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Abstract— This paper aims to study the use of externally 

bonded fiber reinforced polymers (EB-FRP) to strengthen 

beams with large web opening subjected to pure torsion. An 

experimental work has been carried out to investigate the 

torsional behavior up to failure of nine reinforced concrete 

beams having the same dimensions and reinforcement. One of 

them is solid without opening as a reference beam and one of 

the remaining eight beams was tested without any 

strengthening and seven beams were strengthened with carbon 

fiber reinforced polymer (CFRP) with different schemes. The 

major parameter included in this study is the strengthening 

effect of different schemes of CFRP sheets on the behavior of 

RC beams with large web opening under pure torsion. The 

experimental results showed that the beam strengthened with 

a complete 90°, to the beam axis, wrapping around the chords 

and the solid parts near the opening region gives the best 

results and its torsional strength is close to the torsional 

strength of the reference solid beam. Also results have been 

compared with the design approaches of some international 

codes and analytical procedure produced by previous 

researchers. Finally, a simple proposed equation is produced 

to estimate the torsional moment capacity of a strengthened 

reinforced concrete beam with opening. The proposed 

equation confirms the accuracy and effectiveness of the 

experimental result. 

 
Index Terms—Carbon fiber reinforced polymer, 

strengthening, reinforced concrete, torsion, open, code, 

equation. 

I. INTRODUCTION 

The existence of transverse openings in floor beams are 

more often used to provide passage for utility duct and 

pipes, it also translates into substantial economic savings 

in the construction of a multi-storey building. However 

providing an opening in the beam causes cracks around 

the opening thus reduce the beam stiffness [13], which 

leads to the need of strengthening such beams. Recently, 

strengthening of reinforced concrete (RC) beams 

subjected to torsion is receiving increased attention; 

torsion is considered one of the main factors affecting the 

stability of structural elements. Structural elements 

subjected to torsion experience diagonal tension and 

compression and fails in a brittle manner which may 

result in a progressive collapse of the building. 

The behavior of a beam containing a small opening is 

not significantly different from the solid beam and the 

failure of such a beam is due to bending about skew axis, 

[3] to [14], but when the opening dimension is increased, 

the beam strength decreases,[9] and [15],and the 

mechanism of failure changes from skew-bending type to 

one resembles the failure of a grid frame [16]. Mansur 

and Hasnat [12] considered that the accurate 

classification for opening to be small or large depends on 

the structural response of the beam; it means that, the 

opening is small enough to maintain the same behavior of 

the beam in case of with and without opening, and the 

usual beam theory can be applied, otherwise it becomes a 

large opening.El-Badawy [11] has concluded that the web 

opening affects significantly on the capacity of the beam 

and the web opening height has a pronounced effect on 

the capacity than the opening width. 

II. EXPERIMENTAL PROGRAM 

When a beam contains a large rectangular opening, a 

suitable reinforcement scheme consists of additional 

longitudinal reinforcement close to the top and bottom 

edges of the opening, full-depth stirrups next to the 

vertical edges, and closed links in both top and bottom 

chord members at the opening. Otherwise, in pure 

torsion, premature failure would occur at first cracking of 

the beam [2]. A series of reinforced concrete beams, 

detailed in Fig.  1, was tested in pure torsion, the amount 

and arrangement of reinforcement were kept constant for 

all the beams, but the strengthening schemes using CFRP 

were varied. 

A. Specimen details 

A series of nine reinforced concrete beams, detailed in 

Fig.  2, were tested in pure torsion. To maintain the 

integrity of the beam beyond cracking torque without 

failure, a suitable reinforcement schemes are used which 

consist of additional longitudinal reinforcement close to 

the top and bottom edges of the opening, closed stirrups 

in both top and bottom chord members at the opening and 

next to the ends of the opening, [2]. The amount and 

arrangement of reinforcement were kept constant for all 

the beams, but the strengthening schemes using CFRP 

were varied. Each beam was designed to nearly have the 

minimum requirement of each of transverse (stirrups) and 

longitudinal reinforcement according to ACI 318M-05 

[4]. One solid beam tested to be a control beam with 

cross-section 100 mm x 350 mm and 1780 mm in length. 

