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Abstract 

Recent reports in literature have shown that fiber reinforced geopolymer composites (FRGC) made with mono fibers exhibit a 

significant enhancement in fracture energy. However, many aspects of the fracture performance of hybrid fiber reinforced geopolymer 

composites (HFRGC) remain largely unexploited, and these are predominant for the structures. For the first time, the mode I fracture 

energy of HFRGC is investigated. The mode-I behavior was assessed using pre-notched beams in accordance with the RILEM three-

point bending test. Five different HFRGC mixtures were prepared using three fiber types: steel, polypropylene, and glass (SF, PF and 

GF). The parameters of the pre-notched beam in flexure tested in this study were the first crack and peak load, crack mouth opening 

displacement (CMOD) at the first crack load and peak load, equivalent tensile strength, post-peak slope, reinforcing index, residual 

tensile strength, and fracture energy. The results reveal that there is a positive interaction amidst the fibers in geopolymer composites 

that leads to an enhancement in the mode-I fracture energy compared to the reference specimen. This study probes the influence of 

novel HFRGC while producing high-quality concrete, which can then be leveraged for sustainable infrastructure and various civil 

engineering works. 

Keywords: Steel, Polypropylene, Glass, Geopolymer concrete, Fracture. 

1. Introduction

Production of cement is associated with CO2 emissions to the atmosphere, leading to causing the environment over the last two 

decades [1]. In an attempt to alleviate CO2 emissions, the use of geopolymer binders has emerged as the newest wave of cement 

technologya and is a very favorable solution for reducing impact on ecosystem [2]. In recent years, geopolymer concrete has attracted 

the interest of researchers owing to its diverse merits, including the use of by-products [3], fire resistance [4], and alleviated CO2 

emissions [5],[6]. Geopolymers are attained through a chemical process between alkaline liquids and materials with high silica and 

alumina contents [7]. 

Despite their merits, geopolymer composites exhibit more brittleness compared to conventional concrete [8]. The incorporation of 

fibers to geopolymer composites has the potential to alleviate its brittleness and enhance its ductility [9],[10]. For this reason, many 

researchers have revealed the mechanical properties of FRGC prepared with various fibers [11],[12],[13],[14]. Nevertheless, there still 

exists a large knowledge gap on the fracture performance of FRGC, particularly with hybrid fibers. Recent research has explored the 

mode-I fracture performance of fiber reinforced composites (FRC) with mono fibers [15],[16],[17],[18],[19], while hybrid fibers 

consisting of two or three fiber types have been largely unexplored by researchers, especially in geopolymer concrete. 

For instance, Yao et al. [20] explored the properties of FRC containing carbon, polypropylene, and steel fibers and reported that the 

flexural toughness and strength characteristics were enhanced with the steel–carbon hybrid. In addition to improving the fracture 

toughness, incorporation of hybrid fibers in the concrete also significantly enhanced the durability. This immense increase in 

durability is a function of the high ductility, fineness, and dispersion that hinders plastic cracking [21],[22]. Ganesan et al. [23] 
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revealed that the utilization of hybrid fibers could enhance several engineering aspects, including the ductility factor, first crack, and 

ultimate load characteristics. Use of steel fiber has proven to be more beneficial than polypropylene fiber in terms of ductility. Banthia 

and Soleimani [24] examined fiber reinforced geopolymer composites hybrid fibrous cementitious composites made with 

amalgamations of carbon, polypropylene, and steel fibers. It was concluded that a better three-fiber hybrid was formed with an 

extensively deformed geometry of mono steel fibers than with a less deformed geometry. Almusallam et al. [25] explored the mode-I 

fracture behavior of hybrid fibrous concrete made with amalgamations of different fibers, including steel, Kevlar, and polypropylene 

fibers. The results showed that an increment in the steel fiber dosage led to enhanced fracture properties of the hybrid fibrous concrete 

mixes. Rooholamini et al. [26] examined the mode-I fracture behavior of roller-compacted fibrous concrete made with different types 

and lengths of mono and hybrid fibers. The results showed that hybrid fibers (steel + micro polypropylene) exhibited the lowest 

toughness, while mono steel fiber was dominant in bridging macro-cracks, resulting in a substantial enhancement in the post-cracking 

curve. Alberti et al. [27] examined the flexural and uniaxial fracture performance of polyolefin and hooked-end steel fibers in their 

separate and hybrid forms. The results demonstrated that the residual strength, toughness, and fracture characteristics were enhanced 

in the hybrid form to a greater extent than the same amount of fibers added individually. This shows that there is a synergic effect 

between the fibers, which opens a wide area that must be examined in future. This synergy between fibers gave rise to high-

performance concrete, which is effective in resisting loads near the ultimate load for a deflection of span/60. However, data on the 

mode-I fracture performance of HFRGC have scarcely been reported at present. 

