Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 January 2022 d0i:10.20944/preprints202201.0147.v1

Article

Ductility Estimation of Concrete Beams Longitudinally Rein-
forced with Hybrid FRP-Steel Bars

Rendy Thamrin *, Zaidir Zaidir and Devitasari Iwanda

Department of Civil Engineering, Faculty of Engineering, Andalas University, Padang 25163, West Sumatera,
Indonesia; zaidir2000@yahoo.com (Z.Z.); devitasariiwanda@gmail.com (D.I.)
* Correspondence: rendythamrin@eng.unand.ac.id

Abstract: An experimental study was carried out to evaluate the ductility of reinforced concrete
beams longitudinally reinforced with hybrid FRP-Steel bars. The specimens were fourteen rein-
forced concrete beams with and without hybrid reinforcement. The test variables were bars position,
the ratio of longitudinal reinforcement, and the type of FRP bars. The beams were loaded up to
failure using a four-point bending test. The performance of the tested beams was observed using
the load-deflection curve obtained from the test. Numerical analysis using the fiber element model
was used to examine the growth of neutral axis depth due to the effect of test variables. The neutral
axis curves were then used to further estimate the neutral axis angle and neutral axis displacement
index. The test results show that the position of the reinforcement greatly influences the flexural
behavior of the beam with hybrid reinforcement. It was observed from the test that the flexural
capacity of beams with hybrid reinforcement is 4% to 50% higher than that of the beams with con-
ventional steel bars depending on bars position and the ratio of longitudinal reinforcement. The
ductility decreases as the hybrid reinforcement ratio (Af/As) increases. This study also showed that
anumerical model developed can predict the flexural behavior of beams with hybrid reinforcement
with reasonable accuracy.

Keywords: hybrid FRP-steel reinforcement, ductility, hybrid reinforcement ratio, fiber element,

neutral axis

1. Introduction

The main idea for using hybrid FRP-steel reinforcement in reinforced concrete struc-
tures is to anticipate the weaknesses of FRP material which is brittle, has low elastic mod-
ulus [1], and is not resistant to fire [2]. Other researchers have carried out studies on the
flexural performance of reinforced concrete beams with hybrid FRP-steel reinforcement
over the last 20 years [1, 2]. In recent times, the number of these studies has increased
rapidly. Some research results related to these studies are described as follows.

It has been shown that the use of steel reinforcement in combination with GFRP re-
inforcement increases the flexural capacity and ductility of reinforced concrete beams due
to the presence of steel bars [3]. Another study demonstrated that the ductility of beams
with FRP reinforcement could be improved by either increasing the ratio of reinforcement
or adding conventional steel bars [4]. The arrangement of the steel bars plays an essential
role in the stiffness and crack width of reinforced concrete with hybrid FRP-steel rein-
forcement [5]. It has also been reported that the deflection and crack width of beams with
both hybrid BFRP and steel reinforcement were smaller than those beams reinforced with
only BERP bars [6].

The experimental tests using two types of FRP indicated that beams with hybrid
GFRP-steel reinforcement demonstrated significantly reduced stiffness after the first
cracking and yielding of steel reinforcement compared to hybrid beams with CFRP-steel
reinforcement [7]. Results of a numerical study using cross-section analysis of reinforced
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concrete beams were also presented in this report. The analytical model showed promis-
ing results in predicting the moment capacity of reinforced concrete beams with hybrid
NSM ERP bars/strips reinforcement.

The study conducted by Refai et al. [8] concluded that using hybrid reinforcement
(steel and GFRP) improved the flexural behavior of the beam in terms of deformability,
cracking, stiffness, and beam capacity compared to beams that only used GFRP reinforce-
ment. In addition, to ensure adequate beam deformation, the report recommends that
beams with hybrid reinforcement design consider the yield of steel before concrete crush-
ing or FRP fracture.

Qin et al. [9] conducted a numerical analysis using 15 finite element models. Six of
them closely modeled experimental results for the flexural behavior of beams with hybrid
FRP-steel reinforcement. It was concluded from this report that the finite element model
used can be applied to predict the flexural behavior of hybrid FRP-steel beams accurately.
This study points out that in beams with over-reinforced reinforcement, the hybrid rein-
forcement ratio, Af/As, must be designed in the range of 1 to 2.5 to ensure that the beam
still has strength with sufficient ductility and stiffness after exceeding the elastic phase.

In another report, Bui et al. [10] also found differences in behavior between beams
with FRP-steel hybrid beams and conventional reinforced concrete beams. This report
states that for beams with hybrid reinforcement, FRP reinforcement is responsible for ul-
timate capacity, while steel reinforcement is responsible for the ductility of the beam.
Therefore, the ductility of the beam with a hybrid reinforcement can be increased if the
Af/As reinforcement ratio is small.

Araba and Ashour [11] demonstrated that the moment capacity of beams with hybrid
reinforcement is more influenced by the ratio of hybrid reinforcement than the axial stiff-
ness ratio (AsEs/AsEf). They also reported that the addition of axial stiffness is not propor-
tional to the increase in moment capacity.

Sun et al. [12] examined the effect of reinforcement arrangement in beams with hy-
brid reinforcement experimentally. They discovered that the deflection of the beam with
a distributed reinforcement arrangement was smaller than if the reinforcement was bun-
dled. This study also showed that beams with hybrid reinforcement had sufficient ductil-
ity.

The report presented by Kartal et al. [13] provides information about the zoning of
the load-deflection curve. The load-deflection curve of beams with hybrid reinforcement
can be divided into three parts, namely the zone before and after flexural cracking, then
the zone after the tensile reinforcement has yielded. This report also states that the defor-
mation capacity of the beam with hybrid reinforcement increases with the increase in the
amount of FRP reinforcement in the tension zone.

