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ABSTRACT Fiber-reinforced polymer (FRP) bars are widely used as internal reinforcement replacing the conventional
steel bars to prevent from corrosion. Among the different types of FRP bars, basalt FRP (BFRP) bars have been used in
different structural applications and, herein, three already tested concrete beams reinforced with BFRP bars are analyzed
using three-dimensional (3-D) finite element analysis (FEA). The beams were tested in four-point bending. In the FEA the
behavior of concrete is simulated using the “Concrete-Damaged Plasticity” model offered in ABAQUS software. The
research presented here presents a calibrated model for nonlinear FEA of BFRP concrete beams to predict their response
considering both the accuracy and the computational efficiency. The calibration process showed that the concrete model
should be regularized using a mesh-dependent characteristic length and material-dependent post-yield fracture and
crushing energies to provide accurate mesh-size independent results. FEA results were compared to the test results with
regard to failure load and crack patterns. Both the test results and the numerical results were compared to the design
predictions of ACI 440.1R-15 and CSA S806-12, where CSA S806-12 seems to overestimate the shear strength for two
beams.

KEYWORDS basalt Fiber-reinforced polymer bars, reinforced concrete beams, finite element analysis, damaged plasticity
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1 Introduction

Fiber-reinforced polymers (FRPs) are often considered to
replace conventional steel since they are thermally
insulating, corrosion resistant in saline environments,
non-ferrous, and have a much lower weight than steel.
Many times, these advantages are associated with the
decrease in stiffness and the increase in expense of
working with FRPs. However, as FRPs become a more
common and mature technology, this cost is decreasing
rapidly. In general, FRP reinforcing bars are characterized
by a high tensile strength, little to no yielding before
failure, corrosion resistance, a low modulus of elasticity,
and low shear strength [1]. Glass fiber reinforced polymer
(GFRP) and carbon fiber reinforced polymer (CFRP) are
the most common choices for FRP reinforcement, how-
ever, aramid FRP (AFRP) can be another option. The
newest option that has become available is basalt FRP
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(BFRP). Basalt fibers were invented in 1923, however,
they were classified for military use until recently with
BFRP rebar became available around 2007, meaning they
are rarely used in civilian applications [2]. BFRP is
currently categorized according to Ref. [1] as a type of
natural fiberglass fiber. The limited use of BFRP in
structures is often attributed to the recent availability of the
material and associated lack of governance and regulation.
BFRP typically has a failure stress of approximately twice
that of a similar sized steel reinforcement bar with the
modulus of elasticity being about one fifth that of steel [3].
Additionally, like most other FRPs, BFRP has a linear
stress strain relationship with little to no yielding before
failure. Ultimately BFRP is a promising replacement for
GFRP as it is stronger and has a higher stiffness, while
being price competitive with glass fibers.

Recently, many researchers considered testing rein-
forced concrete beams using BFRP bars as internal
reinforcement [4-6]. The findings of their research
predicted that the shear strength of BFRP reinforced
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concrete beams is in good agreement with the shear
behavior of concrete beams reinforced with other types of
FRP bars. In that sense, finite element analysis (FEA) can
be considered to supplement the experimental data and
perform parametric studies to further investigate the
behavior of concrete beams reinforced with BFRP bars.
The FEA analyses are integrated using the software
ABAQUS [7] with the “Concrete Damaged Plasticity”
(CDP) model that considers isotropic damage elasticity
combined with isotropic tensile and compressive plasticity
to represent the inelastic behavior of concrete. CDP model
considers a combined non-associated multi-hardening
plasticity and isotropic damage elasticity to describe the
damage that occurs during fracture. A fracture energy
cracking model [8] can be used to specify the post-failure
tensile stress as a tabular function of cracking displace-
ment.

The main objective of this paper is to describe how
calibration process is performed in FEA of concrete beams.
The calibrated models can be used for future parametric
studies to investigate how certain design parameters affect
the flexural and the shear strength of the BFRP beams.
Calibrated FEA can be helpful for developing future
design codes of BFRP beams. In this research, the
calibration study examines the constitutive model for
concrete where the comparison between simulated and
measured responses showed that the concrete model
should be regularized using a mesh-dependent character-
istic length and material-dependent post-yield fracture and
crushing energies to provide accurate mesh-size indepen-
dent results. Selected beams were previously tested [4] are
herein considered for the numerical investigation. One of
the tested and analyzed beams, denoted as NT, was
considered as the reference beam to calibrate the FEA
model. NT did not have shear reinforcement, while the
other two beams, denoted as FT and FC, had stirrups, but
differed in the amount of flexural reinforcement they
contained. All beams had as longitudinal and transverse
reinforcement BFRP bars. Further calibration was con-
sidered to model the confined concrete for the beams
reinforced with stirrups. Finally, the design equations
according to ACI 440.1R-15 [1] and CSA S806-12 [9] are
presented and the design predictions are compared to both
the test results and the numerical results.

