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Fibre-reinforced concrete (FRC) has gained tremendous attention in many disciplines due to its high initial strength, favorable
mechanical properties, structural lightness, and energy-absorbing properties. In this research, Barchip fbres, Forta, and Basalt are
utilized to reinforce concrete under penetration efect loading to examine the energy absorption and impact strength charac-
teristics. To determine the parameters of the percentage of fbres on the impact resistance properties, the Box–Behnken method as
a subset of the response surface method (RSM) was used. A diagram of RSM is adopted to determine the optimal percentage of
fbres for higher initial strength and energy absorption. Results obtained using Design-Expert software revealed an initial strength
of 886.127N and an optimal energy absorption of 4.9865 J. In addition, the calculated R2 values and normal probability graphs
showed a fairy accurate correlation between the results of the experimental and mathematical approaches. Finally, this study
evaluated the fracture surface, adhesion of the fbres to the concrete, and degradation modes of the fbres to pave the way for
optimal utilization of these hybrid FRCs.

1. Introduction

For engineers, impact and severe load resistance remains an
important challenge in terms of ensuring road trafc safety
as well as the safety of vulnerable and old infrastructure [1].
Additionally, impact loads pose a serious threat to our built
environment. During a storm, falling trees, collisions be-
tween vehicles, objects thrown at structures, and vehicle
collisions with bridge piers can all cause impact loads on
structures [2]. In consequence, concrete guardrails and
airport pavements must be designed to withstand the impact
of aircraft [3]. A study was conducted on the response of
hybrid FRC under quasi-static load testing and also the
impact of the projectile. Compared to conventional fbres,
hybrid fbres improved beam quasi-static punching

resistance as regards the behavior of load displacement and
energy absorption [4].

Te use of fbres in concrete has gained popularity in
recent years as they have been found to improve the
hardness and early strength of concrete. Te majority of
research has focused on testing reinforced concrete beams
and slabs externally reinforced with FRP laminates in shear
and fexure [5]. Engineered geopolymer composites (EGCs)
with good thermal and mechanical properties were de-
veloped by Sindu and Sasmal [6]. Using impact loads, a f-
bre-reinforced geopolymer concrete beam was tested for its
shear capacity. As a result of this study, it is suggested that
when calculating the amount of energy imparted to the beam
by the drop hammer, the variability in its kinetic energy
should be considered [7]. Tese properties include abrasion
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and impact resistance, decreased plastic shrinkage, settle-
ment cracking, and contraction of permeability [8]. Re-
searchers examined the efects of alkali-resistant glass fbres
on manufactured aggregate properties through cold-
bonding pelletization and the efect of processed aggre-
gates on lightweight concrete production. Producing
lightweight concrete with manufactured aggregates is both
economical and environmentally advantageous [9]. Chem-
ically, polymer fbres are synthetic fbres. Fibres made from
polymers are commonly derived from petrochemical
sources, including polyethylene, polyolefns, polyvinyl
chloride, and phenol-formaldehyde [10]. Te distinctly low
cost of polypropylene fbres and their exact ductility
properties make them one of the most popular types of
synthetic fbres [11]. Tere are two types of polymer fbres:
macrofbres and microfbres. Te diameter of microfbres is
less than 100mm, and their length ranges between 5 and
30mm. It has been proposed to use macropolymer fbres
(MPFs) in shotcrete in place of steel fbres due to their
enhanced energy absorption characteristics [12]. Research
on PFRC has been extensive, but attempts have not been
entirely successful in developing a model to predict tensile,
compressive, and energy absorption behavior [13].

Randomly oriented fbres can enhance brittle behavior in
concrete components, including concrete foors, as well as
transfer of load, resistance to compression, strength in
tensile, and fexibility. As a result of these improvements, the
structural performance of foam concrete can be improved
[14]. Researchers evaluated the efects of 3.3% volume
fraction of polyvinyl alcohol fbres on 1000 kg/m3 density
foam concrete. Comparing the reinforced concrete foamed
to the unreinforced concrete foamed, they found that re-
inforcement increased compressive and tensile strengths by
84.7% and 558%, respectively [15]. Metal fbres are the most
common type of fbre used to enhance concrete [16], and
fbres are made of synthetic materials [17]. In the case of
foamed concrete, a viscosity-enhancing agent was used to
increase the cohesion and consistency of the cement paste in
its fresh state [18]. In accordance with Wu et al.’s evaluation
of fbre-reinforced concrete’s dynamic mechanical proper-
ties, concrete reinforced by fbres with a volume content of
0.2% is much better at improving concrete’s mechanical
properties than two other types of fbre concrete [17]. Re-
searchers investigated how rubber concrete fractures under
cyclic loading and found that concrete strength and elastic
modulus decrease with increasing rubber content, while
fracture energy increases [19]. Te composite developed by
Ranade et al. consists of 16MPa, 5%, and 20% of high tensile
strength, high ductility, and high energy dissipation ca-
pacity, respectively. [20]. RPUFs made from nonrenewable
resources and nanostructured with BNC were studied by
Chiacchiarelli et al. [21]. Combining fax fbres with basalt
fbres produces better bending strength and fexural
strength, while SEM analysis was used to study the failure
morphology. In composites reinforced with fax fbre, im-
pact bending is increased [22]. Natural fbres are becoming
increasingly popular as reinforcement materials. Tere is an
increasing demand for materials reinforced with natural
fbres because it is possible to obtain materials that have