Reinforcement was taken to be 8 bars with 10 mm 

diameter in longitudinal direction distributed in corners 

and deep part of beam (Al = 628 mm
2
) and reinforced 

with closed stirrups in the transverse direction with 6 mm 

bars spaced at 90 mm on center. To prevent local failure; 

transverse stirrups with 6 mm bars and spaced at 40 mm 

on center were used at the end of each beam. A concrete 

cover of 20 mm was used for all test beams. The 

remaining eight beams have the same dimensions in 

addition to an opening located in the center of the beam 

web with dimensions equal to 150 mm and 520 mm in the 

height and length of the open, respectively. The 



 
 

 

ISSN: 2277-3754   

ISO 9001:2008 Certified 
International Journal of Engineering and Innovative Technology (IJEIT) 

Volume 4, Issue 1, July 2014 

198 

 

 

reinforcement details are the same of the control solid 

beam for the longitudinal and transverse stirrups in the 

solid part. A closed stirrups with 4 mm diameter spaced 

at 40 mm on center were used in the upper and lower 

chords in the opening zone. Fig shows the geometry and 

reinforcement arrangements of the beams based on the 

above considerations. 

B. Strengthening Schemes 

The purpose of using CFRP is to find which of the 

strengthened beams sustain a significant torsional 

capacity compared to the control solid beam and beam 

with opening, so that only one wrapping ply of CFRP 

sheets is used with all strengthened beams. Fig.  2 

illustrate the experimental program of the research study 

and the schemes of strengthening. Only one specimen of 

every scheme has been tested. 

C. Materials 

The characteristic cylindrical compressive strength of 

the concrete used was 26 MPa. The mechanical properties 

of the steel reinforcing bars are presented in Table I. A 

unidirectional CFRP fabrics (SikaWrap-230C) with 

thickness 0.131 mm per ply were used. The manufacturer 

specified tensile elastic modulus, tensile strength and 

elongation at failure of the dry fiber were 238 GPa, 4300 

MPa and 1.8 %, respectively. The resulted laminate 

thickness was about 0.35 mm. the tensile elastic modulus 

and tensile strength based on 1.0 mm of the laminate 

which have been identified by the manufacturer are 28 

GPa and 350 MPa, respectively. The impregnation resin 

for the used fiber is a two part, thixotropic epoxy based 

impregnating resin / adhesive (Sikadur-330) with density 

1.3 kg/l, tensile elastic modulus 4500 MPa and tensile 

strength 30 MPa. 

D. Test set-up and instrumentation 

The nine beams were tested using a hydraulic machine 

of 250 kN capacity. The two supports of each beam were 

fixed in the transverse direction and free to rotate about 

the longitudinal axe of the supports as shown in Fig 3. All 

beams were tested under a pure torsional moment using 

concentrated load on a rigid steel I-beam, which 

distribute this load on two rigid steel arms at the beam 

ends. Two weights having the same weight of the I-Beam 

were used to neglect the influence of the weight of the I-

Beam during the loading process. The twisted angle of 

the beam due to the applied torque was measured by 

using LVDT placed horizontally near to the upper edge of 

the beam. Four LVDTs were distributed along the beam 

length at anti-symmetric positions spaced 400 mm and 

600 mm from the center of the beam to ensure that the 

applied load has been equally distributed on the loaded 

steel arms. To further confirm, the average value of the 

LVDTs records were taken. Figure 3 shows the steel arm 

details, loading setup, and position of LVDTs. 

Table I: Average mechanical properties of steel bars. 

Bar Diameter (mm) 4 6 10 

Yield Stress (MPa) 517 403 490 

Tensile Strength (MPa) 716 573 656 

Ultimate Strain (%) 0.5 28 16 

 

 

 

 
Fig.  1: Specimens dimensions and reinforcement details 
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Fig.  2: Schemes of retrofitting system of tested beam. 

