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A B S T R A C T

Fiber-reinforced polymers (FRPs) are widely used in the strengthening of concrete structures due to their light
weight, high strength, and good durability. For precast concrete structures, bundled FRP/steel bars can sub-
stantially ease the construction process. In this paper, experimental studies were conducted on five concrete
beams with different types of bundled reinforcements. The test results showed that all the beams exhibited
concrete crushing failure modes after the steel bar yielded, and the plastic development of the steel bar was
restrained by the elastic FRP bar. As the reinforcement concentration increased, the bond behavior between the
longitudinal reinforcement and the surrounding concrete decreased; the postcracking stiffness and crack
quantity of the corresponding concrete beam decreased, whereas the crack width increased. Both the initial
stiffness and postyield stiffness of the concrete beam with 3-bar bundles were approximately 50% of that of the
beam with double-bar bundles. The displacement ductilities of all the concrete beams were greater than six. Due
to the differences in the bond behavior, the ultimate displacements of the beams with 3-bar bundles and 6-bar
bundles were approximately 1.6 and 1.9 times the ultimate displacement of the beam with single-bar re-
inforcement, respectively.

1. Introduction

A large number of laborers and a large quantity of formwork are
needed in the construction of cast-in-place concrete structures, in which
the use of tremendous formwork inevitably affects the environment,
and the labor cost continually increases with economic development
[1]. Prefabrication of components/members in the factory can greatly
reduce the on-site labor requirements, and the construction speed and
the quality of the structure can be ensured [2,3]. When the conjunction
of a precast concrete member is not well treated, steel bar corrosion will
develop very fast, and the corresponding structural performance will be
degraded [4]. Fiber-reinforced polymer (FRP) is a kind of composite
with high strength, low density, and high durability that can be placed
near the corner of the concrete cover to delay the deterioration of the
structure from corrosion [5].

In terms of hybrid reinforcement, experimental studies on concrete
beams reinforced by FRPs and steel bars have been conducted [6,7].
The longitudinal reinforcements were made of steel bars and glass FRP
(GFRP) bars, which were arranged in different layers on the concrete

beam sections. The results showed that the yielding of the steel bar can
ensure ductility, and the high strength of the FRP improves the bearing
capacity of the beam. Tests of twenty-four concrete beams reinforced by
steel bars, GFRP bars or hybrid steel/GFRP bars (GFRP bars were placed
on the outer tension side) have been conducted [8,9]. These studies
found that the failure modes of the hybrid reinforced beams were
concrete crushing after the steel yielded, the hybrid reinforced beams
had better ductility than the beams reinforced by pure FRP bars, and
according to ACI 440.1R-06 [10], the minimum reinforcement ratio for
an FRP-reinforced beam could be reduced by 25%. Regarding the
seismic performance of a concrete structure, due to the elastoplastic
characteristics of ordinary steel bars, the deformation of a reinforced
concrete (RC) structure after yielding cannot be effectively controlled
[11], and the failure probability of the structure will subsequently in-
crease [12]. Under a stable load that is greater than the yield load, the
damage in a concrete column is mainly concentrated on the plastic
hinge near the column foot, and the residual deformation would be
excessively large after an earthquake [13]; thus, the column collapses
more easily during the aftershocks [14,15]. The numerical analysis by
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Pettinga et al. [16] shows that under the same unloading displacement,
the larger the secondary stiffness (postyield stiffness) is, the smaller the
residual displacement of the concrete column, and when the secondary
stiffness ratio (ratio of the secondary stiffness to the initial stiffness) of
the column exceeds 5%, the residual displacement will be significantly
reduced. The emergence of various mechanical properties of FRPs has
made it possible to develop structures with stable secondary stiffness
[17,18], and a new kind of factory produced rebar, which are referred
to as steel-FRP composite bars (SFCBs), was designed for concrete
structures to achieve high mechanical performance and good durability
[19] through the reinforcement of steel bars and FRP bars; due to the
high strength of FRP bars, the reserve of the postyield load carrying
capacity of a concrete beam can be improved [20]. An experimental
study of concrete columns confined by hybrid steel spirals and FRPs
showed that a larger ultimate strain of the confining materials can lead
to a higher ultimate deformation capacity [21]. Experimental studies on
SFCB-reinforced concrete beams were carried out by the author's re-
search group [22], in which the effective secondary stiffness of SFCB-
reinforced beams was verified; the ductility of the hybrid reinforced
column can be larger than that of an ordinary RC column [23]. The
calculation method for the load-displacement relationship of the hybrid
reinforced simply supported concrete beam was proposed by Pang et al.
[24], and a new ductility coefficient was proposed. Forty-six beams
reinforced by hybrid steel-FRP bars and concrete beams strengthened
by near-surface mounted FRP bars were analyzed by Kara et al. [25],
and they proposed a numerical technique to predict both the pre- and
postcracking deflections of concrete beams. As far as multispan hybrid
(FRP and steel) reinforced concrete beams is concerned, a numerical
procedure for the determination of the deformation was proposed by
Dundar et al. [26], in which the effective flexibilities of members in the
cracked state can be considered. Experimental studies were conducted
on eight two-span continuous concrete beams, and the results showed
that the theoretical method can accurately predict the experimental
data [27].