superior mechanical properties, low density, and low cost.
Furthermore, natural fbres are biodegradable, renewable,
and environmentally friendly [23].

Forta-Ferro fbre is color-blended, easy to fnish, and has
a wide range of applications, produced from 100% virgin
copolymer/polypropylene fbres with twisted mono-
flaments, providing a high-performance reinforcement
system for concrete. A Forta-Ferro system reduces the
shrinkage of plastics and hardened concrete, in addition to
increasing impact energy, it also increases fatigue resistance
and concrete toughness. Using a specifc synergistic fbre
system of long lengths, the ultra-heavy-duty fbre can
provide maximum durability over time, structural im-
provements, and crack management during secondary/
temperature cracks [24]. During their research, H-Nattaj
and Nematzadeh studied the impacts of steel and Forta-
Ferro fbres on high-strength concrete and also investigated
the efects of silica fumes and nano-silica on fbre-reinforced
concrete. According to this study, Forta-Ferro fbres en-
hanced concrete compressive strength by 16.9% according to
volume fractions of 0.35 percent [25]. Te shrinkage per-
formance and mechanical properties of foamed concrete
were improved when sisal fbre was added at 0.75%,
according to Liu et al. [26]. Tey compared the properties of
concrete without fbres, concrete with fbres, and Forta fbres
of diferent types. Furthermore, they compared the advan-
tages of Forta fbre over steel fbres. Te researchers con-
cluded that concrete without fbre is fragile, while concrete
reinforced with Forta fbre prevents cracks from
propagating [27].

How bar chip fbre length can infuence early-age be-
havior and cracking resistance is investigated by Alnahhal
and Aljidda [28] by applying concrete enriched with super
absorbent polymers. Barchip fbres and internal curing
materials can be used to improve the youthful properties of
concrete [29]. Additionally, they found that increasing the
percentage of Barchip fbre decreased the cracking potential
of HSC. With an increase in Barchip fbre content from 0%
to 0.3%, 0.6%, and 0.9%, the cracking potential parameter at
10.58 day decreased by 15.2%, 31.9%, and 44.3%, respectively
[30]. As part of their study, Alwesabi and colleagues eval-
uated the strength of a composite made of steel, rubber, and
polypropylene against impact. It can be concluded that
hybridizing two fbres of steel and propylene boosts both the
mechanical properties and strength of concrete simulta-
neously [31]. As a result of its excellent mechanical virtues
and environmentally friendly manufacturing process,
chopped basalt fbre is increasingly used for reinforcing
concrete [32–34]. Performance improvement of adding
basalt fbres to concrete is studied via drop-weight impact
tests on concrete specimens cast with three diferent fbre
mixtures. By adding BF to concrete, fexural strength was
increased, but impact strength was not increased [35].
According to Adesina, pulverized composites of basalt
reinforced cement exhibit improved mechanical properties
and durability and demonstrate an enhancement in the
mechanical characteristics of cement-like composites [36].

Research conducted examined the impact resistance and
fracture properties of self-compacting concrete reinforced
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with basalt, glass, and polypropylene fbre. A combination of
basalt fbre, glass fbre, and polypropylene fbre increased
fexural strength, impact resistance, and fracture energy but
not compressive strength [37–39]. Recently, single fbre
reinforced concrete was studied under weight loss tests. In
comparison with ordinary concrete, Forta fbres signifcantly
improved energy absorption and initial strength due to the
high deformation of plastic and the occurrence of bridging
phenomena [40].