Hence, current research demonstrates conclusively that beams with hybrid reinforce-
ment have increased stiffness, flexural capacity, and ductility compared to beams rein-
forced with pure FRP. The results of previous studies also show that as the hybrid rein-
forcement ratio (Af/As) increases, the determination of the ductility will be more complex
because the yield position of the steel is not clear. Although several previous researchers
have investigated many attributes of hybrid reinforced beam flexural behavior, some fea-
tures of the performance of these beams are still unclear. In particular, the effects of the
hybrid reinforcement ratio (Af/As) and the arrangement of hybrid reinforcement on the
flexural performance of reinforced concrete beams with hybrid FRP-steel bars have not
been thoroughly investigated.

Therefore, the main objective of this experimental study was to investigate the effects
of the reinforcement ratio and the arrangement of hybrid reinforcement on the flexural
performance and ductility of reinforced concrete beams with hybrid FRP-steel bars. Neu-
tral axis angle and neutral axis displacement index are also introduced to evaluate the
ductility of beams with hybrid reinforcement. The curves of neutral axis growth obtained
with the help of a computer program were used to determine the neutral axis angle and


https://doi.org/10.20944/preprints202201.0147.v1

d0i:10.20944/preprints202201.0147.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 January 2022

3 of 29

neutral axis displacement index. In addition, this study also adds data regarding the ef-
fects of using hybrid FRP-steel as internal reinforcement.

Fourteen reinforced concrete beams consisting of six control beams and eight with
hybrid reinforcement were tested experimentally. The effect of the hybrid reinforcement
ratio was examined by varying the amount of FRP and steel reinforcement in the tensile
region of the beam. Meanwhile, the influence of the reinforcement position was investi-
gated using two types of bar arrangement. The data in this study were combined with the
data obtained from parametric analysis and data obtained from the literature. Numerical
analysis to obtain flexural capacity, strain behavior, and neutral axis growth due to the
effects of the test variables was also performed using the fiber element model.

2. Experimental Study

This study tested fourteen simply supported concrete beams; with six control beams
and eight beams with hybrid steel-FRP reinforcement. The beams were monotonically
loaded until failure with a two-point load using a hydraulic jack. Loading position and
dimension of the beam are shown in Figure 1(a). The clear span was 2000 mm for all tested
beams, the shear span length was 800 mm, and the end anchorage length beyond the sup-
port was 150 mm. The dimensions of the beam cross-section, the configuration of the re-
inforcement position, and the type of reinforcement used are shown in Figures 1(b) to 1(o).
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Figure 1. Schematic pictures of the tested beams and their identifications (a) beam di-

mension and loading position, (b) BFS-2, (c) BFS-4, (d) BFG-1, (e) BFG-2, (f) BFC-1, (g)

BFC-2, (h) BHC-1, (i) BHC-2, (j) BHC-3, (k) BHC-4, (1) BHG-1, (m) BHG-2, (n) BHG-3,
and (o) BHG-4.

Two types of cross-sections, as shown in Figure 1, were used. The first type (Type I)
was a beam section with one layer of tensile reinforcement (Figure 1(b)), and the second
type (Type II) was a beam section with two layers of tensile reinforcement (Figure 1(c)).
The six control beams consisted of two beams with steel reinforcement (BFS-2 & BFS-4),
two beams with GFRP reinforcement (BFG-1 & BFG-2), and two beams with CFRP rein-
forcement (BFC-1 & BFC-2). The eight beams with FRP-steel hybrid reinforcement are dis-
tinguished by the two cross-sections and the ratio of FRP reinforcement to steel reinforce-
ment.

Figure 2(a) shows the FRP reinforcement used in this study. Reinforcement cages be-
fore concrete casting and experimental setup and equipment used in beam tests are shown
in Figure 2(b) and 2(c), respectively.

Fresh concrete was ordered from a ready-mix company and the compressive strength
of the concrete at 28 days was 20 MPa. The thickness of the concrete cover is 30 mm. The
longitudinal reinforcement used consisted of steel bars with a diameter of 13 mm with a
yield stress of 375 MPa, GFRP bars with a diameter of 13 mm with an ultimate tensile
strength of 788 MPa, and CFRP bars with a diameter of 13 mm with a maximum tensile
strength of 2070 MPa. The ratio of FRP reinforcement to steel reinforcement was 0.5 and
2.0, respectively. The GFRP and CFRP rods used and shown in Figure 2(a) were supplied
by FYFE Co. LLC from the USA. The mechanical properties of the FRP rods used in this
study were obtained from the leaflet issued by the manufacturer. Transverse reinforce-
ment with a diameter of 10 mm and yield stress of 454 MPa was used for all specimens.
The properties of the materials used in this study, parametric studies, and data adopted
from the literature are shown in Table 1.

Table 1. Material properties of the tested beams, specimens used in the parametric study, and data adopted from literature.

