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compared with concrete slabs reinforced with steel reinforcement. Also, the tensile
strength of BFRP bar is 2.5 times greater than the yield strength of steel reinforcement and
1.79 times greater than the tensile strength of bar. The structural behavior of the tested
slabs was validated with the theoretical developing a finite element models utilize software
ANSYS 2019-R1 program. Good agreement between the numerical and experimental
results in first cracking loads, load-carrying capacity, crack pattern and deflections were
found. The agreement between the experimental load carrying capacity and NLFE ones is
about 89.0 % with coefficient of variance equals 0.001 and standard deviation of 0.03. The
finite element analysis gave suitable guessing for the structural performance of the
nonlinear BFRP concrete slab.
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1. Introduction

The utilization of FRP for concrete structures exposed to corrosion environment has quickly expanded because of
their fantastic resistance to corrosion and high tensile strength. Though, RC members reinforced with FRP bars actin a
different way from members reinforced with steel bars. As well, the smaller FRP elastic modulus causes a
considerable reduce in the RC members reinforced with FRP bars for flexural stiffness after cracking occur and, thus,
bigger deformations in service loading condition. So, designing of RC members reinforced with FRP bars is frequently
controlled by serviceability limit state. Hence, using reinforcement of FRP needs an enhanced understanding of the
performance of RC members reinforced with FRP bars. Several studies discussed the performance of RC beams and
one-way slabs reinforced with various types of FRP bars [1-10] or plastic fibers prepared from recycled polyethylene
bottles [11,12]. Though, limited experimental studies on continuously supported RC reinforced beams reinforced with
FRP bars had been presented [13-17] and continuous RC slabs reinforced with FRP. Grace et al. [13] examined 7 (two-
span) RC T-beams reinforced by CFRP, GFRP and steel bars. This study summarized that beams reinforced with FRP
gave the same load carrying capacity like steel RC beams, except different in modes of failure and ductility. Similarly,
Razaqgpur and Mostofinejad [14] concluded experimental outputs for four continuous RC beams reinforced with CFRP
bars and steel stirrups or grid of CFRP for shear requirements. They noticed that grid of CFRP give an equal behavior to
steel stirrups. Also, Ashour and Habeeb [15,16] examined simply and continuously RC beams reinforced with CFRP
and GFRP bars. They said that continuous RC GFRP beams gave former and wider cracks when comparing with RC steel
beams. Additionally, continuous RC GFRP and CFRP beams did not display any considerable load carrying capacity.
The research also pointed that the equations of ACI 440 1R-06 be capable of logically load carrying capacity
prediction. Lately, EI-Mogy et al. [17] informed the experimental results of RC continuous GFRP & CFRP beams. This
paper proved that the increase in the GFRP had a great result on decreasing the deflections at mid-span and increasing
the load carrying capacity and that was reliable with Habeeb and Ashour [16].
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Table 1
Specimens details.
Specimen group Specimen symbol Thickness (mm) Main Reinforcement RFT. type RFT. Area (mm?)
Group I S1 120 6010/m Steel 471.0
S2 140 6010/m Steel 471.0
Group II S3 140 6010/m BFRP 471.0
S4 120 5010/m BFRP 3925
S5 120 508/m BFRP 251.2
S6 140 608/m BFRP 301.5
S7 120 506/m BFRP 141.3

FRP RC structures undertake larger deflections and wider crack widths when compared with steel bars. Furthermore,
studies studying the crack and deflection behaviors of FRP reinforced concrete components had been performed [20,21]. Al-
Sunna et al. [22] said that shear and bond contributed considerably to the deformation of GFRP and CFRP RC members. Pan
etal. [23] said that RC FRP beams offered brittle properties, and the deflection and crack were larger than that of steel beams.
Noél et al. [24] gave simple modifications for the deflection and crack width equations for improving their accuracy at all
reinforcement stress levels within the service range. Up till now, most studies of flexural performance used to modify
existing theoretical methods [25,26]. For example, some coefficients had been prepared for modifying Branson’s equations in
the prediction of deflection in RC FRP structures [26]. Those approaches had been used in several design codes of RC FRP
structures [18,19]. Though, current design codes do not yet include any guideline for BFRP reinforcement. In recent years,
sequence of studies on the properties of BFRP bars and RC BFRP structures had been performed [27-31].

