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Abstract：Making web openings in reinforced concrete (RC) beams is frequently 16 

required for the passage of utility ducts and/or pipes. Such web opening(s) leads to 17 

reduction of the strength and stiffness of the beam. To ensure the safety of the beam, a 18 

strengthening system applied around the web opening is needed. Existing 19 

experimental studies have confirmed the feasibility of using externally bonded FRP to 20 

compensate for the strength loss of the beams caused by the creation of web openings, 21 

while there have been very limited finite element (FE) approaches for predicting the 22 

behavior of such RC beams. Against this background, three alternative FE models 23 

developed using ABAQUS for the simulation of RC beams with an FRP-strengthened 24 

rectangular web opening are presented in this paper, including two models based on 25 

the brittle cracking model of concrete and one model based on the concrete damaged 26 

plasticity model. By comparing their predictions with test results collected from the 27 

published literature, the most proper FE approach is identified. By using this FE 28 

approach, parametric studies are conducted for the design of the FRP-strengthening 29 

system for a typical web opening-weakened RC beam, and a reliable 30 

FRP-strengthening system is recommended for use in practice. 31 
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1. INTRODUCTION 44 

In new reinforced concrete (RC) structures, pre-formed web openings in the beams 45 

have been widely used for the passage of utility ducts/pipes, such as electricity, 46 

heating and water supply systems as well as air conditioning, telephone, internet 47 

cables and sewage conduits [e.g. 1-3]. Such web openings help avoid extra storey 48 

heights for accommodating the ducts/pipes and thus reduce the overall height of the 49 

building, leading to reduction of the loads on the load-carrying structural members 50 

and foundation and then the achievement of a more economical design of the building. 51 

To prevent/mitigate the associated performance degradation of the RC beams due to 52 

the presence of web openings, the beams are usually reinforced using steel 53 

reinforcement around the web openings [1-3]. It should be stated that, as the web 54 

openings are generally far apart and do not interact with each other, RC beams with 55 

one or more such openings are referred to as “beams with a web opening” or “beams 56 

with an opening” for simplicity hereinafter, regardless of the number of openings. 57 

 58 

In existing RC structures, if such ducts/pipes are required but there are no pre-formed 59 

web openings in the beams for such a purpose, creating web openings in the beams is 60 

an attractive solution and has already been adopted in real projects [e.g. 4-6]. 61 

Nevertheless, the creation of such a web opening in an existing RC beam leads to 62 

reduction of cross sectional area and severing of some of the existing shear 63 

reinforcement of the beam, and thus reduction of the shear capacity and stiffness of 64 

the beam [e.g. 4-6]. To ensure the safety of the beam, a strengthening system [such as 65 

an externally bonded fibre-reinforced polymer (FRP) strengthening system] needs to 66 

be applied around the post-formed web opening (referred to as “web opening” 67 

hereafter in this paper) [e.g. 4-6]. Externally bonded FRP reinforcement has been 68 
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shown by many researchers to be an effective way to enhance the flexural/shear 69 

capacity of RC beams [e.g. 7-9]. A number of experimental studies on the behavior of 70 

RC beams with an FRP-strengthened web opening have confirmed the significant 71 

strength reduction due to the creation of an opening in the beam and the feasibility of 72 

FRP strengthening to compensate for the weakening effect of the opening [e.g. 4-6]. 73 

 74 

The existing experimental studies have provided useful information on the 75 

performance of RC beams with an FRP-strengthened web opening. Nevertheless, 76 

there is no reliable method for predicting the behavior of such RC beams by now, and 77 

a reliable design method for the FRP-strengthening systems of such beams is still 78 

lacking. While experimental studies are essential in understanding the structural 79 

behavior of RC beams with an FRP-strengthened web opening, a finite element (FE) 80 

model can serve as a powerful and economical alternative to laboratory testing. A 81 

proper FE model can be used to better or more efficiently examine many behavioral 82 

aspects of such beams (e.g., strength, stiffness and crack development), and 83 

furthermore it can be adopted for the design of the associated FRP-strengthening 84 

systems. For FRP-strengthened RC beams without a web opening, a number of 85 

numerical studies have been conducted [e.g. 10-15]. However, up to now, studies on 86 

FE modelling of RC beams with an FRP-strengthened web opening [16-18] are very 87 

limited and have not led to a reliable FE approach. The study presented in this paper 88 

was conducted to develop such an FE approach with the general purpose package 89 

ABAQUS [19]. 90 

 91 

Nie [20] conducted a study on the FE modelling of RC beams with an 92 

un-strengthened web opening through the dynamic analysis approach using ABAQUS 93 
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[19]. Through comparing the predictions of the three proposed FE approaches 94 

investigated in Ref. [20] with the test results, the most reliable approach was finally 95 

identified and recommended for the simulation of RC beams with an un-strengthened 96 

web opening. In the present study, the proposed FE approaches in Ref. [20] were 97 

further developed through incorporating proper bond-slip relationship for modelling 98 

the bond behavior between externally-bonded FRP and concrete, to simulate RC 99 

beams with an FRP-strengthened web opening. Based on the comparison between 100 

predictions and test results collected from the published literature, the proper FE 101 

approach for such modelling is determined. Furthermore, existing FRP-strengthening 102 

schemes adopted by the researchers for the web opening-weakened RC beams are 103 

comprehensively reviewed, and then parametric studies are conducted using the 104 

determined FE approach for the design of FRP-strengthening system for a typical web 105 

opening-weakened RC beam in order to study the effectiveness of different 106 

FRP-strengthening schemes. It should be noted that although the present study was 107 

conducted on RC beams with an FRP-strengthened rectangular web opening, the 108 

conclusions are also largely applicable to RC beams with an FRP-strengthened web 109 

opening of other shapes (e.g. a circular web opening). 110 

2. EXISTING STUDIES ON RC BEAMS WITH AN 111 

FRP-STRENGTHENED WEB OPENING 112 

The present study is focused on RC beams with an FRP-strengthened web opening in 113 

which the web opening is post-formed to meet the new functional requirements (e.g. 114 

passage of pipe systems). In order to provide the necessary background for the present 115 

study, the relevant existing experimental and numerical studies are summarised 116 

below. 117 
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2.1. Experimental studies 118 