Overall Clear Span
Beam Width depth Length fe fru fo dy ds Ey
Notation (mm) (mm) (mm) (MPa) (MPa) (MPa) (mm) (mm) (GPa)
Data from this study [Experimental]
BFS-2 125 250 2000 20 - 375 - 13 -
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BEFS-4 125 250 2000 20 - 375 - 13 -
BFG-1 125 250 2000 20 788 - 13 - 439
BFG-2 125 250 2000 20 788 - 13 - 43.9
BEC-1 125 250 2000 20 2070 - 13 - 124
BFC-2 125 250 2000 20 2070 - 13 - 124
BHG-1 125 250 2000 20 788 375 13 13 439
BHG-2 125 250 2000 20 788 375 13 13 439
BHG-3 125 250 2000 20 788 375 13 13 43.9
BHG-4 125 250 2000 20 788 375 13 13 439
BHC-1 125 250 2000 20 2070 375 13 13 124
BHC-2 125 250 2000 20 2070 375 13 13 124
BHC-3 125 250 2000 20 2070 375 13 13 124
BHC-4 125 250 2000 20 2070 375 13 13 124
Data from this study [Parametric]
BHG-5 125 250 2000 20 788 375 16 13 43.9
BHG-6 125 250 2000 20 788 375 16 13 43.9
BHG-7 125 250 2000 20 788 375 19 13 439
BHG-8 125 250 2000 20 788 375 19 13 43.9
BHG-9 125 250 2000 20 788 375 16 10 439
BHG-10 125 250 2000 20 788 375 16 10 43.9
BHC-5 125 250 2000 20 2070 375 16 13 124
BHC-6 125 250 2000 20 2070 375 16 13 124
BHC-7 125 250 2000 20 2070 375 19 13 124
BHC-8 125 250 2000 20 2070 375 19 13 124
BHC-9 125 250 2000 20 2070 375 16 10 124
BHC-10 125 250 2000 20 2070 375 16 10 124
Aiello et al. [1]
Al 150 200 2700 45.7 1674 465 7.5 8 49
A2 150 200 2700 45.7 1366 465 10 8 50.1
A3 150 200 2700 45.7 1366 465 10 12 50.1
C1 150 200 2700 45.7 1674 465 7.5 8 49
Qu et al. [3]
B3 180 250 1800 33.10 782 363 12.7 12 45
B4 180 250 1800 33.10 755 336 15.9 16 41
B5 180 250 1800 34.40 778 336 9.5 16 37.7
B6 180 250 1800 34.40 782 336 12.7 16 45
B7 180 250 1800 40.65 778 363 9.5 12 37.7
B8 180 250 1800 40.65 755 336 15.9 16 41
Lau & Pam [4]
G0.3- 280 380 4200 41.3 588 336 19 25 39.5
MD1.0-A90
G1£—9T00.7— 280 380 4200 39.8 582 597 25 20 38.0
GO.i—g"l;)l.O— 280 380 4200 44.6 588 550 19 25 39.5
Yinghao & Yong [5]
S2 150 250 1800 80.1 1301 374.5 12 24 75.98
S3 150 250 1800 80.1 1301 374.5 12 24 75.98
S4 150 250 1800 80.1 1301 374.5 12 24 75.98

Refai et al. [8]
2G12-1510 230 300 3700 40 1000 520 12 10 50
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2G12-2510 230 300 3700 40 1000 520 12 10 50
2G12-2512 230 300 3700 40 1000 520 12 12 50
2G16-2510 230 300 3700 40 1000 520 16 10 50
2G16-2512 230 300 3700 40 1000 520 16 12 50
2G16-2516 230 300 3700 40 1000 520 16 16 50
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Figure 2. (a) GFRP and CFRP bars used in this study, (b) reinforcement cages before concrete
casting, and (c) experimental setup and equipment used in beam test.

The load was measured using load cells in the experimental study, and the deflection
was measured using linear variable displacement transducers (LVDTs). The load cell and
LVDTs were connected to the data acquisition system, and the data was collected on the
data storage system. The load was increased gradually until failure occurred. The test
setup, load position, and LVDT placement on the test beam are shown in Figure 1. The
load cell, LVDTs, and data logger used were products of Tokyo Measuring Instruments
Laboratory Co., Ltd., Tokyo, Japan.

Additional data were also obtained from the literature [1, 3, 4, 5, and 8] to increase
the data population with further variations in the hybrid reinforcement ratio used, rang-
ing from 0.3 to 2.9. Two types of FRP materials (AFRP and GFRP) were represented in
experimental data adopted from the literature. Two types of cross-sections based on the
number of layers of tensile reinforcement are also included in this additional data.

3. Analytical Study
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The analytical study in this research uses a fiber element model as shown in Figure 3
to obtain the theoretical moment-curvature curve of reinforced concrete sections using a
nonlinear material stress-strain relationship [14]. The theoretical moment-curve curves for
reinforced concrete sections under flexural loads can be derived based on the following
assumptions: the cross-sections before bending remain plane after bending, and the stress-
strain curves for concrete and steel are known. The moment-curvature analysis is also a
method to accurately determine a reinforced concrete section's load-deformation behav-

ior.
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Figure 3. Analytical model using the fiber element model (a) reinforced concrete cross-
section, fiber element model, and (c) strain distribution.

This method begins by dividing the reinforced concrete section into layers of small
elements. The reinforcement position is also located into layers of reinforcement from the
top of the cross-section. Strains in each layer (&) can then be calculated using the distance
of each element to the top of the cross-section (yi) and by assuming curvature () (Equation
1).

& =& — () (D)

Furthermore, the force on each element (Fi) is calculated using the stress (oi) and the
area of each element (Ai). The stresses are obtained from the nonlinear material stress-
strain relationship inputted in the previous step. Material stress-strain models used in this
study are shown in Figure 4.
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Figure 4. Stress-strain models used in fiber element analysis (a) concrete,
(b) bilinear model for steel reinforcement, and (c) linear model for CFRP
and GFRP bar.

The stress-strain relationship of concrete in compression used in this study was
adopted from the model proposed by Mander et al. [15]. For concrete in tension, a linear
model up to the maximum tensile strength of the concrete without tensile stiffness is used.
The stress-strain relationship for the steel bar used in this study is a bilinear model, while
a linear model up to failure is used for CFRP and GFRP bars, as shown in Figure 4(b) and

(0).
Fi = Ao; 3)

The equilibrium condition is found by adding up all the internal forces. If the equi-
librium conditions are not satisfied, the calculation will return to the previous process by
changing the strain (&) on the centroid axis. After the equilibrium condition is met, the
moment (M) is obtained by multiplying the internal forces obtained by the distance of
each element to the top of the cross-section (Equation 4).

M = XFy; 4)

The deflection can be calculated using the curvature at each step. The depth of the
neutral axis (c) at each step can be calculated using Equation 5. The analytical calculation
process described is assisted by a computer program that the author has developed, and
the algorithm of the calculation process can be found in the literature [16-19].

