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Abstract  To study the flexural behavior of glass 
fiber (GFRP) bars and steel bars hybrid reinforced 
polypropylene fiber concrete (Hybrid-PFRC) beams, 
one GFRP-PFRC beam, one Steel-PFRC beam, and 
five Hybrid-PFRC beams were designed and fabri-
cated. The effects of the different area ratio ( Af

/

As ) 
of GFRP to steel bars and polypropylene fiber (PP) 
volume fraction on the flexural behavior of Hybrid-
PFRC beams were investigated through experiments. 

The research results indicated that the Hybrid-PFRC 
beams’ load–deflection curves exhibited trilinear 
characteristics with specimen cracking and steel bars 
yielding as turning points. As Af

/

As increased, the 
flexural bearing capacity of Hybrid-PFRC beams 
increased, the deflection decreased, the crack spac-
ing and width decreased, and the ductility decreased. 
The addition of PP did not significantly improve the 
flexural bearing capacity and cracking moment of 
Hybrid-PFRC beams, but it greatly enhanced the 
ductility of the beam. Moreover, PP had good advan-
tages in controlling crack propagation in the beam. 
The article also used the theoretical model to predict 
and analyze the flexural behavior of Hybrid-PFRC 
beams. When predicting the maximum crack width 
of Hybrid-PFRC beams, when PP is not added to the 
beam, the bonding coefficient kb should be greater 
than 1.4; When PP is added to the beam, it is recom-
mended that the bonding coefficient kb should not 
exceed 1.4.

Keywords  Hybrid reinforced beams · GFRP bar · 
Flexural behavior · Crack propagation · PP · Ductility

1  Introduction

Since the introduction of reinforced concrete struc-
tures (RC), they have long been the preferred struc-
tural design form in civil engineering and have been 
widely used. However, from the actual engineering 
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use situation, the durability of RC has always been 
plagued by steel bar corrosion, and steel bar corro-
sion is the leading cause of RC failure [1, 2]. There-
fore, Fiber-reinforced polymer (FRP) bars with high 
tensile strength, good corrosion resistance, and light-
weight can be used instead of steel bars [3]. However, 
FRP bars have a low elastic modulus and no yield 
stage, resulting in low stiffness, large crack width, 
and low ductility of FRP reinforced concrete (FRP-
RC) beams. FRP-RC beams show prominent brittle 
failure characteristics, which do not align with the 
ductility design concept of concrete structures [4, 5]. 
To solve the above problems, a hybrid reinforcement 
using steel and FRP bars is an efficient and workable 
option. This arrangement method can use the advan-
tages of high tensile strength and good corrosion 
resistance of FRP bars and the benefits of high stiff-
ness and good ductility of steel bars, which can solve 
the structural durability problem caused by corrosion 
of steel bars and overcome the disadvantages of poor 
performance of FRP-RC, which is an ideal form of 
reinforcement [6–10].

However, there is a significant difference in the 
performance of FRP and steel bars, resulting in the 
flexural behavior of Hybrid-RC beams being differ-
ent from Steel-RC beams and FRP-RC beams. Con-
sequently, researchers have researched and analyzed 
the flexural behavior of Hybrid-RC beams to promote 
the broad application of Hybrid-RC beams in struc-
tural engineering. Ge et  al. [11] reported that the 
deflection, average crack spacing, and ductility coef-
ficient of Hybrid (BFRP and steel)-RC beams were 
between Steel-RC and BFRP-RC beams under the 
same load. Thamrin et al. [12] showed that the flex-
ural bearing capacity of Hybrid-RC beams was higher 
than that of ordinary Steel-RC beams, and the higher 
the ratio ( Af

/

As ) of FRP bars area to steel bars area, 
the greater the bearing capacity of the beam, and 
the lower the ductility and flexural stiffness values 
of the beam. Pang et al. [13] pointed out that Af

/

As 
had a significant impact on the ductility of Hybrid-
RC beams, and it was necessary to control Af

/

As 
reasonably to ensure that the Hybrid-RC beams’ duc-
tility satisfies the standards. Numerous studies also 
confirmed this conclusion [14–17]. Bui et  al. [18, 
19] concluded that parameters such as hybrid rein-
forcement ratio, concrete’s compressive strength, 
arrangement of tensile bars, and length of FRP bars 
significantly influenced the structural behavior of 

Hybrid-RC beams. Hussein et al. [20] stated that the 
FRP bars’ bond performance determined the flexural 
load capacity and post-yield stiffness of the Hybrid-
RC beams.

Although the Hybrid-RC beams have good flex-
ural behavior, it should be noted here that the maxi-
mum crack width and deflection of Hybrid-RC beams 
were much larger than those of Steel-RC beams 
under normal service conditions, and these unfavora-
ble conditions limited the promotion and application 
of Hybrid-RC beams [21]. Improving the concrete 
strength and crack resistance is an effective method to 
promote the flexural behavior of Hybrid-RC beams, 
such as using fiber-reinforced concrete, which has 
been used in several studies in recent years [22–24].

