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There has been a significant interest in the development of eco-friendly building 

materials. Recyclable and environmentally friendly, geopolymer composites are 

extraordinary binding materials. The purpose of this experimental study was to examine 

the mechanical and durability properties of metakaolin based self-compacting 

geopolymer concrete (SCGPC) comprising steel fibers (SF) and recycled aggregate 

concrete (RCA) varying percentages of recycled coarse aggregate. The mechanical and 

durability properties of the geopolymer composites, including fracturing tensile strength, 

and flexural strength, were subsequently evaluated. At weight proportions of 0%, 25%, 

50%, 75% and 100%, the recycled coarse aggregates were substituted for the natural 

coarse aggregates. The amounts of SF incorporated into the mixtures were 0, 0.5, 1.0, 

and 1.5% by volume fraction. While the incorporation of SF does not yield a substantial 

improvement in compressive strength, it substantially enhances fracture tensile strength 

and flexural behavior. The load-displacement graph demonstrated that the incorporation 

of steel fibers into geopolymer composites increased their fracture toughness, resulting 

in a higher maximal load capacity. The findings suggest that the incorporation of RCA 

into SCGPC reduces its flexural behavior, splitting and compressive tensile strengths, 

and durability, particularly under peak load, deflection, and load. Furthermore, it is 

observed that RCA negatively synergize with respect to compressive and fracturing 

tensile strength. However, SF exhibit a significant positive synergy in terms of flexural 

properties. 
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1. INTRODUCTION

Concrete, second only to water in terms of usage, 

necessitates a significant amount of Portland cement. Portland 

cement production entails significant energy consumption and 

results in substantial emissions of carbon dioxide (CO2) and 

other detrimental greenhouse gases. Therefore, it is crucial to 

identify an alternative to the current one. Geopolymer is 

regarded as a substitute for cement that helps mitigate 

environmental issues  [1-3]. It offers the benefits of minimal 

CO2 emissions during manufacture and the utilization of 

significant amounts of industrial waste, in contrast to Portland 

cement. Hardened geopolymers possess an intricate three-

dimensional network structure composed of interconnected 

tetrahedrons [1]. These substances can exist in an amorphous 

state, meaning they lack a well-defined crystal structure, or in 

a quasi-crystalline state, where they have some degree of order. 

The primary tetrahedrons included silicon oxide (SiO4), 

aluminum oxide (AlO4), and phosphorus oxide (PO4). 

Geopolymerization is the chemical reaction that forms 

geopolymers. It involves an aluminosilicate source (rich in 

aluminum and silicon) and an activator solution. Typical 

aluminosilicate sources include: (i) an industrial byproduct of 

coal combustion, contains aluminosilicate minerals )  fly ash) 

(ii) a glassy byproduct of steel manufacture that may also

contain aluminosilicates (slag). Activators are usually alkaline

solutions, such as sodium hydroxide (NaOH) or potassium

hydroxide (KOH). Acidic activators are also being studied, but

alkaline activation is more prevalent. During

geopolymerization, the activator dissolves the aluminosilicate

source, allowing aluminum and silicon to react and form new,

strong covalent connections. These linkages form a three-

dimensional network structure like some natural zeolites [4].

Depending on the aluminosilicate supply and activator utilized,

several geopolymers can be generated. These changes can

affect the material's ultimate qualities. Polysialates are the

most prevalent type of geopolymer, created with alkaline

activators and characterized by Si-O-Al-O bonding units.

Sialate siloxanes and disiloxanes: These have a greater Si/Al

ratio (more silicon than aluminum) than polysialates, which is

produced by employing certain activator concentrations or

changing the aluminosilicate supply. Geopolymers are three-

dimensional network structures that are formed through a

unique chemical activation procedure. As a result, these
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materials have many uses as binders, including construction, 

industrial heavy metal adsorption, traffic reconstruction 

projects, radioactive material treatment, and more [5]. 

Additionally, geopolymers typically have great anti-corrosion 

properties, high-temperature stability, and immediate 

excellent strength. Improper compaction and high viscosity of 

geopolymer concrete may result in its failure, owing to its 

elevated viscosity [6]. In order to address this concern, the 

notion of Self-compacting geopolymer concrete was proposed. 

This unique type of concrete does not require manual 

compaction. Instead, it naturally flows and compacts due to its 

own weight [7-9]. 

Metakaolin is a newly developed pozzolanic cementitious 

ingredient. It differs from other available cementitious 

additives since it is manufactured in a controlled environment 

[10]. Due to its high reactivity and the appropriate proportion 

of alumina to silica for geopolymerization, metakaolin has 

gained significant attention as a potential replacement material 

for geopolymer binder production over the past decade [11]. 

Metakaolin could potentially serve as a viable precursor 

material in the geopolymer manufacturing process due to its 

consistent properties and propensity for reactivity during both 

its synthesis and progression  [12]. The potential of metakaolin 

geopolymer as an alternative to cement binder was assessed by 

researchers. It has been disclosed that geopolymer concrete 

(GPC) exhibited enhanced mechanical conductivity while 

maintaining a higher porosity than cement concrete. The use 

of 15% MK in concrete enhances its compressive and flexural 

strength [13, 14]. 

Despite their strength, geopolymers are extremely brittle 

[15, 16]. To overcome this, there are three main approaches: 

(a) modifying substrates chemically or physically, (b) 

reinforcing internally, and (c) applying external constraints. 

Among the three approaches, the last two are typically more 

effective and economical. Adding fibers to the geopolymer 

substrate is a method to enhance brittleness by increasing its 

density and roughness [17]. There are numerous types of fibers 

readily accessible for commercial use, including either 

synthetic or natural fibers, glass, nylon, and steel. One crucial 

factor influencing the absorbing of material energy is the 

manner in which fibers and cement matrix are bonded. One of 

the most advantageous attributes of fibers is their capacity to 

inhibit the spread of fractures. The use of steel fibers is found 

to result in an increase in the compressive strength of concrete 

[18]. 

In the realm of construction industry environmental 

sustainability, recycled aggregates serve as a viable alternative 

to natural aggregates when incorporated into concrete 

formulations [19-21]. As a result, the incorporation of waste 

materials into concrete mixtures is gaining traction globally. 

However, the compressive strength of geopolymer composites 

containing recycled concrete aggregates was found to be poor 

in comparison to those comprising natural coarse aggregates, 

according to study [22]. Thus, RCA included geopolymer 

concretes are needed to be modified [23]. 