For structures with heavy loads or those designed to resist rare
earthquakes, the reinforcement ratio would be relatively large, and the
assembly of the beam-column joint would be complicated. Therefore, it
is necessary to bundle the longitudinal reinforcement to reduce the
difficulty of on-site assembly construction [28]. According to the ACI
code [29], the number of bundled bars shall be limited to four, and the
cutoffs within the bundles need to be staggered. To study the influence
of different methods of bundling hybrid longitudinal reinforcement
(FRP bar and steel bar) on the behavior of concrete beams, this paper
introduces test results of concrete beams with different reinforcement
methods. In this study, two single-reinforcement concrete beams (se-
parate reinforcements) and three concrete beams with different bun-
dled reinforcements were investigated. Related research can provide a
basis for the design of bearing capacity and deformation capacity of
concrete beams reinforced by bundled composite reinforcements.

2. Experimental study

2.1. Specimen design

The test specimens were all designed as simply supported beams
with a rectangular cross-section (220mm×300mm). The total length
of the beam was 2200mm (Fig. 1), of which the pure bending length
was 600mm, and the concrete cover was 20mm. The hanging bars
were made of two HRB335 steel bars with a diameter of 10 mm; the
stirrups were made of round steel bars with a diameter of 8mm, which
had an 80mm spacing and a 135° hook.

The average compressive strength of the three concrete cubes
(150mm×150mm×150mm) [30] was approximately 43MPa.
There are two types of bars used in this test: HRB400 steel bars and
basalt FRP (BFRP) bars (Fig. 2). The basic mechanical properties of the
reinforcement are shown in Table 1, in which “Ф10” means the

diameter of the steel bar is 10 mm, “B49” means that the BFRP bar is
composed of 49 bundles of 4000 tex basalt fiber, “tex” is the weight of a
single bundle fiber per kilometer (g). Note that the width of the surface
rib of the BFRP bar is approximately 3.5 mm, and the rib spacing is
approximately 12mm.

The reinforcement ratio of all the beams is the same, and the
equivalent reinforcement ratio (ρsfe) based on the elastic modulus of the
steel is 0.56%. Note that ρsfe is calculated according to Eq. (1).
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where Ef and Af are the elastic modulus and cross-sectional area of the
FRP bars, respectively; Es and As are the elastic modulus and cross-
sectional area of the steel bars, respectively; and Ag is the total cross-
sectional area of the concrete beam.

