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Abstract: This paper mainly studies the mechanical properties of simply supported bridges of steel‒concrete 

composite structures strengthened with externally prestressed CFRP plates. The introduction of the prestress 

of the CFRP plate from the support rods can not only apply prestress to the main beam but also provide an 

upward lifting force at the bottom end of the main beam to reduce the deflection of the original structure. 

Therefore, the CFRP board is prestressed by the support rods, which can improve the speed and efficiency 

of reinforcement construction. The effects of the CFRP amount, prestress size, support rods amount and other 

parameters on the stiffness and bearing capacity of composite beams were studied by a static test of the 

scaled model. In the flexural test of the tensioned combination beam, by increasing the prestressing level and 

the number of CFRP plates, the flexural moment of inertia of the combination beam section was effectively 

improved, the reinforcement effect on the yield bearing capacity and ultimate flexural bearing capacity of 

the combination beam was obvious, and the reinforced specimens still had good ductility. For the third com-

bination beam, a CFRP plate with a 15% prestressing level and 3 mm thickness was used for reinforcement. 

The ultimate load carrying capacity of the combined beam was increased by 47.9%; the yield load of the 

lower flange was increased by 39.8%; and the stiffness in the elastic phase was increased by 21.66%. 

Keywords: tension string reinforcement; CFRP plate; steel‒concrete composite beam; active re-

inforcement method; flexural bearing capacity 

 

1. Introduction 

1.1. Development background and existing problems of steel‒concrete composite girder 

bridges 

The steel‒concrete composite structure can give full play to the characteristics 

of concrete and steel and is a sustainable form of bridge structure [1]. Due to the 

advantages of small building height, short construction period and high degree of 

industrialization [2], steel‒concrete composite beams have been widely used in high-

way and urban bridge construction. 

At present, steel-composite girders are most commonly used in the superstruc-

ture of highway approach bridges and urban overpasses. Compared with concrete 

bridges, steel-mixed combination structure bridges are lighter in weight and better 

in durability and have the advantages of small building height, short construction 

period and high industrialization; compared with steel bridges, combination struc-

ture bridges have the advantages of greater stiffness and less noise. Meanwhile, it 

uses less steel, has better stability, and has better anti-seismic performance. 

Steel‒concrete composite girder bridges constructed in the early days had some 

problems during their use. On the one hand, with the increase of service life, steel‒

concrete composite beams have various structural damage and quality problems, 

which affect their bearing capacity; on the other hand, with the increase of traffic 

loads, if there are defects in the early design, it will lead to an insufficient overall 

bearing capacity [3]. 

1.2. Application of CFRP material in bridge repair 
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There are two main types of reinforcement when CFRP (carbon fiber reinforced 

polymer) is used in bridge structure reinforcement: the passive reinforcement 

method and the active reinforcement method. The passive reinforcement method has 

the disadvantages of not reducing the deformation of the original structure and being 

unable to close the cracks in the original structure [4]. The active reinforcement 

method is represented by applying prestress to the CFRP material, which generates 

prestress in the bridge structure and redistributes the internal force of the original 

structure, which can effectively overcome the defects of the passive reinforcement 

method [5]. 

Carbon fiber sheets (laminate) are mainly divided into two kinds: plates and 

cloths [6]. In contrast, carbon fiber plate has more advantages than carbon fiber cloth 

in terms of mechanical properties and construction convenience [7]. However, the 

current application of carbon fiber board still lags behind that of carbon fiber cloth. 

The traditional tensile prestressed CFRP reinforcement method has a limited reduc-

tion in the midspan deflection of simply supported beams [8]. E. Ghafoori proposed 

a method of reinforcing steel beams with tensioned prestressed CFRP plates [9], 

which can effectively reduce the deflection of the original structure without the need 

for surface pretreatment at the bottom of the steel beams. The tensioned unbonded 

prestressing system not only actively applies in vitro prestressing to the beam but 

also effectively improves the stiffness of the structure by means of jacking support 

rods and saves space by eliminating the need to leave extra space at the ends of the 

steel beam for CFRP tensioning. It is very worthy of reference in the reinforcement 

of steel‒concrete composite beams. At present, the use and research about steel‒con-

crete composite beams in China are still in its infancy, and it is necessary to conduct 

in-depth research on steel‒concrete composite beams reinforced with prestressed 

carbon fiber plates. 