Ecm

u )

The parametric study in this research was carried out to fill in the gaps in the hybrid
reinforcement ratio (As/As) data that were not determined in experimental studies or from
the literature. There were 12 specimens in the parametric study with hybrid reinforcement
ratios ranging from 1.3 to 4.3. With this data, it is expected that the behavior of cross-
sections with higher hybrid reinforcement ratios can be represented. Based on the number
of layers of tensile reinforcement, the beam cross-section in the parametric study also con-
sisted of two types as in the experimental research, namely, Type I and Type II. This par-
ametric study used two FRP materials (GFRP and CFRP).

4. Results and Discussion
4.1. Crack Patterns and Failure Modes of the Tested Beams

The crack pattern and failure model that occurred for each beam are shown in Figure
5. All beams experienced flexural failure, indicated by the concrete crushing at the top of

the compression zone. The first flexural crack occurs in the constant moment zone, with
an average load level of 5 kN to 8 kN.
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Figure 5. Typical crack patterns and failure modes of the tested beams (a) BFS-2, (b) BFS-4, (c)

BFG-1, (d) BFG-2, () BFC-1, (f) BEC-2, (g) BHG-1, (h) BHG-2, (i) BHG-3, (j) BHG-4, (k) BHC-1,
() BHC-2, (m) BHC-3, and (n) BHC-4.

It is shown from Figure 5 that the height of the flexural crack in the constant moment
zone varies according to the hybrid reinforcement ratio (As/As). The higher the hybrid re-
inforcement ratio, the lower the flexural cracking in the constant moment zone, as shown
in Figure 5(j) and 5(n).
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As the load increases, flexural cracks spread to the shear span zone, developing into
shear cracks. Inclined cracks are more dominant in beams with a higher hybrid reinforce-
ment ratio. When inclined cracks are formed and propagate towards the load position, the
stress at the top of the compression zone increases, and the beams finally reach their ulti-
mate condition. The summary of the failure of the tested beams is shown in Table 2.

Table 2. The failure mode of the tested beams.

Beam Notation AflAs .Type of Failure Mode
Reinforcement

BFS-2 - Steel SY, CC
BFS-4 - Steel SY, CC
BFG-1 - GFRP CC
BFG-2 - GFRP CC
BFC-1 - CFRP CC
BFC-2 - CFRP CcC
BHG-1 0.5 Steel & GFRP SY, CC
BHG-2 2.0 Steel & GFRP SY, CC
BHG-3 0.5 Steel & GFRP SY, CC
BHG-4 2.0 Steel & GFRP SY, CC
BHC-1 0.5 Steel & CFRP SY, CC
BHC-2 2.0 Steel & CFRP SY, CC
BHC-3 0.5 Steel & CFRP SY, CC
BHC-4 2.0 Steel & CFRP SY, CC
Note: SY = steel yielding

CC = concrete crushing
Different reinforcing materials (GFRP and CFRP) cause significant differences in
crack patterns. Cracks in beams with GFRP reinforcement are wider and higher than
beams with CFRP reinforcement due to the lower modulus of elasticity of GFRP.

4.2. Effect of Longitudinal Reinforcement Ratio (Af/As)

A load-deflection curve showing the capacity of each beam is plotted in Figure 6. A
comparison of the capacities of the non-hybrid beams is shown in Figures 6(a) and 6(b).
These figures show different behavior from beams with steel reinforcement to beams with
FRP reinforcement. The beam with steel reinforcement demonstrated ductile behavior,
while the FRP beam did not. The ductility of beams with steel reinforcement can be seen
from the yielding of the tensile reinforcement, which is characterized by a sudden change
in stiffness after the elastic limit (after the tensile reinforcement yields) without any sig-
nificant change in the resistance capacity.

The behavior of the load-deflection curves of beams with hybrid reinforcement can
be seen in Figures 6(c) to 6(j). The ductility of beams with hybrid reinforcement is highly
dependent on the ratio of hybrid reinforcement (A7/As). The ductile behavior of beams
with hybrid reinforcement is seen in beams with a small hybrid reinforcement ratio. On
the other hand, the ductile behavior becomes less noticeable with a higher hybrid rein-
forcement ratio even though the steel is yielding.
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Figure 6. The load-deflection curves of the tested beams with the effect of hybrid reinforcement ratio.


https://doi.org/10.20944/preprints202201.0147.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 January 2022

d0i:10.20944/preprints202201.0147.v1

13 of 29

Figures 6(c) to 6(j) also show that in beams with a higher hybrid reinforcement ratio
(BHG-4 and BHC-4), the yield point of the reinforcing steel is not visible. This causes the
process of calculating the beam's ductility to become problematic.

4.3. Effect of Reinforcement Position

The effect of the position of the reinforcement on the tested beam is shown in Figure
7. It can be seen that the position of the reinforcement slightly affects the capacity and
ductility of the beam. Beams with Type I reinforcement (one layer of reinforcement) show
a higher capacity but slightly lower ductility.

70 70 70
60 60 60 4
50 50 50
~ ~ —~
Z 4 ” Z
LA L TR "\ =40 =40
A i A A
g 30 230 BFG-1 BFG2 230 BEC-1 BFC2
S 3 | | mve S o . )
= = =
20 20 20 1
10 10 ... 10 (XX ‘.I
0 0 0
10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Deflection (mm) Deflection (mm) Deflection (mm)
——BFS-2 ----BFS-4 «===BFG-1 «==+BFG-2 «=—=BFC-1 ===+BFC-2
(a) (b) (©)
70 70
60 60
50 50
Z Z
<40 1 <40
B B g ™ Mg A
g 30 s BHG-1 BHG-3 Tg’ <5 / BHG2 BHG4
= b = / 3
20 20 /
/
10 B 10 .
eoe e o oeo e .J
0 0
10 20 30 40 50 60 0 10 20 30 40 50 60
Deflection (mm) Deflection (mm)
——BHG-1 =----BHG-3 ——BHG-2 =----BHG-4
(d (e
70 70
60 60
50 50 p
2 2 /I
= 40 =40 /
a A
. : /
EEL g0 y BHC-2 BHC-4
= o [os
20 20
10 10 .
cee || a0
0 0
10 20 30 40 50 60 0 10 20 30 40 50 60

Deflection (mm)

=—=BHC-1 ===-BHC-3

6

Deflection (mm)

=——BHC-2 ===-BHC-4

(2

Figure 7. The load-deflection curves of the tested beams with the effect of bars position.