2 Test specimens

The test series consist of nine beams that vary in the
amount of flexural reinforcement and the type of shear
reinforcement they contain. Each beam underwent a
deflection controlled 4-point bending test at a deflection
rate of 2 mm per minute until failure. The beams were
supported at each end by a steel roller beneath a 12.7 mm
thick, 152 mm by 152 mm steel plate. These supports were
separated by 2900 mm. A similar arrangement was used to
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apply the load evenly to both sides of the beam. A single
stiff hollow steel section was used to apply the loads 350
mm to either side of the center-point. The loads were
transferred through rollers and then through 150 mm by
100 mm steel plates to the beam. Deflections were
measured at 5 points using linear potentiometers (LPs),
at the center of the beam, at 550 mm from each support and
at 1200 mm from each support. A visualization of the test
set-up can be seen in Fig. 1. Three beams were selected to
be analyzed in ABAQUS. All beams are rectangular with a
cross-section 150 mm x 300 mm and 3100 mm long. One
of the tested beams (NT) was considered as the reference
beam to calibrate the FEA model. NT did not have shear
reinforcement, while the other two selected beams FT and
FC had stirrups only in the shear zone, however, they
differed in the amount of flexural reinforcement. Figure 2
presents the cross-sections of the beams with the long-
itudinal and transverse BFRP reinforcement. The clear
concrete cover is equal to 20 mm.

load
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1300 mm

1100 mm 700 mm 1100 mm

2900 mm

Fig. 1 Schematic drawing of test apparatus.
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Fig. 2 Schematic drawing of the beams (cross-sections).

The material properties of the beams and the test results
are shown in Tables 1 and 2, respectively. All specimen
failed in shear: NT beam showed two shear cracks in both
sides of the compressive zone, FT beam achieved its peak
load and immediately its stirrups near the corners ruptured
and FC beam showed shear crush in the compression zone
at peak load followed by rupture of the stirrups near the
corners. Figure 3 shows the test results of the beams in
terms of load versus mid-span deflection and Fig. 4
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Table 1 Material properties of the beams

. 2019, 13(6): 1520-1530

beam concrete BFRP bars/stirrups

[ (MPa) [t (MPa) Gy (N/mm) E. (MPa) Jfy (MPa) E; (MPa) A, (mm?)
NT 60.0 2.6 0.138 38730 1100 70000 157
FT 51.0 2.4 0.126 35707 1100 70000 157
FC 52.1 2.4 0.127 36090 1100 70000 314

Note:f; = cyinder compressive strength of concrete (calculated from tests);f; = tensile strength of concrete = 0.33 \/f—i: ; G¢= fracture energy of concrete (CEB fib Model
Code 90 10), aggregate size 19 mm; E.=modulus of elasticity of concrete = 5000 \/f—/C ; fy=yield stress of BFRP bars and stirrups; £,=modulus of elasticity of BFRP

bars and stirrups; 4= cross-sectional area of bottom BFRP bars.

Table 2 Test results

beam stirrups depth, d (mm)  reinforcement ratio, p  failure load (kN) failure displacement (mm) failure mode

NT No 270 0.0039 41.8 95.8 shear (tension)

FT BFRP 270 0.0039 72.7 59.8 shear (stirrup rupture)
FC BFRP 245 0.0085 106.9 61.6 shear (stirrup rupture)
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Fig. 3 Load versus mid-span deflection curves of the tested beams.

illustrates the crack patterns of the beams according to the
test results.

3 FEA

FEA of reinforced concrete structures consider advanced
constitutive models with concepts of plasticity, damage,
and coupled damage-plasticity to model the complex
behavior of concrete. Classical plasticity models [11-13]
many times cannot capture the stiffness degradation of
concrete under cyclic loading. Thus, damage mechanics
models were developed to simulate the stiffness degrada-
tion using the effective stresses [14—17]. A combination of
plasticity and damage in coupled damage-plasticity models
can model the deterioration, the permanent deformation
and volumetric expansion of concrete [18—-22].