Some researches attention on strengthening systems like using steel, FRP composites and natural fibers [32,33]. Sen and
Reddy [34] had performed experimental study to verify the material properties and the connected fractural mechanisms of
composite materials. Rodsin, K. et al. [35] examine the axial compressive performance of ELS concrete confined LC-GFRPs
composites. They noticed that all measured models were able to assess the ultimate strength of LC-GFRP confined concrete.
The current equations made by Pimanmas et al. [36] were applied to expect the compressive strength and an enhanced
relation was future for well compressive strength prediction.

2. Experimental program

This study was carried out in Housing and Building National Research Center (HBNRC), Dokki, Egypt. This investigation
was carried out to study the effect of using BFRP bars in reinforcement of HSC one-way slabs. The aim of this study was to
estimate the ultimate loads, deflections, cracks, and its propagation and determine the mode of the concrete slabs’ failure.
2.1. Experimental study
2.1.1. Tested slabs description

The experimental program consists of two groups of concrete slabs with dimension of 1700 mm length and 700 mm

width with different concrete thickness of 120 mm and 140 mm. All slabs specimens have concrete compressive strength of
55 MPa.

1700 mm

ts mm

700 mm

Fig. 1. Dimensions and reinforcement details of the slabs.
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Table 2
Concrete Mixes, Materials Weights.
Materials feu =55 MP,
Silica fume 50
Cement 550
Coarse aggregate 1100
Fine aggregate 590
Water 138
Super-plasticizer 18

Fig. 2. Concrete casted into cubes moulds.

The program consists of two groups of concrete slabs. The first one represents control slabs with thickness of 120 mm and
140 mm reinforced using steel bars of 6 § 10/m [41]. The second group S3 to SP7 reinforced using basalt bars of diameters
6 mm, 8 mm, and 10 mm. The experimental program discussed the effect of several parameter in the concrete slabs such as
bars diameters and the slabs thickness. All specimens’ details were shown in Table 1 and Fig. 1.

2.1.2. Concrete mix

There was one concrete mix used in the experimental program of compressive strength of 55 MP.. The materials weights
used are presented in Table 2. There were ten concrete cubes were poured during poured the concrete slabs as shown in
Fig. 2.

2.1.3. Compressive strength test

Compressive strength test was executed on cube samples of dimensions 150 x 150 x 150 mm. Samples were tested after
7and 28 days. A universal testing machine (2000 kN capacity) was used for the testing as in Fig. 3. The average of the three-
tested cubes was expressed the compressive strength as in Table 3.

2.1.4. Basalt bars “BFRP”

BFRP bars were used instead of steel reinforcement. Fig. 4 showed the BFRP bars tensile strength test for different diameters.
The test was performed in Housing and Building National Research Center (HBNRC), Dokki, Egypt as in Fig. 5. Basalt bars tensile
strength is about 2-3 times tensile strength of reinforcing steel. Table 4 showed the mechanical properties of BFRP bars.

2.2. Test setup

The concrete slabs were tested under two-point load with load distance of 600 mm. The test was performed under a
universal testing machine of maximum capacity of 5000 kN as shown in Fig. 6. The Load was incrementally applied on the
specimens. LVDTs was used to record the deflection of slabs at mid span. The load was increased until failure and the loads
and deflections were recorded.
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Fig. 3. concrete cubes and crushing machine of examined mix.

Table 3
Results of the compressive strength test.
Cubes Compressive Strength (MPa)
7 days 28 days
C1 44.2 53.9
Cc2 47.7 58.2
c3 48.5 56.7
Avg. 46.8 56.3

3. Experimental results and discussion

The obtained experimental results were presented in terms of ultimate load, deflections, crack pattern, load-deflection
curves for tested slabs as follow.