 

2.0 Research Significance 

Although fracture behavior of mono fiber geopolymer composites has been explored by many researchers in recent years, work on 

HFRGC still needs special emphasis. This has motivated the experimental investigation in this study, which pioneers the influence of 

HFRGC with superior fracture energy. This is accomplished using three fibers types: steel, polypropylene, and glass with different 

dosage. 

 

3.0 Experiential campaign 

3.1 Materials 

The material utilized to produce the HFRGC was (Ground-granulated blast-furnace slag) GGBS, the alkaline activator, coarse and fine 

aggregate and fibers. The alkaline liquid consisted of a 12 Molarity solution of NaOH and Na2SiO3. Sodium hydroxide flakes were 

dissolved in distilled water to prohibit the consequences of indefinite adulteration in the mixing water. To obtain a homogenous 

solution, the NaOH mixture was prepared a day before its utilization in the concrete preparation. The optimum percentage of 

geopolymer mix and water-to-binder ratio were selected based on previous studies [28],[29]. The coarse aggregate was a locally 

available gravel with sizes of 12.5 and 20 mm obtained from the Thanjavur area; the fine aggregate used was superior quality river 

sand. The fineness modulus and specific gravity of M-sand were 2.83 and 2.6 respectively. The ingredients utilized in the mix design 

of the HFRGC are enumerated in Table 1. All the mixes were cured at ambient temperature to utilize samples cast under in-situ 

conditions. Three dissimilar fibers were utilized in this research: 5D hooked-end SF, PF and GF. The configuration of the fibers used 

in this research is exemplified in Fig. 2, and the fiber properties are summarized in Table 2. A set of four mixes were prepared to 

investigate the effect of hybrid fibers on the mode-I fracture performance of HFRGC compared to that of a reference mix (M0). Three 

mixes were prepared with combination of two fibers at dosages of 1.6% (1.3% of SF  and 0.3% GF), 1.6% (1.3% of SF and 0.3% of 

PF), and 0.6% (0.3% of PF and 0.3% of GF). Additionally, the final mix was prepared using a three fiber combination at a dose of 

1.6% (1.0% of SF, 0.3% of PF and 0.3% of GF). A fiber dosage of more than 1.6% causes uneven distribution with a vulnerability to 

conglobate, leading to inner defects and weak in interfacial transition zones that ultimately cause a reduction of strength. These hybrid 
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fiber combinations were obtained to make sure that the maximum fiber dosage was limited to 1.6% to avoid fiber agglomerating. The 

fibers were added as a percentage (volume fraction) based on the total volume of concrete. The mixtures used 100% GGBS as the 

aluminosilicate source, which significantly shortens the setting time compared to using fly ash. The mixtures had extremely low 

workability and very short setting times owing to their composition consisting of 100% GGBS, 1.6% fibers, and a liquid/binder ratio 

of 0.5. The fiber dosage of 1.6% is very high, especially when the fine PP and GF fibers are used; these fibers have very high surface 

areas that absorb the liquid. This substantially diminishes the workability of the mixtures, but improves their density, compressive 

strength, and fracture energy. 