Te main motivation of this study is threefold: (i) to
investigate the energy absorption and impact strength of
FRC consists of Basalt, Barchip, and Forta hybrid fbres
under low-speed impact loading; (ii) to calculate the fbres’
efects on energy absorption and initial strength bymodeling
the interaction rate between the fbres; and (iii) to propose
the optimized fbre percentage of the studied hybrid FRC
subjected to impact load. In this regard, the importance of
this paper is highlighted due to the lack of well-documented
studies and the key role of hybrid FRCs in the design and
construction of civil structures. Te results are also statis-
tically reviewed and analyzed, and fnally, the optimal fbre
content is determined for maximum strength and energy
absorption.

2. Details of the Experiment

2.1. Te Materials. In this study, gravel and sand from
Ardabil were used as aggregates for concrete specimens.
From the Namin region of Ardabil, fne-grained materials,
including natural type sand that have been washed twice and
gravel, as a coarse-grained broken type material were pre-
pared. Te sand and natural gravel are fnely sieved through
3.8 sieves, respectively, to create a homogeneous concrete,
while the remainder is sieved through grade 8 sieves. Table 1
and Figures 1(a) and 1(b) show a continuous grain size
distribution, Table 1 and Figures 1(a) and 1(b) show
a continuous grain size distribution. Table 1 shows aggre-
gates’ properties (i.e., the percentage of passing sands and
gravels from fne to coarse sieve sizes) in concrete. Fur-
thermore, Figure 1 shows the cumulative passing of the
sands and gravels used in this study, and their position
according to the upper- and lower-bound limits proposed by
the ASTM-C33 standard. As can be seen, the gravel and sand
sizes are within the permitted range according to this reg-
ulation. We used 3130.5 kg/m3 Portland pozzolanic cement
manufactured by the Ardabil Cement Factory in this study.
Te used fbres are Forta fbres from the FORTA company,
Barchip fbres from the EPC company (elastic-plastic con-
crete), and Basalt fbres from Basalt fbres company. Figure 2
graphically represents the length of the studied fbres to
reinforce the concrete, while the mechanical properties of
are tabulated in Table 2.

2.2. Te Fabrication of Fibre-Reinforced Concrete. Te con-
crete combination was prepared during the specimen fab-
rication stage, which is identical for all specimens. Weights
of materials according to the mixing plan ACI-211 are
tabulated in Table 3, while Table 4 introduces the concrete-

to-gravel-to-sand and water-to-cement ratios. Te range of
changes in the percentage of fbres in reinforced concrete
under impact testing has been selected according to the
manufacturer’s report and the experiences of past studies.
Tree diferent changes have been selected for Basalt fbres,
Forta fbres, and Barchip fbres. Te fgures for Basalt fbres
are {0.25, 0.5, 0.75}, for Forta fbres {0.1, 0.3, 0.5}, and for
Barchip fbres {0.15, 0.3, 0.45}. In the next step, for each
specimen separately, according to the percentage of the f-
bres shown in Table 5 and Figure 3, all fbres are mixed
together. After that, we mixed concrete and fbres for fve
minutes with a hand mixer at room temperature. Tis will
create a perfectly homogeneous concrete mixture.

Lastly, each compound is poured into its mold and
shaken for 10minutes according to Figure 4. According to
the Iranian concrete regulations, the concrete specimens are
being fabricated in the laboratory for 24 hours and then
cured in water for 28 days. Next, ffteen specimens measured
100mm by 100mm by 10mm were prepared. Figure 5
shows the concrete combination after continuity and its
granulation structure.

According to the design of experiments, 15 test modes
with three central points are determined as a test of re-
peatability and a test error percentage. In Table 5, formu-
lations of samples according to the Box–Behnken
experimental design are also shown. Te specimens under
impact loading are named using three letters in Table 5.
Tere are three types of fbres in concrete: basalt fbres, Forta
fbres, and Barchip fbres. In our tests, for example, B.F.C-
0.25-0.1-0.3 refers to 0.25% Basalt, 0.1% Forta, and 0.3%
Barchip fbres, respectively. Te drop hummer impact tester
is used to test hybrid FRC specimens experimentally to
provide the energy required for applying penetration im-
pacts by means of a 2 kg weight free fall from 1m above.
Figure 6 represents our real testing machine, which consists
of a magnet, an accelerometer, a load cell, and a specimen.

2.3. Parameters in Impact Resistance Behavior. Now, the
attention is turned to study the absorbed energy of RC
specimens and analyze their performance and impact
strength [1, 2]. Impact strength is the amount of force that
occurs at the onset of fracture and destruction of concrete
under an impact load. After this point, the load drops
dramatically, and the concrete loses its strength due to
penetration and total destruction.Te fuctuation of the load
in this region determines the energy absorption by the
energy absorber. Te ideal state in the penetration process is
to keep the force constant, which requires a constant
strength and high strength of the fbres used in concrete due
to the penetration of the impact during the progress process.
Te absorbed energy capacity can be calculated using the
integration of the penetration force relative to the dis-
placement. Obviously, through mechanical relations, this
value is simply obtained from the area under the force-
displacement diagram and the following equation (1).

