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A B S T R A C T   

Recently, researchers’ efforts have been directed toward using fiber-reinforced concrete (FRC) in lieu of con-
ventional concrete to improve the compressive strain, tensile strength capacity, cracking patterns, and ductility 
of fiber-reinforced polymer (FRP) reinforced concrete members. In this study, a numerical one-factor-at-a-time 
parametric study including 144 finite element (FE) models was performed using ABAQUS 6.14 software to 
deeply explore the influence of the volume ratios of basalt macro-fiber (BMF), reinforcement ratios of basalt FRP 
(BFRP) bars, and stirrups spacing on the moment redistribution of basalt FRC continuous beams reinforced with 
BFRP bars. It was shown that the most influential parameter on the moment redistribution was the longitudinal 
reinforcement configuration. While a higher moment redistribution was noticed with higher sagging reinforce-
ment ratios and BMF, stirrups spacing showed no effect on the moment redistribution. It was also observed that 
the moments were inversely distributed for FE models having high hogging-to-sagging reinforcement ratios. The 
sagging-to-hogging reinforcement ratio is recommended to be at least 1.6 to ensure a uniform moment redis-
tribution. Furthermore, a multiple linear regression model was developed using Minitab 17 software to establish 
a relationship between the investigated parameters and the beams’ moment redistribution. The moment redis-
tribution was accurately predicted using the developed regression model.   

1. Introduction 

Corrosion of steel reinforcement degrades the strength and durability 
properties of reinforced concrete (RC) structures while increasing 
maintenance costs [1]. To address this issue, various innovative solu-
tions have been proposed, one of which is the use of non-corrosive fiber- 
reinforced polymer (FRP) composites. Compared to steel reinforcement, 
FRP composites have a higher strength-to-weight ratio and excellent 
durability properties [2]. Glass FRP (GFRP), aramid FRP (AFRP), and 
carbon FRP (CFRP) are the most commonly used FRP composites [3–5]. 
With the advancement of FRP composite production technology, newly 
developed basalt FRP (BFRP) composites were eventually added to the 
FRP family [6]. BFRP composites have 25% lesser weight than steel, 
higher resistance to chemical attacks and lower impact on the envi-
ronment than GFRP, and larger ultimate strains and lower price than 
CFRP [7–9]. 

Numerous studies have been reported on the behavior of simply- 
supported RC elements with FRP reinforcement [8,10–16]. However, 
little attention has been given to the behavior of continuous beams and 

slabs reinforced with FRP bars [17–21]. Habeeb and Ashour [3], Grace 
et al. [22], and Ashour and Habeeb [23] observed that the cracking 
patterns, failure mode, and ductility of FRP-RC continuous beams were 
different from those with steel reinforcement. Mahroug et al. [24] and 
Akiel et al. [25] noticed that the sagging reinforcement was more 
effective in improving the stiffness of CFRP-RC continuous slabs than the 
hogging reinforcement. Furthermore, current design codes allow 
continuous steel-RC beams and slabs to redistribute bending moments 
between critical sections during loading [26,27]. This distinctive prop-
erty allows to reduce the congested reinforcement at critical connections 
and for a maximum utilization of the members’ loading capacity 
[28,29]. The moment redistribution in steel-RC members has been 
extensively investigated [30–33]. However, there is little data on FRP- 
RC continuous beams and slabs [3,18,29,34–36]. Mahroug et al. [24] 
demonstrated that the redistribution of bending moments in FRP-RC 
elements depends on the reinforcement configuration, lower elastic 
modulus of FRP composites compared to steel reinforcement, and bond 
strength of FRP bars to concrete. Mahrouget al. [20] and Kara et al. [37] 
reported that BFRP-RC slabs with higher sagging reinforcement 
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recorded higher moment redistribution. Additionally, EI-Mogy et al. 
[38] observed higher moment redistribution in GFRP-RC continuous 
beams having higher stirrup diameters. A recent study by Akiel et al. 
[19] showed that RC continuous beams with only BFRP bars reported 
higher moment redistribution than those with hybrid reinforcement of 
BFRP and steel bars. Moreover, the authors reported that increasing the 
top reinforcement inversely affected the moment redistribution. It is 
worth mentioning that due to the brittleness of FRP composites, the 
moment redistribution of FRP-RC continuous members was exempted 
from FRP design guidelines [39–42]. Accordingly, additional research 
on the moment redistribution of FRP-RC continuous elements is required 
to provide more confidence in FRP design procedures. 