Moreover, Polypropylene fibers (PP) have excel-
lent characteristics such as low density, low price, 
easy dispersion, and chemical stability, and they have 
broad engineering application prospects. Adding PP 
to concrete enhances the flexural strength, splitting 
tensile strength, compressive strength, and flexural 
toughness of concrete, improving concrete’s corro-
sion, fire, and abrasion resistance [25, 26]. PP can 
effectively enhance the load-bearing capacity of con-
crete after cracking. Therefore, in this study, the key 
to conducting flexural toughness tests on PFRC is 
determining PP’s volume fraction. In addition, there 
have been more studies on the flexural behavior of 
Steel-PFRC beams and FRP-PFRC beams in pub-
lished studies, while there has been less research on 
the flexural behavior of Hybrid-PFRC beams. There-
fore, the influence of PP volume fraction on the flex-
ural bearing capacity, deflection, crack propagation, 
and ductility of Hybrid-PFRC beams was studied, and 
a theoretical model was used to predict the flexural 
behavior of Hybrid-PFRC beams.

2 � Test program

2.1 � Materials

2.1.1 � GFRP and steel bars

This study used HRB400 hot-rolled ribbed steel bars 
as the beam’s tensile longitudinal bars and HPB300 
grade plain round steel bars as the beam’s compres-
sion and stirrup bars. The mechanical characteris-
tics test results of the GFRP bars and HRB400 steel 
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bars are displayed in Table 1. It should be noted that 
the mechanical performance parameters of GFRP 
bars and steel bars were sourced from the material 
supplier.

2.2 � Polypropylene fiber (PP)

This article selected 12  mm long bundle-shaped 
monofilament polypropylene short fiber produced 
by Hunan Changsha Huixiang Fiber Company, with 
a diameter of 32.7  μm, a density of 0.91  g/cm3, an 
elastic modulus of 4.24  GPa, a tensile strength of 
469 MPa, and an elongation of 28.4%.

2.3 � Concrete

The design strength grade of the concrete in this 
paper was C55, and the concrete’s water-cement 
ratio (W/B) was 0.30. The cement was Hefeng 
Huaxin Cement Company’s (Hubei, China) P·O42.5 
regular Portland cement; the fine aggregate was 
0 ~ 4.75  mm mechanism sand produced by Hefeng 
self-built sand and gravel plant, the coarse aggre-
gate was 5 ~ 20  mm continuously graded gravel 
produced by Hefeng self-built sand and gravel 
plant, the fly ash was F class I fly ash produced by 
Huaneng Jingmen Thermal Power Co., Ltd., the 
mineral powder was Yichang Tengkuo S95 grade 
mineral powder, the water was domestic tap water. 
The water-reducing agent was ART-JS polycar-
boxylate acid, a high-performance water-reducing 
agent produced by Tianjin Jin Xinyuan Technology 
Development Co., Ltd.(Tianjin, China). Its concrete 

mix ratio is shown in Table 2, and a standard con-
crete cube with a side length of 150 mm was made. 
According to the GB/T 50081–2019 design guide 
[27], the compressive strength fcu of the concrete 
cube was measured as shown in Table 2. It should 
be noted that the PP volume fraction used for the 
bending performance test of Hybrid-PFRC beams 
is 0.2 and 0.4%, so Table  2 only provides fcu with 
plain concrete, PP volume fraction of 0.2% and PP 
volume fraction of 0.4%.

2.4 � Determination of PP volume fraction

2.4.1 � PFRC workability test

Table 2 shows that the concrete mix ratio was used 
to design PFRC. A total of 7 groups of PFRC were 
designed here, with different PP volume fractions of 
0, 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, and 0.7%, corre-
sponding to PP masses of 0, 0.9 kg, 1.8 kg, 2.7 kg, 
3.6 kg, 4.5 kg, and 6.3 kg. The PFRC was tested in 
each group according to JG/T 248–2009 and GB/T 
50080–2016 design guidelines [28, 29], and the 
PFRC workability test was measured. According 
to PFRC and workability tests, it can be concluded 
that when the volume fraction of PP is between 0 
and 0.4%, the slump, flowability, water-retention, 
and cohesiveness of concrete is better; When the 
volume fraction of PP is between 0.5 and 0.7%, the 
slump, flowability, water-retention, and cohesive-
ness of concrete is general.

Table 1   GFRP and 
HRB400 steel bars 
mechanical characteristics

Bars Diameter (mm) Elasticity modulus 
(GPa)

Yield strength 
(MPa)

Ultimate 
strength 
(MPa)

GFRP
8

45.66 – 910.00

12
45.42 – 869.56

16
45.08 – 855.68

HPB300 steel bars
8

195.5 450.00 515.00

HRB400 steel bars
12

206.05 521.20 642.00
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2.5 � PFRC bending toughness test

The PFRC specimens of 100 mm × 100 mm × 400 mm 
were made, three specimens were prepared for each 
group, and the four-point bending toughness test was 
carried out for the PFRC specimens according to the 
CECS13: 2009 design guide [30] after 28d of curing, 
and the test loading device are shown in Fig.  1a, b, 
c shows the PFRC specimen’s load–deflection curves. 
The study analyzed the flexural strength fu and flex-
ural toughness index I of the PFRC specimens, which 
the fu was calculated by using Eq. (1), and the I was 
calculated by using Eq.  (2) [30, 31]. The estimated 
average flexural strength and average flexural tough-
ness index of each group of PFRC are shown in 
Fig. 1d.

where fu = the flexural strength of the PFRC speci-
men (MPa); F = bending load (N); L = span length 
of PFRC specimen (This article is 300 mm); b = the 
specimen’s width (This article is 100  mm); h = the 
specimen’s height (This article is 100 mm).

where S0 = the area enclosed by the horizontal coordi-
nate � and the coordinate axis of the point (the initial 
crack point) where the load–deflection curve of the 
test-collected specimen changes from linear to non-
linear; and S1 = the area enclosed by the coordinate 
axis when the horizontal coordinate is 10�.