A total of nine experimental studies in the published literature [4-6, 16, 17, 21-24] 119 

have addressed the effect of drilling an opening in an existing beam and the 120 

effectiveness of the associated strengthening measure; all nine studies except the one 121 

by Suresh and Prabhavathy [23] proposed the use of externally bonded FRP 122 

reinforcement for the strengthening of the web opening. The first of these studies was 123 

conducted by Mansur et al. [4], in which three T-section RC beams were tested. One 124 

of the three beams had no web openings and served as the control specimen, while the 125 

other two beams had a circular web opening in each shear span. One of these two 126 

beams with a web opening was un-strengthened while the other one was strengthened 127 

using bonded FRP plates  around the web opening on each side of the beam. The 128 

control beam failed by the crushing of the compressive concrete, which is a typical 129 

flexural failure mode; the beam with an un-strengthened circular web opening failed 130 

by the formation and propagation of a diagonal shear crack in each shear span passing 131 

through the circular opening; and the beam with an FRP-strengthened circular web 132 

opening failed in a flexural mode due to the crushing of the compressive concrete at 133 

mid-span. Nearly all the subsequent studies on this topic were concerned with 134 

rectangular RC beams with an FRP-strengthened rectangular opening [5, 6, 17, 21, 22, 135 

24], with the parameters examined mainly being the size of the opening and with or 136 

without (w or w/o) FRP-strengthening. Most of these studies tested beams with two 137 

web openings of the same size symmetrically located in the two shear spans 138 

respectively [4, 5, 16, 17, 24], while a smaller number of studies tested beams which 139 

had only one web opening in one of the two shear spans [6, 21, 22]. As mentioned 140 

earlier, all these beams are referred to as “beams with a web opening” or “beams with 141 
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an opening” regardless of the number of openings, unless when the number of 142 

openings is important. 143 

 144 

Six main FRP-strengthening schemes have been proposed in these existing 145 

experimental studies and the corresponding schematics are shown in Fig.1: (1) 146 

vertically bonded FRP U-jackets on the chords [5, 6, 22] or on the two sides of the 147 

opening [6] (Fig. 1a); (2) vertically bonded FRP complete wraps on the chords [5, 6] 148 

or on the two sides of the opening [21] (Fig. 1b); (3) vertical side-bonded FRP 149 

sheets/plates on the two sides of the opening [5, 17, 21, 22] (Fig. 1c); (4) diagonal 150 

side-bonded FRP plates near the corners of the opening [4] (Fig. 1d); (5) horizontally 151 

bonded FRP sheets/plates on the side surfaces of the chords [4-6, 17, 21, 22, 24] or on 152 

the top and bottom surfaces of the beam [17] (Fig. 1e); and (6) diagonal near-surface 153 

mounted FRP bars near the corners of the opening [16] (Fig. 1f). The above listed 154 

strengthening schemes were adopted individually or combined by the researchers. For 155 

example, Maaddawy and Ariss [6] used FRP U-jackets on the top chord, FRP 156 

complete wraps on the bottom chord, vertical side-bonded FRP sheets on the two 157 

sides of the opening and horizontally bonded FRP sheets on the side surfaces of two 158 

chords together to strengthen their beams with a web opening; while the beam with a 159 

web opening tested by Chin et al. [24] was strengthened only by horizontally bonded 160 

FRP plates on the side surfaces of the chords. The figures showing the detailed 161 

FRP-strengthening schemes adopted in these studies are not shown in the present 162 

paper to avoid copyright complications. For more details, the reader is referred to the 163 
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original sources. The above summarised FRP-strengthening schemes were found to be 164 

effective in preventing/mitigating shear cracks initiating from the corners of the web 165 

opening and compensating for the weakening effect of the opening.  However, it 166 

should be noted that some of these FRP-strengthening schemes (e.g., vertically 167 

bonded FRP complete wraps on the top chord or on the two sides of the opening) are 168 

only applicable to RC beams without floor slabs; if such FRP-strengthening schemes 169 

need to be applied on RC beams with floor slabs, slits need to be cut in the slabs, 170 

which might involve a complex application process. 171 

 172 

In addition to the existing published studies on this topic, the authors’ group 173 

conducted a test on a T-section beam with an FRP-strengthened rectangular opening 174 

in one of the two shear spans to further investigate the behavior of such RC beams 175 

[25]. The layout of the tested beam is shown in Fig. 2. In the test, the beam had a 176 

height of 500 mm, a web width of 250 mm, a flange thickness of 100 mm, a total 177 

flange width of 1,450 mm, a beam clear span of 3,300 mm, a shear span of 1,650 mm 178 

and a rectangular opening of 500 mm (length) × 220 mm (height). 179 

 180 

A summary of the existing experimental studies on RC beams with an 181 

FRP-strengthened web opening together with the test carried out by the authors’ 182 

group [25] is given in Table 1. It can be indicated from Table 1 that although the size 183 

and type of the beam (rectangular or T-section), the size and number of openings, and 184 

the FRP-strengthening schemes adopted in these studies vary from one to another, the 185 

following observations can be summarised based on the existing studies: 186 
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1) All control beams without a web opening failed in a typical flexural failure mode 187 

of RC beams (i.e. the crushing of compressive concrete at the mid-span of the 188 

beam); 189 

2) All RC beams with an un-strengthened web opening failed in a shear mode due to 190 

the formation and propagation of a diagonal crack that started as small inclined 191 

cracks near the corners of the opening; all RC beams with an FRP-strengthened 192 

web opening failed by shear in the opening region after the debonding/rupture of 193 

