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FEModeling of RC Beams Reinforced in Flexure
with BFRP Bars Exposed to Harsh Conditions

Hakem Alkhraisha, Haya Mhanna, and Farid Abed(B)

Civil Engineering, American University of Sharjah, Sharjah, UAE
fabed@aus.edu

Abstract. This paper aim to investigate the effect harsh conditions have on the
flexural behavior of concrete beams reinforced longitudinally with Basalt Fiber
Reinforced Polymer (BFRP) bars. Finite element (FE) software, ABAQUS, is used
to develop a nonlinear model capable of simulating the behavior of exposed FRP
reinforced beams in flexure. Data extracted from the numerical simulations were
compared with experimental data to validate the FE model. Through a parametric
study, this paper aims to study the effect of reducing the modulus of elasticity on
BFRP reinforced beams. The values of modulus of elasticity are reduced from
the by 10%, 20%, and 30% and the impact is observed. The paper also presents
comparative analysis among different BFRP tensile strength values. The analysis
of the effect of varying tensile strength values on the behavior of BFRP RC beams
will be conducted on an under-reinforced beam. TheBFRP tensile strength value is
reduced by 10%, 20%, and 30% and the impact is observed. The results show that
the reduction of the modulus of elasticity of the BFRP bar decreased the flexural
capacity of the BFRP RC beam proportionally. The proportional decrease was not
affected by the number of reinforcement bars used in the beams with similar axial
stiffness. In addition, a reduction the tensile strength of the BFRP bars caused a
disproportional decrease in the flexural capacity of the beams. Beams with lower
tensile strength values failed at lower deflections.

1 Introduction

Fiber Reinforced Polymer (FRP) reinforcement was created to combat as an alterna-
tive to the conventional steel reinforcements. FRP products are non-metallic material
which makes then non-corrosive (ACI 440 2015). Furthermore, FRP composites possess
larger tensile strength than steel (ACI 440 2015; Bedard 1992). FRP reinforcements have
different chemical composition and exhibit different failure modes than steel reinforce-
ments do. Therefore, the conventional design philosophies of reinforced concrete had
to be altered to account for the different mechanical behavior of FRP reinforcement.
FRP reinforcement does not have unified material properties. Their properties depend
on fiber type, fiber volume, fiber orientation, resin type, and quality control during the
development process (ACI 440 2015). Despite the discrepancies in properties, all types
of FRP bars are made of high strength fibers such as basalt, carbon, glass or aramid,
combined together by a polymer resin (ACI 440 2015; Bedard 1992).

FRP bars are anisotropic materials that show linear elastic behavior until rupture
(440 2015; Bedard 1992). Furthermore, FRP bars have lower modulus of elasticity than

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
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steel (440 2015; El Messalami et al. 2019 Bedard 1992; Hollaway 2003). The ultimate
tensile strength of FRP bars is indirectly related to their size; in other words an increase
in diameter decreases the tensile strength (Hollaway 2003).

BFRP reinforcement, being a more recent development, has fewer studies about its
flexural and shear behaviors (Abed and Alhafiz 2019; Abed et al. 2019; El Refai and
Abed 2016; Elgabbas et al. 2017; El Refai et al. 2015; Fam and Tomlinson 2015; Abed
et al. 2012). Elgabbas et al. studied the behavior of over-reinforced beams under static
loads. The results showed that the increase in reinforcement ratio caused a non-linear
increase in the flexural capacity of the beams (Elgabbas et al. 2017). Tomlinson et al.
studied the performance of beams reinforcedwithBFRP in flexure and shear. Nine beams
with reinforcement ratio ranging from 0.28 to 1.60 were casted. The results showed that
the ultimate and service loads were proportionally impacted by the reinforcement ratio.
The mode of failure of the nine beams depended on the reinforcement ratio and shear
reinforcement (Fam and Tomlinson 2015).

