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Fiber-reinforced polymer (FRP) bars are a relatively new reinforcement material used
in civil engineering. This type of reinforcement has low modulus of elasticity and high tensile
strength. Hence, the behaviour of FRP reinforced concrete (RC) members is significantly differ-
ent to that of traditional steel RC. This paper presents the results of numerical and theoretical
studies of the flexural behaviour of simply supported basalt fiber-reinforced polymer (BFRP)
RC beams under short-term static loads. The numerical analysis was performed using the finite
element method (FEM). The main goal of this paper was to investigate deflections and failure
mechanisms of BFRP RC members depending on the reinforcement ratio. The results of the
numerical analysis were examined and compared with code formulations.
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1. INTRODUCTION

Basalt fiber-reinforced polymer (BFRP) bars are a new material which can
be a good alternative to traditional steel for reinforced concrete structures. This
type of reinforcement exhibits properties such as corrosion resistance, electro-
magnetic neutrality and high cuttability [1]. Consequently, it has many applica-
tions in structures (e.g., offshore structures, bridges) used in aggressive environ-
ments, in structures where electromagnetic neutrality is needed or in temporary
structures [2].

BFRP bars have low modulus of elasticity, low shear strength and high tensile
strength [3, 4]. Moreover, they do not exhibit any yielding before failure and
behave almost linearly up to tensile rupture. Due to their mechanical properties,
deflections and cracking in FRP RC flexural members are larger than the ones
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found in traditional RC members. As a result, the design of FRP RC beams is
often governed by the serviceability limit states [5, 6].

This paper presents the results of a numerical study in which six BFRP RC
beams and three steel RC beams were tested in four-point bending. The aim of
this simulation was to examine the failure mechanism and deflections of simply
supported BFRP RC beams depending on the reinforcement ratio. The results
of the numerical simulation were compared with code formulations [3, 7] and
with the behaviour of traditional steel RC beams.

2. NUMERICAL SIMULATION PROGRAMME

2.1. Test specimens

Figure 1 presents the geometry and the reinforcement of considered beams.
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Fi1a. 1. Geometry and reinforcement of specimen (dimensions in mm).

The numerical study consisted of investigating the flexural behaviour of six
beams with varying BFRP reinforcement (Table 1). All the beams had a cross-
section of 0.14 x 0.19 m?, a total length of 2.05 m and a span of 1.80 m. The
shear reinforcement consisted of 8 mm round steel stirrups placed at intervals
of 70 mm. In the pure bending zone no stirrups were provided. Two 6 mm steel
bars were used as top reinforcement to hold the stirrups.

Table 1. Characteristics of specimens.

Beam Designation B1 B2 B3 B4 | B5 | B6
Reinforcement Ratio py [%] | 0.15 | 0.60 | 1.00 | 2.00 | 3.0 | 4.00

2.2. Material properties

2.2.1. Concrete. All the beams had a target concrete compressive strength
of C25/30 MPa [7]. The properties of concrete are presented in Table 2.
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Table 2. Mechanical properties of concrete™.

[GPa]

Modulus of elasticity E.

[MPa]

Compressive strength f.

Tensile strength f.:
[MPa|

31.0

33.0

2.6

* According to formulas in EN-206:2013 [8].

2.2.2. BFRP reinforcement. BFRP ribbed bars were used as the flexural
reinforcement. The experimentally determined mechanical properties of rein-

forcement [4] are shown in Table 3.

Table 3. Mechanical properties of BEFRP reinforcement.

Diameter Tensile strength fy, Modulus of elasticity Ef
[mm)] [MPa] [GPa]
9 1475 56.3

2.2.8. Steel reinforcement. Shear, top and bottom (only in case of tradi-
tional RC beams) reinforcement was made of steel grade B500SP. Mechanical

properties of this reinforcement are presented in Table 4.

Table 4. Mechanical properties of steel reinforcement.

Characteristic yield
strength fy
[MPa]

Characteristic tensile
strength fix
[MPa]

Modulus of elasticity Es
[GPa]

500

575

205

2.8. FFE model of the beams

The finite element (FE) model of considered beams was implemented in
ABAQUS environment [9]. The analysis was performed on 2D model and the
following assumptions were adopted:

e concrete damage plasticity (CDP) model of concrete [10] was assumed,

e tension stiffening effect was taken into account,

e BFRP reinforcement was assumed as a linear elastic isotropic material,

e steel reinforcement was assumed as a linear elastic-plastic material with

isotropic hardening,

e the reinforcement was modelled as two-node truss elements embedded in

four-node elements of plane stress (Fig. 2).
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F1c. 2. Scheme of the 2D FE model.