It can be seen from Fig. 1 that as the PP volume 
fraction increases, the toughness and flexural strength 
of concrete specimens can be improved to different 
degrees, among which the flexural behavior of the 
specimens is the most excellent when the PP vol-
ume fraction is 0.4%. The flexural toughness index 
of the specimens is better when the PP volume frac-
tion is 0.7%. When the PP volume fraction is less 
than 0.2%, the specimen load–displacement curves 
do not have prominent falling segments and the speci-
men instantly fractures; On the contrary, there is a 
significant falling segment. In addition, as the PP 
volume fraction exceeds 0.4%, the flexural strength 
of the specimen has a downward trend. Moreo-
ver, because PP is a flexible fiber, when the volume 
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fraction of PP is large, the corresponding decrease 
in the load–deflection curve of PFRC specimens is 
relatively gentle, indicating that PP can improve the 
toughness of concrete to a certain extent and absorb 
strong impact energy for failure. Especially when the 
volume fraction of PP is greater than 0.2%, the tough-
ness index of PFRC specimens significantly increases 
with the increase of PP volume fraction. However, 
an excessive volume fraction of PP can reduce the 
flexural strength of PFRC specimens. Analyzing the 
reason, PP does not form a dense and integral spatial 
network structure in the concrete matrix but gener-
ates numerous weak interfaces, reducing its strength. 
Therefore, based on the results of the bending tough-
ness test, the PP volume fraction was selected as 0, 

0.2%, and 0.4% to study the influence of PP on the 
flexural behavior of Hybrid-PFRC beams.

2.6 � Specimens design

A total of seven rectangular cross-section beams with 
sizes of 110  mm × 180  mm × 1200  mm were fabri-
cated for this test (shown in Fig. 2a), and all the test 
beams were cross-sectioned with double-layer rein-
forcement (shown in Fig. 2b). In addition, the thick-
ness of the concrete cover was 20 mm.

In this test, the Steel-RC beam was designed as a 
balance-reinforced beam, while the GFRP-RC beam 
was designed as a super-reinforced beam according 
to ACI 440.1R-15 [32]. Hybrid-RC beams refer to the 

Fig. 1   PFRC bending toughness test: a schematic diagram; b actual loading device; c load–deflection curves of PFRC; and d test 
results
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principle of “equal strength replacement” and define 
two hybrid reinforcement ratios �sf ,s and �sf ,f  , which 
can be expressed as Eq.  (3) and Eq.  (4). To ensure 
that the Hybrid-RC beam is a balance-reinforced 
failure, the hybrid reinforcement ratio should satisfy 
Eq. (5) and Eq. (6) [13, 15]. The detailed parameters 
of the test beam are shown in Table 3.

(3)�sf ,s =
EsAs + EfAf

Esbd
= �s +

Ef

Es

�f

(4)�sf ,f =
fyAs + ffdAf

ffdbd
= �s

fy

ffd
+ �f

(5)�sf ,s ≤ 0.64�1

f �
c

fy

Es�cu

Es�cu + fy

(6)�sf ,f ≥ 1.19�1

f �
c

ffd

Ef �cu

Ef �cu + ffd

Fig. 2   Test beams (Unit: mm): a beam size details; and b 1–1 cross-section reinforced
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where Es = steel bars’ elastic modulus (MPa); 
Ef  = GFRP bars’ elastic modulus (MPa); As = area of 
steel bars (mm2); and Af  = area of GFRP bars (mm2); 
�f = Af∕(bd) = GFRP bars ratio; b = width (mm) and 
d = effective height of beam cross-section (mm); 
�s = As∕(bd) = steel bars ratio; fy = yield stress in 
steel bars (MPa); ffd = design tensile stress in GFRP 
bars (MPa) ( ffd = 0.7ffu , where ffu = the GFRP bars’ 
maximum tensile strength) [32]; f ′

c
 = the concrete’s 

cylinder compressive strength (MPa) ( f �
c
= 0.8fcu ) 

[33]; �cu = concrete’s ultimate compressive strain, 
and it is 0.003; �y = steel yield strain; �1 = the ratio of 
the neutral axis depth to the depth of the comparable 
rectangular concrete stress block, �1 is taken accord-
ing to ACI 440.1R-06 [34] and �1 can be estimated by 
Eq. (7), but �1 cannot be less than 0.65.

2.7 � Test device

The loading of the test beam is shown in Fig.  3. 
To verify the plane section assumption, concrete 
strain gauges of the type BFH120-80AA-R1-P300 
were glued in the span of the test beam to meas-
ure the concrete strain. To measure the strain of the 
steel bars and GFRP bars, strain gauges of the type 
BFH120-3AA were glued in the span of the bottom 
longitudinal bars. The loading device was controlled 
by a hydraulic servo-control system with a bear-
ing capacity of 5000 kN. A 300 kN force sensor was 
used to record load values at different loading times. 
The test beams were loaded with graded monotonic 
loading according to the GB/T 50152–2012 design 
guide [35]. During the loading process, a crack width 

(7)�1 = 0.85 −
0.05

(

f �
c
− 28

)

7

measuring instrument (as shown in Fig. 3c) was used 
to record the crack width, and load values, deflection, 
and concrete strain of the beams under different loads 
were recorded until the test beams were damaged.