3.2 Test configuration and instrumentation 

To evaluate the compressive strength, 150 mm cubic samples were fabricated and tested in accordance with IS 516 [30]. The average 

results of the three samples prepared from each mix is presented. The fracture tests on centrally pre-notched beams were performed 

according to RILEM [31], as shown in Fig. 3. The properties assessed in the laboratory tests include the first crack load and peak load, 

CMOD at the first crack load and peak load, equivalent tensile strength, post-peak slope, residual tensile strength, reinforcing index, 

and fracture energy, according to the guidelines given in RILEM [31]. For centrally pre-notched beams with similar geometry (150 

mm × 150 mm × 600 mm), the notch thickness, notch-to-depth ratio, and span-to-beam depth ratio are 5 mm, 0.167, and 3, 

respectively. All of the beams were loaded at a rate of 0.05 mm/min under three-point bending with a span of 450 mm (see Fig. 3). A 

load cell, linear variable displacement transducer (LVDT), and portable microscope were installed to calculate the load, deflection, 

and CMOD, respectively (see Fig. 4). The CMOD was observed using a high-magnification crack microscope with a precision of 0.01 

mm. Images were recorded at regular intervals until failure of the beam. The mid-span vertical deflection was assessed in the 

proximity of the lower side of the pre-notched beam using a LVDT. The fracture energy, Uf,, can be evaluated using the formula 

suggested in [32],[33],[34],[35] as follows: 

     
       

  
   (1) 

where Po is the area beneath the full-load deflection curve; m is the mass of the beam with a span of 450 mm; g is the gravitational 

acceleration; Al denotes the area of ligament, calculated as Al= b he, in which he is the effective depth of the beam (=h-ao), and b, d, 

and ao represent the breadth, depth, and notch depth of the beam, respectively; δf is the maximum recorded deformation. 

 

4. Discussion of results 

4.1 X-ray diffraction 

The dissolution of the solid particles and the geopolymerization reaction can be effectively increased by using an activator solution 

(i.e., sodium hydroxide solution) of higher concentration, which will result in improved mechanical properties through the increased 

leaching of Si and Al atoms. In addition, the greater amount of reaction heat evolved at higher concentrations may lead to improved 

dissolution of the source material. Hence, an activator solution consisting of a 12 M sodium hydroxide solution mixture with a ratio of 

sodium silicate solution to sodium hydroxide solution of 2.0 was utilized in this study to dissolve the GGBS utilized as the source 

material. 

Figure 5 shows the X-ray diffractogram for the resulting mix after curing under ambient conditions to an age of 287 d. The formation 

of calcite and scolecite (CaAl2Si3O10·3H2O) as reaction products can be observed in addition to the presence of partially unreacted 

silica. The existence of scolecite results in the presence of calcium aluminosilicate hydrate (C-(A)-S-H) rather than sodium 

aluminosilicate hydrate (N-(A)-S-H) due to the utilization of GGBS with a high calcium content. The amorphous nature of the mix in 

the range of 2θ = 28°–34º is also observed; this may be due to the ambient curing, whereas a crystalline product would have been 

formed during curing at elevated temperature, which may result in a greater degree of leaching. 
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4.2 Compressive strength of HFRGC 

The compressive strength of HFRGC comprising different fiber combinations is shown in Fig. 6. From the Fig. 6, the fibrous 

geopolymer composites contain two or three combinations of fibers. The obtained compressive strengths for mixtures M1, M2, and 

M3 were 27.5%, 24.8%, and 16.3% higher, respectively, than that for mix M0. Careful observation of Fig. 6 reveals that the 

combinations of three fibers led to a compressive strength that was 20.5% higher than that of M0. Specimen M1 displayed greater 

compressive strength than specimen M4, which can be attributed to the presence of a 1.3% dosage of SF and 0.3% dosage of GF in 

specimen M1. The intrinsic increase owing to the presence of the combination of two fibers in the hybrid FGC, which plays a 

significant role in arresting crack development by merging the cracks (micro  and macro) in the tension zone. Generally, the primary 

reason for rise in the compressive strength of mixture M1 is due to the capability of uniformly distributed SF and GF to restrict the 

propagation of cracks (micro and macro), thus alleviating the stress concentration and leading to more uniform stress in the concrete; 

changes in the path of the cracks is accountable for bridging and fibers, leading to a suspension in the crack growth rate [38]. A higher 

compressive strength in the crack zone is provided by the M1 mixture, followed by the combination M2 mixtures, as a consequence of 

limited crack propagation and adjoining crack tips. 

 

4.3 Load–CMOD (P–CMOD) curves 

The experimental results and evaluated fracture energies are enumerated in Tables 3 and 4, respectively. 