The numerical model of the beams consisted of two different types of finite
element:

e T2D2 — two-node 2D truss elements,
e CPS4R - four-node plane stress elements with reduced integration.

The concrete was modelled as concrete damage plasticity material, which was
based on the brittle-plastic degradation model [11]. For concrete under uniaxial
compression, the stress-strain curve shown in Fig. 3 was adopted [12].
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Fic. 3. Response of concrete to uniaxial loading in compression.

The tension stiffening effect was taken into account by applying a modified
WANG and Hsu [13] formula (Eq. (2.1)) to describe the behaviour of concrete
under tension (Fig. 4):

oy = Eeey, e < eer,

(2.1) N
Ot = fctm ( ;r> s €t > Ecry
t
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where FE. is the modulus of elasticity of concrete, &; is the tensile strain of
concrete, €., is the tensile strain at concrete cracking, f.., is the average tensile
strength of concrete and n is the rate of weakening.
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F1c. 4. Response of concrete to uniaxial loading in tension.

3. NUMERICAL SIMULATION RESULTS, DATA ANALYSIS AND DISCUSSIONS

3.1. Fuailure mode and ultimate load

Table 5 presents the numerical and theoretical [3, 7] ultimate loads for all
considered beams. According to the results of FEM simulation all BFRP mem-
bers failed in a brittle mode due to reinforcement rupture (B1l) or concrete

Table 5. The numerical (FEM) and theoretical (ACI and EC2) ultimate loads.

Reinforcement ‘Balanced .

Beam ratio relnforc.ement P, FEM | Failure | P, ACI | P, EC2

designation o %] ratio [kN] mode” [kN] [kN]
pro [%]

B1 0.15 30.2 RR 27.5 27.8

B2 0.60 61.2 CcC 51.3 59.7

B3 1.00 0.16 76.8 cC 62.8 73.0

B4 2.00 102.8 CcC 80.9 94.1

B5 3.00 114.8 CcC 92.5 107.6

B6 4.00 119.8 CcC 101.0 117.5

* CC — concrete crushing, RR — reinforcement rupture
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crushing (B2-B6). It was assumed that the value of the maximum compressive
concrete strain is about 0.0042 [14].

As can be observed in Table 5 and in Fig. 5, the reinforcement ratio has
a significant influence on the flexural strength of BFRP beams. The increase
of up to 3% in the reinforcement ratio results in an increase in the ultimate
loads. This value is close to that found in the literature [14, 15]. Further rise in
the reinforcement ratio does not result in a substantial increase in the flexural
strength of the beams, thus the use of greater amount of reinforcement is not
economically justified.
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F1G. 5. Maximum ultimate load ratio P./Pu,ss as a function of ratio p/pss.

As stated in ACI 440.1R-06 [3], the failure mode is governed by concrete
crushing when the reinforcement ratio py is greater than the balanced reinforce-
ment ratio pyp:

Ay
3.1 = —
C E Ccu
(3.2) ppy = 0.850, 2

ffu EfEcu +ffu’

where Ay is the area of BFRP reinforcement, b is the width of the section and
d is the effective depth. In Eq. (3.2), f; is the ratio of depth of equivalent rect-
angular stress block to depth of the neutral axis, f. is the concrete compressive
strength, fr, is the design tensile strength of BFRP reinforcement, E; is the
modulus of elasticity of FRP, and e, is the maximum concrete strain (0.003
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for ACT 440.1R-06 [3]). The actual and balanced reinforcement ratios are com-
pared in Table 5. Beams B2-B6 had higher reinforcement ratios than py;, hence
according to code [3], failure by concrete crushing was expected in all of them.
This mode of failure was confirmed by the numerical analysis.

As can be observed in Table 5, the flexural capacity calculated according to
the codes [3, 7] is underestimated. Its value is lower than the one obtained from
FEM analyses by about 10-27% and 2-9% for ACI and EC2, respectively. These
differences may be caused by the value of the maximum concrete compressive
strain €., which is assumed in these codes as 0.0030 for ACI and 0.0035 for EC2.
The results of experiments in [14] show that the actual ultimate concrete strain
€y 18 higher, and is equal to about 0.0042-0.0047.

