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Abstract: This paper investigates the fracture mechanism and ductility performance of fiber-

reinforced shotcrete (FRS) under flexural loading through digital image correlation (DIC) 

analysis. The focus is on determining the optimal mix design, utilizing recycled and 

manufactured fibers in shotcrete through four-point bending tests. These tests reveal significant 

improvements in flexural strength and ductility, as well as crack resistance, attributed to the 

synergistic effect of both types of fiber in hybrid fiber reinforcement. Notably, the inclusion of 

recycled fibers from automobile tires enhances mechanical characteristics and impact 

resistance, contributing to environmental sustainability and cost reduction. DIC analysis offers 

crucial insights into crack initiation and propagation in shotcrete, highlighting the impact of 

fiber reinforcement on crack patterns. Manufactured fibers delay crack onset effectively, while 

hybridization enhances fracture characteristics, offering improved crack control and flexural 

strength. The study underscores the potential of hybrid fiber mixes for enhancing structural 

performance in tunnel support applications, emphasizing the synergistic effect of hybrid of 

different fiber types. Overall, the research contributes to advancing understanding of fracture 

behavior in fiber-reinforced shotcrete and provides practical insights for optimizing mix 

designs to achieve superior mechanical properties and durability. 

Keywords: sustainable material; recycled fiber; reinforced shotcrete; digital image process 

1. Introduction 

Shotcrete is a composite material extensively used in underground structures to 

strengthen the underlying rock and provide primary support for tunnels. In some cases, 

with high-quality tunnel surroundings, it can serve as the final lining support. It 

comprises cement paste, mortar, aggregate, and additives. Two methods are used for 

its application: the dry-mix and wet-mix systems. Wet-mix shotcrete is more prevalent 

than dry-mix shotcrete due to its lower risk to human health [1]. Shotcrete, akin to 

concrete, is susceptible to deterioration and structural failure due to its low tensile 

strength. Methods such as integrating steel mesh and fibers have been identified to 

enhance the mechanical properties of plain shotcrete. Steel mesh is widely used as a 

reinforcement material before the shotcrete process to augment structural integrity and 

mitigate crack formation in the shotcrete layer [2]. Its ability to be applied easily and 

effectively on uneven surfaces makes it a favored choice for providing primary support 

in tunnels [3,4]. Nonetheless, the labor-intensive and time-consuming process of 

placing steel mesh to prevent cracking poses challenges. These challenges may result 

in the occurrence of ‘shadowing’ effects and voids [2,5,6]. In recent years, researchers 
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have largely advocated for the advantages of substituting or combining regular mesh 

with fiber reinforcement. Experimental studies have focused on the flexural behavior 

and failure mechanisms of fiber-reinforced shotcrete [7,8]. Massone and Nazar [9] 

evaluated the utility of steel or polypropylene fibers in shotcrete as a partial substitute 

for conventional reinforcement of electro-welded mesh used in subway tunnel support 

in Santiago. Additionally, Zhu explored the application of a single-layer SFRS and 

wet-mix technique for permanent tunnel lining, addressing limitations encountered 

with double-layer linings. The referenced study by Zhu [10] involved laboratory 

experiments, including compression, tensile, and bending strength tests, on various 

combinations of steel fibers and other additives, each with different percentages. 

Various researches were performed to examine the mechanical characteristics of RSF 

and their potential in structural applications [5,11,12]. In a variety of structural 

concrete applications, including conventionally placed concrete [13–17], sprayed 

concrete (shotcrete) [18], self-compacted concrete [5,18,19], and roller-compacted 

concrete [12,20], it was discovered that RSF can be an ensuring candidate to partially 

or even completely replace Manufactured steel fibers (MSF). One recent strategy to 

enhance the mechanical and durability performances of reinforced materials is through 

the hybridization of various fibers [6,21]. However, most research has focused on 

hybridization in concrete, overlooking the similar properties of shotcrete and concrete. 

