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A B S T R A C T   

This study aims to explore the effects of various pre-cracked widths, seawater erosion and BFRP reinforcement 
ratios on the cracking behavior of steel fiber reinforced concrete (SFRC) beams with Basalt Fiber Reinforced 
Polymer (BFRP) bars subjected to cyclic loading. Pre-cracked beams were made by applying loads to obtain a 
predetermined crack width, such as 0.02 mm, 0.2 mm, and 0.4 mm crack widths. Eleven beams were poured and 
tested by a four-point bending load under cyclic loading. The crack pattern and load-crack width curves of beams 
were drawn and analyzed. The effects of pre-cracked width, seawater erosion, and BFRP reinforcement ratio on 
crack behaviors of beams were investigated and discussed. The results showed that the tensile strength of BFRP 
bars degenerated after seawater corrosion, and its degradation rates increased with the increase of diameter. The 
failure mode of beams after seawater erosion may transform from concrete crushing failure to BFRP tensile 
failure; The maximum crack width of all beams under service load was less than 0.5 mm. Increasing the BFRP 
reinforcement ratio can significantly improve the crack resistance of beams, but pre-cracked width and seawater 
erosion had adverse effects on the crack behavior. Existing codes overestimated the crack width of SFRC beams 
reinforced with BFRP bars. Finally, a new calculation model of crack width of SFRC beams with BFRP bars after 
seawater corrosion was proposed, and its results were closer to the experimental results.   

1. Introduction 

Corrosion of steel bars in marine environments has become a major 
factor in shortening the lifespan of offshore reinforced concrete (RC) 
structures, resulting in billions of dollars in economic losses due to 
annual maintenance and reconstruction costs (Li et al., 2022; Demis and 
Papadakis, 2019). Fiber reinforced polymer (FRP) bars are increasingly 
widely used in offshore reinforced concrete structures due to their 
excellent corrosion resistance, lightweight, and high tensile strength (Hu 
et al., 2019; Zhu et al., 2020). FRP are usually divided into Basalt Fiber 
Reinforced Polymer (BFRP), Glass Fiber Reinforced Polymer (GFRP), 
Aramid Fiber Reinforced Polymer (AFRP) and Carbon Fiber Reinforced 
Polymer (CFRP) due to the different reinforcement materials (Hamed 
et al., 2018). Among them, CFRP has the best mechanical properties 
(Deng et al., 2022), but its high cost limits its applications in engineering 
structures. In contrast, BFRP (Liu et al., 2021) and GFRP (Wu et al., 

2023) have low production costs and excellent corrosion resistance, 
making them relatively widely used in civil engineering. The retention 
rate of tensile strength of GFRP bars decreases from 100% to 82.6% after 
exposing alkaline environment for 300 days. and the corrosion of the 
GFRP bars can be accelerated by pre-cracks in a strongly, under the same 
exposure time, a single pre-crack reduces the tensile strength of 
GFRP-RC by 19.5% (Wu et al., 2022)，but BFRP bars have better alkali 
resistance, chemical stability. More importantly, the reinforcing fiber of 
BFRP bars is made by melting basalt stones, which has little impact on 
the environment (Su et al., 2022a; Dong et al., 2020). Overall, BFRP bars 
are regarded as a promising alternative to replace steel bars in RC 
structures exposed to extremely corrosive environments. 

Compared with RC structures, FRP-RC structures typically have wide 
cracks, large deformations, and poor ductility due to the low elastic 
modulus of FRP bars and poor bonding performance with concrete 
(Ribeiro and Diniz, 2013). Existing studies (Ngo et al., 2020; Hou et al., 
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2021; Gribniak and Sokolov, 2023) had proven that using steel fiber 
reinforced concrete (SFRC) was the best way to solve the problems of 
FRP-RC structures. Although FRP bars have excellent corrosion resis
tance, their mechanical properties will deteriorate after long-term ser
vice in harsh environments. Wang et al. (2018) investigated the 
influence of seawater sea sand concrete environment and sustained load 
on the degradation of FRP bars, it was found that the strength remained 
92.9 %, 78.9 %, and 43.2 % for BFRP bars after exposed to 25 ◦C en
vironments for 63 days. Xiao et al. (2021) conducted an electrochemical 
accelerated corrosion test of steel-FRP composite bar (SFCB), and the 
results showed that the corrosion rate of ordinary steel reinforcement 
was 31.71 %. The corrosion rates of a carbon- and a glass-type SFCB are 
less than 1/10 (2.92 %) and 1/100 (0.3 %) that of an ordinary steel bar, 
respectively. Other literature had also shown that FRP bars exhibited 
strength degradation during long-term service in harsh environments 
(Almusallam et al., 2006; Guo et al., 2022; Liang et al., 2021), which can 
lead to durability issues in FRP-RC structures. Li (Li et al., 2021)sum
marized the quasi-static tensile properties of FRP composites after 
exposure in simulated seawater environment, it was found that the 
degradation degree of FRP composites increased with the exposure time, 
temperature, stress level and alkalinity/salinity of the immersion 
solution. 

