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This research examines the feasibility of using waste fibers (yarn, fabric, hemp, 

plastic, iron powder, and iron shavings) as substitute shear reinforcements in slag-

based geopolymer concrete (GPC) beams devoid of stirrups. It also compares their 

performance with that of beams reinforced with industrial fibers (steel, glass, and 

basalt). Beams measuring 50x150x750 mm were produced with 1% different waste 

and industrial fibers and subjected to three-point bending tests. The samples 

conducted were ten beams, which underwent three-point bending tests in relation to 

their load-deflection behavior, crack pattern, failure mode, strain distribution, 

energy dissipation, residual strength, and toughness. The findings show that 

industrial and waste fibers considerably improve the tensile strength of the GPC, 

preventing crack propagation and improving shear capacity. But performance is 

fiber type dependent. Among the waste fibers, hemp fibers made the highest 

contribution with respect to shear capacity, energy dissipation, and toughness 

compared to the other waste fibers and even to commercial fibers. On the contrary, 

iron powder had limited performance improvement, which was probably due to its 

low capability of bridging cracks. Among all the industrial fibers used, basalt and 

glass fibers exhibited the best compatibility with the GPC matrix, leading to the 

highest residual strength and toughness. Hemp and fabric are waste fibers; however 

offer the highest levels of energy dissipation owing to their pliability and high energy 

absorption. Moreover, the research indicates that the experimental shear capacity is 

also lower than the values predicted by international codes, including ACI318-19, 

Eurocode-2, and the fib Model Code 2020. These codes were found to be 

underestimating the shear strength of GPC beams, indicating a need for customized 

proposals. Thus, the research highlights the possibility of waste fibers as being 

sustainable and cost-effective for the reinforcement of geopolymer concrete. 
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1. Introduction 

Humanity has aimed to build and improve sustainably since the beginning of the twenty-first century. The 

continuous increase in the global population is leading to a heightened demand for infrastructure each day. 

This results in to increase in the demand for cement production, which is widely used in structures [1-4]. On 

the other hand, reinforced concrete is the most important material for the construction industry because of 
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its high strength and versatility. It is commonly used for beams, slabs, columns, and foundations in buildings 

and infrastructure projects. However, the use of traditional Portland cement-based concrete in construction 

has raised concerns about its negative environmental impact due to its high carbon footprint. In recent years, 

as a result of its lower environmental footprint, superior durability, and greater strength, geopolymer concrete 

has become a noteworthy alternative to conventional Portland cement-based concrete. The term geopolymer 

was first defined by Professor Davidovits in 1979, referring to a broad spectrum of binders that consist of a 

network of molecules interconnected by covalent bonds [5, 6]. Geopolymer concrete is made from industrial 

waste materials such as fly ash, slag, and rice husk ash [7-9]. These materials are mixed with an alkaline 

solution, which triggers a chemical reaction that creates a binder that solidifies and hardens like traditional 

cement. There are various advantages associated with geopolymer concrete over Portland cement-based 

concrete, including a lower carbon footprint, higher compressive strength, and greater resistance to corrosion 

and fire [10-12]. On the other hand, a polymerization process is responsible for the chemical reaction. In 

geopolymer concrete, this polymerization reaction unfolds rapidly, involving a chemical interaction between 

the minerals silica and alumina that results in the formation of a three-dimensional polymeric chain or 

tetrahedral network [13].  

 However, geopolymer concrete has some drawbacks, including its brittle behavior and low tensile 

strength. The tensile strength to compressive strength ratio of geopolymer concrete is too low that be 

comparable to conventional concrete [1]. To overcome these limitations, researchers have been investigating 

the use of various kinds of fibers, including natural fibers, synthetic fibers, and hybrid fibers, to reinforce 

geopolymer concrete. Fiber reinforcement can improve the mechanical properties of geopolymer concrete 

by enhancing its tensile and flexural strength, ductility, and toughness [5, 14, 15]. Moreover, the advantage 

of fiber is to improve the post-elastic properties and energy dissipation capacity of concrete after fractures. 

Another advantage of using fiber in the geopolymer concrete mixture is to prevent crack formation [16]. 

Among the different types of fibers, hybrid fibers are particularly promising because they combine the 

advantages of various kinds of fibers, such as the high strength and stiffness of steel fibers and the high 

aspect ratio and durability of polypropylene fibers. Hybrid fibers can also improve the resistance of 

geopolymer concrete to various types of loading, including flexural and shear forces. The performance of 

the fibers is influenced by several properties, such as the volume of the fiber, its geometry, orientation, type, 

and the attributes of the fiber matrix present in the mixture [16, 17]. Using a single type of fiber in a mixture 

improves the mechanical and ductility properties of geopolymer concrete. However, this improvement has a 

limited range. So, using hybrid fiber in geopolymer concrete, which is reinforced with two or more different 

types of relevant fiber, improves more properties to compare the geopolymer concrete with a single type of 

fiber. But choosing the relevant fibers is too important to achieve the synergistic effect. Cracks in concrete 

can develop at multiple stages and in varying sizes, thus employing fibers of different lengths presents a 

viable solution to this challenge. A well-engineered composite system facilitates beneficial interactions 

among the fibers, ultimately yielding superior performance in the hybrid system relative to a monofiber 

composite. The fundamental aim of utilizing a combination of diverse fiber types is to mitigate cracking in 

various areas of the cementitious material, addressing differences in size and occurring at different loading 

phases [18-20]. 

 Recycled concrete composed of waste fiber represents a sustainable building material that effectively 

utilizes both waste fiber and construction debris. This innovative approach not only encourages the adoption 

of recycled concrete but also plays a crucial role in environmental conservation. The addition of waste fibers 

can increase the properties of the concrete matrix, reducing the likelihood of cracking and failure under shear 

force. This is because the fibers act as reinforcement, distributing the load more evenly throughout the 

concrete [21, 22]. Waste fibers can also enhance the durability of the concrete by improving its resistance to 

abrasion, impact, and weathering. This is because the fibers act as a barrier to prevent the ingress of moisture, 
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salt, and other harmful substances that can cause corrosion and degradation. Furthermore, the use of waste 

fibers in reinforced concrete (RC) beams under shear force can provide a sustainable solution by reducing 

the amount of waste material that goes to landfills. This approach can aid in preserving natural resources and 

minimizing the carbon footprint associated with the construction sector [23, 24]. Waste fibers are often 

cheaper than traditional reinforcement materials such as steel, making them a cost-effective solution for RC 

beams under shear force. 

 Previous research indicates that the shear strength of geopolymer concrete (GPC) beams is similar to that 

of traditional reinforced concrete (RC) beams. However, the narrow ranges of waste materials are used as 

fibers in GPC beams under shear force, and relatively without the stirrup limit design applicability of GPC 

beams in practice. Most of the existing studies focused on steel [25], glass [26], basalt [27], or polypropylene 

fiber [28], etc., but research on waste fibers in relation to structural elements, design, and application remains 

limited. In particular, studies examining the shear behavior of geopolymer concrete (GPC) are scarce when 

juxtaposed with those involving ordinary Portland cement concrete.  

 Over the last several decades, a significant number of studies have been performed to evaluate the shear 

performance of GPC beams under shear loads, especially those that do not employ stirrups or incorporate 

waste materials into the mix. Aldemir et al. [29] performed a bending test to determine the shear behavior of 

RC beams made from construction and demolition waste-based geopolymer concrete. An investigation was 

conducted to assess the impact of shear-span ratio on the shear performance of several concrete variants, 

including geopolymer concrete with recycled aggregates, geopolymer concrete with natural aggregates, and 

both recycled and natural aggregate concrete. The results of the testing demonstrated that specimens with an 

𝑎/𝑑 ratio of 1.65 exhibited a combined shear-flexural failure, which was dependent on the application of 

recycled aggregate. The research conducted by Wu et al. [30] involved shear testing on 21 reinforced 

concrete beams, aiming to explore the impact of several parameters, including the type of concrete, its 

strength, the ratio of longitudinal reinforcement, the strength of the longitudinal bars, the shear span-to-depth 

ratio, and the overall depth of the beams. In their study, Madheswaran et al. [31] analyzed the effects of shear 

span-to-depth ratios of 1.9 and 2.5, along with transverse bar ratios of 0, 0.56, 0.74, and 1.12%, on the shear 

strength of eight reinforced T-beams composed of fly ash-based glass composites, which had compressive 

strengths ranging from 30 to 44 MPa. The study by Visintin et al. [32] details the outcomes of eight beam 

tests on reinforced geopolymer concrete that did not incorporate stirrups, as well as the results from four 

direct shear tests conducted under conditions of low confinement. Significantly, the direct shear test results 

demonstrate that the shear friction properties of the geopolymer concrete utilized in this experimental study 

are consistent with those of established ordinary Portland cement (OPC) concrete. Maranan et al. [33] found 

that the beam with spiral reinforcement exhibited shear strength and deflection capabilities that surpassed 

those of the conventionally reinforced beam by 20% and 120%, respectively. Abdullah et al. [34] performed 

experiments to examine how the type of concrete and the shear span influence the shear strength of Ordinary 

Portland Cement (OPC) beams and Geopolymer Concrete (GPC) beams. The research conducted by 

Hussein et al. [35] involved a numerical examination of the shear performance of geopolymer concrete beams 

lacking stirrups, employing the ANSYS software to analyze the effects of various fiber reinforcements, 

including steel, synthetic polypropylene, polyvinyl alcohol, and carbon fibers. The outcomes indicated that 

the use of steel fibers resulted in a higher load failure threshold for the specimens, while the integration of 

carbon fibers notably enhanced the ductility of the beams.  

