Loss of Ignition (L.O.I) 4.35 1.56 0.83 

*The tests are conducted at the National Laboratory. 

Table 3. Physical features of utilized cement*. 

Physical features Findings Limit of (IQS No.5. /1984) [30] 

Fineness (m2/kg) 353 > (230) 

Initial setting (min) 2hrs 25min > (45) 

Final setting (hour) 4hrs 10min < (10) 

Compressive strength 3 days (MPa) 18.3 >15 MPa 

Compressive strength 7 days (MPa) 26.7 >23 MPa 

Table 4. Results of grading of fine aggregate*. 

Sieve Number Passing (%) Limit of IQS No. 45/1984 for zone No. (3) 

4.75-mm (No.4) 99 90-100 

2.36-mm (No.8) 87 85-100 

1.18-mm (No.16) 79 75-100 

600-µm (No.30) 32 60-79 

300-µm (No.50) 26 12-40 

150-µm (No.100) 1 0-10 

Table 5. Results of grading of coarse aggregate*. 

Size (mm) 
Passing (%) 

Coarse Aggregate (%) IQS No. 45/1984 

14 100 )90-100 ( 

10 73.4 )50-85 ( 

5 3.3 )0-10 ( 

PAN 0 - 

 

3. Mix design 

3.1. Mix Design of Conventional Concrete (M30 Grade) 

Table 6 illustrates normal concrete quantities for the current work. This mixture was designed using the 

American Concrete Institute method of mix design (ACI-211.1) to gain 30 MPa compressive strength, 

equivalent to GPC. It was intended to be compared with the GPC under various temperatures while 

maintaining the same compressive strength as normal concrete. 

Table 6. Mix design of normal concrete. 

No Cement (Kg/m3) Coarse aggregate (Kg/m3) Fine Aggregate (Kg/m3) Water (Kg/m3) 

1 355 980 775 195.6 

 

3.2. Mix Design for Geopolymer-Based Concrete 

The present research uses the processes commonly employed by researchers in the past to develop the 

mixture. In most GPC mixes, coarse and fine aggregates account for about 75 percent of the total mix mass. 
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This rate is similar to OPC concrete, which ranges from 75% to 80% of the concrete mix by amount. Fine 

aggregate was taken for half an hour for the whole mixture [31]. The typical density of fly ash and slag, 

mostly reliant on GPC, has been measured similarly to that of OPC concrete, which is 2400 kg/m3, as the 

literature review   supports. The slag and fly ash amount and alkaline solution are identified by taking the 

proportion of Na2SiO3 solution to NaOH solution, utilizing the combined mass and the quantitative relation 

of (fly ash/slag) to alkaline liquid. The following criteria were maintained for various trial mixes supported 

by past work allotted [32]. 

1) The proportion of alkaline liquid to binder = 0.45 

2) Proportion of Na2SiO3 to NaOH = 2.25 

3) Molarity = M14 

4) Temperature of Curing = 75oC 

5) Time of Curing = 24 h 

6) Rest Period = 1 day 

7) Dosage of Admixtures = 2%. 

Various variations and mixtures were performed, maintaining the given parameters constant and adjusting 

the proportion of fly ash to slag with various mixes to achieve a comparable compressive strength of M30 

grade of control concrete. Tables 7 and 8 present the target mix design and the trail mix design process, 

respectively. 

Table 7. Trail mix design for GPC. 

ft 28day fcr 28day fcu 28day Fly ash% GGBS% cement Mix No. 

3.92 1.71 17.5 70 30 0 1 

5.1 2.65 28.5 30 70 0 2 

5.36 2.36 24.5 50 50 0 3 

5.4 2.7 40.2 40 60 0 4 

4.78 1.50 31.5 40 50 10 5 

 

Mix No. 4 was selected as the initial mix for the successful GPC due to its ultimate compressive, splitting 

tensile, and flexural strengths observed over seven curing days. This mixture was approved and used to cast 

the remaining concrete models, as shown in Figure 3. 