Meanwhile, FRP-RC elements suffer from the low elastic modulus 
and linear elastic stress–strain response to failure, which cause excessive 
deformations, wider cracks, and brittle failure compared to their coun-
terparts with steel reinforcement [8,14]. As a result, ACI 440.1R-15 [39] 
recommends that FRP-RC elements should be over-reinforced to avoid 
FRP bar rupture and to ensure concrete crushing failure mode. Conse-
quently, the tensile strength of FRP reinforcement in FRP-RC elements is 
not fully exploited, as the failure is mainly determined by concrete 
properties. Therefore, researchers have focused their efforts on the use 
of fiber-reinforced concrete (FRC) to improve the compressive strain of 
concrete and the ductility of FRP-RC elements [10,43–45]. Wang and 
Belarbi [43] studied the influence of adding polypropylene fibers on the 
flexural behavior of CFRP and GFRP-RC beams. The authors found that 
FRC specimens had higher tensile strength and lower crack widths. 
Similar outcomes were also reported by High et al. [10] and Yang et al. 
[44]. A study conducted by Issa et al. [45] showed that steel, glass, and 
polypropylene fibers increased the ductility of GFRP-RC beams by 
277.8% in comparison with plain GFRP-RC beams. Furthermore, the 
beams’ load-carrying capacity was increased by increasing the fibers’ 
volume fractions (Vf). Moreover, Visintin et al. [46] and Abushanab 
et al. [47] found that structural fibers enhanced the moment redistri-
bution of continuous beams by 17%. 

Steel and synthetic fibers are currently the most often used fibers in 
FRC applications. Nonetheless, the inclusion of steel fibers in FRC in-
creases the FRC weight and susceptibility to corrosion. Besides, syn-
thetic fibers show a sign of degradation against environmental and 
chemical attacks [14]. For that reason, the feasibility of replacing steel 
and synthetic fibers with the recently developed basalt macro-fibers 
(BMF) was investigated in this study. Limited studies are available on 
the performance of basalt fibers on FRP-RC beams and slabs 
[2,6,14,48,49]. Attia et al. [14] revealed that BMF improved the load- 
crack responses of BFRP-basalt FRC (BFRC) slabs by 46% to 93% and 
resulted in a more ductile failure mode. Similar observations were also 
reported by Abed and Alhafiz [2]. 

In previous research done by the authors, the moment redistribution 
of BFRC continuous beams with BFRP bars was investigated experi-
mentally and analytically [47,50]. Seven BFRP-BFRC continuous beams 
with various Vf of BMF, longitudinal reinforcement ratios, and stirrups 
spacing, were investigated. The experimental results showed that 
increasing the main reinforcement and BMF ratios increased the 
moment redistribution by 43% and 17%, respectively. However, stirrups 
spacing showed negligible influence on the beams’ moment redistribu-
tion. Furthermore, the authors developed and validated 2D nonlinear 
finite element (FE) models using ABAQUS software [51]. The beams’ 
load–deflection responses and cracking patterns were accurately pre-
dicted by the developed FE models. However, because of the small 
number of the tested continuous large-scale beams due to equipment 
and experiment restrictions, a thorough examination of all parameters 
impacting the moment redistribution of BFRC continuous beams with 
BFRP bars was challenging. Therefore, the present study aimed to 
perform a numerical one-factor-at-a-time parametric study to explore 
additional parameters influencing the moment redistribution of BFRC 
continuous beams with BFRP bars. Moreover, a multiple linear regres-
sion model was established to describe the relationship between the 

beams’ moment redistribution and reinforcement ratios, Vf of BMF, and 
stirrups spacing. It is expected that this study would contribute to the 
FRP design guidelines. 