Ea � 
δmax

0
F(δ)dδ(J), (1)
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Figure 1: Particle size distributions: (a) gravel and (b) sand aggregate.

(c) (b) (a) 

Basalt Fiber Forta Fiber Barchap Fiber

Figure 2: Length of fbres: (a) Basalt. (b) Forta. (c) Barchip.

Table 2: Mechanical properties of fbres.

Type of
fbres Density (g/cm3) Tensile strength

(MPa)
Young’s modulus

(GPa) Matrix adhesion Acid/alkali
resistance

Basalt fbres 2.67 4839 89 Good Excellent
Forta fbres 0.91 640 12 Good Excellent
Barchip fbres 0.91 660 6.4 Good Excellent

Table 3: Weights of materials according to mixing plan ACI-211.

Gravel aggregate (kg/m3) Sand aggregate (kg/m3) Cement (kg/m3) Water (kg/m3) Water/cement ratio
1020 788 480 216 0.45

Table 1: Te aggregates’ properties.

Sieve size (mm) Sand
aggregate (% passing)

Gravel
aggregate (% passing)

12.5 100 100
9.5 100 65.68
4.75 97.2 12.58
2.36 91.5 1.08
1.18 64 0.98
0.3 9 0.85
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where Ea is the absorbed energy in terms of the maximum
penetration of the projectile in concrete (δmax) and F is the
penetration force during the projectile penetration process
in concrete.

3. Numerical and Experimental Analysis

3.1. Variance Analysis. Finding the most contributing fac-
tors is of prime importance, and this can be achieved by
applying diferent sensitivity analysis techniques [41]. In this
study, analysis of variance (ANOVA) has been utilized to
investigate the role of the percentage of fbres in both the
initial strength and energy absorption, as our two perfor-
mance assessment metrics.

ANOVA gives information about the contribution of each
geometric parameter and its error. Afecting parameters are
assumed to have a P value less than 0.05. In this context,
components of the second-order model that do meet the
defned statistical signifcance condition (i.e., P< 0.05) from
the fnal equation of the studied two performance metrics are
excluded. In this paper, the results of the ANOVA technique
for impact strength and absorption energy competency are
tabulated in Tables 6 and 7, respectively. As can be seen, the
coefcient of determination (R2) and the adjusted coefcient
of determination (adj-R2) are introduced in these tables to
demonstrate the accuracy of predictions.

In accordance with the force-displacement diagram
shown in Figure 7, three identical specimens were tested to
verify the accuracy of the test. Te results show that the
maximum diference in the initial strength force between the
three specimens is equal to 10%, and the minimum dif-
ference is 3.5%. Also, comparing the results of energy ab-
sorption between the specimens, it was found that there is
a maximum diference of 11% and a minimum of 4.5%
between the results, which is acceptable due to the nature of
the load. Also, in the analysis of variance Tables 6 and 7,
considering the studied performance metrics (i.e., initial
strength and energy absorption criteria), the calculated er-
rors are acceptable for engineering practices.

3.2. Te Impact Strength Response. For the impact strength
response, the results of the second-order model show the
percentage of Basalt, Forta, and Barchip, as well as Forta and
Barchip fbres by a double interaction between the three
parameters. Te transfer function is shifted to 0.45 to boost
the accuracy of prediction models, leading to values of R2

and R2
adj to be close to each other as a result of better

convergence to 1.0 (as the best prediction output). It should
also be noted that a high value of R2 indicates the in-
dependent efect of each parameter in the model, which
determines the changes in the responses. In addition, the
value of R2

adj shows the real impact of the model parameters
on the responses, which is high and close to the 1.0 value,
refecting a good prediction of the output model. Te values
of R2 and R2

adj were 0.9879 and 0.9757, respectively. Ac-
cordingly, the capability of the predictive initial strength
models is demonstrated in an accurate way. Finally, equation
(2) proposes the formula for the initial strength response:

(Peak force)0.45
�

+18.54061 + 13.01406 × Basalt − 5.26807 × Forta

−41.75286 × Barchip + 27.92069 × Basalt × Forta

+114.92581 × Forta × Barchip − 14.72121 × Basalt2

−48.46427 × Forta2.

(2)

Te peak force response can be estimated via equation
(2) based on the actual factors for specifc levels of each
factor. For each factor, we suggest specifying the levels in
terms of original units. Given that the coefcients of this
equation are scaled to consider the units of each factor, and
the intercept is not located in the middle of the design space,
it is not recommended to fnd to determine each factor’s
relative efect.