Figure 7 shows the P–CMOD curves for the HFRGC notched beam (M1). The P–CMOD curves in Figs. 7 and 8 clearly illustrate the 

outcome of hybrid fibers on the post-behavior of geopolymer composites. For the M0 mixture, the first crack and ultimate load 

occurred at approximately 14.2 kN and 17.4 kN, respectively. From the curve, the CMOD values at the first crack and peak load were 

0.02 mm and 0.03 mm, respectively, which was considered insignificant. The M0 beam immediately collapsed upon reaching its 

ultimate load, which is the reason for the absence of a descending branch of the curve. On the other hand, the response of the HFRGC 

exhibited a substantial difference in the shapes of the P–CMOD curves: smaller descending branches were observed and no beams 

collapsed, which was considered a good outcome. The maximum ultimate load carrying capacities for beams M1, M2, M3, and M4 

were 61.9 kN, 53.0 kN, 36.2 kN, and 58.1 kN, respectively, and the corresponding CMOD values were 1.1, 1.3, 1.4, and 1.2 mm, 

respectively, which are 255.7%, 204.6%, 108.0%, and 233.9% higher than that of the M0 beam, respectively. 

This can be ascribed to the crack-bridging fibers that constantly transmit the tensile stress across the cracks zone until fiber pull-out 

occurs, leads to higher first crack and ultimate loads. In addition, this crack-bridging property influences the crack stabilization 

mechanism, as it drastically improves the load carrying capacity. This mechanism plays a vital role in resisting CMOD through fiber 

de-bonding, slipping, and pull-out, together with postponing the crack propagation. It is worth noting that matrix failure occurs on 

macro and micro scales, and hybrid fibers have been shown to limit the growth and spread of cracks that improve the post-cracking 

ductility [39],[40]. For hybrid fiber reinforced concrete, different fibers control cracks at varying scales and strain limits. This has no 

effect on crack control at other scales [40]. In hybrid fiber concrete, every fiber has a distinct role in the crack-bridging mechanism. 

For a similar volume fraction of fibers, PF and GF are more effective at hindering micro-crack initiation and propagation because they 

are thinner and more numerous than SFs. Micro-fibers also enhance the pull-out behavior of SFs, leading to increased toughness [41]. 

Because micro-cracks coalesce to form macro-cracks, SFs become more effective for controlling crack development. Hence, the 

tensile toughness and ductility are improved [42]. Furthermore, this leads to a reduction in the crack opening, thereby influencing the 

post-peak flexural softening and apparently changing the slope of the P–CMOD curves of HFRGC, which is fairly slight. 

4.4 Load–deflection (P–δ) curves 

The (P–δ) curves for the HFRGC beams are shown in Fig. 9. For beam M0, the beam reaches its ultimate loading capacity after the 

load is dramatically decreased. From the other point of view, the HFRGC beams exhibited superior post-cracking behavior and had a 
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much larger area under the P–δ curve than the control composite (M0). The same trend was also stated in earlier studies [25]. This can 

be ascribed to the fact that the fracture energy is directly in proportion to the area beneath the P–δ curve and the maximum δ of the 

beams. The deflections at the peaks for beams M1, M2, M3, and M4 were 1, 1, 1.3, and 1.2 mm, respectively. Strain softening 

performance was noticed with further increase in the load, leading to the descending branch of the curve. For the HFRGC beams, the 

softening performance can be identified by linear decrease with a slope of between 2.36 and 3.56 kN/mm. Owing to the high fiber 

dosage in the hybrid combinations, the matrix fiber bonding was strong, resulting in a controlling criterion for arresting cracks. 

4.5 Reinforcing index 

The fiber dosage, fiber properties, fiber geometry, fiber aspect ratio, and matrix properties all influence the cracking behavior of 

HFRGC [35],[36],[37],[38]. The fiber reinforcing index (RI) concept was introduced by Ezeldin and Balaguru [38] to rationalize the 

stress–strain curve parameters for hooked-end steel FRC. This concept was extended in subsequent studies [43],[44] for the creation of 

stress–strain curves for fibre reinforced concrete incorporated with crimped steel. However, SF alone was used in these studies 

[38],[43],[44]. In later studies, conceptualization of the RI was further extended to hybrid FRC [45]. The RI can be expressed as 

follows [38]: 

       
 
   (2) 

where i corresponds to the fiber type and has a value of 1 for SF, 2 for PF, and 3 for GF; RIi indicates the RI value for the i
th

 material, 

which was rationalized from the earlier model [45],[46] to include the tensile strength effect of the fibers, as follows: 

      
    

  
 
   

   
 
 

 (3) 

where Vfi denotes the fiber dosage; Bi represents the fiber bond factor, which is considered in this study to have values of 1, 1, and 0.1 

for SF, PF, and GF, respectively; Li denotes the length of fiber; Di denotes the diameter of fiber; Tim represents the tensile strength of 

the material of the i
th

 fiber; Tsf is the tensile strength of SFs; and w is a tension stiffness parameter, which is as assigned a value of 0.5. 