 

Fig.  3: Test setup and instrumentation. 

III. TORSIONAL MOMENT PREDICTION USING 

INTERNATIONAL CODES 

The design for torsion in most codes is based on a thin-

walled tube, space truss analogy. A beam subjected to 

torsion is idealized as a thin-walled tube neglecting the core 

of the solid concrete section. Once a reinforced concrete 

beam has cracked in torsion, its torsional resistance is 

provided primarily by closed stirrups and longitudinal bars 

located near the surface of the member. In this paper, the 

torsional moment capacity for solid control beam has been 

calculated using ECP 203-09 [7], ACI 318-05 [4], BS8110-

97 [6], and JSCE-07 [10]. The codes results compared with 

the experimental values and tabulated in Table IV and Table 
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V. 

IV. NOMINAL TORSIONAL MOMENT FOR BEAM 

WITH LARGE RECTANGULAR OPENING 

Only very limited literature is available regarding the 

behavior of reinforced concrete beams with web opening 

subjected to pure torsion. In addition, no national code gives 

any guidelines for the design of concrete beams with 

rectangular web opening under torsion. In this section, 

ultimate torsional moment for beam with opening has been 

calculated using the proposed equations by Akhtaruzzaman 

[1] and Mansur & Tan [13] 

Akhtaruzzaman[1] developed an equations to calculate 

the torsional moment resistance of reinforced concrete beam 

with rectangular and circular opening, this equations is a 

modification of the torsion equations of the ACI 318-83 [5]. 

The equation governing the nominal torsional strength is 

given by, 

 (1) 

Where, Tch and Tsh are the nominal torsional strength 

provided by concrete and torsional reinforcement, 

respectively, given by: 

 
(2) 

 

(3) 

Where f ′c is the design compressive strength of concrete, 

fyw is the yield strength of steel, band h represent width and 

depth of beam section, respectively,x1andy1 are the shorter 

and the longer center-to-center dimension of vertical stirrup, 

respectively,λ equal to cos 45° for circular opening and 1.0 

for rectangular opening,do is the opening depth and do ≤ bo, 

the opening length,At is the area of one leg of vertical 

stirrup, αt is a coefficient depends on the ratio of beam 

cross-sectional dimensions and can be equated as in 

equation (4), andn  represents the number of vertical legs of 

stirrups intersected by a 45° inclined plane on the tension 

side of the beam as shown in Fig.  4 and is calculated by 

equation (5). 

 
(4) 

 
(5) 

Where a is the chord depth, and sh, ss are the center-to-

center spacing between stirrups in chord and solid part, 

respectively, (inch). 

The subscribe c and s refer to the chords and the solid 

parts. 

Mansur & Tan [13] used an analytical method to calculate 

the nominal torsional moment for reinforced concrete beam 

with large rectangular opening (Tn) based on the collapse 

load analysis. Using this method, the authors expressed two 

solutions, the upper and lower bound solution, to get the 

nominal torsional moment. 

 
Fig.  4: Failure plane on the tension side of a beam with a 

transverse opening. 

In this section, the lower bound solution (LBS) for 

identical chord is used, as the mechanism is missed. The 

LBS consists of three mode 1, 2, and 3 depending on the 

position of compression zone in the section. As the mode 

failure of CB2 beam identical with mode 1 failure, where 

the compression failure zone located in the upper face of the 

upper chord section, then the value of torsional moment 

capacity can be calculated according to equation (6). 

 (6) 

 (7) 

Where α = αt,b + αt,b / ω , β = 0.5 Vo lo / Mo , and r = 1 and 

αt,b = e Vo /To , ω = 1.0 , e is the spacing between centerline 

of top or bottom chord to the centerline of the solid cross 

section. 

