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Abstract: Fibre-reinforced cementitious composites are highly effective for construction due to their
enhanced mechanical properties. The selection of fibre material for this reinforcement is always
challenging as it is mainly dominated by the properties required at the construction site. Materials
like steel and plastic fibres have been rigorously used for their good mechanical properties. Academic
researchers have comprehensively discussed the impact and challenges of fibre reinforcement to
obtain optimal properties of resultant concrete. However, most of this research concludes its analysis
without considering the collective influence of key fibre parameters such as its shape, type, length,
and percentage. There is still a need for a model that can consider these key parameters as input,
provide the properties of reinforced concrete as output, and facilitate the user to analyse the optimal
fibre addition per the construction requirement. Thus, the current work proposes a Khan Khalel
model that can predict the desirable compressive and flexural strengths for any given values of key
fibre parameters. The accuracy of the numerical model in this study, the flexural strength of SFRC,
had the lowest and most significant errors, and the MSE was between 0.121% and 0.926%. Statistical
tools are used to develop and validate the model with numerical results. The proposed model is easy
to use but predicts compressive and flexural strengths with errors under 6% and 15%, respectively.
This error primarily represents the assumption made for the input of fibre material during model
development. It is based on the material’s elastic modulus and hence neglects the plastic behaviour
of the fibre. A possible modification in the model for considering the plastic behaviour of the fibre
will be considered as future work.

Keywords: steel fibre; plastic fibre; reinforced concrete; mechanical properties

1. Introduction

The construction industry uses a wide range of composite materials, the most common
of which is concrete. Concrete offers good strength and durability in constructing structures,
but is brittle in nature [1,2]. This is better for structures working under compressive loads.
However, in applications where structures are under bending or tension, it is deemed
necessary to reinforce concrete with materials that can provide the required ductility and
not reduce the most needed compressive strength [3-5]. Due to this reason, academic
and industrial domain researchers have used fibres of small sizes with good flexural
and tensile properties as a constituent of concrete [4,6-11]. In the past, steel fibres (SF)
were added to recycled aggregate concrete (RAC) and demonstrated an increase in tensile
strength, elastic modulus, and post-cracking behaviour [12,13]. The researchers found that
SFRC suits the structures that experience loads over the serviceability limit state in shear,
bending, and impact or dynamic forces under seismic or cyclic activity [14,15]. It was found
that the percentage of fibre by volume has little effect on compressive strength [15,16].
Utilizing fly ash and/or PVA fibre refines the pore structure, thereby enhancing frost
resistance. In contrast, MgO and SRA are less effective than PVA fibre and fly ash at
refining the pores, resulting in smaller and relatively weakened frost resistance [17]. There

Materials 2023, 16, 3700. https:/ /doi.org/10.3390/mal6103700

https:/ /www.mdpi.com/journal /materials


https://extranet.cranfield.ac.uk/10.3390/,DanaInfo=doi.org,SSL+ma16103700
https://extranet.cranfield.ac.uk/10.3390/,DanaInfo=doi.org,SSL+ma16103700
https://extranet.cranfield.ac.uk/,DanaInfo=creativecommons.org,SSL+
https://extranet.cranfield.ac.uk/licenses/by/4.0/,DanaInfo=creativecommons.org,SSL+
https://extranet.cranfield.ac.uk/licenses/by/4.0/,DanaInfo=creativecommons.org,SSL+
https://extranet.cranfield.ac.uk/journal/,DanaInfo=www.mdpi.com,SSL+materials
https://extranet.cranfield.ac.uk/,DanaInfo=www.mdpi.com,SSL+
https://extranet.cranfield.ac.uk/,DanaInfo=orcid.org,SSL+0000-0001-5737-7958
https://extranet.cranfield.ac.uk/,DanaInfo=orcid.org,SSL+0000-0001-9028-1288
https://extranet.cranfield.ac.uk/10.3390/,DanaInfo=doi.org,SSL+ma16103700
https://extranet.cranfield.ac.uk/journal/,DanaInfo=www.mdpi.com,SSL+materials
https://extranet.cranfield.ac.uk/article/10.3390/,DanaInfo=www.mdpi.com,SSL+ma16103700?type=check_update&version=2

Materials 2023, 16, 3700

2 of 31

is no correlation between the compressive strength and abrasion resistance of hydraulic
concretes containing MgO and/or PVA fibre and the pore structure parameters and pore
surface fractal dimensions [18].

