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ABSTRACT 

Torsion has been considered with an increasingly great importance by structural engineers. Some of the 

typical cases are space frames, spandrel beams, beams supporting balconies, eccentrically loaded beams, 

spiral staircases, horizontally curved beams, skew bridges... etc. Transverse openings, in Reinforced Concrete 

(RC) beams may be essentially required for accommodating utility services in a building structure. Provision 

of an opening through a beam, however, changes its simple mode of behavior to a more complex one.  

Therefore, the design of such beams needs special treatment. 

Strengthening or retrofitting of concrete structures to compensate the presence of transverse opening not only 

depends on the applied material but also depends on the used technique. Carbon Fiber Reinforced Polymers 

(CFRP) plates, provide a more technical alternative to the traditional methods of strengthening in many cases 

as it gives high strength, low weight, corrosion resistance, easy and quick installation and less changes in 

structural geometry. 

An experimental test program of twenty-one RC beams with central large openings subjected to pure torsion 

were strengthened by using additional layers of externally bonded steel or CFRP plates with different 

techniques. The behaviors of the tested specimens were investigated and compared to identify the 

effectiveness of each method and material of strengthening to increase the torsional strength of beam with 

different opening sizes.  

The main conclusions and recommendations drawn from the study were discussed and summarized. The 

research shows that the methods of strengthening by using externally bonded steel strips fixed by eboxy and 

steel dowels and CFRP plates gave best results. 
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INTRODUCTION  

Providing an opening in the web of RC beam may be 

essential to provide a path for required ducts or pipes. 

However making an opening in the beam web 

decreases the stiffness of the beam subsequently 

decreases the resistance for shear, flexure and torsion 

[1]. Therefore, the presence of transverse opening in 

a beam, however, changes its simple mode of 

behavior to a more complex one depending on the 

location and the dimensions of the opening [2]. The 

design of such beams needs special treatment, which 

currently falls beyond the scope of the major building 

codes [3, 4]. 

Many openings are required to be provided in the 

web of the beams after finishing the construction. In 

this case, it is essential to compensate the reduction 

of the stiffness by a suitable method to retrofit the 

beam with its full capacity [5,6]. 

Many researches concentrate on the shear and 

bending stresses and some investigate on torsional 

stresses [7,8,9,10]. Equilibrium torsion should be 

carefully considered in the design because failure of 

the member is inevitable if it has not adequate 

torsional strength [11]. Upgrading the stiffness of RC 

beams of rectangular, L or T sections using FRP due 

to different stresses is investigated by many 

researches [12,13,14]. 

In this research, an experimental test program is 

prepared to study the behavior of reinforced concrete 

beams with central web openings subjected to pure 

torsion as well as to investigate and compare some 

different techniques of strengthening to increase the 

torsional resistance in the areas around the opening.  

Nowadays, carbon and glass fiber reinforced 

polymers (FRP) in the form of strips, rods, plates and 

wraps woven in one or multi-directions are 

commonly used for repair and strengthening RC 

slabs, shells, beams or columns [15-19]. This 

attributed to comparatively simple installation and 

the attractive characteristic such that lightweight, 

high tensile strength, and immunity to corrosion. 
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These advantages have made FRP an attractive 

choice instead of traditional retrofitting techniques. 

Field applications over the last years have shown 

excellent performance of CFRP retrofitted structures. 

In this research, the strengthening of RC beams with 

openings was executed by using both steel plates as 

traditional material or CFRP as an advanced material 

for the purpose of comparison.  

RESEARCH OBJECTIVES  

Sometimes it is necessary to make a hole or a void as 

a transverse opening in the web of reinforced 

concrete beam. However providing an opening in the 

beam decreases the stiffness, which reduces the 

overall strength of the beam. Limited researches 

investigate the behavior of beams subjected to 

torsional stresses. Only very limited literatures are 

available regarding retrofitting beams with web 

openings to increase their torsional stiffness. The 

main object of this research is to determine the 

efficiency of using different methods and materials as 

external bonded steel plates and CFRP plates to 

increase the torsional strength of rectangular 

reinforced concrete beams with different opening 

sizes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EXPERIMENTAL PROGRAM 

Twenty-one typical dimensions and reinforcement of 

the tested specimens were cast. The specimens were 

cast in a Z-shaped forms with right angles at its 

corners. The cross section of the tested beams is 

200 × 300 mm and 1700 mm length. The middle part 

of the specimen is 1300 mm length.  