 

(8) 

 

(9) 

Where Fyu is the yield force in longitudinal tension bars, 

Sy is the yield force in vertical stirrups, dv is the spacing 

between longitudinal tension and compression bars, s is the 

spacing between stirrups, uis the perimeter of centerline 

connecting longitudinal bars in corner, Ao is the area 

enclosed by u, lo is the opening length, and Mo = 2 Fyu dv. 

V. TORSION CONTRIBUTION OF CFRP 

COMPLETE WRAPPING TO THE TORSIONAL 

CAPACITY OF BEAM WITH RECTANGULAR 

OPENING 

Using the Equations that calculate the torsion contribution 

of CFRP sheets to the torsional capacity of a solid beam 

which introduced by FIB [8] with some modification, as 

shown in Fig.  5, to match with beam with rectangular 

opening and the axis of rotation apart 150 mm from the 

bottom of the beam, then the torsion contribution of CFRP 
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laminate can be derived as shown in equation (10)through 

equation (13). 

 
Fig.  5: Tensile force carried by CFRP sheet complete 

wrapping on the chords due to torsional moment. 

 (10) 

And 

 

(11) 

 
(12) 

Then Tfd can be expressed as 

 
(13) 

, which implies that Tfd= 2 Tfd,v = 2 Tfd,h. Therefore, the 

torsion contribution of CFRP, on the two chords, to the 

torsional capacity of the beam when the section rotate about 

a point apart 150 mm from the bottom of the beam is equal 

to the sum of the torsion contribution of CFRP, on the one 

chord, to the torsional capacity of the chord when it rotate 

about its centroid. 

Where Ffd,h and Ffd,v are define as the forces carried by 

horizontal and vertical FRP sheets, respectively, εfd,e is the 

characteristic value of FRP strain and can be calculated for 

CFRP from equation (14),  Efu is the elastic modulus of FRP 

laminate, tf is the thickness of FRP laminate, bf width of 

FRP strip, Sf is the spacing between strips, θ is the angle of 

inclination of the diagonal crack to the longitudinal axis of 

the beam, and can be taken as 45°, and 

 

(14) 

Where εfu is the ultimate strain of FRP,fcm is defined as 

the concrete compressive strength, MPa, Efu is the elastic 

modulus of FRP laminate, GPa, and ρf is the FRP 

reinforcement ratio with respect to concrete and can be 

calculated as: 

 
 

(15) 

For complete wrapping (bf / Sf = 1.0) 

VI. TEST RESULT AND DISCUSION 

A. Control beams 

To study the torsional behavior of the tested beams, the 

relation between the applied twisting moment and angle of 

rotation for all strengthened and reference beams have been 

presented through Fig.  7 to Fig.  11 and Table II. For all 

beams, it exhibited similar linear torque-rotation behavior 

from initial loading up to the occurrence of the initial crack. 

After the formation of the cracks, all beams showed 

nonlinear behavior. 

At the beginning of loading, the CB1beam twisted 

without emergence of any cracks. Once the loading reaches 

to the cracking limit (Tcr = 3.15 kN.m), the first cracks 

appeared on the midpoint of the vertical faces at the mid-

span of the beam, and the twisted angle θcr equal to 0.0033 

rad/m. As the applied load increases, the torsional diagonal 

cracks, at an inclination of about 45° to the horizontal axis, 

propagate towards the horizontal face of the beam soon 

thereafter around all faces of the beam forming continuous 

helical cracks and the beam failed due to excessive increase 

of diagonal cracks near the support in the tension zone of 

the beam at torque Tult of 7.65 kN.m and angle of twist θult 

equal to 0.09 rad/m. 

For CB2 beam, the first crack appeared at torsional 

moment of 1.80 kN.m and angle of twist of 0.0033 rad/m. 

As the opening represents a source of weakness, the initial 

crack originate at the corner of the opening at the tension 

side and propagate diagonal, at an inclination about 45°, 

towards the solid section of the beam. As the applied torque 

was increased, a discrete small diagonal cracks appeared 

distributed on the solid part and a diagonal crack links the 

two opposite compression faces of the top chord has been 

formed which led to failure of the beam. 