 The rising interest in the application of waste fibers within geopolymer concrete highlights the necessity 

for more extensive research to gain a thorough understanding of their impact on the behavior of reinforced 

concrete (RC) beams. Notably, there is a demand for further studies to evaluate how various waste fiber types 

influence the mechanical properties of geopolymer concrete. Therefore, this research seeks to investigate the 

role of waste fibers in the shear behavior of RC beams made from geopolymer concrete.  
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 Chen et al. [36] propose a novel assembled reinforcement cage (ASC) system that segments traditional 

stirrups to address the reinforcement integration problem in 3D concrete printing. One of the key findings of 

the study is that 3D-printed beams without stirrups exhibit significantly lower cracking and bearing capacity. 

Zhu et al. [37] experimentally and numerically investigate the shear capacity variability in stirrup-free RC 

beams. They show that shear failure in stirrup-free beams is highly variable, with differences of up to 65% 

between specimens. Jia et al. [38] investigated the size effect on the dynamic shear behavior of RC beams 

under low-velocity impact. The analyses show that the size effect is much more pronounced in stirrup-free 

beams, with normalized displacement increases reaching up to 211%. This is due to the faster crack 

expansion and shear deformation progression in stirrup-free beams. This study by Lin et al. [39] investigated 

the effect of high-performance composite macrofibers (HPCF) on the shear capacity of beams without 

stirrups (without form reinforcement). Experiments show that even the addition of a small amount of HPCF 

significantly increases the shear strength of beams without stirrups. Rasheed et al. [40] developed regression 

models using a large database to predict the shear capacity of FRP-reinforced concrete beams without 

stirrups. They emphasized that shear prediction in beams without stirrups is difficult due to the low modulus 

of elasticity and brittle behavior of FRP. Resende et al. [41] investigated the shear behavior of GFRP-

reinforced concrete beams, particularly in the case of stirrups, through critical crack kinematics. 

Experimental studies showed that wider oblique cracks form in GFRP beams without stirrups due to the 

lower modulus of elasticity and a reduced contribution of aggregate interlocking. 

 In this study, a total of one reinforced slag-based GC (RSGC) beam with a stirrup as a reference and nine 

RSGC beams without a stirrup were manufactured to investigate the effect of waste fibers. Three RSGC 

beams without stirrup were produced from geopolymer concrete with steel, basalt, and glass fibers preferred 

by researchers in the literature. Six beams were produced by using waste materials as fibers in the 

geopolymer mixture. Yarn, fabric, hemp, plastic, iron powder, and iron shavings were used as waste fibers. 

Waste yarn and waste fabric are polyester-based waste materials obtained from sewing workshops in the 

textile industry. Waste plastic is a recycling material used for the production of plastic materials. Iron powder 

and iron shavings were obtained from the lathe workshops. Hemp waste was obtained after this material was 

used in the agricultural industry. It was aimed to investigate the effect of using waste materials as fibers on 

the shear performance of RSGC beams. Therefore, RSGC beams with fibers were produced without shear 

reinforcement.  

 For the reasons emphasized above, this study aims to experimentally investigate the effect of using waste 

materials (yarn, fabric, plastic, iron powder, iron shavings, and hemp) as fibers on the shear performance of 

RSGC beams without stirrup. In addition, steel, glass, and basalt fiber RSGC beams without stirrup were 

produced, and the waste fibers were compared with these fiber types. It is also aimed to contribute to waste 

management by using waste fibers in sustainable and environmentally friendly geopolymer concrete. The 

shear properties of RSGC beams such as shear capacity, load-displacement curve, failure mode, residual 

strength, toughness, toughness index, energy dissipation capacity and comparison of recommended codes 

(ACI318-19, Eurocode-2, Italian code DM 204, fib Model Code 2020 approach, Swiss code SIA 262, 

Canadian standard CSA A23.3.04, Japanese standard JSCE, British standard BS8110–1, and Australian 

standard AS 3600) for shear strength of beams without stirrup were evaluated to establish the effect of waste 

fiber in geopolymer mixture. The shear behavior of RSGC beams manufactured by using waste fiber in 

geopolymer concrete is limited in the literature. The study reported in this paper aimed to make a significant 

contribution to this field to understand the behavior of RSGC beams with waste fiber under shear force. 

 

2. Materials and experimental program 

In this study, an experimental investigation was conducted on 10 geopolymer concrete beams subjected to 

monotonic loading conditions, specifically focusing on shear. The following sections will provide a 



283   Bayrak  

 

comprehensive discussion of the materials, the configuration of the test setup, the instrumentation utilized, 

and the results obtained from the material testing. 

2.1. Materials properties 

The production of geopolymer concrete involves the utilization of ground granulated blast furnace slag 

(GGBS), in compliance with the ASTM C989 [42] standard. GGBS was supplied from the OYAK cement 

factory in Zonguldak province. GGBS is characterized by a high content of amorphous phase. The chemical 

composition of GGBS is detailed in Table 1. The specific gravity and specific surface area of GGBS are 

measured at 2.89 g/cm³ and 5520, respectively. Furthermore, silica fume (SF) was incorporated as a binder 

in the Geopolymer Concrete (GPC) mixture, with a specific gravity of 2.24 g/cm³. SF contains more than 

90% silica (SiO2), which contributes to its status as the binder with the most substantial specific surface area 

among various binders. The chemical composition of SF is detailed in Table 1. The X-ray diffraction (XRD) 

patterns of GGBS and SF are shown in Fig. 1. Furthermore, Fig. 2 presents the results of the particle size 

analysis. The GPC mix incorporated two varieties of aggregates, specifically coarse and fine aggregates, to 

improve the overall concrete composition. Fine aggregates are characterized by particle sizes of 0 to 4 mm, 

in contrast to coarse aggregates, which range from 4 to 16 mm. The aggregates possess a specific gravity of 

2.65 g/cm³. Coarse and fine aggregates were supplied from Balsoy Beton company in Erzurum province. In 

the formulation of the GPC mixture, quartz aggregates with diameters ranging from 1 to 3 mm were 

incorporated as coarse aggregate. Quartz aggregates were supplied from the quarry in Denizli province. The 

specific gravity of these quartz aggregates is 2.65 g/cm³, and they contain 53.2% silicon dioxide (SiO2) by 

weight. In this research, three varieties of aggregates were utilized: quartz aggregate, coarse aggregate, and 

fine aggregate, with their respective gradation curves depicted in Fig. 2. In the geopolymer mixture, quartz 

aggregate was incorporated primarily as an inert filler material to improve hardness, dimensional stability, 

and matrix–aggregate bonding. Additionally, locally sourced natural aggregates were included to ensure 

proper gradation and workability, providing a homogeneous and dense structure in the slag-based 

geopolymer concrete. The alkali activators employed in the geopolymer slurries included sodium hydroxide 

(NaOH) and sodium silicate (Na2SiO3). A 12 M solution of NaOH was prepared at a controlled temperature 

of 20 °C, 24 hours in advance of the casting. To achieve the desired workability, the sodium silicate-to-

sodium hydroxide (Na2SiO3/NaOH) ratio was determined to be 2.5, in alignment with previous research 

findings [43, 44]. The determination of the mix proportions was based on findings from previous studies [45-

47], aiming to achieve the targeted workability and compressive strength. Table 2 provides an overview of 

the proportions for the three GPC mixtures. 

 

Table 1. Chemical composition of GGBS, SF, and quartz 

% CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 LOI 

GGBS 36.4 33.1 19.9 0.5 8.8 0.2 0.4 0.5 0.2 

SF 0.3 95.6 0.2 0.2 0.2 0.1 0.2 0.3 2.1 

Quartz 53.2 0.4 0.1 0.1 0.4 0.2 0.1 0.1 - 

 

Table 2. Proportions (kg/m3) of geopolymer mix 

GGBS SF Quartz 
Coarse 

aggregate 

Fine 

aggregate 

Sodium 

silicate 

Sodium 

silicate 

750 100 250 250 250 425 170 
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(a) (b) 

 
(c) 

Fig. 1. XRD pattern of (a) GGBS, (b) SF, (c) quartz 
 

  
(a) (b) 

 
(c) 

Fig. 2. Particle size analysis (a) GGBS and SF, (b) quartz aggregate, (c) fine and coarse aggregates 
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Fig. 3. Stress-strain curves of 8 mm rebar 

 

 

Table 3. Technical properties of steel, glass, and basalt fibers 

Property AR-glass fiber Basalt fiber Hooked steel fiber 

Diameter (mm) 0.40 0.43 0.5 

Length (mm) 25 30 30 

Tensile strength (MPa) 3200 4500 2000 

Density (g/cm3) 2.60 2.80 7.81 

Young’s modulus (GPa) 73 90 200 

Appearance 

   

 

 

Table 4. Characteristics of the waste fibers (Average ± standard deviation) 

Material 

Diameter/cross 

section 

(mm)/(mm.mm) 

Length (mm) 
Tensile strength 

(MPa) 

Young’s 

modulus (MPa) 
Density (g/cm3) 

Waste plastic 4∓1 - 25-40 1-2 0.9 

Hemp fiber 10∓2×2∓0.5 30∓18 550-900 70 1.2 

Waste iron 

powder 
0.2∓0.1 - 1100 205 7.80 

Waste iron 

shavings 
11∓2×2.3∓0.5 28∓15 1100 205 7.80 

Waste polyester-

based yarn 
0.15∓0,05 31∓17 4.5-7.5 - 1.36 

Fabric materials 40∓2.5×1∓0.3 29∓18 4.5-7.5 - 1.36 
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(a) (b) (c) 

   

(d) (e) (f) 

Fig. 4. Waste fibers used in the study: (a) plastic, (b) hemp, (c) iron powder, (d) iron shaving, (e) yarn, and (f) fabric 

 

 The strain-stress curve for the 8 mm rebar, employed for both longitudinal and transverse reinforcements 

in the reference specimen, is presented in Fig. 3. According to the manufacturer's specifications, the average 

yield strength, tensile strength, and elongation at break of the rebar, derived from three samples, are recorded 

as 455 MPa, 584 MPa, and 13.21%, respectively. Moreover, the maximum average ε of three samples is 

0.145. 