Te bar chart in Figure 8 shows the initial strength or
strength of hybrid concrete specimens. Te B.F.C-0.5-0.5-
0.45 specimen had the highest strength. Te B.F.C-0.75-0.3-
0.15 and BFC-0.75-0.5-0.3 specimens are in second place
with the initial strength close to each other, having a 13.3%
decrease in strength compared to the B.F.C-0.5-0.5-0.45
specimen.Te lowest decrease in initial strength is related to

the B.F.C-0.5-0.1-0.45 specimen, which decreased by 750%
compared to the B.F.C-0.5-0.5-0.45 specimen.

3.3. Te Energy Absorption Response. Similar to Section 3.2,
we seek to propose a regression formula for the adsorption
force output unitizing a second-order model considering
a dual interaction between Basalt fbre percentage, Forta
fbre percentage, and Barchip fbre percentage. Te values of
R2 and R2

adj were calculated 0.9818 and 0.9676, respectively,
proving the accuracy of the prediction model. Similarly,
considering the P-value threshold equal to 0.05, where the
second-order term for the Forta fbre percentage parameter
and the double interaction between Basalt and Forta fbre
percentage, “Basalt × Forta,” and the fbres of Forta and

Table 4: Concrete by proportion.

Proportion by weight
C :G. A : S. A

Water/cement
ratio by weight

1 : 2.13 :1.64 0.45
C: cement; G. A: gravel aggregate; S. A: sand aggregate.
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Table 5: Fibre percentage and impact test results at low speed.

Samples Basalt (%) Forta (%) Barchip (%) Energy absorption
(J)

Impact strength
(N)

B.F.C-0.25-0.1-0.3 0.25 0.1 0.3 1.11112 254.026
B.F.C-0.75-0.1-0.3 0.75 0.1 0.3 1.0672 241.325
B.F.C-0.25-0.5-0.3 0.25 0.5 0.3 1.7627 381.039
B.F.C-0.75-0.5-0.3 0.75 0.5 0.3 4.32336 762.079
B.F.C-0.25-0.3-0.15 0.25 0.3 0.15 2.56676 444.959
B.F.C-0.75-0.3-0.15 0.75 0.3 0.15 4.43198 763.179
B.F.C-0.25-0.3-0.45 0.25 0.3 0.45 1.92035 317.533
B.F.C-0.75-0.3-0.45 0.75 0.3 0.45 3.90554 571.559
B.F.C-0.5-0.1-0.15 0.5 0.1 0.15 1.53148 539.806
B.F.C-0.5-0.5-0.15 0.5 0.5 0.15 2.14723 482.65
B.F.C-0.5-0.1-0.45 0.5 0.1 0.45 0.592491 101.611
B.F.C-0.5-0.5-0.45 0.5 0.5 0.45 4.35683 863.689
B.F.C-0.5-0.3-0.3 0.5 0.3 0.3 2.80879 596.962
B.F.C-0.5-0.3-0.3 0.5 0.3 0.3 2.52964 576.983
B.F.C-0.5-0.3-0.3 0.5 0.3 0.3 2.68373 540.994
B.F.C-0-0-0 0 0 0 0.7479 177.818
BFC-0.64-0.44-0.41 (opt1) 0.649 0.445 0.415 4.678 786.5437
BFC-0.73-0.47-0.37 (opt2) 0.735 0.473 0.37 4.599 838.68

Figure 3: Combination of three fbres of Basalt, Barchip, and Forta.

Figure 4: Make molds and specimens separately.
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Barchip, “Forta × Barchip” are modeled. Furthermore, the
response has been powered by −0.07 to refne the accuracy.

Te fnal energy absorption relationship is proposed as
equation (3):

(Energy absorption)
− 0.07

�

+0.952080 + 0.023401 × Basalt − 0.264465 × Forta

+0.321407 × Barchip − 0.306550 × Basalt × Forta

−0.937672 × Forta × Barchip + 0.870985 × Forta2.

(3)

Te bar chart in Figure 9 shows the energy absorbed by
hybrid concrete. Te results show that the specimen B.F.C-
0.75-0.3-0.15 had the highest energy absorption the results of
the diagram show that the specimens with the highest Basalt
fbres have the highest energy absorption. B.F.C-0.5-0.5-0.45
and B.F.C-0.75-0.5-0.3 specimens are in the second place

with very little diference in the highest energy absorption,
which has decreased by 2.48 and 1.72 compared to B.F.C-
0.75-0.3-0.15, respectively. Te B.F.C-0.5-0.1-0.45 specimen
had the lowest energy absorption, which decreased by 648%
compared to the specimen with the highest energy
absorption.