The seawater environment not only effect the mechanic performance 
of BFRP bars, but also have influence in the flexure performance of SFRC 
structure reinforced with FRP bars. The flexural behaviors of SFRC 
beams with FRP bars in marine environments was related to various 
factors, such as steel fiber content, BFRP reinforcement ratio, seawater 
erosion age (Lu et al., 2023a; Dong et al., 2022), and pre-cracked width 
(Wu et al., 2022; He et al., 2017). Lu et al. (2023b) investigated the 
durability of BFRP-RC concrete beams in simulated seawater, and the 
results showed that the flexural strength of the BFRP-RC beams after 
soaking in seawater for 180 days and 360 days decreased to 60% and 
47% of the control specimen, respectively. Su et al. (2022b) founded 
that as the corrosion age increased, the bond strength between BFRP 
bars and surrounding concrete decreased, additionally, carbon nanotube 
modification can effectively slow down the degradation rate of tensile 
strength of BFRP bars. Wang (Wang et al., 2023) founded continuous 
loading and exposure to chloride environments had a negative impact on 
pre-stress loss of GFRP-RC beams, but the ultimate flexural strength of 
the conditioned beams with over-reinforcement did not decrease 
significantly due to their failure controlled by the concrete. Yuan (2019) 
studied the flexural performances of sea sand concrete beams reinforced 
with FRP bars. Compared with ordinary FRP-RC beams, sea sand rein
forced concrete beams experience a transition from 
balanced-reinforcement to a less-reinforcement failure, resulting in a 
decrease in ultimate load and an increase in maximum crack width. 
Although previous studies had confirmed the degradation of mechanical 
performances of FRP-RC beams in marine environments and achieved 
relevant results, there was a lack of research on the degradation of the 
mechanical performances of SFRC beams with FRP bars. More impor
tantly, the FRP-RC structures often works with cracks during service, 
which will exacerbate the cracking of the mechanical performances of 
beams. Therefore, considering the actual stress characteristics of the 
structures, it is of great engineering value to study the crack behaviors of 
pre-cracked SFRC beams with FRP bars in marine environments. 

This study aimed to investigate the influence of pre-cracked width, 
erosion age and BFRP reinforcement ratio on the cracking behavior of 
SFRC beams with BFRP bars subjected to cyclic loading. To achieve this 
objective, eleven SFRC beams with BFRP bars were poured and tested 
through a four-point bending test under cyclic loading. The load, 
deformation, crack width, and crack development of the beams during 
the loading process were recorded and investigated. Revealed the in
fluence of variables on failure mode, characteristic load, crack devel
opment, and crack width of beams. Finally, based on the ACI 440.1R-15 
(ACI Committee, 2015) code, a new calculation method for the 
maximum crack width of SFRC beams with FRP bars considering the 

effects of steel fiber, erosion time, and pre-cracked width was proposed. 
Simultaneously compare the calculation results of existing codes (ACI 
Committee, 2015; Technical code for infrastructure application, 2010; 
Recommendation for design and construction, 1997) and new models 
with experimental results, and the new model results were closer to the 
experimental results. 

2. Experimental program 

2.1. Materials 

2.1.1. BFRP bars 
The BFRP bars with diameters of 12 mm and 14 mm used in the study 

were produced by Chinese GMV Ltd. According to the ACI 440.3R-12 
(ACI Committee, 2012) code, the mechanical properties of the BFRP 
bars before and after corrosion were tested, including their ultimate 
strength, rupture strain, and elastic modulus. Fig. 1 shows the tensile 
testing device for BFRP bars. Table 1 lists the mechanical properties of 
BFRP bars. 

2.1.2. SFRC 
According to the CECS 38–2004 (Technical specification for fiber 

reinforced, 2004) code, the mix design of SFRC was obtained, as shown 
in Table 2. The type PO 42.5 cement was utilized as the cementitious 
material. Natural crushed stone having particle sizes of 5~20 mm and 
river sand with a fineness modulus of 2.59 were used as coarse and fine 
aggregates, respectively (see Fig. 3). The end-hook shaped steel fiber 
with a diameter of 0.55 mm and a length of 35 mm was used, and its 
tensile strength was 1345 MPa, and Young’s modulus was 200 GPa (as 
shown in Fig. 3). The polycarboxylate superplasticizer was added to 
guarantee favorable workability of the SFRC. 

2.2. Specimen design and experiment setup 

Eleven SFRC beams with BFRP bars were poured, and their design 
details are summarized in Table 3. The beams mainly included three 
variables, such as BFRP reinforcement ratios (0.56%, 0.77%, 1.15%, and 
1.65%), erosion age (0d, and 365d), and pre-cracked widths (0.02 mm, 
0.2 mm, and 0.4 mm). The geometric dimensions of all beams were 
2100 mm in length (l), 150 mm in width (b), and 300 mm in depth (h), as 
shown in Fig. 2. Two steel bars of 6 mm in diameter were used as the top 
frame reinforcement, and the steel stirrups with diameters of 10 mm 
were placed at 75 mm spacing in the shear span. The concrete cover was 
15 mm. To label the test specimens, a test specimen-identifying system 
was employed. The code name for each beam specimen was represented 
as C (or N)-m-n, where the letters C or N indicated whether a SFRC beam 
specimen underwent artificial seawater corrosion or not, respectively. 
The number next to C or N, “m,” indicates the tensile reinforcement ratio 
in percentage, while the final number “n” represents the pre-cracked 
width (in millimeters) of beams in the pure bending span. For 
instance, Beam C-0.77-0.2 points to a beam with a reinforcement ratio of 
0.77% and pre-cracked width of 0.2 mm, subjected to artificial seawater 
corrosion for 1 year. 

All beams were tested by Hydraulic Press Machine (HPM) with a 
loading capacity of 2000 kN at Zhengzhou University (as shown in 
Fig. 4). The beams were supported on a steel frame, and the load from 
the actuator was applied to the beams through a load distribution steel 
beam. A linear variable differential transducer (LVDT) was mounted in 
the middle of the beams, the location was shown in Fig. 2, which 
recorded the deformation of the beam automatically through a data 
acquisition system. The crack widths were recorded by a crack observer 
(ZBL-F120) during the test. The test equipment (HPM, LVDT, and crack 
observer ZBL-F120) were shown in Fig. 4. 

The loading method of pre-cracked beams was mainly divided into 
two processes, including pre-cracked loading and formal loading. For 
the pre-crack loading process, this study adopted a load control method 
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of increasing by 5 kN until the maximum crack width reached the target 
value, such as crack widths of 0.02 mm, 0.2 mm, and 0.4 mm. When the 
maximum crack width of the beam reached the target value, we unload 
and placed the beam in artificial seawater for erosion testing. The beam 
underwent the second stage of formal loading tests after one year of 
erosion. This formal loading was carried out by a displacement control 
method with the controller increasing 6 mm, and three cycles of loading 
and unloading were carried out during each increase of displacement, as 
shown in Fig. 5. For other beams without cracks, there was only a formal 
loading process. 

