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A B S T R A C T   

This study offers a comprehensive analysis of Fiber-Reinforced Self-Compacting Concrete (FRSCC) with a focus 
on shear bond strength influenced by specific compositions of microsilica, zeolite, slag, and polypropylene fibers. 
Twenty distinct FRSCC mixes underwent extensive testing, including 28-day compressive strength, tensile 
strength assessments, and push-out and slant shear tests. A significant outcome is the strong correlation between 
the push-out and slant shear test results, exemplified by an R2 value of 0.88, confirming the push-out test as a 
viable and practical alternative for bond strength assessment. Experimentally, fibers were found to enhance 
tensile strength, with the inclusion of 15% microsilica and slag further amplifying this effect, highlighting the 
critical role of precise pozzolan selection in achieving optimal mechanical performance and workability in 
FRSCC. Furthermore, the study introduces a fuzzy logic system for predicting shear bond strength, achieving high 
predictive accuracy with R2 values reaching up to 0.96, depending on the t-norms utilized. This research not only 
validates the push-out test as a reliable method for evaluating shear bond strength in FRSCC but also demon-
strates the efficacy of the fuzzy logic approach, representing a groundbreaking contribution in both computa-
tional analysis and practical methodology for concrete structural integrity.   

1. Introduction 

The deterioration of existing concrete structures necessitates signif-
icant attention towards maintenance, repair, and reinforcement activ-
ities. Cementitious materials, such as mortar or concrete, are widely 
employed in rehabilitating bridges and buildings. A common approach 
in these processes is the addition of a thin layer of concrete, varying in 
thickness from 20 to 100 millimeters, which may be used independently 
or reinforced with steel bars, metallic, or synthetic fibers. The applica-
tion of cementitious materials in structural strengthening is exemplified 
by patching or replacing concrete overlays on floors or decks and using 
structural concrete jacketing for columns. Generally, in the construction 
of concrete structures, it is customary to cast concrete at different times, 
both in structures still under construction and in existing structures, as a 
new element or as a repair layer for strengthening. Various methodol-
ogies are employed to evaluate the bond strength of new-to-old con-
crete, including splitting [1], pull-off [2], slant shear [3–11], twist-off, 

and friction transfer techniques [12]. The selection of materials and 
rigorous quality control are imperative for ensuring a repair layer that is 
not only appropriate but also durable and cost-effective. A key charac-
teristic of a successful repair layer is its high adhesion to the concrete 
substrate [13]. While a substantial body of research focused on the bond 
strength between traditional vibrated concrete used in both old and new 
contexts [14–16], studies examining the behavior of self-compacting 
concrete as an overlay on concrete substrates are comparatively 
limited [17,18]. Among the various tests for evaluating bond strength 
between concrete layers, the slant shear test is notably the most widely 
utilized [19]. 

The occurrence of cracks in the repair layer is a critical concern, as it 
significantly impacts the structural functionality of the layer. This in-
cludes aspects such as tensile strength, shear and flexural stiffness, en-
ergy absorption capacity, durability, bonding to the substrate layer, and 
resistance to reinforcement corrosion [20]. Moreover, cracking in the 
repair layer facilitates the penetration of deleterious materials into the 
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interface between the substrate and the repair layer. This not only in-
creases vulnerability but also leads to early saturation of the repair layer, 
contributing to damage from freeze-thaw cycles, salt absorption, and, 
ultimately, structural failure [21]. A viable strategy for mitigating 
cracking in concrete involves using various fibers, such as steel, carbon, 
and polypropylene, which are randomly integrated within the concrete 
matrix [22,23]. These fibers effectively prevent crack propagation by 
forming bridging actions across the developing cracks. This mechanism 
not only influences the length and width of shrinkage cracks but also 
diminishes damage at the interface, consequently enhancing the bond 
strength between the concrete layers. Furthermore, the incorporation of 
fibers significantly improves the mechanical properties of the repair 
layer, including its durability, toughness, impact resistance, and fatigue 
strength, which are beneficial attributes. 

Recent research in fiber-reinforced concrete has demonstrated sig-
nificant advancements in the strength and ductility of reinforced struc-
tures, particularly with the incorporation of hybrid steel and 
polypropylene fibers, which aligns well with the focus on enhancing the 
mechanical properties of repair layers. This emphasis on hybrid fiber 
compositions is crucial for improving the overall performance of con-
crete in structural applications, underscoring the vital role of fiber 
integration in developing more resilient and durable concrete technol-
ogies [24]. Alongside advancements in hybrid fiber compositions, the 
exploration of carbon fiber-reinforced polymers in concrete technology 
underscores the growing recognition of fibers’ critical role in enhancing 
structural resilience and performance [25]. While fibers contribute 
positively to these aspects, it is noteworthy that steel rebars, in contrast, 
are capable of transferring substantially greater forces. However, the use 
of steel rebars is contingent upon the repair layer being sufficiently 
thick. An additional benefit of employing fibers is their contribution to 
reducing the risk of corrosion. In scenarios where the repair layer 
comprises cementitious materials with a considerable thickness 
(exceeding 25 mm), it is observed that the maximum shear and tensile 
stresses are relatively comparable [21]. Moreover, fibers are known to 
enhance the overall mechanical properties of concrete, such as its 
durability, toughness, and resistance to both impact and fatigue [26]. 