The arrangement of the longitudinal reinforcement in each beam is
as follows (Fig. 3). The tensile reinforcement of L-1 is evenly arranged
on the same layer, and the spacing is approximately 21mm. The tensile
reinforcement of L-2 is arranged in two layers, wherein the FRP bars
(B49) are arranged in the outer layer; the horizontal spacing of the
reinforcements in L-2 is approximately 67mm, and the inner steel bar is
approximately 40mm from the outer FRP bar. The steel bars and FRP
bars of L-3 are concentrated into one bundle by thin steel wires, and the
distance between the two bundles is approximately 124mm. The two
longitudinal bars (FRP bar and steel bar) of beam L-4 are vertically
arranged in a group, and the bar spacing of L-4 is similar to that of L-2.
The difference between L-4 and L-2 is that there is no vertical gap be-
tween the steel bar and the FRP bar in L-4. The six longitudinal bars of
L-5 are concentrated into one bundle, in which the steel bars are
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Fig. 1. Design and loading diagram of the test specimen (unit: mm).
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Fig. 2. BFRP bar and steel bar used in the concrete beams.
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arranged on the inner side, the FRP bars are arranged on the outer side,
and the bar edges are approximately 67mm away from the stirrups on
both sides.

2.2. Specimen casting and measurement

Before bundling the main reinforcements, first polish the strain
gauge attachment position on the bars. After attaching the strain
gauges, the strain gauges are wrapped with resin-impregnated gauze
(Fig. 4a); five strain gauges are attached to each longitudinal bar
(Fig. 1). A 5 kN preloading step is performed in the test preparation
stage to eliminate the error of the actuator displacement at the initial
stage of loading. All measurement data are set to the initial state after
the test machine load returns to zero.

To clearly obtain the development process of the crack, the test
beam was whitened before the test, and then grid lines with a vertical
and horizontal spacing of 50mm were drawn on the side and bottom of
the beam. The crack development of the test beam was observed after
each stage of loading. Before the beam yielded, to capture the crack
point, the loading was applied under force control mode (5 kN /min).
After the concrete beam yielded, the number of cracks remained ap-
proximately stable, and the load decreased dramatically when the FRP
ruptured. As a result, the beam was loaded in displacement control
mode (2mm/min), and three linear variable displacement transformers
(LVDTs) were arranged in the two seats and the middle span of the test
beam. The location of each LVDT is shown in Fig. 1.

3. Test results

3.1. Test phenomena

The failure modes of the test specimens were concrete crushing in
the compression zone after the steel bar yielded without the rupture of
the FRP bar. The failure process could be divided into three stages
(Fig. 5): a precracking stage (elastic stage), after concrete cracking and
before steel bar yielding, and a postyield stage of the steel bar until
concrete crushing. In the elastic state before the concrete cracked, the
stress of the reinforcement increased linearly with increasing load, and
the neutral axis was basically at the middle of the section. After the
concrete cracked, as the load increased, the stiffness of the beam de-
creased and remained stable (approximately linear) until the steel bar
yielded, and cracks gradually appeared in the pure bending zone of the
concrete beam. When the concrete in the compression zone reached the
ultimate compressive strain, the surface of the concrete appeared to
peel off and was gradually crushed, and the beam reached the ultimate

load.
The damage process of each beam is as follows:

(1) L-1

The damage of beam L-1 is shown in Fig. 6. When the load was
approximately 43 kN, three vertical cracks appeared in the two loading
points and at the span, and the cracks extended upward to a height of
approximately 5 cm. When the load reached 50 kN, cracks began to
appear on both sides of the loading point and were basically symme-
trically distributed. When the load reached approximately 95 kN, the
steel bar began to yield. The crack development of the beam began to
accelerate, and the stiffness of the beam decreased. As the load con-
tinued to increase, small cracks began to propagate at the bottom of the
midspan and penetrate slowly with the adjacent cracks. A scattered
inclined crack gradually appeared on the flexural-shear region near the
loading point. When the load was 140 kN, the width of the crack near
the left loading point reached 0.99mm. When the load increased to
approximately 176 kN, the concrete in the compression zone began to
peel and slowly bulged. As the load increased, the bulge became in-
creasingly large, and finally, the concrete in the compression zone was
crushed (approximately 194 kN), and the test was stopped.