Figure 7 also shows that the position of the reinforcement and the ratio of the hybrid
reinforcement bars affect the slope of the load-deflection curve in the post-elastic zone.
This difference is seen in Figures 7(d) to 7(g). The difference in slope in the post-elastic
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zone due to the position of the reinforcement is visible in the beam with a hybrid rein-
forcement ratio of 0.5 by comparing Figure 7(d) and 7(f). However, the beam with the
hybrid reinforcement ratio of 2 does not show a significant difference in the slope of the
load-deflection curve in the post-elastic zone of steel reinforcement.

4.4. Strain Distribution in Cross Section with Hybrid Reinforcement

The strain distributions of the tested beam obtained from the analytical calculations
are shown in Figure 8. The notation y on the vertical axis represents the height of each
element measured from the top of the cross-section, and the notation H represents the
height of the section. It can be seen in the figure that yielding occurs in cross-sections with
steel reinforcement because the strain that occurs in the steel reinforcement (&) has ex-
ceeded the yield strain of steel (&).
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Figure 8. Strain distribution of the tested beams obtained analytically (a) BFS-2, (b) BFC-1, (c)
BFG-1, (d) BFS-4, (e) BFC-2, (f) BFG-2, (g) BHG-1, (h) BHG-2, (i) BHG-3, (j) BHG-4, (k) BHC-1,
(1) BHC-2, (m) BHC-3, and (n) BHC-4.

The maximum strain in FRP reinforcement (&) in all beam sections did not exceed the
ultimate tensile strength (&u). This result agrees with the beam test results obtained from
experimental studies. In cross-sectional analysis with the fiber element method, the max-
imum compressive strain entered into the computer program is 0.003, which agrees with
experimental tests where all beams are crushed in the compression zone.

In the cross-section with steel reinforcement, the maximum strain at the Type I sec-
tion is greater than the Type II section. However, this does not happen in the FRP-rein-
forced and hybrid-reinforced sections. This indicates that the position of the reinforcement
affects the cross-sectional strain distribution. In addition, the different types of FRP also
have a significant influence on the strain distribution where the cross-section with GFRP
reinforcement experiences a higher strain. This is due to the lower modulus of elasticity
of GFRP compared to steel and CFRP.

4.5. Neutral Axis Growth in Cross Section with Hybrid Reinforcement

As stated in the previous section, the process of calculating the ductility from the
load-deflection curve becomes more difficult as the hybrid reinforcement ratio increases
because the exact position at which the steel reinforcement yield becomes unclear. In this
study, the authors propose a method to determine the yield position of steel reinforcement
in a cross-section of reinforced concrete beams with hybrid reinforcement. The proposed
method uses an analytically obtained neutral axis curve calculated using Equation 5.
However, before being applied for this purpose, the calculated neutral axis curve results
were verified with experimental data obtained from the literature [20] and the results of
other software calculations [21].

Figures 9 and 10 compare the neutral axes calculated by Equation 5 from experi-
mental data obtained from the literature and the results of other software. These compar-
isons show that the neutral axis calculated by Equation 5 is very close to the experimental
data results and computed using other software. This indicates that the neutral axis cal-
culated by Equation 5 can be used to determine the position of the yield point of the steel
reinforcement in the cross-section of reinforced concrete with hybrid reinforcement.
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Figure 10. Verification of calculated neutral axis curve with other software [21] for the
specimen (a) BFS-2 and (b) BHG-1.

Figure 11 shows the neutral axis curves obtained analytically from the tested rein-
forced concrete beam sections. In all beam cross-sections, the movement of the neutral axis
starts from Point A to Point B. This range is the zone before the first crack in the section.
After that, the neutral axis moves towards Point C, which is a point that indicates the
reinforcing steel has yielded. In the cross-section with steel reinforcement (BFS-2 and BFS-
4), Point C is very clearly visible, followed by a steep slope of inclination towards Point D,
which indicates movement after the elastic zone of the steel.
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Figure 11. The neutral axis curve of the tested beams obtained analytically (a) BFS-2, (b) BFC-
1, (c) BFG-1, (d) BFS-4, (e) BFC-2, (f) BFG-2, (g) BHG-1, (h) BHG-2, (i) BHG-3, (j) BHG-4, (k)

BHC-1, () BHC-2, (m) BHC-3, and (n) BHC-4.

On the other hand, Point C (yield point) is not found in the cross-section with only
FRP reinforcement (BFC-1, BFC-2, BFG-1, and BFG-2). In the section with FRP reinforce-
ment only, the neutral line moves towards the ultimate point without any post-elastic be-
havior of the reinforcement after Point B.

In cross-sections with hybrid reinforcement, Point C is followed by a post-elastic zone
where the angle of inclination depends on the ratio of the hybrid reinforcement. The larger
the hybrid reinforcement ratio, the smaller the angle of inclination of the curve after Point
C. In this study, Point C is used as a reference to help determine the yield point in sections
with large hybrid reinforcement ratios.