Numerous studies have explored the impact of fibers on the behavior 
of concrete overlays and their adhesion to underlying concrete sub-
strates [27–31]. In France, a decade-long investigation into the interplay 
between shrinkage and debonding in repair layers affirmed the benefi-
cial influence of fiber reinforcement [32]. Additionally, it has been 
observed that fiber-reinforced cementitious repair layers exhibit a lower 
susceptibility to fatigue when compared to their non-fiber counterparts 
[33,34]. Feng et al. [35] undertook a comprehensive evaluation of the 
bond strength between ultra-high-performance concrete (UHPC) and 
conventional strength concrete, employing slant shear and direct tensile 
tests to assess bonding. Their findings indicated that the direct tensile 
bond strength displayed a higher coefficient of variation compared to 
that obtained through the modified direct tensile test method. Diab et al. 
[19] conducted research on the bond strength between aged and newly 
cast self-compacting concrete, utilizing the slant shear method. Their 
results showed a significant slant shear bond strength enhancement by 
incorporating polypropylene fibers. Hu et al. [36] embarked on an 
experimental investigation to evaluate the dynamic slant shear bond 
behavior between new and old concrete, demonstrating that strain rate 
plays a crucial role in determining failure modes and bond strength. 
Saldanha et al. [37] developed a modified slant shear test designed to 
consistently induce adhesive failures (interface debonding) under 
various conditions, substantiated through numerical and experimental 
testing. Further, Feng et al. [38] assessed the bond properties of UHPC 
and normal concrete through slant shear tests involving different slant 
angles and splitting strength tests. They concluded that the combination 
of UHPC with high-pressure water treatment of the substrate surface 
results in effective repair. In another study, Feng et al. [39] investigated 
how factors such as fiber stiffness, the surface roughness of the substrate, 
and surface angle affect the bond strength between a concrete substrate 

and repair mortar. Their findings highlighted that increased roughness 
enhances bond strength, and that steel fibers improve adhesion more 
effectively compared to carbon fibers. Zanotti et al. [14] analyzed 
various test series to determine the interface bond strength between 
concretes of different ages, finding that test geometry significantly in-
fluences failure modes, stress paths, and bond strength values. Luo et al. 
[40] utilized a finite element model to optimize the interfacial rela-
tionship by adjusting groove configurations. Ghodousian et al. [2] 
explored the bonding of self-compacting concrete containing mineral 
pigments to concrete substrates, using pull-off and push-out methods. 
Their research indicated that the push-out method is particularly reli-
able for assessing the bond strength between two concrete layers. In 
another application, Ghodousian et al. [41] successfully employed the 
push-out method to determine the bonding efficiency of facade stones to 
concrete substrates. 

In recent decades, a myriad of studies have leveraged soft computing 
techniques to forecast various characteristics of concrete. These include 
artificial neural networks [42–48], algorithms inspired by nature [49], 
and fuzzy logic systems [12,46–48,50–54]. For instance, Silva et al. [55] 
adeptly merged fuzzy logic with genetic algorithms to predict the 
shrinkage behavior of concrete. Arslan et al. [56] employed a rule-based 
Mamdani type fuzzy logic model to estimate the bond behavior of 
lightweight concrete. In their study, Najjar et al. [57] utilized fuzzy logic 
systems to forecast the engineering properties of pre-placed aggregate 
concrete, demonstrating that such models are beneficial tools in the 
design process of these mixes. Rashid et al. [58] applied fuzzy logic 
systems to predict the compressive strength of concrete containing green 
foundry sand. Beycioglu et al.[59] developed a similar rule-based 
Mamdani type fuzzy logic model to predict the mechanical properties 
of blended cement under elevated temperatures. Among these various 
mathematical approaches, fuzzy systems have shown particular efficacy 
in calculating the fresh properties of fiber-reinforced concrete [60]. This 
success underscores the potential of soft computing methods in 
enhancing our understanding and prediction of concrete properties, 
providing valuable insights for both research and practical applications 
in the field of concrete technology. 