This strategy can easily be applied to shotcrete as well. Mono fiber reinforcement, 

where only one type of fiber is incorporated into concrete, is limited in its ability to 

simultaneously improve both strength and ductility [19,22,23]. For example, adding 

fibers with high modulus and strength effectively enhances concrete’s strength but 

does not improve its ductility due to their brittle nature. Conversely, incorporating 

polymeric fibers such as polypropylene significantly enhances ductility, crack 

resistance, and corrosion resistance [24,25]. Employing hybrid fiber reinforcement, 

utilizing two or more different types of fibers in concrete, integrates the functionalities 

of each fiber type to achieve comprehensive enhancements. Among various 

combinations, steel fiber (SF) and polypropylene fiber (PPF) have emerged as 

particularly effective in improving the overall properties of the composite, especially 

in terms of strength and ductility. Numerous studies have investigated the effect of 

hybrid SF and PPF on the mechanical properties and durability of Fiber Reinforced 

Concrete (FRC), typically with a total fiber volume fraction (Vf) ranging from 0.5% 

to 3.6% . For example, research by Yao et al. [26] demonstrated that incorporating 

hybrid SF and PPF creates a synergistic effect, improving both the strength and 

ductility of FRC compared to plain concrete mixtures. This finding is supported by 

studies such as those by de Alencar Monteiro et al. [27] and Li et al. [28], which 

observed significant enhancements in both peak and post-peak behavior of concrete 

reinforced with appropriate dosages of SF and PPF. Additionally, including both SF 

and PPF in concrete helps prevent spalling under fire attack, primarily due to increased 

permeability [29,30]. Overall, the hybrid effect of combining SF and PPF offers a 

promising approach to optimize the mechanical properties and durability of FRS and 

FRC. In fiber reinforced shotcrete, fibers play a critical role in shifting its inherently 

brittle behavior towards a more ductile response. Acting as structural components, 

fibers span across cracks, redistributing concentrated tensile stresses that would 

otherwise lead to cracking [19,30,31]. Consequently, this redistribution fosters a 
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higher occurrence and dispersion of fractures, thereby enhancing ductility and 

increasing the presence of smaller cracks throughout the composite [32–34]. The 

deformation mechanism of fibers relies on their bond with the matrix, which may 

result in either fiber pull-out or, less frequently, fiber rupture [35]. Achieving a 

thorough understanding of the flexural behavior of both plain and Fiber Reinforced 

Shotcrete (FRS) specimens necessitates an examination from a fracture mechanics 

perspective [36]. Therefore, this study conducted a comprehensive evaluation of 

shotcrete using a four-point bending test, focusing primarily on fracture mechanics 

principles. To ensure precise analysis of crack initiation and propagation during 

testing, Digital Image Correlation (DIC) technology was employed. DIC provides a 

non-contact, full-field measurement approach, enabling accurate tracking and analysis 

of surface deformations and crack evolution in brittle materials [37]. Through the 

acquisition of high-resolution images throughout the flexural test, DIC algorithms 

effectively correlated displacement and strain fields between successive frames, 

enabling precise crack detection and monitoring. The incorporation of DIC in this 

study aims to provide comprehensive insights into reinforced shotcrete, considering 

mechanical, financial, and environmental factors, particularly through the use of 

recycled and hybrid fibers . 

2. Experimental method 

2.1. Material 

All shotcrete formulations investigated in this research employed crushed 

limestone aggregate with a maximum particle size of 9.5 mm, However, due to 

limitations inherent in laboratory settings, such as the unavailability of spraying 

equipment, like many researchers, we opted for a shotcrete mix design with limited 

aggregate size. The cementitious material, as revealed in Figure 1 through X-ray 

diffraction (XRD) analysis, remained consistent across all formulations. 

Enhancements involved the integration of a polycarboxylic ether-based 

superplasticizer (SP) and an accelerator (AC), provided from S. Shimi Sakhteman. 

These additives were incorporated at varying proportions, ranging from 0.2% to 2% 

of the cementitious material’s weight for the superplasticizer and from 2% to 5% for 

the accelerator. 