FRP, except the beams tested by Mansur et al. [4], Abdalla et al. [21] and 194 

Pimanmas [16], which failed in a flexural mode as the opening size was quite 195 

small; and 196 

3) A web opening/web openings significantly reduced both the strength and stiffness 197 

of the beam; after FRP-strengthening, the strength of the beam can be 198 

substantially restored. 199 

2.2. Finite element modelling 200 

In studying the behavior of concrete structures, FE modelling is an efficient and 201 

cost-effective alternative to laboratory testing, as laboratory tests are usually 202 

time-consuming and costly. However, most of the existing studies on RC beams with 203 

an FRP-strengthened web opening were experimentally based, and only a very limited 204 

amount of studies were based on the numerical simulation using the FE approach. 205 

Only three relevant numerical studies can be found in the open literature [16-18]. 206 

 207 

Based on the smeared crack approach, Pimanmas [16] conducted 2-dimentional (2D) 208 

nonlinear FE analyses of RC beams with a rectangular web opening using the 209 

nonlinear FE program WCOMD [26]. The beams tested in his study were 210 

strengthened using diagonal near-surface mounted FRP bars near corners of the 211 
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opening. Chin et al. [17] presented 2D FE studies of RC beams with a rectangular 212 

web opening which were strengthened using externally bonded FRP sheets and wraps. 213 

The general purpose FE program ATENA [27] was adopted in their study. By using 214 

ANSYS [28], Hawileh et al. [18] proposed a 3-dimentional (3D) nonlinear FE model 215 

for deep RC beams with a rectangular web opening which were strengthened using 216 

externally bonded FRP sheets and wraps. 217 

 218 

The details of the three existing numerical studies on RC beams with an 219 

FRP-strengthened web opening are summarized in Table 2 to emphasize their 220 

differences and inadequacies. As can be seen from Table 2, none of the three FE 221 

studies accurately modelled the bond-slip behavior between steel and concrete, and 222 

instead, a perfect bond was assumed. Besides, Pimanmas’s model [16] did not include 223 

accurate modelling of the bond-slip behavior between FRP and concrete, and also, a 224 

perfect bond was assumed instead. The perfect bond assumption will cause inaccurate 225 

predictions of the crack patterns [29]. Furthermore, none of the three FE studies 226 

accurately simulated the behavior of cracked concrete. The tensile fracture energy in 227 

the simulation of the tensile behavior of cracked concrete was not considered in the 228 

approaches proposed by Pimanmas [16] and Hawileh et al. [18], which implied that 229 

the predictions of the FE models could be mesh-dependent. Finally, the accuracies of 230 

the existing FE models need to be verified by using a larger test database which also 231 

contained test results from other researchers. Therefore, based on the above analyses 232 

of the limited existing numerical studies on RC beams with an FRP-strengthened web 233 

opening, it can be concluded that a proper FE approach for predicting the behavior of 234 

such RC beams has not been well-established, which indicates that the study 235 

presented in this paper is quite necessary. 236 
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3. PROPOSED FINITE ELEMENT APPROACH 237 

3.1. FE meshes 238 

A 2D FE model for RC beams with an FRP-strengthened web opening established 239 

using the general purpose FE program ABAQUS [19] was proposed in the present 240 

study. It should be noted that this paper only focuses on RC beams with a rectangular 241 

web opening strengthened using externally bonded FRP, which was most commonly 242 

used in the relevant existing experimental studies. In the proposed FE model, the 243 

concrete was simulated using 4-node plane stress elements CPS4R, and both the steel 244 

bars and the externally bonded FRP were simulated using 2-node truss elements T2D2. 245 

For the modelling of externally bonded FRP, the 2-node truss elements were arranged 246 

in the fiber direction of the FRP, and the cross-sectional areas of truss elements were 247 

determined by the thickness of the FRP and the spacing of the truss elements (i.e., the 248 

width of the corresponding concrete elements). For FRP U-jackets, one end of the 249 

lowest FRP truss elements (i.e., nearest to the soffit of the beam) was fixed onto the 250 

bottom surface of the beam (i.e. to the corresponding concrete node). For FRP 251 

complete wraps, one end of the lowest FRP truss elements was fixed onto the bottom 252 

surface of the beam, while one end of the highest FRP truss elements (i.e., nearest to 253 

the top surface of the beam) was fixed onto the top surface of the beam. The bond 254 

behavior between concrete and both steel reinforcement (longitudinal bars and 255 

stirrups) and externally bonded FRP was modelled using 4-node interfacial elements 256 

COH2D4. All the elements employed a reduced integration scheme. The typical 257 

meshes are shown in Fig. 3. Based on the results of a convergence study, the side 258 

length of most concrete elements was determined to be 10 mm, with the side length of 259 

some concrete elements being appropriately adjusted in the vertical direction under 260 

the level of steel tension bars. A maximum of one steel/FRP element would exist 261 
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between two adjacent concrete element nodes, and thus the size of steel/FRP element 262 

was determined (i.e. all steel/FRP elements had a length of 10 mm). The applied 263 

boundary conditions and loads are shown in Fig. 3. In order to prevent premature 264 

local failure of concrete at the two supports and the loading point/points, six elastic 265 

elements with the same elastic modulus as the concrete were placed near each support 266 

and the loading point/points respectively to simulate the rubber pads which were 267 

normally used in the tests. Then the displacement restraints at the two supports and 268 

imposed displacement at the loading point/points were applied through these elastic 269 

elements, as shown in Fig. 3. 270 

3.2. Constitutive modelling of concrete 271 

For the accurate prediction of the behavior of RC beams with an FRP-strengthened 272 

web opening, the accurate simulation of the cracked concrete (especially the tensile 273 

and shear behavior of the cracked concrete) is one of the most important factors. In 274 

the present study, the crack band concept [30] and the fracture energy given by 275 