This research primarily aims to validate the push-out test as a reliable 
and simpler alternative to the slant shear test for assessing the shear 
bond strength of the repair layer in self-compacting concrete (SCC). The 
slant shear test, while offering valuable insights, has a significant 
drawback in that it can result in two different failure modes: adhesive 
failure at the interface or cohesive failure within the monolithic mate-
rial. Particularly in cases of rough interfaces, a cohesive failure may only 
provide a lower estimate of the actual interface strength, obscuring the 
true bond characteristics[37]. This limitation underscores the impor-
tance of the push-out test as a more reliable method for evaluating shear 
bond strength, especially in scenarios where distinguishing between the 
interface and material strength is crucial. In addition to the core focus on 
shear bond strength tests, the study also conducts comprehensive 28-day 
compressive strength, splitting tensile strength, and slump flow tests to 
investigate the effects of the utilized pozzolans and fibers on these 
fundamental properties. The study meticulously investigates the bond 
strength of SCC, integrating micro silica, zeolite, and slag in varying 
proportions of 5, 10, and 15% by weight of cement, and examines the 
effects of polypropylene fibers at dosages of 0 and 0.1% by volume. In 
the course of this study, both slant shear and push-out tests were utilized 
to assess bond strength. The observed substantial correlation between 
these methodologies underscores the push-out test’s potential as a more 
expedient and practical option compared to the slant shear test for 
evaluating shear bond strength. The study also introduces a pioneering 
method to bolster this experimental approach to predict the bond 
strength between fiber-reinforced SCC (FRSCC) and normal concrete 
under shear force using a fuzzy system. This system, equipped with a 
generalized Mamdani’s interference engine and the Frank family of 
t-norms, aims to offer more precise and robust predictions of bond 
strength. The adoption of a fuzzy logic system is particularly 
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advantageous due to its capability to model the uncertain and complex 
nature of bond strength in FRSCC, providing a more accurate and reli-
able predictive tool. This integration of advanced fuzzy logic not only 
validates the experimental findings but also enhances the predictability 
of bond strength, thereby contributing to the field of concrete technol-
ogy with a focus on practical and efficient testing methods. 

2. Materials and methods 

This section outlines the experimental and predictive methodologies 
employed to assess the shear bond strength of FRSCC. Assessment 
techniques include slant shear and push-out tests, complemented by 
predictive models based on linear regression and a proposed generalized 
Mamdani fuzzy system. The methodology process depicted in Fig. 1 
comprises two main stages: conducting laboratory experiments to 
measure shear bond strength and employing predictive methods to 
analyze and interpret these data. 

2.1. Mix proportions and materials properties 

Table 1 comprehensively summarizes the twenty mixtures formu-
lated in this research. For all FRSCC mix designs in this study, the fine 
aggregate component consisted exclusively of river sand, characterized 
by a maximal particle size of 3.0 mm, an apparent specific gravity of 
2700 kg/m3, and a water absorption capacity of 1.5%. The coarse 
aggregate used had a maximal size of 12.5 mm [61]. Cementitious 
material selection was uniform across all mixes, utilizing Cement type 
CEMI 42.5. The study utilized three distinct types of pozzolans: Micro-
silica (MS), Zeolite (ZE), and Slag (SL). These were incorporated in 
proportions of 0, 5, 10, and 15 percent by weight of cement. A detailed 
insight into the cement and pozzolans’ physical properties and chemical 
compositions can be found in Table 2, while Fig. 2 visually showcases 
these three distinct pozzolans used in the FRSCC mixes. 

Normal tap water was employed as the mixing water in all FRSCC 
batches. The proportion of superplasticizers added was consistently set 
at 1.1% of the total weight of the cementitious components. 

Polypropylene fibers were included in the mixtures at two levels: 0 and 
0.1 percent by volume, following the optimized dosage of 0.1% as rec-
ommended for achieving the best balance between mechanical proper-
ties and volume fractions [62,63]; the properties of these fibers are 
detailed in Table 3, while Fig. 2 illustrates the polypropylene fibers. 

2.2. Testing procedures 

2.2.1. Slump flow, Compressive and Tensile Strength 
Upon preparation of each mix, the slump flow test was initially 

conducted in its fresh state. It is pertinent to note that, for this study, the 
criterion for considering the mixes as self-compacting was established at 
a slump flow of 550 mm. This benchmark, while slightly below the 
600 mm limit set by guidelines such as EFNARC [64], aligns with other 
standards [65,66] that stipulate a 550 mm threshold. Following the 
slump flow assessment, the mixtures were methodically cast into 15 cm 
cubic molds designated for the 28-day compressive strength test and into 
standard cylindrical molds for the Brazilian test (Fig. 3). These tests 
adhered to the guidelines set by ASTM C39 [67]. 