In the present research, a combined damage-plasticity
model (CDP) is considered for all analyses. CDP model
was first developed by Lubliner et al. [21] and later

modified by Lee and Fenves [22]. CDP can be considered
when concrete is subjected to monotonic, cyclic and/or
dynamic loading under low confining pressure. It com-
bines non-associated multi-hardening plasticity and iso-
tropic damaged elasticity to describe the irreversible
damage that happens during the fracturing process and
controls the stiffness recovery during cyclic loading. CDP
model uses the non-associated Drucker-Prager hyperbolic
function as the flow potential function, G, which is defined
according to Eq. (1).

G =1/ (Somtanz//)2 + g% —ptany, €))

where & is the eccentricity which defines the rate of
approximation between the plastic potential function and
the asymptote, o, is the biaxial tensile stress, and y is the
dilation angle measured in the p-¢ plane at high confining
pressure. In the current analyses dilation is considered
equal to 36° according to ABAQUS manual. The plastic
strain increment is normal to the plastic potential function
and the default value for the eccentricity is 0.1 displaying
that the dilation angle of concrete does not change. The
dilation angle shows the direction of the plastic strain
increment vector [23].

For the current shear tests of the beams the definition of
the damage parameters can be omitted since damage
parameters are important for cyclic and/or dynamic
loadings where unloading is defined by means of plastic
strain. Table 3 presents the plasticity parameters that
should be defined in ABAQUS, where K. parameter
determines the shape of the yield surface. According to
ABAQUS manual the value of the K, parameter should
range between 0.5 and 1 with a default value equal to
0.667. The viscous parameter (u) can be defined to
upgrade the plastic strain tensor by providing additional
relaxation time to the model. Quasi-static analysis under
displacement control is conducted in ABAQUS/Explicit
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Fig. 4 Crack patterns of the tested beams.

Table 3 Plasticity properties of concrete for the beams

Table 4 BFRP material properties

parameter value Young’s Modulus (MPa) Poisson’s ratio yield stress (MPa)
dilation angle y 36° 70000 022 1100

€ 0.1

Obo 1.16

Teo roller and pin supports to be introduced at the bottom of the
K. 0.667 edges.

12 0

since it requires less computational time compared to the
static analysis in ABAQUS/Standard and does not
consider viscoplastic regularization (u) that may be a
hard task to be defined.

In compression the response of concrete is linear until
the initial yield stress and then is characterized by stress
hardening first and then by strain softening beyond the
ultimate stress. In tension, the concrete stress-strain curve
is linear elastic until the failure stress. At this failure stress,
the micro-cracking in concrete starts. Beyond the failure
stress, micro-cracking is presented macroscopically with a
stress-strain softening response that prompts strain locali-
zation in concrete.

Reinforcement of concrete structures is modeled with
truss elements embedded into concrete. Bond slip is
considered indirectly in a simple manner by introducing
tension stiffening, which allows to define the strain-
softening behavior for cracked concrete. Tension stiffening
can be modeled using the fracture energy cracking criterion
[24]. Thus, the brittle behavior of concrete is characterized
by a stress-displacement response instead of a stress-strain
response.

The uniaxial stress-strain relation of BFRP reinforce-
ment was modeled as elastic with Young’s modulus (£;)
and Poisson’s ratio (v). Table 4 presents the material
properties of the BFRP reinforcement (longitudinal and
transverse).

Regarding the geometry and the boundary conditions of
the analyzed beams, the whole beams are modeled with