1.3. Experiments on CFRP passive and active reinforcement 

Due to the early use of steel in the engineering world in Europe and the United 

States, steel bridges have become very common in foreign countries; thus, many for-

eign scholars have performed many experiments and studies on prestressed CFRP 

plate reinforcement of steel girders. 

E. Ghafoori presented the experimental and theoretical research results of non-

prestressed and prestressed bonded CFRP plate strengthening of notched simply 

supported steel girders, focusing on the effect of CFRP plate debonding on fatigue 

crack extension. The test results showed that the fatigue life of steel beams strength-

ened with prestressed CFRP plates was more than five times that of those strength-

ened with non-prestressed CFRP plates. 

Ardalan Hosseini et al. developed an unbonded prestressed CFRP plate 

strengthening system for simply supported steel beams, and the experimental results 

showed that the effective load carrying capacity of the PBR (prestressed bond repair) 

system before debonding failure of the CFRP plate was much lower than that of the 

PUR (prestressed unbonded repair) system. 

N. Ragab, R. El-Hacha and M. Aly summarized the analytical studies, experi-

mental studies, demonstration projects and field applications of non-prestressed and 

prestressed FRP materials for strengthening steel structures and concluded that non-

prestressed FRPs can increase ultimate loads and reduce deflections. By applying 

prestressing to FRP, the material can be used more effectively, and the stiffness of the 

member can be enhanced. The yield load after reinforcement is significantly higher 

than that of non-prestressed reinforced members, and the final load capacity can be 

further increased. Prestressed FRP increases the stiffness under service load while 

maintaining the ductility of the beam. When using high elastomeric modulus FRP, 

the prestressing reduces the overload damage due to overload. 

Numerous tests and studies have shown that CFRP plate reinforcement with 

prestressing is significantly better than CFRP plate reinforcement without prestress-

ing. The prestressed CFRP plate reinforcement has a significant effect on improving 
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the structural stiffness, yield bearing capacity, and ultimate bearing capacity and re-

ducing the deflection in the span of simply supported beams. The CFRP plate as a 

high strength material, combined with prestressing, can play an active reinforcement 

effect and give full play to its advantages of high tensile strength. 

2. Test plan 

2.1. Specimen Design 

A total of 4 I-shaped steel‒concrete composite simply supported beam scale 

specimens were designed in this test. The net span of the simply supported compo-

site beam is 5000 mm. The support method is simple support. The number and loca-

tion of the strain gauges and the construction of the composite beam are shown in 

Figure 1. 

 

Figure 1. Sectional structure (unit: mm) 

2.2. Specimen Reinforcement Scheme 

The specimen was reinforced on the lower surface of the steel beam by means 

of a string-type CFRP plate. The spacing between the support rods is 1700 mm, and 

the spacing between the loading points is also 1700 mm. 

The reinforcement scheme is shown in Table 1: 

Table 1. Reinforcement plan 

Specimen  

number 

Width of CFRP 

 / mm 

Thickness of CFRP 

 / mm 

Prestress level 

/ % 

S1 / / / 

S2 50 2 10 

S3 50 3 10 

S4 50 3 15 

 

In Table 1, the prestress level refers to the percentage value of internal stress (𝜎) 

and tensile strength in the CFRP plates (2520 MPa). 

2.3. Test device and loading scheme 

The loading method of this test is force-controlled static loading. The static test 

loading device adopts a static hydraulic loading system, a jack generates a concen-

trated force P, and the force is transmitted to the two loading points on the specimen 

through the load distribution beam. 