Five specimens were considered as reference beams 

without any strengthening and classified in Group 1. 

One of them has no opening; R0, and the other four 

reference specimens R30*6, R30*12, R60*6, and 

R60*12 have different opening dimensions;  

300×60mm, 300×120mm, 600×60mm and 

600×120mm respectively.  

Figure 1 shows the concrete dimensions and 

reinforcement details of specimen R0. The concrete 

dimensions and reinforcement details of specimen 

with opening X*Y is shown in Fig. 2. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2 : Dimensions and  reinforcment details of refernce specimen with opening X*Y 

Dim in mm 

X 

Y 

Fig. 1: Dimensions and  reinforcment details of refernce specimen without 

opening R0 

Dim in mm 
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The last four reference specimens with openings 

were replicated four times to form additional sixteen 

tested specimens. These beams are classified in 

Groups 2, 3, 4 and 5. In each group, openings were 

strengthened with different techniques as follows:  

Group 2 contains four specimens S30*6, S30*12, 

S60*6 and S60*12, openings in beams were 

strengthened using steel plates, 2 mm thick and 100 

mm width, around the exterior edges of the opening 

and fixed by Sikadur®-31CF. Figure 3 shows the 

dimensions of strengthening steel plates in this 

Group. 

Openings in beams of Group 3, were strengthened 

using the same steel plates of 2 mm thickness and 

100 mm width, around the exterior edges of the 

opening fixed by Sikadur®-31CF  and also with 

steel dowels 8 mm dimeter and 100 mm long. Figure 

4 shows specimens in Group 3; SD30*6, SD30*12, 

SD60*6 and SD60*12.   
   

Table 1: Experimental test program  

 

 

 

 

 

 

In Group 4, openings in beams were strengthened 

using steel plates, 2 mm thickness formed as U shape  

around the interior and exterior edges of the opening 

welded together to form a box around the opening 

and  fixed by Sikadur®-31CF as  an epoxy resins as 

well as by steel dowels 8 mm dimeter and 100 mm 

long. Figure 5 shows specimens in Group 4; 

SB30*6, SD30*12, SB60*6 and SB60*12.  

Group 5 contains beams with openings strengthened 

using carbon fiber reinforced polymer CFRP plates 

1.2 mm thickness and 100 mm width, Sika 

Carbodur@S1012, around the exterior edges of the 

opening. They were fixed by eboxy Sikadur@-30. 

Figure 6 shows specimens in Group 5; C30*6, 

C30*12, C60*6 and C60*12. 

Table 1 summarizes the details of the experimental 

test program for each specimens in the different 

Groups and explains the method of strengthening. 

 

 

 

 

 

 

 

 

 

 

Group 
Beam 

Code 
Opening Size Method of Strengthening  

1 

R0 No opening 

Reference beams 

without strengthening 

R30*6 300x60 mm 

R30*12 300x120 mm 

R60*6 600x60 mm 

R60*12 600x120 mm 

2 

S30*6 300x60 mm  

Strengthening the central openings by using steel plates, 2 mm thick and 

100 mm width, around the exterior edges of the opening fixed by   

eboxy.  

S30*12 300x120 mm 

S60*6 600x60 mm 

S60*12 600x120 mm 

3 

SD30*6 300x60 mm  

Strengthening the central openings by using steel plates, 2 mm thick and 

100 mm width, around the exterior edges of the opening fixed by   

eboxy and steel dowels. 