3.2. Deflections

Figure 6 shows numerical load-deflection curves for all the beams. It is clear
from the graph that the reinforcement ratio has a considerable effect on the
stiffness of the beams. As expected, deflections of these elements increase with
a decrease in the reinforcement ratio.
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F1G. 6. Numerical load — midspan deflection curves (B1-B6 beams).

Table 6 presents deflections and span-to-deflection ratios for ultimate loads
as well as service loads for permissible deflections (equal to about L/250) of the
beams. For the ultimate loads, the value of the span-to-deflection ratio varied
between 26 and 64. In comparison to the service deflection limit of L/250 this
value was relatively low, thus the design of all the beams was governed by the
serviceability limit state.
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Table 6. Deflections and service loads.

Beam designation Ultimate load P, Deflection § = L/250
Py [kN] | Omax [mm] | L/0max | Prjeso kN] | Ppjeso/Pu
B1 30.2 68 26 9.9 0.33
B2 61.2 48 38 17.5 0.29
B3 76.8 42 43 23.6 0.31
B4 102.8 36 50 36.6 0.36
B5 114.8 32 56 47.5 0.41
B6 119.8 28 64 56.2 0.47

As can be observed in Table 6, service loads were about 29-47% of the limit
loads for the considered beams. These values correspond well with the values
obtained for RC elements with other types of FRP reinforcement [6, 14].

When comparing theoretical predictions obtained based on ACI (Eq. (3.3))
and EC2 (Eq. (3.4)) with the results of FE analyses (Fig. 7), it can be observed
that up to the service load there is good agreement between numerical values
of deflections and the ones calculated according to the codes [3, 7]. However,
for higher loads both codes underestimate deflections. These differences can be
connected with the fact that these theoretical approaches use a simplified linear
stress-strain constitutive relationship for concrete

Mg \*
() o

Equation (3.3) shows the expression for an effective moment of inertia I, of
the concrete section according to ACI, where I, is the gross moment of inertia
of concrete section, I.. is the moment of inertia of the cracked section, M., is
the cracking moment, M, is the maximum moment in the member and (3, is the
reduction coefficient related to the reduced tension stiffening effect

3
(3.3) I = (é‘é) Bal, +

(3.4) d = (o1 + (1 —¢)or.

Equation (3.4) shows the formulation for deflections § according to Eur-
code 2, where 67 is an uncracked-state deflection, ;7 is a fully cracked-state
deflection and £ is the coefficient related to the tension stiffening effect.

In case of steel RC beams (Fig. 8), values of deflections were about 60-70%
less than deflections of non-metallic RC elements. These values are close to those
found in the literature [16]. This is caused by the low value of moduli of elasticity
of BFRP reinforcement.
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Fic. 7. Numerical and theoretical load — midspan deflection curves
(B1, B4, B6 beams).
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F1c. 8. Numerical load — midspan deflection curves for basalt (FEM)
and steel (FEM STEEL) RC beams.

4. CONCLUSIONS

This paper presents the results of numerical and theoretical study of the
flexural behaviour of BFRP RC beams. Based on these results, the following
conclusions may be drawn:
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e The reinforcement ratio has a significant effect on the flexural behaviour

of BFRP RC beams. The increase of up to about 3% in the reinforcement
ratio results in an increase in the ultimate loads. Further rise in the re-
inforcement ratio does not result in a substantial increase in the flexural
strength of the beams.

e The failure mode is governed by concrete crushing when the reinforcement

ratio pys is greater than the balanced reinforcement ratio pg, (according to
ACT 440.1R-06). All beams behave almost linearly up to the moment of
failure, which takes place at relatively large deflections.

o At the service load level, the deflections calculated according to ACI

440.1R-06 and EC2 are in close agreement with the results of the FE
analysis. For higher loads these codes underestimate deflections.

e The ultimate loads, calculated according to ACI 440.1R-06 and Eurocode 2,

are underestimated. This underestimation may be caused by the value of
the ultimate concrete strain €., which is assumed in these codes, and it is
lower than the value of €., obtained in the experiments.

o Deflections in steel RC beams are about 60-70% less than in case of BFRP

RC elements with the same reinforcement ratio.

e Design of BFRP RC beams is governed by the serviceability limit states.
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