3 � Experimental results and analysis

3.1 � Strain analysis

Figure 4 shows the strain distribution of concrete in 
typical test beams under different loads. It can be 
seen from Fig.  4 that the strain at each point of the 
concrete in the pure bending section is approximately 
proportional to the distance from that point to the 
neutral axis, and the strain at the mid-span section of 
the test beam along the beam height is in good agree-
ment with the assumption of a flat section.

3.2 � Cracking moment

The cracking moment of Hybrid-RC beams is mainly 
related to the moment of inertia of the beam cross-
section and the concrete strength. ACI 440.1R-15 
design guide [32] uses Eq. (8) to calculate the crack-
ing moment of the FRP-RC beam. In addition, the 
CSA-S806-12 design guide [36] uses Eq. (9) to calcu-
late the cracking moment of the FRP-RC beam.

(8)Mcr =
0.62�

√

fc�Ig

yt

(9)Mcr =
0.6�

√

fc�Ig

yt

Table 3   Details of tested 
beams

0.44, 1, and 1.78 represent 
the Af

/

As ; Steel yielding 
and concrete crushing is 
SY-CC, and CC refers to 
concrete crushing.

Beam Af (mm2) As(mm2) �sf ,s(%) �sf ,f (%) fc′(MPa) PP volume 
fraction (%)

Failure mode

P4-A-S – 452.39 3.12 – 59.54 0.4 SY-CC
P4-A-G 452.39 − – 3.12 59.54 0.4 CC
P4-N-1 226.19 226.19 2.08 2.91 56.25 0 SY-CC
P4-H-1 226.19 226.19 2.08 2.91 57.97 0.2 SY-CC
P4-A-1 226.19 226.19 2.08 2.91 59.54 0.4 SY-CC
P4-A-0.44 100.53 226.19 1.85 2.01 59.54 0.4 SY-CC
P4-A-1.78 402.13 226.19 2.38 4.10 59.54 0.4 SY-CC
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Fig. 3   Test setup: a front; b opposite; and c crack width measuring instrument

Fig. 4   Strain distribution of concrete in test beams: a P4-A-S; b P4-A-G; and c P4-A-1
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where Ig = the beam cross-section’s moment of iner-
tia; and Ig = bh3

/

12 , where h = the beam cross-section’s 
height; � = modification factor that considers the 
lighter concrete’s diminished mechanical capabilities 
and � = 1 in this research; yt represents the distance 
from the centroid axis of the gross section.

Table 4 provides the experimental and theoretical 
values of the cracking moment of the test beam. It can 
be seen from Table 4 that for the Hybrid-PFRC beam, 
when the PP volume fraction increases from 0 to 
0.2% and 0.4%, the cracking moment of the Hybrid-
PFRC beam rises by 2.4 and 7.6%, respectively. With 
the increase of Af

/

As , the cracking moment of the 
Hybrid-PFRC beam shows a decreasing trend. In 
addition, the predicted cracking moment value calcu-
lated by the ACI 440.1R-15 model [32] and the CSA-
S806-12 model [36] is in good agreement with the 
tested results and both smaller than the experimental 
value, which is conservative, indicating that using 
two theoretical models to predict the Hybrid-PFRC 
beams’ cracking moment is appropriate.

3.3 � Ultimate moment

Qu et  al. [6] used the equivalent rectangular stress 
graph and the cross-section internal force balance to 
provide the stress ( ff  ) calculation formula for FRP 
bars in the ultimate state of Hybrid-RC beams (as 
shown in Eq. (10)) and the ultimate bending moment 
( Mu ) calculation formula for beams (as shown in 
Eq. (11)).

In addition, Ge et al. [11] simplified the material 
constitutive model and used an equivalent rectan-
gular stress diagram to replace the concrete curve 
stress in the compression zone, providing a formula 
for calculating the ultimate bending moment of the 
Hybrid-RC beam, as shown in Eq. (12).

where fc = concrete prisms’ axial compressive 
strength, and fc = 0.76fcu [37]; � = the height of the 
relative compression zone of the cross-section, and � 
can be estimated by Eq. (13).

where �cu = 0.0033; �1 and �1 parameter meaning refer 
to GB 50010–2010 [37] when the concrete strength 
level is less than C50, �1 = 1.0 , �1 = 0.8 ; when the 
concrete strength level is more than C80, �1 = 0.94 , 
�1 = 0.74 ; and when the concrete strength is between 
C50 and C80, the linear interpolation method can be 
used to take values.