 The beam failed due at twisted moment of 4.73 kN.m angle 

of twist equal 0.095 rad/m. 

B. Effect of CFRP strengthening 

For the beams that have not complete 90° wrapping in the 

opening chords such as RB1, RB3, RB6, and RB7, the 

cracks originate at the top middle face of the upper chord at 

the center of the opening and propagate diagonally towards 

its corner in the compression side. The cracking torque and 

angle of twist per meter were 2.025 kN.m and 0.0033 rad/m, 

respectively, as it demonstrated in Table II. The 

strengthening schemes of  those beams have a very slight 

effect on the ultimate torque, where the torsional capacity 

increased by 0.0% to 14% from CB2 beam torsional 

capacity and about 30% to 35% decrease of CB1 beam 

ultimate torque. The ultimate torque ranged from 4.9 kN.m 

to 5.4 kN.m. The failure occurred due to the top chord 
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concrete crushing due to torsional stresses. 

For RB2 beam, the first cracks appeared when the twisted 

moment reached to 2.025 kN.m and θcr = 0.0033 rad/m. Up 

to the occurrence of the first crack, the FRP sheets in the 

opening zone showed no influence. With the increase of 

loading up to the failure load, a voice of cracking of 

concrete and deboning of fiber was heard, but the final 

failure was due to the formation of what called by plastic 

hinges at the opposite corner of the opening in the tension 

zone. This beam failed when the applied torque reached to 

5.40 kN.m. 

The best strengthened schemes were for the beams RB4 

and RB5. These strengthening resulted in increasing of 

ultimate torsional moment by about 49% of Tult of CB2 and 

about 6% to 9% decrease of CB1 beam ultimate torque. The 

failure occurred apart from the opening in the solid part near 

the opening. The initial cracks originate in the middle of the 

deeper face of the beam in the solid part at a torque equal to 

2.025 kN.m, and crawled towards the opening corner and 

the shorter face of the beam forming an incomplete spiral 

cracks. The beam failed at a torsional moment of 6.975 

kN.m. Before the failure, a voice of cracking of concrete and 

deboning of fiber were heard. As shown in Fig.  10 the slop 

of the curve after the cracking torsion is stiffer than the 

slops of the curves of the previous strengthened beams. This 

is due to the adequate strengthening of both the chords and 

the part of the beam besides the opening. 

The crack pattern and mode of failure are shown in Fig.  

6. A comparison between the reference and strengthened 

beams, in form of a ratio between the cracking and ultimate 

torque values for strengthened beams to the control beams 

values, have been conducted in Table III. 

Fig.  6: Crack pattern and mode of failure for the tested beams.

Table II: Cracking and ultimate twisting moment and angle of 

rotation. 

Beam 
Tcr θcr Tult θult 

kN.m rad/m kN.m rad/m 

CB1 3.150 0.0033 7.650 0.0899 

CB2 1.800 0.0033 4.725 0.0949 

RB1 2.025 0.0033 4.950 0.0933 

RB2 2.025 0.0033 5.400 0.0999 

RB3 2.025 0.0033 5.400 0.0999 

RB4 2.025 0.0030 6.975 0.1029 

RB5 2.250 0.0033 7.200 0.1132 

RB6 2.025 0.0033 4.725 0.0966 

RB7 2.025 0.0033 5.401 0.1198 
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Fig.  7:Torque versus twist angle per meter for reference 

beams (CB1 and CB2). 
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Fig.  8:Torque versus twist angle per meter for reference 

beams and strengthened beams (RB1, RB2 and RB3). 
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Fig.  9: Torque versus twist angle per meter for reference 

beams and strengthened beams (RB6 and RB7). 