2. Summary of the experimental and numerical work 

The current study builds on the authors’ earlier research on the 
moment redistribution of BFRP-BFRC continuous beams [47,50]. A total 
of seven BFRP-BFRC continuous beams made of two-equal span were 
experimentally tested and numerically simulated. The beams’ cross- 
section dimension was 200 × 300 mm. The beams’ overall length was 
4000 mm with an effective span length of 1800 mm. A schematic 
drawing of the beam specimen is shown in Fig. 1. The beams were 
longitudinally reinforced with helical wrapping surface BFRP bars of 8 
and 10 mm diameters with an ultimate tensile strength of 1096 and 
1070 MPa, ultimate strain of 0.027 and 0.023, and elastic modulus of 
42.7 and 44.7 GPa, respectively. In addition, steel stirrups with a 
diameter of 10 mm, yield tensile strength of 515 MPa, and yield strain of 
0.00268 were used as transverse reinforcement for all beams. BMF of 
46% vinyl ester, 43 mm length, 0.66 mm diameter, 1100 MPa ultimate 
tensile strength, 0.021 ultimate strain, and 44 GPa elastic modulus were 
added to BFRC beam specimens. Fig. 2 shows photographs of BFRP bars 
and BMF used in the previous study. Moreover, the tested beams were 
numerically simulated using commercial ABAQUS software [51]. The 
developed FE model is presented in Fig. 3. BFRC compressive stress–-
strain behavior was modeled based on Ayub et al. analytical model [52], 
while the tensile behavior of BFRC was modeled identical to the 
experimental data. The effect of the BMF in the FE models was implicitly 
included in the compressive and tensile strengths of BFRC. The built-in 
concrete damage plasticity (CDP) model was used to simulate the 
compressive and tensile damage of concrete. BFRP bars and steel stir-
rups were models as truss elements. Material non-linearity and mesh 
sensitivity were considered in the developed FE models. The FE models 
were validated using the load–deflection and cracking responses of the 
tested beams. Further details on the experimental and numerical pro-
grams can be found in [47,50]. 

3. The parametric study 

The developed FE model in Abushanab [50] was systematically 
expanded to 144 FE models to study all possible combinations of rein-
forcement ratios, Vf of BMF, and stirrups spacing on the moment 
redistribution of BFRP-BFRC continuous beams, as shown in Table 1. 
The investigated parameters included four top and bottom BFRP longi-
tudinal reinforcement ratios (0.6ρfb, 1.0ρfb, 1.8 ρfb, and 2.8 ρfb, where ρfb 

is FRP balanced reinforcement ratio), three Vf of BMF (0, 0.75, and 
1.5%), and three stirrup spacings (80, 100, and 120 mm). All FE models 
had identical geometry and loading patterns to the tested beams. A one- 
factor-at-a-time parametric study was carried out on the developed FE 
models. To investigate the impact of a given parameter, only this 
parameter was varied while the other parameters were kept unchanged. 
For a given FE model, the moment redistribution was calculated as per 
Eqs. (1) to (5): 

MS− Pred. = RA ×

(
L
2

)

(1)  

MH− Pred. =

(
P
2
×

(
L
2

))

− RA × L (2)  

MS− Elastic = 0.156 ×
P
2
× L (3)  

MH− Elastic = 0.188 ×
P
2
× L (4)  
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%Moment Redistribution =
MPred.− MElastic

MElastic
× 100 (5)  

where MS-Pred. is the predicted sagging moment by the FE model, MH-Pred. 
is the predicted hogging moment by the FE model, MS-Elastic is the elastic 
sagging moment, MH-Elastic is the elastic hogging moment, RA is the end 
reaction measured by the FE model, and P is the total applied load 
measured by the FE model. Afterward, a multiple linear regression 
equation relating the predicted moment redistribution to the investi-
gated parameters was proposed using Minitab 17 software [53]. The 
equation was then verified against the experimental moment 
redistribution. 