2.2.2. Shear bond Strength 
Both push-out and slant shear methods were employed to evaluate 

the bonding of the mixtures when used as a repair layer on concrete 
substrates. The slant shear test is designed to exert a compressive load on 
a cylindrical specimen composed of repair material and substrate joined 
at a fixed 30-degree angle. This configuration induces a combination of 
shear and normal stresses along the interface between the substrate and 
the repair material. In the preparation of these composite specimens, the 
concrete substrate was cast initially. Half-molds were utilized to form 
only one portion of the ultimate specimen. Post-casting, the samples 
were immediately covered with plastic sheets, demolded after 24 hours, 
and then subjected to standard curing conditions in a moisture and 
temperature-controlled environment. Subsequently, the concrete halves 
were allowed to air-dry for a period of 24 hours. The final step involved 
pouring the new mortar onto the substrates in an optimal Saturated 
Surface Dry (SSD) state, followed by curing per the plain concrete pro-

Fig. 1. Schematic representation of methodological approach.  

V. Shafaie et al.                                                                                                                                                                                                                                 



Construction and Building Materials 425 (2024) 136062

4

tocol (Fig. 4-a). The substrate-repair interfacial stresses for the slant 
shear test are illustrated in Fig. 4-b: 

τn =
σ0sin(2α)

2
(1)  

σn = σ0 (sinσ)2 (2) 

In this context, τn represents the shear stress acting parallel to the 
bond plane, whereas σ0 is the applied axial stress that fails the bond 
plane. Additionally, σn denotes the normal stress acting perpendicular 
to the bond plane. 

The Mohr-Coulomb criterion is widely recognized and employed to 
characterize the shear bond strength in relation to the normal interfacial 
stresses and intrinsic interfacial properties. This methodological 
approach is also endorsed and utilized within various design codes [1], 
underscoring its relevance and applicability in the analysis and design 
processes pertaining to the shear bond strength of materials. 

τn = C+ σn tan(φ) (3)  

Whereas, C represents the adhesion strength, often referred to as cohe-
sion, and φdenotes the internal angle of friction. These parameters are 
fundamental in defining the interfacial shear strength. In addition, 
Fig. 4-c illustrates a specimen post-failure, providing a visual reference 
to the outcome of the applied stress and the resultant fracture pattern as 
per the Mohr-Coulomb failure criterion. 

The push-out test is designed to assess the adhesion between two 
concrete layers under direct shear conditions, effectively isolating the 
adhesion effect from any frictional contribution through compression 
loading on a cylindrical specimen. In contrast, the slant shear test fa-
cilitates the evaluation of both adhesion and friction forces, resulting in 
a more evenly distributed shear-induced stress along the interface. For 
these experiments, the substrate comprised two concrete blocks, each 
5 cm thick, extracted from cubes cast six months before testing. Sand-
wiched between these blocks was a 5 cm block cast with the SCC mixes, 
thereby creating a composite 15 cm cube (as illustrated in Fig. 5-a). This 
arrangement ensured that the SCC repair layer was bonded to the 

Table 1 
Mix proportions used in this study.  

No. Mix ID Cement Pozzolan Limestone Sand Gravel Water W/P* PP** SP*** 

Kg/m3 Type % Kg/m3 Kg/m3 Kg/m3 Kg/m3 Kg/m3  % % 

1 CTRL  500 —  0  0  277  793  691  180  0.36  0  1.1 
2 MS5  475 Microsilica  5  25  277  793  691  180  0.36  0  1.1 
3 MS10  450 Microsilica  10  50  277  793  691  180  0.36  0  1.1 
4 MS15  425 Microsilica  15  75  277  793  691  180  0.36  0  1.1 
5 ZE5  475 Zeolite  5  25  277  793  691  180  0.36  0  1.1 
6 ZE10  450 Zeolite  10  50  277  793  691  180  0.36  0  1.1 
7 ZE15  425 Zeolite  15  75  277  793  691  180  0.36  0  1.1 
8 SL5  475 Slag  5  25  277  793  691  180  0.36  0  1.1 
9 SL10  450 Slag  10  50  277  793  691  180  0.36  0  1.1 
10 SL15  425 Slag  15  75  277  793  691  180  0.36  0  1.1 
11 CTRL-F  500 —  0  0  277  793  691  180  0.36  0.1  1.1 
12 MS5F  475 Microsilica  5  25  277  793  691  180  0.36  0.1  1.1 
13 MS10-F  450 Microsilica  10  50  277  793  691  180  0.36  0.1  1.1 
14 MS15-F  425 Microsilica  15  75  277  793  691  180  0.36  0.1  1.1 
15 ZE5-F  475 Zeolite  5  25  277  793  691  180  0.36  0.1  1.1 
16 ZE10-F  450 Zeolite  10  50  277  793  691  180  0.36  0.1  1.1 
17 ZE15-F  425 Zeolite  15  75  277  793  691  180  0.36  0.1  1.1 
18 SL5-F  475 Slag  5  25  277  793  691  180  0.36  0.1  1.1 
19 SL10-F  450 Slag  10  50  277  793  691  180  0.36  0.1  1.1 
20 SL15-F  425 Slag  15  75  277  793  691  180  0.36  0.1  1.1 

(* Water to powder (cement + pozzolan) ratio; ** Polypropylene fiber; *** Super plasticizer) 

Table 2 
Physical properties and Chemical composition of utilized cement and three 
pozzolans.  

