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Abstract: To study the crack development of composite steel-FRP rebar reinforced (SFCB) high strength 

concrete beams, a bending test of this type of beams is performed. The test shows that crack width of the SFCB 

beam is in between steel reinforced beam and the CFRP reinforced beam using same reinforcement ratio. The 

crack width of SFCB test beams is 47.9% larger than that of steel reinforced beams and 38.7% smaller than that 

of CFRP reinforced beams. When the steel core ratio increased from 18.37% to 32.65%, the crack width 

decreased by 16.5% on average before steel core yielding. After the steel core yielded, the crack width of the 

H-SF-3,4 beam increased at an accelerated rate. The crack width of the latter increased by 13.7% on average 

compared with the former. Based on test results, a new formula for calculating crack width of SFCB reinforced 

concrete is established, it considers the material properties of SFCB, the degradation of elastic modulus of the 

SFCB steel core after yielding and the compatibility of 3 different materials. It introduces a bond reduction 

coefficient vi of SFCB and concrete and the compatibility coefficient st of the steel core and fibre layer, This 

formula can accurately predict the maximum crack width of SFCB reinforced concrete beams. 
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1 Introduction 

High-strength concrete has the advantages of high compressive strength, superior deformation resistance, 

and impressive adaptability to harsh environment construction needs. It has broad applications in tall buildings, 

subsea tunnels, sea-crossing bridges, and port construction [1-2]. Due to the particularity of the service 

environment of these projects, the corrosion of steel is more serious, as it reduces the compatibility of steel and 

concrete and bring serious durability problems to the structure[3-5]. Compared to steel bars, FRP bars have good 

corrosion resistance. However, because of the low elastic modulus and brittle failure characteristic , the FRP 

reinfroced concrete structure has low rigidity therefore, large deformation and large cracks under loading, 

showing the characteristics of brittle failure[6-10].The high-strength concrete is linear elastic before reaching the 

maximum stress, there are few opportunities for plastic deformation and stress redistribution; brittle failure is 

finally formed[11-12]. As a result, FRP reinforced high-strength concrete beams fails a very brittle manner[13-14]. 

In addition, the increase in the reinforcement ratio of FRP may change the failure properties from pure bending 

to shear failure[15]. It can be seen that FRP bars are not the most ideal substitute for ordinary steel bars. 

To overcome the problems of corrosion of steel bars and the low rigidity and poor ductility of FRP bars, a 

new product,steel-carbon fibre composite bars (SFCBs) have gradually gained the interest of researchers. Due 

to the excellent mechanical properties of SFCB, the outer fibre can continue to bear the load after the steel core 

yields, showing a stable "secondary phase stiffness"[16]. Xiao Tongliang[17] found that the dosage of fibre has a 

greater impact on the strength-yield ratio of the reinforcement. Before yielding, the inner core steel and the 
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outer fibre can work well together After yielding, the two will produce local slippage and strain hysteresis. As a 

result, the backbone curve of steel-basalt composite bars was proposed. Sun Zeyang[18]pointed out that the bond 

strength of SFCB is approximately 94% of the corresponding ribbed steel bars .Wang et al.[19] found that the 

stiffness of beam decreased and the deflection and crack width increased due to the relative slippage of between  

the inner steel core and the fiber layers and the shrinkage of the steel core under high stress. The bending 

stiffness of SFCB reinforced concrete beams also increased. In addition, studies have shown that the outer fibre 

has a protective effect on the steel core, so that SFCB has good durability in acid, alkali and salt environments 

[20-23]. 

Existing studies have shown the excellent performance of SFCB. The combination of SFCB and 

high-strength concrete is expected to improve the ductility as well as good durability. Under normal conditions, 

concrete structures crack checking and control is particularly important. Therefore, this paper carried out the 

bending test of SFCB reinforced high-strength concrete beams, to investigate the influence of concrete strength 

and steel content on the cracks of SFCB high-strength concrete beams and studied the crack width of the beams. 

In addition, a new formula to predict the crack width of SFCB reinforced concrete beams is established. 