SD30*12 300x120 mm 

SD60*6 600x60 mm 

SD60*12 600x120 mm 

4 

SB30*6 300x60 mm Strengthening the central openings by using steel plates, 2 mm thick and 

60 mm width, around the exterior and interior edges of the opening 

fixed by eboxy and steel dowels. 

SB30*12 300x120 mm 

SB60*6 600x60 mm 

SB60*12 600x120 mm 

5 

C30*6 300x60 mm Strengthening the central openings by using CFRP plates as strips 1.2 

mm thick and 100 mm width, around the exterior edges of the opening 

fixed by eboxy. 

C30*12 300x120 mm 

C60*6 600x60 mm 

C60*12 600x120 mm 
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Fig. 3:   Strengthening of Group 2  

 

Fig. 4:   Strengthening of Group 3  

 

Fig. 5:   Strengthening of Group 4  

 
Fig. 6:   Strengthening of Group 5  
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TEST SET-UP AND INSTRUMENTATION 

The middle part of the specimen, 1300 mm length, 

was tested under pure torsion by applying two equal 

concentrated loads at the center of the two cantilever 

parts, and 50 mm form each end as shown in Figs. 

(1, 2). These cantilevers were designed to resist the 

maximum shearing and bending moments that would 

take place during testing. The loading rig is shown in 

Fig. 7.  Loads were applied in increments using a 

hydraulic jack of 50 ton maximum capacity. 

Deflections under the concentrated loads, angle of 

twist, first cracking loads and ultimate failure loads 

were recorded. Propagation of cracks was marked 

after each load increment up to failure. Dial gauges 

of 0.01 mm accuracy and total capacity of 20 mm 

were used for measuring deflections under the 

concentrated loads.  

Table 2 defines concrete mix proportions and 

compressive strength after 7 and 28 days. 

Table 3 shows the mechanical properties of steel 

reinforcement and strengthening steel plates and 

Table 4 identify the mechanical properties of CFRP 

plates (Sikadur® Plates) [20]. 

 

 

 

 

 

 

 

 

 

Table 2: Concrete mix proportions and compressive strength 
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Compressive Strength 

kg/ cm
2

 

C W F.A C.A 

7 days 

 kg/ cm
2

 

28 days  

kg/ cm
2

 

1 350 157.5 640 1278 2426 2 45 32 235 303 

Where:  C= Portland cement from Suez Company 

               W = Water                 F. A. = Fine aggregate         

  C. A. = Coarse aggregate (crushed dolomite with a nominal maximum size of 25 mm) 

 

Table 3:  Mechanical properties of steel reinforcement and strengthening plates 

Steel Type 

Yield Stress  

(kg/cm
2
) 

Tensile 

Strength 

(kg/cm
2
) 

Elongation 

 % 

Modulus of Elasticity 

kg/cm
2
)) 

High Tensile 3650 5320 15.0 2100000 

Mild Steel 2530 3730 21 2020000 

Steel Plates 2250 2400 23 2100000 

 

Table 4:  Mechanical properties of CFRP plates (Sikadur® Plates) [20] 

Property 
CFRP 

Sikadur® S1012 

Width, mm 1.2  

Plate width, mm 100  

Density, g/cm
3
 1.6  

Tensile E-Modulus, MPa 165000   ( 1682531 kg/cm
2
) 

Tensile strength, MPa Min. value =2800 (28550 kg/cm
2
) 

Strain at break  Min. Value not less than 1.7% 

Fig. 7:  Test set up and  instrumentation  
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Hinged 
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EXPERIMENTAL RESULTS 

All tested reference beams in Group 1 failed due to 

pure torsion. Typical cracking of strengthened beams 

were observed. Diagonal cracks were propagated 

forming a spiral trajectory on the four sides of the 

span as expected [21].  

Figure 8 shows the crack pattern for reference 

specimen in Group 1. First diagonal cracks   for R0 

were recorded at load 4 ton. It is noticed that diagonal 

cracks spread along the span.  