Properties Cement ZE MS SL 

Physical Properties     
Specific Gravity (g/cm3) 3.15 2.37 2.25 2.89 
Bulk Unit Weight (g/cm3) 1.40 0.77 0.25 1.22 
Specific Surface Area 

(cm2/g) 
2910 3450 200,000 4600 

Color Gray Pale 
Beige 

Dark Bluish- 
Gray 

Off- 
White 

Chemical composition (%)     
CaO 21.32 1.68 0.10–0.70 40.60 
SiO2 4.81 67.79 86–94 33.10 
Al2O3 3.83 13.66 0.20–2.00 13.70 
Fe2O3 62.85 1.44 0.20–2.50 3.12 
MgO 1.48 1.20 0.30–3.50 8.70 
K2O 2.32 1.42 0.50–3.00 0.16 
Na2O 0.47 2.04 0.20–1.50 0.07 
SO3 0.69 0.50 0.10–0.30 0.60 
L.O.I 2.04 10.23 2.10 0.04  

Fig. 2. Polypropylene fiber (P.P), Zeolite (ZE), Micro Silica (MS) and SLag used 
in FRSCC mixes. 

Table 3 
Properties of polypropylene fibers used in FRSCC mixes.  

Polypropylene Specific gravity Elongation at rupture Absorption Melting point Length Tensile strength 
900 kg/m3 500% Nil 175◦C 12 mm  33. Pa  
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substrate on two faces. Typically, failure in these tests occurs at the 
interface with the weakest bond strength. It is essential to highlight that 
for the push-out specimens, the concrete substrate was in an SSD state at 
the time of casting the SCC repair layer, as this condition is optimal for 
enhancing the interfacial bond. Fig. 5-b depicts a typical specimen post- 
failure. 

2.3. Background on Generalized Mamdani’s Fuzzy System 

The design of the fuzzy system in this study was approached through 
a three-step algorithm. Consider a set of N input-output pairs(x1,y1),(x2,

y2),…,(xN, yN) are given, where xk = (xk
1, ..., xk

n),∀k ∈ {1, ..., N}, i.e., 

X K ∈ U = U1×U2×…×Un ⊆ R n and γΚϵ V ⊆ R . The goal is to 
construct a fuzzy system f(x) based on M input-output pairs (training 
phase). The process involves the following steps: 

Step 1. Define fuzzy sets to cover the input and output spaces. 
In this step, for each Uj (j = 1, ...,n), M fuzzy sets Al

j (l = 1, ...,M) are 
defined. These sets must be completed within Uj, meaning for any 
xj ∈ Uj, there exists a set Al

j such that the membership function 
μAl

j
(xj) ∕= 0. As an illustration, by defining μAl

j
(xj) as a Gaussian mem-

bership function (Eq. (4)), it may be considered that σl
j =
⃒
⃒
⃒x(l+1)

j − xl
j

⃒
⃒
⃒/2 

(l = 1, 2, ...,M): 

Fig. 3. Tests on FRSCC mixes (a) slump flow, (b) compressive strength, (c) tensile strength.  

Fig. 4. (a) Schematic figure of slant shear test, (b) Normal and shear stresses at the interfacial in the slant shear test, (c) Typical failure of the slant shear test; 
NC=normal concrete. 
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μAl
j

(
xj
)
= e

−

(
xj − xl

j
σl

j

)2

(4)  

where xl
jis the center of the individual fuzzy set Al

j; and σl
j > 0. 

Step 2. Create the fuzzy rule base. 
The second step of the algorithm is dedicated to generating a fuzzy 

rule base. For each input-output pair, represented as (xl,yl) = (xl
1, ...,xl

n,

yl), where l = 1,2,...,M, the algorithm constructs an individual IF-THEN 
rule. The structure of these rules is defined as follows: 

Rule(l) : IF(xl
1isAl

1)and(xl
2isAl

2)and...and(xl
nisAl

n),THEN(ylisBl) (5)  

whereAl
iandBl (l = 1, 2, ...,M) are fuzzy sets in Ui ⊆ R (i = 1, 2, ..., n); 

and V ⊆ R . Additionally, x = (x1, x2, ..., xn)
T
∈ Uandy ∈ Vare the 

input and output variables of the fuzzy system, respectively, where U =
U1×U2×…×Un⊆ R n . The fuzzy implications of these rules translate the 
fuzzy IF-THEN rule into a fuzzy relationship within the combined input- 
output product space U× V. 

Step 3. Construct the fuzzy system based on the fuzzy rule base. 
The final step involves the construction of the fuzzy system utilizing 

the rule base established in Step 2. This is achieved by applying Eq. (6), 
which integrates the rules into a comprehensive fuzzy system: 

f(x) =

∑M
l=1ylφn

j=1(μAl
j
(xj))

∑M
l=1φn

j=1(μAl
j
(xj))

(6) 

In this equation, x ∈ U ⊆ R
n represents the input to the fuzzy sys-

tem; and F (x) ∈ V ⊆ R denotes the output or the desired approximator 
of the fuzzy system. 