CEB-FIP [31] were adopted for the simulation of the cracked concrete. 276 

 277 

Two concrete crack models available in ABAQUS/Explicit (i.e. the concrete damaged 278 

plasticity model and the brittle cracking model) were examined in this study. The 279 

concrete damaged plasticity model adopts concepts of combining isotropic damaged 280 

elasticity with isotropic compressive and tensile plasticity to simulate the inelastic 281 

behavior of concrete, while the brittle cracking model is more competitive in 282 

applications in which the brittle cracking behavior (tensile and shear behavior) of 283 

concrete plays a leading role [19]. These two models have the potential to achieve 284 

accurate simulation of cracked concrete and thus were both investigated in this study 285 
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for the purposes of comparison. It should be noted that due to the space limitation, the 286 

relevant equations of the constitutive models of concrete and bi-material bond-slip 287 

models are given in Appendix A. 288 

 289 

3.2.1. Brittle cracking model 290 

The brittle cracking model is proposed for simulations of structures whose behavior is 291 

dominated by the tensile and shear behavior of concrete, and therefore the 292 

compressive behavior of concrete is assumed to be linear elastic in the brittle cracking 293 

model. 294 

 295 

Tension-softening curve of cracked concrete 296 

To model the behavior of cracked concrete in tension, the exponential 297 

tension-softening curve of concrete proposed by Hordijk [32] (Eq. A1 in Appendix A) 298 

was adopted, following Chen et al.’s studies [29, 33]. It should be noted that, in the 299 

brittle cracking model, the concrete is assumed to be linear elastic before reaching its 300 

tensile strength (i.e., before initiation of cracking). However, before reaching the 301 

tensile strength of concrete, the actual tensile stress-strain curve of concrete is not 302 

linear. Actually, the modulus (slope of the tensile stress-strain curve) decreases 303 

constantly as the tensile stress increases, as shown in Fig. 4 [34]. Therefore, it might 304 

not be reasonable to use the initial elastic modulus of concrete (e.g. cfE 47300   305 

according to ACI-318 [35], where both 0E  and cf  are in MPa). Against this reason, 306 

both the initial elastic modulus and the secant modulus (defined as the ratio between 307 

the maximum tensile stress and the corresponding tensile strain of concrete, i.e., 308 

toto   shown in Fig. 4) of concrete were adopted to define the brittle cracking 309 



 13 / 41 

model in later studies for comparison purposes. In the present study, it was assumed 310 

that the secant modulus of concrete is half of its initial elastic modulus, following the 311 

studies of Ye [34] and Pimanmas [16]. 312 

 313 

Shear retention factor model of cracked concrete 314 

In the present study, Rots’s model [36] (Eq. A5 in Appendix A) was employed to 315 

define the shear retention factor ( s ), which reflects the shear stress-strain (or slip) 316 

relationship of concrete after cracking. The details of this model are given in 317 

Appendix A. 318 

 319 

3.2.2. Concrete damaged plasticity model 320 

Compressive behavior of concrete 321 

Following Chen et al.’s study [33], the inelastic behavior of concrete in compression 322 

can be simulated using the concrete damaged plasticity model. In the present study, 323 

the uniaxial compressive stress-strain curve proposed by Saenz [37] (Eq. A6 in 324 

Appendix A) was adopted, and the details are given in Appendix A. 325 

 326 

Tensile and shear behavior of concrete 327 

In the present study, the same tension-softening curve and shear retention factor 328 

model of cracked concrete employed in the brittle cracking model (i.e., expressed in 329 

Eqs. A1 to A5 in Appendix A) were also adopted in the concrete damaged plasticity 330 

model. The corresponding stiffness degradation variable of cracked concrete ( td ) can 331 

be determined through Eq. A7 in Appendix A. 332 
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3.3. Modelling of steel bars and bond behavior between steel and concrete 333 

The steel bars which include the steel tension bars, steel compression bars and stirrups 334 

were simulated as an elastic-perfectly plastic material. In the present study, relative 335 

displacements in the normal direction are not allowed between steel bars and concrete, 336 

and thus the normal stiffness between steel bars and concrete was simply assumed to 337 

be infinite. In the shear direction, the bond-slip model of CEB-FIP [31] (Eq. A8 in 338 

Appendix A) was employed to simulate the shear bond behavior between steel bars 339 

and concrete. 340 

3.4. Modelling of FRP and bond behavior between FRP and concrete 341 

In the present study, the externally bonded FRP reinforcement was assumed to be 342 

linear-elastic-brittle. The bond-slip model for externally bonded FRP reinforcement 343 

proposed by Lu et al. [39] (Eq. A9 in Appendix A) was adopted to simulate the bond 344 

behavior between FRP and concrete in the shear direction. This bond-slip model 345 

consists of an ascending branch with continuous stiffness degradation and a descending 346 

branch which drops to zero bond stress when the slip is sufficiently large. This 347 

bond-slip relationship has been successfully used by Chen et al. [33] and many others 348 

[e.g. 12, 29, 40] in the modelling of RC beams strengthened with externally bonded 349 

FRP reinforcement, and is thus expected to be able to give accurate predictions in the 350 

present modelling work. 351 

 352 

In the normal direction of the FRP-to-concrete interface, the interfacial elements were 353 

assumed to be linear-elastic with a very large stiffness, which was based on the 354 

assumption that the interaction of bond between the normal and shear directions is 355 
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insignificant and can be ignored, and the debonding between FRP and concrete 356 

depends only on the bond-slip behavior parallel to the FRP-to-concrete bonded 357 

interface. 358 

3.5. Dynamic analysis approach 359 

In order to overcome the serious numerical convergence difficulties which are 360 

commonly encountered in the simulation of crack concrete by using static analysis 361 

approaches (e.g., the Newton-Raphson method or the arc-length method), the dynamic 362 

analysis approach (i.e., the explicit central difference method available in ABAQUS) 363 

instead of the static analysis approach was adopted in the present study, following 364 

Chen et al.’s study [41]. An advanced dynamic approach was proposed by Chen et al. 365 