The first cracking loads for specimen R30*6, 

R30*12, R60*6 and R60*12, were 2, 1.8, 1.6 and 1.5 

ton respectively.  It is noticed that openings reduced 

the torsional rigidity as a results of rapid cracking 

[22]. Diagonal cracks spread at the mid span along 

the length of the openings and passes at their corners.   

Figure 9 shows the crack patterns for strengthened 

beams by steel plates fixed by eboxy only in Group 2. 

The first cracking loads for specimen S30*6, S30*12, 

S60*6 and S60*12 were 3, 2.8, 2.2 and 2.0 ton 

respectively.  Two diagonal cracks spread diagonally 

from the ends of the openings 300x60 and 300x120 

mm respectively while only one diagonal crack starts 

at one corner of the opening and directed to the mid 

length in case of openings 600x60 and 600x120 mm.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 shows the crack patterns for beams 

strengthened by steel plates fixed by eboxy and steel 

dowels in Group 3. The first cracking loads for 

specimen SD30*6, SD30*12, SD60*6 and SD60*12 

were 5, 4.4, 4.0 and 3.5 ton respectively.  For 

specimen SD30x6 cracks spread along the span as 

R0. For other specimens in this Group. Only one 

diagonal crack starts at one corner of the opening and 

directed to the mid length.    

Figure 11 shows the crack patterns for strengthened 

beams by steel boxes fixed by both eboxy and steel 

dowels in Group 4. The first cracking loads for 

specimen SB30*6, SB30*12, SB60*6 and SB60*12 

were 4.8, 3.2, 2.2 and 2.0 ton respectively. Two 

diagonal cracks spread diagonally from the ends of 

the openings 300x60 and 300x120 mm respectively 

while only one diagonal crack starts at one corner of 

the opening and directed to the mid length in case of 

openings 600x60 and 600x120 mm.   

Figure 12 shows the crack patterns for strengthened 

beams by CFRP plates by eboxy in Group 5. The first 

cracking loads for specimen C30*6, C30*12, C60*6 

and C60*12 were 7.4, 6.2, 5.0 and 4.0 ton 

respectively. For all specimens in this group, only 

one diagonal crack starts at one corner of the opening 

and directed to the mid length.  

 

 

  

(a) Crack pattern for beam R0  

(b) Crack pattern for R30*6  (c) Crack pattern for R30*12  

(d) Crack pattern for R60*6  (e) Crack pattern for R60*12 

Fig. 8: Crack pattern for reference specimens in Group 1 
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(a) Crack pattern for S30x6 

(c) Crack pattern for S60x6 

(b) Crack pattern for S30x12 

(d) Crack pattern for S60x12 

Fig. 9: Crack pattern for Group 2 

(a) Crack pattern for SD30x6 (b) Crack pattern for SD30x12 

(c) Crack pattern for SD60x6 (d) Crack pattern for SD60x12 

Fig. 10: Crack pattern for Group 3 

(a) Crack pattern for SB30x6 (b) Crack pattern for SB30x12 

(c) Crack pattern for SB60x6 (d) Crack pattern for SB60x12 

Fig. 11: Crack pattern for Group 4 
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For reference beams in Group 1, ultimate torque 

decreased for specimens R30*6, R30*12, R60*6, and 

R60*12 due to opening with respect to R0 by about 

43%, 51%, 51% and 60% respectively.  It is noticed 

from this results that beams with the same area of 

openings 300x120 mm and 600x60 mm decreased the 

torsional strength with the same percent. 

In Group 2, ultimate torques for S30*6, S30*12, 

S60*6 and S60*12 increased with respect to the 

corresponding reference specimens R30*6, R30*12, 

R60*6 and R60*12 by about 40%, 40%, 16%, and 

23% respectively. This method of strengthening was 

more effective in larger depths and smaller breadths. 