The load classification for formal loading is 20 kN. When the specimen is close 

to yield or near failure (the upper surface of the concrete is crushed or the CFRP 
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plates fail), the load classification is changed to 10 kN. Each level of load is held for 

5~10 min to read data and observe phenomena. 

3. Test process and stress phenomenon 

3.1. Prestress application and prestress loss measurement of tensioned CFRP plates 

3.1.1. Tensioned CFRP plate prestressing 

After all strain gauge channels and displacement gauge channels are set up, pre-

stress is applied. First, use a jack to raise the strain in the CFRP plate to approximately 

reach the target value, and then use a wrench to tighten the nut for fine-tuning. The 

prestress level is controlled by the CFRP plate strain. The prestressing process is 

shown in Figure 2. 

 

    

(a) jack up 
(b) Wrench fine   

tuning 

(c) Jack height meas-

urement 

(d) CFRP jacking 

completed 

Figure 2. Prestressing process 

Since the strain in the CFRP plate will be lost to a certain extent when the jack is 

unloaded, the height of the jack needs to be slightly higher than the theoretical value. 

After unloading, the wrench is used to fine-tune the nut to accurately control the 

prestress level to reach the target value and make the heights of the four support rods 

equal. 

 

3.1.2. Prestress loss measurement 

After the prestressing was completed, the loss of the tensioned CFRP plate rein-

forcement system was measured. The prestress loss measurements were performed 

on the third beam and the fourth beam. The relaxation measurement time for the 

third beam was 6 days. The relaxation measurement time for the fourth beam was 5 

days. During the 6 days of prestress level monitoring, the prestress level had no ten-

dency to continue to decrease after the initial small drop, and its value remained sta-

ble, so there was no need to continue monitoring. A representative strain loss curve 

is shown in Figure 3. 

According to the prestress loss curve, the decrease of the CFRP plate strain grad-

ually slows down with time, becomes stable in the later stage, and there is no further 

downward trend. The average strain loss of the CFRP plate at each measuring point 

is 2.58%. 

According to the relaxation measurement results, the strut jacking method can 

apply stable prestress to the tension string CFRP plate, and the prestressing method 

of the tension string CFRP plate reinforcement system is feasible. 
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Figure 3. Strain relaxation curve 

3.2. Loading Process and Test Phenomenon 

Gradual loading was performed according to the test protocol, and the loading 

was stopped when the CFRP plate was torn or the upper surface of the concrete was 

crushed. The specimen has no bearing capacity at the last load level, so the load of 

the previous stage of the final failure load is taken as the ultimate bearing capacity of 

the specimen. 

3.2.1. Test phenomenon and failure states of the reference beam (S1) 

In the initial stage of loading, the strain at each point in the concrete and the steel 

beam increases linearly. The strain of the concrete and its internal steel bars are all 

negative, and the entire section of the concrete is in a state of compression. 

 

Figure 4. The crush state of the concrete of the reference beam 

When the load reaches 200 kN, the lower flange of the steel beam yields, and the 

deflection of the composite beam increases rapidly. When the load reaches 340 kN, 

the crackling sound of concrete crushing becomes louder, the bearing capacity of the 

specimen is already unstable, and the mid-span deflection increases sharply. When 

the load reaches 350 kN, the mid-span section of the concrete slab is crushed and 

damaged, and block-shaped staggered warping occurs, as shown in Figure 4. The 

final bearing capacity is 340 kN. 

3.2.2. Test phenomenon and failure state of the second beam (S2) 

The support rods height of the second composite beam are 168 mm. When the 

load reaches 220 kN, the lower flange of the steel beam yields, and the deflection of 
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the composite beam increases rapidly. When the load reaches 440 kN, the CFRP plate 

emits the sound of fiber tearing, and the mid-span deflection increases sharply. When 

the load reaches approximately 450 kN, the surface of the concrete slab is crushed 

and damaged, and a transverse crack occurs through the upper edge of the concrete 

slab at the mid-span, as shown in Figure 5. The entire reinforcement system fails. The 

fractured anchoring end of the CFRP plate is in the form of scattered filaments, as 

shown in Figure 6. The final bearing capacity is 447 kN. 