 Nine different fibers were used in the geopolymer concrete mixture. Three of these fibers are the most 

preferred by researchers in the literature: hooked steel fiber, AR-glass fiber, and basalt fiber. The technical 

properties of steel, glass, and basalt fibers are presented in Table 3. The beams were cured for 7 days at 23 

± 2°C and 40 ± 5% relative humidity until the test day. 

 Six waste fibers were used in the geopolymer mixture. Photographs of waste fibers are shown in Fig. 4. 

The fibers, as illustrated in Fig. 4, were randomly clustered and exhibited a range of geometrical 

characteristics. Furthermore, the majority of the fibers were not aligned straight like those found in 

commercial products such as steel, glass, or basalt fibers. To evaluate the geometrical characteristics, a 

random sample of 1000 g of waste fibers was chosen, and the dimensions of each fiber were recorded. Since 

some fibers were circular in shape (such as waste plastic and waste iron powder), their diameters were 

measured. Since some fibers (such as hemp fiber, iron shaving, waste polyester-based yarn, and fabric 

materials) were rectangular in shape, their cross-sectional area and length were measured. Due to their 

considerably longer length relative to commercially available fibers, the waste fibers could not be employed 

in the production of traditional fiber-reinforced concrete. However, they proved to be appropriate for 

geopolymer concrete production, provided they underwent further processing, including reduction to smaller 

lengths. The rectangular waste fibers were cut into lengths of 12 to 30 mm to ensure compatibility with 

industrial fibers (glass, steel, and basalt).  

 The geometry and mechanical properties of waste fibers are shown in Table 4. First, waste plastic fibers 

were used. Waste plastics were obtained from waste materials used in the production of plastic materials. 

The geometry of waste plastics is not a perfect circle, but is very close to a circular form. In addition, since 

the surfaces of plastic particles are rough, it can increase the adhesion between the concrete matrix and the 

plastic particle. The diameter of waste plastic particles is 4∓1 mm. Second, it is the waste form of the hemp 

plant used in the agricultural industry. Hemp fiber is the waste part of this plant after it is processed in the 

agricultural industry. Hemp fiber is rectangular in shape, and its tensile strength is in the range of 550-900. 

Third and fourth, waste iron powder and iron shavings. Waste iron powder and iron shavings were obtained 
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as waste from lathe workshops. Fifth and sixth, waste polyester-based yarn and fabric materials were used 

as fibers. These fibers were also obtained as waste from the textile industry. 1% fiber was used in all fiber 

blends. Although some of the selected waste materials, such as waste plastic and iron powder, are granular 

rather than fibrous in geometry, they were intentionally included as fiber-type reinforcements. These 

materials exhibited surface roughness and stiffness that enabled effective stress transfer and microcrack 

bridging within the geopolymer matrix. Therefore, they were functionally treated as discontinuous fiber-like 

inclusions contributing to toughness and post-cracking behavior. 

 The preparation of all GPC mixture batches was conducted using a concrete mixer of the rotating drum 

type, which has a capacity of 100 liters. The mixing operation was carried out in a two-step process. The first 

step involved the pre-mixing of solid materials, including GGBS, SF, quartz aggregate, fine aggregate, and 

coarse aggregate, for a period of five minutes. In the second step, the alkali activators, sodium silicate and 

sodium hydroxide, were incorporated, followed by an additional three minutes of mixing. For GPC blends 

that contained fibers, these fibers were added after the alkali activators. This systematic approach was 

consistently applied to all specimens, with the mixing duration set at five minutes to ensure the desired 

consistency and adequate mixing of the components. The assessment of the geopolymer mortar's workability 

was conducted in compliance with ASTM C1437-15 [48].  

 The average flow diameter of the GPC mixture without fiber was 250∓20 mm. Adding steel fiber, waste 

plastic, waste iron powder, and waste iron shaving to the GPC mixture did not significantly affect the flow 

diameter. The average flow diameter of the GPC mixture with these fibers was between 210 mm and 230 

mm. On the other hand, the average flow diameter of the GPC mixture with yarn was 170∓20 mm. The 

addition of waste fabric, hemp fiber, basalt fiber, and glass fiber to the GPC mixture significantly reduced 

the workability. The flow diameter of these fibrous GPC mixtures varied between 110 mm and 150 mm, and 

vibration was applied while pouring these mixtures into the molds. The three cylinders, all with dimensions 

of 100×200 mm, were fabricated from the identical batch utilized for the GPC beams. After the casting was 

completed, all beams and cylindrical specimens were shielded with plastic sheets and cured in a controlled 

laboratory environment until the testing dates. Three cylindrical specimens were utilized to evaluate the 

compressive strength of the GPC mixtures. All specimens were demolded within 24 hours and allowed to air 

cure for seven days under laboratory conditions. Literature sources [49-52] suggest that the chemical 

reactions occurring in geopolymer are characterized by a rapid polymerization process, enabling these 

materials to achieve substantial strength during the initial curing phases. As a result, the goal was to harness 

the advantages of early high strength associated with geopolymer. 

2.2. Details on test specimens 

In this investigation, the shear performance of GPC was evaluated in scenarios both with and without fiber 

reinforcement. A reference beam with stirrups was selected, along with nine stirrup-free beams, to examine 

different potential failure mechanisms. The geometric properties and reinforcement configurations of the 

tested specimens were established in compliance with ACI318-19 [53]. The specimen details of one RSGC 

beam with a stirrup and nine RSGC beams without a stirrup are shown in Fig. 5. The dimensions of the beam 

were as follows: a width of 150 mm, a height of 150 mm, and a length of 750 mm, with a shear span 

measuring 350 mm. The effective depth (d) of the beams was 120 mm, resulting in a shear span-to-depth 

ratio (a/d) of 2.92. The shear span-to-effective depth ratio (a/d = 2.92) was selected following previous 

studies and design recommendations (ACI 318-19) to ensure a shear-dominated response. This ratio 

facilitates the formation of diagonal shear cracks before flexural yielding, allowing a clearer assessment of 

the fiber contribution to shear capacity.  
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(a) 

 
(b) 

Fig. 5. Reinforcement details of the test specimens (a) with stirrup, (b) without stirrup (all dimensions are given in mm) 

 

Table 5. Test parameters 

Specimen 𝜌𝑙 𝜌𝑡 Fiber type Fiber ratio fc (MPa) 

B-R 0.0056 0,0086 - 0% 32.23 

B-S 0.0056 - Hook steel 1% 42.20 

B-B 0.0056 - Basalt 1% 50.61 

B-G 0.0056 - AR-glass 1% 48.25 

B-WP 0.0056 - Waste plastic  1% 42.40 

B-HF 0.0056 - Hemp fiber 1% 27.50 

B-IP 0.0056 - Waste iron powder 1% 51.22 

B-IS 0.0056 - Waste iron shavings  1% 54.92 

B-Y 0.0056 - Waste polyester-based yarn 1% 40.83 

B-FM 0.0056 - Fabric materials 1% 44.11 

 

 Standard hooks at a 90° angle were employed at both ends of the beam to secure the longitudinal 

reinforcement bars. In accordance with the ACI318-19 [53], the reference beams met the minimum 

stipulation for stirrup spacing to prevent shear failure. All beams received reinforcement at both the top and 

bottom with two 8-mm diameter rebars (Af = 100.5 mm²), leading to a reinforcement ratio of 0.56%. The 

RSGC beams, which featured stirrups, utilized 8 mm diameter rebar positioned at 150 mm intervals along 

their length. In addition, two stirrups of 8 mm diameter were installed at the supports of the beam without 

stirrups to facilitate the construction of rebar cages. A concrete cover of 30 mm was consistently applied to 

the transverse stirrups on every side of the beams. The test parameters of the specimens are given in Table 

5. Regarding the specimen name, the first letter B indicates the beam. The second letter R and S, G, WP, 

etc., indicate reference and type of waste fiber, respectively. 
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2.3. Test setup and instrumentation 

Fig. 6 illustrates the three-point test configuration utilized for the shear test. This configuration is widely 

recognized in the literature [29, 30, 54-56] as a standard method for assessing the shear performance of 

beams. The beam was designed as simply supported, with one vertical load applied to its upper face. The 

shear span for the test specimens was determined to be 350 mm. Monotonic loading was conducted using a 

hydraulic jack with a capacity of 1000 kN, and a load cell of the same capacity was used to monitor the 

applied loads during all tests. The loading procedure for the shear tests consisted of applying increments of 

approximately 2 kN per second until the ultimate resistance of the specimens was achieved. The test was 

conducted under load control at a rate of 2 kN/s until failure. To evaluate the deflection at the center of the 

beam, Linear Variable Differential Transformers (LVDTs) were utilized. The LVDT was located midpoint 

of the beam. Two strain gauges were attached to measure the strain of longitudinal reinforcement and the 

concrete surface. A strain gauge was attached to the mid-point of the bottom flexural bars because it is the 

point where maximum tensile deformation is expected. A strain gauge was attached to the concrete surface 

at the midpoint and down to the concrete cover because it is the point where maximum compressive 

deformation is expected. 