Some researchers investigated the effect of exposure on the bond behavior between
BFRP bars and concrete and on the flexural behavior of BFRP RC beams. The studies
varied from examining the mechanical behavior of exposed FRP bars to investigating
the effects of exposure on BFRP RC beams. Furthermore, studies had investigated the
effects of Alkaline solutions (Al Rifai et al. 2020; Sim et al. 2005; Wang et al. 2008; Wu
et al. 2015), temperature (El Refai et al. 2014; Calvet et al. 2015; D’Antino et al. 2018;
Masmoudi et al. 2011; Robert et al. 2009), and saline solutions (Altalmas et al. 2015;
Yan and Lin 2017; Al-Tamimi et al. 2014).

Wu et al. studied tensile properties of BFRP bars exposed to alkaline solution, salt
solution, acid solution, and deionizedwater (Wu et al. 2015). The study utilized scanning
electronic microscopy (SEM) to monitor the degradation mechanism of BFRP bars in
an alkaline environment. The results indicated that acid, salt, and deionized water had
a lower impact on the durability of BFRP bars than the alkaline solution did (Wu et al.
2015). Sim et al. examined the durability of basalt, glass, and carbon fiber exposed to
alkali solution combined with high temperatures (Sim et al. 2005). The results showed
that after seven days exposure, basalt and glass FRPs lost 50% of their strength and
volume. Carbon FRP, however, only lost 13% of its strength during the same exposure
time. The resin and fiber type played a big role in degradation resistance and since GFRP
and BFRP had almost the same chemical composition they degraded at similar rate. The
CFRP, however, did not face any relatively significant degradation. Wang et al. had also
studied the durability of BFRP exposed to alkali solution (Wang et al. 2008). After three
months of exposure the strength decrease by 40% but the modulus of elasticity remained
unaffected. The results also indicated BFRP had lower degradation than the basalt fiber
with no resin protection (Wang et al. 2008).

Calvet et al. investigated the effect of the environmental conditions on the bond
behavior of different CFRP bars. The study indicated that at high temperatures the
textured part of the CFRP bar separated from the bar (Calvet et al. 2015). CFRP had
shown a better bond behavior than the reference steel bars did. The bond strength was
10% higher at the CFRP reinforcement system than at the steel (Calvet et al. 2015).
Another study that investigated bond behavior was conducted by Altalmas et al. in
2015. The study analyzed the bond degradation of BFRP bars exposed to accelerated
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aging conditions. The bars were exposed to aggressive environment such as acid, saline,
and alkaline. The results indicated that despite exposure, BFRP bars showed higher
bond strengths to concrete than the ribbed GFRP did. The surface texture controlled the
slippage resistance, as sand coated bars had better adhesion to concrete than ribbed bars
regardless of the fiber type. GFRP bars exposed to acid solution suffered 25% loss in
strength while the ones exposed to alkali and sea water lost 17% of its original strength
(Altalmas et al. 2015).

Robert et al. investigated the behavior of GFRP reinforcing bars subjected to extreme
temperatures. The study found that temperatures from 40° to 50 °C there was no signif-
icant effect on the tensile strength and modulus of elasticity (Robert 2010). Masmoudi
et al. studied the effect of temperature ranging from 20 °C to 80 °C on the bond perfor-
mance of GFRP bars in concrete. Eighty pull out specimens were tested to determine
the bond behavior of the GFRP bars. The exposure period reached up to eight months
and the highest temperature reached 80 °C. the study found that the exposure cause a
14% reduction in bond strength of the tested GFRP specimens (Masmoudi et al. 2011).

Research about the impact of exposure on BFRP bars using finite element analysis is
limited. The main objective of this research is, therefore, to provide a FE model that can
simulate the behavior of BFRP reinforced beams. The model would, then, provide much
needed data about the flexural response of BFRPRC beams impacted by exposure. Over-
reinforced beams would be used to examine the effect of varying BFRP bars modulus of
elasticity on the flexural behavior of BFRP RC beams. Additionally, under-reinforced
beams would be used to examine the effect of varying BFRP bars tensile strength on the
flexural behavior of BFRP RC beams.