[41] to solve static/quasi-static structural problems, which provides a solid basis for 366 

the present study. As suggested by Chen et al. [41], when the explicit central 367 

difference method is employed in the dynamic approach, key elements including the 368 

damping scheme and the loading time should be carefully selected to achieve 369 

accurate/reliable predictions. 370 

 371 

Following the suggestion by Chen et al. [41], the stiffness-proportional Rayleigh 372 

damping matrix C, which can be expressed as C=βK (K is the stiffness matrix and β is 373 

the damping factor to be defined in the FE model) [42], was adopted in the FE 374 

approach. If the damping factor β is too small, the dynamic effects cannot be 375 

effectively damped out and therefore large fluctuations will exist in the predicted 376 

load-deflection curves; while if the damping factor β is too large, the damping forces 377 

which are proportional to damping (Cdሶ , where dሶ  is velocity) will be too high, and 378 

thus the ultimate load will be significantly overestimated. 379 
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 380 

Loading rate, which is defined as the ratio (d/t) of the applied maximum displacement 381 

(d) to the loading time (t), is determined by the loading time when a certain 382 

displacement is specified. If the loading rate is too high, the goal of conducting a 383 

quasi-static analysis might not be achieved as the dynamic response of the beam 384 

cannot be ignored; while if the loading rate is too low, a much heavier computing 385 

effort and much larger accumulated errors (due to the explicit nature of the central 386 

difference method) will be involved [41]. Against the above analyses, optimal 387 

damping factor β and loading time t need to be carefully determined.  388 

3.6. Examined schemes 389 

In the FE analyses, the damping factor β was chosen to be 1×10-5, and the loading 390 

time was chosen to be 50T1 (where T1 is the period of the fundamental vibration mode 391 

of the beam and can be found from an eigenvalue analysis of the FE model), 392 

following Nie’s study [20]. The values of the period of the fundamental vibration 393 

mode (T1) of the collected and simulated specimens are listed in Table 3. The 394 

exponent n in the shear retention factor model (Eq. A5 in Appendix A) was chosen to 395 

be 5 for the brittle cracking model following Nie’s study [20] and also 5 for the 396 

concrete damaged plasticity model following Chen et al.’s study [29]. For comparison 397 

purposes, three schemes were examined in the present study: (1) Scheme-1: the brittle 398 

cracking model, with the secant modulus of concrete recommended by Ye [34] and 399 

Pimanmas [16] (i.e. equal to half of the initial elastic modulus of concrete) being 400 

adopted, was employed to simulate cracked concrete (referred to as the BC model 401 

with SECANT modulus hereinafter for simplicity); (2) Scheme-2: the brittle cracking 402 
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model, with the initial elastic modulus of concrete given by ACI-318 [35] being 403 

adopted, was employed to simulate cracked concrete (referred to as the BC model 404 

with INITIAL modulus hereinafter for simplicity); and (3) Scheme-3: the concrete 405 

damaged plasticity model was employed to simulate the behavior of cracked concrete 406 

(referred to as the DP model hereinafter for simplicity). 407 

4. RESULTS AND COMPARISON 408 

4.1. Test database 409 

A total of 12 RC beams with an FRP-strengthened web opening were collected from 410 

the existing experimental studies to verify the accuracy of the proposed FE approach. 411 

These test beams were chosen because sufficient geometric and material properties 412 

had been provided. As mentioned earlier, the present study is only concerned with RC 413 

beams with a rectangular web opening strengthened with externally bonded FRP. 414 

Therefore, the specimens tested by Mansur et al. [4] in which the web opening was 415 

circular and the specimens tested by Pimanmas [16] which were strengthened using 416 

diagonal near-surface mounted FRP bars at the opening corners are out of the scope of 417 

present study. Moreover, the specimens tested by Maaddawy and Sherif [5] (very deep 418 

beams with a shear span ratio of 0.8) were also not considered in the comparison, due 419 

to the following reasons: (1) very deep RC beams (with a shear span ratio of less than 420 

1) are much less often used in practice compared with RC beams with a larger shear 421 

span ratio; and (2) the behavior of such beams, whose failure is dominated by the 422 

compression failure of concrete, is much different from RC beams with a larger shear 423 

span ratio in which the tensile and shear behavior of concrete plays an important role. 424 

As a result, the findings from the present study is only applicable to RC beams with a 425 
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shear span ratio of lager than 1. Details of the collected specimens are given in Table 426 

4 and material properties of the collected specimens are given in Table 5. 427 

4.2. Load-deflection curves 428 

The load-deflection curves obtained from the three examined schemes are compared 429 

with the test results in Fig. 5. As can be seen from Fig. 5, for all 12 specimens tested 430 

by Maaddawy and Ariss [6], Abdalla et al. [21], Allam [22], Chin et al. [17], Chin et 431 

al. [24] and Teng et al. [25], the brittle cracking model with SECANT modulus gives 432 

the most accurate predictions of the load-deflection curves in terms of both the 433 

predicted ultimate load and the stiffness. The brittle cracking model with INITIAL 434 

modulus consistently overestimates the ultimate load as well as the stiffness of the 435 

beam, while the DP model usually significantly underestimates the ultimate load but 436 

overestimates the stiffness.  437 

 438 

A comparison of the ultimate loads between FE analyses and tests for all the collected 439 

specimens are given in Fig. 6 and Table 6. As can be seen from Fig. 6 and Table 6, the 440 

brittle cracking model with SECANT modulus gives closest predictions of the 441 

ultimate loads from tests, with an average prediction-to-test ratio of 1.00, a standard 442 

deviation (STD) of 0.0848, and a coefficient of variation (CoV) of 0.0845. On the 443 

contrary, the brittle cracking model with INITIAL modulus substantially 444 

overestimates the ultimate load, with an average prediction-to-test ratio of 1.17, a 445 

STD of 0.175, and a CoV of 0.150; the DP model significantly underestimates the 446 

ultimate load, with an average prediction-to-test ratio of 0.796, a STD of 0.228, and a 447 