(2) L-2

When the load was 40 kN, three cracks were found in the bottom of
beam L-2 corresponding to the two loading points and the midspan, and
the crack spacing was approximately 28 cm. At 55 kN, a second batch of
cracks appeared on the midspan and at the two loading points, and the
crack width of the latter was relatively small. The cracks propagated
toward the top and widened evenly as the load increased. When the
load reached approximately 87 kN, the steel bar began to yield, and
then the midspan deflection and crack development became faster.
When the load was 160 kN, the maximum crack width at the two
loading points was 1.03mm and 1.05mm. The concrete in the com-
pression zone began to bulge when the load reached 180 kN. At this
point, the adjacent cracks on the bottom surface had penetrated to each
other, and horizontal cracks were formed. When the load reached
203 kN, the concrete in the compression zone was crushed, and the load
dropped sharply. The failure mode of the beam is shown in Fig. 7.

(3) L-3

The number of cracks in L-3 is smaller than that in L-1 and L-2,
which was caused by the three longitudinal bars of beam L-3 being

Table 1
Mechanical properties of the steel bars and BFRP bars.

Reinforcement type Diameter (mm) Yield strength (MPa) Elastic modulus (GPa) Ultimate strength (MPa) Elongation rate (%)

Steel bar Ф10 10 400 200 585 15
BFRP bar (B49) 10 / 49 1145 2.35

layer layer bundle bar bundle bundle
Fig. 3. Different reinforcement methods for the concrete beams (unit: mm).
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concentrated into one bundle. When the load reached approximately
47 kN, the first crack was found in the midspan, and the height of this
crack reached approximately 9 cm. Then, the second and third cracks
began to appear near the bottom of the beam at the two loading points.
When the load reached approximately 100 kN, the tensile steel bar

began to yield, and small cracks appeared near the main crack. At this
point, the deflection increased rapidly. The crack at the bottom of the
beam was widened and gradually penetrated with the adjacent cracks,
and the bottom surface formed a transverse crack. When the load
was140 kN, the width of the crack near the left loading point was ap-
proximately 1.45mm. When the load was approximately 179 kN, the
concrete in the compression zone cracked and gradually formed a
bulge. When the load was approximately 205 kN, the concrete in the
compression zone crushed (Fig. 8).

(4) L-4

When the load reached approximately 40 kN, beam L-4 had three
vertical cracks near the bottom of the corresponding beam at the
midspan and the two loading points. At approximately 50 kN, cracks
began to appear in the beam shear-flexural section. When the load
reached approximately 91 kN, the midspan displacement increased ra-
pidly, and the crack widened rapidly and gradually propagated to the
top of the beam. When the load was 140 kN, the width of the crack near
the right loading point was 1.62mm. The cracks no longer propagated
upwards when the load reached approximately 190 kN, and the con-
crete in the compression zone had transverse cracks and began to peel
off. When the load reached 214 kN, the concrete in the compression
zone crushed (Fig. 9).

(5) L-5

The number of cracks in beam L-5 was less than that in the other
four beams. The cracking load was 38 kN, and three cracks were ob-
served simultaneously in the pure bending section, which were located
at the midspan (1 crack) and two loading points (one crack each). When
the load reached 98 kN, the strain of the longitudinal bar and the
midspan displacement suddenly increased, but the load increased
slowly. The overall distribution of the cracks was relatively uniform,
but the crack width development was uneven, and the cracks near the
right loading point developed faster than the other cracks. When the

(a) Attached strain gauge (b) Casting and maintenance of the 

Fig. 4. Attaching the strain gauges and casting the test beams.

0 5 10 15 20 25
0

50

100

150

200
Stage III

Stage II

Stage I

Lo
ad

 (k
N

)

Displacement (mm)

 L-1
 L-2Cracking

Yielding

Fig. 5. Load-deflection curves of L-1 and L-2.

Fig. 6. Failure mode of beam L-1.

Fig. 7. Failure mode of beam L-2.
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load was increased to approximately 214 kN, the concrete in the com-
pression zone crushed (Fig. 10).

3.2. Crack development

The widths of the main cracks of the five beams developed as the
load increased, as shown in Fig. 11.