2 Brief Overview of the Experimental Program

The experimental program consisted of four RC beams reinforced with different con-
figurations of BFRP bars that were exposed to UAE climate to investigate the effect
of exposure to harsh environments on the capacity of the beams. The tested beams are
2200 mm long, 230 mm deep, and 180 mmwide with a clear span of 1900 mm as shown
in Fig. 1. All beamswere reinforced byφ8 stirrups spaced at 100mm c/c to force flexural
failure. The main flexural BFRP reinforcement are 2 φ 8, 2 φ 12, 2 φ 16 and 3 φ 12 for
each beam, respectively. In addition, the tested specimens were reinforced with 2 φ 10
steel bars in the compression zone. Table 1 shows the tested beams designations and
description. It should be noted that the beam specimens were loaded using two-point
loading test at a displacement control mode rate of 1 mm/min.

The average concrete compressive strength (f’c)was found by averaging the values of
crushing three cylinders. The average f’c of the beam specimens in this study is 36MPa.
In addition, uniaxial coupon tensile tests were conducted to measure the elastic modulus
and tensile strength of BFRP and steel reinforcement. The average elastic modulus and
tensile strength of BFRP bars was 59 GPa and 1200 MPa, respectively. In addition,
the average Young’s modulus and tensile strength of the steel bars was 200 GPa and
460 MPa, respectively.
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Fig. 1. Reinforcement details

Table 1. Test matrix

Beam designation Description

2T8B 2 # 8 BFRP bars

2T12B 2 # 12 BFRP bars

3T12B 3 # 12 BFRP bars

2T16B 2 # 16 BFRP bars

2.1 Finite Element Modeling (FEM)

All beams investigated in this studywere simulated using commercial finite element soft-
ware (ABAQUS). The geometric and materials nonlinearities were captured by incorpo-
rating (*NLGEOM) parameter in the general static step. Full 3D beams were modeled
and the load-displacement responses of four beams (2T8B, 2T12B, 3T12B, and 2T16B)
were compared to the experimental results to validate the FE models. Following that, a
parametric study was conducted to investigate the effect of reduction of modulus of elas-
ticity of BFRP for over-reinforced beams (3T12B and 2T16B). In addition, the effects
of reduction in tensile strength of BFRP for under-reinforced beams (2T6B) were inves-
tigated. Table 2 presents the modulus of elasticity and tensile strength of BFRP used to
modeled beams in this study.
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Table 2. FEM matrix

Beam designation Modulus of elasticity (GPa) Tensile strength (MPa) Failure mode

Group 1 (3T12B; reduced modulus of elasticity)

3T12B 53.1 1200 Concrete crushing

3T12B 47.2 1200 Concrete crushing

3T12B 41.3 1200 Concrete crushing

Group 2 (2T16B; reduced modulus of elasticity)

2T16B 53.1 1200 Concrete crushing

2T16B 47.2 1200 Concrete crushing

2T16B 41.3 1200 Concrete v

Group 3 (FRP type)

2T6B 59 1200 FRP rupture

2T6B 59 1080 FRP rupture

2T6B 59 960 FRP rupture

2T6B 59 840 FRP rupture

2.2 Material Properties

For the purpose of this study, three materials were defined in ABAQUS: concrete, steel
and BFRP. The complex behavior of concrete was characterized by using concrete dam-
age plasticity model provided by the software to simulate the nonlinearity of concrete
material. Details of the parameters incorporated in concrete damage plasticity model are
available in Abed et al. (2020). Compressive and tensile stress-strain curves that were
input in themodel were obtained based on the compressive strength of concrete as shown
in Fig. 2.

Fig. 2. Concrete material properties: (a) Compressive stress-strain curve; (b) Tensile stress-strain
curve
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Steel material, used in top reinforcement and stirrups, was defined to have an elastic
modulus of 200 GPa and Poisson’s ratio of 0.3. The plastic property, i.e. yield stress,
was defined to be 460 MPa.

The behavior of BFRP bars is linear elastic, until it reaches its tensile capacity,
after which it ruptures without yielding. All BFRP bars were modeled to have an elastic
modulus of 59 GPa and Poisson’s ratio 0.2. In over-reinforced beams the tensile capacity
was defined to be 1200MPa at zero plastic strain because failure is dominated by concrete
crushing. On the other hand, the plastic property of under-reinforced beamswasmodeled
to have a tensile strength of 1200 MPa at zero plastic strain.