 

Figure 5. Surface cracks on concrete slab of second beam  

   

Figure 6. The fracture state of the CFRP plate at the anchoring end 

The CFRP plate and the upper edge of the concrete slab were almost destroyed 

at the same time. When the CFRP plate broke, the failure of the upper edge of the 

concrete was not serious, but it was close to failure. The failure of the tension string 

reinforcement system is almost identical to the failure of the concrete slab, and this 

failure mode is an ideal failure mode. 

3.2.3. Test phenomenon and failure state of the third beam (S3) 

The support rods height of the third beam are 168 mm, which is almost the same 

as that of the second beam. When the load reaches 240 kN, the lower flange of the 

steel beam yields. When the load reached 420 kN, a local fracture occurred at one of 

the anchorage ends, and a carbon fiber strip with a width of approximately 8 mm fell. 

When the load reaches approximately 450 kN, the CFRP board completely breaks 

and fails, as shown in Figure 7(a)(b). The concrete slab was damaged immediately 

- 44 - https://doi.org/10.59238/j.pt.2023.01.004

Prestress Technology 2023, 1, 01 https://ptmc.tongji.edu.cn



  

  

afterward, and block-like crushing and warping appeared on the right side of the left 

loading point of the upper edge of the concrete, as shown in Figure 8. The final bear-

ing capacity is 438 kN. 

  
(a) Left anchor failure state (b) Right anchor failure state 

  
(c) Fracture morphology of CFRP plate 

at left anchoring end 

(d) Longitudinal splitting shape of the 

CFRP plate at the right anchoring end 

Figure 7. Destruction state of CFRP plates 

After the CFRP plate is broken at the left anchoring end, the fibers of the CFRP 

plate are burst-like, as shown in Figure 7(c). The remaining CFRP plate was split lon-

gitudinally and dropped from the right anchoring end to the ground, as shown in 

Figure 7(d). 

 

Figure 8. Concrete slab failure form of the third beam 

The failure of the third composite beam is due to the premature fracture of the 

CFRP plate due to the incompatibility of the anchor clips, which led to the partial 

crushing of the CFRP plate during preload. When the CFRP plate breaks, the concrete 

plate has not yet failed. This failure mode is not an ideal failure mode. 

3.2.4. Test phenomenon and failure state of the fourth beam (S4) 
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The height of the fourth beam support rods is 186 mm. When the load reaches 

270 kN, the lower flange of the steel beam yields. When the load reaches approxi-

mately 470 kN, the CFRP plate emits a slight hissing sound. When the load reaches 

490 kN, the sound of fiber tearing in the CFRP plate is more frequent, and the growth 

of mid-span deflection is accelerated. When the load reaches 500 kN, a local bulge 

occurs on one side of the upper surface of the concrete slab, which means the local 

failure of the concrete slab. When the load reaches 510 kN, the concrete slab is com-

pressively damaged in the mid-span full section, and the concrete blocks in the mid-

span are staggered and bulged, as shown in Figure 9. 

  
(a) Full-section crushing of concrete 

slab at mid-span and outside 

(b) Compression bending of outer rein-

forcement at mid-span of concrete slab 

Figure 9. Concrete slab failure form of the fourth beam 

The CFRP plate was then torn and split continuously at the two anchorage 

clamping ends and the turning block position, making continuous loud noises, and 

the main form of failure was the longitudinal tear of carbon fiber, as shown in Figure 

10. The entire reinforcement system failed. The final bearing capacity is 503 kN. 

 

  
(a) Damaged state of the right anchoring 

end 

(b) Damaged state of the left anchoring 

end 

  
(c) Destruction form at turning block (d) mid-span destruction 

Figure 10. The failure state of the CFRP plate of the fourth beam 

The failure mode of the fourth composite beam is the mid-span collapse of the 

concrete slab. After the failure of the concrete slab, the CFRP plate is destroyed. This 

is the ideal mode of destruction. 
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4. Test results and reinforcement effect analysis 

4.1. Load-strain curve of steel beam 

The load-strain curves of the upper flange, web and lower flange of the steel 

beam are shown in Figure 11. The figure shows that the stiffness, yield load and ul-

timate bearing capacity of the composite beam can be effectively improved by in-

creasing the cross-sectional area of the CFRP plate and increasing the prestress level. 