(10)
ff =

√

√

√

√
1
4

(Asfy
Af

+ Ef �cu

)2

+
(

0.85
�1fc′
�f

−
Asfy
Af

)

Ef �cu

− 1
2

(Asfy
Af

+ Ef �cu

)

≤ ffu

(11)Mu =
(

�f ff + �sfy
)

(

1 − 0.59
�f ff + �sfy

fc�

)

bd2

(12)Mu = �1fcbd
2�

(

1 −
�

2

)

(13)� =
fy�s − �cuEf �f +

√

(

fy�s − �cuEf �f
)2 + 4�1�1�cuEf �f fc

2�1fc

Table 4   Flexural 
mechanical results of test 
beams

Beam PP volume 
fraction (%)

Mcr - exp

(kN ⋅m)

Mcr - ACI Eq.(8)

(kN ⋅m)

Mcr - ACI Eq.(8)

Mcr− exp

Mcr - CSA Eq.(9)

(kN ⋅m)

Mcr - CSA Eq.(9)

Mcr− exp

P4-A-S 0.4 3.30 2.84 0.86 2.75 0.83
P4-A-G 0.4 2.97 2.84 0.96 2.75 0.93
P4-N-1 0 3.30 2.76 0.84 2.67 0.81
P4-H-1 0.2 3.38 2.80 0.83 2.71 0.80
P4-A-1 0.4 3.55 2.84 0.80 2.75 0.77
P4-A-0.44 0.4 3.63 2.84 0.78 2.75 0.76
P4-A-1.78 0.4 2.64 2.84 1.08 2.75 1.04
Average value 0.88 0.85
Standard deviation 0.10 0.09
Coefficient of variation (%) 11.4 11.8
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Table  5 provides the experimental and theoreti-
cal value of the ultimate bending moment of the test 
beam. It can be seen from Table  5 that when the 
PP volume fraction and reinforcement area are the 
same, the ultimate bending moment of the P4-A-S 
beam is the smallest, the P4-A-G beam is the larg-
est, and the ultimate bending moment of the P4-A-1 
beam is between the two. In addition, for Hybrid-
PFRC beams, the PP volume fraction and Af

/

As 
have a significant impact on the beam’s ultimate 
bending moment, and the beams’ ultimate bending 
moment can be increased either by increasing the 
PP volume fraction or by increasing the Af

/

As.
It can be seen from Table  5 that the experimen-

tal value of the ultimate bending moment is in good 
agreement with the theoretical value obtained from 
the calculations of Eq. (11) and Eq. (12), and the pre-
diction accuracy of Eq.  (12) proposed by Ge et  al. 
[11] is better. In addition, the theoretical value cal-
culated by Eq.  (11) and Eq.  (12) is smaller than the 
experimental value, indicating that using Eq. (11) or 
Eq. (12) to calculate the ultimate moment of Hybrid-
PFRC beams is reasonable.

3.4 � Moment‑deflection curves and prediction

Figure 5 shows the bending moment mid-span deflec-
tion curves of all test beams. It can be seen from 
Fig.  5a that when the PP volume fraction and rein-
forcement ratio are the same, under the same load, 
the deflection and ultimate bending moment of the 
P4-A-S beam is the smallest, the deflection and ulti-
mate bending moment of P4-A-G beam is the larg-
est. The deflection and ultimate bending moment of 

the P4-A-1 beam are between the two. It can be seen 
from Fig. 5b that when the reinforcement ratio is the 
same, the effect of the PP volume fraction on the flex-
ural behavior of Hybrid-PFRC beams is noticeable. 
The deflection of Hybrid-PFRC beams gradually 
decreases, and the ultimate bending moment gradu-
ally increases when the PP volume fraction gradually 
increases from 0 to 0.2% and 0.4%. Figure 5c shows 
that this significantly impacts the flexural behavior of 
Hybrid-PFRC beams. When the PP volume fraction 
and load are the same, the P4-A-1.78 beam has the 
minor deflection and maximum moment, the P4-A-
0.44 beam has the largest deflection and minimum 
moment, and the P4-A-1 beam has a deflection and 
moment between the two.

For the Hybrid-RC beam, the deflection generated 
by the Hybrid-RC beam under load should be pre-
dicted and verified. For steel bars before yielding, the 
ACI 440.1R-15 design guide [32] predicts the deflec-
tion of FRP-RC beams based on the effective moment 
of inertia method proposed by Bischoff et al. [38] (as 
shown in Eq.  (14)). After the steel bars yield, Yoon 
et  al. [39] proposed a method to calculate the effec-
tive moment of inertia of the steel bars after yielding 
based on the research results of Bischoff et  al. [40], 
as shown in Eq. (15). However, more relevant studies 
are needed to test the accuracy of the model of Yoon 
et al.

(14)
Ie =

Icr

1 − �

(

Mcr

Ma

)2(

1 −
Icr

Ig

)

≤ Ig

Table 5   Comparison 
between theoretical and 
test values of the ultimate 
moment

Beam PP volume 
fraction (%)

Mu - exp

(kN ⋅m)

Mu - Qu Eq.(11)

(kN ⋅m)

Mu - Qu Eq.(11)

Mu− exp

Mu - Ge Eq.(12)

(kN ⋅m)

Mu - Ge Eq.(12)

Mu− exp

P4-A-S 0.4 26.28 24.89 0.95 25.21 0.96
P4-A-G 0.4 29.37 26.4 0.90 27.16 0.92
P4-N-1 0 26.4 21.21 0.80 22.63 0.86
P4-H-1 0.2 27.39 21.53 0.79 22.92 0.84
P4-A-1 0.4 28.22 21.72 0.77 23.18 0.82
P4-A-0.44 0.4 23.1 19.75 0.85 20.67 0.89
P4-A-1.78 0.4 30.2 23.38 0.77 25.16 0.83
Average value 0.83 0.88
Standard deviation 0.06 0.05
Coefficient of variation (%) 8 6
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where Ie = effective moment of inertia; Icr = moment 
of inertia of the cracked section, and 
Icr = bd3k3