2.3. Simulated seawater environment 

Artificial seawater was prepared in accordance with ASTM D1141-98 
(Standard practice for preparation of). The salt solution composition 
included 28.22 g NaCl, 2.40 g MgCl2, 3.44 g MgSO4, 1.23 g CaCl2, 0.26 g 
NaHCO3, and 0.76 g KCl in 1 L deionized water. The prescribed artificial 
seawater was poured into an immersion pool where SFRC beams and 

concrete cube specimens had already been placed. However, the solu
tion substance content changed over time, necessitating monthly 
monitoring through chloride Selective electrode. The simulated 
seawater solution was thus replaced monthly according to the moni
tored results. Following the specified immersion time, the specimens 
were air-dried for two days before testing. Fig. 6 depicts the SFRC beams 
with Basalt bars, cubes, and bars in the immersion pool. 

3. Results and discussion 

3.1. Mechanical properties concrete and BFRP bars 

As shown in Table 1, there was a significant decrease in the tensile 
strength and elastic modulus of BFRP bars after being immersed in 
artificial seawater for one year. For BFRP bars with a diameter of 12 mm, 
the tensile strength decreased from 1034.1 MPa to 926.9 MPa after 
being immersed in artificial seawater for one year, and the elastic 
modulus decreased from 43.26 GPa to 39.4 GPa. The degradation rate of 
tensile strength was 10.4%, which was higher than the degradation rate 
of elastic modulus of 8.9%. The reason was that the large amount of free 
water molecules and hydroxide ions were generated in concrete due to 
seawater penetration and cement hydration in humid and marine en
vironments, which entered the interior of the FRP bars through pene
tration and capillary to hydrate the hydrophilic groups and water- 
soluble substances in the resin matrix, resulting in the hydrolysis of 

Fig. 1. Testing BFRP bars.  

Table 1 
Mechanical properties of the BFRP bars.  

Sample designation Cross sectional area A (mm2) Modulus of elasticity Ef (GPa) Ultimate tensile stress ffu (MPa) FRP rupture strain 

Before corrosion After corrosion Before corrosion After corrosion Before corrosion After corrosion 

BFRP12 113.04 43.26 39.4 1034.1 926.9 0.024 0.023 
BFRP14 153.86 41.79 38.2 1025.6 910.8 0.024 0.024  

Table 2 
Concrete mix proportions (in kg/m3).  

Water Cement Fine 
aggregate 

Coarse 
aggregate 

Steel 
fiber 

Polycarboxylate 
superplasticizer 

164 529 706 1026 78.5 5.82  
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the resin and deboning of the fiber and the resin. In addition, the 
swelling of the resin provided a channel for the flow of the solution, In 
the absence of resin protection, the Si-O-Si bond in the exposed fiber was 
destroyed by the hydroxide, causing the Si-O-Si bonds in the fibers to be 
directly exposed to the solution by hydroxides and accelerating their 
destruction, leading to a damage to the FRP bars and even fiber 
breakage, affecting the mechanical properties of the FRP bars. Similar 
results were observed in BFRP bars with a diameter of 14 mm. Signifi
cantly, the diameters of FRP bars also affected the degradation rate of 
tensile strength. The tensile strength of BFRP bars with a diameter of 14 
mm was reduced from 1025.6 MPa to 910.8 MPa, but its strength 
degradation rate was 11.2%, which was higher than that of BFRP bars 

with a diameter of 12 mm. This was because the outermost fiber 
wrapped in BFRP bars was exposed increased stress-induced failure, 
causing the breakage to spread to the inside in an instant (Ali et al., 
2020; Feng et al., 2022). The literatures (Hollaway, 2010; Benmokrane 
et al., 2017) also found similar results. 

As shown in Table 3, the compression strength of concrete after 
immersing in artificial seawater for 365d increased by 15.9% compared 
with concrete that only curing for 28d. The reason was the curing time 
was increased, the hydration reaction of cement was more sufficient, the 
internal porosity of the concrete was reduced, so the strength increased. 

Fig. 2. Details and dimensions of the test beams (unit: mm).  

Fig. 3. (a) Steel fibers, (b) Coarse aggregates and (c) Fine aggregates.  
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3.2. Crack propagation and characteristic load 

3.2.1. Failure mode 
FRP bars have a lower elastic modulus, resulting in the design of FRP- 

RC beams being usually controlled by the service performances of the 
beams, such as the crack width. The CSA S806–12 (Standard, 2012) 
suggests that the service load (Ls) is 0.3 times of the ultimate load (Lu) of 
FRP-RC beams. The cracking load (Lcr) refers to the load when a crack 
first appears in the tensile zone or the load corresponding to tensile 
strain of the FRP bars suddenly increases. The stabilized load (Lst) was 
defined as the load when no new crack appears in the pure bending zone 
of the beams. Table 4 shows the cracking load (Lcr), ultimate load (Lu), 
failure mode, number of cracks, crack spacing, maximum crack depth, 
and maximum crack width of SFRC beams with BFRP bars. The final 
crack distribution of the beams was depicted in Fig. 7. As shown in 
Table 5 and Fig. 7, two failure modes were observed in the tested beams: 
concrete compression failure (CF) and BFRP bars tensile failure (TF). 
There were significant differences in crack development of beams be
tween the two failure modes. For the beams with TF, when load reached 
to the cracking load (Lcr), the vertical flexural cracks were generated in 
the pure bending region of beams, and the depth had quickly developed 
to 1/3 h. With the increment of the load, the flexural crack number, 
crack depth and crack width expanded quickly. The crack number no 
longer changed and the growth rate of crack depth slowed down after 
stabilized load (Lst), but the growth rate of crack width accelerated. As 
the load further increased, the strain of BFRP bars increased smartly, 
reaching its ultimate tensile strain, leading to a rapid decrease in the 
bearing capacity of the beams. The beams with TF was prone to brittle 
failure, which seriously affected the safety of the structures. Therefore, 
the beams with TF should be avoided in design (Wang et al., 2022). 
Unlike the crack development of beams with TF, the crack depth of 
beams with CF only developed to 1/4 h and 1/2 h at Lcr and Lst, 
respectively, which was lower than that of beams with TF. More 
importantly, horizontal cracks began to appear in the concrete 

Table 3 
Design details of beams.  