 
Fig. 3. Trail mix cubes for geopolymer mix. 
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Table 8. Quantities for GPC for selected mix design. 
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4. Preparation, Mixing, Casting, And Curing of Concrete 

4.1. Preparation of Alkaline Activator Solution 

The alkaline activator solution (AAS) plays a vital role in the polymerization reaction of GPC. In this 

research, 14 molarity solutions were used dependent on various mortar compression tests to make (AAS); 

when water is mixed with NaOH, a percentage of heat is generated due to an exothermic reaction, as 

illustrated in (Figure 4a). 

Na2SiO3 solution is commercially available in various grades; throughout this study, the Na2SiO3 solution 

had a 2.4 mass proportion of SiO2 to Na2O. To make (AAS), NaOH is produced as a solution and added to 

the Na2SiO3 solution (Figure 4b). In this research (AAS) was produced 24 hours before casting. 

  
a) Mixing NaOH with water.   b) Final form of activator (AAS). 

Fig. 4. Preparation of 14 M alkaline activator solution. 

4.2. Mixing of Geopolymer Concrete 

Materials used to cast the sample were first balanced in surface dry condition. All these components were 

combined for four to five minutes and kept dry on the tray. For the initial study, manual mixing was used, 

as well as manual mixing of GPC ingredients like slag or fly ash, fine aggregates, and coarse aggregates 

[33]. Following the dry mixing of the materials, Figure 5 illustrates how the alkaline activator liquid was 

added to the dry ingredients of GPC, along with more water, to make the combination more workable. The 

mixing process was then continued for 4-5 minutes. 
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Fig. 5. Mixing of Geopolymer concrete. 

4.3. Casting and Curing of Specimens 

In this study, the concrete specimens are cast to examine the mechanical characteristics of behavior under 

elevated temperature and essential characteristics such as compression and tension under a controlled state. 

216 GPC specimens were cast to test the concrete's mechanical characteristics. The models tested 

compression strength, splitting stress, and flexural resistance using 72 concrete cubes, cylinders, and 

prisms. In each group of cubes, 24 models of normal concrete, 24 GPC, and 24 GPC enhanced with steel 

fibers were tested. Similarly, cylinder and prism tests take place in separate groups. 

Furthermore, each group is divided into four various sections. Six models are tested at ambient temperature 

(0 oC), six models are tested at (250 oC), six models are tested at 500 oC, and the last six models are tested 

at (750 oC). Before casting, every mold is thoroughly cleaned and lubricated to avoid adhesion with the 

mixtures. Three layers are used in casting molds. After casting, the top surface of the molds is leveled and 

smoothed with a trowel, and to stop plastic shrinkage and moisture evaporation from the surface, the 

specimens are wrapped in nylon sheets for a full day before demolding. as illustrated in Figure 6. 

 
Fig. 6. Casting and curing of specimens. 

In this study, Ambient curing is used to compare mechanical qualities. After carefully de-moulding to avoid 

breaking any edges, the samples are cured with a nylon bag and left at room temperature. Once the specimen 

has been de-molded, the ambient temperature is recorded throughout the casting. Additionally, the outside 

temperature is roughly (37–40oC). For 28 days, the specimens are left to dry. 
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5. Results and discussion 

5.1. Specimens Compression Strength 

It is calculated as the percentage difference between the compressive strength after fire exposure and 

compressive strength at ambient temperature, as shown in Figure 7. The bar chart in (Figure 8) shows the 

comparative finding of the Compression test of OPC and GPC types and GPC enhanced with steel fiber; 

the result of the compression test at the ambient curing at the age of 28 days and after exposure to various 

temperatures shows that all aspects geopolymer and fibrous GPC achieves the highest strength compared 

to the normal concrete. Findings indicate that all mixes perform differently at fire exposures when exposed 

to ambient temperatures (AT), 250 C°, 500 C°, and 750 C°. 