 

Figure 1. XRD analysis of cement. 
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Figure 2 displays the raw materials utilized in the shotcrete, highlighting three 

varieties of fibers: hooked-end manufactured steel fibers, recycled tire steel fibers 

from Faratav company, and Forta fibers. Detailed properties of these fibers are 

presented in Table 1. 

 

Figure 2. Raw materials of FRS: (a) Fine Sand (FS); (b) Cement (C); (c) Forta Fiber 

(FF); (d) 3D hooked-end Manufactured Steel Fiber (MSF); (e) Recycled Steel Fiber 

(RSF); (f) Super Plasticizer (SP). 

Table 1. The geometrical and mechanical properties of the fibers. 

Type Length (mm) Diameter (mm) 
Aspect Radio 

(length/Diameter) 

Tensile strength 

(MPa) 
Specific gravity 

Elastic modulus 

(GPa) 

MSF 35 0.4 87.5 2830 7.8 210 

RSF 20–40 0.35 57–114 3120 6.9 210 

FF 60 0.7 85 570–660 0.87 5.5 

2.2. Mixing properties  

Table 2 delineates the precise mixture compositions for the seven distinct 

shotcrete mix design scrutinized in this investigation. All mixture design maintained 

a consistent water-to-binder (w/b) ratio of 0.38. The fiber content for each formulation 

was standardized at a volume fraction (vf) of 0.3%. This percentage aligns with the 

recommended range for fiber inclusion in shotcrete applications, as ascertained from 

comprehensive literature reviews and expert opinions. Within Table 2, ‘Plain 

Shotcrete’ denotes a mixture devoid of supplementary fibers. The labels ‘M’, ‘R’, and 

‘F’ correspond to mix employing solely manufactured steel fiber, recycled steel fiber, 

and Forta fiber, respectively. The weight proportion of each fiber variant within a mix 

is delineated in its description. For instance, ‘0.5MSF-0.5RSF’ denotes an equal 

distribution of 50% for both MSF (Manufactured Steel Fiber) and RSF (Recycled Steel 

Fiber) within the formulation. For clarity and convenience, each mix design is 

assigned a symbol in Table 2. 
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Table 2. The mixtures proportions of the plain and FRS mixes. 

Mix Description Symbol MSF (kg/m3) RSF (kg/m3) FF (kg/m3) Plasticizer (kg/ m3) 

Plain Shotcrete Plain 0 0 0 0.9 

MSF M 23.49 0 0 1.4 

RSF R 0 20.7 0 1.4 

FF F 0 0 2.61 1.2 

0.5MSF-0.5RSF MR 11.75 10.35 0 1.4 

0.5MSF-0.5FF MF 11.75 0 1.305 1.3 

0.33MSF-0.33RSF-0.33FF MRF 7.752 6.831 0.8613 1.4 

In all mixes, 450 kg/m2 cement, 155 kg/m2 water, 1695 kg/m2 aggregate, and 9 

kg/m2 Accelerator (AC) is used. In the preparation of the shotcrete mixtures, cement, 

fine, and coarse aggregate are initially dry mixed for approximately 2 min. Following 

this, the SP additive and water were gradually incorporated during mixing for an 

additional 3 min. Fibers were then introduced to the mixtures, with mixing continuing 

for a further 3 min. In all Fiber-Reinforced Shotcrete (FRS) variants and the plain 

shotcrete, an AC was used, constituting 4% of the cement’s weight.  Subsequent to the 

mixing process, the fresh shotcrete was poured into beam molds and subjected to 

external vibration on a shaking table. The samples were demolded after 24 h and then 

water-cured at a controlled temperature of 20 ± 2 °C for 28 days. 