/

3 +
(

nsAs + nf Af
)

d2(1 − k)2   , 
k =

√

2
(

nf �f + ns�s
)

+
(

nf �f + ns�s
)2 −

(

nf �f + ns�s
),

where ns = Es
/

Ec , nf = Ef
/

Ec , and Ec = elastic modu-
lus of concrete [41]; � = the parameter that changes 
the stiffness of the beam along its length direc-
tion, � = 1.72 − 0.72Mcr

/

Ma , where Mcr = cracking 
moment, and Ma = applied moment.

where My = yield moment; and Iy = rotational moment 
of inertia when steel bars yield.

Based on the above, the effective moment of inertia of 
the Hybrid-RC beams before and after the steel bars yield 
was obtained using the ACI 440.1R-15 model [32] and 

(15)
Ie2 =

Icr

Icr

Iy
+
(

My

Ma

)(

1 −
Icr

Iy

)

− �

(

Mcr

Ma

)2(

1 −
Icr

Ig

)

Fig. 5   Load–deflection relationships for test beams: a three kinds of beams; b different PP volume fraction; c different Af

/

As ; d 
P4-N-1; e P4-H-1; f P4-A-1; g P4-A-0.44; and h P4-A-1.78
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the Yoon et  al. [39] model. Then, the mid-span deflec-
tion of the Hybrid-RC beams was predicted and analyzed 
using Eq. (16), as shown in Fig. 5d–h. Figure 5d–h shows 
that when the Hybrid-PFRC beam is not cracked, the pre-
dicted mid-span deflection of the beam is smaller than the 
test value, and the predicted curve slope is greater than 
the test curve slope; When the beam is between the crack-
ing and yielding stages, the predicted deflection at the 
mid-span of the beam is significantly smaller than the test 
value, and the slope of the predicted moment-deflection 
curve is significantly greater than the slope of the test 
moment-deflection curve; After the beam yielding, the 
predicted deflection at the mid-span of the beam is closer 
to the test value, and the corresponding curve slope is also 
closer. Therefore, using theoretical models to predict the 
mid-span deflection of Hybrid-PFRC beams during the 
loading stage is reasonable.

where P = service load; a = the beam’s shear span, 
and L = the beam’s span.

3.5 � Crack distribution and failure mode

Figure  6 displays the final crack morphology of all 
test beams. Figure 6 shows that all test beams mostly 
exhibit vertical cracks in the pure bending zone and 
oblique cracks in the bending shear area. In addi-
tion, the failure mode of the Hybrid-PFRC beam and 

(16)Δm =
Pa

(

3L2 − 4a2
)

48EcIe

Steel-PFRC beam was steel bars yielding, concrete in 
the compression zone being crushed, and the GFRP 
bars inside the Hybrid-PFRC beam did not fracture, 
consistent with the failure mode designed in Table 3. 
The failure mode of the GFRP-PFRC beam was a 
shear failure, which is inconsistent with the failure 
mode designed in Table  3, mainly manifested as an 
oblique crack penetrating the bending shear area. 
Analyzing the reasons, the ultimate bearing capacity 
and deformation of the GFRP-PFRC beam is rela-
tively large, while the number of stirrups is relatively 
small, which may lead to shear failure of the GFRP-
PFRC beam. In addition, comparing the failure mode 
of test beams P4-N-1, P4-H-1, and P4-A-1, it can be 
seen that the change in PP volume fraction has little 
effect on the failure mode of the beam. Through com-
parison, it was found that at the same reinforcement 
ratio, the number of cracks in GFRP-PFRC beam 
P4-A-G was relatively small, and the crack spac-
ing was rather large. The number of cracks in Steel-
PFRC beam P4-A-S was pretty large, and the spacing 
was small, while the number of cracks and spacing 
in the Hybrid-PFRC beam were between the two. 
For Hybrid-PFRC beams, as the PP volume fraction 
increases, the number of cracks in the beam gradu-
ally increases, and the crack spacing decreases. In 
addition, as Af

/

As increases, the number of cracks in 
the Hybrid-PFRC beam gradually increases, and the 
crack spacing gradually decreases.

Fig. 6   Cracking patterns at failure
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3.6 � Crack width and spacing

The moment-maximum crack width and average 
crack spacing of the test beams are shown in Fig. 7. 
During the test, when the test beam cracks, record 
the width of each crack according to the graded 
loading, and finally, select the crack with the larg-
est width to draw the curve. In addition, when two 
cracks appear in the test beam, the distance between 
the two cracks needs to be measured. When the 
third crack appears, measure the distance between 
the crack closest to it, and so on, until the test beam 
fails. Finally, calculate the average crack spac-
ing and draw a curve. As known from Fig.  7a, at 
the same reinforcement ratio, the crack width of 
Steel-PFRC beam P4-A-S is the smallest, the crack 
width of GFRP-PFRC beam P4-A-G is the largest, 
and the crack width of Hybrid-PFRC beam P4-A-1 
is in between. As can be seen from Fig.  7b, for 
Hybrid-PFRC beams, the crack width of Hybrid-
PFRC beams decreases significantly when the PP 
volume fraction gradually increases, thus indicating 
that the addition of PP enhances the crack resist-
ance of the beams and strengthens the toughness 
of concrete beams. In addition, after the cracking 
of the Hybrid-PFRC beam, due to the PP bridging 
effect, the crack width of the Hybrid-PFRC beam 
is reduced under service load conditions, and the 
risk of corrosion of the tensile steel bars inside the 
beam is reduced. Of course, PP cannot significantly 
reduce the crack width of Hybrid-PFRC beams. 
When the service load exceeds 60% of the ultimate 
load, the maximum crack width of Hybrid-PFRC 
beams exceeds 0.5 mm, while under the same con-
ditions, the maximum crack width of Steel-PFRC 
beam is only 0.25 mm, which limits the application 
of Hybrid-PFRC beams in practical engineering. In 
addition, it can be seen from Fig. 7c that the crack 
width of Hybrid-PFRC beams decreases gradually 
with increasing Af