In simple terms, the blending and merging of composites 

can result in significant and intricate variations in the 

functional and mechanical characteristics of GPC [24]. As a 

result, the use of GPC composites in applications pertaining to 

engineering is restricted. Furthermore, the specific action 

mechanisms involved in GPC composites at both the 

mesoscopic and microscopic levels are still poorly understood 

and require a thorough examination. The present study aims to 

examine the impact of utilizing MK and steel fibers in 

conjunction with RCA as a complete replacement for coarse 

aggregate on the mechanical characteristics and functionality 

of SCGPC. Mechanical and shrinkage properties of the 

fabricated samples were systematically investigated. 

Furthermore, the effect of attacking acids and salts on 

geopolymer concrete was observed the morphological changes, 

weight and compressive strength after exposure to salts and 

acid were investigated. The authors state that there is limited 

information on the use of steel fibers and RCA together in 

metakaolin-based SCGPC. This research is considered 

innovative because of this lack of existing knowledge. 

Existing research on steel fiber-reinforced self-compacting 

geopolymer concrete has mostly utilized natural coarse 

aggregates [25]. There is a scarcity of data on how RCA 

interacts with steel fibers in a metakaolin-based geopolymer 

binder. This information gap impedes the development of 

sustainable construction materials based on recycled 

components. This study examines the impact of using MK, 

steel fibers, and RCA as a complete replacement for natural 

coarse aggregate (Impact of combined utilization). This 

work expands on earlier research by investigating how RCA 

interacts with steel fibres in a metakaolin geopolymer matrix. 

This combined effect has not been fully studied, particularly 

in terms of mechanical qualities and durability [26, 27]. The 

study assessed how this combination affects the mechanical 

qualities of the SCGPC, including as compressive and flexural 

strength, among others (Mechanical performance). The 

study tested the SCGPC's durability by subjecting it to severe 

environments such as acidic or salty situations. Following this 

exposure, we assessed changes in weight and compressive 

strength, as well as look for any morphological changes 

(changes in microscopic structure) (Durability assessment). 

This study added to the development of sustainable 

construction materials by investigating the potential of 

incorporating fully recycled coarse aggregate and steel fibre 

reinforcement into a geopolymer concrete formulation. This 

mixture provides a more environmentally friendly alternative 

to ordinary concrete. 

 

1.1 Materials 

 

The metakaolin was produced through the process of 

calcination of the kaolin. The collection of kaolin clay was 

conducted at Al-Anbar, Iraq. The kaolin was initially ground 

and subsequently heated in a furnace at a temperature of 

700℃±20℃ for an hour, resulting in the formation of 

metakaolin Figure 1(a). The mineral composition of 

metakaolin employed in the study was determined using X-ray 

diffraction (XRD) spectral analysis. Figure 1(b) shows the 

largest quantity of SiO2. Table 1 shows the chemical and 

physical characteristics of metakaolin. To activate the SCGPC 

mixtures, an alkaline solution was utilized. This solution was 

composed of sodium hydroxide (NaOH) and sodium silicate 

(Na2SiO3). The alkaline solution was prepared in advance of 

its use by 24 hours. A superplasticizer, which was formulated 

from a polycarboxylic-ether mixture, was employed in all 

compositions to achieve the required slump value for fresh 

SCGPC. The superplasticizer had a specific gravity of 

1.08±0.02 and a pH value of 7±1. RCA was obtained locally 

from a demolished structure Figure 1(c). Its particular physical 

features and size distribution are described in Table 2. The 

used coarse natural aggregate is seen in Figure 1(e). Fine steel 

fibers, shown in Figure 1(g), were used in the experimental 

process to improve SCGPC flexibility.  
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Table 1. Physical properties and chemical composition of 

metakaolin 
 

Test Items Result 

SiO2 52.10 

Al2O3 43.80 

Fe2O3 2.60 

CaO 0.20 

MgO 0.210 

SO3 0.00 

K2O 0.320 

Na2O 0.110 

L.O.I 0.990 

PH 6.0-8.0 

Surface area (m2/g) 2.540 

Specific gravities 2.600 

Table 2. Physical properties aggregate 

 
Type Size (mm) Specific Gravity S.S.D Absorption (%) 

NCA 5-19 2.65 1.00 

RCA 5-19 2.62 2.18 
 

Table 3. Properties of steel fiber 
 

Characteristics Specification 

State Copper coated 

Density 7860.00kg/m3 

Tensile capacity >2400.00MPa 

Shape Straight 

Melt 1500℃ 

Length 13±1 mm 

Dia. 0.2 mm±0.02 mm 

The fibers properties are illustrated in Table 3. The mixture 

used natural sand as the fine aggregate, with a maximum 

particle size of 4.75 mm. The specific gravity and water 

absorption were measured at 2.63 and 1.5%, respectively, 

indicating conformity with the BS.882 criteria. SCGPC 

production process showing in Figure 1 (h).

 

 
 

Figure 1. (a) Metakaolin; (b) XRD pattern of metakaolin; (c) Coarse recycled aggregate; (d) Grading of fine aggregate;  

(e) Coarse natural aggregate; (f) Grading of natural and recycled aggregate; (g) Steel Fiber; (h) Fresh mixture preparation process 
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1.2 Mix proportions 

 

The research systemically integrated RCA into the sample 

at different weight percentages (0%, 25%, 75%, and 100%) in 

place of natural coarse aggregate. Then, varying amounts of 

SF (0%, 0.5%, 1%, and 1.5%) were mixed with each RCA 

replacement amount. The total amount of binder used in each 

batch of SCGPC mixes was 500 kg/m3, sodium hydroxide 

concentrations of 12M while curing occurs in lab temperature, 

8% superplasticizer, 24% extra-water. The benchmark was a 

reference concrete mixture made entirely of natural coarse 

aggregate with no SF added. A comprehensive analysis of all 

examined concrete mix proportions incorporating RCA and 

SF is provided in Table 4. Dry ingredients, including 

aggregates and metakaolin, are combined in a pan mixer for a 

maximum of 2.5 minutes to initiate the preparation process. 

Then, a distinct liquid mixture is introduced, which has been 

pre-mixed and pre-shaken to guarantee uniformity. Typically, 

this liquid constituent comprises an alkaline solution, a 

superplasticizer, and extra water. After an additional three 

minutes of mixing, the mixture is brought into complete 

uniformity. After verifying the functionality of the recently 

prepared SCGPC mixture, it is poured directly into molds 

without undergoing any mechanical compaction. This is due 

to the self-weight of the mixture being adequate to occupy any 

empty spaces or compartments. After concrete formation, 

specimens were covered with a plastic wrap for 24 hours to 

avoid alkaline solution evaporation. The next day after casting, 

the samples were taken from their moulds and stored in a 

curing room with an ambient, controlled temperature until the 

testing day. 