Granulated blast furnace slag was used as a fibre, and the obtained properties were
plotted using multivariable linear regression. It was observed that the percentage of fibre
by weight significantly impacts compressive strength [19-23]. According to a statistical
study, the synergistic effect of the linear term of the R-ratio has a significant impact on
early compressive strength [24]. Hamed et al. employed statistical tools to predict the
thermo-mechanical properties of concrete reinforced with rubber aggregate. They used
the Taylor diagram and meant absolute errors to discuss the obtained properties [25-31].
Other fibres were tested for the tensile strength of reinforced concrete, and multiple linear
regression was used to model the test findings [32-35]. According to the published statistical
analysis, fibre hybridization positively influences flexural strength, depending on the fibre
type and volume fraction [36]. The ANN model and the regression model achieved a
good prediction of the IST strength of SFRC in evaluation [37]. Deng et al. proposed
an empirical constitutive model to describe the stress-strain relationship and damage
accumulation in hybrid fibre-reinforced concrete (HFRC). The concrete was subjected to
uniaxial cyclic tensile load and the model used volume fraction and aspect ratio of fibre as
inputs. They also discussed plastic strain, stiffness deterioration, and damage index of the
reinforced concrete with the help of their model. The model predictions agreed with the test
results [38—40].

The fibre reinforcement was also modelled with numerical methods to determine
its influence on the reinforced concrete. Lee and Fenves proposed a model of concrete
damage plasticity, which is considered the fundamental contribution to analyses of the
concrete properties with and without fibre reinforcement [41,42]. Later, researchers used
this model in Abaqus and evaluated the concrete properties under shear loads in column
construction [43]. Revanna et al. applied a CDP-based FEA model to validate a specific
reinforced concrete beam experiment, concluding that the behaviour of the beam could
be predicted [44]. When using the CDP model (CDPM) in Abaqus, it has been recom-
mended to use two stress-strain curves under compressive and tensile behaviour. The
suggested material model can also explain the propagation of cracks and the post-cracking
behaviour of reinforced concrete structures [45-48]. Other studies have presented empirical
and numerical models for predicting the flexural behaviour and compressive strength of
fibre-reinforced polymer (FRP)-reinforced concrete. However, these models are highly
complex [49-53]. MLR and CDP have recently been utilized to forecast the behaviour of
reinforced concrete (RC) elements, mainly where code requirements are unavailable. MLR
outperforms CDP because it can create accurate prediction models with a limited database.

However, most of the above-mentioned research concludes their analysis without
considering the collective influence of key fibre parameters such as its shape, type, length,
and percentage. There is still a need for a model that can consider these key parameters
as input, provide the properties of reinforced concrete as output, and facilitate the user to
analyze the optimal fibre addition per the construction requirements. Thus, the current
work proposes a Khan Khalel model that can predict the desirable compressive and flexural
strengths for any given values of key fibre parameters. Statistical tools are used to develop
and validate the model with numerical results. The proposed model is easy to use but
predicts compressive and flexural strengths with errors under 6% and 15%, respectively.
This error primarily represents the assumption made for the input of fibre material during
model development. It is based on the material’s elastic modulus and hence neglects the
plastic behaviour of the fibre. A possible modification in the model for considering the
plastic behaviour of the fibre will be considered as future work.
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Table 1. Properties of the fibres used in the study.
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dependent parameters to predict the compressive and flexural strengths of FRC. First,
we considered the effect of fibre type on the elastic modulus because the modulus varies
according to the fibre. The second parameter is shape, as the value of tensile strength
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differs for the different fibre shapes for the same type of fibre. The third parameter is the
percentage of fibres, whereby four different proportions were used in this study: 0.5%,
1%, 1.5%, and 2%. Finally, the fourth parameter, length, was assessed according to three
lengths: 20 mm, 30 mm, and 40 mm as shown in Table 1. To eliminate the influence of
variances in properties, such as dimension and order of importance between variables, the
input parameters for the FRC were transformed from their original values in Table 1 into
standardized dimensionless values. This allowed the effect sizes of different variables to be
compared. Matlab© multi linear regression command is used in our paper to generate the
relevant coefficients for developing the proposed Khan Khalel model discussed in Section 5.

2.5. Methods for Evaluating the Accuracy of the Prediction Model

In general, when evaluating the implementation of a prediction method, it is critical to
employ a variety of assessment criteria to determine the performance of the model. In this
study, four metrics are used to check the predictive accuracy: MAPE, MSE, and R?. The
metrics are as follows:

e  Mean absolute percentage error (MAPE): this is one of the most common metrics used
to measure the forecasting accuracy of a model, as shown in Equation (2). The purpose
of the MAPE formula is to gauge how different the measured value is from the exact
value [63].

MAPE = (1/n) x X(|actual — forecast|/ |actual|) x 100 )

where, X is sum, n is the sample size, actual is the actual data value, and forecast is the
data value forecast.

e  Mean squared error (MSE) is another common metric used to measure the prediction
accuracy of a model [64]. MSE is calculated as shown in Equation (3):

MSE = (1/n) x X (actual — forecast)? (3)

where, X is sum, 7 is the sample size, actual is the actual data value, and forecast is the
data value forecast.