In general, the movement of the neutral axis can be summarized in Figure 12. The
neutral axis curve of specimens BFS-2, BFC-1, BFG-1, BHG-1, and BHC-1 are plotted to
demonstrate the zones and essential points. It can be seen that the starting point of the
neutral axis starts from about the middle of the cross-sectional height (Point A). The move-
ment of the neutral axis does not show a significant change until the cross-section experi-
ences the first flexural crack (Point B). After flexural cracking occurs, the neutral axis
moves rapidly towards the top of the cross-section.
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Figure 12. Typical neutral axis curve of reinforced concrete beams cross-section with (a) steel reinforcement, (b) FRP
reinforcement, (c) hybrid steel-GFRP reinforcement, and (d) hybrid steel-CFRP reinforcement.

In the cross-section with steel reinforcement, the neutral axis moves to Point C, rep-
resenting the steel's yielding. In an over-reinforced cross-section with steel bars, the tensile
reinforcement in the cross-section does not experience yielding. After point B, the curve
goes straight to and stops at Point D. This phenomenon is also seen in all neutral axis
curves in the cross-section with FRP reinforcement, indicating that the inelastic defor-
mation of steel reinforcement affects the movement of the neutral axis and the ductility of
the cross-section.

Figure 12 shows that, during loading, the curve of the neutral axis can be divided
into three zones, as shown in Figure 12(a), especially in sections with under-reinforced
steel reinforcement. However, with an over-reinforced cross-section (yielding of the rein-
forcement does not occur), there are only two parts to the curve, with the end of the curve
having a downward slope before reaching the ultimate condition. In this condition, the
section fails in compression, characterized by crushing the concrete in the compression
area with the reinforcement still in an elastic state. A similar situation also occurs in sec-
tions with under or over-reinforced FRP reinforcement, as shown in Figure 12(b).

The behavior of the neutral axis curve on a reinforced concrete cross-section with
hybrid reinforcement is shown in Figures 12(c) and (d). There are three zones on these
curves, namely the zone before cracking (A to B), the zone after cracking (B to C), and the
zone after yielding (C to D). The angle of inclination () after Point C depends on the type
of FRP used and the hybrid reinforcement ratio.

4.6. Ductility of Cross Section with Hybrid Reinforcement

The process of calculating the ductility of the beam with and without hybrid rein-
forcement was carried out using the load-deflection curve shown in Figure 13 and Equa-
tion 6. Because it is difficult to determine the position of yield loads (Py) visually, the po-
sition of Py for beams with hybrid cross-section and large ratio of hybrid reinforcement
(BHG-2, BHG-4, BHC-2, and BHC-4) were determined using the neutral axis curve shown
in Figure 11 above. The yield position of the hybrid cross-section reinforcement with a
high hybrid reinforcement ratio can be seen as shown at point C on the neutral axis curve.
The calculated ductility values are presented in Table 3.
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Figure 13. The process of determining the ductility of the tested beam (a) BFS-2, (b) BFS-4, (c)
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Figure 14 shows the effect of the hybrid reinforcement ratio (AfAs) on the ductility
(0) of the tested beams and the data obtained from the literature. The ratio of hybrid rein-
forcement used in the specimens (experimental and parametric) and data obtained from
the literature ranged from 0.3 to 4.3 with three types of FRP bars (Aramid, CFRP, and
GRP). The red line shows the trend of the data showing a decrease in ductility with in-
creasing the hybrid reinforcement ratio. The vertical shaded area in Figure 14 indicates
the hybrid reinforcement ratio zone from 1 to 2.5. This zone is the recommended hybrid
reinforcement ratio zone to ensure the beam has sufficient ductility and stiffness after ex-
ceeding the elastic phase [9].

Meanwhile, the horizontally shaded area is the adequate ductility suggested in this
study for the cross-section with hybrid reinforcement with a value greater than 4. Statis-
tical analysis using correlation coefficient was used to see the strength of the linear rela-
tionship between the variables hybrid reinforcement ratio (As/As) and the ductility (J). The
results showed a relationship with a moderate correlation value (R) of -0.38, where the
minus sign means that the value of the hybrid reinforcement ratio increases and the duc-
tility value decreases.
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Figure 14. Relationship between hybrid reinforcement ratio (Ay/As) and ductility (6) of the tested
beams, parametric study, and data obtained from the literature.

4.7. Neutral Axis Angle () and Neutral Axis Displacement Index (o)

A neutral axis angle (@) and neutral axis displacement index (dv) obtained from the
neutral axis curve profile are introduced in this paper as an alternative method to evaluate
the ductility of the reinforced concrete section with hybrid reinforcement. The definition
of the neutral axis angle in this paper is the angle formed at Point C (see Figure 15), which
occurs after the steel reinforcement has yielded. The neutral axis angle can be calculated
using Equation 7 and with the help of Figure 15. The value of this angle indicates the
change in stiffness of the section after the steel reinforcement yield. A positive angle value
means Point D is above Point E and vice versa. The greater the value of the neutral axis
angle, the greater the ductility value.

Meanwhile, the neutral axis displacement index (Jv) value can be calculated using
Equation 8. This value indicates the journey of the neutral line from Point A to Point D.
An index value greater than 1 indicates Point D is above Point E, and the index value is
smaller than one means Point D is below Point E. The greater the neutral axis displace-
ment index value, the greater the ductility value. Calculated neutral axis angles and neu-
tral axis displacement index obtained from experimental data, parametric studies, and
literature are shown in Table 3, Figure 16, and Figure 17.
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The neutral axis angle () is plotted against the hybrid reinforcement ratio (A7As) in
Figure 16. It can be seen that the neutral axis angle decreases with the increase of the hy-
brid reinforcement ratio. This result is in accordance with the observation in the previous
section that the ductility decreases with the increase in the hybrid reinforcement ratio.

The neutral axis angle data plotted in Figure 16 are combined in Figure 17(a). The red
line shows the data trend, and the data has a significant negative correlation value (R) of
-0.67. Figure 17(b) shows the relationship between the hybrid reinforcement ratio (Aq/As)
and the neutral axis displacement index (dv). The data has a relatively strong negative
correlation value of -0.83. The value of the neutral axis displacement index decreases as
the value of the hybrid reinforcement ratio increases.