/

As . It can be seen from Fig. 7d 
that the average crack spacing of Steel-PFRC beams 
is the smallest, the GFRP-PFRC beam is the larg-
est, and Hybrid-PFRC beams are between when the 
PP volume fraction and bending moments are the 
same. For the Hybrid-PFRC beams, when the PP 
volume fraction increases from 0 to 0.4%, the aver-
age crack spacing gradually decreases, indicating 
that the addition of PP inhibits crack propagation. 

In addition, the average crack spacing of Hybrid-
PFRC beams decreases with the increase of Af

/

As.
For FRP-RC beams, to predict the maximum 

crack width of the beams, the ACI 440.1R-06 
design guide [34] and CSA S806-12 design guide 
[36] use Eq.  (17) to calculate the FRP-RC beams’ 
maximum crack width.

where wmax = the maximum crack width; �f  = tensile 
strain at the center of the tensile bars, 
�f = Ma

/

(

Af Ef + AsEs
)

d
(

1 − k
3

)

 , where 

k =
√

2
(

nf �f + ns�s
)

+
(

nf �f + ns�s
)2 −

(

nf �f + ns�s
) ; � = the ratio 

of the neutral axis’s distance from the tensile surface 
to that of the centroid of the tensile zone, and 
� = (h − kd)∕ [d(1 − k)] ; dc = thickness of cover from 
tension face to center of the closest bar; s = longitudi-
nal tensile bars spacing; kb = the bond coefficient, the 
bonding coefficient kb = 1.0 between steel bars and 
concrete, and the bond coefficient kb = 1.4 between 
FRP bars and concrete [34].

Figure  7e–i gives the comparative analysis of 
the experimental and predicted values of maximum 
crack width for Hybrid-PFRC beams. Figure  7e–i 
shows that before the yield of the test beam, the pre-
dicted maximum crack width is relatively close to 
the test value, while after the yield of the test beam, 
the predicted maximum crack width has a large 
error with the test value. In addition, Fig.  7e indi-
cates that when there is no PP inside the Hybrid-RC 
beam, the predicted maximum crack width is closer 
to the test value when kb > 1.4 ; And Fig. 7f–i shows 
that when PP is added to the Hybrid-RC beam, 
the predicted maximum crack width is close to the 
test value when kb ≤ 1.4 . Analyzing the reasons, 
adding PP reduced the crack width of Hybrid-RC 
beams, while Eq.  (17) is not considering the vol-
ume fraction of PP, and increasing in kb resulted in 
an increase in the predicted maximum crack width. 
Therefore, when predicting the maximum crack 
width of Hybrid-PFRC beams, it is recommended 
that kb > 1.4 when the PP volume fraction is 0; 
When the volume fraction of PP is not 0, it is rec-
ommended that kb ≤ 1.4.

(17)wmax = 2�f �kb

√

d2
c
+
(

s

2

)2
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3.7 � Ductility

3.7.1 � Deformation index

CSA S6-10 design guide [42] and Jaeger et  al. [43] 
proposed to evaluate the ductility performance of 
FRP-RC structures by using a deformation index 
based on the deformation capacity of beams, and the 
deformation index is calculated as shown in Eq. (18).

(18)�Δ =
�u

�0.001

Mu

M0.001

where �u and Mu are the ultimate curvature and ulti-
mate bending moment, respectively; and �0.001 and 
M0.001 represent the curvature and bending moment of 
the concrete in the compression zone when the strain 
is 0.001.

3.8 � Energy ductility index

Naaman and Jeong [44] showed that the ductility of 
a structure can be determined by the ratio of the total 
energy to the elastic energy at the time of destruc-
tive loading, and the calculation of the ductility index 
based on the energy method is shown in Eq. (19).

where ET(= Einel + Eel ) is the total energy, Einel repre-
sents plastic energy, Eel represents elastic energy, Einel 
and Eel can be calculated according to Fig. 8a.