2.3 Beam Geometry and Mesh Sensitivity

Steel and FRP bars were modeled as 2-node linear 3-D truss elements (T3D2) that are
embedded in the concrete region. The concrete part was modeled as an 8-node linear
3D solid element with reduced integration (C3D8R). Mesh sensitivity was carried out to
select the optimummesh size that is not considered course and simulates the experimental
results with minimum computational time. In this analysis, a mesh size of 30 mm was
considered ideal for all beams. Figure 3 shows the reinforcement cage for a beam with 2
BFRP bars and mesh configuration for the beamsmodeled in this study. Four rigid plates
were introduced to the model to apply onto the boundary conditions and reduce stress
concentration on the beam in those areas. The interaction between the plates and the
beam was modeled as surface-to-surface contact, with the beam being the slave surface
and the plates as master surface. The boundary conditions at the bottom plates were a pin
and a roller. In addition, a vertical displacement was applied at the top plates to mimic
the applied load on the beam.

Fig. 3. FEM model: (a) Reinforcement cage; (b) Mesh configuration

2.4 Model Verification

The validation of FE models was conducted by comparing load-midspan deflection
responses of the experimental results and FE generated curves. Figure 4 shows the
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tested and simulated load-displacement curves for beams 2T8B, 2T12B, 2T16B, and
3T12B, respectively. It is can be seen from Fig. 4 that all simulated results are in good
agreement with the experimental results at all stages of loading until failure. Mainly, the
load at first crack, initial stiffness, and ultimate capacity of the beams maximum load
and displacement of the FE models aligns with the experimental curves.

Fig. 4. Model verification for beams: (a) 2T8B; (b) 2T12B; (c) 2T16B; (d) 3T12B.

3 Discussion of Results

The verified models were utilized to carry out two parametric studies. Variations in the
modulus of elasticity and tensile strength of BFRP were implemented and the flexural
behavior of the varying models was observed.

Figure 5 presents the load versus midspan deflection behavior of the FE models
examining the effect of reduction of the modulus of elasticity of BFRP on the flexu-
ral behavior of 3T12B beam. The modulus of elasticity values used were 1200 MPa,
1080 MPa, 960 MPa, and 840 or 0% 10%, 20%, and 30% reduction, respectively. The
reduction of the modulus of elasticity caused a proportional reduction in the flexural
capacity of the beam. The reduction becomes visible, only, after the first crack load
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which can be attributed to the similar concrete properties of the beam. Concrete proper-
ties control the behavior of the beam up until the first crack. After which, the properties
of the BFRP controls the beams behavior.

Fig. 5. Load-deflection curves for GROUP 1

Figure 6 presents the load versus midspan deflection behavior of the FE models
examining the effect of reduction of the modulus of elasticity of BFRP on the flexural
behavior of 2T16B beam. The modulus of elasticity values used the same values used in
the 3T12B model. The reduction, also, showed a proportional reduction of the flexural
capacity of the beam due to the decrease in the modulus of elasticity of the BFRP.
Figure 5 and Fig. 6 show that beams with similar axial stiffness react to exposure in a
similar fashion despite the detailing of the beam. The reduction in flexural capacity is
not affected by the number of BFRP bars present in the tension zone.

Figure 7 presents the load versusmidspan deflection behavior of the FEmodels exam-
ining the effect of reduction of the tensile strength of BFRP on the flexural behavior of
2T6B (under-reinforced) beam. The reduction in tensile strength caused a dispropor-
tional decrease in the flexural capacity of the beam. A reduction of 10% (as compared
to the beam with 0% reduction), for example, impacted the capacity of the beam more
than a reduction of 80% (as compared to the beam with 10% reduction.
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Fig. 6. Load-deflection curves for Group 2