3. Identification the Parameters of Numerical Model
3.1. Description of the Numerical Model

The cube and beam geometry design procedures of the experiments given in the pre-
vious part were created in this study using Abaqus software 2019 [65]. The concrete model
consisted of plain concrete (cube, beam), steel and plastic fibres, and loading/support.
Embedding the fibres in the concrete region is assumed to lead to a perfect bond between
the concrete and the fibres. It is worth mentioning that slipping behaviours have the same
bond idea for both beam and cube. Despite this, the perfect bonding assumption has been
widely utilized in the literature for concrete-like structures [66,67].

The concrete damage plasticity model (CDPM) is a constitutive model that can be
used to predict the behaviour of concrete in the numerical approach. It describes the
constitutive behaviour of concrete based on the introduction of scalar damage variables.
The four main components of the CDPM are damage evolution, yield criterion, law of
hardening/softening, and flow rule. CDPM characterizes the compressive and tensile
responses of concrete. The overall strain, ¢, can be split into two components according
to the standard elastic-plasticity theory to reflect concrete nonlinearity and irreversible
deformation, as shown in Equation (4). The CDPM includes a scalar damage variable,
d,0 < d <1, and uniaxial compressive/tensile damage variables, d. and d;, for simulating
progressive material deterioration, as shown in Equations (5)—(8).

e=¢e ¢! 4)
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0;j = (1—d)Dfjy (Ez‘j - 85’) (5)
= (1—d.)E (sc - sfl> (6)
0y = (1 — dt)E() (‘St — Efl) (7)
While it is given for uniaxial cyclic loading conditions as
d=1- (1—stdc)(l—scdt) (8)

The yield surface specifies the crucial stress level at which plastic deformation is
predicted to begin. Many yield criteria have been proposed to account for strength evolution
under tension and compression. The CDPM finally adopted the classic criterion first
proposed by Lubliner et al. [68] and then refined by Lee and Fenves [42].

F= ﬁ(q_ 30p + B(e”) (Tmax) — ¥{(~Tmax)) — EC(agl) =0 )
1
_ (op/0c0) =1 g0 (85 ) (1- (1
" 2o/ 1P o (e Z) v (10)
_3(1-K)
2K -1

The hardening law describes the pre-peak behaviour when the elastic area ends,
whereas the softening law covers the post-peak behaviour throughout the plastic flow [69].
Anisotropic hardening is considered in Abaqus, as shown in the analogous plastic drives
as well as the strain evolution law, as shown in Equations (9) and (10).

e =e.—0./Eg (11)

ek =¢ —0y/Ep (12)

The compressive and tensile inelastic strains are &’ and e, respectively. Plastic
deformation is determined by the flow rule, which is guided by a potential flow function
as shown in Equations (11) and (12). The CDPM uses a non-associated possible flow rule
due to the variations between metal and non-metal materials, and the possible function, G,
has a hyperbolic Drucker-Prager type form, as shown in Equations (13)—(15):

; d o
1T )

! di o
8’1‘7 = Sik (1 —tdt) F; (14)
G= \/(eatotan Y)Y+ —Ptan p =0 (15)

The CDPM in Abaqus is utilized in this study to describe compressive strength in
normal concrete, assuming that the fibres are randomly distributed in the matrix and the
FRC is thus considered as a homogeneous material. The default settings of the model
parameters defining its operation in a complex stress state (i, {, ¢, Kc) [70] were used for the
numerical analysis of FRC beams and cubes, and are shown in Table 3. According to the
standard [71], the Poisson’s ratio of uncracked concrete is supposed to be 0.2. Tables 4 and 5
present a representative summary of the concrete characteristics of the Abaqus software,
as described by Shin et al. [72]. The effects on FRC were carefully monitored and mini-
mized in this research using concrete damage plasticity DCP models to obtain quasi-static
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Table 4. Concrete compressive and tensile behaviour.
Young’s Modulus MPa y,p1e 4, Concrete c¥hfessive and tensile bERISHBHS Ratio 0.2
Compression Behaviour Concrete Compression Damage
Young’s $iggsf (NI a Ingkastic Strain Pemagerimeter Inelagtix Strain
1€ompression Behaviour  0.000622996 Qbncrete Compression Darfidi9622996
Stress (M) Inelastix(090a31057 Damage Payameter Inél Q610 SHPain
1624.00 0.00083H4¥32286 00 FHbEI822%0
20.028.01 0.000934FH87781 00 0000DFEA0E51
24.082.02 0.01408PZ8¥835257 00 000045823857
28.036.00 0.0150877867429 00 00052857819
32.038.93 0.01583523601589 00 00326362589
36.08g 7> 0.017 3942057714 0.0d5506698 O 71p7204
23589 0 oo ibsaas o i hos00s3 80889996§§§g
354570 o 0gpl2rs o AL fiistn it
26,7460 0.0248052754185 0.31335039237 PoB385>
15.60-79 0.028AAB2B3509 0. Se83AARR781 DRAEIRE
7.79 0.033283509 0.799991781 0.033283509
Table 5. Concrete tensile benavior.
Tensile BEMake6u€ oncrete tensile behavior. Concrete Tension Damage
Stress (MPa) i i
4.3678205 Tepsibp Behaviour 0 Concrete Tension b:
2.9118803 Stress (MPa) 1yqgp  Cracking Strain ) 535, 1amage Parameter  Gyaglipg Strain
1.6379327 4.3678205).0008225 0.00014 0.625 0 0.000800814
0.7279701 2.9118803 0.00147 0.00042  0.833333333333333333 006426042
1.6379327 0.0008225 0625 0.0008225
0.7279701 0.00147 0.833333333 0.00147
(S P 2asy NPy
[ “7 i"!‘ ?'I’ fé “