2 Test Program 

2.1 Test materials 

The concrete strength of the beams 48 MPa and 82 MPa, the tensile strength is 3.4 MPa and 5.3 MPa, and 

the elastic modulus is 32.7 GPa and 38.8 GPa respectively. The detailed mixing ratio is shown in Table 1. The 

coarse aggregate is ordinary crushed stone with a particle size of 4.75~19 mm. The fine aggregate is ordinary 

natural medium sand with a fineness modulus of 2.75 and a moisture content of 5.7%. The cement adopts 

P.O52.5 grade ordinary Portland cement, and when preparing high-strength concrete, fly ash, mineral powder 

and water reducing agent are added (water reducing rate is 20%), with water reducing agent at 0.2% of the 

cement.  

The test uses three types of SFCBs, 14 (6), 14 (8) and 16 (10), 14 mm diameter steel rebars with a 

diameter of and CFRP bars as the control group. 14(6) indicates that the SFCB diameter is 14 mm, the inner 

core diameter is 6 mm, and the apparent shape of the reinforcement is shown in Figure 1. The inner core is 

HRB400, and the outer layer is carbon fibre. The stirrups are made of CFRP, and the size is 70 mm×200 mm. 

The form of the stirrups is shown in Figure 2. Tensile specimens were made to test the mechanical properties of 

the bars. A thin groove of 80mm×1.5mm×3.0mm (length×width×depth) was milled in the middle of the 

bars. Braag grating was embedded to measure the strain of the bars and calculated according to the test results. 

The stress-strain curve of the bar is shown in Figure 3. The finish and mechanical properties of reinforcement 

are shown in Table 2. 

2.2 Test Specimen  

8 SFCB concrete beams, 2 reinforced concrete beams, and 2 CFRP reinforced concrete beams were tested. 

All beams are of the same size. The beam length is 2400 mm, the span is 2100 mm, and the cross-section size is 

120 mm×250 mm. To improve the shear resistance of the test beam, the shear bending section is equipped with 

φ6@80 CFRP double leg stirrups, so that the test beam can be damaged by bending. The stirrups are CFRP 

bars with a diameter of 6mm, and the thickness of the concrete cover was 25 mm. The details of the size and 

reinforcement are shown in Figure 4. The letters N and H are used to indicate concrete strengths of 48 MPa and 

82 MPa, respectively. The basic parameters are shown in Table 3. 

2.3 Loading system and strain measurement 

The loading device is shown in Figure 4, using a four-point bending method; the spacing between the 

loading points is 700 mm. The load increment is 3 kN, and the loading rate is 0.5 kN/s. Each increment load 
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was maintained for 5 minutes. After the instrument data were stable, the test data were recorded, and the load 

were continued until the specimen failed. Because SFCB is a composite of two materials, the strain during 

force is more complicated than that of a single bar. Embedding fibre grating was used to accurately measure the 

strain of the steel core and FRP reinforcement.    

3 Test results 

3.1 Crack patterns  

Table 4 shows the cracking load, ultimate load and failure mode of each beam. The crack 

patterns and the typical failure modes are shown in Figure 5. The cracking load of the steel bar beam is 21 kN, 

and the initial crack height was 30% to 36% of the beam height. When loaded to 82% Pu (Pu is the ultimate 

load), diagonal cracks appeared in the shear-bending zone of the beam, which quickly extended to the loading 

point, and flexural failure finally occurred. The cracking load of the CFRP bar beam was 18 kN, and the crack 

extension was relatively high during cracking, reaching 60% to 68% of the beam height. When the load was 

increased to 36 kN, diagonal cracks appeared in the bending-shear zone, and the diagonal cracks developed to a 

relatively high position, reaching more than 62% of the beam height. After 45% Pu, the propagation speed of 

diagonal cracks was much faster than that of vertical cracks. After 75 kN, the vertical cracks basically no 

longer developed, the diagonal cracks continued to extend, and a small number of secondary horizontal cracks 

were generated near the longitudinal bars. Both test beams of the CFRP tendons suffered bending-shear failure. 

It can be found from the damage position that the longitudinal bars fractured, and the stirrups were broken. 