3. Results and discussion 

3.1. Experimental Results 

The results of the 28-day compressive strength, splitting tensile 
strength, slump flow, and shear strength tests (push-out and slant shear) 
are systematically listed in Table 4. Specifically, for the slant shear test, 
the interfacial shear and normal stresses were calculated using Eqs. (1) 

and (2), offering a quantified assessment of the adhesion properties and 
integrity of the concrete interface. 

3.1.1. Slump flow, compressive, and tensile strength 
The slump flow test outcomes presented in Fig. 6 provide a detailed 

examination of how fibers and various pozzolanic additives influence 
the workability of both SCC and FRSCC mixes. The standard SCC mix 
(CTRL) showcases a slump flow of 66 cm, demonstrating high inherent 
workability. Upon the introduction of fibers, as seen in the FRSCC 
control mix (CTRLF), workability slightly diminishes to 62 cm, 
evidencing the fibers’ tendency to reduce flowability. However, the 
introduction of microsilica in FRSCC mixes, especially notable in MS10F 
and MS15F with slump flows of 70 cm each, suggests that microsilica 
can enhance workability, potentially offsetting the fibers’ reducing 

Fig. 5. (a) Schematic figure of the push-out test, (b) Typical failure of the push-out test.  

Table 4 
Tests results.  

Mix ID Slump 
Flow 
(cm) 

Compressive 
strength (MPa) 

Tensile 
strength 
(MPa) 

Push-out 
bond 
strength 
(MPa) 

Slant shear 
bond 
strength 
(shear stress) 
(MPa) 

CTRL  66  53.21  4.09  1.54  8.72 
MS5  69  57.01  4.48  2.04  10.87 
MS10  73  62.34  4.69  2.16  14.59 
MS15  73  59.75  4.66  2.1  14.31 
ZE5  65  54.03  4.15  1.93  11.44 
ZE10  63  50.29  4  1.8  9.87 
ZE15  60  47.23  3.74  1.71  9.81 
SL5  68  56.62  4.42  1.95  12.03 
SL10  71  55.32  4.4  1.83  11.89 
SL15  72  51.09  4.16  1.72  11.55 
CTRLF  62  53.31  4.54  1.91  12.1 
MS5F  66  57.72  5.04  2.28  14.24 
MS10F  70  63.6  5.64  2.68  17.1 
MS15F  70  59.43  5.16  2.64  16.18 
ZE5F  63  53.89  4.97  2.14  13.12 
ZE10F  60  50.23  4.55  2.09  12.97 
ZE15F  55  47.63  4.39  1.93  12.03 
SL5F  64  57.51  5.09  2.38  13.5 
SL10F  68  54.22  4.78  2.25  13.14 
SL15F  70  50.92  4.55  2.15  12.79  
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effect. In contrast, zeolite and slag containing FRSCC mixes, while 
showing a decrement in workability with ZE15F at the benchmark of 
55 cm and SL mixes like SL15F maintaining higher slump flows at 
70 cm, indicate a more complex interaction between fibers and these 
pozzolans, where slag appears to have a lesser impact on reducing 
workability compared to zeolite. This layered analysis underscores that 
while fibers generally lessen the flowability of SCC, the judicious inte-
gration of pozzolans like microsilica can counterbalance this effect (The 
reason for this issue can be related to the finer particles of pozzolans 
compared to cement. This makes the mixture of water and powdered 
materials more paste-like and smoother.), ensuring the retention of self- 
compacting properties across both SCC and FRSCC formulations. 

Compressive strength characteristics, presented in Fig. 7, indicate a 
marginal difference between SCC and FRSCC, suggesting that the pri-
mary role of fibers may not be in the enhancement of compressive 
strength. Instead, the significant role of pozzolanic materials, especially 
micro silica at optimal dosages, is highlighted in the improvement of 
compressive strength, since pozzolans such as microsilica provide more 

uniform distribution and greater volume of hydration products. Besides, 
as a filler they reduce the average pore size of cement paste. The peak 
strength exhibited by mixes with a 10% inclusion of microsilica un-
derscores its efficacy in refining the microstructural attributes of SCC 
while contributing to the adhesion properties noted earlier. 