(b)
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Table 6. Properties of plastic fibers.

Plastic Fibres

Young’s Modulus MPa 800
Poisson’s Ratio 0.33
Stress MPa Strain
5.26 0.000064
20.00 0.000254
60.01 0.00073
100.13 0.001218
160.14 0.001948
200.10 0.002434
240.05 0.00292
274 0.003332

Table 7. Properties of plastic fibers.

Steel Fibres
Young’s Modulus MPa 200,000
Poisson’s Ratio 0.3
Stress MPa Strain
98 0
195 0.0214844
309 0.022461
407 0.0234376
505 0.0385742
602 0.0551758
716 0.0703126
798 0.083496

3.2. Concrete Mesh Convergence Analysis

The process of mesh convergence entails reducing the element size and analyzing the
effect of this reduction on the solution’s precision. The smaller the mesh size, the more
precise the solution, as the behaviour of the design or product is sampled more precisely
across its physical domain. The accuracy of numerical results is generally highly dependent
on the mesh size utilized in the numerical model. More accurate results can be produced
using a smaller mesh size, but this is more computationally expensive and requires greater
computer capacity. The smallest mesh dimension is not viable for the CDPM due to software
and computer limitations. As a result, performing a mesh convergence study to identify
the ideal mesh size is critical. Four concrete cubes with varying mesh sizes (10 mm, 8 mm,
6 mm, 4 mm, and 3 mm) were utilized in the CDPM for the mesh convergence analysis to
establish the ideal element size of the concrete model. The conductivity signatures derived
from the four concrete cubes are compared in Figure 6. The results reveal a considerable
difference in conductance mesh size between the 10 mm, 8 mm, and 6 mm elements.
However, the difference between the 4 mm and 3 mm elements is relatively modest. In
this study, a mesh size of 5 mm was employed to represent the concrete cube for concrete
disaster response assessments, when considering process time and computer memory. The
same mesh convergence analysis steps were performed for the four beam sizes for flexural
strength, as shown in Figure 7.
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utilize their flexural strength and cornpensate for the FRC matrix’s lower tensile capacity.
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In general, FRC’s flexural strength increases compared to standard concrete’s flexural
strength. Moreover, fibre length negatively influences the flexural strength when consid-
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In general, FRC’s flexural strength increases compared to standard concrete’s flexural
strength. Moreover, fibre length negatively influences the flexural strength when consid-
ering how the fibre content affects them, significantly when the length is increased, as
¥Nldenced by the results, which showed a decrease in flexural strength. 140f31

4.3. Numerical Model
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Table 8. Shows evaluates the accuracy of predicting the compressive strength of fibre-reinforced concrete.