CoV of 0.287. The better performance of the brittle cracking model with SECANT 448 

modulus is also evidenced by the much smaller scatter in its predictions of test results 449 
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as shown in Fig. 6. It can be therefore concluded that the brittle cracking model with 450 

the secant modulus of concrete performs much better than the concrete damaged 451 

plasticity model for the simulation of RC structures whose failure is governed by the 452 

tensile and shear behavior of cracked concrete rather than the compressive behavior of 453 

concrete. Moreover, the better performance of the brittle cracking model with the 454 

secant modulus of concrete than the brittle cracking model with the initial modulus of 455 

concrete can be attributed to the following reason: as can be seen from Fig. 4, the 456 

ascending branch of the tensile stress-strain curve of concrete is nonlinear, and the 457 

initial modulus of concrete is only available for a very small portion of the curve at 458 

the initial stage; in contrast, the adoption of secant modulus can give a much closer 459 

prediction of the tensile stress-strain curve of concrete, with only slightly 460 

underestimating the stiffness of the ascending branch. 461 

4.3. The initiation of FRP debonding 462 

For RC beams with an FRP-strengthened web opening, the initiation of FRP 463 

debonding commonly occurs at the corners of the opening due to the development of 464 

inclined cracks initiating at these regions. The adopted dynamic analysis approach can 465 

not only overcome the severe numerical convergence difficulties commonly 466 

encountered in the modelling of cracked concrete using static analysis approaches, but 467 

also capture the local dynamic responses caused by a sudden release of energy, such 468 

as the initiation and development of FRP debonding. Therefore, the development 469 

history of the kinetic energy during the whole loading process of the specimen, which 470 

can be directly obtained from the Output of Abaqus/CAE, was examined to identify 471 

the initiation of FRP debonding in the present study. The kinetic energy is defined in 472 
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ABAQUS [19] as 1

2
v vdV  (   is the mass density, v  is the velocity field vector, 473 

and V  is the volume) and thus reflects the dynamic/strain rate-dependant responses 474 

of the beam. Specimen S1-500×120 tested by Maaddawy and Ariss [6] was selected 475 

as an example to illustrate the detailed process, as its test results were clearly reported. 476 

The predicted development history of the kinetic energy using the brittle cracking 477 

model with SECANT modulus is plotted in logarithmic scale in Fig. 7, in which the 478 

test and predicted load-deflection curves are also shown for reference. As shown in 479 

Fig. 7, the kinetic energy remains in a low range at the early loading stage, and 480 

experiences a sudden increase at a deflection of 8.6 mm. Such a sudden increase 481 

indicates the initiation of FRP debonding. Afterwards, the kinetic energy starts 482 

fluctuating, caused by the gradual debonding of FRP. When the deflection further 483 

increases to about 12 mm, the kinetic energy steps into a higher level and fluctuation 484 

becomes more severe, which indicates that failure of the beam happens. The 485 

development of the kinetic energy reflects well the changes in the predicted 486 

load-deflection curve. As shown in Fig. 7, the predicted load-deflection curve keeps 487 

ascending at the early loading stage and achieves a local peak value at the deflection 488 

of 8.6 mm, corresponding to the initiation of FRP debonding. When the deflection 489 

further increases to about 12 mm, the load experiences a sudden drop, indicating the 490 

failure of the beam. The initiation of FRP debonding predicted by the FE analysis is 491 

marked by a circle in the predicted load-deflection curve, and the initiation of FRP 492 

debonding obtained from test [6] is marked by a square in the test load-deflection 493 

curve, as shown in Fig. 7. It can be seen from Fig. 7 that the predicted and test points 494 
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of initiation of FRP debonding are quite close to each other. 495 

 496 

The predicted points of the initiation of FRP debonding of the collected specimens are 497 

shown in Fig. 8, in which the test points of initiation of FRP debonding are also 498 

shown for comparison if they were reported in the relevant publications. As can be 499 

seen from Fig. 8, the predicted and the test points of initiation of FRP debonding are 500 

very close to each other for all the compared specimens. 501 

4.4. Failure process and failure mode 502 

The failure mode of Specimen FRP-500×220 (T-section beam) tested by the authors’ 503 

group [25] was recorded in detail and available to the authors, thus this specimen was 504 

selected as the example in the comparison of failure process and failure mode 505 

between test and prediction obtained from the brittle cracking model with SECANT 506 

modulus. 507 

 508 

The failure mode of the specimen is shown in Fig. 9, from which it can be seen that 509 

the failure of the beam was dominated by the debonding of CFRP U-jackets on the 510 

opening side closer to the loading point. After removing the debonded CFRP U-jackets, 511 

an inclined crack (around 45 degrees above the horizontal direction), which initiated 512 

from the opening corner nearest to the loading point and extended to the loading point, 513 

was found (Fig. 9b). In addition, flexural cracks were observed in the flange chord near 514 

both its bottom surface (closer to the loading point, as shown in Fig. 9c) and its top 515 

surface (closer to the corresponding support, as shown in Fig. 9d). 516 
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 517 

The predicted crack patterns (represented by the maximum principal cracking strain) 518 

of Specimen FRP-500×220 at different load levels are shown in Fig. 10. As can be 519 

seen from Fig. 10, when the load reaches 110 kN, an inclined crack (around 45 520 

degrees above the horizontal direction) occurs at the opening corner closest to the 521 

loading point. Meanwhile, one flexural crack occurs at one end (closer to the loading 522 

point) of the flange chord near its bottom surface, while another one occurs at the 523 

other end (i.e., closer to the corresponding support) of the flange chord near its top 524 

surface (Fig. 10a). At the load of 224 kN, a major flexural crack forms at the 525 

mid-span of the beam (Fig. 10b). As the load increases to higher levels, the existing 526 

cracks become wider, and at the same time, shear cracks gradually appear in the shear 527 

span of the beam without a web opening. When the load reaches 384 kN, a large 528 

inclined crack forms near the top corner of the web opening nearer to the support (Fig. 529 

10c). When the load further increases to 455 kN, the failure of the beam is achieved. 530 