3.1. Analysis of the results 

3.1.1. Effect of BFRP reinforcement ratio 
The reinforcement ratios considered in this parametric study are 

classified as under-reinforcement, balance-reinforcement, and over- 
reinforcement ratios, as shown in Table 1. The details of the reinforce-
ment ratios used in this parametric study are shown in Table 2, and the 
testing matrix of the FE models is presented in Table 3. The designation 
used for the FE models is based on the reinforcement configuration. The 
first part stands for the hogging reinforcement, while the second part 
stands for the sagging reinforcement. R0, R1, R2, and R3 stand for the 
reinforcement ratios of 0.6ρfb, 1.0ρfb, 1.8 ρfb, and 2.8 ρfb, respectively. 
For example, R0R1 represents a FE model with a hogging reinforcement 
of 2 ϕ 8 and sagging reinforcement of 2 ϕ 10. The testing matrix, shown 
in Table 3, was repeated for each level of the BMF and stirrups spacing, 
making a total of 144 FE models. 

The predicted moment redistributions of BFRP-BFRC continuous 
beams with different hogging and sagging reinforcement ratios are 
presented in Fig. 4(a)–(d). It could be seen that at constant hogging 
reinforcement ratios of R0 and R1, the moment redistribution increased 
as the sagging reinforcement ratio increased from R0 to R3. At Vf of BMF 
of 0% and stirrups spacing of 120 mm, FE models R0R1, R0R2, R0R3, 
R1R1, R1R2, and R1R3 reported 20%, 90%, 120%, 100%, 200%, and 
280% higher moment redistribution than their counterparts with a 
hogging reinforcement ratio of R0, respectively. This is attributed to the 
increased flexural rigidity of the sagging section with higher sagging 
reinforcement ratios, which, in turn, allowed the sagging section to 
resist more tensile stresses. A similar trend was also observed for FE 
models with BMF at Vf = 0.75 and 1.5% and stirrups spacing of 80 and 
100 mm. El-Mogy et al. [29] and Santos et al. [54] have also confirmed 
that the moment redistribution of FRP-RC continuous beams increased 
by increasing the sagging reinforcement ratio. 

Conversely, it was observed that increasing the hogging reinforce-
ment ratio to R2 and R3 while keeping the sagging reinforcement at R0 
and R1 resulted in an inverse moment redistribution (i.e., from sagging 
to hogging section), which is similar to the experimental observation 
reported by the authors in an earlier study [47]. The inverse moment 
redistribution occurred because the sagging reinforcement in FE models 

Fig. 1. Schematic drawing of the beam specimens. All dimensions are in mm.  

Fig. 2. BFRP bars and BMF used in Abushanab et al. [47].  
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R2R0, R3R0, and R3R1 could not provide the flexural strength needed to 
sustain the applied stresses and thus transferred part of the sagging 
stresses to the hogging section. This observation agrees with Akiel et al. 
[19] and El-Mogy et al. [29]. On the other hand, FE models R2R1, R2R2, 
and R3R2 showed a uniform moment redistribution (i.e., from hogging 
to sagging section) of only 2%, 8%, and 7%, respectively. This is mostly 
due to the increased axial stiffness of BFRP bars at the hogging section, 
which decreased the middle support crack widths and allowed them to 
withstand higher tensile stresses. As a result, these models transferred 
less tensile stresses to the sagging section in comparison with other FE 
models with higher sagging-to-hogging ratios (i.e., FE models R2R3 and 

R3R3). In light of these results, it is clear that the higher the sagging-to- 
hogging reinforcement ratio, the better the moment redistribution, and 
vice versa. This implies that the reinforcement configuration of BFRP- 
BFRC continuous beams had a significant influence on the moment 
redistribution. Based on the findings, BFRP-BFRC continuous beams 
should be designed with a sagging-to-hogging reinforcement ratio of at 
least 1.6 to ensure a uniform and effective moment redistribution. 