 

Table 4. Mix proportions of SCGPC 

 

Mix Code 
Precursors Activators Aggregate 

SF 
Metakaolin NaOH Na2SiO3 NCA RCA FA 

RCA0-SF0  500 64.34 160.56 787.3 0 926.6 0 

RCA25-SF0 500 64.34 160.56 590.47 196.82 926.6 0 

RCA50-SF0 500 64.34 160.56 393.65 393.65 926.6 0 

RCA75-SF0 500 64.34 160.56 196.82 590.47 926.6 0 

RCA100-SF0 500 64.34 160.56 0 787.3 926.6 0 

RCA0-SF1 500 64.34 160.56 787.3 0 926.6 78.5 

RCA25-SF1 500 64.34 160.56 590.47 196.82 926.6 78.5 

RCA50-SF1 500 64.34 160.56 393.65 393.65 926.6 78.5 

RCA75-SF1 500 64.34 160.56 196.82 590.47 926.6 78.5 

RCA100-SF1 500 64.34 160.56 0 787.3 926.6 78.5 

RCA0-SF1.5 500 64.34 160.56 787.3 0 926.6 117.75 

RCA25-SF1.5 500 64.34 160.56 590.47 196.82 926.6 117.75 

RCA50-SF1.5 500 64.34 160.56 393.65 393.65 926.6 117.75 

RCA75-SF1.5 500 64.34 160.56 196.82 590.47 926.6 117.75 

 

 

2. SPECIMENS’ PREPARATION 

 

Unfortunately, there is no standard test method for directly 

measuring concrete durability in chemical conditions. 

However, the ASTM C 267 approach provides a workaround. 

It is recommended that concrete specimens be pre-saturated in 

water for 24 hours before being exposed to chemicals. 

Following this method, the specimens in this investigation 

were immersed in water for 24 hours and their initial saturated 

weights were measured. The pre-soaked specimens were 

separated into three groups and immersed in different 

solutions (5% sulfuric acid, 5% magnesium sulphate, 3.5% 

seawater) that simulated harsh chemical conditions. Each 

group, together with control specimens stored at room 

temperature, had a 56-day exposure period. To evaluate the 

concretes' resistance to chemical attack visual inspection, mass 

change, compressive strength variations approaches were 

employed. 

Fresh properties of SCGPC 

The study evaluated the filling and passing abilities of 

SCGPC mixture concrete by testing its slump flow, V-Funnel, 

T50 flow, and L-box as showing Figure 2 with varying 

proportions of MK, RCA and SF, following the EFNARC 

European guidelines for SC [28]. 

Hardened characteristics of SCGPC 

Research examines the compression, split tensile, and 

flexural stiffness of SCGPC mixtures by altering the 

proportions of MK, RCA and SF, shown in Figure 3. 

 

 
 

Figure 2. (a) Dlump flow; (b) V-Funnel; (c) T50 flow;  

(d) L-box 
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Figure 3. (a) Compressive strength; (b) Tensile strength; 

(c) Flexural strength 

 

Compressive Strength 

In accordance with Kanagaraj et al. [29], we subjected 100 

mm cubic specimens to a constant load of 0.25 MPa/s (with a 

margin of error of 0.05 MPa/s) using a 200-ton digital 

compression testing equipment. 

Tensile strength 

Instead of physically pushing on the concrete, an indirect 

approach known as the splitting tensile test was employed [30] 

to determine its tensile strength. This entailed applying a 

steady load of 0.7 to 1.4 MPa/min to cylindrical specimens 

measuring 100 mm in diameter and 200 mm in height until 

they shattered. 

Flexural Strength: 

Following standard [31] we used a four-point loading setup 

to assess the flexural strength of the SCGPC samples. A steady 

load of 0.86 to 1.21MPa/min was applied until the specimen 

failed. 

SCGPC's durability characteristic 

Concrete's durability and strength are becoming 

increasingly important for civil infrastructure, especially in 

severe environments, as previous works have demonstrated. 

As a result, the concrete utilized in this study was rigorously 

tested for strength and durability. 

Resilience to adverse conditions in the SCGPC 

In order to evaluate the harsh environment resistance of he 

prepared SCGPC, the investigators complied with the 

methodologies specified in standards [32, 33]. Specimens 

measuring cylindrical samples (100 mm×200 mm) were 

subjected to a curing period of 28 days prior to their immersion 

for 56 days in solutions comprising 5% sulfuric acid, 5% 

magnesium sulphate, 3.5% seawater. Resistance was 

evaluated with respect to the following three factors: Visual 

examination of the shape for physical alterations or damage. 

Quantifying material loss caused by acid attack involved 

comparing the mass of each sample to its initial weight. In 

contrast to samples that were not exposed, the residual 

compressive strength was ascertained through mechanical 

testing. 

Sorptivity test 

The upward flow of water molecules through concrete 

specimens over time is known as sorptivity. The sorptivity test 

was conducted subsequently [34]. 100 mm cubic concrete was 

used for sorptivity measurement. A wax coating was put to the 

side surfaces of the disks to prevent water absorption and tape 

was utilized to guarantee full sealing of the treated side. The 

procedure entailed immersing the disks in a water bath. The 

water level was adjusted to be positioned one centimeter 

higher than the bottom of the disks. The initial weight of each 

disk was recorded at the start of the experiment. Over the 

course of the next 24 hours, the disks were regularly removed 

from the water at particular time intervals, such as every 10 or 

20 minutes. The rate of water absorption of the SCGPC 

samples was determined using Equation: 

 

𝐼 = (
𝑚𝑡

𝑎
𝑑⁄
) 

 

It indicates the process of absorption, mt means the 

alteration in mass measured in grams, a designates the area of 

the specimen, and d stands for the density of water. 

 

 

3. RESULT AND DISCUSSION 

 

3.1 Fresh properties of SCGPC 

 

Slump flow of SCGPC 

The ability of SCGPC to smoothly and completely fill 

complex shapes without requiring vibration is crucial. This 

mostly relies on the quantity of water in the activating agent 

solution and the quantity of Superplasticizer used [29]. The 

slump flow of SCGPC mixtures is represented in Figure 4(a). 