The crack widths of beams L-1 through L-4 increased linearly as the
load increased in the early stage (before 80 kN). After the concrete
beam yielded, the rate of increase in the crack width was relatively
faster. The bottom of the main crack began to bifurcate and slowly
penetrated with the adjacent cracks, forming a horizontal crack on the
concrete cover. The slow development of cracks in beams L-1 and L-2
was mainly due to the large bonding area between the longitudinal
reinforcement and the concrete when the distributed reinforcement was
used. Moreover, the distributed arrangement of the longitudinal re-
inforcement can achieve a relatively high bond strength. The cracks of
beams L-3, L-4 and L-5 developed faster than those of beams L-1 and L-
2, especially L-5, which had a larger crack width under the same load;
the number of cracks in beams L-3 and L-5 were 14 and 8, respectively.
These findings are mainly due to the change in the longitudinal bars
from the dispersed arrangement to the concentrated bundle, which
resulted in a smaller bonding area between the longitudinal bars and
the surrounding concrete, and an earlier bond-slip occurred.

3.3. Load-displacement curve

The load-displacement curves of the concrete beams are illustrated
in Fig. 5 (L-1 and L-2) and Fig. 12 (L-3, L-4, and L-5). Obvious sec-
ondary stiffness after yielding can be found, and the secondary stiffness
was affected by the reinforcement form. Fig. 5 shows that the curves
have two turning points: one is the cracking point, and the other is the
yield point. After the beam cracked, the slope of the curve (the stiffness
of the beam) decreased. After the steel bar yielded, the stiffness of the
beam was further reduced, and the midspan deflection increased ra-
pidly. The loads of the cracking points of beams L-1 and L-2 were si-
milar to each other, which were 43 kN and 40 kN, respectively; the
cracking deflections of L-1 and L-2 were 0.335mm and 0.437mm, re-
spectively. Moreover, the yield point and the ultimate point of the two
beams were relatively close. Compared with the single-layer re-
inforcement beam (L-1), the double-layer distributed reinforcement (L-
2) method slightly reduced the lever arm of the steel bar in the tension

zone, but the overall performance of the beam was hardly reduced.
The load-deflection curves of beams L-3, L-4, and L-5 are shown in

Fig. 12. Similar to the curves of ordinary nonbundled beams (L-1 and L-
2), the load-deflection curves of these beams have two turning points
due to concrete cracking and steel yielding. Before the beam cracked,
the three curves basically coincided with each other; after cracking and
yielding, the stiffness of beam L-4 was relatively larger than that of
beams L-3 and L-5, which showed the significant influence of the
bonding performance on the load-displacement behavior.

The characteristic values of the cracking point, yield point, peak
load point and ultimate point of each beam are shown in Table 2. The
load deflection curves of L-1 and L-2 are basically the same, and the
corresponding characteristic values are similar to each other. The
cracking displacements of beams L-1 and L-2 are relatively close, which
are both approximately 0.3 mm. The cracking displacements of beams
L-3 and L-5 are similar (approximately 0.64mm), which are sig-
nificantly larger than the cracking deflection of beam L-4. It is worth
noting that due to the stress redistribution, the deflection of beam L-5
increases sharply from 0.63mm to 1.67mm after cracking. The
cracking load of L-5 increases slightly from 38 kN to 41.56 kN. This
behavior is mainly due to the smaller bonding area between the long-
itudinal reinforcement of beam L-5 and the surrounding concrete,
which causes a large relative slip after cracking.

The yield displacements of beams L-3 and L-5 are 6mm and 4.8mm,
respectively, which are greater than that of beam L-4 (2.6 mm); these
yield displacements are mainly determined by the reinforcement
bundle type. The displacements of L-3 and L-5 at the ultimate load are
36.4 mm and 43.9 mm, respectively, which are both greater than that of
L-4 (20.3mm). The reason for this phenomenon is similar to the dif-
ference in the yielding point.

The peak loads of beams L-3, L-4, and L-5 are 205 kN, 214 kN and
215 kN, respectively, which are greater than the ultimate loads of
beams L-1 and L-2, which are 196 kN and 203 kN, respectively. These
results show that the ultimate bearing capacity of the bundled com-
posite reinforced concrete beam is not smaller than that of the ordinary
distributed reinforcement beam, and the ultimate moment (load) was
enhanced due to the increased ultimate curvature of the section.