Specimen Flexural reinforcement fcu dc ρf ρb ρsf Pre-cracked width Corrosion time Mechanical properties of concrete 

Type Af (mm)2 (MPa) (mm) (%) (%) (%) (mm) (year) fcu (MPa) 

C-0.56-0 BFRP 226.19 60 267 0.56 0.32 1 – 1 77.24 
C-0.77-0 BFRP 307.88 60 268 0.77 0.33 1 – 1 87.50 
C-1.15-0 BFRP 461.81 60 268 1.15 0.35 1 – 1 83.37 
C-1.65-0 BFRP 615.75 60 248.5 1.65 0.35 1 – 1 86.61 
C-0.77-0.02 BFRP 307.88 60 268 0.77 0.33 1 0.02 1 83.13 
C-0.77-0.2 BFRP 307.88 60 268 0.77 0.33 1 0.2 1 81.69 
C-0.77-0.4 BFRP 307.88 60 268 0.77 0.33 1 0.4 1 84.17 
N-0.56-0 BFRP 226.19 60 267 0.56 0.32 1 – 0 60.16 
N-0.77-0 BFRP 307.88 60 268 0.77 0.33 1 – 0 74.99 
N-1,15-0 BFRP 461.81 60 268 1.15 0.35 1 – 0 76.06 
N-1.65-0 BFRP 615.75 60 248.5 1.65 0.35 1 – 0 76.47  

Fig. 4. (a) HPM, (b) LVDT and (c) Crack observer.  

Fig. 5. Cyclic loading regime.  

Fig. 6. Immersion photograph.  
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compression zone when the beam was about to fail. As the load further 
increased, multiple horizontal cracks gradually formed through cracks, 
and the strain at the edge of the concrete in the compression zone 
reached its limit, resulting in a decrease in the bearing capacity of the 
beams. The beams with CF exhibited good ductility, so existing codes 
recommend that FRP-RC structures should be designed with a concrete 
crushing failure mode. This implied that failure mode was associated 
with the BFRP reinforcement ratio, a beam with a higher reinforcement 
ratio have a stronger ability to restrain the concrete surrounding the 
BFRP bars and a higher tensile bearing capacity. It is interesting to note 
that the failure modes of beams C-1.15-0 and C-1.65-0 had changed from 
CF to TF on the score of seawater corrosion, which decrease the tensile 
strength and elastic modulus of BFRP bars. 

3.2.2. Load analysis 
As shown in Table 4, the crack load was related to corrosion envi

ronment, but not to the BFRP reinforcement ratio. The crack loads of 
corrosion beams were averagely decreased to 21% comparing with no- 
corrosion beams. Seawater corrosion had a negative impact on the 
concrete tensile strength, causing the reduction of crack load. However, 
the stabilized load and ultimate load were related to BFRP reinforcement 
ratio, corrosion environment and pre-cracked width. With the increase 
of BFRP reinforcement ratio, the stabilized load and ultimate load were 
improved, which was suit for beams subjected to seawater erosion. In 
addition, the influence of BFRP reinforcement ratio on the ultimate load 
of beams with low BFRP reinforcement ratio was higher than that of 
beams with high BFRP reinforcement ratio. When the BFRP reinforce
ment ratio increased by 37.5% from 0.56%, the ultimate load increased 
by 31.3%, and when the BFRP reinforcement ratio increased by 43.5% 
from 1.15%, the ultimate load only increased by 18.4%. For the broken 
beams with TF, the ultimate load of the beams was directly related to the 
BFRP reinforcement ratio, while for the beams with CF, increasing the 
BFRP reinforcement ratio can indirectly increase the height of the con
crete compression area, thus increasing the ultimate of the beams, so the 
level of BFRP reinforcement ratio had different impacts on the ultimate 
load of beams. What’s more, the stabilized load and ultimate load of 
SFRC beams with BFRP bars after soaking in simulate seawater solution 
for one year would reduce by 26% and 23%, respectively. The stabilized 
load and ultimate load of beam N-1.65-0 reduced by 43% and 17% 
comparing the beam C-1.65-0, respectively. It was noticed that the 
stabilized load of the pre-cracked beams did not change much compared 
with the normal beam, but the ultimate load decreased significantly. The 
ultimate load decreased by 1.5%, 20.6% and 48.5% when increased the 
pre-cracked widths from 0 to 0.02 mm, 0.2 mm and 0.4 mm, respec
tively. Due to the larger the pre-width, the larger the initial residual 
crack of the beams, and the greater the impact on of seawater corrosion 
on the beams, resulting in an increase in the width of cracks under the 
same load, an increase in the strain of the BFRP bars, a shorter test time, 

and an acceleration in the destruction process of the tested beams. 