As a result, the strain in the upper flange, lower flange and web under the same load 

level is significantly reduced. 

 

 

 

Figure 11. Strain in upper flange, web and lower flange of steel beam 
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4.2. Load-strain curve of the CFRP plate 

Figure 12 shows the variation curve of the CFRP plate’s strain under load in each 

working condition. 

 

Figure 12. Load-strain curves of CFRP plates 

Although the CFRP plate itself is a linear elastic material, the CFRP plate and 

the composite beam should conform to the deformation coordination, so the trends 

of the CFRP plate load-strain curve and the mid-span load‒deflection curve are sim-

ilar. The ultimate tensile stress and tensile strength utilization are shown in Table 2. 

As seen from the table, the premature failure of the CFRP plate of the third beam 

resulted in a strength utilization rate of only 65.11%. Both the second beam and the 

fourth beam have more than 80% strength utilization of CFRP panels. 

Table 2. Strain increment and material tensile strength utilization of CFRP plate 

Specimen 

number 

Initial 

strain / με 

Final 

strain / με 

Ultimate tensile 

stress / MPa 

Tensile strength uti-

lization rate / % 

S2 1300 10495 2047 81.18 

S3 1316 8418 1642 65.11 

S4 1958 10821 2110 83.70 

 

From the test phenomenon, the damage of the CFRP plate reinforced by the ten-

sion string mostly occurs at the clamping end of the anchor and the position of the 

steering block, and the CFRP plate is prone to stress concentration at these two posi-

tions. By selecting suitable anchor clips, increasing the contact area between the steer-

ing block and the CFRP plate, and avoiding sharp turning of the CFRP plate at the 

turning point, stress concentration can be avoided, and the strength utilization rate 

of the CFRP plate can be improved. 

 

4.3. Mid-span load‒displacement curve of the composite beam 

The mid-span deflection curves of the four test beams are shown in Fig. 13. 

As shown in Figure 13, except for the third test beam, which was damaged due 

to the premature failure of the CFRP plate, the ultimate deflections of the remaining 

three test beams are basically the same, which are 113.65 mm, 112.69 mm and 116 

mm. 
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Figure 13. Load‒displacement curve at mid-span of composite beam 

 

Figure 14. Mid-span deflection at the same load level 

The reinforcement of the CFRP plate significantly improves the stiffness and ul-

timate bearing capacity of the composite beam. In addition, due to the delay of yield, 

the mid-span deflection of the composite beam under the same load level is signifi-

cantly reduced, as shown in Figure 14. 

4.4. Analysis of the flexural bearing capacity of the specimens 

The improvement effect of the yield bearing capacity of the specimens is shown 

in Table 3. By comparing the second beam and the reference beam, it can be seen that 

the CFRP plate reinforcement increases the yield bearing capacity of the composite 

beam by approximately 30 kN, and the effect is obvious. By comparing the second 

beam, the third beam and the fourth beam, it can be seen that an increase in the thick-

ness and prestress level of the CFRP plate can lead to an improvement in the yield 

bearing capacity. The yield load is increased by approximately 40% in the last set. 

Table 3. The improvement effect of yield bearing capacity 

Specimen 

number 

Yield load test 

value (kN) 

Increase rate 

(%) 

Mid-span deflection at 

yield (mm) 

S1 196 / 19.69 

S2 224 14.3 22.56 

S3 243 24.0 22.07 

S4 274 39.8 23.72 

The improvement effect of the ultimate bearing capacity of the specimen is 

shown in Table 4. Except for the poor reinforcement effect of the carbon plate of the 

third beam due to premature failure, the rest of the test beams have received good 
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reinforcement effects. Among them, the bearing capacity of the fourth test beam was 

increased by nearly 50%. 