3.1 Calibration of FEA model

Beam NT contained no stirrups and was considered as the
control specimen for the calibration procedure. During this
process different mesh sizes and plasticity parameters were
investigated to achieve a reasonable agreement with the
test results and then use the calibrated model to analyze the
other two beams. Quasi-static analysis under displacement
control is used in ABAQUS/Explicit. Concrete is modeled
with three-dimensional (3-D) 8-noded hexahedral ele-
ments with reduced integration (C3D8R) and the flexural
reinforcement is modeled with 3-D 2-noded linear truss
elements (T3D2). When truss elements model the
reinforcement, the concrete behavior is considered inde-
pendently and effects associated with the reinforcement/
concrete interface, such as bond slip and dowel action, are
modeled approximately by introducing some “tension
stiffening” into the concrete modeling to simulate load
transfer across cracks through the rebar. Thus, perfect bond
between concrete and reinforcement through the
embedded method is assumed. The bilinear tension
stiffening response of concrete proposed by Hillerborg
et al. [8] is considered: at the stress flt/3, the crack
displacement is equal to 0.8 Gy /1| ; and then, when the stress
is zero the cracking displacement is equal to 3.6G/f .. The
fracture energy of concrete (Gy) that represents the area
under the tensile stress-crack width curve is considered and
it is calculated according to Eq. (2) based on CEB-FIP
Model Code 1990 [10]:

Gy = Gfo(fcm/fcmo)oja 2)
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where f.no = 10 MPa, f, is the mean value of the
compressive strength associated with the characteristic
compressive strength f ., fon =f« + 8 MPa, and Gy, is
the base fracture energy that depends on the maximum
aggregate size, d,. The value of the base fracture energy
Gy, for the 19 mm aggregate size of the tested beams was
calculated equal to 0.035 N/mm. The Hognestad-type
parabola was considered to model the compressive
behavior of the concrete beams. Figures 5(a) and 5(b)
present the stress-strain and the stress-inelastic strain
behavior (input data) of concrete beam NT, respectively.

3.1.1 Tension stiffening

In reinforced concrete members under tensile load, cracks
form and open when concrete reaches its tensile strength.
The developed shear forces at the contact surface develop
tension stresses into the concrete between the cracks.
Concrete hangs on the bar and contributes to the overall
stiffness of the member. This effect is called tension
stiffening and can be accounted for in an indirect way by
assuming that the loss of tension strength in concrete
appears gradually. Tension stiffening was first introduced
by Scanlon [25] and later by Bergan and Holand [26]. To
investigate the effect of tension stiffening in the response
of the control specimen NT three different values for the
fracture energy were considered. The calculated fracture
energy Gy = 0.138 N/mm was increased to account for
more tension stiffening (0.15 and 0.2 N/mm) and also
decreased to 0.12 N/mm. It should be noted that in the
numerical analyses presented in this section, a mesh size
equal to 25 mm is assumed. A mesh size sensitivity
analysis is presented in the next section. Figure 6 shows the
tensile stress versus crack width curves for the four
different values of fracture energy that were considered as
inputs for the tensile behavior of concrete. Based on the
FEA results, Fig. 7 presents the load-deflection responses
for beam NT for all four given values of fracture energy.
The numerical results obtained by using different values
for the fracture energy show that the contribution of the
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tensile behavior to the response of the beam is significant.
Regarding the visualization of cracking, the concrete
damaged plasticity model assumes that cracking initiates at
points where the tensile equivalent plastic strain is greater
than zero and the maximum principal plastic strain is
positive. Based on the load-deflection responses and by
comparing the numerical results with the failure load of the
tested NT beam, it was concluded that the fracture energy
should be considered equal to 0.138 N/mm as it was
calculated using the equations form CEB fib Model Code
90. This value is considered for all the following analyses
to calibrate the concrete model of the beam NT. Figure 8
shows the cracking through the tensile equivalent plastic
strains (PEEQT) for the fracture energy Gy = 0.138 N/mm.
Large diagonal shear cracks, similar to those seen in the real
tests, were observed in the analysis. In the real test the
diagonal shear crack developed when the mid-span deflection
reached 28 mm. Around the load that caused the initial
failure, a second large shear crack opened up on the other side
of the beam. As the beam deflected further, failure observed
in both sides and new peaks achieved till the final failure.
Similar response observed in the FEA where after the initial
failure, a second large shear crack appeared at 40 mm and
dropped the load. Then new peaks achieved and the final
failure appeared in a similar manner with the test at 100 mm.

3.1.2 Mesh size sensitivity analysis

The impact of mesh size on the FEA response of the
control beam was also examined. The smeared crack
approach considered in the FEA, creates strain localization
within only few elements and the rest of the structure starts
to unload. Finer mesh leads to narrow band of localization
and the numerical equations fail to converge [22]. For this
reason, the model becomes mesh size dependent as do
most plasticity models that exhibit strain softening. This
issue can be solved by using mesh regularization
techniques, such as the introduction of the characteristic
internal crack length through the softening portion of the
stress-strain relationship of the constitutive model. One of
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Fig. 5 Compressive behavior of concrete: (a) stress-strain curve; (b) stress-inelastic strain (input data in ABAQUS).
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Fig. 6 Tensile stress-crack width curves for the beam NT.
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Fig. 7 Load-deflection response curves for the beam NT:
Fracture energy investigation.