The inclined crack at the opening corner closest to the loading point which reaches the 531 

loading point can be obviously seen (Fig. 10d). A comparison between Fig. 10d and 532 

Fig. 9 shows that the predicted crack pattern of the beam agrees well with the 533 

observation in the test. 534 

 535 

The predicted crack patterns at failure of the other 11 collected specimens by using 536 

the brittle cracking model with SECANT modulus are plotted in Fig. 11. As can be 537 

seen from Fig. 11, at failure of the specimens, substantial shear cracks are formed near 538 

the corners of the web opening. The predicted crack patterns also agree well with the 539 
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test observations, which are not shown in the present paper to avoid copyright 540 

complications. For more details, the reader is referred to the original sources. 541 

4.5. Comparison between un-strengthened and FRP-strengthened beams 542 

The test and predicted (using the brittle cracking model with SECANT modulus) 543 

load-deflection curves of the RC beams with an un-strengthened web opening [20] 544 

and the corresponding beams with an FRP-strengthened web opening are plotted in 545 

Fig. 8. As can be seen from Fig. 8, after FRP strengthening, both the predicted 546 

strength and stiffness of the beam increase, which is as expected and as observed in 547 

the tests. In addition, it can also be seen from Fig. 8 that the agreement between 548 

predictions and tests is better for RC beams with an FRP-strengthened web opening 549 

than for the corresponding specimens with an un-strengthened web opening. This 550 

might be because that FRP strengthening can mitigate the scatter of the test results 551 

caused by the relatively large scatter of the material property of concrete. 552 

 553 

Specimens CN-500 × 120 (un-strengthened beam) and S1-500 × 120 554 

(FRP-strengthened beam) tested by Maaddawy and Ariss [6] were taken as examples 555 

to illustrate the effect of FRP strengthening on the crack patterns, as shown in Fig. 12. 556 

As can be seen from Fig. 12, after FRP strengthening, the development of the 557 

localized cracks near the corners of the web opening are well restricted by the FRP 558 

and thus forced into a larger region of the beam. 559 

5. DESIGN OF THE FRP-STRENGTHENING SYSTEM 560 

On the basis of the above analyses, the brittle cracking model with SECANT modulus 561 
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provides the best predictions of the existing test beams, and is thus recommended for 562 

use in the simulation of RC beams with an FRP-strengthened web opening. As 563 

reviewed in Section 2.1, different FRP-strengthening schemes have been proposed in 564 

the existing experimental studies. However, the effectiveness of these different 565 

FRP-strengthening schemes has not been compared, and proper design method for the 566 

FRP-strengthening system has not been proposed. In this section, the recommended 567 

FE approach (i.e. the brittle cracking model with SECANT modulus) is used to design 568 

the FRP-strengthening system for a typical weakened RC beam by the creation of a 569 

web opening. Specimens tested by Allam [22] were taken as examples to illustrate the 570 

detailed design process, as the web opening size adopted in this study is relatively 571 

large (i.e. the weakening effect of the web opening on the beam is great), and the 572 

stirrups interrupted by the web opening were still remaining in the beams, which 573 

accorded with the actual situation but was ignored in some relevant studies [e.g. 6]. 574 

Four RC rectangular beams, with a height of 400 mm, a width of 150 mm, a total 575 

length of 3200 mm, a beam clear span of 3,000 mm and a shear span of 1,000 mm, 576 

were tested under four-point bending by Allam [22]: one beam (B1) had no web 577 

opening and served as the control beam, and the other three beams had a rectangular 578 

web opening (opening width × height being 450 mm × 150 mm) in one of the two 579 

shear spans. The opening was located at a distance of 300 mm from the closer support. 580 

The height of the bottom chord was 100 mm and that of the top chord was 150 mm. 581 

One of the three beams with a web opening was un-strengthened (B2) while the other 582 

two beams (B8 and B9) were strengthened using externally bonded FRP. Specimen 583 

B8 was strengthened using externally bonded one-layer horizontal CFRP sheet on the 584 

side surfaces of top and bottom chords (as the diagram shown in Fig. 1e) and 585 

one-layer vertical CFRP sheet on the two sides of the opening (as the diagram shown 586 
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in Fig. 1c). In addition to the strengthening schemes adopted in Specimen B8, 587 

additional one-layer vertical CFRP U-jacket on the top and bottom chords and 588 

one-layer horizontal CFRP U-jacket on the two sides of the opening were applied in 589 

Specimen B9. The control beam B1 failed in a flexural mode due the crushing of the 590 

compressive concrete; Specimen B2 failed by shear due to the formation and 591 

propagation of diagonal shear cracks in the opening corners; Specimens B8 and B9 592 

failed by shear at the opening region after debonding of FRP. For more details, the 593 

reader is referred to the original source. The present simulation was conducted based 594 

on the un-strengthened beam B2. 595 

 596 

The strengthening schemes examined in the present study included externally bonded 597 

horizontal CFRP sheets on the side surfaces of top and bottom chords (Fig. 1e), 598 

vertical side-bonded CFRP sheets (Fig. 1c)/CFRP U-jackets (Fig. 1a)/CFRP wraps 599 

(Fig. 1b) on the two sides of the opening or the top and bottom chords, and the 600 

combination of the above schemes. These strengthening schemes were chosen 601 

because they can effectively restrict the development of cracks in the opening region. 602 

The same CFRP used in Allam’s study [22] was adopted in the present study. The 603 

material properties of the CFRP used are shown in Table 4. 604 

5.1. Horizontal CFRP sheets on the side surfaces of top and bottom chords 605 

In the present simulation, externally bonded horizontal CFRP sheets were applied on 606 

the side surfaces of top and bottom chords, with the width of the CFRP sheets being 607 

equal to the height of the top/bottom chord. The examined parameters in this part 608 

included the length and the thickness of the CFRP sheets. Three types of CFRP sheet 609 

length (650 mm, 850 mm which was the length obtained in Allam’s study [22], and 610 