Table 4. The improvement effect of ultimate bearing capacity 

Specimen 

number 

Ultimate bearing ca-

pacity test value (kN) 

Increase 

rate (%) 

Mid-span deflection at 

ultimate state (mm) 

S1 340 / 114.64 

S2 447 31.5 114.16 

S3 438 28.8 86.74 

S4 503 47.9 112.79 

For the prestressed carbon fiber board, whether it is reinforced by gluing or ten-

sion string reinforcement, it has a good inhibitory effect on the tensile strain of the 

lower flange of the steel beam. However, unlike the former, the center of mass of the 

string-pulling carbon fiber plate is farther from the neutral axis. Therefore, the in-

crease of the number of carbon fiber plate is more obvious for the improvement of 

the bending moment of inertia of the composite beam section, so the yield bearing 

capacity and ultimate bearing capacity are improved more obviously. 

5. The imitations and challenges of current reinforcement methods and potential 

areas for future research and improvement 

Although the research in this paper has achieved initial success, there is still a 

long way to go, and there is still much research work to be carried out in further 

depth: 

(1). The high prestress level of the tensioned CFRP plate reinforcement method will 

make the strength of the CFRP plate be consumed too much when prestress is 

applied, which makes the CFRP plate fracture prematurely and cannot obtain 

the ideal damage mode. Therefore, it is necessary to study how to apply higher 

prestress in CFRP plates, such as using a larger cross-sectional area of CFRP 

plates to obtain a higher prestress magnitude under the same actual stress value 

(i.e., prestress level) in the plate. 

(2). The main limitation of the strength utilization of CFRP plates in the reinforce-

ment method of tensioned CFRP plates comes from the premature failure of the 

anchorage end. Further research is needed to optimize the anchorage device and 

steering block of the tensioned string reinforcement system to reduce the stress 

concentration of the CFRP plate. 

(3). The tensioned CFRP plate reinforcement system proposed in this paper is 

mainly for small- and medium-span (30~50 m) steel-mixed composite beams. If 

this system is applied to larger span composite beams, the overall instability 

problem may be caused by the corresponding small height-to-span ratio of the 

beams. Further research is needed. On the other hand, the test beam in this paper 

has been deliberately treated to prevent local instability at the loading point of 

the steel beam, but in actual engineering reinforcement, due to the direct action 

of the strut pair on the lower flange, the steel beam may produce local instability, 

which still needs further research to solve. 

(4). The prestressing tendons of the tensioned string reinforcement system have a 

large eccentricity, which will consume part of the under-bridge headroom in the 

actual reinforcement, which is a disadvantage of this reinforcement system, so 

its application scope will be limited. In the future work, further research is 

needed to make the tensioned string reinforcement system not affect or less af-

fect the under-bridge headroom, such as adjusting the position of the anchorage 

end and steering point of the prestressing tendons. 

(5). The installation of the jacking support rod system in this paper requires the drill-

ing of holes in the steel girders to install the bolts, so the application in closed-

ended steel sections will be limited. In future work, further research is needed 
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on how to use this system on closed-ended section beams, for example, optimiz-

ing the strut system by changing the original use of bolted struts to triangular 

stabilized struts that rely on welded fixation or using the Overman holes inside 

the closed-ended steel box beam to perform collaborative installation operations 

inside and outside the strut. 

6. Conclusion 

(1). For small- and medium-span (30 m~50 m) steel-hybrid composite beams, a pre-

stressing tensioned CFRP plate reinforcement method without paste and pre-

treatment of the bottom of the composite beam is proposed, and a prestressing 

application method without tensioning is designed, which greatly saves space 

at both ends of the reinforcement system and increases the utilization of the lon-

gitudinal space for the bottom of the beam. 