Among the five mixes, RCA0SF0 sample has the highest 

recorded value for slump flow (741 mm). This suggests that 

the mixture has good workability and can easily flow and fill 

complex forms. The elevated slump value indicates that the 

mixture was affected by a superplasticizer, which improves its 

capacity to flow. RCA0SF1.5 has a slump value of 661 mm, 

which is somewhat lower suggesting that introducing SF may 

result in a reduction in workability and flowability when 

compared to the initial mixture. The fine SF particles cover 

voids between bigger ones, decreasing internal friction and 

enhancing packing density. However, they also absorb some 

water required for lubrication. Regarding 0% RCA vs. 100% 

RCA, the reduction in slump flow from 741 mm to 665 mm 

indicates some adverse effect caused by the addition of 100% 

RCA. Possible causes include: RCA has a higher water 

absorption rate than natural aggregates, which decreases the 

amount of water available for lubrication and impedes flow. 

RCA's rougher surface texture and angular shape may enhance 

internal friction and impede flow compared to smooth, 

spherical natural aggregates. Overall, all tested SCGPC 

mixtures showed satisfactory flow and ease of handling. 

T500 test for SCGPC 

The time required for SCGPC blends to pass through a 

designated channel or section is denoted as the T500 test. 

Frequently, this test is employed to assess the flow 
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characteristics of SCGPC mixtures. As seen in Figure 4(b) the 

RCA0SF0 mixture exhibited the shortest concrete flow time 

of 3.81s. This suggests that the mixture possesses exceptional 

flowability, as it can pass effortlessly through confined spaces 

and complex shapes without causing blockages or segregation. 

However, the incorporation of RCA and SF increases the T500 

time. The highest T50 value was observed at 4.96 s in SCGPC 

with the highest RCA and SF content (RCA100SF1.5). 

V-funnel examination for SCGPC 

The V-funnel experiment is a common technique used to 

evaluate the flow characteristics of SCGPC. The process 

involves monitoring the duration of time for a newly prepared 

sample of SCGPC to pass through a V-shaped funnel, as 

shown in Figure 4(c). This test assesses the concrete's capacity 

to fill complex shapes without separating or clogging, essential 

qualities for self-compacting uses. 

Examining the V-Funnel Flow findings uncovers intriguing 

insights into the impact of RCA and steel fiber on flowability. 

Adding SF and RCA increases flow time in all samples, but 

when RCA100SF1.5 are present, the flow time is maximum at 

12.1s compared to RCA0SF0 11.65s. This may be attributed 

to various factors, including elevated water absorption and 

packing density by RCA. 

Filling ratio (L-Box) 

The L-Box test data were evaluated to figure out the passing 

ratio of SCGPC  samples. Figure 4(d) indicates that all mixes 

met the EFNARC criteria for filling ability, with a passing 

ratio ranging from 0.87 to 1.0. 0RCA0SF has a higher filling 

ratio than samples comprising RCA and SF, showing that the 

addition of RCA and fiber reduced filling ability.

 

  

  
 

Figure 4. The effect of RCA and SF on (a) slump flow; (b) T50 duration; (c) V-funnel duration; (d) L-box height ratio 

 

3.2 Hardened properties of SCGPC 

 

Compressive Strength 

Figures 5 (a) and (b) show the impact of SF and RCA 

quantities on the compressive strength of SCGPC at different 

curing times. It is discovered that the compressive strength of 

SCGPC at 7 days about 70% of that at 28 days, suggesting that 

early curing days are where strength development mostly 

happens because to a quick hydration reaction. SCGPC mixes 

with RCAs showed reduced strength compared to mixes 

without RCAs. SCGPCs made with 100% RCA had a 

compressive strength that was 50%-55% lower after 7 days 

and 50%-60% lower after 28 days when compared to mixtures 

made without RCA, respectively. The reduced strength of 

concrete mixtures with RCA in comparison to those without 

RCA is consistent with preceding research on plain concrete. 

This is attributed to the presence of weak interfacial transition 

zones (ITZs) in the microstructure of concrete with RCA, 

which occur among the aggregate and the past mortar that was 

included to the RCA, as well as between the fresh mortar and 

the aged mortar [35].  In general, when RCA contents rise, 

SCGPC’s compressive strength tends to drop, while SF 

contents rise [18]. SCGPC mixes labeled RCA0SF1.5, 

RCA50SF1.5, and RCA100SF1.5 with 1.5% steel fiber 

showed a 26%, 28%, and 41% increase in 7-day compressive 

strength and a 27%, 37%, and 45% increase in 28-day 

compressive strength compared to equivalent mixes without 

steel fiber. There is an improvement in compressive strength 

of SCGPC’s that occurs when SF is added, often falling within 

the range of 30-40%. This rise is most likely because to the It 

can be concluded that the fibers could bridge across the cracks 

and arrest the crack face separation during the crack 

propagation [36]. The improvement in compressive strength is 

minimal when the SF content increases from 0% to 0.5%, but 

becomes significant when the SF ratio grows from 0.5% to 

1.5% as shown in the Figure 3. This finding is aligned with 

other reported researches  [26, 37, 38]. These findings show 

that even at a 100% substitution rate, the strength decrease of 

the concrete caused by replacing natural course aggregate 

NCA with RCA may be compensated for by appropriately 

470



 

constructing mixes with steel fiber. 

Splitting tensile strength 

The fluctuation in splitting tensile strength of SCGPC’s 

follows a pattern similar to compressive strength, with a 

notable increase due to SF content (Figure 5). The 7-day 

splitting tensile strengths of RCA0, RCA50, and RCA100 

mixtures with 1.5% steel fiber were 36%, 38%, and 48% 

higher, respectively, compared to the peer unreinforced 

mixtures. For 28 days splitting tensile strengths of RCA0, 

RCA50, and RCA100 mixtures with 1.5% steel fiber were 

35%, 37%, and 39% respectively. The SF percentage has a 

considerable effect on the splitting tensile strength of SCGPC 

due to the SF crack-bridging effect, particularly with elevated 

SF contents. Introducing SF greatly enhances the splitting 

tensile strength of SCGPC, with the impact becoming more 

pronounced as the SF percentage increases. Furthermore, the 

inclusion of RCA reduces the splitting tensile strength of 

SCGPC’s. At a RCA value of 50%, the rate of change 

decreases gradually, ranging from11.52% to15.5% for 7 days 

curing and 4.5% to 9% for 28 days curing. It should be noted 

that the reducing rate is lower for SCGPC consisting higher 

content of SF. Studies have demonstrated that replacing 

natural aggregate with RCA in concrete mixes consistently 

results in lower splitting tensile strength, regardless of whether 

the concrete is conventional, self-compacting, or reinforced 

[37, 39, 40]. This is because using RCAs weakens the interface 

transition zone (ITZ) between the aggregate and geopolymer 

pasta, lowering the concrete's total tensile strength. To put it 

simply, the strength of a composite material is determined by 

the amount of each component used: density, recycled 

aggregate, sand, steel fiber, and water. Any modifications to 

these amounts will cause the compressive strength to fluctuate. 