3.1. Slabs experimental failure load

Applying the experimental tests on the one-way slabs recorded the following results. The control group which contains S1
and S2 of reinforced by steel bars of 610/m with thickness of 120 mm and 140 mm, respectively. Sustained failure load of
192.0 kN and 211.2 kN for S1 and S2, respectively. This due to increase the slab S2 thickness as discussed by Janus, O., et.al
[37]. Group II which consist of S3, S4. S5, S6 and S7 have thickness of 140 mm, 120 mm, 120 mm, 140 mm and 120 mm
respectively. The basalt bars used in reinforcing this group with different diameters and thickness as given in Table 1. Slab S3
recorded the highest failure load of 239.0 kN, this is due to increase the slab thickness and using basalt bars of high tensile
strength. Slab S7 recorded the lowest experimental failure load, due to thikness of concrete slab and the smallest
reinforcement ratio of basalt bars. By decreasing ratio of reinforcement of basalt bars and thickness of tested slabs, the
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D 6mm

D 10mm

Fig. 4. Ribbed BFRP bars.

Fig. 5. Tensile test of reinforcing bars, a) Basalt FRP bars; b) BFRP bar under tension test.

experimental loads recorded 203.3 kN, 185.5 kN, 207.1 kN and 150.0 kN for S4, S5, S6 and S7, respectively. This is due to the
small reinforcement ratio which led to rupture of BFRP bars. Specimen S4 recorded the most enhanced ultimate load with
respect to all other specimens due to the thickness of concrete slab and the used small diameter 6 10/m of BFRP bars. Table 5
showed the experimental result.

3.2. Crack pattern and mode of failure
Crack pattern of the control slabs S1 and S2 had a compressive strength for concrete 55 MPa, was featured with cracks

propagation in tension zone as shown in Fig. 7 while the failure mode was tension failure T.F. The behavior of S3, S5 and S6 are
the same while the reinforcement was basalt reinforcement. So, the concrete capacity is still able to carry load but BFRP bars

Table 4

BFRP bars mechanical properties.
Property Value
Tensile Strength, fu (MPa), for (10 900
Ultimate Strain, €u (%), for §10 0.022
Tensile Strength, fu (MPa), for (8 790
Ultimate Strain, €u (%), for ()8 0.020
Tensile Strength, fu (MPa), for 06 650
Ultimate Strain, €u (%), for 06 0.016
Tensile Modulus (Gpa) 40




1700 <700 x 15

15=120mm
t5=140mm

One-Way shab .

Actuator

Rigid frame gy

Table 5
Experimental obtained results.
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Fig. 6. Specimens details; a) Specimens mold; b) flexural test set up.

Specimen group Specimen Thickness RFT. RFT. First Crack load Ultimate Failure Load Ultimate deflection (mm)
symbol (mm) type (kN) (kN)
Group | S1 120 6010/  Steel 32.0 192.0 104
m
S2 140 6010/  Steel 35.0 211.2 114
m
Group II S3 140 6010/ BFRP 72.0 239.0 7.5
m
S4 120 5010/  BFRP 37.0 203.3 115
m
S5 120 5p8/m BFRP 35.0 185.5 12.5
S6 140 608/m BFRP 35.0 2071 131
S7 120 5p06/m BFRP 33.0 150.0 14.5

cannot. Rupture occurs in BFRP bars which was sudden rupture so, failure is B.R in bars. For specimens S4 and SP7 the cracks
pattern is the same in propagation and mode of failure. The concrete and bars failed together as shown in Fig. 7, mode of
failure was occurring of tension cracks and BFRP rupture which attributed to its behavior in failure as shown in Table 6, which
with agreed with Zhang, B. et al. [38].

3.3. Deflection of tested slabs

The deflections obtained for all tested slabs were indicated in Table 3. For the group I, the maximum deflation recorded
10.4 mm and 11.4 mm for S1 and S2, respectively. This shows the effect of decreasing the slab thickness in increasing the
deflection at the same reinforcement of 6 §) 10/m. Specimens S3 and S6 of Group II having the same thickness of 140 mm and
the same reinforcement diameter of thickness of 140 mm. It was noticed that the specimens S4 of 60 10/m recorded low
deflection of 7.5 mm with respect to the specimen S6 which record 13.1 mm. The load deflection curve for all specimens
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shown in Fig. 8. For specimens of thickness 120 mm and 140 mm, load-deflection curves were as shown in Fig. 9a, b. The
deflection for S4, S5 and S7 the deflections recorded 11.5 mm, 12.5 mm, and 14.5 mm which agreed with Achillides &
Pilakoutas. [39]. The specimens S7 deflection recorded the maximum deflection as shown in Fig. 9b. From Fig. 8, it is
obviously notice that the HSC slabs specimens showed linear elastic behavior till failure. Fig. 8 showed that the section acts

linear elastic up till the peak load.