3.2.3. Crack depth and crack width 
The data in Table 4 shows that the crack depth of SFRC beams with 

BFRP bars was closely related to the working environment and BFRP 
reinforcement ratio. The crack depth of beams after soaking in simulate 
seawater for one year would increase by 17%, 21% and 7% under Lcr, Lst 
and Lu, respectively. This result can be explained that seawater corrosion 
reduced the tensile strength of concrete and BFRP bars, resulting in an 
accelerated crack development rate, and leaded to deeper crack depths 
in corrosion beams than that in normal beams. With the increase of BFRP 
reinforcement ratio, the crack depth reduced before Lst, for example, the 
crack depth of beam C-0.56-0 was 36.7% and 42.6% larger than that of 
beam C-1.65-0 under Lcr and Lst. Because increasing the BFRP rein
forcement ratio could help improve the bond between concrete and 
BFRP bars, and inhibit the development of cracks. The pre-cracked 
width had no significant impact on the crack depth before the stabi
lized load, but had a significant impact under the ultimate load. 
Compared with undamaged beams, the crack depth of beams with pre- 
cracked widths of 0.02 mm, 0.2 mm and 0.4 mm at Lst increased by 
9%, 3% and 0%, while, the crack depth at Lu increased by 10%, 9% and 
14%, respectively. This was because the pre-cracked beams all reached 
the stabilized load under the control displacement of 6 mm. Their span 
deflection was the same, and the number of cracks was similar, so their 
crack depths did not change much. While with the increase of the pre- 
cracked width, the residual cracks increased, the degree of seawater 
corrosion increased, and the material damage increased, resulting in 
decrease in the span deflection and crack depth at Lu. 

From Table 4, the maximum crack width of beams after soaking in 
simulate seawater for one year more than that no-corrosion beams at Lcr, 
and with the increase of the BFRP reinforcement ratio, the gap of crack 
width between the two decreased. The crack width of beam with BFRP 
reinforcement ratio of 0.56% had doubled after being corroded by 
seawater, however, the crack width of beam with BFRP reinforcement 
ratio of 1.65% had not changed after being corroded by seawater. This 
was because that seawater corrosion reduced the tensile strength of 
concrete, made it easier to produce and develop cracks, in addition, the 
increase in the BFRP reinforcement ratio was conducive to inhibiting the 
generation of cracks. What’s more, steel fiber in the concrete can 
effectively inhibit the development of cracks. According to the ACI 
440.1R-15 code (ACI Committee, 2015), outdoor FRP-RC structures 
allow for a maximum crack width of 0.5 mm, while indoor structures 
allow for a maximum crack width of 0.7 mm. The maximum crack 
widths of SFRC beams with BFRP bars under Ls were less than the 0.5 
mm recommended by the codes. Steel fiber were randomly distributed in 
the concrete matrix, and the steel fibers that had not been pulled out at 
the cracks could bear part of the tensile stress, thus reducing the tensile 
stress of the BFRP bars, the deformation of the beams and the width of 

Table 4 
Detail of crack propagation and characteristic load.  

Spec. Lcr Lst Lu Failure mode Number. of cracks Crack spacing (mm) Maximum crack depth (mm) Maximum crack width (mm) 

Lcr Lst Lcr Lst Lcr Lst Lu Lcr Ls Lst Lu 

C-0.56-0 37 80 147 TF 3 7 117 129 123 268 279 0.04 0.36 0.62 3 
C-0.77-0 38 87 193 TF 3 6 123 130 105 235 246 0.04 0.36 0.66 2.53 
C-1.15-0 40 122 256 TF 4 7 103 98 93 203 233 0.05 0.31 0.42 1.7 
C-1.65-0 47 160 303 TF 4 9 99 99 90 188 300 0.02 0.29 0.42 1.3 
C-0.77-0.02 – 88 190 TF – 8 – 145 – 258 271 – 0.37 0.67 3.4 
C-0.77-0.2 – 85 160 TF – 5 – 221 – 242 267 – 0.32 1.4 3.6 
C-0.77-0.4 – 84 130 TF – 6 – 230 – 235 282 – 0.35 1.8 5 
N-0.56-0 46 106 173 TF 3 5 69 139 103 180 271 0.02 0.38 0.72 5.3 
N-0.77-0 47 101 243 TF 3 5 79 115 99 167 251 0.02 0.40 0.70 5.2 
N-1.15-0 50 140 337 CF 4 9 64 95 74 153 300 0.03 0.38 0.68 3.5 
N-1.65-0 53 229 356 CF 5 9 62 92 66 119 300 0.02 0.40 0.63 2.9  
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Fig. 7. Final crack distribution of the beams.  
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the cracks. The maximum crack widths of corrosion beams were less 
than that of no-corrosion beams at Lst and Lu, the maximum crack width 
of corrosion beam C-1.65-0 reduced by 33.3% and 55.2% comparing 
with no-corrosion beam N-1.65-0, respectively. From the load analysis 
of the previous section, it can be seen that the stabilized loads and ul
timate loads of the no-corrosion beams were higher than that of the 
corrosion beams, so the span deflections of no-corrosion beams were 
greater, the strain of BFRP bars were increased, and the maximum crack 
width were wider. 

3.3. Load vs. maximum crack width curves 

Fig. 8 depicted the load vs. maximum crack width curves for SFRC 
beams with BFRP bars. There was a positive correlation between applied 
load and maximum crack width, and they all exhibited nonlinear 
characteristics. The stiffness of beams was the biggest before the 
cracking, while with the increase of load, the cracks occurred and 
extended continuously, resulting in a decrease in the effective load of 
inertia and decrease in stiffness of the beams, which made the strain of 

Fig. 7. (continued). 
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FRP bars more pronounced with the change in load in the later stage, 
accelerating the growth rate of crack width. Another reason was that the 
position of the crack corresponding to the maximum crack width was 
not fixed, it may change with the increase of the load. 

More importantly, the peak load of beams decreased with the in
crease of the number of loading cycles under the same deflection, while 
the degradation rate decreases with higher cyclic number. As shown in 
Table 5, the P13 was always less than P12, and the difference between P11 
and P12 was greater than the difference between P12 and P13. Where P is 
the ratios of the load of second and third loading to the first loading 
under different maximum crack widths of the beams. The P12 is the 
ratios of the second loading to the first loading, and the P13 is the ratios 
of third loading to first loading. One of the reasons was that the speci
mens had a plastic deformation after cracking, and irreparable residual 
cracks may appear after unloading, so that the maximum crack width of 
the beams increased with the increase of the number of loading cycles. 
Another reason was that the cracks of the beams during the first loading 
cycle developed rapidly, and the maximum crack width improved 
greatly. And the increase of maximum crack width in the second and 
third loading were only related to the cumulative damage of concrete 
and BFRP bars. Therefore, the changes of crack width in the second and 
third loading were smaller than that in the first loading. 