The compressive strength is an indirect measure of the 

composite's other qualities. Figure 5(e) depicts the relationship 

between the compressive and tensile strengths of concrete 

formed from recycled aggregate and metakaolin. The chart 

shows a significant association, with a regression coefficient 

near to one (83.76%). This validates the statistical analysis. 

 

 
 

Figure 5. (a, b) Compressive strengths; (c, d) Splitting strength of different mixes at 7 and 28 days;  

(e) Statistical analysis of the relationship between compressive and tensile strength using regression analysis 
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3.3 Flexural behavior 

 

Load-deflection curves 

Figure 6 displays the load-deflection characteristics of 

SCGPC samples with varying proportions of RCA and SF. 

Each curve depicts the mean response of test specimens 

assessed after 28 days of the curing process. The findings 

demonstrate that the SCGPC samples saw a substantial load 

reduction after peak load. Mixes that contained more RCA 

content experienced a greater load decline after peak load in 

comparison to those with less RCA ratio. Mixes with 1.5% 

steel fiber experienced a less noticeable load drop than those 

with 0.5% steel fiber. Mixtures with a higher RCA may have 

higher load drops due to RCAs' poor strength, whereas mixes 

with a higher SF may have lower load drops due to steel fibers' 

fracture bridging ability [41]. After peak load, the tooth-

shaped curve shows that the steel fibers are slowly being 

drawn out of the paste matrix [42]. An increase in SF 

ratio resulted in a rise in the residual flexural load of concrete, 

as shown in the Figure 6(b), for a given RCA ratio. 

Additionally, it is demonstrated that for a SF, the residual load 

of the concrete was reduced by adding RCA and reduced 

further by increasing RCA. Table 5 comprehensively analyses 

the primary flexural mechanical characteristics obtained from 

these graphs, including peak load, maximum deflection, 

residual strength, and related toughness. To explore the 

behavior of SCGPC subsequent to its attainment of maximum 

flexural strength, this research presents three distinct residual 

flexural loads. The loads are designated as PL/300, PL/150, 

and PL/100, which are equivalent to 1, 2, and 3 millimeter 

deflections, respectively. This methodology is in accordance 

with the guidelines specified in the ASTM C1609/C1609M-

2012 code [43]. The flexural toughness of a substance denotes 

its resistance to flexural deformation and fracture. The 

quantity is determined by taking the integral of the load-

deflection graphs until a specific deflection value is reached 

[44]. Figure 6(a) shows that the load-deflection graphs of 

SCGPC can be separated into two stages: the rising branch and 

the falling branch. SCGPC specimens without SF show only 

the beginning, rising part of the load-deflection curve in Figure 

6(b). The load quickly declines to zero at the apex, indicating 

fragile behavior. In contrast, SCGPC specimens with SF 

exhibit a definite falling apart after the apex, indicating more 

ductile behavior. Figures 6(b) and (c) shows that SF and RCA 

content substantially impact the flexural behavior of SCGPC. 

As the RCA content increases, the slopes of the first ascending 

parts of the load-deflection curves and peak loads decrease for 

all SCGPC samples. Interestingly, for SCGPC with 0.5% SF, 

the initial ascending branches overlap for all RCA contents. 

However, the descending branches show significant variances. 

This shows that increasing RCA concentration diminishes 

SCGPC ductility, whereas increasing SF content reverses this 

effect, considerably improving peak and residual loads. 

 

Table 5. Main flexural mechanical properities of SCGPC 

 

Specimen 
Peak Point Residual Load Toughness 

δpeak (mm) Ppeak (kN) fpeak (MPa) PL300 (kN) PL150 (kN) PL100 (kN) ΩL100 (Joule) ΩL150 (Joule) ΩL300 (Joule) 

RCA0-SF0 0.638 20.64 5.272    6.086   

RCA25-SF0 0.633 19.73 5.020    5.581   

RCA50-SF0 0.622 18.84 4.811    5.363   

RCA75-SF0 0.607 18.33 4.681    4.987   

RCA100-SF0 0.581 17.21 4.392    4.402   

RCA50-SF0.5 0.738 20.50 5.231 10.624 2.817 0.411 18.067 16.613 11.116 

RCA50-SF1.5 0.702 20.84 5.322 13.133 6.940 3.846 25.975 21.957 11.337 

RCA0-SF1.5 0.773 22.50 5.741 17.307 8.905 4.925 30.946 24.536 12.419 

RCA25-SF1.5 0.742 21.32 5.443 14.34 8.413 4.432 29.382 23.532 12.383 

RCA75-SF1.5 0.674 18.64 4.760 9.986 4.140 1.936 19.097 16.22 9.781 

RCA100-SF1.5 0.644 19.60 5.001 6.696 1.979  13.382 12.903 8.808 

 

 
 

Figure 6. Load-deflection graphs of (a, b) Impact of RCA ratio; (c) Impact of SF ratio 

 

Load and deflection properties 

Figures 7 and 8 display the maximum flexural strength and 

peak deflection of SCGPC with different amounts of SF and 

RCA. Clearly, the flexural strength and peak deflection of 

SCGPC are reduced when the RCA content increases in the 

majority of cases. In SCGPC without SF, when the RCA 

content is between 0% and 100%, the peak strength is 

negatively affected by 4.34%, 8.72%, 11.5%, and 16.67%, 

while the peak deflection is negatively affected by 0.798%, -

2.33%, -4.86%, and -8.91%. The percentages for peak strength 

and peak deflection for SCGPC with 1.5% SF content are -

5.19%, -7.32%, -17.06%, and 12.86%, respectively. R100S1.5 

has a more uniform structure with only one type of RCA 

inclusion, which contributes to its higher peak strength 
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compared to R75S1.5. The percentages for peak strength and 

peak deflection for SCGPC. An increase in the proportion of 

SF from 0% to 1.5% results in corresponding increases of 

8.72%, 10.61%, and 15.81% in peak strength. On the contrary, 

there is a more substantial alteration in the peak deflection, 

denoting the extent to which the material can be bent 

before failure; it rises by 24.23%, 12.65%, and 18.42%, 

respectively. 