The cracking load of the SFCB beam was 15-18 kN, and the initial crack height was 50% to 60% of the 

beam height, which is between the steel beam and the CFRP steel test beam. The initial cracks of the beams 

were located near the loading point of the pure bending section. When diagonal cracks appeared in the 

bending-shear section, the load was 31%-45%Pu. With increasing load, the inclined cracks continue to extend 

along the loading point. When the load was 50%~70%Pu, most of the vertical cracks develop to 80% of the 

beam height, and then no further development occurred. In the later stage of loading, the SFCB beam was 

similar to the CFRP bar test beam. Due to the large width of the diagonal crack, the force perpendicular to the 

longitudinal bar was generated under the dowel action, causing the diagonal crack to be developed into 

horizontal cracks that continue to extend along the longitudinal reinforcement. In the flexural shear zone, the 

concrete had insufficient bond on the longitudinal reinforcement, and the longitudinal reinforcement stress was 

transmitted to the end of the beam, resulting in tensile cracks. The stress loss in the anchorage zone was serious, 

and the slip or potential slip caused the stress increase in the shear flexural zone, and the diagonal crack rapidly 

penetrated through the test beam, resulting in flexural shear failure. The shear failure of the test beam occurs, 

but the author thinks that the shear band failure of the test beam will not affect the results or has little effect on 

the results. The author believes that the shear failure of the test beam may be caused by following reasons:: in 

the high stress stage, the longitudinal reinforcement at the end of the test beam slips due to the very large bond 

stress in the anchorage section of the test beam. Therefore, it can be judged that the calculation results are 

accurate before or near the shear failure 

3.2 Crack width 

The load-maximum crack width curve of each beam is shown in Figure 6. It can be seen in Figure 6(a), 

under the same load, the crack width of the steel reinforced beam is the smallest, and the CFRP reinforced 

beam has the largest crack width which is much larger than that of the steel bar beam. The crack width of the 

SFCB beam is between those of the steel beam and the CFRP steel test beam, which is the same conclusion 

drawn by Ge [24]. For example, at 54 kN, the crack width of the SFCB bar beam was 0.20~0.23 mm, while the 

maximum crack widths of the steel bar beam and CFRP bar beam are 0.07~0.12 mm and 0.30~0.32 mm, 



respectively. During the whole loading process, the crack width of the SFCB bar beam was 47.9% larger than 

that of the steel bar beam and 38.7% smaller than that of the CFRP reinforced beam. 

In Figure 6(b), it can be seen that before the SFCB steel core yields, the crack width of the H-SF-1,2 beam 

is 16.5% larger on average than that of H-SF-3,4; after the yield of steel core, the crack width of the H-SF-3,4 

beam accelerates, and is gradually larger than the crack width of the H-SF-1,2 test beam. The crack width of the 

former is increased by 13.7% on average compared to that of the latter. The main reason is that after the steel 

core yields, the elastic modulus of the 14 (8) composite tendons is lower than 14 (6), and the stiffness of the 

H-SF-3,4 beam is lower than that of the H-SF-1,2 test beam. In addition, as the diameter (reinforcement ratio) 

increases, the crack width of the beam decreases, which is the same dynamic as that of the ordinary reinforced 

concrete test beam. The crack width of the H-SF-5 beam decreases by 31.2% and 31.8% compared with the 

experimental beams H-SF-1 and H-SF-3 and 4.  

Figure 6(c) shows that before the SFCB steel core yields, since the concrete strength has little effect on the 

short-term stiffness of the concrete flexural member, the crack resistance of the two strength test beams is 

basically the same, and the crack width of the high-strength concrete beam is similar to the general strength 

concrete test beams are basically the same. After the steel core yields, After the steel core yields, the shear 

stress between the longitudinal reinforcement and the concrete interface is larger, and the bond strength 

between the high-strength concrete and the reinforcement is greater than that of the low-strength concrete, and 

the relative slip length is small. The crack width of the beam in the H-SF test is larger than that in the N-SF test 

beam. 

3.3 Load-deflection curve 

As shown in Figure 7, the load-deflection curves of test beams with different type of bars are significantly 

different. There is no significant change in the slope of the load-deflection curve of the CFRP bar beam after 

cracking. The SFCB beam and the steel bar beam have similar working stages, but the difference is that, after 

the yield of the steel bar, the deflection of the steel bar beam increases significantly, and the stiffness 

degradation is obvious, while the outer fiber of the SFCB beam can continue to bear the tensile force after the 

steel core yields, and the deflection increase is not obvious, showing the characteristics of secondary stiffness.  