S3 S4

Fig. 7. Cracks Patterns for different Slabs Sample.
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S7

Fig. 7. (Continued)



Case Studies in Construction Materials 14 (2021) e00513

Table 6
Mode of Failure of Tested One Slabs.
Specimen group Specimen symbol Thickness (mm) Reinforcement Mode of failure
Group | S1 120 6010/m T.F
S2 140 6010/m TF
Group II S3 140 6010/m B.R
S4 120 5010/m CCT
S5 120 508/m B.R
S6 140 608/m BR
S7 120 506/m CCT

*T.F tension failure, B.R rupture failure of BFRP bars, C.C.T concrete cracks in tension failure.

260
240
220
200
180
160
140
120
100
80
60
40
20

Experimental load (kN)

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Deflection (mm)

Fig. 8. Load deflection curve for tested slabs.

4. Non-linear finite element analysis

Program of ANSYS 2019-R1 [40] was a finite element model created to commensurate with the experimental program
using NLFEA. The analytical study was done to verify the obtained results from the experimental study. The element Solid 65
was used for concrete presentation with mesh size 50 mm and the 3D LINK 180 element was used for presentation of steel &
BFRP bars. Fig. 10 showed the geometry and nod locations for elements Solid 65 & LINK 180.

4.1. Verification of model

In this research, the FEA examined cracking, yielding of the steel and failure strength of the slabs. Newton-Raphson
method was used for the non-linear response of analysis. Load was increased incrementally till un-convergence which
means that failure occurred.

4.2. Material properties

For concrete:

Elastic modulus of elasticity: based on ECP 203/2018 [41].
(E. = 4400,/f., = 24100 N/mm?)

& Poisson’s ratio (v=0.3)

For reinforcing steel bars: based on ECP 203/2018 [41].

1 Elastic Modulus of elasticity (E; =200 kN/mm?)
2 Yield stress (f, =360 N/mm?)

3 Poisson’s ratio (v=0.2)

4 Area of steel for ¢10 (As=78.5 mm?)
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Fig. 9. Load deflection curve; a) specimens of thickness 120 mm, b) specimens of thickness 140 mm.

For basalt FRP bars:

1 Elastic Modulus of elasticity (Ef=40 Gpa)

2 Poisson'’s ratio (v=0.2)

3 Area of BFRP for @10 (A;=78.50 mm?), Tensile strength (f, = 900 N/mm?), ultimate strain (€, =0.022).
4 Area of BFRP for ¢8 (As=50.30 mm?), Tensile strength (f, =790 N/mm?), ultimate strain (€, = 0.020).
5 Area of BFRP for ¢6 (Af=28.30 mm?), Tensile strength (f, = 650 N/mm?), ultimate strain (€, =0.016).

4.3. Modeling

NLFEA was carried out to investigate the flexural behavior of HSC one-way slabs reinforced with BFRP bars ANSYS-2019R1
software as indicated in Fig. 11. The investigated behavior includes the cracks pattern, the ultimate carrying capacity and
deflection of the examined slabs.
4.4. NLFE ultimate failure load

The obtained Ultimate loads from analysis were recorded for the one-way slabs of compressive strength of

concrete 55 MP,. Specimen S1 and S2 of the control specimens recorded a failure load Py nipea Of 172.8 kN and
185.9 kN, respectively.

3

a) Solid65 b) Link180

Fig. 10. Geometry & node locations for element types.

10
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Fig. 11. NLFEA 3D-model of concrete Slabs.