Figure 5: Structural composition and granulation of concrete after cohesion.

Figure 6: Te setting of the utilized drop hummer test device for impact tests in this study.
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Table 6: Impact strength analysis of variance (ANOVA) table.

Source Sum of squares df Mean square F-value P value
Model 166.89 7 23.84 81.34 <0.0001 Signifcant
A. Basalt 22.24 1 22.24 75.87 <0.0001
B. Forta 63.54 1 63.54 216.78 <0.0001
C. Barchip 9.53 1 9.53 32.50 0.0007
AB 7.80 1 7.80 26.60 0.0013
BC 47.55 1 47.55 162.21 <0.0001
A2 3.14 1 3.14 10.73 0.0136
B2 13.96 1 13.96 47.62 0.0002
Residual 2.05 7 0.2931
Lack of ft 1.75 5 0.3495 2.29 0.3308 Not signifcant
Pure error 0.3046 2 0.1523
Cor total 168.94 14

Std. dev 0.5414 R2 0.9879
Mean 15.91 Adjusted R2 0.9757
C.V. % 3.40 Predicted R2 0.9181

Adeq precision 31.6957

Table 7: Analyses of variance (ANOVA) for the absorption of energy.

Source Sum of squares df Mean square F-value P value
Model 0.0212 6 0.0035 70.61 <0.0001 Signifcant
A-Basalt 0.0024 1 0.0024 46.89 0.0001
B-Forta 0.0100 1 0.0100 198.74 <0.0001
C-Barchip 0.0003 1 0.0003 5.78 0.0430
AB 0.0009 1 0.0009 18.75 0.0025
BC 0.0032 1 0.0032 63.14 <0.0001
B2 0.0045 1 0.0045 90.39 <0.0001
Residual 0.0004 8 0.0001
Lack of ft 0.0004 6 0.0001 5.35 0.1659 Not signifcant
Pure error 0.0000 2 0.0000
Cor total 0.0216 14

Std. dev 0.0071 R2 0.9815
Mean 0.9475 Adjusted R2 0.9676
C.V. % 0.7473 Predicted R2 0.9169

Adeq precision 28.3648
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Figure 7: Force-displacement diagram for three identical specimens of BFC-0.5-0.3-0.3.
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3.4. Statistical Validation. Probabilistic goodness-of-ft tests
are of utmost importance to demonstrate the accuracy of
prediction models. To this end, Figure 10 shows the normal
plot of the residuals. As can be observed, the points are mostly
situated in or in the close vicinity of the 45-degree red line,
which demonstrates that a normal probability distribution is
a proper candidate to be ftted to the data. Another approach to
check the accuracy is the demonstration of residuals versus the
predicted models, as shown in Figure 11. Tis diagram shows
no regular structure among the design points, suggesting
a constant variance. Analysis of variance assumptions are
confrmed by these two forms. As the last statistical test, the
YY-plots, demonstrating the predicted versus actual distri-
bution, are depicted in Figure 12 by the fnal model obtained
for the energy absorption and initial strength responses. As can
be seen, both energy absorption behavior and impact strength
metrics are calculated accuracy due to the points located near
the diagonal line.

3.5. Quantifying the Efect of FibreWeight Percent Parameters
on Impact Strength and EnergyAbsorption. Te sensitivity of
weight percent of Basalt, Forta, and Barchip fbres to energy
absorption and impact strength properties are shown in

Figures 13(a) and 13(b), respectively. Changing the quantity
of these three parameters independently can be summarized
as follows: (i) increasing the weight percent of Barchip fbres
in concrete drops both performance criteria and vice versa;
(ii) basalt and Forta fbres act nonlinear in terms of peak
force criterion; (iii) the nonlinear behavior of the Forta fbres
in energy absorption behavior is more highlighted in the
initial strength metric; (iv) rising the weight percent of Basalt
fbres, increases energy absorption and initial strength and
vice versa. Te former metric follows a linear ascending
trend, while the latter experiences a nonlinear pattern with
a gentle slope; and (v) both performances witnessed a convex
behavior when increasing the Forta fbres (a stronger one in
energy absorption), whereas it decreases almost linearly by
the reduction of mixture.