Under the same load, the deflection of the SFCB beam is smaller than that of the CFRP beam and larger 

than that of the steel test beam. For example, the mid-span deflection of H-S-1,H-C-1 and H-SF-1 in the normal 

service stage (0.6 MU) is 6.42 mm, 14.719 mm and 9.325 mm, respectively. The SFCB beam increases by 45% 

compared to the reinforced beam but decreases by 37% compared to H-C-1.  It can be seen that replacing FRP 

bars with SFCB can effectively enhance the stiffness.  

Comparing the H-SF-1 beam and H-SF-3 beam at 0.6 Mu, the mid-span deflection is 9.325 mm and 8.654 

mm, respectively. When the steel content is increased from 18.37% to 32.65%, the deflection is reduced by 

7.20%. The mid-span deflection increases as the ratio of fibre to steel core area increases [25-26]. The reason is 

that the elastic modulus of fibre materials is much smaller than that of steel bars. As the proportion of fibre 

increases, the stiffness of the SFCB beam is significantly reduced. 

Comparing N-SF-1 and H-SF-3, it can be found that the load-deflection curves of the two beams before 

steel core yield are almost the same and that they develop in a similar fashion. When the load is 51 kN, the 

mid-span deflection is 6.220 mm and 5.885 mm, respectively. The concrete strength has little effect on 

deflection. After the steel core yields, the deflection decreases with increasing concrete strength under the same 

load. Combined with the analysis of the crack width of the test beam, this is consistent with the development of 

the crack width of the two test beams after the steel core yields. 



3.4 Ductility analysis 

According to the provisions of GB50608-2020 [27], the normal service limit state of FRP reinforced steel 

fiber reinforced concrete beams is defined as the corresponding state when the mid-span deflection of the test 

beam reaches 1/200 of the span. The observed ductility value adopts the ratio of the deflection in the ultimate 

state of the bearing capacity of the test beam to the deflection in the normal use state, namely: 

ser

u




 =  

Where：μ is the ductility coefficient, δu and δser are the deflections of the specimen at the ultimate limit 

state of the bearing capacity and under the limit state of normal service, respectively. 

The normal service limit state of ordinary reinforced concrete specimens is the state corresponding to the 

yield of reinforcement. This provision is also applicable to SFCB concrete test beams with yield points. 

According to relevant regulations and test results, the observed ductility values of SFCB concrete test beams 

and CFRP reinforced concrete test beams are calculated, as shown in Table 5. 

It can be seen from table 5 that except for c80-f16 (10) -2 test beams, the observed ductility values of other 

SFCB concrete test beams are greater than those of CFRP reinforced concrete test beams. Therefore, SFCB 

concrete specimens have better ductility than FRP reinforced concrete specimens. 

3.5 Load-strain curve 

In this test, the SFCB beam suffered bending-shear failure. Therefore, this section compares the strain of 

the mid-span position of the beam with that of the longitudinal bar in the shear bending centre. The load-strain 

curves were shown in Figure 8, and the suffixes S and C represent the strain of the steel core and the strain of 

the outer carbon fibre respectively. 

As shown in Figure 8(a), before the bottom concrete cracks, the strain increases linearly with the load, and 

the reinforcement and concrete are subjected to the same force. At this time, the load is small, and the strain 

curves of the steel core and carbon fibre layer coincide. After concrete cracking, the tensile force is all borne by 

the longitudinal reinforcement, the strain increases sharply, and the slope of the curve decreases. After the yield 

of the steel core, the stress is mainly borne by the outer fibre layer, and the strain changes again. 

Figure 8(b) shows that when the load reaches approximately 40 kN, the central strain of bending and shear 

changes suddenly due to the "beam turns to arch" effect. It is noteworthy that the load-strain curves of the steel 

core and the carbon fibre layer no longer coincide with each other after the yield of the steel core or the 

cracking of the concrete, and the slope deviation of the two increases with the increase of the load, indicating 

that the compatibility of the two is gradually weakened.  

4 Crack width calculation 

4.1 Existing formula for calculating crack width 

In existing research, there are few studies on SFCB concrete members, and there is no formula for 

calculating the crack width of SFCB bending members. Designers often use the design guidelines of FRP 

concrete structures to design SFCB concrete structures such as: GB50608–2020[27],ISIS[28], ACI440.1R–15[29], 

The formulas for calculating the crack width in these specifications are shown in Table 6. 