3.1.2. Effect of BMF 
The effect of BMF on the moment redistribution of BFRP-BFRC 

continuous beams was investigated on 144 FE models with Vf of 0, 
0.75, and 1.50% (Fig. 4(a)–(d)). It is clear that FE models with BMF 
achieved higher moment redistribution than those with no added BMF. 
This could be demonstrated in FE model R1R3 with stirrups spacing of 
80 mm, where increasing the Vf of BMF from 0% to 0.75% and 1.5% 
increased the moment redistribution by 13% and 19%, respectively, 
attributable to the fibers’ bridging effect, which redistributed the tensile 
stresses along the whole length of the beams and therefore increased 
their rotational capacity. The results also demonstrated that when the 
sagging reinforcement increased, the influence of BMF on the moment 
redistribution decreased. For example, FE models R0R1, R0R2, and 
R0R3 with BMF at Vf = 1.5% and stirrups spacing of 100 mm recorded 
18, 12, and 9% higher moment redistribution than their counterparts 
with no BMF, respectively. This behavior could be explained by the 
relationship between the beams’ sagging reinforcement and tensile 
cracks, of which increasing the sagging reinforcement decreased the 
tensile cracks, and thus decreasing the effect of BMF compared to the 
beams with lower sagging reinforcement ratios. The results of Abed and 
Alhafiz [2], Attia et al. [14], and Alnahhal and Aljidda [55] and also 
reported that BMF improved the ductility and rotational capacity of RC 
elements. 

3.1.3. Effect of stirrups spacing 
The variations in the beams’ moment redistribution with respect to 

the stirrups spacing are provided in Fig. 4(a)–(d). Each level of stirrups 
spacing is composed of 48 FE models. According to the earlier experi-
mental study conducted by the authors [47], it was observed that the 
moment redistribution was marginally increased by 6% when the stir-
rups spacing decreased from 120 to 80 mm. It should be emphasized that 
this discovery was reported based on a single beam experiment. How-
ever, a deeper investigation into the effect of stirrups spacing on moment 
redistribution in this parametric study revealed that there is no clear 

Fig. 3. The developed FE model in Abushanab [50]: (a) loading patterns and element types and (b) node locations.  

Table 1 
Studied parameters and their levels.  

Parameter Unit Level 1 Level 2 Level 3 Level 4 

Top reinforcement ratio ρfb  0.6 1.0 1.8 2.8 
Bottom reinforcement ratio ρfb  0.6 1.0 1.8 2.8 

Vf of BMF % 0 0.75 1.5 – 
Stirrup spacings mm 80 100 120 – 

Note: 
1- ρfb is the FRP balanced reinforcement ratio. ρfb was calculated as per ACI 
440.1R-15 provisions [39]. 

Table 2 
Reinforcement configuration of the simulated beams.  

Symbol Reinforcement ρf  ρf /ρfb  

R0 2 ϕ 8 0.00167 0.64 
R1 2 ϕ 10 0.00262 1.00 
R2 4 ϕ 10 0.00523 2.00 
R3 6 ϕ 10 0.00760 3.00  

Table 3 
Testing matrix of the simulated beams.  

Hogging 
Reinforcement 

Sagging Reinforcement  

R0 R1 R2 R3 

R0 R0R0 R0R1 R0R2 R0R3 
R1 R1R0 R1R1 R1R2 R1R3 
R2 R2R0 R2R1 R2R2 R2R3 
R3 R3R0 R3R1 R3R2 R3R3  
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trend between stirrups spacing and moment redistribution for all levels 
of reinforcement ratios and BMF, owing to the low influence of stirrups 
on the flexural behavior of the beams (Fig. 4(a)–(d)). This indicates that 
the moment redistribution of continuous beams is dominated by the 
longitudinal reinforcement configuration and the flexural capacity of 

sagging and hogging sections, as seen in Sections 3.1.1 and 3.1.2. This 
observation confirmes the results of El-Mogy et al. [38], who found that 
the moment redistribution of continuous beams is independent of the 
stirrups spacing. 