 

 

 

 
 

Figure 7. Flexural strength of SCGPC 's (a) Impact of RCA 

content; (b) Impact of SF ratio 

Figure 8. Flexural deflection of SCGPC’s (a) Impact of RCA 

content; (b) Impact of SF content 

 
Flexural toughness 

Toughness is a valuable measure for assessing the ability of 

materials and structures to absorb energy when exposed to 

external forces. Figure 9 demonstrates the impact of the 

contents of RCA and SF on the flexural toughness of RCA. 

The fluctuation tendency of SCGPC’s toughness is in 

accordance with that of its flexural strength and deflection. 

The influence of RCA and SF contents on ΩL/300 is determined 

to be minimal due to the presence of identical ascending 

branches of SCGPC. For a given RCA, SCGPC mixes 

including 1.5% steel fiber generated a first crack load that was 

roughly 4% and 5% higher, respectively, than similar 

companion blends containing 0.5% steel fiber. The influence 

of several descending branches of SCGPC becomes evident 

for ΩL/150 and ΩL/100. Furthermore, when the RCA percentage 

is less than 50%, the disparities between them are minimal due 

to the restricted harm caused by RCA at low concentrations. 

Comparable findings are also evident for SCGPC containing 

0.5% and 1.5% SF. The observation illustrates that the 

inclusion of SF in RCA only improves the structural integrity 

of the concrete. While the fibers do help bridge cracks, they 

also introduce initial flaws in the RCA, such as aggregating of 

fibers, fragile fiber-matrix ITZs, and holes that ultimately 

harm the SCGPC’s matrix. 

 

  
 

Figure 9. Flexural toughness of RCA. (a) Impact of RCA content; (b) Impact of SF content 
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4. DURABILITY INVESTIGATION OF SCGPC 

 

4.1 Visual inspection 

 

Specimens exposed to sulfuric acid solution 

In order to assess the acid resistance of geopolymer concrete 

samples containing recycled coarse aggregate and steel fiber 

at varying concentrations (illustrated in Figure 10, they were 

subjected to a simulated acidic environment containing 5% 

H2SO4 for 56 days. Erosion was comprehensively assessed by 

careful visual examination and in-depth analysis. Upon visual 

examination, it was seen that all samples exposed to acid 

displayed substantial erosion. The group containing 50% 

recycled aggregate exhibited the most severe erosion, likely 

attributed to its increased porosity. The higher susceptibility is 

ascribed to the interconnected void network present in the 

aggregate, which facilitates the penetration of acid through 

more accessible channels. Meanwhile, the incorporation of 

steel fibers greatly lowered degradation in all samples. The 

presence of these fibers served as an internal reinforcement, 

impeding the creation of cracks and restricting the penetration 

of acid into the geopolymer matrix at greater depths. 

 

 
 

Figure 10. The visual characteristics of test specimens 

subjected to chemical attack for 56 days: (a) SCGPC with 

50% RCA 0% SF; (b) SCGPC with 50% RCA 1.5% SF 

 

Specimens exposed to magnesium sulfate (MgSo4) and 

seawater (NaCl) solutions 

Geopolymer concrete samples were immersed in solutions 

of magnesium sulphate (MgSO4) and seawater (NaCl) for 56 

days. Visual observations were made to assess visible changes, 

and their structural integrity was examined. Figure 10(a) 

depicts the samples without steel fiber reinforcing. These 

samples showed no apparent change after being immersed in 

magnesium sulphate and seawater, indicating that their 

structural integrity was preserved throughout the immersion. 

Figure 10(b) shows the samples that were strengthened with 

steel fibers. The surface of the concrete turned brown in 

seawater and black in magnesium sulphate solution. These 

colour variations can be traced to the solution's interaction 

with the steel fibers, which discolors the concrete surface. 

Weight loss 

The work studied how the weight of SCGPC changes over 

time. The weight of the concrete at different ages was 

compared to its initial weight. Weight changes relative to the 

initial weight is called WLF. To measure WLF accurately, 

firstly, deposits from the surface of the concrete was removed. 

Interestingly, it is found that SCGPC lasts longer (is more 

durable) when the WLF is lower. In other words, less weight 

loss over time indicates higher durability of SCGPC [45]. 

Weight variations in geopolymer concrete samples during 56 

days were recorded. The control samples were used to 

compare with samples subjected to different solutions. Figure 

11(a) depicts the weight variations of control samples over 

time, which reveal a reduction due to continual hydration 

responses. The study focused on comparing weight changes 

between different samples, highlighting the large weight loss 

in the RCA50SF0 sample and the low weight change in the 

0RCA1.5SF. The weight fluctuations of samples exposed to 

5% concentrated sulfuric acid for a duration of 56 days are 

illustrated in Figure 11(b).  

 

 

 

 

 
 

Figure 11. Weight change of the specimens under different 

environment: (a) Specimens at ambient environment; (b) 

Specimens exposed to sulfuric acid; (c) Specimens exposed 

to seawater; (d) Specimens exposed to MgSO4 

 

On the contrary, the weight of acid-immersed samples 

increased gradually over the course of the initial week, with 

the maximal gains of 0.25%, 0.22%, 0.3%, and 0.23% 

observed for samples labelled RCA0SF0, RCA0SF1.5, 

RCA50SF0, and RCA50SF1.5, respectively. However, after 

the initial week, the samples experienced a significant decline 
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in weight as a result of alkalis and other components of the 

concrete dissolving in the acidic environment. Weight losses 

of 2.05%, 1.76%, 2.42%, and 1.87% were documented for the 

RCA0SF0, RCA0SF1.5, RCA50SF0, and RCA50SF1.5 

samples, respectively, after a period of 56 days. It is worth 

mentioning that the RCA50SF0 sample underwent more 

pronounced attrition as a consequence of the elevated RCA 

content, which led to improved porosity and permeability. 

SCGPC samples with different concentrations of RCA and SF 

were produced and submerged for 56 days in a solution 

containing 5% magnesium sulphate and 3.5% seawater. 

Weight fluctuations of the specimens were monitored and 

documented at regular intervals during the immersion phase. 

The weight variations of the geopolymer concrete samples that 

were submerged in the seawater and magnesium sulphate 

solution for 56 days, respectively, are illustrated in Figures 11 

(c) and (d). Weight gains were observed in all samples, and the 

corresponding values were documented. 1.10% (RCA0SF1.5), 

1.47% (RCA50SF0), and 1.38% (RCA50SF1.5) for seawater. 