2.3. Test procedure  

 
(a) 

 
(b) 

Figure 3. Four-Point Bending test setup—(a) Rear View; (b) Front Vie. 
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Beam specimens measuring 500 mm × 100 mm × 100 mm were prepared for each 

mix design and underwent flexural strength tests. Each mix design produced three 

distinct samples. These specimens underwent testing using a four-point bending 

method, illustrated in Figure 3. The choice of the four-point bending test was 

motivated by its ability to mimic real-world bending forces, which typically 

concentrate at two points. These tests were conducted under tightly controlled 

laboratory conditions. To precisely measure beam deflections, a Linear Variable 

Differential Transformer (LVDT) was positioned at the midspan of each beam. 

Additionally, an extensometer was utilized to record the Crack Mouth Opening 

Displacement (CMOD). All tests were executed using Dartec-9600 servo control 

devices located in the Rock Mechanics Laboratory at Amirkabir University of 

Technology. 

For all the prism samples, the tests for the determination of mechanical and 

ductility performance of plain and fiber reinforced shotcrete under bending loading 

were obtained in accordance with the recommendation of RILEM 50-FMC Technical 

Committee [38]. In order to force the crack to propagate along a desired path, wet 

sawing was used to notch the prism specimens, which reduced their effective cross 

sections to 100 × 83 mm. Specimens were rotated over 90° around their longitudinal 

axes and then sawn through the width of the specimens at mid span. The notched beam 

specimen and the testing set-up are schematically shown in Figure 4. 

 

Figure 4. Schematic view of notched sample and test setup. 

In this study, load-deflection curves were also used for characterizing the 

toughness of shotcrete. The area under the load versus deflection at mid span curve is 

a measure of the fracture energy of the material. Since the fiber reinforced shotcrete 

have shown a ductile behavior under flexural loads, the tests were finalized when the 

deflection at midpoint has reached up to 5 mm. The fracture energy was calculated for 

this deflection based on Equation (1), where GF: fracture energy (N/m), TTotal: area 

under load versus deflection curve (N.m), m: weight of the specimen (kg), g: 

gravitational acceleration (9.81 m/s2), δ0: deflection of specimen at failure (m), and 

Alig: effective cross-section of the specimen (m2). The flexural strength is calculated 

by using the Equation (2), where Fnet: flexural strength (MPa), P: maximum load (N), 

L: span (mm), a0: notch depth (mm), B: width of the specimen (mm), and D: height of 

the specimen (mm). 

GF =
(TTotal +mgδ0)

Alig
 (1) 
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Fnet =
PL

B(D − a0)
2
 (2) 

The main factor affecting the toughness value is the energy absorbed per unit 

volume of the specimens, which particularly refers to the region under the load-

deflection curve. The first fracture toughness assesses the amount of energy and stress 

that a specimen can withstand at the point of its first crack formation. Additionally, it 

demonstrates the specimen’s lack of elasticity when subjected to stress until it 

ultimately fails due to bending. The toughness capabilities of plain shotcrete and FRS 

specimens are determined in this research by calculating the regions under their load-

deflection curves. The technique used to compute the values of Tpre and Tpost toughness 

is as follows. Tpre refers to the integral of the load-deflection curve of the specimen, 

namely the region between the initial point of the curve and the point of maximum 

load. Conversely, Tpost refers to the region under the load-deflection curve of the 

specimen, namely between the highest load point and the deflection of 5 mm. The two 

parameters provide a more profound understanding of how the fibers contribute to the 

behavior of the elastic and inelastic sections of the specimens. Figure 5 shows Tpre, 

Tpost, and the sum of these two toughness values, TTotal, schematically. 

 

 

Figure 5. Schematic illustration of Toughness: Tpre, Tpost, and TTotal analysis. 

2.4. DIC measurement 

To monitor the creation and spread of fractures and back-calculate the strain 

distribution throughout the material, Digital Image Correlation (DIC), an optical, high-

precision, non-contact measuring method, was used. Specific sample preparation 

procedures were used to generate high-quality digital pictures and accurate findings. 

The cross-section of the four-point flexural test material was randomly marked with 
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contrasting black and white sections to improve visibility and enable observation. 