The RI for the evaluation of the post-cracking performance of HFRGC is attained with the theory that the fiber content at the pre-

notched zone is equal to the given fiber content for the beam. The calculated RI values for the HFRGC specimens are listed in Table 4. 

4.6 Flexural tensile strength (FTS) 

A comparison of the FTS of HFRGC specimens is summarized in Table 4, and the results reveals that the values are comparable to 

that for M0. A large increase in the FTS was observed with the inclusion of two or three fiber types in the geopolymer composites. For 

instance, the FTS for composites M1, M2, M3, and M4 were improved by 250.0%, 199.8%, 104.7%, and 228.6%, respectively, as 

compared to M0 beam. This discloses a substantial enhancement in the post-cracking efficiency of hybrid fibers in geopolymer 

composites relative to the control beam (M0). The FTS can be evaluated using the following equation:  

    
      

        
   (4) 

where L is the effective span of the beam, and Pmax is the peak load.  

4.7 Equivalent tensile strength 

Based on the equation given in RILEM [31], two equivalent tensile strength (fa and fb) values were determined from the typical P–δ 

curve at different deflection points to design at the limit state of serviceability; the method is self-explanatory. Fig. 10 (a) and (b) 

shows the selected deflection points from the experimental P-δ curve used to calculate the equivalent tensile strength of HFRGC. The 

two equivalent tensile strengths, fa and fb, based on the energy absorption capacity for the area under the P–δ curve were assessed up 

to deflections of δ2 and δ3 (δ2 = δL+ 0.65 and δ3 = δL + 2.65, where δL is the deflection at ultimate load), respectively. It is worth noting 

that the fraction corresponding to the energy required for the fracture of the control beam was excluded, and only the effect of the 

fibers on the fracture energy absorption performance was considered in calculation of the equivalent tensile strength HFRGC, as 

shown in Fig. 10 (a) and (b). Thus, fa and fb were determined using Eqs. (5) and (6), respectively [47],[48],[49]. 
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  (5) 

 

   
  

        
   

  

   
  (6) 

fa and fb are the equivalent flexural strengths based on the energy absorption capacity for areas A1 and A2 under the P–δ curve ending 

at deflections of δ2 and δ3, respectively. 

4.8 Residual tensile strength 

Figure 11 illustrates the assessment of the group-wise deviations in the residual tensile strength (fi) according to recent guidelines [50], 

which provides knowledge about the outline of the declining branch of the P–CMOD curves. However, previous studies [47] have 

demonstrated that fi for HFRGC is comparatively more vulnerable to local irregularities in the P–CMOD curves. Obviously, in terms 

of strength at CMOD1, the M1, M2, and M4 HFRGC beams exhibited higher strengths than the control beam (M0). This trend was 

clear for HFRGC beams owing to the presence of SF, which resists pull-out from the composites under a flexural tensile load. 

Moreover, these values increased up to CMOD2, and then decreased beyond that point (CMOD1 – CMOD4). The residual tensile 

strength can be calculated using Eq. (7). 

   
    

        
   (7) 

4.9 Fracture absorption under mode-I 

The fracture energy and associated properties are enumerated in Table 4. The fracture energy absorption of the control beam was 

0.025 N/mm. In terms of the influence of the fibers and fiber dosage, this value was increased with hybrid fiber combinations, 

reaching 15.72 N/mm in HFRGC beams. The fracture energy absorption was 15.72 N/mm for beam M1, 13.25 N/mm for beam M2, 

9.80 N/mm for beam M3, and 14.90 N/mm for beam M4. Comparing the highest fracture energies for the HFRGC beams, beam M1 

containing 1.3% SF and 0.3% GF was greater compared to the other HFRGC beams: 18.6% greater than M2, 60.4% greater than M3, 

and 5.5% greater than M4. These results reveal that the geopolymer composite reinforced with 1.3% SF + 0.3% GF exhibited the 

highest fracture energy resistance, followed by hybrid combination of 1.3% of SF together with 0.3% of PF and 0.3% GF. The control 

beam, M0, had a small fracture energy and exhibited ductile behavior owing to the absence of post-peak descending curve in the P–δ 

curve. It is clear that the inclusion of hybrid fibers provided substantial enhancements in both the fracture energy and maximum 

deflection of geopolymer composites.  