. . Compressive .
. Elastic Tensile Strength Fibres _ Compressive (MSE) (MAPE)
Mixes of M i Percentage  Strength Ex . h
odulus of of Different Length ¢ Fib go/ perimental Strength Numerical Numerical
Concrete Fibre Types Type Shape (mm) of Fibre (%) _ PETPT Numerical and Experi-  and Experi-
(MPa) (MPa) (MPa) (MPa) mental mental
SFRC-1 200,000 800 20 0.5 42.33 44.53 1.48 4.94
SFRC-1 200,000 800 20 1 447 45.84 1.07 2.49
SFRC-1 200,000 800 20 15 39.73 43.50 1.94 8.67
SFRC-1 200,000 800 20 2 39.8 42.50 1.64 6.35
SFRC-1 200,000 800 30 0.5 43.67 45.02 1.16 3.00
SFRC-1 200,000 800 30 1 42.13 44.00 1.37 4.25
SFRC-1 200,000 800 30 15 41.63 44.00 1.54 5.39
SFRC-1 200,000 800 30 2 42.47 43.36 0.94 2.05
SFRC-1 200,000 800 40 0.5 47.47 46.34 1.06 —2.44
SFRC-1 200,000 800 40 1 43.33 44.40 1.03 241
SFRC-1 200,000 800 40 15 41 43.40 1.55 5.53
SFRC-1 200,000 800 40 2 43.2 42.00 1.10 —2.86
PFRC-1 7000 465 20 0.5 43.63 45.00 117 3.04
PFRC-1 7000 465 20 1 43.63 4491 1.13 2.85
PFRC-1 7000 465 20 1.5 40.33 43.29 1.72 6.84
PFRC-1 7000 465 20 2 39.24 43.41 2.04 9.61
PFRC-1 7000 465 30 0.5 45.3 46.87 1.25 3.35
PFRC-1 7000 465 30 1 46.23 47.09 0.93 1.83
PFRC-1 7000 465 30 15 46.37 46.00 0.61 —0.80
PFRC-1 7000 465 30 2 411 43.37 1.51 5.23
PFRC-1 7000 465 40 0.5 44 44.60 0.77 1.35
PFRC-1 7000 465 40 1 41.67 42.62 0.97 2.23
PFRC-1 7000 465 40 15 41 42.71 1.31 4.00
PFRC-1 7000 465 40 2 42.7 43.00 0.55 0.70
PFRC-2 7000 552 20 0.5 45 46.04 1.02 2.26
PFRC-2 7000 552 20 1 45 45.60 0.77 1.32
PFRC-2 7000 552 20 15 46.33 46.00 0.57 —0.72
PFRC-2 7000 552 20 2 40.33 44.00 1.92 8.34
PFRC-2 7000 552 30 0.5 45.01 45.90 0.94 1.94
PFRC-2 7000 552 30 1 48 45.17 1.68 —6.27
PFRC-2 7000 552 30 15 47.1 47.45 0.59 0.74
PFRC-2 7000 552 30 2 43.77 44.00 0.48 0.52
PFRC-2 7000 552 40 0.5 43.67 44.20 0.73 1.20
PFRC-2 7000 552 40 1 42.17 43.15 0.99 2.27
PFRC-2 7000 552 40 15 40.9 42.20 1.14 3.08
PFRC-2 7000 552 40 2 41 43.42 1.56 5.57
SFRC-2 200,000 1150 20 0.5 44 44.58 0.76 1.30
SFRC-2 200,000 1150 20 1 46 45.04 0.98 —2.13
SFRC-2 200,000 1150 20 15 45 45.50 0.71 1.10
SFRC-2 200,000 1150 20 2 40 41.30 1.14 3.15
SFRC-2 200,000 1150 30 0.5 45 46.26 1.12 2.72
SFRC-2 200,000 1150 30 1 47 47.04 0.20 0.09
SFRC-2 200,000 1150 30 15 45 45.54 0.73 1.19
SFRC-2 200,000 1150 30 2 39.67 42.05 1.54 5.66
SFRC-2 200,000 1150 40 0.5 45 45.00 0.00 0.00
SFRC-2 200,000 1150 40 1 43 43.08 0.28 0.19
SFRC-2 200,000 1150 40 15 43.77 44.58 0.90 1.82

SFRC-2 200,000 1150 40 2 43 43.33 0.57 0.76
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Table 9. Shows the flexural strength of fibre-reinforced concrete.

Elastic Tensile Strength Fibres P StFlexilr:]lz g:exurall (MSE) Ex- (MAPE)

Mixes of Modulus of of Different Leneth er?enta%e reng ’1(' N reng 1 perimental Experimental

FRC Fibre Types Type Shape ( 8 ) of Fibre (%) perimenta umerica and and

(MPa) (MPa) mm (MPa) (MPa) Numerical ~ Numerical (%)