Furthermore, random parts of compression and stress specimens are sprayed. To 

minimize distractions, a professional digital camera with a 1/2.8″ 3M Sony IMX036 

CMOS sensor was mounted on a strong tripod, and video recording started 

concurrently with the test, capturing the whole loading procedure. Tests Setup and DIC 

equipment illustrated in Figure 6, were employed to guarantee constant light contrast. 

The video was captured at the start of the loading and edited using Aoao software after 

it finished. 280 images are collected from each movie, in order to perform image 

analysis. To quantify the strain distribution and explore the development and 

propagation of fractures, the generated digital pictures were processed using Ncorr, a 

free, high-quality, and adaptable DIC program. Further validation using traditional 

measurement methods that depend on physical touch was deemed necessary to 

corroborate the correctness of the strain distribution data produced by DIC. To 

properly monitor vertical and horizontal displacements, an LVDT and an 

EXTENSOMETER were utilized. 

 

Figure 6. Tests setup and DIC equipment. 

3. Experimental results and discussion 

3.1. Flexural performance  

The study compared the flexural behavior of fiber-reinforced shotcrete (FRS) and 

plain shotcrete (PS) using experimental results. The results showed that PS samples 
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showed brittle characteristics, with a sharp decline in stress post-peak and lower 

deflection at maximum stress compared to FRS samples. However, all FRS samples 

showed increased ductility, allowing further loading post-peak. This enhanced 

ductility can be attributed to fiber inclusion, which acts as crack regulators and 

improves energy absorption during deformation. FRS samples also displayed 

exceptional performance post-peak, with significantly higher peak strain values, 

indicating the significant influence of fibers in delaying crack initiation and reaching 

maximum strain. FRS samples displayed three distinct characteristics after the peak: 

PS samples lack post-peak behavior, while PS samples show a pronounced peak 

followed by a gradual decline, indicating significant energy absorption. Samples R, F, 

MR, and MRF displayed a sharp stress drop post-peak, followed by a steady decline 

until rupture. Sample MF displayed hybrid behavior, with an initial peak followed by 

a marked decrease, then a gradual rise in the flexural curve. Flexural stress-

displacement curves for all plain and fiber reinforced shotcrete samples are shown in 

Figure 7. 

 

Figure 7. Flexural stress-displacement curves for all plain and fiber reinforced 

shotcrete samples. 

3.2. Hybridization effect of FRS manufactured on flexural Toughness 

and flexural Fracture Energy  

Table 3 shows computed values for toughness and fracture energy, highlighting 

the impact of fiber reinforcement on flexural toughness. Figure 8 illustrates the 

toughness values, Tpre and Tpost, for both plain and FRS samples. All FRS samples 

display enhanced energy absorption, with minimal Tpost values. The PS sample’s 

toughness is limited to its elastic behavior (Tpre), which is directly proportional to peak 

strength and deflection in all samples. Steel fibers in single-fiber mixes demonstrate 

superior Tpre values, enhancing pre-peak ductility and delaying crack onset compared 

to forta fibers. The MR specimen shows exceptional pre-peak energy absorption, while 
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the MRF mix also performs well in this aspect. However, adding forta fibers is less 

favorable due to environmental and economic concerns and their lower toughness 

compared to the MR sample. 

Table 3. Toughness and Fracture energy result of plain and FRS specimens obtained from experimental results. 

Mix description 
Toughness results Fracture energy result 

Tpre (N.m) Tpost (N.m) Ttotal (N.m) T0 (N/m) m (N.m) Delta0 (N.m) Alig (N.m) Gf (N.m) 

Plain 2.874 0.000 2.874 2.874 11.51 0.00093 0.0083 358.942 

M 4.764 12.514 17.278 17.278 11.68 0.00481 0.0083 2148.053 

R 4.853 3.639 8.492 8.492 11.44 0.005 0.0083 1090.778 

F 3.053 7.559 10.612 10.612 10.67 0.004869 0.0083 1340.002 

MR 5.298 10.992 16.290 16.290 12.19 0.005 0.0083 2034.648 

MF 2.884 12.838 15.722 15.722 11.97 0.005 0.0083 1965.003 

MRF 4.472 7.963 12.435 12.435 11.76 0.005 0.0083 1567.694 

 

Figure 8. Toughness values of plain and FRS specimens obtained from experimental 

results. 