An even distribution of fibers can facilitate crack bridging and provide effective reinforcement in the matrix. A strong adhesive bond 

between the matrix and the fibers can transfer stresses from the tip of the crack to its upper and lower surfaces. This is highlighted in 

Fig. 12. The extent of the stress concentration is thus reduced, and the matrix develops a uniform stress. This in turn enhances the 

fracture toughness. However, a large amount of fibers result in poor dispersion and conglobation, leading to weaker interfacial 

transition zones and higher internal flaws, thus causing a loss of the fiber reinforcement effect. 

Figure 13 shows the failure patterns for plain and HFRGC beams under mode-I fracture testing. The results show that both concrete 

mixes exhibit fracture paths that continue from the initial crack frontage when subjected to symmetric pure mode-I loading conditions. 

In the HFRC beam, there was a progressive crack build-up after the initial fracture at the tip, whereas the plain concrete displayed a 

quick, brittle, and sudden failure. Hybrid fibers play a major role in hindering swift sudden crack opening. Hence, the addition of 

hybrid fibers in geopolymer composites can significantly enhance the energy needed for the rupture of HFRGC specimens. In mode-I 

loading, discretionarily aligned fibers located almost perpendicular to the fracture propagation surface are exposed to direct tensile 

loads. The HFRGC shows a strong post-fracture behavior that can be attributed to the exemplary tensile stiffness of the hybrid fibers 

(SF + GF + PF). Moreover, hybrid fibers noticeably improve the post-failure tensile load bearing capacity, as shown in Fig. 13. In 
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general, fracture energy is calculated from the beginning of cracking to the final failure of the HFRGC specimens, determined from 

the area under the (P–δ) curves. 

 

5.0 Conclusions 

The paper presents the Mode-I fracture performance of HFRGC; the influence of hybrid fibers is evaluated. The Mode-I fracture 

performance was experimentally evaluated using RILEM three-point bending, tests for plain and HFRGC with different fiber 

combinations and dosages. From the discussion of results, the subsequent conclusions can be made: 

 

1. There is a considerable enhancement in the efficiency of hybrid fibers in geopolymer composites, especially with SF, which plays a 

crucial role in arresting crack development and propagation by connecting macro-cracks. GF and PF bridge the micro-cracks in the 

tension zone. 

2. The maximum compressive strength was attained for specimen M1, followed by M2, M4, and M3. The obtained compressive 

strengths for mixtures M1, M2, and M3 were 27.5%, 24.8%, and 16.3% higher, respectively, than that for mix M0.  This can be 

ascribed to even distribution of SF and GF to limit the extension of cracks (micro and macro), alleviating the stress concentration 

at particular zone and resulting in more uniform stress distribution in the composites. 

3. The maximum ultimate load carrying capacities of beams M1, M2, M3, and M4 were 255.7%, 204.6%, 108.0%, and 233.9% 

higher, respectively, than that of beam M0, and the corresponding CMOD values were 1.1, 1.3, 1.4, and 1.2 mm, respectively. This 

increase in ultimate load owing to the crack-bridging fibers (SF + GF + PF) that constantly transmit the tensile stress across the 

cracks until fiber pull-out occurs. 

4. For the HFRGC investigated under RILEM three-point bending, a optimistic interaction between the hybrid fibers in HFRGC that 

led to an enhancement in the fracture energy up to 15.72 N/mm compared to the reference specimen. The hybrid combination of 

GF and PF resulted in a lower fracture energy, SF with PF or GF is the most effective for bridging micro- and macro-cracks, 

ensuring the ability to attain hardening of the post-cracking curve owing to increased stiffness. 