(2). By increasing the prestressing level and the number of CFRP plates, the bending 

moment of inertia of the cross-section of the composite beam is effectively in-

creased, and the reinforcement effect on the yielding load capacity and ultimate 

bending load capacity of the composite beam is obvious. By applying prestress 

by jacking support rods, the eccentricity of the CFRP plate can be effectively 

used to improve its repair effect, and the reinforced specimen still has good duc-

tility. 

(3). Using ABAQUS finite element software, the influence law of different reinforce-

ment parameters (CFRP plate thickness, CFRP plate width, height of support 

rods and prestressing level, etc.) on the stress performance and reinforcement 

effect of the combined beam was investigated, and the best reinforcement solu-

tion was selected. For this tensioning CFRP plate reinforcement system, the use 

of a prestressing level that is too high is unfavorable to the repair effect. On the 

one hand, the CFRP plate will reduce the tensile reserve of the CFRP plates; on 

the other hand, a higher prestressing level requires a higher support rod, which 

will affect the clearance under the bridge. 

(4). The following conclusions were obtained from the static test study: the ultimate 

load carrying capacity of the steel-hybrid composite girder was increased by 

31.5% for the CFRP plate with 10% prestress level and 2 mm thickness, the load 

at yield of the lower flange of the I-beam was increased by 14.3%, and the stiff-

ness in the elastic phase was increased by 13.09%; the CFRP plate with 10% pre-

stress level and 3 mm thickness increased the stiffness in the elastic phase of the 

steel-hybrid composite girder by 20.42%. The CFRP plate with a prestressing 

level of 15% and a thickness of 3 mm increased the ultimate load capacity of the 

steel-blend composite beam by 47.9%, the load at yield of the lower flange of the 

I-beam by 39.8%, and the stiffness at the elastic stage by 21.66%. Excluding the 

test beam RB-2 with premature failure of CFRP plates, the ultimate mid-span 

deflections of the remaining three test beams UB-0, RB-1 and RB-3 were 113.65 

mm, 112.69 mm and 116 mm, respectively, and the ductility coefficients were 

5.82, 5.06 and 4.76, respectively. 

(5). The anchorage system of the tensioned CFRP plate reinforcement system was 

proved to be effective in the long term by relaxation tests, and the stress loss rate 

in the CFRP plate did not exceed 3%, and the prestress level gradually stabilized 

over time. The test shows that the internal stresses in each CFRP plate section of 

this reinforcement method are basically the same, which proves that this rein-

forcement method has the advantage of low friction loss. 

(6). Three methods were used to calculate the deflection development law of the 

reinforced steel-hybrid composite beam in the elastic phase: method 1, which 

approximates the reinforced steel-hybrid composite beam as an equal-section 

beam and calculates it by the integral method, is in good agreement with the 

deflection obtained by the finite element method and the experimental method; 

method 2, which is based on the flexible method, is based on the theory of 
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calculating the flexible method proposed by F. Kianmofrad and E. Ghafoori in 

their literature, and the deflection in the elastic phase and the stress in the CFRP 

plate are calculated by combining the cross-sectional characteristics of the steel-

cement composite beam, which are in good agreement with both the experi-

mental and finite element values; and method 3 is based on the formula for cal-

culating the deflection in the span of the composite beam reinforced with extra-

corporeal prestressing tendons proposed in the Code for the Design of Steel‒

Concrete Composite Bridges (GB 50917-2013). The calculation formula achieves 

an error of less than 1% for the elastic phase deflection. 

(7). The theoretical calculation method of the flexural load capacity of the span sec-

tion of the reinforced composite beam is given based on the characteristics of the 

cross-sectional forces in the limit state, which can be in good agreement with the 

finite element values and the test values. 

(8). Based on the curvature development characteristics of the combined beam in 

the limit state, the theoretical calculation method is given to predict the deflec-

tion in the span of the combined beam in the limit state, which can be in good 

agreement with the finite element and test values. 
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