Tpost values from the R sample confirm the limitations of recycled fibers in post-

peak zone. While forta fibers improve energy absorption to some extent, the disparity 

in Tpost values between the M sample and other single-fiber mixes highlights the 

effectiveness of the hooked ends in manufactured fibers. These hooks interlock with 

the shotcrete matrix, transmitting stress across cracks similarly to rebar reinforcement. 

Hybrid mixes using MSFs, like the MR mix, show increased Tpost values. The MR mix 

outperforms the M sample, using fewer manufactured fibers. Given the environmental 

and economic benefits of RSF and the MF sample’s limited pre-peak energy 

absorption, the MR mixture is considered the most optimal in terms of toughness. 

Figure 9 presents the calculated fracture energy values. These values are crucial 

for understanding the FRS’s ability to slow down crack propagation, taking into 
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account the sample’s weight. Plain shotcrete shows the lowest fracture energy, 

highlighting its brittleness in flexural tests. The M sample has the highest fracture 

energy at 2148 N/m, with the R and F single-fiber samples recording 1091 N/m and 

1340 N/m, respectively. Hybrid samples, however, exhibit higher Gf values than these 

single-fiber samples, despite having the same fiber volume fraction. 

 

Figure 9. Fracture energy results of plain and FRS specimens obtained from 

experimental results. 

Both forta and manufactured fibers effectively enhance the shotcrete’s post-peak 

behavior. The MF sample, a hybrid, has a slightly lower fracture energy than the M 

sample, indicating that hybridization didn’t significantly boost energy absorption. 

Comparing the MRF with the MR mix, adding forta fibers to the MR mix doesn’t 

increase its Gf. Thus, the MR hybrid is the most effective among the hybrids. The Gf 

value in the MR sample shows a minor 5% decrease due to the hybridization of MSF 

with RSF. With the environmental and economic advantages of RSFs, the MR hybrid 

emerges as a more beneficial choice than the M single-fiber mix. 

3.3. Analysis of cracks and localized damage using DIC 

Examining crack characteristics, such as crack width and crack length, in 

shotcrete material components is essential [39,40]. DIC analysis can provide valuable 

assistance in this matter. Cracks observed on the surface of a shotcrete element are 

indicative of the internal propagation of cracks within the element. Furthermore, the 

examination of crack patterns can provide crucial insights on the distribution of stress 

within structural components. Additionally, the reinforcement characteristics of FRS 

elements can have an impact on the development and formation of cracks. This section 

will assess crack initiation and crack propagation patterns as indicators that represent 

the extent of damage on the surface. Crack patterns pertain to the geometric 

characteristics and orientation of the crack. Cracks can vary in orientation, either 

diagonal or parallel to the direction of the loading, and can have varying widths and 

P M R F MR MF MRF

0

500

1000

1500

2000

2500

F
ra

ct
u

re
 E

n
e
rg

y
 (

N
/m

)

Mix Description



Insight - Civil Engineering 2024, 7(1), 611.  

12 

heights. However, in this case the presence of a notch in the bottom of samples restricts 

the direction of cracks to vertical cracks. The color scale employed for DIC analysed 

images represents the magnitude of horizontal displacement in millimetres at any 

given position inside the sample. The blue sections exhibit the least amount of lateral 

displacement, whilst the brown sections display the highest degree. Table 4 encounters 

8 processed images from each of the 7 specimens of the test. Render analysed using 

Ncorr software [39,40], the process of crack initiation and its propagation is examined 

from the start of the loading phase up till the deflection point of 5 mm. These photos 

illustrate the gradual deterioration of the surface that occurred on each sample. Figure 

10 depicts the DIC analysis in conjunction with the flexural stress-deflection curve of 

the M sample, providing a vivid depiction of the formation and propagation of cracks 

during the test. 