3.4. Strain distribution

The strain developments of the FRP bar and steel bar of beam L-1
are shown in Fig. 13. Due to concrete cracking and steel yielding, a

Fig. 8. Failure mode of beam L-3.

Fig. 9. Failure mode of beam L-4.
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rapid strain increase occurred. The strain in the pure bending region is
shown in Fig. 13(a), and the FRP strain F1 and the steel strain C1 are
approximately completely coincident before 1000 με. From the strain
development along the length of the beam in Fig. 13(b), it can be seen
that under the same load, due to the increase in the section moment, the

strain of the FRP bar increases as the distance from the support in-
creases. Especially after the steel bar yielded, the FRP strain of the
corresponding section increased rapidly as the load increased.

Since the strain gauges were partially damaged during the specimen
casting process, only the data from beam L-1 and beam L-4 are com-
pared in this paper. The strain of the FRP bar in beam L-4 is shown in
Fig. 14. The results show that the strains of F2 and F3 in the pure
bending section are approximately completely coincident (the strain
development trend of steel A1/A3 is similar), and the strain increase in
the pure bending section due to cracking is slightly larger than the
corresponding FRP strain (Fig. 14a). At 92 kN, the rate of increase in the
FRP strain (F1, F2) in the pure bending section rapidly increased due to
the steel bar yielding, and the strain gauge of the FRP bar at the F4
position indicated the yield of the corresponding section of the steel bar
when the load reached 112 kN (Fig. 14(b)). When the load reached the
ultimate load, the corresponding strain of the FRP bar was much
smaller than the rupture strain (23500 με), which indicates that the FRP
bar remained elastic.

3.5. Secondary stiffness and ductility

Based on the test results shown in Table 2, the characteristic points
of the concrete beam can be obtained (Fig. 15), such as the postcracking
stiffness (before yielding) Kaftercrack, the initial equivalent stiffness
Kinitial, and the secondary stiffness Kafteryield, which can be calculated
with the following equations.

=

−

−

K
P P
δ δafterCrack

y cr

y cr (2)

=

−

−

K
P P
δ δafterYield

p y

p y (3)

=K
P
δinitial

y

y (4)

Then, the secondary stiffness ratio of the concrete beam can be
obtained:

=r K K/b afteryield initial (5)

The calculated indicators of the beams are shown in Table 3. The
stiffness of the beam decreases with increasing longitudinal reinforce-
ment concentration. The stiffness weakening due to cracking is obvious.
The postcracking stiffness (Kaftercrack) of L-3 and L-5 was 48% and 69%
of that of L-1, respectively. When the steel bar yielded, the secondary
stiffness of L-3 and L-5 had a similar development trend, and the value
of L-3 and L-5 was less than 50% of that of L-1. Because L-5 had a
smaller bonding area than L-3, the secondary stiffness of L-5 was
slightly smaller than that of L-3. The initial stiffness of the beam can be
obtained by connecting the yield point and the coordinate origin. The
initial stiffness of the double-layered beam L-2 was 86% of that of the
single-layered beam L-1, whereas the initial stiffness of L-4 was not
much different from that of the single-layered beam L-1 (101%).

The secondary stiffness ratio (rb) of L-2 was 17% higher than that of
L-1. The secondary stiffness ratios of beams L-3, L-4, and L-5 were
104%, 91%, and 73% of that of L-1, respectively. These results

Fig. 10. Failure mode of beam L-5.

Fig. 11. Comparison of the maximum crack width of each beam.

Fig. 12. Load-deflection curves of L-3, L-4 and L-5.

Table 2
Test results of the concrete beams.

Beam
number

Cracking point Yielding point Peak point Ultimate point

Pcr δcr Py δy Pp δp Pu δu
(kN) (mm) (kN) (mm) (kN) (mm) (kN) (mm)

L-1 45 0.29 93 2.5 196 17.0 194 22.8
L-2 35 0.31 92 2.8 203 18.4 203 18.4
L-3 47 0.66 103 6.0 205 36.4 205 36.4
L-4 42.5 0.50 99 2.6 214 20.3 214 20.3
L-5 38 0.63 101 4.8 215 43.9 215 43.9
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preliminarily indicate that the number of concentrated reinforcements
less than or equal to the three can ensure that the secondary stiffness
ratio is no less than 90% of that of the single-layer reinforcement beam
(L-1).