After comparing the tests, it was found that GPC mixed with steel fibers had the highest compressive 

strength at the magnitude of (59.46) MPa. It was also illustrated that GPC had a 22% higher compression 

strength than normal concrete, and fibrous GPC had a 60% higher compression strength than normal 

concrete because the steel fiber improved the compressive strength. 

The findings illustrated that adding steel fiber to GPC increased its splitting tensile strength, as illustrated 

in other research. The SF has a high bonding strength with the GPC [34], which was higher than the mixes 

that did not have fiber. The conclusion is that the SF is directly related to the splitting tensile strength of 

GPC components [35], which reduces cracks in the GPC specimens; thus, the brittle failure is reduced and 

changes to a ductile failure. 

We also found that when the concrete was exposed to various temperatures, its compression strength 

consistently decreased as the temperature went up. Also, the GPC with steel fibers added had the best 

compressive strength and resistance to fire at 750 degrees Celsius. The GPC resisted the temperatures and 

kept its resistance with increasing temperatures. 

 
Fig. 7. The Compressive Strength Test. 

 
Fig. 8. Average Compressive strength at different temperatures. 
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Table 9. Compressive strength at different temperatures. 

No. Specimen Designation Cube compressive strength 28 days (MPa) Average Standard Deviation 

1 N.C.0 38.5 39.5 37.5 36.4 36.8 32.9 36.93 2.078995 

2 N.C.250 15.04 12.69 7.86 11.6 16.86 14.52 13.1 2.880774 

3 N.C.500 12.36 10.06 8.94 13.24 14.11 14.27 12.16 2.009947 

4 N.C.750 6.42 8.92 9.45 11.41 13.97 7.2 9.56 2.54039 

5 G.P.C.0 48.3 45.5 42.5 44.5 46.7 43.5 45.17 1.941363 

6 G.P.C.250 17.22 25.84 26.78 31.59 29.76 26.63 26.3 4.526826 

7 G.P.C.500 21.87 16.17 28.74 24.92 23.83 20.69 22.7 3.874204 

8 G.P.C.750 11.98 10.55 9.07 18.93 20.49 25.2 16.04 5.877425 

9 G.P.C (ST.F) 0 60.13 59.3 62.8 58 58.4 58.1 59.46 1.670067 

10 G.P.C (ST.F) 250 30.49 23.37 21.51 34.24 33.27 33.94 29.47 5.144346 

11 G.P.C (ST.F) 500 14.42 17.77 11.04 30.94 32.55 37.44 24.03 10.00372 

12 G.P.C (ST.F) 750 5.03 7.53 8.51 30.14 34.31 28.31 18.97 12.12387 

 

5.2. Specimens Split Tensile Strength 

Figure 9 shows the splitting tensile strength test, while the graph in Figure 10 illustrates the comparative 

findings of the split tensile test on various types of concrete. The steel fiber GPC demonstrates the highest 

strength at 3.65 MPa, depending on the split tensile test findings at various temperatures. In comparison, 

the GGBS and fly ash-based GPC achieve a strength of 2.87 MPa, while normal concrete lags with a lower 

strength of 1.67 MPa. 

It was observed that the geopolymer concrete's maximum split tensile strength decreases as the temperature 

increases. In all conditions, the steel fiber GPC demonstrates superior resistance, even when exposed to the 

maximum temperature of 750 °C. At this extreme temperature, the split tensile strength is 1.2 MPa. Table 

10 displays each cylinder's findings separately and the average for evaluating six Split tensile strengths 

under various conditions and temperatures. 

 
Fig. 9. Photo of Split Tensile Strength Test. 



A.F. Abdullah et al. Journal of Rehabilitation in Civil Engineering 14-1 (2026) 2141 

12 

 
Fig. 10. Split tensile strength test results. 