From Table 5 and it could be observed that the bearing capacity 
degradation of all SFRC beams with BFRP bars after three loading and 
unloading cycles were less than 10% when the maximum crack width 
was less than 0.7 mm. Therefore, when calculating the maximum crack 
width of SFRC beams with BFRP bars under cyclic loading, a cyclic 
loading influence factor "λ" recommended introducing, where "λ" is 
taken as 1.1. In addition, the cyclic loading had the greatest impact on 
the maximum crack width of pre-cracked beams after seawater corro
sion, while it had the smallest impact on non-corrosion beams. 

3.4. Load vs. maximum crack width curves under the first loading and 
unloading 

Fig. 9 illustrated the load-maximum crack width curves for all beams 
with different variables under the first loading-unloading cycle. The 
slope of the load-maximum crack width curves of experimental beams 
increased with a higher BFRP reinforcement ratio and a smaller pre- 

cracked width. When the load value was 0.3Mu, for beam N-0.77-0, 
increasing the reinforcement ratio by 49% and 114% at Ls would reduce 
the maximum crack widths by 33% and 67%, respectively, while 
reducing the reinforcement ratio by 27% would increase the maximum 
crack width by 73%. Similar results were observed for corroded beams. 
For beam C-0.77-0, increasing the reinforcement ratio by 49% and 114% 
at Ls resulted in a reduction of crack width by 50% and 80%, respec
tively, while a 27% reduction in reinforcement ratio led to a 150% in
crease in maximum crack width. The reason was that increasing the 
BFRP reinforcement ratio would improve the bonding capacity between 
the concrete and the BFRP bars, which could inhibit the development of 
cracks. When the load value was 0.3Mu, for beam N-0.77-0, increasing 
the pre-cracked width to 0.02 mm, 0.2 mm, 0.4 mm resulted in a 
reduction of crack width by 73%, 153% and 247%, respectively. This 
was because the pre-cracked width increased, resulting in an increase in 
the initial residual crack of the tested beams, a decrease in the energy 
required for crack expansion, so the cracks were easier to extend. 
Therefore, with the increase of pre-cracked width, the maximum crack 
width of SFRC beams with BFRP bars increased. Everyone knows that 
seawater corrosion caused damage to the BFRP bars and concrete, 
causing a decrease in the strength of the beams, which in turn led to a 
decrease in the slope of the load-crack width curve. However, the 
corrosion beams in this study were cured for 365d, and the no-corrosion 
beams were only cured for 28d, resulting an increase of concrete 
strength, as a result, and the maximum crack widths of the corrosion 
beams with BFRP reinforcement ratios of 0.77%, 1.15% and 1.65% 
under the same load were less than that of the no-corrosion beams. 

4. Theoretical study on crack width 

4.1. Models recommended by codes 

Table 6 lists the calculation models for the maximum crack width of 
FRP-RC beams in existing codes. 

Eg: ff is the stress of FRP bars; Ef is the elastic modulus of FRP bar; β is 
the ratio of the distance from the neutral axis to the edge of the tensile 
zone of the beams section and the distance from the neutral axis to the 
centroid of the tension bar; κb is the correction coefficient for bonding 
performances, which is taken as 1.4 when there is no experimental data 

Table 5 
Load ratios under various crack widths.  

Specimens P Crack widths (mm) Average 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 

C-0.56-0 P12 1.00 0.98 0.96 0.95 0.94 0.93 0.94 0.96 
P13 1.00 0.97 0.95 0.93 0.92 0.90 0.87 0.93 

C-0.77-0 P12 0.98 0.96 0.94 0.94 0.95 0.96 0.95 0.95 
P13 0.97 0.94 0.92 0.91 0.92 0.93 0.92 0.93 

C-1.15-0 P12 0.99 0.98 0.97 0.95 0.95 0.94 0.96 0.96 
P13 0.98 0.96 0.95 0.94 0.94 0.92 0.94 0.95 

C-1.65-0 P12 0.95 0.95 0.95 0.95 0.94 0.96 0.95 0.95 
P13 0.93 0.92 0.93 0.93 0.93 0.95 0.92 0.93 

C-0.77-0.02 P12 0.93 0.93 0.93 0.93 0.94 0.94 0.94 0.93 
P13 0.91 0.91 0.91 0.91 0.91 0.92 0.92 0.91 

C-0.77-0.2 P12 – – 0.94 0.94 0.94 0.94 0.94 0.94 
P13 – – 0.94 0.93 0.93 0.91 0.91 0.92 

C-0.77-0.4 P12 – – – – 0.95 0.95 0.92 0.94 
P13 – – – – 0.93 0.93 0.90 0.92 

N-0.56-0 P12 0.98 0.96 0.95 0.94 0.93 0.93 0.93 0.94 
P13 0.98 0.95 0.93 0.91 0.90 0.90 0.91 0.93 

N-0.77-0 P12 1.00 1.00 1.00 0.99 0.97 0.96 0.94 0.98 
P13 0.97 0.93 0.90 0.88 0.90 0.91 0.93 0.92 

N-1.15-0 P12 0.97 0.94 0.93 0.93 0.94 0.94 0.95 0.94 
P13 1.04 0.96 0.90 0.91 0.92 0.93 0.93 0.94 

N-1.65-0 P12 0.99 0.98 0.96 0.95 0.95 0.95 0.95 0.96 
P13 0.98 0.97 0.96 0.94 0.94 0.94 0.94 0.95 

Average P12 0.98 0.96 0.95 0.95 0.95 0.94 0.94 0.95 
P13 0.97 0.94 0.93 0.92 0.92 0.92 0.92 0.93 

Standard deviation 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.03  
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(Abed (Dong et al., 2018) and Ahmed (Mohamed et al., 2021) found that 
the correction coefficient of BFRP bars can be taken as 0.7 or 0.8.); s is 
the bar spacing; dc is the concrete cover; ψ is the strain non-uniformity 
coefficient of FRP bar; φ is the effective reinforcement ratio of FRP bars; 
ρte is the longitudinal tensile reinforcement ratio; k is a constant 
expressing the effects of bond characteristics and multiple placements of 
reinforcement materials. 