Table 2 shows that the surface forms of the SFCB and FRP bars are similar, and the difference in the 

elastic working stage is very small. Therefore, this paper adopts the design guide for FRP-reinforced structural 

concrete to calculate the crack width of the test specimen and compare it with the test results. As shown in 

Figure 9, GB50608–2020[27] and ISIS28] have large calculation errors. In comparison, before the SFCB steel 



core yields, ACI440.1R–15[29] can better predict the crack width of the specimen, but after the yield of the steel 

core, the test value is gradually greater than the calculated value, and with the increase in load, this 

phenomenon is increasingly obvious. The reasons are as follows: (1) The SFCB stress-strain relationship has 

obvious secondary stiffness. After the steel core yields, the elastic modulus decreases, and the stiffness of the 

beam decreases. (2)The bond between SFCB and concrete is weaker than the bond between steel and concrete. 

After the steel core yields, "wrapped relaxation" appears, and the bond failure is aggravated. (3)SFCB has a 

cooperative working relationship between the fibre layer and the steel core. After the steel core yields, the 

stress is greater, and the two synergistic capabilities are weakened. Therefore, it is unreasonable to directly use 

the formula form design guidelines for FRP reinforced concrete to calculate SFCB concrete members. 

4.2 A new formula for maximum crack width  

It is found from the previous section that the calculation of the crack width of the SFCB beam needs to 

consider the change in the elastic modulus of the SFCB steel core before and after yielding, the compatibility of 

the fibre layer and the steel core, and the bonding of the SFCB and the concrete must be considered. 

(1) Considering the influence of the elastic modulus before and after yielding, the following relationship 

exists: 
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Where：εsfy and fsfy are the strain and stress when the steel core yields, respectively 

(2) Consider the compatibility of the fibre layer and steel core 

From the load-strain curve, it can be seen that, before the concrete cracks, the strain coordination between 

the fibre layer and the steel core is better; after cracking, the synergy between the fibre layer and the steel core 

weakens with increasing stress level. In this paper, st represents the coefficient of cooperation between the steel 

core and the fibre layer. Since the bond between the steel core and the fibre layer has not yet been studied, the 

author, based on the experimental data in this paper, has defined it by the ratio of the strain of the steel core of 

the beam longitudinal reinforcement to the strain of the fibre layer. Figure 10 shows the relationship between 

the average strain ratio of the beam and the load. The strain of the longitudinal steel core and the fibre layer is 

not completely coordinated after the beam is stressed. From the load to the concrete cracking, the curve 

develops basically horizontally, indicating that the synergistic effect of the steel core and the fibre layer is 

stable at this time. Through concrete cracking to steel core yield stage, the strain ratio gradually decreases with 

the increase of the load, and it basically decreases in a linear trend. After the steel core yields, the strain ratio 

gradually stabilizes. According to the average strain ratio, st is 0.91~0.97 before cracking to yield, and st is 

0.85~0.91 after yielding. 

（3）Consider bond reduction 

In ACI440.1R–15[29], the bonding property coefficient kb is used to reflect the bonding ability of the 

longitudinal reinforcement and concrete. When the bonding performance is weaker than that of steel bars, kb is 

greater than 1.0; when the bonding performance is better than steel bars, kb is less than 1.0. The author sorted 

out the data of the existing SFCB pull-out test. Figure 11 shows the ratio of the bond strength of SFCB concrete 

to the bond strength of reinforced concrete in the literature. The bond strength of SFCB and concrete is 

generally 64%~97%of the bond strength of steel and concrete[22,30-34]. Therefore, kb needs to be corrected. The 

correction coefficient is represented by vi. The value of the bond strength is determined by the ratio of the bond 



strength. The bond strength is mainly affected by the surface form of the reinforcement. Taking into account the 

difference in workmanship, the value of vi is set to 0.70~0.85. 

Combining the above factors, based on the ACI440.1R–15[28] crack width calculation formula, considering 

the effect of The elastic modulus before and after yielding, and introducing the reduction coefficient vi of the 

bond strength between the longitudinal reinforcement and the concrete and the cooperating coefficient st of the 

steel core fibre layer, the calculation formula for the maximum crack of the SFCB concrete bending member 

can be defined as follows: 
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Where：wmax is the maximum crack width, kb is bond-dependent coefficient, dc is thickness of concrete 

cover measured from extreme tension fiber to center of bar or wire location closest thereto. 