Table 4. DIC analysis results. 

# a = 0 mm b = 1 mm c = 1.5 mm d = 2 mm e = 2.5 mm f = 3 mm g = 4 mm h = 5 mm Scale 

Plain 
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Figure 10. DIC analysis in conjunction with the flexural stress-deflection curve of 

the M sample. 

There is a noticeable delay in the DIC images when compared to the flexural 

stress-deflection curves. For example, there are 6 samples in stage (b) that have an 

undamaged surface. According to Table 4, samples with deflection values near 1 mm 

will likely develop cracks, given their maximum strength deflection. In fact, crack 

initiation takes place within the sample, and as it develops, the fractures eventually 

reach the surface of the sample, becoming visible for DIC examination. Consequently, 

since the cracks are extending towards the surface, there is no noticeable alteration in 

the DIC analysis. This causes a delay in analysing surface cracks compared to the 

initial formation of cracks in the specimen. 

The DIC analysis shown in Table 4 provides clear evidence of the brittle nature 

of PS during the four-point flexural test. The plain shotcrete sample experiences full 

failure under flexural loading, failing to reach a deflection of 1 mm. The failure of the 

PS sample is significantly more abrupt compared to all other shotcrete samples, as 

evident from the FRS photos in stage (b). Hence, the inclusion of fiber reinforcement 
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surface throughout the initial stages after reaching its maximum stress. Furthermore, 

the progressive development of crack length and width from stages (c) to (f) indicates 

that most of the manufactured fibers have successfully formed a strong bond with the 

shotcrete matrix prior to become dependent on their hooked-ends. Nevertheless, the 
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notable rise in crack width during phases (g) and (h) suggests that most manufactured 

fibers ultimately undergo fiber pullout in their straight length, resulting in the 

interlocking of their hooked-ends with the shotcrete matrix. 

Upon comparing the analysed photos of the R sample with the M sample, it is 

apparent that the R sample is less effective in delaying the initial appearance of cracks. 

Furthermore, the crack length in stage (c) is almost equivalent to the length in stage 

(h). From stages (c) to (h), the only thing that increases is the severity of the damaged 

area, which is directly related to the length of the main crack. This occurrence is 

distinct from the gradual formation of cracks on the surface of the M sample. What 

happened, took place due to the notably smaller thicknesses and dimensions of 

recycled fibers. Once the crack length gets higher than a specific threshold, the ability 

of RSFs to bridge the crack diminishes, resulting in the pullout of the fibers. Sample 

R exhibits a greater crack width during the test compared to sample M due to the same 

incident mentioned. 

The analysis of the processed pictures obtained from the F sample provides 

evidence that the utilization of forta fibers as single-fiber reinforcement leads to a 

reduction in the pre-peak ductility of the shotcrete sample. As demonstrated in step 

(b), the F sample exhibits surface damage earlier than the plain sample. This implies 

that this mix accelerates the attainment of the peak flexural strength in shotcrete. 

However, the behavior of the F sample after reaching its peak differs when compared 

to single-fiber steel reinforcement. During stages (c) to (h), the increase in crack width 

and length is significantly less pronounced compared to the M and R samples. The 

behavior is a result of the inherent characteristics of forta fibers. The analysis of 

processed images suggests that forta fibers exhibit satisfactory performance in terms 

of forming a strong bond with the shotcrete matrix. Nevertheless, the notably low 

modulus of elasticity and generally weak mechanical properties of the material lead to 

fiber rupture when subjected to the flexural test. Thus, the crack width is consistently 

regulated by the crack bridging of forta fibers, while the flexural stress in the specimen 

remains low due to the sample’s limited flexural capacity. 