The enhancement in theoretical failure load as same as the experimental behavior manner. The group which used
Basalt reinforcement and have the thickness of 140 mm, S3 and S6. The ultimate NLFEA failure loads were 203.2 kN and
190.4 kN, S3 recorded the best failure load with respect to all specimens. For S4, S5 and S7 which have concrete thickness of
120 mm, the theoretical failure load was 182.9 kN, 176.2 kN and 130.5 kN respectively. Slightly enhancement with respect
to S1 as shown in Table 7. This indicate that small reinforcement ratio led to rupture of BFRP bars so, failure load decreased
as in S7.

4.5. NLFE deflection

The obtained NLFEA deflections were indicated inTable 7. The deflections, generally deflection recorded a good enhancement
at the same failure load of control specimens due to using BFRP bars with respect to S1 and S2 reinforced using steel bars.

The deflection of S1 recorded 9.4 mm at failure load but it recorded an enhancement reached to 36.2 % for S3 which
recorded the highest failure load. The enhancement was apparent in the load-deflections curves as in Fig. 12.

4.6. Crack pattern

The crack pattern of control group featured with cracks propagation in tension zone as shown in Fig.12a. Also, the failure
mode was tension failure T.F due to failure of reinforcement. The behavior of S3 and SP6 were the same slab thickness while
the reinforcement was the same in S3 and less than S1 and S2, so the concrete capacity is still able to carry load but BFRP bars
cannot. Rupture occurs in BFRP bars which was sudden rupture due to brittle manner of BFRP bars, so failure is R.F in bars.
Failure was combination of concrete cracks in compression zone and BFRP bars rupture as in Fig.12b.

5. Comparisons between experimental and NLFEA results

Good agreement obtained between experimental and ANSYS 2019-R1 results by applying a model. The comparisons were
applying between failure loads, deflections, the first crack loads.

Table 7
NLFEA Failure Load and Deflections.
Specimen group Symbol Thickness (mm) RFT. type NLFEA Load (kN) ANLFA (mm)
First crack Ultimate load
Group | S1 120 Steel 28.0 172.8 9.4
S2 140 Steel 31.0 185.9 10.03
Group II S3 140 BFRP 60.0 203.2 6.4
S4 120 BFRP 31.0 182.9 10.3
S5 120 BFRP 32.0 176.2 119
S6 140 BFRP 33.0 190.4 121

S7 120 BFRP 29.0 130.5 12.6

11
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5.1. Comparison between experimental and NLFE failure loads

Fig.13 showed a good agreement between the experimental & NLFEA load capacities PuUNLFEA/Puexp. Also, Fig. 13 showed
the compatibility between the experimental and analytical load-deflection curves.

The comparisons between the obtained results of different groups of concrete strength 55 MP, shown in Table 8. The Pu
NLFEA/Pu exp. average ratio of 0.89. Group II of concrete reinforced with BFRP of the same concrete thickness but different
reinforcement ratios for S3 and S6 respectively, the average was 0.88. Finally, for group of thickness 120 mm and basalt bars with
different ratios, the average ratio of agreement for specimens are 0.90. The variance for all specimens were 0.001 and standard
deviation 0of 0.031 showing the effect of using NLFEA in predicting the behavior of the tested specimens as in Table 8 and Fig. 14.

5.2. Comparison between experimental and NLFE deflections

Fig. 15 showed comparison between experimental deflection and NLFEA once until the maximum failure loads. Fig. 15
showed the obtained deflections for all specimens for both experimental and analytical results.

The load deflection curves for tested slabs and analytical results showed a good agreement of an average of agreement of
0.89. Table 8 showed a deflection ratio A, nirea [ Ay exp- Of the control specimens S1 and S2 of 0.90 and 0.88 but for the group
reinforcing using the BFRP bar, the ratios were 0.85, 0.89, 0.95, 0.92 and 0.87 for S3, S4, S5, S6 and S7 respectively of an
average ratio of agreement was 0.89. This indicate that the analytical models provided an acceptable load deflection response