Figures 14 and 15 depict three-dimensional represen-
tations of the dual efect of the parameters simultaneously
for the initial strength force and the absorbed energy, re-
spectively. According to the Figure 14(a), it can be stated that
at a high percentages of Barchip (45%), the variation range of
initial strength with changes in the proportion of Forta fbres
in concrete is greater than the low percentages. In other
words, at low share of Barchip fbres (15%), the sensitivity of
the impact strength to the weight percent of the Forta fbres
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Figure 8: Bar chart of the strength of hybrid concrete specimens.
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Figure 9: Bar chart of the energy absorption by hybrid concrete.
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decreases. Figure 14(b) shows that the simultaneous in-
teraction of the presence of Barchip and Basalt fbres in
concrete for impact strength response is less than other
binary fbre interactions. On the other hand, it can be seen in
Figure 14(c) that the highest quantity of the impact strength
is associated with the high weight percent of Basalt (75%)
and Forta fbres (50%).

Figure 15(a) illustrates that the interaction between the
weight percent of Forta and Barchip fbres for the absorbed
energy is higher than other parameters in concrete.
Terefore, at the high weight percent of Barchip fbres (45%)

with the changes of Forta fbres, the variation range of the
energy absorption increases sharply. Tis behavior is also
seen in the dual interaction of the presence of Basalt and
Forta fbres in concrete according to Figure 15(c).
Figure 15(b) shows that the simultaneous interaction of the
presence of Barchip and Basalt fbres in concrete for the
energy absorption response is less than the other binary fbre
interactions. In this fgure, it can be seen that the maximum
energy absorption occurs for the case where the weight
percent of Basalt fbres is at maximum level and the weight
percent of Barchip fbres has the lowest amount.
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Figure 10: Normal probability of residuals: (a) energy absorption response and (b) impact strength response.
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Figure 11: Diagrams of processed values to residuals: (a) energy absorption response and (b) impact strength response.
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3.6. Examination of the Fracture Surface. Figure 16 portrays
the failure surfaces of reinforced concrete with Forta,
Barchip, and Basalt fbres. In a comparative way, it can be

seen that the cohesion between the fbres of Basalt and Forta
with concrete is preferable. Only in the case of Barchip fbres,
a pull-out phenomenon was resulted between the fbres and
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Figure 12: Diagrams of the ftted values to real values: (a) scatter of the energy absorption response and (b) scatter of the impact strength
response.
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Figure 13: Diagram of sensitivity to changes in the fbre percentage parameters at (a) energy absorption and (b) impact strength.
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the matrix concrete. Fibre breakage, cracking of the concrete
underlying the hybrid fbre reinforcement, and global per-
foration are the chief mechanisms of energy absorption by
the impactor in concrete structures reinforced by the hybrid
fbres. Figure 17 shows the degraded concrete specimens
after penetration impact testing. In Figure 18, the fbre
specimen without the fbre reinforcement showed brittle
fracture and low strength and energy absorption

Te good adhesion of these fbres to the concrete also
increases the stress required to break the fbres. Breaking of
fbres is the most important mechanism of degradation for
increasing concrete strength and energy absorption. Fig-
ure 19 shows the breakage of Basalt fbres. Considering the
regular structure in conjunction with smaller dimensions of
Basalt fbre reinforcement of concrete, it reduces stress at the
points of connection between fbre and concrete, in com-
parison with Forta and Barchip fbres. According to the

agglomeration and localized increases in stress concentra-
tion, excessive accumulation of the Basalt fbres in concrete
signifcantly slumps the peak force.

Moreover, due to Forta fbre properties and numerous
plastic deformations during the impact loading, the Forta
fbres-reinforced concrete strengthens concrete’s impact
resistance behavior and increases its strength and absorp-
tion. As shown in Figure 19, fbre bridging in concrete by
Forta fbres is the key feature to enhance the energy dissi-
pation in specimens of concrete reinforced with fbres.
Experimental results have demonstrated that the Forta fbres
with a weight percent of 0.3 exhibit the highest energy
dissipation and strength. Ten, by increasing the weight
percent of these fbres in concrete, the peak force decreases,
which originates from high agglomeration of fbres in
conjunction with the formation of dramatic local stress
concentrations.
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Figure 14: Tree-dimensional diagram of the simultaneous efect of the parameters of (a) percentage of Forta and Barchip fbres, (b)
percentage of Basalt and Barchip fbres, and (c) percentage of Forta and Basalt fbres on the impact strength.
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3.7. Optimization Results. According to the results obtained
from analysis of variance and analysis performed on three
parameters of weight percent of the Basalt, Forta, and
Barchip fbres, optimization of energy absorption capacity
and initial strength is done. Optimal values of the parameters
that determine our design goals are determined. After
studying the efect of the process parameters on the ab-
sorption capacity and strength of the hybrid FRC, the levels
of these parameters that give the optimal point are de-
termined. According to the BBD results, the optimal op-
erating conditions for energy absorption are found to be the
Forta fbre loading of 0.445 wt%, Basalt fbre loading of 0.649
wt%, and Barchip fbre loading of 0.415 wt%. Under these
conditions, the predicted removal energy absorption is
found to be 4.9865 J, as shown in Figure 20. Te maximum
value for initial strength is 886.127N, and the utility function