When comparing hybrid samples in relation to crack patterns, it is advisable to 

assess them by considering the results from the single-fiber samples as well. The DIC 

results of the MR sample indicate that hybridization has a favorable impact on 

improving fracture characteristics. The crack width and length are both reduced 

compared to the R sample. In addition, the MR sample effectively controlled the crack 

length to a similar extent as the M sample, while utilizing approximately half of the 

MSFs employed in the M mix design. The observed trendline in MR images aligns 

with the trendline in the M sample, suggesting that this sample experiences a 

synergistic impact from hybridization. Furthermore, the shotcrete specimen in the 

mid-span section of the MR sample. Evidently, the increased depth of the section 

results in an enhanced flexural strength of the sample. The hybridization of FF with 

MSF, as indicated by the DIC analysis in Table 4 does not lead to improved crack 

characteristics. The crack width and crack length in the MF samples are found to be 

higher when compared to the M and F samples. The intensity of surface damage is 

further heightened in the later phases. Yet, the degree of cracking is still lower in 

comparison to MR hybrid samples, before reaching stage (f). In fact, DIC analysis 

shows that MF hybrid mix has enhanced only in the first half of the post-peak zone, 
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which was evident in Figure 7. Nevertheless, it is clear that forta fiber is ineffective 

in regulating the crack width in MF mix, unlike in F mixture. 

The hybridization of three types of fiber did not yield superior results when 

compared to the MR sample. The magnitude of surface damage is markedly amplified 

from stage (d) to the endpoint of the test. The presence of FF is inefficient in 

controlling crack width, as seen by the increased crack width. Indeed, the MRF hybrid 

sample may exhibit heterogeneous behavior due to the presence of several fiber types 

inside the shotcrete matrix. The primary objective of hybridization is to capitalize on 

the favorable attributes of each fiber type. However, the inclusion of forta fibers in the 

MRF sample appears to just diminish the specimen’s ability to resist fracture. 

Furthermore, the inclusion of FFs may have resulted in an interference with the 

performance of RSFs and MSFs, as the MRF sample experiences considerable crack 

width in the initial phases of the post-peak zone. However, the limited fiber content in 

each fiber type can make the fiber reinforcing ineffective. Nevertheless, the MRF 

mixture fails to achieve superior results in mitigating crack formation. 

4. Conclusion 

1) Bending performance: FRS exhibited notably superior ductility and strength 

compared to PS, evidenced by increased peak strain values and more pronounced 

deflections under peak loads. 

2) Fracture Energy: the analysis of fracture energy in fiber-reinforced shotcrete 

(FRS) demonstrates enhanced flexural toughness, particularly in hybrid mixes 

like MR, which optimize both environmental and economic factors. 

Manufactured fibers prove effective in pre-peak energy absorption, while the MR 

hybrid emerges as the most beneficial choice, offering a minor decrease in Gf 

value compared to single-fiber mixes. 

3) Localized damage: DIC analysis offers crucial insights into crack initiation and 

propagation in shotcrete, highlighting the impact of fiber reinforcement on crack 

patterns. Single-fiber mixes exhibit distinct behaviors, with manufactured fibers 

delaying crack onset effectively. Hybridization, particularly in MR samples, 

enhances fracture characteristics, offering improved crack control and flexural 

strength. However, hybridization with forta fibers in MF and MRF samples 

shows limited effectiveness, indicating a need for careful consideration of fiber 

types in shotcrete reinforcement strategies. 

4) Fiber Types Analysis: Distinct behaviors were observed for different fiber types. 

Manufactured fibers showed notable peaks and gradual decreases in flexural 

curves, indicating effective energy absorption and interlocking. Recycled fibers 

exhibited smoother post-peak curves, suggesting stronger bonding and pullout 

resistance. 

5) Hybridization Effect: The combination of recycled and manufactured fibers in 

the hybrid mix resulted in a remarkable 80.9% boost in peak flexural strength 

compared to plain shotcrete. This significant improvement emphasizes the 

synergistic effect of blending different fiber types, substantially enhancing both 

flexural strength and resistance to crack formation in shotcrete. This discovery 

underscores the potential of hybrid fiber mixes for enhancing structural 
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performance in tunnel support applications. 
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