4.2. New prediction model 

Unlike RC beams, SFRC beams have randomly distributed steel fi
bers, which can improve the tensile strength of concrete and suppress 
the development of cracks. More importantly, SFRC in the tensile zone 
still had a certain residual strength after cracking to resist crack prop
agation (Feng et al., 2021; Zhang et al., 2023). However, the calculation 
models for crack width in FRP-RC beams in existing codes did not 
consider the inhibitory effect of steel fibers on crack propagation. To this 
end, this study considered the effect of SFRC on the crack width of 
FRP-RC beams and proposed a new calculation model for the crack 
width of SFRC beams with BFRP bars. 

Fig. 10 illustrates the cross-sectional area, strain, and stress distri
bution of SFRC beams with BFRP bars under normal service states. As 

the cracks continued to expand, some steel fibers were gradually pulled 
or pulled out during the loading process, resulting in the stress borne by 
the steel fibers being continuously transferred to the BFRP bars. As such, 
it can be assumed that the stress of steel fibers was highest at the neutral 
axis, and zero at the bottom of the section. In SFRC beams, prior to the 
appearance of cracks in the tension zone of concrete, BFRP bars and steel 
fibers were responsible for bearing all tensile stress at the crack location. 
The randomly distributed steel fibers also contribute to resisting 
cracking. However, the ACI 440.1 R model (ACI Committee, 2015) does 
not consider the contribution of steel fibers in reducing crack width. 
Therefore, this study proposed a calculation model for the crack width of 
SFRC beams with FRP bars based on the stress characteristics of SFRC 
sections. 

Based on the principles of strain compatibility, force equilibrium, 
and bending moment equilibrium, the stress (ff) of BFRP bars in the 
beams can be determined using the following equation. 

Ecεcbc
2

= ff Af +
fsf b(h − c)

2
(11)  

εc

εsf
=

2c
h − c

(12) 

Fig. 8. Load vs. maximum crack width curves of beams.  
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Fig. 8. (continued). 
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0.3Mu = ff Af

(
d −

c
3

)
+

fsf b(h − c)
6

(h+ c) (13)  

ff =
0.3Mu −

fsf b(h− c)
6 (h + c)

Af

(
d − c

3

) (14) 

The residual strength (fsf) of SFRC after cracking can be evaluated 
using the calculation foemula proposed by Zhang (Zhang et al., 2016). 

fsf =
1
3

ατf Vsf (1+ f )
(

1+
1
2
ω2

)(

1 −
kw
lsf

)

(15)  

where α is the aspect ratio of fibers; τf is the average bond strength; Vf is 
the volume fraction of steel fibers; f is the coefficient of friction between 
concrete and fiber sheared over the crack edge; ω2 is the degree of planar 
orientation of fibers; k is 8 or 4, for straight or hooked-end fibers, 
respectively; ω is the average crack width; lf is the ratio between fiber 
length and fiber diameter. 

Based on the calculation method for crack width of FRP-RC beams in 
ACI 440.1R-15 (ACI Committee, 2015) code, Eq. (16) can be obtained by 
incorporating Eq. (14) into Eq. (15).   

κb= 0.9 (17) 

However, the maximum crack width of the beams increased by 11% 
after one year of erosion under service load. Other studies (Marcos-
Meson et al., 2018) showed that soaking SFRC beams in simulated 
seawater solution can increase the crack width under the same loading. 
Therefore, it is necessary to consider the impact of erosion environment 
on the maximum crack width of beams. Based on the research results, 
the crack widths of corroded beams under seawater environments were 
analyzed and fitted. The average ratio between the calculated and actual 
results of the maximum crack width of the corroded beams using Eq. 
(16) was 1.10. For pre-cracked beams, the value of κb was closely related 
to the pre-cracked width. Fit existing test data, κb can be calculated using 
the following equation. 

κb= 0.9+ωpre− crack (18)  

where ωpre-crack is the pre-cracked width of beams. 

Fig. 9. Load vs. maximum crack width curves under the first loading and unloading.  

ωmax= 2Ef βκb

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

d2
c +

(s
2

)2
√ 0.3Mu −

1
18 bατf Vf (1 + f )

(

1 + 1
2ω2

)(

1 − kw
lf

)
(
h2 − c2

)

Af

(
d − c

3

) (16)   
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4.3. Crack width of SFRC beams from experiment and various analytical 
models 

Table 7 lists the comparison between the experimental and calcu
lated values of crack width under service load. From Table 7, the 
calculation results of ACI 440.1R-15 (ACI Committee, 2015), GB 
50608-2010 (Technical code for infrastructure application, 2010), and 
JSCE-97 b (Recommendation for design and construction, 1997) for the 
maximum crack width of beams were 63%, 245%, and 74% larger than 
the experimental results, respectively. This is mainly because the exist
ing codes did not consider the inhibitory effect of steel fibers on crack 
propagation. On the contrary, the results of the maximum crack width 
using the new calculation model proposed in this study were very 
consistent with the experimental results, and the average ratio of the 
calculated results to the actual results was only 1.1 under service load. 
Fig. 11 presents the experimental crack width values and calculated 
crack width values for each beam under service load. From Fig. 11, it can 
be observed that compared with other calculation methods, the crack 
width calculation model proposed in the study was closest to the 
experimental results. 