1.45% (RCA0SF0), 1.35% (RCA0SF1.5), 1.90% 

(RCA50SF0), and 1.56% (RCA50SF1.5) for magnesium 

sulphate solution. Weight increases were greatest in samples 

with a greater concentration of RCA, such as RCA50SF0, as a 

result of increased porosity. 

 

 
 

Figure 12. Rate of water absorption on different SCGPCs 

samples 

 

Determining concrete's longevity requires knowledge of its 

moisture absorption and transport properties. To further 

understand this process, the sorptivity test is highly 

recommended. It is useful for assessing the capillary 

characteristics of concrete since it quantifies the rate of water 

absorption by the material. Figure 12 displays sorptivity values 

for different samples of SCGPCs at 28 days. Higher sorptivity 

values indicate a material's greater tendency to absorb water 

by capillary action. Figure 12 shows that increasing RCA in 

the samples results in higher sorptivity values. In contrast, the 

introduction of 1% SF appears to somewhat reduce sorptivity 

compared to samples without fibers, as seen in sample 

'RCA0SF1', which has the lowest sorptivity value (5.6) of 

those examined. Thus, there is a positive correlation between 

RCA concentration and water absorption. Water absorption 

rises by 5%, 6%, and 15% as the RCA ratios increase (0.10, 

0.20, and 0.30). This supports the idea that RCA's porous 

nature improves capillary action in concrete, resulting in 

increased water uptake. The study investigated the impact of 

steel fiber content on water absorption at concentrations of 0%, 

0.5%, 1%, and 1.5%. The inclusion of steel fibers in samples 

seems to exert a moderate inhibitory impact on sorptivity, as 

illustrated in Figure 12, in comparison to samples lacking 

fibers. The reason for this is the function of the fibers, which 

is to obstruct water pathways within the concrete matrix, 

thereby decreasing the rate at which water enters [38]. It is 

noteworthy that Figure 12 proposes that a ratio of 1% steel 

fiber might be most effective in reducing water absorption. 

Strength loss 

In general, the compressive strength of specimens 

diminishes as the curing age increases in an acidic, sulfate and 

chloride environment [29, 46]. Figure 13 depicts the results of 

the compressive strength tests conducted on the SCGPCs 

specimens in various conditions, including the control 

environment, 3.5% saltwater, 5% magnesium sulfate, and 5% 

sulfuric acid. Following the corresponding chemical exposure, 

the residual compressive strengths (percent) of the specimens 

were denoted by numbers at the top of each relevant graphic 

data set. For each concrete specimen, the average compressive 

strength was determined using identical samples. The results 

show that samples with 0% RCA and 1.5% SF have the highest 

compressive strength, whereas samples with 50% RCA and 

0% SF have the lowest strength. Furthermore, the compressive 

strength of samples with (RCA0SF0), (RCA0SF1.5), 

(RCA50SF0), and (RCA50SF1.5) dropped by 3%, 4%, 3%, 

and 0%, respectively, when exposed to 3.5% sodium chloride 

(NaCl). In a similar vein, the aforementioned samples 

experienced strength reductions of 11%, 6%, 12%, and 1% 

when exposed to 5% magnesium sulfate (MgSO4). Lastly, 5% 

sulfuric acid (H2SO4) treatment resulted in respective strength 

reductions of 20%, 17%, 25%, and 12%. It was discovered that 

the elevated RCA ratio contributed to a greater gap percentage 

and absorption, which ultimately resulted in a more severe 

degradation of the sample [15]. 

 

 
 

Figure 13. Residual strength of SCGPC composites after 

exposure to NaCl, MgSO4, and H2SO4 solution 

 

Microstructural investigations 

The comparison of the microstructures of geopolymer 

specimens prior to and subsequent to the chemical attack 

involving acid, sulphate, and seawater studied with SEM. As 

seen in Figure 14(a), the image illustrates the compact 

structure of the control sample embedded in the geopolymer 

matrix, which suggests geopolymerization and the potential 

for geopolymer composites to be strengthened due to the 

strong bonds between the geopolymer materials. The 

microscopy alterations of geopolymer specimens subsequent 

to a 56-day exposure to solutions containing 5% H2SO4, 3% 

NaCl, and MgSO4, respectively, are depicted in Figures 14(b-

d). As illustrated in Figure 14(b), the geopolymer samples that 

were immersed in H2SO4 solution demonstrated a significantly 

greater level of degradation in comparison to the other samples. 

This degradation was attributed to the formation of gypsum 
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crystals [47]. Furthermore, it has been reported by Maes and 

De Belie [48] that microstructural degradation was associated 

with an increased quantity of recently generated microcracks, 

some of which were enlarged and partially filled with gypsum 

crystals. As illustrated in Figure 14 (c), the circumstance 

changed significantly after MgSO4 exposure. A marginal 

development of ettringite was detected in the geopolymer 

mixtures, as evidenced by this micrograph. The reaction 

between external SO4
2− and the dissolved calcium and 

aluminium from the reacted alkali activator produces ettringite 

[49]. Conversely, geopolymer samples immersed in NaCl did 

not exhibit any notable development of new distinct phases or 

specific alterations in morphology. The results obtained from 

exposure to H2SO4 and MgSO4 were the subject of internal 

disintegrating stresses induced by gypsum crystals within the 

geopolymer matrix. These stresses resulted in cracking, 

spalling, and accelerated deterioration, as documented in 

reference [25]. 

 

 
 

Figure 14. SEM images of specimens (a) In ambient condition, after 56-days exposure to (b) H2SO4; (c) MgSO4; and (d) 3.5% 

Seawater 

Challenges and considerations: 

• Synergy of RCA and Steel Fibers: The negative 

synergy between RCA and steel fibers for compressive and 

tensile strength is a substantial barrier. More research is 

needed to understand the mechanisms underlying this 

interaction and devise measures to mitigate it. This could 

include experimenting with different fiber types, surface 

treatments, or optimizing the mix design to improve the bond 

between the RCA, fibers, and geopolymer matrix. 

• Durability Concerns with RCA: The study suggests 

that RCA may reduce the SCGPC's overall durability, 

particularly under stress. More extensive durability testing, 

including freeze-thaw cycles and long-term chemical exposure, 

is critical. Furthermore, researching ways to increase the 

interfacial interaction between RCA and the geopolymer 

matrix may improve long-term performance. 