The ductility of the structure refers to the deformation capacity from
the start of yielding to the maximum bearing capacity or when the load
did not significantly decrease after yielding (80% or 85% of the peak
load). The greater the ductility is, the greater the ultimate deformation
capacity, and the structure will be relatively safer under the same load.
The displacement ductility (μδ) can be obtained according to the ulti-
mate displacement and the yield displacement ratio, and the energy
ductility (μE) can be obtained according to the area of the load-dis-
placement skeleton curve envelope (Fig. 15).

=μ δ
δδ

u

y (6)

=μ A
AE

u

y (7)

where Ay and Au are the envelope area of the coordinate origin to the
yield point and the envelope area of the coordinate origin to the ulti-
mate point, respectively.

In contrast to a normal RC beam, the energy ductility can take into
account the effect of the secondary stiffness caused by the high strength
of the FRP, whereas the secondary stiffness of a normal RC beam is
close to zero. The displacement ductility and energy ductility of beams
with different reinforcement methods are shown in Table 3. In this
paper, all the displacement ductility μδ values of the composite re-
inforced beams are greater than 6. The displacement ductility of L-5 is
9.14, and the displacement ductility of L-3 is the smallest (6.05);
however, this value is still greater than the displacement ductility of the
FRP-reinforced RC beam presented by Oudah [31] (less than 6). After
the load reaches the maximum value, beam L-1 has a platform, which
may be caused by the local slip of the FRP bar in the ultimate stage, so
that the area of the load displacement envelope of L-1 is the largest, and
the corresponding energy ductility reaches 28. When the other four
beams reach the maximum load, the test machine automatically stops
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due to concrete crushing, and the corresponding maximum load is also
taken as the ultimate point. The energy ductility of beam L-3 is the
smallest (15.11), which is 54% of that of L-1. The energy ductility of
beam L-5, in which six longitudinal bars are concentrated together,
reaches 25.48, which is 91% of that of beam L-1. The load-displacement
curve (Fig. 12) also shows that the ultimate displacement of L-5 is re-
latively large.

4. Conclusion

Based on the four-point bending test of two common hybrid re-
inforced concrete beams and three bundled hybrid reinforced concrete
beams, the crack development, load-displacement curve, strain devel-
opment and ductility index are analyzed. The following conclusions are
obtained:

(1) As the number of bundled bars in the concrete beam increases, the
number of cracks decreases and the corresponding crack width in-
creases significantly. The concrete beams with bundled longitudinal
reinforcement had approximately symmetrically distributed cracks,
and the crack width developed faster after the yielding of the steel
bars.

(2) After the steel bar in the concrete beam yields, the load can still
steadily increase, and a significant and stable secondary stiffness
appears. Due to the degradation of the bond behavior, the sec-
ondary stiffnesses of beams L-3 and L-5 are smaller than those of the
distributed reinforcement beams L-1 and L-2. Concrete cracking and
steel yielding can cause a rapid strain increase in the longitudinal
bars. Due to the existence of the FRP bar, the plastic development of
the steel bar is partially suppressed, and the length of the tensile

steel bar that reaches the tensile yield strength becomes longer.
(3) At the yield point and the ultimate point of the concrete beam, the

displacement of the beam with bundled reinforcement is much
larger than that of the beam with distributed reinforcement, and the
ultimate displacement of the former could be even twice that of the
latter; however, the ultimate load capacities of the former and the
latter were similar. The reason for this discrepancy in ultimate
displacement is that the bonding area between the longitudinal
reinforcement and the concrete is smaller in the bundled re-
inforcement beam than in the distributed reinforcement beam, and
the bond strength of the former is also lower. All of the displace-
ment ductilities of the concrete beams in this paper are greater than
6, and the energy ductilities are greater than 15.
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