SFRC-1 200,000 800 20 0.5 5.36 6.00 0.80 10.67
SFRC-1 200,000 800 20 1 5.50 6.10 0.77 9.84
SFRC-1 200,000 800 20 15 5.70 6.25 0.74 8.80
SFRC-1 200,000 800 20 2 5.30 6.00 0.84 11.67
SFRC-1 200,000 800 30 0.5 5.00 5.90 0.95 15.25
SFRC-1 200,000 800 30 1 6.10 6.30 0.45 3.17
SFRC-1 200,000 800 30 1.5 6.30 6.40 0.32 1.56
SFRC-1 200,000 800 30 2 5.50 6.05 0.74 9.09
SFRC-1 200,000 800 40 0.5 6.04 6.40 0.60 5.63
SFRC-1 200,000 800 40 1 5.31 6.10 0.89 12.95
SFRC-1 200,000 800 40 1.5 5.50 6.40 0.95 14.06
SFRC-1 200,000 800 40 2 5.73 6.36 0.79 9.91
PFRC-1 7000 465 20 0.5 5.30 6.36 1.03 16.67
PFRC-1 7000 465 20 1 5.80 6.50 0.84 10.77
PFRC-1 7000 465 20 15 5.78 6.40 0.79 9.69
PFRC-1 7000 465 20 2 5.30 6.06 0.87 12.54
PFRC-1 7000 465 30 0.5 5.70 6.47 0.88 11.90
PFRC-1 7000 465 30 1 5.43 6.20 0.88 12.42
PFRC-1 7000 465 30 1.5 5.57 6.29 0.85 11.45
PFRC-1 7000 465 30 2 6.00 6.45 0.67 6.98
PFRC-1 7000 465 40 0.5 5.20 6.10 0.95 14.75
PFRC-1 7000 465 40 1 5.10 6.05 0.97 15.70
PFRC-1 7000 465 40 1.5 5.50 6.00 0.71 8.33
PFRC-1 7000 465 40 2 5.30 5.95 0.81 10.92
PFRC-2 7000 552 20 0.5 521 6.05 0.92 13.88
PFRC-2 7000 552 20 1 5.70 6.45 0.87 11.63
PFRC-2 7000 552 20 1.5 6.20 6.41 0.46 3.28
PFRC-2 7000 552 20 2 5.05 5.90 0.92 14.41
PFRC-2 7000 552 30 0.5 5.92 6.47 0.74 8.50
PFRC-2 7000 552 30 1 5.40 6.15 0.87 12.20
PFRC-2 7000 552 30 15 5.50 6.20 0.84 11.29
PFRC-2 7000 552 30 2 5.73 6.50 0.88 11.85
PFRC-2 7000 552 40 0.5 5.56 6.34 0.88 12.30
PFRC-2 7000 552 40 1 5.50 6.25 0.87 12.00
PFRC-2 7000 552 40 15 5.75 6.30 0.74 8.73
PFRC-2 7000 552 40 2 5.60 6.38 0.88 12.23
SFRC-2 200,000 1150 20 0.5 5.42 6.10 0.82 11.15
SFRC-2 200,000 1150 20 1 5.50 6.28 0.88 12.42
SFRC-2 200,000 1150 20 1.5 5.40 6.12 0.85 11.76
SFRC-2 200,000 1150 20 2 5.20 6.00 0.89 13.33
SFRC-2 200,000 1150 30 0.5 5.10 5.95 0.92 14.29
SFRC-2 200,000 1150 30 1 6.10 6.29 0.44 3.02
SFRC-2 200,000 1150 30 15 6.30 6.40 0.32 1.56
SFRC-2 200,000 1150 30 2 5.90 6.10 0.45 3.28
SFRC-2 200,000 1150 40 0.5 6.04 6.27 0.48 3.67
SFRC-2 200,000 1150 40 1 521 6.10 0.94 14.59
SFRC-2 200,000 1150 40 15 5.50 6.15 0.81 10.57
SFRC-2 200,000 1150 40 2 5.73 6.25 0.72 8.32
Average 0.8 10.31

The match between the numerical data and experimental outcomes is significantly
high as shown in Figure 16. This enables the prediction of the flexural strength of fibre-
reinforced concrete using the Abaqus software’s concrete damage plasticity.
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errors, and the MSE was between 0.32% and 1.03%. Figure 18 shows the MAPE results for
the experimental and numerical models.



Materials 2023, 16, 3700

concrete generated by different fibre materials in the future. To assess the accuracy of the
fonesefeaganeddtdrbyhd fenetyt flhee lartaribtivribehfiBBRID hssk théhio acatrany ahte

ﬁgﬁlﬁ”é&ﬁt éBﬂSi@l a\ﬁdh!lﬁe Msbfwﬁ%ﬂﬁ&eeﬁlmm%dot GIBGbadeths Jnwiest %@%
aseivaemih3idte.and 1.03%. Figure 18 shows APE

results for the expenmental and numerical models.

6.50 -
] y = 0.8884x
o =0.9972 :A A A
T = 600 A A 4
Y O, 1 A A
: p= A AA A A
p— ] A
H L
53 5501 A X A&A R A A
o = N s N
= & 1 A A
@ E 500 4
o -
5 & _
® 450 1
€5
400 ——F—
5.95 6.15 6.35 6.55

Flexural Strength of Numrical model (Mpa)

Figure 17. Relationship between flexural strength results for the experimental and numerical mod-

Hlighea 17rBalasionsp i Rebwean dexrsabsgensdurssotatosdbe sxperimeatal ahd ipamgiden, mod-

els.