• Reduced dependency on natural materials: The 

effective application of RCA in SCGPC provides a viable 

method for lowering reliance on natural aggregates, which 

have a major environmental impact due to extraction and 

processing. 

• Geopolymers as a Sustainable Alternative: This 

study demonstrates geopolymers' promise as a more 

sustainable alternative to typical Portland cement concrete. 
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Geopolymer manufacture often produces fewer CO2 emissions 

and can use industrial byproducts as basic materials. 

By addressing the issues raised in this study, the viability of 

utilizing RCA in steel fiber-reinforced SCGPC can be 

increased. This will help to considerably advance the 

development of more sustainable construction materials with 

appropriate mechanical qualities and durability. 

Future research directions: 

Based on existing current research on below are some 

prospective future study ideas: 

Optimizing mix design: 

• Investigate the impact of various recycled aggregates 

(e.g., crushed concrete, brick) on the characteristics of SCGPC. 

• Investigate the utilization of different steel fiber 

shapes (e.g., hooked, crimped) and their effects on mechanical 

performance and workability. 

• Investigate the effects of various metakaolin supplies 

and activation methods on the overall performance of SCGPC. 

Durability under extreme conditions: 

• Examine the long-term behavior of SCGPC under 

freeze-thaw cycles, salt exposure, and harsh chemical 

conditions. 

• Examine the fire resistance of SCGPC with recycled 

aggregates and steel fibers versus standard concrete. 

• Assess SCGPC's carbonation resistance and its 

impact on long-term durability. 

Sustainability aspects: 

• Perform a life cycle assessment (LCA) to compare 

the environmental impact of SCGPC using recycled 

aggregates and steel fibers to traditional concrete. 

• Consider employing industrial leftovers or waste 

materials as partial substitutes for metakaolin in the binder. 

• Create cost-effective methods for pre-treating 

recycled aggregates to assure compatibility with the 

geopolymer matrix. 

Advanced characterization techniques: 

• Use microstructural analytical techniques such as X-

ray diffraction (XRD) and scanning electron microscopy 

(SEM) to better understand the interaction of recycled 

aggregates, steel fibers, and the geopolymer matrix. 

• Use computer modeling to anticipate the mechanical 

behavior of SCGPC under various loading circumstances. 

• Create non-destructive testing methods to assess the 

health and performance of SCGPC structures in situ. 

 
 

5. CONCLUSION 

 

1) All mixes met EFNARC standards for flow, T50, and 

filling ratio. Mixes that passed the flow requirement met the 

other two requirements as well. 

2) With an increase in RCA content, SCGPC often 

exhibits a drop in compressive and splitting tensile strengths 

and flexural characteristics, whereas an increase in SF content 

results in an improvement. Compressive strength is less 

affected by SF content than splitting tensile and flexural values. 

3) Both the compressive and splitting tensile strengths 

of RCA are negatively affected by the synergistic effect. 

Although there is a clear positive correlation between the 

flexural performance metrics. When it comes to SCGPC’s 

flexural properties, the favorable effect of SF more than makes 

up for the negative effect of RCA. 

4) Regarding durability, the findings demonstrate that 

immersing SCGPC in chemicals for 56 days had varying 

effects on their weight and compressive strength, according to 

the kind of geopolymer and chemical solution used. 

• Weight gains were observed in all samples, and the 

corresponding values were documented. 1.10% (0RCA1.5SF), 

1.47% (50RCA0SF), and 1.38% (50RCA1.5SF) for seawater. 

1.45% (0RCA0SF), 1.35% (0RCA1.5SF), 1.90% 

(50RCA0SF), and 1.56% (50RCA1.5SF) for magnesium 

sulphate solution. Weight increases were greatest in samples 

with a greater concentration of RCA, such as 50RCA0SF, as a 

result of increased porosity. 

• When comparing various forms of geopolymer, it 

becomes clear that including fibers can improve the durability 

of the material. The decreased rate of strength degradation 

seen in fiber-reinforced geopolymer (SCFRG) compared to 

plain geopolymer (SCGPC) demonstrates this advantage. 

• Regarding the visual examination, the geopolymer 

shows minimal changes when exposed to seawater and MgSO4. 

The interaction between geopolymer and H2SO4 results in 

discolouration, a porous surface, expansion, and fracturing. 

These effects are caused by the dissolving of reactive elements 

and the creation of sulfur dioxide and gypsum crystals. 

• This research aimed to investigate the combined 

effect of recycled coarse aggregate (RCA) and steel fibers (SF) 

in a metakaolin-based geopolymer concrete (SCGPC). 

Existing research primarily focused on natural coarse 

aggregates, and this study aimed to fill the knowledge gap 

regarding RCA's interaction with steel fibers within a 

geopolymer matrix. 

• The findings directly address the research objectives. 

• Workability: All mixes achieved the required 

workability standards, indicating successful self-compacting 

behavior (Objective: Investigate the impact of combined 

utilization). 

• Mechanical Performance: The study confirmed the 

expected trends: increasing RCA content generally decreased 

compressive and flexural strength, while steel fibers improved 

these properties. However, the impact of steel fibers was less 

pronounced on compressive strength compared to splitting 

tensile and flexural strengths (Objective: Investigate how this 

combination affects the mechanical qualities). 

• Synergy between RCA and SF: An interesting 

finding was the negative synergy between RCA and SF for 

compressive and splitting tensile strengths. Conversely, a 

positive synergy was observed for flexural performance, 

where the benefit of steel fibers outweighed the negative effect 

of RCA (Objective: Investigate how RCA interacts with steel 

fibres in a metakaolin geopolymer matrix). 

• Durability: The research examined the effect of 

harsh environments (acidic and salty) on SCGPC. While 

weight gain was observed in all samples, the extent of change 

varied depending on the geopolymer mix and the specific 

chemical solution. Importantly, the inclusion of steel fibers 

improved the overall durability as evidenced by a reduced rate 

of strength degradation in fiber-reinforced geopolymer 

compared to plain geopolymer. Visual examination revealed 

minimal changes for seawater and magnesium sulfate 

exposure, while sulfuric acid exposure caused significant 

surface degradation and cracking (Objective: Investigate ... 

durability). 

In conclusion, the research successfully addressed the 

knowledge gap regarding the combined effects of RCA and 

steel fibers in a metakaolin-based geopolymer concrete. The 

findings provide valuable insights for developing sustainable 

construction materials using recycled components while 
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maintaining good mechanical performance and durability. 
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