5. The control beam (M0) exhibited quick and brittle failure, while the HFRC beams demonstrated superior ductile behavior as a result 

of the bridging action of hybrid fibers. The production of geopolymer composites incorporating SF, GF, and PF fibers can be 

utilized efficiently to make eco-friendly composites that increase the fracture energy and other properties to a significant extent.  

Further study may be needed to enlarge the present investigation by considering different fibres (3D and 4D hooked end, crimped, 

hybrid, recycled and basalt) with different aspect ratios and different concrete (recycled aggregate concrete, recycled tyre rubber 

concrete, light and heavy weight concrete and green concrete) could be the scope for the future study. 
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Table 1 Mix proportion quantities per cubic meter  

Mix 

ID 

GGBS 

(kg/m
3
) 

FA 

(kg/m
3
) 

CA 

(kg/m
3
) 

W/B 

Ratio 

NaOH 

(kg/m
3
) 

Na2SiO3 

(kg/m
3
) 

SF 

(%) 

PP 

(%) 

GF 

(%) 

M0 414 515 956 0.5 69 138 0 0 0 

M1 414 515 956 0.5 69 138 1.3 0 0.3 
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M2 414 515 956 0.5 69 138 1.3 0.3 0 

M3 414 515 956 0.5 69 138 0 0.3 0.3 

M4 414 515 956 0.5 69 138 1 0.3 0.3 

FA: Fine aggregate, CA: Coarse aggregate 

 

 

 

 

Table 2 Fibers properties. 

Properties SF GF PF 

Length (mm) 60 15 13 

Diameter (mm) 0.9  1 0.095 

Tensile Strength (MPa) 1050 1400 360 

 

Table 3 Experimental test results 

Mix 

ID 

Compressive 

strength (MPa) 

Load at 

first crack 

(kN) 

CMOD at first 

crack (mm) 

Load at 

Peak (kN) 

CMOD at peak 

load (mm) 

Post-peak slope (up to 

~7.5 mm) (kN/mm) 

M0 62.41 14.2 0.02 17.4 0.033 0 

M1 79.56 22.3 0.02 61.9 1.1 -3.56 

M2 77.88 18 0.02 53 1.3 -3.194 

M3 72.59 15.1 0.03 36.2 1.4 -2.366 

M4 75.20 20.5 0.02 58.1 1.2 -3.508 

 

Table 4 Evaluated fracture properties 

Mix 

ID 
RI 

Uf up to 

CMOD4, 

(N/mm) 

FTS 

(MPa) 

Equiv. tensile 

strength (MPa) 
Residual tensile strength (MPa) 

Uf 

(N/mm) 
fa fb fR,1-CMOD fR,2-CMOD fR,3-CMOD fR,4-CMOD 

M0 0 0.025 5.09 - - - - - - 0.025 

M1 0.87 10.28 17.82 18.28 16.01 13.84 17.04 15.98 14.30 15.72 

M2 1.03 7.72 15.26 17.86 13.59 13.13 15.06 16.87 12.29 13.25 

M3 0.16 4.92 10.42 15.20 10.63 5.76 8.30 7.77 6.90 9.80 

M4 0.83 9.92 16.73 21.53 16.24 13.3 16.5 15.6 14.45 14.90 
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Fig. 1 Mixing of the HFRGC 

 

       

      (a) Steel       (b) Glass         (c) Polypropylene 

Fig. 2 Configuration of the fibers 

 

 

 

Fig. 3 Geometry of the pre-notched beam (all dimensions are in mm) 

 

Fig. 4 Mode-I fracture test setup 
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Fig. 5 X-ray diffraction pattern of the geopolymer composite [1]. 

 

 

Fig. 6 Compressive strengths of HFRGC mixtures 

 

Fig. 7 Load–CMOD curve for the M1 HFRGC beam 
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Fig. 8 Load–CMOD curve for the control and HFRGC beams 

 

Fig. 9 (P–δ) curves for the control and HFRGC beams 

 

    (a)       (b) 

Fig. 10 Assessment of FTS based on RILEM TC 162-TDF [32]: (a) fa and (b) fb 
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Fig. 11 Assessment of the residual tensile strength according to RILEM based on the standard CMOD values [32] 

 

Fig. 12 Fiber distribution in the fracture zone 

 

   

Fig. 13 Failure patterns for beams M0 and M4  
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