Fig. 8 PEEQT tensile equivalent plastic strains representing cracking for the beam NT at failure.

the simplest remedies is the Crack Band Method that uses
energy-based scaling of the softening portion of the stress-
strain relationship [27]. This method is simple and
effective and has been implemented in many concrete
damage-plasticity models [28,29]. The concrete damaged
plasticity model considered in this study uses the fracture
energy-based regularization to describe the softening in
tension and compression. The crack length can be
calculated from the geometry and formation of the
element, which is the length of a line across an element
(first-order elements). Three different mesh sizes (20, 25,
and 30 mm) were considered for the mesh sensitivity
analysis. These values were chosen in order for the
elements to be larger than the aggregate size (19 mm) and
also to not result in coarse mesh. To avoid mesh size
dependent results, the tensile cracking displacements were
divided to the characteristic lengths of the elements
(Fig. 9). Figure 10 shows the load-deflection responses
for the three different mesh sizes and as it can be seen these
results are mesh size dependent. Thus, the regularized
tensile concrete model does not resolve the mesh
sensitivity of the current problem.

To further examine ways to overcome the mesh
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Fig. 9 Regularized tensile stress-strain curves for the beam NT
for G¢ = 0.138 N/mm: mesh size investigation.

sensitivity problem, regularization was also considered
for the compressive behavior of concrete, thus, both
fracture and crushing energies are scaled in relation to the
finite element size. Experimental observations [30-32]
showed strain localization in compression and analytical
investigation [33] indicated that the idea of fracture energy
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Fig. 10 Load-deflection response curves for the beam NT for G
= 0.138 N/mm: mesh size investigation.

in tension can be also considered in compression [34].
Nakamura and Higai [35] defined the crushing energy of
concrete to be related to its compressive strength and
suggested a crushing energy of 80 N/mm for normal-
weight unconfined concrete, as such 80 N/mm was chosen
as the starting point for this investigation. Figure 11 shows
the compressive stress versus plastic deformation graph
considering the crushing energy equal to 80 N/mm. Then,
similar to the regularized model in tension, the compres-
sive stress-plastic deformation is converted to a stress
versus strain curve by diving the plastic deformation with
the characteristic length of the element (Fig. 12).
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Fig. 11 Compressive stress-plastic deformation for the beam NT
considering crushing energy (Gg, = 80 N/mm).

Figure 13 demonstrates the load versus mid-span
deflection for three different mesh sizes using the
regularized concrete model for both tension and compres-
sion. The FEA results show that the mesh size sensitivity
of the model has been improved. However, differences still
remain when the first major shear crack appears and before
the failure. To continue the investigation of the modeling
parameters of the shear reinforced concrete beams, the

Front. Struct. Civ. Eng. 2019, 13(6): 1520-1530
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Fig. 12 Regularized compressive stress-strain curves for the
beam NT for G, = 80 N/mm: mesh size investigation.
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Fig. 13 Load-deflection response curves for the beam NT: mesh
size investigation after material regularization.

mesh size of 25 mm is considered for all subsequent
analyses. This mesh size is not too coarse, does converge
and needs less computational time to run such an analysis.
Figure 14 shows the cracking of beam NT with mesh size
equal to 25 mm. The regularized concrete model in both
tension and compression (Fig. 14) seems to presents in a
more accurate manner the cracking compared to the crack
patter of the real tested beam NT (Fig. 4).

3.2 FEA of beams with transverse reinforcement

To analyze the BFRP concrete beams with transverse
reinforcement (BFRP stirrups) the calibrated regularized
concrete model of the beam NT (no transverse reinforce-
ment) is considered. During the test, beam FT achieved its
peak load and then immediately the BFRP stirrups
ruptured near their corners. Beam FC showed a similar
response however first the concrete in the compression
zone of the shear crack crushed at the peak load followed
by the rupture of the stirrups.