4.3 Verification of the formula

                    

Figure 12 is the comparison between the crack width of the SFCB concrete beam calculated by the 

modified formula and the test results. The results show that within the normal load range, the new formula 

established after considering the change in elastic modulus of the SFCB steel core after yielding, the bond 

between SFCB and concrete, and the synergy between the steel core and the fibre layer have a good prediction 

ability, and the calculated value is in good  agreement with the experimental value. 

5 Conclusion 

1. In the test, both the SFCB concrete beam and CFRP reinforced concrete beam have bending-shear 

failure. The reason is that the bond of SFCB is weaker than steel rebar, leads to instantaneous slip of 

the longitudinal bar resulting bending-shear failure. In a follow-up study, it is suggested to increase 

the anchorage length and strengthen the anchorage measures. 

2. The failure process of the SFCB reinforce beam is similar to that of the steel reinforced beam, which 

consists of elastic stage, cracking stage and failure stage. The difference is that after the SFCB steel 

core yields, the outer fibre can continue to bear the tensile force, showing obvious extra rigidity, The 

stiffness of the beam decreases as the area ratio of the fibre to the steel core increases. 

3. During the entire loading process, the crack width of the SFCB concrete beam is between that of the 

reinforced concrete beam and the CFRP reinforced concrete test beam, which is 47.9% larger than the 

reinforced concrete beam and 38.7% smaller than the CFRP reinforced concrete test beam. Before the 

SFCB steel core yielded, the crack width decreased with the increase of steel content. When the steel 

content increased from 18.37% to 32.65%, the crack width decreased by 16.5% on average. After the 

steel core yielded, the crack width of H-SF-3,4 developed faster, and the crack width increased by 

13.7% on average compared to that of the beamH-SF-1,2. 

4. Combining the material properties of SFCB and considering the change in the elastic modulus of the 

SFCB steel core after yielding and the compatibility between materials, the bond reduction coefficient 

vi of SFCB and concrete and the cooperative working coefficient st of the steel core and fibre layer 

are introduced. According to the bond strength, the value of vi is taken as 0.70~0.85; according to the 

average strain ratio, st is taken as 0.91~0.97 before cracking to yield, and st is taken as 0.85~0.91 after 

yielding. A new formula for calculating crack width is established, which is accurate to predict the 

maximum crack width of SFCB concrete test beams. 
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Figure 1 SFCB reinforcement 

  

Figure 2 CFRP stirrups 
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Fig.3 SFCB stress-strain curve 

2
5

0

120

2-No.6CFRP bar

No.6@80 

SFCB

Fibre layer
Steel core

Optical fibre

1-1 Cross section

internal measurement

2
5

point of SFCB

 CFRP Stirrup

S/C1S/C4

700

2400

S/C2S/C3S/C7

700

S/C6

150

S/C5

165145

No.6@80D1 D2

D5

D8 D9

D4
Greed/Red：3/4Grid region optical fibre

D3

D7D6

Electronic micrometer

1

1

700

Pressure sensor

150

 
Figure 4 Test loading device and measuring point layout diagram  
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（a）H-S-1 Test beam 





 

  

 















  








 















    





 













 






 




 

 

（b）H-C-2  Test beam 
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（c）H-SF-4 Test beam 

Figure 5 Cracks development and failure modes 
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（a）Different bars                       （b）Different steel content and diameter 
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（c）Different intensities 

Figure 6 Load-maximum crack width curves 
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Figure 7 Load-deflection curves 
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（a）Pure curve                                    （b）Bending Shear Center 

Figure 8 Load-strain curves 

 



0

20

40

60

80

100

120

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

L
o

ad
（

k
N
）

Crack Width（mm）

ISIS

ACI 440.1R-15

GB 50608-2010

N-SF-1

   

0

20

40

60

80

100

120

0.0 0.2 0.4 0.6 0.8 1.0 

L
o

ad
（

k
N
）

Crack Width（mm）

ISIS

ACI 440.1R-15

GB 50608-2010

H-SF-1

H-SF-2

 

0

20

40

60

80

100

120

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

L
o

ad
（

k
N
）

Crack Width（mm）

ISIS

ACI 440.1R-15

GB 50608-2010 

H-SF-3

H-SF-4

   