Fig. 4. Moment redistribution for different stirrups spacing and BMF percentages arranged as per the hogging reinforcement: (a) R0, (b) R1, (c) R2, and (d) R3.  
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4. The statistical analysis 

4.1. The correlation analysis 

In this study, Pearson correlation test was performed to measure the 
degree of dependence between the test variables and moment redistri-
bution. In general, correlation varies between − 1 to +1; in which − 1 
indicates a perfect negative correlation and +1 indicates a perfect 

positive correlation. As could be noticed in Table 4, sagging reinforce-
ment is the most influencing parameter on the beams’ moment redis-
tribution with a high positive correlation of 0.781. Furthermore, 
hogging reinforcement and beam moment redistribution were shown to 
have a modest negative correlation of 0.331, indicating that the moment 
redistribution is proportionally affected by the sagging-to-hogging 
reinforcement ratios. These results are in line with Akiel et al [19], El- 
Mogy et al. [29], and Abushanab et al. [47] experimental 

Fig. 4. (continued). 
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investigations. Moreover, in agreement with the parametric study re-
sults, both BMF and stirrups spacing showed negligible correlation with 
the moment redistribution. 

4.2. The regression analysis 

Regression analysis is a statistical tool commonly used to describe 
the relationship between dependent and independent variables. By 
developing such a relationship, a broader range of dependent variables 
could be estimated as an alternative tool to laboratory testing and FE 
simulations. Regression analysis is classified into two types: simple 
regression and multiple regression analysis. The simple regression is 
composed of a single independent variable, while the multiple regres-
sion is composed of more than one independent variable. A mathemat-
ical equation that represents the relationship between the dependent 
and independent variables is termed a regression model. The regression 
model is further classified into linear regression and non-linear regres-
sion models [56]. A general form of simple linear regression and mul-
tiple linear regression models are given in Eqs. (6) and (7), respectively: 

Y = βo + β1x1 (6)  

Y = βo + β1x1 + β2x2 +⋯+ βnxn (7)  

where Y is the dependent variable, βo is the point where the line crosses 
the Y-axis (i.e., Y-intercept), β1 is the slope of the line, β1, β2,⋯, βn are 
the independent variable coefficients, and x1, x2,⋯, xn are the inde-
pendent variables. In the present work, a multiple linear regression 

analysis considering a confidence interval of 95% was carried out using 
the data presented in Section 3. The regression analysis aimed to sta-
tistically clarify the findings and establish a relationship between the 
moment redistribution of BFRP-BFRC continuous beams and reinforce-
ment ratios, Vf of BMF, and stirrups spacing. The analysis was performed 
using Minitab 17 software [53], in which the moment redistribution was 
defined as the dependent variable, while reinforcement ratios, Vf of 
BMF, and stirrups spacing were defined as the independent variables. 
The regression coefficients were estimated using the curve fitting anal-
ysis. To improve the strength of the regression model, FE models R2R0, 
R3R0, and R3R1 were excluded from the regression analysis, as they 
experienced BFRP bar rupture failure mode and inverse moment redis-
tribution. The proposed moment redistribution equation established 
from the regression analysis is shown in Eq. (8): 

MR = 3.72 + 0.041SR − 0.025HR + 0.44Vf + 0.021SS (8)  

where MR is the moment redistribution (%), 3.72 is Y-intercept, SR is the 
sagging reinforcement area (mm2), HR is the hogging reinforcement 
area (mm2), Vf is the Vf of BMF (%), and SS is the stirrups spacing (mm). 
The proposed model had a coefficient of determination (R2) of 87%, 
indicating an adequate fit model. Furthermore, the assumptions of the 
normal and random distribution, equal variance, and independence of 
the residuals were evaluated using the residual plots of the regression 
model, as shown in Fig. 5. The normal probability plot explains the 
distribution of the residual values. The residual distribution is consid-
ered normal when the points form a straight line and are close to the 
fitted line. The histogram plot assesses the normality of the residuals. 
The residual versus fit plot evaluates the random distribution and equal 
variance assumptions of the residuals. The residual versus order plot 
tests the independence of the residuals. From Fig. 5, it could be seen that 
most of the points in the probability plot are linearly distributed around 
the fitted line, except for two outliers at the ends. These outliers corre-
spond to FE models R1R0 and R2R1, which have higher hogging rein-
forcement than sagging reinforcement. Moreover, the variability in the 
histogram plot is between − 5 and 5 with no outliers in the developed 
model. Additionally, the residuals in the residual versus fit and residual 

Table 4 
Pearson correlation between investigated variables and moment 
redistribution.  