The modeling of the stirrups was done using truss
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Fig. 14 PEEQT tensile equivalent plastic strains representing cracking for the beam NT at failure: Gy = 0.138 N/mm, G, = 80 N/mm,

mesh size = 25 mm.

elements similar to the longitudinal reinforcement. How-
ever, these elements can carry only axial loading and the
analysis of the beams FT and FC using the calibrated
model did not demonstrate the influence of stirrups to the
load capacity of the beams. Thus, to account for the
confinement provided by the BFRP stirrups the dilation
angle of the CDP model was increased.

Concrete undergoes significant volume change, called
dilatancy, caused by inelastic strains. In the CDP model
this dilatancy is defined by specifying the dilation angle.
The dilation angle of concrete is considered as a material
parameter that depends on the strength of concrete and its
confinement in the case of reinforced concrete members.
The ABAQUS manual considers a dilation angle equal to
36.3° for simulating a reinforced concrete dam. The value
of the dilation angle used for the beam NT (no stirrups) was
equal to 36° and herein, this value is increased to 40° after
investigation to model the concrete beams with the BFRP
stirrups. The FEA results in terms of load versus mid-span
deflection are shown in Fig. 15. Figure 16 demonstrates the
maximum principal plastic strains that represent the
cracking.
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Z 800 ,,/,"
= ya
g 60.0F i
= 7
/4/
40.0 ) W\
1/
20.0 f'
0.0 ' ' ' !

1
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Fig. 15 Load-deflection curves of the beams.

Cracking of beams FC and FT appeared different
compared to specimen NT (no stirrups) since the rupture
of stirrups is shown. Beam FT showed rupture of stirrups at
the ultimate load, while beam FC showed first crushing in
the compression zone of the shear crack at the peak load
and then rupture in the stirrups. In all comparisons between
FEA and test results in terms of loads and displacements,
the relative error was within 10%. This is an accepted
difference and of course can be explained in many ways,
with the most possible to be the pre-cracking (e.g.,
shrinkage, handling) of the specimens prior to tests.
Table 4 in Section 4 summarizes the failure loads of the
tested and analyzed beams.

4 Design codes

Test and numerical results were compared to the predicted
loads of CSA S806-12 and ACI 440.1R-15. A description
of the design equations with explanation of all parameters
is given. CSA S806-12 suggests that the total factored
shear capacity (V) of a beam, is a contribution of the
factored resistance provided by concrete (V) and the
factored shear resistance provided by FRP stirrups (Vgp).
The upper limit of the ultimate shear resistance is given in

Eq. (3):
Ve <Vimax = 0.220of ¢ byd, 3)

where ¢, is the safety factor of concrete, f ; is the
compressive strength of concrete, b, is the depth of beam,
and d, is the effective shear depth. The effective shear
depth is taken to be larger of 0.9d or 0.724, where d is the
effective depth and /4 is the height of the beam. The
contribution of concrete to the shear capacity of beams

with an effective depth less than 300 mm and f /c less than
60 MPa is given in Eq. (4):

Ve =0.005Apcknk, (/)" *byd,, 4)

where A is a factor that is taken equal to 1 for normal
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Fig. 16 PEEQT tensile equivalent plastic strains representing cracking at failure for beams: (a) FC and (b) FT.

density concrete, k,, is a factor that accounts for the
bending moment, and k, is a factor that accounts for the
reinforcement’s rigidity. Equations (5) and (6) calculate the
factors k,,, and k, as follow:

Ved
L0,
Vg <10 5)

ke = 1+ (Erpey)'?, (6)

where V; and M are the factored shear force and bending
moment respectively, £y is the Young’s Modulus of BFRP
bars, and pg,, is the flexural reinforcement ratio. V' shall
not be taken greater than 0.22¢,+/f.byd, nor less than
0.119.\/fobyd,.

For beams with transverse reinforcement perpendicular

to the longitudinal axis the factored shear resistance
provided by FRP stirrups Vg is calculated according to

Eq. (7):

ki

Ven = 0‘4¢FAFJFudV
SF — f

coth, @)
where g is the safety factor for FRP, 4, is the area of
transverse shear reinforcement, fr, is the ultimate tensile
strength of FRP that shall not be greater than 0.005FF, s is
the spacing of the shear reinforcement and the angle 6 of

the diagonal compressive stress shall be calculated as:

6 = 30° + 7000¢, . (8)