 

 

 

 
Fig. 6. Test setup (all dimensions are given in mm) 
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3. Test results 

3.1. Load-midpoint deflection relationship 

The load-midspan deflection relationship of tested beams is shown in Fig. 7. The relationship of load-

deflection is comprises with the curves in literature studies [57-59]. The relationship of load-displacement 

of tested beams, apart from the normalized load-deflection graphs, is presented in Fig. 8. The forces that 

were monitored were normalized using the formula P ⁄ √fcbd to account for variations in compressive 

strength. Where P symbolizes the force (N), b and d symbolize the width and depth of the beam (mm), 

respectively, and fc symbolizes the cylinder compressive strength of GPC (MPa). As shown in the figure, the 

specimens exhibit a load-deflection response that can be categorized into two separate phases. In the first 

phase, the graphs are linear until the first flexural fracture occurs, indicating the performance of the beams 

in an undamaged state. Following the emergence of the initial crack, the beams transitioned to a post-cracked 

behavior. During this phase, the load-deflection curves displayed nonlinear behavior, with a progressive 

decrease in stiffness observed until the peak load was attained. The linear increase was kept with the increase 

in load to the Pcr point. This interruption in the graph indicates a change in the relationship between load and 

displacement after the first crack appeared. This caused the rigidity of specimens to change due to the first 

crack. Therefore, the Pcr, Py, Pmax, and Pu points were marked in the load-displacement graphs. It is seen that 

this trend indicates a significant reduction in performance immediately after reaching the maximum capacity. 

After the Pmax point, as a result, the performance of the B-R specimen was adversely affected, highlighting 

the critical importance of ductility in the matrix phase for maintaining strength under stress. In the B-S 

specimen, the loss of strength after the maximum load exhibited better performance compared to the B-R 

specimen. This shows that the steel fibers provided good adhesion with the GPC matrix. The B-G and B-B 

specimens exhibited a similar pattern in their observations. Both the glass fiber and the basalt fiber provided 

good compatibility with the GPC matrix. In this case, there was no notable decline in the shear strength of 

the specimen after reaching the peak load. In B-Y, B-IS, and B-IP specimens, waste yarn, iron powder, and 

iron shavings have less effect on the sharp strength loss after the maximum load compared to other 

specimens. In these specimens, a more sudden strength loss was observed in the shear force due to shear 

cracks after reaching the maximum load, compared to other specimens. 

 The test results were summarized in Table 6. The table presents the critical load (Pcr) at which the first 

crack occurs in the specimens, along with the corresponding displacement value (∆cr). Following this, the 

load at yielding (Py) and its associated displacement (∆y) are also included. Additionally, the maximum load 

(Pmax) attained by each specimen, along with the displacement value at this peak load (∆max), is detailed in 

the table. Given that various mixtures were utilized in the specimens, the concrete compressive strength 

varies among the specimens. Consequently, as the concrete compressive strength is not the focus of this 

study, a normalized load P ⁄ √fcbd was computed using the maximum load values listed in Table 6. Lastly, 

the ultimate load (Pu) and its corresponding displacement (∆u) are provided in the table, while the energy 

dissipation capacity (E) is derived from the total area beneath the load-deflection curve.  

 The maximum load (Pmax) of the specimens changed significantly according to the type of fiber used in 

the GPC mixture. The minimum shear capacity was obtained with a value of 27.66 kN in the B-R reference 

specimen without a stirrup. In the absence of fibers in the GPC mixture, the tensile strength capacity of GPC 

remained limited. Thus, the shear force capacity remained limited when compared to the other specimens. 

Especially after the first crack occurred in the B-R specimen, the principal tensile stresses exerted on the 

beam led to a rapid decline in strength following the attainment of the maximum load. This phenomenon 

indicates a critical failure point where the concrete could no longer withstand the applied forces, highlighting 

the importance of incorporating appropriate reinforcement to enhance performance. The utilization of steel 

(SF), glass, and basalt fibers significantly influenced the shear force capacity, contributing to an enhancement 
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in its overall performance. It has been reported [35, 57] that the utilization of SF in stirrup-free beams 

improved the shear force capacity. However, the utilization of iron-based waste shaving caused the Pmax of 

the tested beam to increase significantly. The Pmax of the B-IS beam using iron-based waste shaving was 62% 

higher than the reference specimen (B-R), but 8% lower compared to the B-S specimen using steel fiber. 

This result firstly showed that waste iron shavings can significantly increase the Pmax in beams without 

stirrups. Secondly, it was concluded that it can also be used instead of hooked steel fiber. Especially, the 

surfaces of waste iron shavings have a very rough structure after lathe processing. This roughness caused a 

very effective adhesion between the GPC matrix and the fibers. Because of the effective adhesion between 

the fiber and the GPC, the defect rate around the waste iron shavings fibers decreased. Thus, the stresses 

occurring in these regions were effectively counteracted. Also, the Pmax value of the waste B-IS specimen is 

17% and 20% less than the Pmax of the B-G and B-B specimens using glass and basalt fibers, respectively. 

These results also show that glass and basalt fiber performance can be achieved by optimizing the waste iron 

shavings fiber ratio. However, it was observed that the use of waste iron powder did not have a significant 

effect on the shear force. This type of waste fiber, especially in powder form, prevented it from having a 

bridging effect in preventing shear cracks. For this reason, the minimum shear force capacity in fiber beams 

was obtained in the B-IP specimen. Therefore, it is recommended by the author to use fine aggregate instead 

of fiber in the GPC or OPC mixture of waste iron powder in future studies. 

 

 

 

 
 

Fig. 7. Load-deflection curves 
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Fig. 8. Normalized load-deflection curves 

 

Table 6. Summary of test results 

Specimen ID 
fc 

(MPa) 

Pcr 

(kN) 

Δcr 

(mm) 

Py 

(kN) 

Δy 

(mm) 

Pmax 

(kN) 

𝑃𝑚𝑎𝑥

√𝑓𝑐
′𝑏𝑑

 
Δmax 

(mm) 

Pu 

(kN) 

Δu 

(mm) 
FM* 

B-R 32.23 17.98 0.126 23.51 0.167 27.66 0.271 0.313 1.07 6.00 S 

B-S 42.20 31.86 0.771 41.67 0.886 49.02 0.419 1.124 1.43 16.93 S 

B-B 50.61 36.89 1.395 48.25 1.667 56.76 0.443 2.250 1.76 25.99 S 

B-G 48.25 35.26 0.428 46.10 0.653 54.24 0.434 1.450 2.40 24.00 S 

B-WP 42.40 29.13 0.204 38.10 0.278 44.82 0.382 0.394 1.32 13.97 F+S 

B-HF 27.50 33.46 0.617 43.75 0.804 51.47 0.545 1.076 1.98 30.01 F+S 

B-IP 51.22 21.35 0.163 27.91 0.247 32.84 0.255 0.342 1.22 10.98 F+S 

B-IS 54.92 29.21 0.631 38.20 0.742 44.94 0.337 1.046 2.06 14.95 S 

B-Y 40.83 27.35 0.332 35.76 0.428 42.07 0.366 0.864 1.63 16.00 S 

B-FM 44.11 32.25 0.423 42.17 0.564 49.61 0.415 0.994 1.91 20.96 F+S 

*FM: failure mode, S: shear, F: flexural, F+S: combined of shear and flexural 

 The use of waste plastic and yarn in the GPC mixture has a considerable influence on the Pmax. Although 

the tensile strength capacity of these fibers is low, their effect on the Pmax of the tested beam is critical. The 
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reason for this situation is that waste plastics are waste and recycled materials, so their surfaces are quite 

rough. Surface roughness increased the adherence to the GPC matrix. In addition, since polyester-based yarn 

fibers have a significant elasticity capacity, this caused the shear force capacity to increase. The Pmax of the 

B-WP and B-Y specimens using waste plastic and yarn fibers also exhibited a very effective performance 

compared to the specimens using industrial fibers (glass, basalt, and steel). In fact, the shear force capacity 

of the B-WS and B-Y specimens is 38% and 52% higher, respectively, compared to the reference specimen. 

These results also show that waste plastic and waste yarn have an effective performance as a transfer element 

in the beams. It is even mentioned that waste iron shavings have a significant effect on the shear force 

capacity. Since iron shavings are also an iron-based material, they can cause corrosion problems in beams 

that may be exposed to harsh environmental conditions. However, the absence of corrosion problems in 

waste plastic and waste yarn fibers provides advantages to these waste fiber types. 