Fig. 7. Load-deflection curves for Group 3



12 H. Alkhraisha et al.

4 Conclusions

After verifying the validity of the FEmodel using four BFRP RC beams, three nonlinear
FE models were developed to study the response of RC beams reinforced in flexure with
BFRP bars affected by exposure. Parametric analysis included variation in modulus
of elasticity and tensile strength was performed. From the FE results, the following
conclusions could be drawn. A decrease in the modulus of elasticity of BFRP bars
(caused by exposure to harsh conditions) caused a proportional reduction in the flexural
capacity of BFRP RC beams. The reduction in flexural capacity of the BFRP RC beams
due to the reduction of the modulus of elasticity of the beams was not impacted by
the detailing of the beam (i.e. number of reinforcement bars) of beams with similar
axial stiffness. Reduction in the tensile strength of BFRP bars caused a disproportional
decrease in the flexural capacity of BFRP RC beams.
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Abstract. Wood, or timber, is light, cheap, and easy to transport andworkwith.On
the contrary, reinforced concrete is more expensive, heavy & difficult to transport
and slower to build. Previous research has proven that relatively cheap Casuarina
Glauca wood could have sufficiently high strength that makes it a strong candidate
for structural usage. In the construction field in Egypt, most of the used wood is
blockboard composed from imported wood. The importing of wood represents
a significant segment and Egypt invests a lot of its money in this segment, thus
a research such as this one would significantly help Egypt to save money in the
import business. This research aims to produce and test Egyptian blockboardmade
from Casuarina Glauca wood farmed in Egypt. The blockboards were produced
and tested for their mechanical properties and compared to their imported coun-
terparts. Moreover, these blockboards proved to be of a sufficiently high strength.
Based on the results, this engineered wood product could be a structurally sound
alternative for structural usage.

1 Introduction

Based on the research done, the Egyptian construction market consumption of wood is
draining the Egyptianmarket from a lot of investment and is considered costly sincemost
of the wood products in Egypt is imported. Egypt started importing wood since 1957
and right now the total imports of wood costs approximately $1.57 billion USD. Which
is about 2% of the total exports in Egypt. Using such mass of money in investing in the
Egyptian market and enhancing the wood industry in Egypt which currently have high
quality resources as seen in country report. Egypt is trying to advance in the forestation
sector, thus giving manufacturers the ability to use such products from the Egyptian
Agriculture. Egypt is planting 3 tropical trees in Upper Egypt named Khaya, Teak and
Neem.Also somewater treatment plants in Egypt growsCasuarina trees near wastewater
since such trees can endure and survive usingwastewater. This shows how the forestation
in Egypt is in a phase of expansion. Nowadays, The Seed Bank that is developed in the
past years in Egypt carries tests and experiments new techniques in breeding trees in
Egypt and also stores seeds and plants coming abroad from other countries. This ensures
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the continuity of the improvement in the Egyptian wood forestation. Nowadays, Egypt
is in a shortage of producing wood (FAS 2015).

Meanwhile a previous study by Hussein et al. (2019a) have covered the mechanical
properties of different types of Casuarina. Within that study, the Glauca specie of Casu-
rina was proven to be even stronger than several types of oaks. The study was further
extended to study the different properties of that wood within different percentages of
moisture content Hussein et al. (2019b).

The high strength of that type of wood encouraged Mahmoud et al. (2019) to further
study its mechanical properties, its grading categorization and the usage of coatings to
protect it. Furthermore, Mahmoud et al. (2019b) have studied its usage to design a 12-m
span truss and have experimentally proven that the truss members made of Casuarina
Glauca could carry even more than the design loads.

Several researchers like Zanuttini and Cremonini (2002) and Haseli et al. (2018)
have studied the manufacturing of blockboards but unfortunately none of them have
manufactured blockboards of sufficient strength using cost-effective raw materials like
Casuarina Glauca. Furthermore, other researchers like Youssef et al. (2019) have used
Egyptian wood waste to produce an engineered wood product but again it was not as
strong as the parent wood itself.