The neutral axis angle and the neutral axis displacement index are plotted in Figure
17(c) to show the correlation between the two variables. The data has a relatively strong
positive correlation value of 0.89. This proves that these two variables have a reasonably
strong relationship.

Furthermore, the relationship between the neutral axis displacement index and duc-
tility is shown in Figure 17(d). The data shows a weak positive (negative) linear relation-
ship with a correlation value of 0.26. However, these data indicate that the ductility value
increases with the increase in the neutral axis displacement index value.

Table 3. Ductility (9), neutral axis angle (), yield moment, ultimate moment, and deformability factor (DFmod) of the cross-
section with hybrid reinforcement.

Nﬁteaatlil:)n AjffAs ] a oN My Hy M. M DF  Type of Tg:)ess(if
(kNm) (kNm) FRP section

Data from this study [Experimental]
BFS-2 - 49 77.7 1.7 28.2 1.4 29.1 7.2 5.4 - Typel
BFS-4 - 6.3 58.8 1.6 25.1 14 27.4 6.0 4.8 - Type II
BFG-1 - - - - - - - - - GFRP  Typel

BFG-2 - - - - - - - - - GFRP  Typell
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BFC-1 - - - - - - - - - CFRP  Typel
BFC-2 - - - - - - - - - CFRP Typell
BHG-1 0.5 6.6 19.6 14 21.2 1.3 29.9 5.8 6.4 GFRP  Typel
BHG-2 2.0 6.3 3.6 1.1 14.2 1.2 30.4 5.7 9.9 GFRP  Typel
BHG-3 0.5 6.1 25.7 14 20.6 1.3 27.2 6.1 6.0 GFRP Typell
BHG-4 2.0 5.6 2.8 1.1 13.6 1.5 28.9 5.7 8.2 GFRP  Typell
BHC-1 0.5 5.4 8.5 1.2 244 1.4 38.1 43 49 CFRP  Typel
BHC-2 2.0 3.7 -2.4 0.9 21.2 1.3 414 3.9 5.7 CFRP  Typel
BHC-3 0.5 45 12.2 1.3 22.7 14 33.4 4.6 49 CFRP  Typell
BHC-4 2.0 4.0 -3.6 0.9 23.1 1.7 39.9 3.9 3.9 CFRP Typell
Data from this study [Parametric]
BHG-5 3.0 3.9 1.5 1.0 15.9 1.2 34.6 49 8.7 GFRP  Typel
BHG-6 3.0 3.2 0.5 1.0 15.7 1.5 33.1 49 6.9 GFRP  Typell
BHG-7 43 3.3 -0.8 1.0 18.4 1.3 38.3 43 7.0 GFRP  Typel
BHG-8 4.3 2.5 -1.2 1.0 19.2 1.6 36.8 4.3 52 GFRP Typell
BHG-9 1.3 5.1 7.0 1.2 14.7 1.2 28.7 6.1 9.6 GFRP  Typel
BHG-10 1.3 5.2 9.4 1.2 13.9 1.3 24.6 6.5 9.0 GFRP  Typell
BHC-5 3.0 2.3 -4.8 0.9 26.8 14 45.9 3.3 4.0 CFRP  Typel
BHC-6 3.0 1.8 -6.6 0.9 15.7 1.5 33.1 49 6.9 CFRP  Typell
BHC-7 43 2.0 -7.1 0.8 33.6 1.6 49.6 29 2.7 CFRP  Typel
BHC-8 43 1.3 -7.8 0.8 38.8 2.1 48.1 2.9 1.7 CFRP Typell
BHC-9 1.3 3.0 0.7 1.0 19.7 1.3 38.9 4.2 6.5 CFRP  Typel
BHC-10 1.3 3.4 2.6 1.1 17.3 1.3 32.6 4.6 6.7 CFRP  Typell
Aiello et al. [1]
Al 0.9 7.7 3.6 1.1 8.8 1.9 20.2 11.9 144 AFRP Typell
A2 1.6 6.4 3.1 1.1 10.4 1.9 25.8 10.0 12.7 AFRP Typell
A3 1.0 4.8 8.7 1.1 20.0 2.2 34.1 7.6 5.8 AFRP Typell
C1 0.9 7.7 11.2 1.1 9.7 1.8 21.2 11.9 14.5 AFRP  Typel
Qu et al. [3]
B3 1.1 4.0 6.9 1.2 20.7 1.2 46.0 7.5 14.0 GFRP  Typel
B4 2.0 29 49 1.1 195 1.1 49.9 6.7 16.0 GFRP  Typel
B5 0.4 4.8 21.5 14 28.4 1.1 43.4 8.4 114 GFRP  Typel
B6 0.6 4.5 14.7 1.3 30.4 1.2 51.9 6.6 9.5 GFRP  Typel
B7 1.3 8.5 7.3 1.2 10.7 1.1 30.8 10.5 27.0 GFRP  Typel
B8 0.3 3.1 38.3 14 77.6 1.6 87.3 3.7 2.7 GFRP Typell
Lau & Pam [4]
G0.3-
MD1.0- 0.3 1.9 21.9 14 114.9 0.8 166.3 5.0 9.4 GFRP  Typel
A90
GLO- 1.6 39 6.3 1.1 160.7 1.2 237.3 3.6 44 GFRP  Typel
T0.7-A90
G0.6- 0.6 4.2 17.1 1.3 195.4 1.1 250.1 3.8 4.3 GFRP  Typel
T1.0-A90
Yinghao & Yong [5]
S2 0.3 2.6 19.9 14 66.7 1.6 93.1 5.5 4.7 GFRP Typell
S3 0.3 3.8 29.9 1.6 72.8 1.4 95.2 5.8 5.5 GFRP Typell
S4 0.3 1.7 24.6 1.6 75.0 1.3 103.2 5.5 5.7 GFRP  Typel
Refai et al. [8]
2Gl12-
2.9 5.3 0.7 1.1 15.2 14 47.3 8.2 18.5 GFRP  Typel