 Among the waste fibers, the maximum shear force was reached in the B-HF specimen with a value of 

51.47 kN. The striking point here is that although the 7-day compressive strength of the tested beam using 

hemp fiber is low (fc = 27.5 MPa), the Pmax value is quite high. The reason for this situation is, firstly, that 

hemp fibers have quite high tensile strength (550-900 MPa). Secondly, hemp fibers have increased the 

resistance of the specimen against crack formation due to their high-energy absorption capacity. Hemp fibers 

also have high flexibility. Hemp fibers could not exhibit these advantages under axial pressure (for the 

determination of 7-day compressive strength). However, they exhibited the advantages of high-tensile 

strength, high-energy absorption capacity, and high flexibility in resisting shear forces. The principal tensile 

stresses originating from the shear force in the matrix were resisted by hemp fibers. Hemp fibers increased 

the weak tensile strength of the GPC matrix. Hemp fibers ensured that the stresses accumulated at weak 

points within the matrix were transferred to stronger areas. The shear force capacity of the B-HF specimen 

is higher than the steel fiber B-S specimen. In fact, when compared to basalt and glass fiber specimens, the 

shear force of the B-HF specimen is 9% and 5% lower, respectively. Despite this, it is seen that hemp fibers 

are a very ideal alternative for helping shear reinforcement. It is seen that the Pmax of the waste fabric fiber 

specimen is also close to the hemp fiber specimen. Moreover, Sedan et al. [60] and Awwad et al. [61] also 

reported that hemp fiber leads to an improvement of the mechanical properties of concrete. It is seen that 

fabric fibers are effective in shear force capacity, especially due to their geometric structure. Since they have 

a rectangular cross-sectional area and a larger cross-sectional area compared to other fiber types, the 

effectiveness of fabric fibers is seen to be more visible. 

3.2. Crack patterns and failure modes 

The crack patterns and failure modes of test specimens are shown in Fig. 9. Observations indicated the 

presence of three failure modes: diagonal tension failure, shear compression failure, and flexural failure. 

Diagonal shear cracks generally formed in the beams. In addition, bending cracks were also observed 

together with diagonal shear cracks in some samples. As seen, the type of fiber used affected the crack width 

and failure mode. Shear and bending cracks were observed together in the B-WP, B-HF, B-IP, and B-FM 

specimens. In these specimens, the first crack occurred at the shear force load values of 29.13 kN, 39.46 kN, 

21.35 kN, and 32.25 kN, respectively. It is seen that the Pcr value of the specimen, in which waste iron powder 

was used, is low. However, a relatively high Pcr value was reached in the beam where hemp fiber was used. 

In these specimens, the first crack occurred in the lower region of the beam midpoint (the outermost concrete 

section in the region under tensile stress) and suddenly. The length and crack width of the bending crack in 

the B-WP specimen are low compared to the other samples. Because of the low Pcr of the B-WP specimen, 

due to the low Pmax and ∆_u values, the shear crack formed without increasing the crack width and number. 

Because of the limited deflection ability of the B-WP specimen (∆u = 13.97 mm), the shear crack formed 

immediately after the flexural crack, and the width of the shear crack increased with the increasing load. In 
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the B-FM specimen, the flexural crack has a greater crack width and crack length compared to the B-WP 

specimen. This situation is caused by the fact that both the Pcr and ∆u = 20.96 mm values of the B-FM 

specimen are higher than the B-WP specimen. The flexural crack observed in the B-IP specimen is also close 

to the B-WP specimen. Since the Pcr and ∆u values of these two specimens are close to each other, the flexural 

crack distribution is also similar. However, the crack width of the flexural crack observed in the B-HF 

specimen is also limited. 

 It has been noted that the width of the diagonal shear crack in the B-HF specimen is reduced in 

comparison to the widths found in the other specimens. In addition, the number of shear cracks in the B-HF 

specimen is higher than in the other specimens. The elevated tensile stress and significant elasticity of hemp 

fibers contribute to an increase in the number of shear cracks as the applied shear force escalates. In the B-

FM specimen, a relatively larger crack width was reached compared to the other specimens. In the specimens 

using waste plastic and basalt fibers, the diagonal crack width is limited. In the B-S specimen using steel 

fibers, the shear crack's width is more pronounced than that observed in the other specimens, particularly as 

a result of the steel fibers' bridging effect, which mitigates the propagation of cracks. 

3.3. Strain of rebar and concrete surface 

Compressive strains at the upper central face of the tested reinforced concrete beams were measured by 

considering the effects of different fiber types on the concrete surface. Simultaneously, the tensile strains in 

the primary reinforcement were evaluated by analyzing the impact of various fiber types on the strain present 

in the rebar. Compressive strain at the concrete surface and tensile strain at reinforcement of maximum load 

and ultimate load are shown in Tables 7 and 8. Maximum load-strain at maximum load curves are shown in 

Fig. 10. The analysis revealed a rise in the strains of compression and tension across all RSGC beams in 

relation to the reference beam. The results in Table 7 show that there are significant differences between the 

concrete strain values in the fibrous samples. The compressive strain values are higher in the B-IS specimen, 

especially when iron-based waste fibers are used, compared to the other samples. For example, the concrete 

strain values under ultimate load in the B-IS sample are approximately 244% higher than in the reference 

specimen (B-R). This situation shows that the specimen in which waste iron shavings are used provides 

effective compatibility with the GPC matrix, especially due to the rough surfaces of the shavings. The 

randomly distributed iron shavings in the GPC helped the concrete phase in resisting the compressive 

stresses. In addition, although the fibers caused more strain in the compressive zone in the B-G and B-B 

samples with mineral-based glass and basalt fibers, the samples in which organic-based yarn and iron powder 

were used had a limited effect on the compressive strain of the concrete surface compared to the other 

samples. It is observed that the waste yarn and iron powder are insufficient to resist the compressive stresses 

in the matrix in these specimens. The reason for this situation is that the distribution of these waste fiber 

types in the GPC matrix and the adhesion mechanisms are not sufficiently effective. In addition, it is seen 

that there is a relationship between the crack-preventing effect of the fibers and the compressive strain, 

depending on the bonding strength at the fiber-GPC matrix interface. 

 The fibers used in the GPC mixture have a significant effect on the strain in the reinforcement as well as 

on the concrete surface. Especially the use of basalt, glass, and steel fibers caused the stress value in the 

reinforcement to increase more than two times compared to the reference sample. Glass, basalt, and steel 

fibers were randomly distributed in the GPC matrix, preventing the formation of cracks around the 

reinforcement or causing them to form at a higher shear force value. Thus, the reinforcement was allowed to 

be stressed more. This shows that waste fibers are as effective on strain as industrial (glass, basalt, and steel) 

fibers. This situation shows that there is a strong bond between some waste fibers and the GPC matrix, and 

causes the strain values in both concrete and reinforcement to increase. 
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Fig. 9. Crack patterns and failure modes 

 

Table 7. Compressive strain at the concrete surface 

Specimen 

ID 
fc (MPa) Pmax (kN) 

At maximum load At ultimate load 

Concrete strain 

(10-6) 

(mm/mm) 

Decrease in 

strain (%) 

Concrete strain 

(10-6) 

(mm/mm) 

Decrease in 

strain (%) 

B-R 32.23 27.66 591.8 - 854.7 - 

B-S 42.20 49.02 793.1 34.0 1325.1 55.0 

B-B 50.61 56.76 865.7 46.2 1631.7 90.9 

B-G 48.25 54.24 875.8 48.0 1702.8 99.2 

B-WP 42.40 44.82 794.0 34.1 1370.6 60.3 

B-HF 27.50 51.47 866.8 46.4 1622.5 89.8 

B-IP 51.22 32.84 631.6 6.7 1097.8 28.4 

B-IS 54.92 44.94 998.7 68.7 2944.0 244.4 

B-Y 40.83 42.07 876.2 48.0 1192.5 39.5 

B-FM 44.11 49.61 915.00 54.61 1489.2 74.24 
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Table 8. Tensile strain at reinforcement 

Specimen 

ID 
fc (MPa) Pmax (kN) 

At maximum load At ultimate load 

Steel 

reinforcement 

strain (10-6) 

(mm/mm) 

Decrease in 

strain (%) 

Steel 

reinforcement 

strain (10-6) 

(mm/mm) 

Decrease in 

strain (%) 

B-R 32.23 27.66 861.0 - 1521.7 - 

B-S 42.20 49.02 1607.5 86.7 3094.2 103.3 

B-B 50.61 56.76 2013.9 133.9 3915.0 157.2 

B-G 48.25 54.24 1879.9 118.3 3805.7 150.1 

B-WP 42.40 44.82 1511.4 75.5 3011.6 97.9 

B-HF 27.50 51.47 1774.3 106.0 3343.2 119.7 

B-IP 51.22 32.84 1284.8 49.2 2097.7 37.8 

B-IS 54.92 44.94 1529.8 77.6 3033.7 99.3 

B-Y 40.83 42.07 1337.2 55.3 2235.6 46.9 

B-FM 44.11 49.61 1740.7 102.1 3044.0 100.0 

 

 
Fig. 10. Maximum load-strain at maximum load curves 

 

 Steel fibers, owing to their high elastic modulus and superior interfacial bond strength with the 

geopolymer matrix, significantly enhanced the reinforcement strain by improving stress transfer efficiency 

and delaying slip at the steel–concrete interface. This improved bond stiffness allowed the tensile 

reinforcement to engage more effectively under load, leading to higher strain development before yielding. 

In contrast, hemp fibers, characterized by their relatively low stiffness and high deformability, facilitated 

larger crack opening displacements and promoted distributed micro-cracking in the concrete surface. This 

behavior resulted in a more gradual strain evolution and higher surface strain capacity before failure, 

demonstrating a pronounced ductile response and improved post-cracking energy absorption. 