As depicted in Fig. 8, the tensile strengths of FRSCC variants exhibit 
significant enhancements, reinforcing the assertion that fibers play a 
crucial role in augmenting tensile performance. The fibers’ intrinsic 
ability to interlace through and bridge cracks substantiates their inclu-
sion in SCC, particularly in applications where resistance to tensile stress 
is imperative. Moreover, the synergy between the pozzolanic materials 
and the fibers is evident, with microsilica imparting the most substantial 
improvement in tensile strength. While zeolite shows a less pronounced 
enhancement, the combination of 15% microsilica emerges as particu-
larly efficacious. In the case of slag, its positive influence becomes most 
noticeable at a 15% inclusion level, suggesting a favorable interaction 
with fibers in bolstering tensile strength. This data highlights the 
nuanced role of pozzolanic proportions in achieving optimal tensile 

Fig. 6. Slump flow results of the SCC and FRSCC mixes.  
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enhancement and underscores the necessity of deliberate pozzolan se-
lection to synergize with fiber benefits, thereby optimizing mechanical 
properties and bond strength for repair applications. 

3.1.2. Shear bond strength 
The core of this study centers on the shear bond strength, specifically 

examining the push-out shear bond strength of FRSCC repair layers as 
compared to a standard SCC mix, which is pivotal to the structural 
integrity and durability of concrete infrastructures. Fig. 9 delineates the 
percentage change in push-out shear bond strength when FRSCC repair 
layers with polypropylene fibers are bonded to concrete substrates, in 
comparison to the control mix. The data indicate that the incorporation 
of fibers generally enhances bond strength, yet the degree of improve-
ment varies significantly with different additives. Specimens with 
5–15% microsilica content exhibit a diverse impact on bond strength, 
with an optimal 15% mix achieving a 25.71% increase, suggesting a 
nonlinear response to microsilica addition. Zeolite mixes demonstrate a 

progressive decrease in bond strength enhancement, with the highest 
zeolite content mix (ZE15F) only yielding a 12.87% increase, possibly 
due to the mix’s reduced workability affecting fiber distribution and 
bond effectiveness. In contrast, slag mixes show a promising trend, with 
the bond strength incrementally improving with higher slag content, 
peaking at a 25% increase for the 15% slag mix (SL15F), indicative of a 
favorable synergy between slag and fibers in the bond strength matrix. 
This increase can probably be attributed to the less shrinkage of the 
repair layer containing slag and fibers, which reduces the stresses at the 
interface and therefore increases the bond strength between the two 
concrete layers. 

Fig. 10 depicts the correlation between shear stress as determined by 
the slant shear and push-out tests. The R2 value of 0.88 suggests a strong 
correlation between these two testing methods. Consequently, given the 
satisfactory results obtained from the push-out test, this method was 
selected for use in the finite element model. The push-out test offers 
several advantages over the slant shear method, particularly in terms of 
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Fig. 9. Push-out bond strength changes attributable to the presence of fibers.  
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Fig. 11. Membership functions for three inputs (a) pozzolan type (PT), (b) pozzolan amount (PA), and (c) fiber dosage (FD).  
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modeling the repair layer. One key benefit is its flexibility in allowing 
the creation of models with specific dimensions that closely replicate 
real-world applications. 

3.2. Prediction of Shear Bond Strength 

In this study, the factors identified as significantly impacting the 
bond strength of FRSCC are the type and amount of pozzolan, and the 
dosage of fibers. These variables have been selected for the prediction of 
shear bond strength. 

3.2.1. Generalized Mamdani fuzzy system 
For the purpose of predicting shear bond strength, the fuzzy system 

delineated in Eq. (6) is employed in conjunction with a generalized 
Mamdani’s inference engine, characterized by the Frank family of t- 
norms as detailed in Eq. (7): 

φ(x, y) = Ts
F(x, y) = logs

(

1+
(sx − 1)(sy − 1)

s − 1

)

(7)  

Here, s > 0 and s ∕= 1. In addition, the system utilizes a singleton fuz-
zifier and a centre average defuzzifier, as outlined in Eqs. (8) and (9), 
respectively. The input variables, namely pozzolan type, pozzolan 

amount, and fibre dosage, are characterized using Gaussian membership 
functions, as depicted in Fig. 11a-c: 

μA′(t) =
{

1 t = x
0 otherwise (8)  

y∗ =

∑M
l=1ylwl
∑M

l=1wl
(9)  

where y∗ ∈ U; yl is the centre of the l ‘s individual output fuzzy 

set Bl; and wl is its height. 
Fig. 12 a-h present a comparative analysis between the shear bond 

strength values calculated using the proposed fuzzy method and those 
obtained from experimental tests. The results showcased in Fig. 6a-h 
demonstrate that the proposed fuzzy system, in conjunction with the 
Frank family of t-norms, accurately predicts the shear bond strength. 
Notably, the most precise predictions were achieved with different t- 
norms, as evidenced by the coefficient of determination (R2) values: T0.5

F 

(R2=0.94048 in Fig. 12a), T2
F (R

2=0.94959 in Fig. 12b), T5
F (R

2=0.95347 
in Fig. 12c), T10

F (R2=0.9555 in Fig. 12d), T100
F (R2=0.95882 in Fig. 12e), 

T1000
F (R2=0.95971 in Fig. 12f), T1,000,000

F (R2=0.95997 in Fig. 12g) and 

Fig. 12. Prediction of bond strength with proposed fuzzy logic inference system using Frank family of t-norms: (a) s = 0.5, (b) s = 2, (c) s = 5, (d) s = 10, (e) s = 100, 
(f) s = 1000, (g) s = 1000000, and (h) s = 1000000000. 
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T1,000,000,000
F (R2=0.95997 in Fig. 12h). 