Table 10. Split Tensile strength at different temperatures. 
 Model name Cylinder Split Tensile Strength 28-day Average Standard Deviation 

1 N.C.0 1.9 1.48 1.66 1.75 1.66 1.56 1.67 0.133967 

2 N.C.250 1.18 1 0.93 1.37 1.42 1.23 1.19 0.178271 

3 N.C.500 0.62 0.73 1.14 1.23 1.38 1.34 1.07 0.293693 

4 N.C.750 0.59 0.66 0.52 0.71 1.06 1.07 0.77 0.217824 

5 G.P.C.0 2.72 3.01 2.8 3.33 2.66 2.7 2.87 0.235089 

6 G.P.C.250 1.88 1.62 1.65 1.46 1.48 1.34 1.57 0.17228 

7 G.P.C.500 1.09 1.07 1.06 1.4 1.2 1.54 1.23 0.182544 

8 G.P.C.750 0.28 0.22 0.25 1.4 1.06 1.22 0.74 0.498411 

9 G.P.C (S.F) 0 3.3 3.96 3.64 3.64 3.7 3.67 3.65 0.192217 

10 G.P.C (S.F) 250 2.13 1.74 2.77 2.63 3.31 2.48 2.51 0.493322 

11 G.P.C (S.F) 500 1.21 1.42 1.43 2.51 2.4 2.48 1.91 0.560578 

12 G.P.C (S.F) 750 0.54 1 0.98 1.82 1.56 1.33 1.2 0.419275 

5.3. Flexural Strength Test (Modulus of Rupture) (𝑓𝑟) 

The flexural strength test was performed by ASTM C78-15a [36]. The prism specimens were used with 

dimension (100x100××400) mm to identify the flexural strength or Rupture Modulus under a two-point 

bending load with displacement control. The test was performed at ages 28 and various temperatures, 

including normal and GPC. Figure 11 shows the flexural strength test. 

 
(a)    (b)    (c) 

Fig. 11. Flexural strength test machine (Modulus of Rupture Test (𝒇𝒓). 

The findings of evaluating each prism separately and the average for evaluating six. Flexural strength 

strengths under various conditions and temperatures are displayed in Table 11. Figure 12 and Table 11 show 
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that the findings were obtained for regular concrete, geopolymer, and GPC concrete with steel fibers at 

temperatures (0C°, 250C°, 500C°, and 750 °C). It can be seen that the effect of GPC and GPC steel fiber is 

evident in the bending strength of specimens, which enhances the delayed failure or fracture of the specimen 

with the appearance of a crack at the bottom of the load, which improves the behavior of specimens after a 

fracture while reducing its width [37,38]. 

It should be noted that the models made of ordinary concrete were broken and damaged before the testing 

process, as illustrated in Figure 12, due to their inability to resist high temperatures, which indicates that in 

addition to the role played by steel fibers in temperature resistance or due to more bonds between GPC or 

NC compounds with SF, GPC also works as a thermally insulating and resistant material to high 

temperatures. 

Figure 12 shows that the highest flexural strength magnitude was 6.17 MPa for 0.75% G.P.C (S.F) at 

ambient curing, 4.90 MPa for GPC, and the lowest magnitude for regular concrete was 4.01 MPa. The 

flexural resistance decreases with increasing degree of fire. The typical concrete sample had crashed at a 

temperature of 750°C. In contrast, the GPC and G.P.C (S.F) resisted fire with a magnitude of 1.27 MPa and 

1.62 MPa, respectively, at the same temperature. The increase in flexural strength, except for the fibers 

present, is also due to the high proportion of cementitious materials in the GPC composition [39]. 

 
Fig. 12. Flexural strength at different temperatures. 