3.4. Residual strength, toughness, toughness index, and energy dissipation capacity 

In this section, the flexural strength of the tested beams on which three-point shear tests were applied, residual 

strength, toughness, toughness index, and energy absorption capacity, depending on the flexural strength, 

were evaluated. The flexural strength can be obtained by  
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𝑓𝑓 =
3𝑃𝐿

2𝑏𝑑2
 (1) 

where 𝑃 is the recorded maximum load, 𝑏 and 𝑑 are the width (150 mm) and effective height (120 mm) of 

the beam, respectively. In accordance with ASTM C1609 [62], the maximum load (𝑃𝑚𝑎𝑥) and the residual 

loads (𝑃𝐿/400, 𝑃𝐿/300, 𝑃𝐿/150, and 𝑃𝐿/100) serve as parameters for determining the flexural strength (𝑓𝑓), also 

referred to as the modulus of rupture, as well as the residual strengths (𝑓𝐿/400, 𝑓𝐿/300, 𝑓𝐿/150, and 𝑓𝐿/100) of 

the GPC beams. These calculations correspond to specific net deflections of 𝐿/400, 𝐿/300, 𝐿/150, and 

𝐿/100, which equate to 1.75 mm, 2.33 mm, 4.66 mm, and 7 mm, respectively. The flexural toughness (𝑇𝑓) 

at various deflections (𝑇𝑓,𝐿/400, 𝑇𝑓,𝐿/300, 𝑇𝑓,𝐿/150, and 𝑇𝑓,𝐿/100) is defined as the area under the load-deflection 

curve up to the specified net deflection [62]. A comprehensive summary of the results on flexural strength, 

residual flexural strength, and flexural toughness is presented in Table 9. Fig. 11 illustrates a typical load-

deflection curve for specimens subjected to three-point bending, with L representing the span length of the 

beam specimens between the supports. It is also important to note that 𝑃𝐿/400, 𝑃𝐿/300, 𝑃𝐿/150, and 𝑃𝐿/100 are 

classified as post-cracking residual loads. 

 

Table 9. Summary of residual strength and toughness results 

Specimen 

ID 

Max. load 

(Pmax) 
(kN) 

Flexural 

strength 
(MPa) 

fL/400 

(MPa) 

fL/300 

(MPa) 

fL/150 

(MPa) 

fL/100 

(MPa) 

TL/400 

(kNmm) 

TL/300 

(kNmm) 

TL/150 

(kNmm) 

TL/100 

(kNmm) 

B-R 27.66 13.45 4.97 2.84 0.82 0.00 30.94 35.45 42.88 0 

B-S 49.02 23.83 17.70 14.65 8.30 4.60 47.18 66.32 119.54 150.66 

B-B 56.76 27.59 25.05 27.28 20.86 14.05 31.37 63.36 178.92 261.77 

B-G 54.24 26.37 25.36 23.52 16.45 10.31 73.92 103.12 200.39 263.98 

B-WP 44.82 21.79 15.01 12.90 5.94 2.94 61.32 77.89 123.36 143.29 

B-HF 51.47 25.02 24.80 23.63 17.98 13.71 62.21 91.18 191.96 269.51 

B-IP 32.84 15.96 10.25 7.90 2.97 1.52 46.00 56.81 80.48 91.31 

B-IS 44.94 21.85 19.85 17.53 11.07 5.95 52.34 74.65 143.65 184.01 

B-Y 42.07 20.45 16.05 13.70 7.52 3.46 57.05 74.32 125.39 150.07 

B-FM 49.61 24.12 22.45 20.73 14.03 8.44 67.08 92.86 175.03 228.64 

fL/400, fL/300, fL/150, and fL/100: residual flexural strengths at the deflections of L/400 (1.75 mm), L/300 (2.33 mm), L/150 (4.66 mm), L/100 

(7 mm), respectively; TL/400, TL/300, TL/150, and TL/100: flexural toughness at the deflections of L/400, L/300, L/150, L/100, respectively. 

 

 

Fig. 11. Illustration of a typical load-deflection curve 
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 The types of waste fibers used in the GPC mixture affect the residual strength and toughness, as shown 

in Table 9. The 𝐿/100 (7 mm) value of the B-R sample was determined as zero because the deflection 

capacity of this sample (∆u = 6 mm) was less than 7 mm. First of all, especially in the B-B and B-G samples, 

since the basalt and glass fibers provided a good compatibility with the GPC matrix, high residual strength 

and toughness values were achieved after cracking (post-cracking). For example, the 𝑓𝐿/300 and 𝑓𝐿/150 values 

in the B-B sample were 27.28 MPa and 20.86 MPa, respectively, indicating that this sample exhibited high 

strength even after the first crack. Similarly, the B-G sample also exhibited a similar strength trend and 

reached one of the highest toughness values (263.98 kN·mm, 𝑇𝐿/100) after first crack. On the other hand, the 

B-WP specimen, which showed an adequate performance with regard to shear strength, exhibited a low 

residual strength and toughness performance. Also, the B-HF specimen, which showed a good shear 

performance, exhibited a high residual strength and toughness performance. However, the residual strength 

results of the specimens using waste plastic and iron powder were low compared to the other specimens. In 

addition, the B-HF and B-FM specimens using hemp fiber and waste fabric exhibited a high performance 

compared to the samples with waste fiber. This situation was caused by the high deflection capacity of the 

B-HF specimen in particular. The B-IP specimen using iron powder exhibited a very low performance in 

terms of toughness value. Similarly, the low deflection capacity of the B-IP specimen caused this situation. 

In general, it is seen that the fiber types used in the GPC mixture have an effect on the results of post-cracking 

toughness and residual strength. Although the specimens in which industrial fibers such as B-B and B-G 

with high shear performance were used also had high residual strength and toughness capacity, the residual 

strength and toughness performance of the samples in which fibers such as waste yarn and waste plastic were 

used remained at lower levels. This situation depends on the relationship between the waste fibers and the 

microstructure of the GPC matrix (such as the proper and homogeneous distribution of the fibers in the 

matrix, the binding capacity to the matrix, and sufficient load transfer). Therefore, it is seen that the ideal 

selection of the waste fiber type is important for the structural elements in terms of residual strength and 

toughness. 

 The incorporation of hemp and fabric fibers significantly altered the post-cracking behavior by promoting 

the formation of numerous closely spaced micro-cracks rather than a few dominant macro-cracks. This 

distributed cracking pattern enhanced the crack-bridging mechanism, where the flexible and ductile nature 

of these fibers allowed them to bridge developing cracks and sustain tensile stresses even after matrix 

cracking. As a result, sudden load drops were effectively mitigated, leading to a more stable and gradual 

post-peak load–deflection response with improved energy absorption and deformation capacity. In contrast, 

steel and basalt fibers, due to their high elastic modulus, superior tensile strength, and strong interfacial bond 

with the geopolymer matrix, played a critical role in maintaining load-carrying capacity beyond the peak 

load. These fibers effectively transferred stresses across widened cracks, delayed crack propagation, and 

provided additional restraint against crack opening, which not only preserved the structural integrity of the 

beams but also extended the post-yield deformation range. Consequently, beams reinforced with steel and 

basalt fibers exhibited a pronounced strain-hardening response, higher residual strength, and enhanced 

ductility, indicating their effectiveness in sustaining significant loads during the post-cracking phase. 

 In Fig. 12, the normalized flexural strength, flexural toughness index (If), energy dissipation capacity, 

and the interrelation between normalized flexural strength and both flexural strength and energy dissipation 

capacity are presented. To mitigate the effects of compressive strength, the normalized flexural strengths of 

the specimens are calculated using the formula 𝑓𝑓/√𝑓𝑐 [63]. The If can be described as the ratio of the 

toughness of fiber-reinforced concrete to that of standard concrete without fibers [63]. Moreover, the energy 

dissipation capacity of the tested specimens is assessed by evaluating the area under the load-displacement 

curve.  
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(a) (b) 

 
 

(c) (d) 

Fig. 12. Comparison of (a) normalized flexural strength, (b) flexural toughness index, (c) energy dissipation capacities, 

and (d) relationship between normalized flexural strength and flexural strength, energy dissipation capacity 

 

 The highest energy absorption capacity (E) was achieved in B-B and B-G specimens using basalt and 

glass fiber. The deflection capacity of these specimens was higher than the other specimens, except the B-

HF sample, and had a high shear force capacity, which affected E. The deflection capacity increased due to 

the fact that glass and basalt fibers were embedded in the GPC matrix and were effective in resisting the 

principal tensile stresses and crack formation. In addition, the loss of strength after the maximum load in 

these samples was slower than in other samples.  

 It should be noted that the E values of B-HF, B-FM, and IS specimens were higher than B-S specimen. 

Although the use of steel fiber had a significant effect on the shear strength capacity, its effect on the 

displacement capacity was less. In particular, although the shear force capacities of B-HF and B-FM 

specimens were lower than B-S specimen, the displacement capacity (∆u) of B-HF and B-FM specimens 

were 1.77 and 1.23 times higher than B-S specimen, respectively. The higher displacement capacity of these 

specimens caused an increase in E values.  

 The displacement capacity of the specimen has also increased due to the more elastic behavior of hemp 

fiber and waste fabric fiber in the matrix. However, although the utilization of steel increased the shear 

strength with a bridging effect, it did not have a significant effect on the displacement capacity. The minimum 

E value was reached in the B-IP specimen. The waste iron powder in the GPC mixture did not have a 
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significant effect on the displacement capacity and, therefore, on E. The waste iron powder in the mixture, 

being in powder form, neither affected the crack distribution nor allowed the beam to deflect since it did not 

have elastic ability.  