Variable Moment redistribution 

Sagging reinforcement 0.781 
Hogging reinforcement − 0.331 

BMF 0.029 
Stirrups spacing 0.068  

Fig. 5. Residual plots for the proposed regression model.  
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versus order plots are randomly distributed. This indicates that the re-
siduals are independent of each other and have equal variance. Hence, 
the above-mentioned assumptions for the residuals are confirmed, and 
the data used is valid for the regression analysis. It is worth noting in Eq. 
(8) that the positive variable coefficients for the sagging reinforcement 
ratio, Vf of BMF, and stirrups spacing indicate that increasing these 
variables increases the moment redistribution, whereas the negative 
variable coefficient for the hogging reinforcement ratio indicates that 
the moment redistribution is inversely affected by the sagging rein-
forcement, which agrees with the results of the parametric study. Sup-
porting Pearson correlation results, the effect of both BMF and stirrups 
spacing was negligible on the regression model. For example, a 
maximum increase in the beams’ moment redistribution considering a Vf 
of BMF of 1.5% and stirrups spacing of 120 mm is 0.66% and 0.84%, 
respectively, as compared to beams with Vf of BMF of 0% and stirrups 
spacing of 80 mm. To this end, it can be concluded that the sagging-to- 
hogging reinforcement is the most influential parameter on the beams’ 
moment redistribution. 

4.3. Accuracy of the regression model 

The accuracy of the proposed regression model was verified using the 
over-reinforced beam results reported by Abushanab et al. [47]. As 
shown in Table 5, the proposed regression model was capable of esti-
mating the moment redistribution of the beams with experimental-to- 
estimated mean, standard deviation of the error, and coefficient of 
variance of 0.97, 0.09, and 9.08%, respectively. It should be noted that 
the estimated moment redistribution by Eq. (8) is a function of the ge-
ometry of the beams and properties of BFRP bars, BMF, and steel stir-
rups, and the results might vary if other beams’ geometry or material 
properties are used. Therefore, further experimental work should be 
conducted to utilize the regression model for practical applications in 
order to obtain an accurate estimate of the moment redistribution of 
BFRP-BFRC continuous beams, as there is insufficient data in the 
literature. 

5. Conclusions 

A numerical one-factor-at-a-time parametric investigation was per-
formed using 144 FE models to explore the influence of all possible 
combinations of reinforcement ratios, Vf of BMF, and stirrup spacings on 
the moment redistribution of BFRP-BFRC continuous beams. Afterward, 
a multiple linear regression using the parametric study data was con-
ducted to establish a relationship between the investigated parameters 
and the moment redistribution of BFRP-BFRC continuous beams. The 
following conclusions are obtained from this parametric study:  

1- The sagging reinforcement ratio had a more pronounced impact on 
the moment redistribution of BFRP-RC beams than the hogging 
reinforcement ratio. That was because the sagging reinforcement 
controls the beams’ flexural strength. 

2- A uniform moment redistribution occurred in FE models with hog-
ging reinforcement ratios equal or lower than the sagging rein-
forcement ratio. The optimum sagging-to-hogging BFRP 
reinforcement ratio was found to be at least 1.6. 

3- The BMF contribution in improving the beams’ moment redistribu-
tion for FE models R1R3 with 120 mm stirrups spacing was 13% and 
19% at Vf = 0.75% and 1.5%, respectively.  

4- The parametric study showed no clear trend between the stirrups 
spacing and beams’ moment redistribution. More experimental 
studies should be performed to confirm this conclusion.  

5- The sagging-to-hogging reinforcement ratio was the most influential 
parameter on the beams’ moment redistribution. This conclusion 
was observed by the parametric study and confirmed by the statis-
tical analysis.  

6- The statistical analysis showed that BMF and stirrups spacing have 
negligible influence on the moment redistribution.  

7- The developed regression model has accurately predicted the tested 
beams’ moment redistribution with experimental-to-estimated 
mean, standard deviation of the error, and coefficient of variance 
of 0.97, 0.09, and 9.08%, respectively. 

Finally, because there is very limited experimental data available in 
the literature to be compared with the proposed model, further research 
would be required to corroborate these findings and validate the 
developed model. 
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