1510
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2G12-
2510 14 3.0 3.2 1.1 25.9 1.3 58.4 7.1 12.3 GFRP  Typel
chs;ii- 1.0 44 5.5 1.1 31.1 1.5 55.7 6.8 8.2 GFRP  Typel
2G16-
2(;12 2.6 3.8 13 1.0 31.0 14 71.4 5.8 9.8 GFRP  Typel
2G16-
2512 1.8 2.4 2.6 1.1 37.4 14 70.9 5.5 7.3 GFRP  Typel
2Gl16-
2516 1.0 4.0 7.1 1.1 56.5 1.6 81.4 4.7 4.4 GFRP  Typel
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Figure 16. Neutral axis angle (o) versus hybrid reinforcement ratio (A7/As) of the tested beams,
parametric study, and data obtained from the literature.
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Figure 17. Relationship between (a) hybrid reinforcement ratio and neutral axis angle, (b)
hybrid reinforcement ratio and neutral axis displacement index, (c) neutral axis angle and
neutral axis displacement index, and (d) neutral axis displacement index and ductility of the
tested beams, parametric study, and data obtained from the literature.

Refai et al. [8] proposed the use of a modified deformation factor, a measure of the
ability of a beam to sustain inelastic deformation and significant rotation before failure.
This is the ratio of the product of the moment and curvature at ultimate yielding to the
product of the moment and curvature at the yielding of the steel reinforcement as shown
in Figure 18 and given in Equation (9). The calculated deformation factors for all data in
this study are shown in Table 3.
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Figure 18. The moment-curvature curve obtained from cross-section analysis (fiber element
model).
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DFioa = (9)

The relationship between the deformation factor (DF) and the reinforcement ratio
(Af/As), the neutral axis angle (&), neutral axis displacement index (dv), and ductility () is
shown in Figure 19 with the correlation values of -0.1, -0.06, 0.06, and 0.58 respectively.

The trend line in Figure 19(a) and (b) show a decrease of the deformation factor with
an increase in the reinforcement ratio and neutral axis angle. Meanwhile, Figure 19(c) and
(d) show an increase in the deformation factor with the increase in neutral axis displace-
ment index ductility. Figure 19(d) indicates the significant correlation between the defor-
mation factor and the ductility.
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Figure 19. Relationship between (a) hybrid reinforcement ratio and deformability factor, (b)
neutral axis angle and deformability factor, (c) neutral axis deformation index and deforma-
bility factor, and (d) ductility and deformability factor of the tested beams, parametric study,

and data obtained from the literature.

The explanation above shows some weak correlation values between the two varia-
bles being compared. The above analysis uses data from the literature that uses varied
material types (e.g., modulus of elasticity and tensile strength of FRP and steel, concrete
quality, cross-sectional size, beam dimensions). Therefore, in Figure 20, only the results
processed using parametric study data are presented. In this parametric study, only the
hybrid reinforcement ratio variable is varied, as shown in Table 1 above.

It can be seen from these figures that the correlation values obtained are a strong
relationship (greater than 0.65). With the results presented in Figure 20, we can determine
the recommended values of parameters ¢, dv, &, and DF for cross-section with hybrid re-
inforcement. The dotted circle indicates the range of recommended values in Figure 20.
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Figure 20. Relationship between ¢, dv, J, and DF for cross-section with hybrid reinforcement
obtained from the parametric study.

The process of determining the recommended values of the parameter begins by us-
ing the suggested limitation value for the hybrid reinforcement ratio [9], which is the
range between 1 - 2.5, as shown in Figure 20(a). A zone of a value that meets the require-
ments is obtained from the limit of the hybrid reinforcement ratio, which is between 0 -
159. This process is repeated to obtain the boundary zone of the other parameters (dotted
circle). A summary of the recommended values is listed in Table 4.

Table 4. Recommended parameter values of o, dv, &, and DF for cross-section with hybrid rein-
forcement.

Parameter Recommended Value
a 0-150
N 1-1.2
S >4
DF >6

5. Conclusions

Fourteen reinforced concrete beams together with data from parametric study and
data obtained from literature with various hybrid reinforcement ratios and reinforcement
positions were tested to evaluate the ductility of the beams. Some conclusions that can be
drawn from this study are:

(1) The reinforcement ratio (As/As) strongly influences hybrid reinforced concrete's
capacity and cross-sectional ductility. The higher the ratio of hybrid reinforcement, the
greater the capacity but the reduced ductility. The ductility of beams decreases with the
increase of the hybrid reinforcement ratio.

(2) In an under-reinforced cross-section (steel reinforcement), the neutral axis curve
can be divided into three zones. While in a beam with an over-reinforced cross-section,
there are only two-zone. In under or over-reinforced cross-section (FRP reinforcement),
the neutral axis curve can be divided two zones.

(3) There are three zones on the neutral axis curve for beams cross-section with hy-
brid reinforcement, i.e., the zone before cracking, the zone after cracking, and the zone
after yielding. The inclination angle of the neutral axis curve after reinforcement yield
depends on the type of FRP used and the hybrid reinforcement ratio.

(4) The ductility of beams with hybrid reinforcement increases as the neutral axis
angle increases. There is a significant relationship between the neutral axis angle, neutral
axis deformation index, the deformation factor, and ductility. The deformation factor in-
creases with increasing neutral axis angle and neutral axis deformation index.

(5) The neutral axis angle and the neutral axis deformation index proposed in this
paper can be used to evaluate the ductility value of the cross-section with hybrid rein-
forcement.
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