of the 100% has been determined that, the upper and the
lower bounds of the parameters and responses are presented
in Table 8. Also, the optimal distribution of the values of the
parameters along with the maximum impact strength has
been indicated in Figure 21. Under optimized conditions,
experiments were conducted to verify the validity of the
statistical and experimental strategies. Te absorption and
impact strength were presented as 4.678 J and 838.68N,
respectively. Results indicated that the diference between
the experimental and optimization values was well within
a 6% range, indicating the model’s adequacy. Based on the
excellent agreement between the optimization and experi-
mental results, the validity of the model has been confrmed
as well as the existence of the optimal solution. Figure 22
shows the force-displacement diagram for optimal
specimens.
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Figure 15:Tree-dimensional diagram of the simultaneous efect of parameters of (a) percentage of Forta and Barchip fbres, (b) percentage
of Basalt and Barchip fbres, and (c) percentage of Forta and Basalt fbres on energy absorption.
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Figure 16: Fracture surface of the concrete specimen reinforced with the hybrid fbre (BFC-0.25-0.1-0.3).

Figure 17: Test results after penetration impact.

Figure 18: Fibreless concrete specimen.
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Figure 19: Fracture surface of the reinforced concrete (BFC-0.75-0.3-0.45).
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Figure 20: Optimal values of parameters and maximum energy absorption in the concrete panel under penetration impact.

Table 8: Values considered in optimizing the energy absorption-impact strength.

Signifcance Weight High limit Lower limit Target unit Indicator
3 1 0.75 0.25 In range % Basalt
3 1 0.5 0.1 In range % Forta
3 1 0.45 0.15 In range % Barchip
3 1 4.43195 0.59249 Maximize J Energy absorption
3 1 863.68963 101.611 Maximize N Impact strength
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4. The Conclusion

Tis study attempts to determine the efcacy of fbre ad-
dition on the slight-velocity impact behavior of fbre hybrid
concrete by conducting fbre addition experiments. Hybrid
concretes consisting of Basalt fbres with 0.25 to 0.75 wt%,
Forta fbres with 0.1 to 0.5 wt%, and Barchip fbres with 0.15
to 0.45 wt% were made using the response surface method,
which is one of the test design methods, and impacts were
applied by using a spherical tip projectile.Te descriptions of
the results of this research are summarized as follows:

(i) In impact loading, there is not much adhesion
between the Barchip fbres and concrete. Ac-
cordingly, no efective stress transfer between the
concrete and the fbres is reported.

(ii) Fibres from Forta have been proven to increase the
fracture toughness and fracture strength of hybrid
concrete by bridging mechanisms between the
concrete feld and fbres.

(iii) Basalt fbres and concrete had negligible stress
concentration between the connecting points and
the interface. It is this stress that leads to fbre
breakage.

(iv) Te amount of basalt fbres in a material increases
its energy absorption, but its strength decreases
due to the phenomenon of agglomeration when
the amount is high.

(v) According to the optimization results, the maxi-
mum energy absorption and initial strength are
4.9865 J and 886.127N, respectively.

(vi) Application of uncertainty-aware optimization
techniques [42] can pave the way for future studies
using the developed experimental dataset by
this study.

(vii) According to the BBD results, the optimal oper-
ating conditions for energy absorption are found to
be the Forta fbre loading of 0.445 wt%, Basalt fbre
loading of 0.649 wt%, and Barchip fbre loading of
0.415 wt%. Under these conditions, the predicted
removal energy absorption is found to be
4.9865 J. In addition, the maximum value for initial
strength is 886.127N, and the utility function of
the 100% has been determined. Te optimized
mixtures are within the upper and lower bounds of
the parameters and responses.

(viii) Under optimized conditions, experiments were
conducted to verify the validity of the statistical
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Figure 21: Optimal values of parameters and maximum impact strength in the concrete panel under penetration impact.
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and experimental tests. Te absorption and impact
strength were presented as 4.678 J and 838.68N,
respectively. Results indicated that the diference
between the experimental and optimization values
was well within a 6% range, indicating the model’s
adequacy. Based on the excellent agreement be-
tween the optimization and experimental results,
the validity of the model has been confrmed as
well as the existence of the optimal solution.
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