Adding steel fibers to GPC increases its strength primarily due to the reinforcement mechanisms these 

fibers provide [40,41]. Steel fibers act as crack arresters, bridging micro-cracks in the concrete matrix and 

distributing applied stresses more evenly throughout the material [42] to prevent the formation and 

propagation of larger cracks, which delays the onset of failure and enhances the overall toughness and 

ductility of the concrete. In compressive loading, the steel fibers help confine the concrete, improving its 

load-bearing capacity by resisting internal tensile stresses that develop during compression [43,44]. In 

tensile and flexural applications, the fibers significantly improve the material's ability to resist bending and 

stretching, as they help to carry tensile loads across cracks that would otherwise cause brittle failure in 

conventional concrete [45,46]. Additionally, steel fibers enhance the bonding within the concrete matrix, 

especially in high-temperature conditions, by maintaining structural integrity and reducing the likelihood 

of catastrophic failure [47,48]. This increased ductility and toughness provided by steel fibers are crucial 

for improving the durability and resilience of GPC, particularly under fire exposure or dynamic loading 

conditions. 
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Table 11. Flexural strength at different temperatures. 
 Model name Prism flexural strength at 28-day Average Standard Deviation 

1 N.C.0 4.36 4.44 4.2 4.16 3.48 3.4 4.01 0.412095 

2 N.C.250 1.948 1.1 1.42 3.32 3.46 3.332 2.43 0.973647 

3 N.C.500 1.84 0.816 1.18 1.06 1.18 0.932 1.17 0.327398 

4 N.C.750 0 0 0 0 0 0 0 0 

5 G.P.C.0 5.72 5 5.32 4.56 4.32 4.48 4.9 0.497862 

6 G.P.C.250 2.824 3.58 4.848 2.52 2.58 2.62 3.16 0.834288 

7 G.P.C.500 1.428 1.736 1.78 2.56 2.32 2.532 2.06 0.432663 

8 G.P.C.750 0.728 0.642 0.78 2.04 1.68 1.744 1.27 0.564789 

9 G.P.C (S.F) 0 7.44 7.56 7.4 4.74 5.024 4.86 6.17 1.299501 

10 G.P.C (S.F) 250 4.496 3.42 3.952 3.3 3.7 3.42 3.71 0.410818 

11 G.P.C (S.F) 500 3.22 3.064 3.156 2.924 3.656 3.3 3.22 0.228234 

12 G.P.C (S.F) 750 1.484 0.928 1.02 2.172 1.832 2.26 1.62 0.519056 

 

5.4. Mathematical Modeling 

In this part, two equations have been used to evaluate the estimated values of both splitting tensile strength 

and Flexural strength based on ACI code: 

𝑓𝑡 = 0.56 × √𝑓𝑐 (1) 

𝑓𝑟 = 0.62 × √𝑓𝑐 (2) 

Figure 13 shows the relationship between the estimated splitting tensile strength from ACI 318 code and 

the obtained results from experimental work. The coefficient of determination, R2=0.8337, demonstrates 

approximately 83.4% with good fitting. 

Figure 14 shows the relationship between the estimated flexural strength from the ACI 318 code and the 

results obtained from experimental work. The coefficient of determination, R2=0.9178, implies that the 

obtained values explain 91.8% of the variability in estimated flexural strength, suggesting a highly accurate 

estimation model with minimal variability. 

 
Fig. 13. The relationship between estimated splitting tensile strength based on ACI code equation and experimental 

results. 
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Fig. 14. The relationship between estimated flexural strength based on ACI code equation and experimental results. 

5.5. Scanning Electron Microscopy (SEM) 

The SEM images presented in Figure 15 provide essential insights into the microstructural changes in 

geopolymer pastes containing varying percentages of ground granulated blast furnace slag (GGBS) as 

substitutes for fly ash (FA) at different temperatures (0, 250, 500, and 750°C). The compact and nearly fully 

reacted microstructure observed in the SEM images indicates a well-developed geopolymer matrix at 

elevated temperatures. The presence of unreacted FA particles, such as cenospheres and planispheres, 

suggests that these particles, while not acting as fillers initially, may contribute to the long-term 

strengthening of the matrix by facilitating gradual reactions over time [49]. 