20
18
16
14
12
10

Number of FRC Samples

S N A S o

[0.20, 4.60]

(4.60, 9.00]

(9.00, 13.40] (13.40, 17.80]

(MAPE) Experiential and Numerical (%)

\l'lnl ]_J}' ]._AAP\.«I AVEIELICEE €RREUE | YRANRREW R IR &R0 \ /U}

HiigtredSaMsanplsldtsdesrentasser b AT midlex ual shiength.

Figure 18. Mean absolute percentage error (MAPE) of flexural strength.
THissssinpernooidelf boravwdiatiinggtHecHudtaavoom rob R Preaifibored dconeietecoldd re-

ptlaigI g

reitl ihhineie phginestel i g

1@@%&@&%@@%8@@@%@

rehahnoinrtddiRpelipisticad sRiscrtesaitd s ites
ghictivdmeiied etssdihiapuasplis

Iﬁmﬁ&@gﬂ@mmtmemodel had an adequate predictive method between input

materials and output attr1butes
% ]Bevel ment
eve men

elYI R/ilg}iel

esSullS are presen
Gl 9

e%s Ig Value on various combinations of fibre j
ssive. and 16 ura g values on varloyfl CQ
para ers w re men i0n ove es edin €s.8 an

tpﬁgﬁ@ﬁﬁ;ﬁéﬁhﬁs@qsﬂgﬁvshwérbﬁ%

to develop the model that can examine th

Sk ORERGH
LR e ﬂewga@s%&%ﬂ%@%%gﬁl@aﬁm will

e effect of fibre characteristics on compressive

and flexural strength as shown in Equations (16) and (17). The Khan-Khalel model indi-



Materials 2023, 16, 3700

24 of 31

cates that an increase in the length and percentage of fibre reduces the overall value of
compressive strength.

C.S = 40.72 — (1.46 x 10 — 05) Elastic modulu of fiber (MPa)
+(4.38 x 10 — 03) Tensile strength of fiber (MPa)
+(0.000604) Length of fiber (mm)
+(45.21) Percentage of fiber (%)

(16)

where C.S is compressive strength of fiber reinforced concrete.
The developed model indicates that an increase in the length and percentage of fibre
can increase the overall flexural strength.

F.S =53 — (5.35 x 10 — 08) elastic modulus of fiber (MPa)
+ (1.61 x 10 + 03) Tensile strength of fiber (Mpa)
+(0.002656) Length of fiber (mm)

+ (5.88333) Percentage of fiber (%) %

(17)

where F.S is the flexural strength of fiber reinforced concrete.

Validation of Khan Khalel Model with Numerical Results

The developed empirical model is validated on the arbitrary input values to observe
the accuracy for predicting the compressive and flexural strengths of FRC in general with
the help of numerical model. We validated the model on same material types and shapes
but on different lengths and percentages of fibres. The selected values were 25 mm, 35 mm,
1.25% and 1.75%, respectively. The obtained values of predicted compressive and flexural
strengths by Khan Khalel model were compared with numerical estimations as provided
in Tables 8 and 9. We have found a good agreement in between Khan Khalel and numerical
models. Additionally, as shown in Tables 10 and 11, mean absolute error and mean square
error were used to validate the results of flexural and compressive strengths.

The MSE results of the Khan Khalel and numerical model showed an error in the
range of (3.84-12%) between all flexural and compressive concrete strengths. The error in
estimation of compressive strength is under 10% and hence it determines the goodness of
prediction of the proposed model.

Table 10. Shows the validation of compressive strength.

Elastic Tensile Strength Fibres Percentage Compressive Compressive (MSE) (MAPE)
Mixes of Modulus of of Different Leneth of Fibreg Strength Strength Numerical Numerical
Concrete Fibre Types Fibres Shape (m i ) % Khan Khalel Numerical and Khan and
(MPa) (MPa) (MPa) (MPa) Khalel Khan Khalel
SFRC-1 200,000 1150 25 1.25 43.75 47.67 15 8.93
SFRC-2 200,000 800 25 1.25 41.98 45.90 15 8.75
PFRC-1 70,000 465 25 1.25 42.31 45.80 12 7.61
PFRC-2 7000 552 25 1.25 43.62 45.70 4 4.56
SFRC-1 200,000 1150 35 1.75 43.5 47.80 14 8.69
SFRC-2 200,000 800 35 1.75 42.11 45.27 10 6.97
PFRC-1 7000 465 35 1.75 43.47 45.70 5 4.89
PFRC-2 7000 552 35 1.75 43.85 45.60 3 3.84