220 240
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160 180
@ 140 e Z 160
¢ e

g 100 3
100

2 30 =
g p” E 30
g — TXP. = 60
40 = === NLFEA 40
20 20
0 0

0 1 2 3 4 § 6 7 8 92 101 0 1 2 3 4 5 6 7 8 ¢ 10111213
Deflection (mm) Deflection (nm)
S1 S2
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Fig. 12. Load Deflection Curves for Concrete Slabs; A) Control Group S1, S2; B) Slabs of Thickness 140 Mm S3, S6; C) Slabs of Thickness 120 Mm, S4, S5, S7.
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Fig. 12. (Continued)
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b)

Fig. 13. NLFE Cracks Patterns; a) slabs Reinforced by steel bars; b) slabs reinforced by BFRP bars.

as in Table 8. For all groups, the average of Ay nirea [ Ay exp IS €quals to 0.89 with a coefficient of variance and standard
deviations of 0.001 and 0.031respectively.

5.3. Comparison between experimental and NLFE cracking patterns

The Fig. 16 showed comparison between cracking patterns of cracks obtained from experimental and in nonlinear studies.
Cracks started in the form of micro cracks and propagated till failure.
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Table 8
Comparisons Between Experimental and NLFEA Results.
Specimen group symbol Experimental load (kN) Analytical load (kN) A (mm) Pu (NLFE) A(NLFE)
Pu (Exp) A (Exp)
First crack Max. load First crack Max. load Aexp Anire First crack Max. load
Group | S1 32.0 192.0 28.0 172.8 10.4 9.40 0.87 0.9 0.9
S2 35.0 211.2 310 185.9 114 10.03 0.89 0.88 0.88
Group II S3 72.0 239.0 60.0 203.2 7.5 6.4 0.83 0.85 0.85
S4 370 203.3 310 182.9 11.5 10.3 0.84 0.89 0.89
S5 35.0 185.5 32.0 176.2 12.5 11.9 0.92 0.95 0.95
S6 35.0 207.1 33.0 190.4 131 121 0.94 0.92 0.92
S7 33.0 150.0 29.0 130.5 14.5 12.6 0.88 0.87 0.87
Average 0.88 0.89 0.89
Variance 0.0015 0.001 0.001
Standard Deviation 0.037 0.031 0.031
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Fig. 14. Comparisons between experimental and NLFE ultimate failure load.
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Fig. 15. Comparisons between experimental and NLFE deflections.
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y ———
S1 55

Fig. 16. Cracks Propagation for Slabs S1 and S5.

6. Conclusions

The obtained results and observations of the experimental and the analytical study presented in this thesis were concluding
and considering the relatively high variability and the statistical pattern of data. The following conclusions can be drawn:

1 The ultimate flexural loads and behavior of concrete slabs reinforced with BFRP were improved compared with concrete
slabs reinforced with steel reinforcement.

2 The tensile strength of BFRP bar is 2.5 times greater than the yield strength of steel reinforcement and 1.79 times greater
than the tensile strength of bar.

3 The maximum bond stress values tend to decrease when the embedment length increased for both BFRP bar and steel
reinforcement.

4 The maximum bond stress values decrease with increasing bar diameter for both BFRP bar and steel reinforcement.

5 From the slab test results, it has been concluded that the load carrying capacity, concrete compressive strain and tensile
bar strain of slabs are increased by increasing the compressive strength of concrete, also the deflections of the slabs were
decreased with the addition of fiber to the concrete.

6 The deflections of the slabs were inversely proportional to the amount of the BFRP bars added to the concrete slabs.

7 The behavior of the tested BFRP-reinforced slabs was bilinear elastic until failure. The stiffness of the slabs reinforced with
BFRP bars was significantly reduced after initiation of cracks in comparison to the steel-reinforced slabs.

8 There are an enhancement in deflections and the cracks patterns for beams reinforced using BFRP bars especially at
equal’s reinforcement area.

9 The NLFEA achieved a good agreement with the experimental results varied between 88.0 %-90.0 % in terms of the
ultimate loads of the test specimens, first crack load, crack pattern and the deflection at maximum load.

10 The agreement between the experimental load carrying capacity and NLFE ones is about 89.0 % with coefficient of

variance equals 0.001 and standard deviation of 0.03.
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