The SEM images reveal geopolymerization products such as calcium-silicate-hydrate (C-S-H) and alumina-

silicate-hydrate (A-S-H) gels, mainly when 20% GGBS is activated in the presence of FA. These gels are 

crucial to enhancing the material's strength, as they contribute to the densification of the matrix. The 

interaction between the calcium from GGBS and the alumina-silicate from FA forms calcium alumina-

silicate hydrate (C-A-S-H), further reinforcing the matrix and improving mechanical properties and thermal 

stability at higher temperatures. The densified matrix enhances durability by reducing porosity and 

improving thermal degradation resistance [50,51]. 

Additionally, the SEM analysis shows the formation of Na-Al(Mg)-Si-H gel, likely influenced by the Mg²⁺ 

from GGBS [52]. This new gel phase plays a significant role in further strengthening the geopolymer 

network, enhancing its setting characteristics and overall mechanical performance. The micro-cracks 

observed in the SEM images are likely artifacts from mechanical testing caused by internal stress during 

the microstructure formation or by the mechanical tests conducted prior to SEM sample preparation. The 

formation of needle-like structures on the surface of FA particles suggests the influence of high 

concentrations of the alkaline activator solution, which partially reacted and formed micro-needle particles 

during the polymerization process. These structures could influence the material’s mechanical behavior, 

potentially acting as stress concentrators in certain conditions [53]. Overall, the densification of the 

geopolymer matrix at 500°C and 750°C appears to produce the most homogeneous and robust structure. At 

the same time, the microstructure at 0°C shows a lack of homogeneity, possibly due to incomplete reactions 

or lower levels of polymerization [54], which indicates that elevated temperatures are critical in optimizing 

geopolymer concrete's mechanical properties and durability, as the improved microstructure at higher 

temperatures results in better performance. 
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Using Fly Ash and GGBS in GPC enhances both performance and sustainability. Fly ash contributes to 

strength by filling voids, creating a denser matrix, and reducing the heat of hydration, minimizing the risk 

of thermal cracking. GGBS adds calcium ions that form calcium-silicate-hydrate (C-S-H) and calcium-

alumina-silicate-hydrate (C-A-S-H) gels, further boosting strength and durability. Fly ash and GGBS 

improve resistance to sulfate attacks, thermal stability, and chemical durability, making GPC an 

environmentally friendly, durable alternative to traditional cement, ideal for high-temperature and 

aggressive environments. 

 

 

Fig. 15. SEM images for Geopolymer concrete subject to various temperatures: a) at 0oC; b) at 250oC; c) at 

500oC; d) at 750oC. 

Conclusion 

• The study shows that GPC is more effective and retains strength better than normal concrete when 

exposed to high temperatures due to geopolymers' lower thermal nontraditional cementitious 

materials, which provide insulation. Additionally, increased concrete temperature reduces confined 

compressive strength in all cases. 

• The compressive strength of GPC increased by 22.3% compared to normal concrete, while GPC 

enhanced with steel fiber showed a 61% increase. Similarly, the split tensile strength of GPC rose 

by 71.8%, with the steel fiber-enhanced version achieving a 118.5% increase over normal concrete. 

• Regarding flexural strength, GPC demonstrated a 22% increase in rupture strength compared to 

normal concrete, while the steel fiber-enhanced GPC exhibited a 54% increase. 

• Based on the experimental findings, including steel fiber significantly impacts mechanical strength. 

The optimal steel fiber proportion of 0.75% improves all mechanical properties, preserving strength 

to the greatest extent. 

b 

c d 
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• While adding steel fiber reduces workability, making GPC more challenging to handle than regular 

concrete, it significantly enhances the mechanical properties. It increases the concrete's durability, 

particularly in terms of fire resistance. 

Future work should incorporate mathematical modeling to predict compressive, tensile, and flexural 

strength reductions under elevated temperatures, mainly using degradation models and finite element 

analysis. This approach would enhance understanding of GPC and GPC-SF performance, enabling more 

precise design for high-temperature applications and fire resistance. 
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