However, the load–deflection curve of the actual 
Hybrid-RC beam is shown in Fig. 8b, which is delin-
eated by the cracking point, steel yield point, and 

(19)�E = 0.5

(

ET

Eel

+ 1

)

Fig. 7   Test results: a maximum crack width of three types 
of reinforced beams; b maximum crack width of different PP 
volume fractions; c maximum crack width of different Af

/

As ; 
d average crack spacing of test beams; e relationship between 
the test and predicted values of beam P4-N-1; (f) relationship 
between test and predicted values of beam P4-H-1; (g) rela-
tionship between test and predicted values of beam P4-A-1; (h) 
relationship between test and predicted values of beam P4-A-
0.44; and (i) relationship between test and predicted values of 
beam P4-A-1.78

◂

Fig. 8   Einel and Eel calculation methods: a Naaman and Jeong [44]; and literature [45]

Table 6   Ductility value of test beams

Beam PP volume 
fraction (%)

�u

(10−5∕mm)

Mu

(kN ⋅m)

�0.001

(10−6∕mm)

M0.001

(kN ⋅m)

�Δ
ET

(kN ⋅m)

Eel

(kN ⋅m)

�E

P4-A-S 0.4 1.27 26.28 5.57 11.55 5.18 1.59 0.51 2.05
P4-A-G 0.4 1.42 29.37 7.16 14.85 3.91 1.54 1.43 1.04
P4-N-1 0 1.27 26.4 6.2 12.87 4.21 1.13 0.84 1.17
P4-H-1 0.2 1.32 27.39 6.36 13.2 4.31 1.32 0.84 1.29
P4-A-1 0.4 1.36 28.23 6.36 13.2 4.57 1.51 0.82 1.42
P4-A-0.44 0.4 1.11 23.1 4.93 10.23 5.09 1.33 0.66 1.51
P4-A-1.78 0.4 1.46 30.2 7.16 14.85 4.14 1.42 0.94 1.26
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ultimate failure point. Therefore, Einel and Eel use be 
calculated according to Fig. 8b.

Table 6 shows the ductility index of the test beams. 
It can be seen from Table  6 that the ductility index 
�Δ calculated using Eq. (18) is greater than 4 for all 
the test beams except for the P4-A-G beam, which 
satisfies the requirement that the ductility index of 
beams with rectangular cross-section should not be 
less than 4 [42, 43]. In addition, the P4-A-S beam 
has the best ductility, the P4-A-G beam has the worst 
ductility, and the Hybrid-PFRC beams have a ductil-
ity in between. As the Hybrid PFRC beam, as Af

/

As 
increases, the ductility index of the Hybrid-PFRC 
beam gradually decreases, indicating that Af

/

As has 
a significant impact on the ductility of the Hybrid-
PFRC beam. Table 6 shows that the PP volume frac-
tion has a significant effect on the ductility index of 
Hybrid-PFRC beams. When the PP volume fraction 
increases from 0 to 0.2% and 0.4%, the ductility index 
of the beams increases by 10.3 and 21.4%, respec-
tively, indicating that PP can effectively improve the 
ductility of Hybrid-PFRC beams.

4 � Conclusion

This study investigated the effects of PP volume frac-
tion on the flexural bearing capacity, failure mode, 
deflection deformation, crack development, and duc-
tility of Hybrid-PFRC beams. In addition, the theo-
retical model was used to predict the flexural behavior 
of Hybrid-PFRC beams, and the conclusions obtained 
are as follows:

1.	 When the PP volume fraction is 0.4, PFRC flex-
ural strength is the largest; When the volume 
fraction of PP is 0.7%, the flexural toughness 
index of PFRC is the best. In addition, when the 
volume fraction of PP is more significant than 
0.4%, the PFRC flexural strength shows a down-
ward trend.

2.	 When the bending moment is the same, the flex-
ural bearing capacity, crack width and spacing, 
deflection deformation, and ductility of Hybrid-
PFRC beams are between Steel-PFRC and 
GFRP-PFRC beams.

3.	 When the reinforcement area is the same, the 
ductility of Hybrid-PFRC beams is smaller than 
that of Steel-PFRC beams, and the ductility index 
of Hybrid-PFRC beams only reaches 70–80% of 
Steel-PFRC beam. In addition, for Hybrid-PFRC 
beams, when the Af

/

As ratio is small, the duc-
tility of Hybrid-PFRC beams is close to that of 
Steel-PFRC beam.

4.	 As the PP volume fraction increases from 0 to 
0.2% and 0.4%, the cracking moment of Hybrid-
PFRC beams increases by 2.4 and 7.6%, the flex-
ural bearing capacity increases by 3.8 and 6.9%, 
and the ductility index of the beams increases 
by 10.3 and 21.4%, respectively. In addition, the 
addition of PP significantly reduces the crack 
width and spacing of Hybrid-PFRC beams.

5.	 With the increase of Af

/

As , the flexural bear-
ing capacity of Hybrid-PFRC beams gradually 
increases, the crack spacing and crack width 
decrease, and the number of cracks increases. 
Still, the ductility of the beams decreases. For 
this reason, it is necessary to control Af

/

As rea-
sonably so that the ductility of the beam meets 
the design code requirements.

6.	 The predicted flexural behavior of the Hybrid-
PFRC beams is in accordance with the test 
results. In addition, when predicting the maxi-
mum crack width of Hybrid-PFRC beams, it is 
recommended that kb > 1.4 when the PP volume 
fraction is 0; When the volume fraction of PP is 
not 0, it is recommended that kb ≤ 1.4.

7.	 Because only one beam of each type was tested 
in this test, and the potential changes in the 
weighing of structural materials, the placement 
of steel bars cages, and the four-point bending 
test method may affect the accuracy of the test 
results, the test results have a certain degree of 
error, and more tests are needed to verify them in 
the future.
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