Using steel dowels to fix the steel plate in addition to 

the eboxy in Group 3 improved the results. The 

ultimate torques for SD30*6, SD30*12, SD60*6 and 

SD60*12 were increased with respect to the 

corresponding reference specimens R30*6, R30*12, 

R60*6 and R60*12 by about 138%, 133%, 105%, 

and 131% respectively. Ultimate torques for SD30*6, 

SD30*12, SD60*6 and SD60*12 were improved with 

respect to specimens S30*6, S30*12, S60*6 and 

S60*12 by about 70%, 67%, 76%, and 88% 

respectively. It is noticed that using dowels in 

addition to eboxy improved the results effectively in 

torsion as dowels resist part of the induced shear flow 

near the surfaces of the openings where the concrete 

cover subjected to the main stresses of torsion [23]. 

More number of steel dowels improved the torsional 

strength of specimen with opening of the same area 

300x120 mm and 600x60 mm. It is noticed also that 

specimens SD30*6 and SD30*12 gave better results 

than the reference beam R0 by about 35% and 14% 

respectively. The improvement depended on the size 

of openings. The increase of the opening dimensions 

decreases the effects of the strengthening. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

near the surfaces of the openings where the concrete 

cover subjected to the main stresses of torsion [23]. 

More number of steel dowels improved the torsional 

300x120 mm and 600x60 mm. It is noticed also that 

specimens SD30*6 and SD30*12 gave better results 

than the reference beam R0 by about 35% and 14% 

respectively. The improvement depended on the size 

of openings. The increase of the opening dimensions 

decreases the effects of the strengthening. 

In Group 4, the ultimate torques for SB30*6, 

SB30*12, SB60*6 and SB60*12 were increased with 

respect to the corresponding reference specimens 

R30*6, R30*12, R60*6 and R60*12 by about 76%, 

58%, 40%, and 57% respectively. These 

improvements were less than the improvements of 

Group 3, and this may be attributed to the reduction 

of the area of strengthening steel plates used on the 

external surfaces. Using this technique of steel box in 

U shape around the internal sides of opening gave 

better results for resisting bending stresses with 

respect to using external steel plates around the 

opening. Less effects of this type of strengthening 

were noticed for resisting torsion as the main stresses 

for torsion concentrate on the external surfaces of the 

cross section of the beam.  

Using carbon fiber reinforced polymer CFRP plates 

fixed by eboxy in Group 5 improved the results. The 

ultimate torques for C30*6, C30*12, C60*6 and 

C60*12 were increased with respect to the 

corresponding reference specimens R30*6, R30*12, 

R60*6 and R60*12 by about 176%, 167%, 133%, 

and 151% respectively. These improvements are 

considered the best results with respect to the other 

methods of strengthening of the test results. It is 

noticed also that strengthening with carbon plates 

fixed by eboxy improved the torsional strength for all 

specimen more than the reference beam R0.  

(a) Crack pattern for C30x6 (b) Crack pattern for C30x12 

(c) Crack pattern for C60x6 (d) Crack pattern for C60x12 

Fig. 12: Crack pattern for Group 5 
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Specimens C30*6, C30*12, C60*6 and C60*12 gave 

better results than beam R0 by about 57%, 31%, 14% 

and 0.0% respectively. The improvement depended 

on the size of openings. The effect of strengthening 

increased with the increase of the opening 

dimensions. This may be attributed to using more 

lengths of carbon plates. So this technique is 

recommended for large openings. 

 

Figure 13 compares cracking and ultimate torques of all tested strengthened beams with respect to their reference 

beams.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TWISTING ANGLES 

Ductility of beams subjected to torsion can be 

defined as the ratio between the maximum twisting 

angle due to the ultimate torque and the maximum 

twisting angle at the first cracking load. Energy 

absorption is always defined as the area under the 

torque-twisting angle curve until failure. 

Figure 14 shows torque versus twisting angle curves 

for reference reinforced concrete beams. It shows the 

reduction of torsional strength as well as the 

reduction in energy absorption due to different sizes 

of openings with respect to the beam without 

opening, R0. The reduction increased with the 

increase of the opening area. Figure 15 shows torque 

versus twisting angle curves for Group 2. It shows a 

moderate increase in the torsional strength and 

ductility. Best result for this group obtained for 

S30*6 which approaches the behavior of R0.  