0 1.5 3 4.5 6 7.5 9 10.5 12 13.5 15

(rad/m) x 10 -2

0

1

2

3

4

5

6

7

8

9

10

T
 (

K
N

.m
)

CB1

CB2

RB4

RB5

 
Fig.  10: Torque versus twist angle per meter for reference 

beams and strengthened beams (RB4 and RB5). 
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Fig.  11: Torque versus twist angle per meter for all tested 

beams 

Table III: Comparison between strengthened beams and 

control beams. 

Beam 
    

CB1 1.00 
 

1.00 
 

CB2 0.57 1.00 0.62 1.00 

RB1 0.64 1.13 0.65 1.05 

RB2 0.64 1.13 0.71 1.14 

RB3 0.64 1.13 0.71 1.14 

RB4 0.64 1.13 0.91 1.48 

RB5 0.71 1.25 0.94 1.52 

RB6 0.64 1.13 0.62 1.00 

RB7 0.71 1.25 0.71 1.14 

VII. NUMERICAL PREDICTIONS DISCUSSIONS 

Table IV presents the torsional moment capacity 

according to numerical predictions and experimental results 

for CB1, CB2, and RB4. The comparison between these 

results has been shown in Table V. 
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Table IV: Torsional strength according to standards 

predictions, experimental results. 

CB1 
Texp TECP TACI TBS TJSCE 

7.65 3.973 3.973 4.067 5.23 

CB2 
Texp TMT TAk 

4.725 5.491 3.206 

RB4 
Texp TMT + TFIB 

6.975 8.077 

The subscribe exp, MT and Ak are abbreviation to 

experimental, (Mansur & Tan) and Akhtaruzzaman, 

respectively. 

Table V: Comparison of the ultimate torques between 

standards predictions, experimental results. 

CB1 
   

 

0.52 0.52 0.53 0.68 

CB2 
  

1.162 0.679 

RB4 
 

1.157 

From results in Table IV and Table V, Mansur & Tan 

[13] equation gives a better result than 

Akhtaruzzaman[1]equation and can be used to calculate the 

torsional capacity of beam with rectangular web opening. 

The torsional capacity (T) of beam with rectangular 

opening retrofitted with complete wrapping of CFRP, as in 

RB4, equal to the contribution of torsional moment 

produced by Mansur and FIB equations and can be given as; 

 

 

 

(16) 

VIII. CONCLUSION 

Torsional behavior of the control beams and the 

strengthened beams using EB-CFRP sheets were 

investigated and the following conclusions are summarized: 

1. The provision of the opening in the beams leads to 

noticed decrease in the cracking and ultimate 

torsional strength of the beam, using the same 

longitudinal and transverse reinforcements, by 43% 

and 38%, respectively. 

2. Use of horizontal CFRP sheets do not provide any 

change in the beam torsional strength, till when it 

used with various schemes. This is contributed to that 

the main internal forces produced in the chords 

resulted from torsional stresses. 

3. Strengthening of the beam with opening using 

complete 90° wrapping around the chords and the 

solid parts near the opening region gives the best 

results, where the torsional strength increased by 48% 

of the control beam with opening and it became close 

to the torsional strength of the reference solid beam. 

4. All the beams fail due to the concrete compression 

failure; this is due to that all beams were over-

reinforced. 

5. The nominal torsional moment computed by all 

mentioned standards are underestimated values. The 

nearest value to the experimental result was recorded 

for the Japanese code; it is the only code that taking 

the effect of the longitudinal bars when calculating 

the torsional moment. 

6. The torsional moment capacity for reinforced 

concrete beam with web opening calculated by 

Mansur & Tan [13] equation considers more accurate 

than Akhtaruzzaman [1] modified equation and can 

be modified to take the effect of CFRP strengthening. 

7. The torsional moment capacity produced by Mansur 

and FIB equations give a good agreement with the 

experimental results. 

8. In case of complete wrapping of CFRP laminates on 

the chords, the torsion contribution of the laminates in 

case of the top and bottom chords rotate about an 

external point are equal to the torsion contribution 

when the two chords rotate about their centroid. 
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