The MSE results of the Khan Khalel values and numerical model showed an error in
the range of (0.36-0.86%) between all flexural concrete strength output of parameters that
were not used in the experimental. The error MAPE in estimation of compressive strength
is under 10% and hence it determines the goodness of prediction of the proposed model.
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Table 11. Shows validation of flexural strength.
Elastic Tensile Strength Fibres Flexural Flexural (MSE) (MAPE)
Mixes of Modulus of of Different Leneth Percentage Strength Strength Numerical Numerical
Concrete Fibre Types Type Shape (m i ) of Fibres (%) Khan Khalel Numerical and Khan and
(MPa) (MPa) (MPa) (MPa) Khalel Khan Khalel
SFRC-1 200,000 1150 25 0.0125 5.62 6.49 0.76 13.42
SFRC-2 200,000 800 25 0.0125 5.56 6.49 0.86 14.29
PFRC-1 70,000 465 25 0.0125 5.52 6.22 0.49 11.24
PFRC-2 7000 552 25 0.0125 5.53 6.30 0.59 12.20
SFRC-1 200,000 1150 35 0.0175 5.68 6.28 0.36 9.61
SFRC-2 200,000 800 35 0.0175 5.62 6.49 0.76 13.40
PFRC-1 7000 465 35 0.0175 5.58 6.30 0.53 11.54
PFRC-2 7000 552 35 0.0175 5.59 6.28 0.47 10.97

As demonstrated in this study, the Khan Khalel model can predict the optimal fibre
with acceptable accuracy to obtain a compressive strength adequate for usage in a structure.
This straightforward method for estimating the behaviour of concrete incorporating FRP
could lead to more engineers employing this form of concrete in actual applications. Com-
pared with previous studies, the collection of investigations reveals fascinating conclusions,
notably that variation in the stated test results has an accuracy, in some cases ranging from
1-10%. Moreover, This is due to extensive diversity in test specimens, materials, loading
configurations, experimental methodologies, and test arrangements [99,100].

6. Conclusions

This paper proposed the Khan Khalel model to predict the optimal fibre reinforcement
in concrete. The proposed model can take key fibre parameters as inputs and predict the
compressive and the flexural strengths of reinforced concrete as a result. The findings of
this investigation are as follows:

e  The proposed model can facilitate the users in the construction industry to select
an optimal set of fibre properties during reinforcement. The model can be used to
predict concrete behaviour with elastic fibre properties and any given physical shape
and dimensions;

e  The given results show a good agreement with a numerical model where error repre-
sents the challenges in reinforcement such as ideal mixing and distribution of fibres
in concrete, difficulty in finding the interfacial properties of fibres with concrete con-
stituents and difficulty in finding the plastic behaviour on compressive and flexural
testing machines;

o  Compared to previous studies, interesting results are obtained. The overall variation
in the test results ranges from 3.84 to 12%. It is quite acceptable, especially in the
presence of extensive diversity in test specimens, materials, loading configurations,
experimental methodologies, and test arrangements [98,99];

e The empirical model prediction accuracy is measured with R? = 0.997, MSE = 8.21,
and MAPE = 5.93%, and can be used as a compressive strength prediction tool for
FRC. In regard to flexural strength, existing literature models predict with a prediction
accuracy measured as R? ranging from 0.78 to 0.87 and MAPE ranging from 6.15
to 17.9 [100]. However, our presented model can more accurately predict flexural
strength and its accuracy is measured as R? = 0.996, MSE = 0.64 and MAPE = 12%;

e  The proposed model has used elastic modulus for material input selection and hence
predominantly considers linear elastic behaviour in FRC during tests. However, a use
of plasticity correction on this input can represent the complex nonlinear relationship
between the various input variables and properties of FRC. The different shapes and
more dimensions of the fibre should also be considered. This will be considered as a
change to be implemented in future work.
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Abbreviations

ANN Artificial neural network
IST Inter-face shear transfer
SCC Self compacting concrete
PP Polypropylene

MLR Multiple Linear regression

SFRC-1 Steel fibre reinforced concrete (Straight): Novocon® XR-1050

SFRC-2 Steel fibre reinforced concrete (Crimped): Novocon® FE-1050

PFRC-1 Plastic fibre reinforced concrete (Macro/Monofilament): Enduro® Mirage

PFRC-2  Plastic fibre reinforced concrete (Crimped): Enduro® Fibre high-performance polymer (HPP)

gl ep! Elastic and plastic strains

de,d; Uniaxial compressive and tensile damage variables

Tij Function of stress state

ijlkl Initial elasticity matrix

&ij, ef]." Total and plastic strain tensor, respectively

q Mises equivalent effective stress

7 Hydrostatic stress

Omax Maximum principal effective stress

oc0: 03p: Uniaxial compressive and tensile stresses

Lo Equiaxial compressive yield stress

K. Ratio of second stress invariant on the tensile meridian to that on the compressive one
P Dilation angle

e Eccentricity that defines the rate at which the function approaches the asymptote
G Potential flow function

Ey Elastic modulus

(C.S) Compressive strength

(ES) Flexural strength
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Figure A1. Concrete mix design.
Figure A1. Concrete mix design.
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