 

 

 

 

Figure 16 shows torque versus twisting angle curves 

for Group 3. It is noticed that using steel dowels 

improved the torsional strength and ductility as it 

resist the induced shear flow due to torsion. All 

beams in this group showed obvious reduction in 

twisting angle as well as high increase in torsional 

strength. This method of strengthening compensates 

the presence of opening effectively.  Figure 17 shows 

a comparison of torque versus twisting angle curves 

for Group 4. It improved the torsional strength. Best 

result for this group obtained for SB30*6 which 

approaches the behavior of R0. Figure 18 shows 

torque versus twisting angle curves for Group 5. It is 

noticed that using carbon fiber plates showed great 

improvements for the torsional strength, ductility and 

energy absorption. All beams in this group showed 

obvious reduction in twisting angle, high increase in 

ultimate torsional strength as well as high increase in 

energy absorption. This method of strengthening 

compensates the presence of large openings 

effectively.   
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Fig. 13: Cracking and ultimate torques of all tested beams  
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CONCLUSIONS  

1- Transvers openings in beams decreases the 

torsional strength and the reduction depends on 

the area of the opening.  

2- All strengthened techniques improved the results 

of the torsional strength, ductility, and energy 

absorption with the corresponding reference 

specimens.   

3- For reference RC beams, R30*6, R30*12, 

R60*6, and R60*12, ultimate torques were 

decreased due to openings with respect to beam 

without opening, R0 by about  43%, 51%, 51% 

and 60% respectively.   

 

 

 

 

4- The ultimate torques for S30*6, SD30*6, 

SB30*6 and C30*6 were increased with respect 

to the corresponding reference specimen R30*6 

by about 40%, 138%, 76%, and 176% 

respectively.  

5- The ultimate torques for S60*12, SD60*12, 

SB60*12 and C60*12 were increased with 

respect to the corresponding reference specimen 

R60*12 by about 23%, 131%, 57%, and 151% 

respectively.  

 

 

Fig. 16: Torque versus twisting angle for Group 3 Fig. 17: Torque versus twisting angle for Group 4 

Fig. 18: Torque versus twisting angle for Group 5 

Fig. 14: Torque versus twisting angle for Group 1 

0
10
20
30
40
50
60
70
80
90

100
110
120

0 10 20 30 40 50 60 70 80 90 100

T
o

rq
u

e
, 
to

n
.c

m
 

Twisting angle × 10 ˉ⁵,  rad./mm 

R0

R30*6

R30*12

R60*6

0
10
20
30
40
50
60
70
80
90

100
110
120

0 10 20 30 40 50 60 70 80 90 100

T
o

rq
u

e
, 
to

n
.c

m
 

Twisting angle × 10 ˉ⁵,  rad./mm 

R0
S30*6
S30*12
S60*6
S60*12

Fig. 15: Torque versus twisting angle for Group 2 
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6- Using dowels in addition to eboxy for fixing the 

steel plates improved the results effectively in 

torsion as dowels resist the induced shear flow 

near the surfaces of the openings. Ultimate 

torques for SD30*6, SD30*12, SD60*6 and 

SD60*12 were increased with respect to 

specimens S30*6, S30*12, S60*6 and S60*12 

by about 70%, 67%, 76%, and 88% respectively.  

7- Specimens SD30*6 and SD30*12 gave better 

results than the reference beam R0 by about 35% 

and 14% respectively.     

8- Using steel box as U shape around the internal 

sides of opening gave better results for resisting 

bending stresses than torsional stresses because 

maximum torsional stresses concentrate on the 

external layers of the cross section of the beam.  

9- Specimens C30*6, C30*12, C60*6 and C60*12  

gave better results than the reference beam R0 by 

about 57%, 31%, 14% and 0.0% respectively.         

10- Best results for resisting torsion were obtained 

by strengthening beams using carbon fiber 

reinforced polymer CFRP plates in Group 5. The 

second best results for strengthening is by using 

steel plates fixed by both eboxy and steel dowels 

in Group 3. 
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