The current research focuses on using the locally available and relatively strong
Casuarina Glauca wood in manufacturing blockboards. Consequently, the Egyptian
blockboard produced in this research could fill a lot of the gaps as it uses the locally
available, cost-effective and strong Casuarina Glauca wood to produce a structurally
sound and cost-effective blockboard.Thiswas done throughmanufacturing several thick-
nesses of the blockboard, testing them till failure and comparing their results with the
market-available imported counterparts. Furthermore, a cost comparison between the
locally manufactured and imported blockboards was performed. The Egyptian block-
board proved to be more sound in terms of strength and cost-effectiveness and would be
a promising candidate to be used in building structures as to be seen in this paper.

2 Manufacturing and Testing Procedures

2.1 Production of Casuarina Glauca BlockBoard

The process of blockboard production could be summarized into eight main steps which
are:

1. Obtaining the Casuarina Glauca wood from the supplier and obtaining the veneer
wood.

2. Preparation of the wood, profiling the wood so that it has a smooth surface.
3. Sawing the wood into blocks or battens with a dimension of (35 * 18 * 400 mm)

with a clean saw and this is crucial for two reasons the first is that when the battens
are arranged next to each other no voids would be present between them that would
weaken the blockboard and the second is for a better cohesion between the battens.

4. Arranging the wood in a brick-like pattern so that we don’t have any weak planes
inside of the board by not having two joints next to each other as shown in Fig. 1.
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Fig. 1. The arrangement of wood within a blockboard panel.

Fig. 2. The sandwiching of wood in between the two veneer layers.

5. Formulating the glue, the glue that was used was a glue consisting of a risen and a
hardener. The risen was Phenol formaldehyde and the hardener was ammonia.

6. Equally spreading the glue on the veneer and checking not to miss a space.
7. Taking the blocks or battens with the arrangement done in step 4 and placing them

on the veneer and placing the other layer of the glued veneer, with this step we have
a sandwich like structure with a veneer on top and bottom as shown in Fig. 2.

8. Applying heat and pressure on the block board so that the glue wood hardens and
gain a higher strength and no voids exists between the battens and the veneer. The
heat and pressure was applied for 12 min using the hot-press device and then the
board would be removed.

2.2 Testing of Casuarina Glauca Blockboard

In construction, wood in most likely used as a compression member or a member to
resist bending, it is not likely to see wood used as a member to carry a tension force
or torsion, thus when testing the blockboard compression and the 4-point bending tests
were performed. Compression testing was performed twice; parallel to the wood grain
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and perpendicular to the wood grain. Two different orientations for the 4-point bend-
ing were tested; one orientation was the load being applied to the thickness dimension
thus the resisting section was the thickness of the blockboard and the other orienta-
tion was the specimen width was the resisting section. The sizing of the specimens
for the bending samples the specimens size was 18 mm * 92.5 mm * 400 mm which
allowed a clear span of 310 mm and for the compression samples the specimens size was
18 mm * 92.5 mm * 133 mm. In the compression tests the specimens of the blockboard
had a dimensioning of 18 mm * 100 mm * 130 mm where the 130 mm is the height and
the 100 mm is the width and the 18 mm is the thickness. The load was applied on the
100 mm * 18 mm surface when the compression test was parallel to the grain as shown
in Fig. 3a. Meanwhile, the load was applied on the 130 mm * 18 mm surface when
the compression test was perpendicular to the grain as shown in Fig. 3b. The specimen
was done in these dimensions to avoid buckling thus testing for compressive strength
of the wood. The testing of these specimens was done on a MTS machine and accord-
ing to the ASTM and the referred ASTM tests were D143-14, D4761-19 with some
deviations from the ASTM. In the compression and bending tests, the specimen tested
was placed in the MTS and a metal disc was placed on the sample as to insure that the
load would be well distributed along the specimen. In the perpendicular compression
test the load was applied at a rate of 2 mm/min while in the parallel compression test
the rate was 4 mm/min the reason for increasing the rate was due to knowing that the
wood is anisotropic material and can carry more loads in the direction of parallel to the
fiber. In the 4-point bending test the rate was kept constant 2 mm/min regardless of the
orientation.

a.Testing for compression parallel 
to the grains 

b.Testing for compression 
perpendicular to the grains

Fig. 3. The experimental set-up for the compression tests.