0

20

40

60

80

100

120

0.0 0.2 0.4 0.6 0.8 

L
o

ad
（

k
N
）

Crack Width（mm）

ISIS

ACI 440.1R-15

GB 50608-2010

H-SF-5

H-SF-6

 
Figure 9 Standard calculated value and test value of crack width 
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Figure 10 Load-strain ratio curve                       
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Figure 11 Bond strength 
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Figure 12 Calculated and experimental values of the new formula 

 

Tables 

 

 

Table 1 Detailed mix ratio 

strength（MPa） 
Water-cement 

ratio 

aggregate（kg/m3） Cementitious material（kg/m3） 
Water reducing 

agent Pebble Nakasago cement Fly ash 
Mineral 

powder 

48 0.40 1100 720 438 / / / 

82 0.27 1100 720 404 69 104 1.154 



 

Table 2 Appearance characteristic parameters and mechanical properties of the reinforcement used in the test 

Reinforcement 

type 

diameter（mm） Rib parameters（mm） 
Elastic Modulus

（GPa） 
strength（MPa） 

Outer 

diameter 

Inner 

core 

Rib 

height 

Rib 

width 

Rib 

spacing 
EI EII 

Yield 

Strength 

Ultimate 

strength 

SFCB 14 6 0.76 10.90 13.58 141.6 104.5 292.5 1073.8 

SFCB 14 8 0.55 10.41 13.37 150.2 85.7 344.8 858.4 

SFCB 16 10 0.83 13.75 16.18 157.1 79.0 360.8 881.0 

Steel 14 14 1.11 2.89 8.35 200.0 / 429.0 608.0 

CFRP 14 / 1.22 10.28 13.84 131.6 / / 1024.1 

Note: EI and EII represent the modulus of elasticity before and after yielding, are tangent modulus. 

Table 3 Basic parameters of the test beam 

Beam number Tension 
CFRP frame stand 

bar 
CFRP stirrups Steel content 

Reinforcement 

ratio 

N-SF-1,2 2φ14（8） 2φ6 φ6@80 32.65% 1.18% 

H-SF-1,2 2φ14（6） 2φ6 φ6@80 18.37% 1.18% 

H-SF-3,4 2φ14（8） 2φ6 φ6@80 32.65% 1.18% 

H-SF-5,6 2φ16（10） 2φ6 φ6@80 39.06% 1.54% 

H-S-1,2 2φ14 2φ6 φ6@80 / 1.18% 

H-C-1,2 2φ14 2φ6 φ6@80 / 1.18% 

 

 

Table 4 Failure loads and failure modes 

Reinforcement 

type 

Cracking 

load（kN） 

Ultimate 

load（kN） 

Failure 

load（kN） 

Maximum deflection（mm） and 

corresponding load（kN） 
Failure mode 

C30-F14（8）-1 15 48 106 24.205（102） slip shear failure 

C30-F14（8）-2 15 51 105 19.353（105） slip shear failure 

C80-F14（6）-1 15 45 114 22.404（105） slip shear failure 

C80-F14（6）-2 15 48 99 21.702（99） slip shear failure 

C80-F14（8）-1 15 48 105 20.865（105） shear failure 

C80-F14（8）-2 18 42 96 17.534（96） shear failure 

C80-F16（10）-1 15 72 126 24.611（126） slip shear failure 

C80-F16（10）-2 18 75 108.9 13.778（96） slip shear failure 

C80-G14-1 21 69 87 13.808（87） Concrete crushed 

C80-G14-2 21 69 90 10.734（84） Concrete crushed 

C80-C14-1 18 / 117 34.524（105） shear failure 

C80-C14-2 18 / 93 21.937（90） shear failure 

 

 

 

 

 

 



Table 5 The observed ductility value of the test beam 

Reinforcement type u （mm） ser （mm） μ 

C30-F14（8）-1 24.205 5.77 4.19 

C30-F14（8）-2 19.353 5.67 3.41 

C80-F14（6）-1 22.404 5.3 4.23 

C80-F14（6）-2 21.702 5.7 3.81 

C80-F14（8）-1 20.865 4.51 4.63 

C80-F14（8）-2 17.534 5.65 3.10 

C80-F16（10）-1 24.611 6.76 3.64 

C80-F16（10）-2 13.778 7.03 1.96 

C80-C14-1 34.524 10.5 3.29 

C80-C14-2 21.937 10.5 2.09 

 

Table 6 Calculation formulas 
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