5. Conclusions 

This paper aimed to evaluate the cracking behavior of SFRC beams 
with BFRP bars corroded by seawater under cyclic loading. Eleven SFRC 
beams with BFRP bars were poured and tested through a four-point 
bending tests under cyclic loading. Based on experimental variables, 
they were divided into three groups, including corroded, no-corroded, 
and pre-cracked. The load, crack initiation and propagation, crack 
depth, and crack width of the SFRC beams with BFRP bars were recorded 
and analyzed during the experiment. Furthermore, a calculation model 
for the crack width of SFRC beams with BFRP bars under corrosion and 
cyclic loading was established, verified, and compared with experi
mental results and predictions from formulae in ACI440.1R-15, GB 
50608-2010, and JSCE-97 b. Our investigation led to the following 
conclusions:  

1. There was a significant degradation in the tensile strength of BFRP 
bars after soaking in simulated seawater solution for 1 year, and the 
strength degradation rates of the reference BFRP bars increased with 
the increase of the diameter of BFRP bars. The tensile strength of 
BFRP bars with a diameter of 14 mm after seawater corrosion was 
reduced by 11.2%. But the difference was that the compressive 
strength of SFRC had increased by 15.9% after seawater corrosion.  

2. Two failure modes of beams were observed in the experiment, 
including compression failure (CF) and BFRP bars tensile failure 
(TF). Most notably, the failure mode of the beams changed from CF 
to TF after seawater corrosion under the same BFRP reinforcement 
ratios.  

3. The maximum crack widths of all SFRC beams with BFRP bars under 
service load was less than the 0.5 mm recommended by the ACI 
440.1R-15 code. In addition, the peak load of beams decreased with 
the increase of the number of loading cycles under the same 
deflection, while the degradation rate decreased with higher cyclic 
numbers. The bearing capacity degradation of all beams after three 
loading and unloading cycles were less than 10% when the 
maximum crack width was less than 0.7 mm.  

4. For beams corroded by seawater or under natural conditions, 
increasing the BFRP reinforcement ratios can increase the number of 
cracks, reduce the crack depth and the maximum crack width under 
a certain load, but its impact on the cracking load was not significant. 
For beam C-0.77-0, increasing the BFRP reinforcement ratio by 114% 
would reduce the maximum crack widths by 80% at service load.  

5. The pre-cracked width has an adverse impact on the crack control of 
beams, with the increase of pre-cracked width from 0 to 0.02 mm, 
0.2 mm and 0.4 mm, the ultimate load decreased by 1.5%, 20.6% 
and 48.5%, the crack depth increased by 10%, 9% and 14% at ulti
mate load, the crack width increased by 73%, 153% and 247%, 
respectively.  

6. Seawater erosion has an obvious impact on the flexural behaviors of 
beams, the crack load, stabilized load and ultimate load of beams had 

Table 7 
Comparison between the actual and calculated values of crack width under service load.  

Specimen ωmax,act ωmax,pro ωmax,pro/ωmax, act ωmax,ACI ωmax,ACI/ωmax, act ωmax,GB ωmax,GB/ωmax, act ωmax,JSCE ωmax,JSCE/ωmax, act 

C-0.56-0 0.36 0.39 1.11 0.61 1.72 1.50 4.22 0.64 1.81 
C-0.77-0 0.36 0.37 1.03 0.58 1.60 1.32 3.68 0.61 1.70 
C-1.15-0 0.31 0.31 0.99 0.48 1.54 0.93 3.00 0.53 1.70 
C-1.65-0 0.29 0.37 1.27 0.57 1.98 0.85 2.95 0.60 2.07 
C-0.77-0.02 0.37 0.38 1.04 0.58 1.58 1.33 3.64 0.61 1.68 
C-0.77-0.2 0.32 0.38 1.18 0.48 1.51 1.11 3.47 0.51 1.60 
C-0.77-0.4 0.35 0.37 1.03 0.39 1.11 0.91 2.56 0.42 1.18 
N-0.56-0 0.38 0.46 1.22 0.72 1.90 1.78 4.67 0.76 2.00 
N-0.77-0 0.40 0.47 1.18 0.73 1.83 1.69 4.21 0.78 1.94 
N-1.15-0 0.38 0.40 1.06 0.63 1.65 1.23 3.23 0.69 1.82 
N-1.65-0 0.40 0.40 1.00 0.62 1.55 0.93 2.31 0.65 1.62 
Average value 0.36 0.39 1.10 0.58 1.63 1.23 3.45 0.62 1.74 
Mean squared   0.09  0.22  0.70  0.23  

Table 6 
The calculation models for the maximum crack width of FRP-RC beams in 
existing codes.  

Codes Calculation models 

ACI 440.1R-15 code (ACI Committee, 2015) 
ωmax,ACI = 2

ff
Ef

βκb

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

d2
c +

(s
2

)2
√

GB 50608-2010 (Technical code for infrastructure 
application, 2010) ωmax,GB = 2.1ψ

ff
Ef

(

1.9dc +

0.08
φ
ρte

)

JSCE-97 b (Recommendation for design and 
construction, 1997) ωmax,JSCE = k[4dc + 0.7(s − φ)

]
ff
Ef   

Fig. 10. Analysis for a SFRC section under flexural bending.  

H. Zhu et al.                                                                                                                                                                                                                                     



Developments in the Built Environment 17 (2024) 100288

14

a reduction after soaking in simulated seawater solution for 1 year, 
but the crack depth of beams increased. In addition, the influence of 
flexural behaviors on the beams with low BFRP reinforcement ratio 
was higher than that of beams with high BFRP reinforcement ratio.  

7. The crack widths of BFRP-SFRC beams were overestimated by the 
ACI 440.1R-15, GB 50608-2010, and JSCE-97 b models, as found 
through a comparison with experimental results. Thus, a value of 0.9 
for the coefficient κb of the analytical model recommended by ACI 
should be adopted, taking into account the effects of steel fibers, 
corrosion, and repeated loading. In addition, the effect of pre- 
cracked can be accounted for by adopting the value of κb =

0.9+ωpre-crack. The proposed model provided results closer to the 
actual outcome compared with ACI 440.1R-15, GB 50608-2010, and 
JSCE-97 b models. 
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