 However, all of the beams without stirrups have higher E values compared to the reference specimen. In 

other words, the application of waste materials as fibers within the recycling framework of GPC has been 

shown to be effective, particularly in relation to the E value. It is also observed that a linear relationship 

exists between the flexural strength and the ability to absorb energy. As the flexural strength increases, the 

energy absorption capacity of the beams also increases.  

 Variations in the fiber type utilized in the GPC mixture affect the energy absorption capacity after a 

fracture occurs. In addition, the regression line between the ff and E shows that the relationship between 

these two parameters is strong. It is seen with the value of R2 = 0.862 that the effect of the increase in the 

flexural strength of the specimen on the energy absorption capacity is high. In this case, the addition of both 

industrial and waste fibers to the GPC mixture slowed down the crack propagation of the beam and increased 

the E values. 

3.5. Comparisons with code provisions 

This section presents a comparison between the experimental outcomes of RSGC beams and the theoretical 

shear strength values suggested by the relevant codes. In general, international standards recommend 

theoretical formulas for estimating both the flexural and shear capacity of beams with stirrups. However, 

there are also theoretical formulas recommended by the relevant standards/codes for the shear capacity of 

beams without stirrups. This paper considers several codes, including ACI318-19 [53], Eurocode-2 [64], 

Italian code DM 204 [65], fib Model Code 2020 approach [66], Swiss code SIA 262 [67], Canadian standard 

CSA A23.3.04 [68], Japanese standard JSCE [69], British standard BS8110–1 [70], and Australian standard 

AS 3600 [71]. The theoretical shear capacity formulas recommended by the relevant standards/codes for 

beams without stirrup are presented in Table 10. The parameters used in the formulas recommended by the 

standards for the shear capacity of beams without stirrup are also presented in Table 11. 

 

Table 10. Formulas recommended by standards/codes for the shear capacity of a beam without stirrup 

Standard Formula 

ACI318-19 [53] 𝑉𝑅𝑑 = 0.17√𝑓𝑐𝑘𝑏𝑤𝑑 

Eurocode -2 [64] 
𝑉𝑅𝑑 = 𝑚𝑎𝑥 {

(
(0.18𝑘(100𝜌𝑙𝑓𝑐𝑘)1/3

𝛾𝑐
 + 0.15𝜎𝑐𝑝) 𝑏𝑤𝑑 

(𝑣𝑚𝑖𝑛 + 0.15𝜎𝑐𝑝)𝑏𝑤𝑑

} 

𝑣𝑚𝑖𝑛 = 0.035𝑘𝑓𝑐𝑘
1/2

;  𝑘 = 1 + (200/𝑑)1/2 

fib Model Code 2020 [66] & 

Australian code AS3600 [71] 

𝑉𝑅𝑑 = 𝑘𝑣

√𝑓𝑐𝑘

𝛾𝑐
𝑏𝑤𝑑 

LoA I: 

𝑘𝑣 =
0.40

(1 + 750𝑓𝑦𝑑/𝐸𝑠)

1300

(1000 + 1.25𝑑)
 

LoA II: 

𝑘𝑣 =
0.40

(1 + 1500𝜀𝑥)

1300

(1000 + 𝐾𝑑𝑔𝑑)
 

𝐾𝑑𝑔 =
32

16 + 𝑑𝑚𝑎𝑥
≥ 0.75; 𝜀𝑥 =

1

2𝐸𝑠𝐴𝑠
(

𝑀𝐸𝑑

𝑑
+ 𝑉𝐸𝑑 +

1

2
𝑁𝐸𝑑 ≥ 0) 
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Table 10. Continued 

Standard Formula 

Swiss code SIA 262 [67] 𝑉𝑅𝑑 =
0.3√𝑓𝑐𝑘𝑑𝑏𝑤

𝛾𝑐(1 + 𝜀𝑣𝑑𝑘𝑔)
 

Italian DM 204 [65] 𝑉𝑅𝑑 =
0.3√𝑓𝑐𝑘𝑑𝑏𝑤

𝛾𝑐(1 + 0.0022𝑣𝑑)
 

Canadian code A23.3.04 [68] 𝑉𝑅𝑑 = 𝜆𝛽√𝑓𝑐𝑘𝑏𝑤𝑑𝛽 

Japanese code JSCE [69] 
𝑉𝑅𝑑 = 𝛽𝑑𝛽𝑝𝑓𝑣𝑐𝑑𝑏𝑤𝑑 

𝛽𝑏 = √1000/𝑑4 ≤ 1.5; 𝛽𝑝 = √100𝜌𝑙
3 ≤ 1.5; 𝑓𝑣𝑐𝑑 = 0.2√𝑓𝑐𝑘

3
≤ 0.72 

British code BS8110-1 [70] 𝑉𝑅𝑑 = 0.79 (100
𝐴𝑠

𝑏𝑤𝑑
)

1/3

(
400

𝑑
)

1/4

(
𝑓𝑐𝑘

25
)

1/3

𝑏𝑤𝑑 

 

Table 11. Parameters of shear capacity formulas recommended by standards/codes 

 ACI EU 

fib MC 2020 

SIA 262 DM 204 A23.3 JSCE BS81110-1 
LoA I 

LoA II 

AS3600 

d + + + + + + + + + 

bw + + + + + + + + + 

𝜌𝑙  +      + + 

fck + + + + + + + + + 

fyk   +  +     

Ved    +      

Med    + +     

Ned    +      

Es   + + +     

As    +      

dmax     +     

k  +        

𝜀𝑥    + +     

𝛽       + +  

 

 Experimental and theoretical shear capacity results are presented in Fig. 13. The relationship between 

experimental and theoretical shear capacity recommended by standards/codes is also presented in Fig. 14. 

Since the B-B beam has stirrups, the experimental and theoretical results of the B-B specimen are not 

compared with other specimens in this section. The theoretical shear capacity recommended by the 

standards/codes for beams without stirrups is lower compared to the experimental results. It should also be 

noted that the concrete compressive strength of OPC and 28-day compressive strength in the formulas 

suggested by the relevant standards/codes were taken into account. However, in this study, the GPC and 7-
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day early compressive strength results were used in the relevant standards/codes. The comparison of 

experimental and theoretical shear capacity results of tested beams is shown in Table 12. 

 The theoretical shear force results suggested by the Eurocode-2 standard are higher than the experimental 

results. Although there is an average difference of 54% between the theoretical and experimental shear 

capacity of beams where industrial fibers (glass, basalt, and steel) are used, this difference is 59% on average 

in beams where waste fibers are used. The reason for this is that the Eurocode-2 standard takes into account 

the beam geometry, concrete compressive strength, and longitudinal reinforcement ratio parameters for shear 

capacity.  

 The fib model LoA I and LoA II codes (also AS3600) are quite inadequate in predicting the shear force 

capacity of beams without stirrups. Although there is an average difference of 220% and 184%, respectively, 

between the theoretical and experimental results of industrial and waste fiber beams in the LoA I approach, 

this ratio increases to 636% and 442%, respectively, in the LoA II approach. In particular, although the fib 

model LoA II code approach takes into account many factors for the theoretical shear force capacity, the 

difference between the theoretical and experimental results is quite high. It is thought that the reason for this 

situation is the difference between the compressive strengths of the waste fibers and the beam shear force 

strength. For example, although the compressive strength of the hemp fiber sample is 27.50 MPa, the shear 

capacity of the tested beam is 51.47 kN. Since the compressive strength is taken into account for the 

theoretical shear capacity in the fib model code approach, there are significant differences.  

 The Swiss SIA 262 code and Italian DM 204 standards were also inadequate in predicting the shear 

capacity of both industrial and waste fiber beams. The theoretical results suggested by these two regulations 

are also close to each other. There are also significant differences between the theoretical and experimental 

shear capacity suggested by the Japanese JSCE and British BS81110-1 standards. Since these two regulations 

take into account similar parameters for theoretical shear capacity, the results are close to each other.  

 When the theoretical shear capacity suggested by ACI318 for beams without stirrups is compared with 

the experimental results, it gives closer results than other standards/codes, except A23.3. However, ACI318 

is still insufficient to estimate the experimental shear capacity of beams with industrial fibers (glass, basalt, 

and steel fibers). The experimental shear capacity of B-B, B-S, and B-G specimens is approximately 50% 

higher than the theoretical result. Similarly, the ACI318 standard is also insufficient to estimate the shear 

capacity of waste fiber specimens. There is an average difference of 46% between the experimental and 

theoretical shear capacity of other samples except the B-IP specimen. In this case, this is because the formula 

suggested by the ACI standard for shear capacity only takes into account the beam geometric parameters, bw 

and d, and the concrete compressive strength, fck.  

 The closest results between the experimental and theoretical shear capacity results were obtained in the 

Canadian A.23.3 code. The theoretical shear capacity suggested by the A.23.3 code is 38% and 22% less 

than the experimental shear capacity of industrial fiber and waste fiber specimens, respectively. These rates 

are the closest results between the experimental and theoretical results. This situation is because the A.23.3 

code takes into account both the β values and the formula 𝑓𝑐𝑑 = 0.2√𝑓𝑐𝑘
3 ≤ 0.72. With the beta values, the 

effects of the geometric and longitudinal reinforcement ratio of the beam, and the formula 𝑓𝑐𝑑 = 0.2√𝑓𝑐𝑘
3 ≤

0.72, and the concrete compressive strength on the theoretical shear capacity was reduced. Thus, the 

differences between the theoretical and experimental shear capacities were reduced.  