The angle 6 shall not be taken greater than 60° nor less
than 30°. In Eq. (8), &; is the longitudinal strain at mid-
depth of the section that shall be calculated according to
Eq. (9) and should be greater or equal to zero:

My +V
d, "
2FvpAs

ACT 440.1R-15 suggests that the nominal shear strength
V, of a reinforced concrete beam, is the sum of the shear
resistance provided by concrete V', and the shear resistance
provided by FRP stirrups V. The concrete shear capacity
V. is calculated according to Eq. (10):

Ve = 2\ [febulkd), (10)

where k is given by:

k= (11)

where p; is the longitudinal FRP reinforcement ratio and ny
is the ratio of the modulus of elasticity of the longitudinal
FRP reinforcement (£;) to the modulus of the elasticity of

2p5m5 + (peng)” — peng,
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concrete (E.). The shear resistance provided by the FRP
stirrups is calculated according to Eq. (12):

— Af\(ffvd
S b

Vi (12)
where Ay, is the area of transverse shear reinforcement, f,
is the ultimate tensile strength of FRP that shall be equal to
0.005E; and not greater to the tensile strength of the bent
portion of the FRP stirrup, and is the spacing of the shear
reinforcement.

Table 5 compares the test and FEA failure loads for the
analyzed BFRP beams to the predicted loads of CSA S806-
12 and ACI 440.1R-15. The predicted loads of the design
codes did not consider the safety factors. CSA S806-12
equations seem to overestimate the shear strength of the
beams NT and FT. CSA S806-12 code gives safe
predictions only for the beam FC that has stirrups and
increased flexural reinforcement ratio compared to the
beam FT. ACI 440.1R-15 in all cases underestimates the
strength of the beams providing safe predictions.

Table 5 Comparison between test, numerical, and design codes failure

loads
beam test failure FEA failure CSA ACT 440.1
load load S806-12 R-15
(kN) [30] (kN) (kN) (kN)
NT 41.8 44.5 62.1 28.1
FT 72.7 69.6 89.8 64.7
FC 106.9 96.5 82.2 76.6

5 Conclusions

Three-dimensional FEA can be considered to examine
the response of BFRP reinforced concrete beams with
the main objective to supplement the experimental data
and perform parametric studies to better understand
their behavior. However, FEA require much time, effort,
and attention due to the complex constitutive concrete
model. To verify the capability of the FEA model first
consideration should always be the calibration with test
results. In this paper, the concrete damaged plasticity
model in ABAQUS software was used to analyze three
previously tested BFRP reinforced concrete beams.
Test and numerical results were compared to the current
design provisions (CSA S806-12 and ACI 440.1R-15).
The study focused on a detailed description and justifica-
tion of the calibration process considering different
material and model parameters. The following conclusions
are offered:

1) The calibration of the concrete model was done based
on the response of the beam NT (beam without stirrups),
where the most critical part in the calibration process was
to avoid the mesh sensitivity. The results showed that the
fracture energy and the characteristic length did not
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provide a good mesh objective load-deflection response,
unless the crushing energy was considered to regularize the
concrete model. This mesh-size independent model
provided in this study potentially can be further improved
using the viscoplastic rate-dependent regularization.

2) The effect of the BFRP stirrups in beams FC and FT
was shown in the numerical simulations after considering
further calibration to achieve the confinement that the
stirrups provided in the real tests. Increased dilation angle
was adopted in this study and was capable to model the
confined beams since their results were in good agreement
with the test results.

3) Test and FEA results in terms of load-deflection
response and crack patterns were in good agreement
indicating the effectiveness of the calibrated concrete
damaged plasticity model in ABAQUS to accurately
predict the response of the BFRP beams. Future parametric
studies can address different aspects of the response of the
BFRP beams.

4) Finally, test and FEA shear strengths were compared
to CSA S806-12 and ACI440.1R-15. CSA S806-12 seems
to overestimate the shear strength of the beams NT and FT
but it gives safe predictions for the beam FC. ACI 440.1R-
15 seems to underestimate the strength of the beams
providing safe predictions.

BFRP reinforced concrete beams can be used in practice
together with the other types of FRP reinforced concrete
beams. Future studies will provide improved FEA models
including the bond-slip behavior between BFRP reinfor-
cing bars and concrete with the objective to perform
parametric studies and propose modifications to the current
design provisions. Future study aims to examine more
design provisions and strength prediction methods for FRP
reinforced concrete beams.
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