3.2.2. Linear Regression 
In an effort to predict shear bond strength (BS), a linear regression 

model culminates in the formulation of Eq. (10):  

BS = 1.570 + 0.201 PT– 0.006 PA + 3.670 FD                                 (10) 

In this equation, PT represents the type of pozzolan (where PT=0 
indicates no pozzolan, PT=1 for zeolite, PT=2 for slag, and PT=3 for 
micro silica), PA denotes the amount of pozzolan in percent, and FD 
refers to the fiber dosage in percent. 

Fig. 13 displays a comparison between the shear bond strength 
values obtained from experimental tests and those calculated using Eq. 
(10). It can be observed that the R2 values is equal to 0.8456. This 
outcome suggests that the predictions made by the proposed fuzzy sys-
tem are more precise compared to those from the linear regression 
model. Furthermore, the adaptability of the proposed fuzzy system is 
such that it can be extended to calculate the shear bond strength of other 
FRSCC mixes, showcasing its versatility and applicability in a broader 
context. 

The findings of this study lead to the conclusion that employing fuzzy 
systems with a generalized Mamdani’s inference engine, as defined by 
the Frank family of t-norms, is an effective method for predicting shear 
bond strength. However, it is essential to note that the fuzzy system was 
trained using a limited number of FRSCC mixes and only one type of 
fiber. Consequently, further research is necessary to broaden the scope 
of the system’s application. This would involve extending its capacity to 
accurately predict shear bond strength for a broader range of FRSCC 
mixes that incorporate various other types of fibers. 

4. Conclusions 

This study provided a comprehensive examination of shear bond 
strength in FRSCC, utilizing twenty distinct mix formulations. The 
research focused on analyzing the impact of three types of pozzolans – 
microsilica, zeolite, and slag – incorporated at various concentrations 
relative to cement weight, along with the assessment of polypropylene 
fibers at 0 and 0.1% volume dosages. The investigation had two primary 
objectives:  

1) To evaluate the push-out test as a feasible alternative to the slant 
shear test for determining shear bond strength in FRSCC.  

2) To implement and validate a fuzzy logic-based predictive modeling 
approach, employing a generalized Mamdani model with the Frank 
family of t-norms, for accurate prediction of FRSCC’s shear bond 
strength. 

The key conclusions drawn from this study are as follows:  

• Fiber inclusion slightly lowers SCC workability, yet microsilica’s use 
in FRSCC offsets this, underscoring the need for meticulous mix 
design to preserve self-compacting qualities and enhance mechanical 
performance.  

• It is discerned from the analysis that fibers primarily serve functions 
beyond augmenting compressive strength, whereas the inclusion of 
pozzolans—particularly microsilica at a 10% ratio—plays a pivotal 
role in elevating the compressive strength metrics of SCC.  

• Enhanced tensile strengths in FRSCC are attributed to fibers, with 
15% microsilica and slag markedly amplifying this effect, demon-
strating the importance of pozzolan selection for optimal fiber 
synergy.  

• A strong correlation between push-out and slant shear test results (R2 

= 0.88) underscores the push-out test’s potential as a practical and 
efficient alternative for bond strength assessment.  

• The study underscores fiber inclusion’s impact on FRSCC bond 
strength, with 15% microsilica and slag providing significant bene-
fits, whereas zeolite’s effect is less consistent.  

• The fuzzy logic approach successfully predicted shear bond strength 
with high accuracy (R2 up to 0.95997), validating the model’s 
effectiveness. 

While this research successfully establishes the push-out test as an 
effective evaluation tool for shear bond strength and introduces a robust 
fuzzy system model for prediction, it acknowledges the limitations, such 
as the limited training data for the fuzzy logic model, the constrained 
range of FRSCC mixes and fiber types examined. Future research should 
aim to include providing more experimental data to create a more 
reliable fuzzy logic model, a broader array of mix compositions and 
diverse fiber types, as expanding the scope of the study is crucial for fully 
validating the general applicability and reliability of the proposed 
methodologies. In conclusion, this research significantly contributes to 
concrete technology, offering new insights and methodologies for 
enhanced structural assessment and material optimization in FRSCC. By 
integrating practical testing methods with advanced predictive 
modeling, this study not only furthers the understanding of fiber- 

Fig. 13. Comparison of predicted SBS values with experimental results.  
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reinforced concrete structures but also sets the stage for future in-
novations in concrete technology. 
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