 Although the theoretical shear capacity suggested by the Eurocode-2 standard for beams without stirrups 

is higher than the experimental results, the theoretical results suggested by other standards/codes are lower 

than the experimental results. When evaluated in general, although waste fibers in particular significantly 

increase the tensile strength of GPC and thus limit the crack distribution, the tensile strength of concrete was 

not taken into account in the theoretical formulas. This caused a difference between the theoretical and 

experimental results.  
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 It should be noted that the observed enhancement in apparent tensile response is associated with fiber 

bridging and stress redistribution at the beam level rather than an intrinsic increase in matrix tensile strength. 

The specimen geometry and the three-point bending configuration contributed to this localized strengthening 

behavior, highlighting the role of fibers in crack arrest and load transfer mechanisms. 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 13. Experimental and theoretical cutting force capacity results: (a) ACI318-19, (b) Eurocode-2, (c) fib model code 

LoA I, (d) fib model code LoA II, and AS3600, (e) Swiss code SIA262 (f) Italian code DM204, (g) Canadian code 

A23.3.04, (h) Japanese code JSCE, (i) British code BS81110-0 
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(g) (h) 

 

 

(i)  

Fig. 13. Continued 

 

 

  
(a) (b) 

Fig. 14. Relationship between experimental and theoretical shear capacity results of tested beams with (a) steel, glass, 

and basalt fiber, (b) waste fibers 
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Table 12. Comparison of experimental and theoretical shear capacity results of tested beams 

Beam Exp. ACI 

Increase 

in shear 

capacity 

% 

EU 

Increase 

in shear 

capacity 

% 

fib model code 2020 Increase 

in shear 

capacity 

% 

Increase 

in shear 

capacity 

% 
LoA I 

LoA II 

AS3600 

B-S 49.02 24.85 49.31 110.23 -55.53 15.77 7.78 210.90 530.26 

B-B 56.76 27.21 52.06 120.71 -52.98 17.27 6.99 228.72 711.83 

B-G 54.24 26.57 51.02 117.87 -53.98 16.86 6.99 221.72 675.59 

B-WP 44.82 24.91 44.43 110.49 -59.44 15.80 7.97 183.59 462.29 

B-HF 51.47 20.06 61.03 88.98 -42.16 12.73 5.89 304.38 774.05 

B-IP 32.84 27.37 16.64 121.44 -72.96 17.37 11.66 89.06 181.71 

B-IS 44.94 28.35 36.92 125.75 -64.26 17.99 9.02 149.85 398.35 

B-Y 42.07 24.44 41.90 108.42 -61.20 15.51 9.91 171.26 324.36 

B-FM 49.61 25.40 48.79 112.70 -55.98 16.12 8.06 207.76 515.57 

B-S 49.02 19.76 148.03 21.98 123.03 36.54 34.15 20.75 136.24 

B-B 56.76 19.93 184.78 24.07 135.81 40.02 41.84 22.05 157.46 

B-G 54.24 19.67 175.78 23.50 130.79 39.07 38.82 21.70 149.98 

B-WP 44.82 19.98 124.29 22.03 103.44 36.63 22.37 20.78 115.66 

B-HF 51.47 15.55 231.02 17.74 190.09 29.50 74.49 17.99 186.10 

B-IP 32.84 24.31 35.09 24.21 35.62 40.26 -18.42 22.13 48.37 

B-IS 44.94 22.69 98.06 25.07 79.23 41.69 7.81 22.65 98.37 

B-Y 42.07 21.36 96.95 21.62 94.59 35.94 17.05 20.52 104.99 

B-FM 49.61 20.31 144.23 22.47 120.77 37.36 32.79 21.06 135.58 

 

4. Conclusion 

This study aims to evaluate waste materials (yarn, fabric, hemp, plastic, iron powder, and iron shavings) as 

an alternative shear reinforcement in beams without stirrups. The six GPC beams without stirrup (containing 

waste fibers) and three GPC beams without stirrup (containing steel, glass, and basalt fibers), and one GPC 

beam with stirrup as a reference, were cast and tested under a three-point bending test. All beams were 150 

mm wide and 150 mm deep with lengths of 750 mm. The results were analyzed and discussed in terms of 

load-midpoint deflection curves, crack pattern, failure mode, load-strain curve, peak strain (strain 

corresponding to peak stress), residual strengths, toughness, and toughness index. Finally, the experimental 

shear resistance is compared to the estimated shear resistance computed using the available beam without 

stirrup design code equations in ACI318-19, Eurocode-2, Italian code DM 204, fib Model Code 2020 

approach, Swiss code SIA 262, Canadian standard CSA A23.3.04, Japanese standard JSCE, British standard 

BS8110–1, and Australian standard AS 3600. The outcomes achieved in this research can be succinctly 

outlined as follows: 

1. Both industrial fibers (steel, glass, and basalt) and waste fibers had a positive effect on the weak 

tensile strength of GPC, preventing the propagation of diagonal tensile cracks and increasing the shear 

capacity of the tested beams. However, this effect varied due to the fiber type and the interaction of 

the fibers with the GPC matrix. Although the shear strength of beams using industrial fibers is 77% 
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to 105% higher compared to the reference specimen, this ratio varies between 18% and 86% in beams 

containing waste fiber. Although the shear strength of the sample using iron powder was the lowest 

when compared to fiber beams, hemp fiber stands out as an ideal waste material as an alternative to 

shear reinforcement. 

2. The strain of the concrete surface and longitudinal reinforcement was affected by the use of industrial 

and waste fibers. However, both strains of concrete surface and strain of rebar increased with 

industrial fibers compared to the specimens with waste fibers. Especially the use of basalt, glass, and 

steel fibers caused the strain in the reinforcement to increase more than two times compared to the 

reference sample. 

3. The energy dissipation capacity of the tested beams increased substantially by using both industrial 

and waste fibers. The test results confirmed that waste hemp fiber and waste fabric material recovered 

from tires are suitable for GPC production in terms of dissipation capacity. The using steel, basalt, 

and glass fibers, especially B-B and B-G specimens, led to good compatibility with the GPC matrix, 

high residual strength, and toughness values after post-cracking. However, although using waste 

plastic had a positive effect on the shear strength, the residual strength and toughness of B-WP beams 

decreased. Both residual strength and toughness of B-HF increased by up to 38-88% with the addition 

of hemp fiber. 

4. Hemp fiber addition increased the shear capacity by up to 86% compared to the reference beam. The 

residual strength of basalt fiber-reinforced beams was 0.85 Pmax, approximately 40% higher than the 

control specimen. The ultimate deflection of specimens containing fabric fibers increased by 65%, 

indicating a significant improvement in ductility and deformation capacity. The energy absorption 

capacity of hemp fiber-reinforced beams was approximately 2.3 times greater than that of the 

reference specimen, demonstrating the effectiveness of natural fibers in enhancing post-cracking 

performance. The toughness index (I₁₀) of steel fiber-reinforced beams increased from 2.1 in the 

control beam to 4.5, confirming a substantial enhancement in post-peak energy dissipation behavior. 

5. The improvement in shear strength was closely related to the tensile and geometric characteristics of 

the waste materials. High-aspect-ratio and high-tensile-strength fibers such as hemp and fabric fibers 

significantly enhanced the matrix’s crack-bridging ability, leading to shear strength gains of up to 75–

86% compared to the reference beam. In contrast, granular or non-fibrous wastes such as iron powder 

and waste plastic exhibited only limited improvements, typically below 20–30%, due to their 

insufficient aspect ratio and weak mechanical interlocking with the geopolymer matrix. These 

findings confirm that the efficiency of waste inclusions in shear strengthening is primarily governed 

by their geometry, aspect ratio, and interfacial bonding characteristics. 

6. The empirical relationships utilized to compute shear resistances in multiple design codes—namely 

ACI 318-19, fib Model Code 2020, AS 3600 (Australia), SIA 262 (Switzerland), DM 204 (Italy), 

CSA A23.3-04 (Canada), JSCE (Japan), and BS8110-1 (UK)—have been found to underestimate the 

experimental shear resistance of GPC beams without stirrups, except Eurocode-2. 
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Nomenclature 

Ac : Cross-section 

As : Area of the longitudinal reinforcement (mm2) 

𝑏𝑤 : Minimum width of the cross section (mm); 

d : Effective depth of the cross section (mm); 

Es : Young’s modulus of longitudinal reinforcement  

𝑓𝑐𝑘 : Characteristic value of the cylindrical compressive strength of the concrete (MPa) 

𝑓𝑐𝑑 : = fck /γc, the design cylindrical compressive strength of the concrete (MPa) 

𝑓𝑦𝑑 : Yielding stress of steel (MPa) 

dmax : Aggregate size 

k : Shape factor 

kv : Signifies the capacity of cracked concrete 

MEd : Bending moment 

NEd : Axial compressive load 

VEd : Shear force 

𝑉𝑅𝑑 : Shear capacity 

𝜀𝑥, 𝜀𝑣 : Longitudinal strain 

𝜌𝑙 : Longitudinal reinforcement ratio 

𝛾𝑐 : =1.5, the partial safety factor of the concrete 

𝜎𝑐𝑝 : = NEd /Ac (MPa) ≤ 0.2 fcd: the mean prestressing stress acting in the cross section 

𝜆 : Dimensionless factor (1 for normal-density concrete) 

𝛽 : Coefficient that defines the width of the strut as a function of the effective depth d of the section, 

generally assumed in the range 0.2–0.3 
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