1050 mm) and three types of CFRP sheet thickness (1 layer which was obtained in 611 
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Allam’s study [22], 2 layers and 3 layers) were chosen to investigate the effect of the 612 

length and the thickness of the CFRP sheets on the effectiveness of this strengthening 613 

scheme, respectively. The predicted load-deflection curves are shown in Fig. 13, and 614 

the predicted load-carrying capacities are shown in Table 7, in which the test result of 615 

the beam with an un-strengthened web opening (B2) is also shown for reference. As 616 

can be seen from Fig. 13 and Table 7, with this strengthening scheme adopted, both 617 

the strength and stiffness of the beam are enhanced significantly; and with the 618 

increase in either the length or the layers of the CFRP sheets, the loading capacity of 619 

the beam increases slightly: an increase in the length of CFRP sheets from 650 mm to 620 

1050 mm leads to an increase in the loading capacity of 5.13%, and an increase in the 621 

layers of CFRP sheets from 1 to 3 leads to and an increase in the loading capacity of 622 

3.82%. It can be seen from Figs. 11(g) and (h) that the failures of the two beams with 623 

an FRP-strengthened web opening tested by Allam [22] (B8 and B9) were dominated 624 

by the two main diagonal cracks which initiated at the opening corners closest to the 625 

loading point and the left support, respectively. Externally bonded horizontal CFRP 626 

sheets on the side surfaces of top and bottom chords can help to postpone the 627 

development of these two diagonal cracks and cracks in the chords, and therefore 628 

improve the load-carrying capacity of the beam. 629 

5.2. Vertical side-bonded CFRP sheets/CFRP U-jackets/CFRP wraps on 630 

the two sides of the opening 631 

In this simulation, one-layer vertical side-bonded CFRP sheets/CFRP U-jackets/CFRP 632 

wraps were applied on the two sides of the opening, with their width being 200 mm 633 

(equal to the width obtained in Allam’s study [22]), in order to study the effectiveness 634 

of these three different strengthening schemes. The predicted load-deflection curves 635 

are shown in Fig. 14, and the predicted load-carrying capacities are shown in Table 7. 636 
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As can be seen from Fig. 14 and Table 7, with any one of these three strengthening 637 

schemes adopted, both the strength and stiffness of the beam are enhanced 638 

significantly. Vertical side-bonded CFRP sheets, CFRP U-jackets and CFRP complete 639 

wraps lead to an increase in the loading capacity of the beam by 19.24%, 28.29% and 640 

39.81%, respectively, indicating that within these three strengthening schemes, the 641 

CFRP complete wraps are most effective in enhancing the capacity of the beam. 642 

Externally bonded vertical CFRP sheets on the two sides of the opening can postpone 643 

the development of the two main diagonal cracks initiated at the opening corners 644 

(Figs. 11g and h); and with the vertical deformations of the two ends of the CFRP 645 

sheets being restricted [CFRP complete wraps or CFRP U-jackets whose ends are 646 

connected with the floor slab using anchors if CFRP wraps cannot be applied (e.g., for 647 

the strengthening of T-section beams)], the premature debonding of the FRP sheets 648 

can be prevented, and thus the load-carrying capacity of the beam can be improved 649 

more effectively. 650 

 651 

Moreover, for the CFRP wraps applied on the two sides of the opening, three types of 652 

width (100 mm, 200 mm which was the width obtained in Allam’s study [22], and 653 

300 mm) and three thicknesses (1 layer, 2 layers and 3 layers) were chosen to 654 

investigate the effect of the width and the layers on the effectiveness of the CFRP 655 

wraps. The predicted load-deflection curves are shown in Fig. 15, and the predicted 656 

load-carrying capacities are shown in Table 7. As can be seen from Fig. 15 and Table 657 

7, in the studied case, the width and the thickness of CFRP wraps have no effect on 658 

the strength and stiffness of the beam, which implies that one-layer CFRP wraps with 659 

100 mm in width is sufficient when this strengthening scheme is adopted. 660 
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5.3. Vertical side bonded CFRP sheets/CFRP U-jackets/CFRP wraps on 661 

the top and bottom chords 662 

In the present simulation, one-layer vertical side bonded CFRP sheets/CFRP 663 

U-jackets/CFRP wraps were applied on the top and bottom chords, with their width 664 

being 450 mm (i.e., equal to the length of the chords), in order to study the 665 

effectiveness of these three different strengthening schemes. The predicted 666 

load-deflection curves are shown in Fig. 16, and the predicted load-carrying capacities 667 

are shown in Table 7. As can be seen from Fig. 16 and Table 7, the vertical side 668 

bonded CFRP sheets on the chords can only slightly enhance the strength of the beam; 669 

while the CFRP U-jackets and CFRP wraps on the chords can significantly enhance 670 

the strength of the beam, with the enhancement by the CFRP wraps being slightly 671 

larger. The development of the main diagonal cracks which initiate at the opening 672 

corners will extend to the top and bottom chords. The CFRP wraps/U-jackets applied 673 

on the chords can effectively restrict the development of such cracks and thus enhance 674 

the strength of the beam. However, the effectiveness in enhancing the strength of the 675 

beam by using CFRP wraps on the chords is much smaller than that by using CFRP 676 

wraps on the two sides of the opening (see Table 7), as the latter can more effectively 677 

restrict the development of the main diagonal cracks at the opening corners. 678 

 679 

Furthermore, for the CFRP wraps on the top and bottom chords, three thicknesses (1 680 

layer, 2 layers and 3 layers) were chosen to investigate the effect of the thickness on 681 

the effectiveness of the CFRP wraps. The predicted load-deflection curves are shown 682 

in Fig. 17, and the predicted load-carrying capacities are shown in Table 7. As can be 683 
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seen from Fig. 17 and Table 7, in the studied case, the thickness of CFRP wraps has 684 

no effect on the strength and stiffness of the beam, which implies that one-layer CFRP 685 

wraps is sufficient when this strengthening scheme is adopted.  686 

5.4. Combination of the strengthening schemes 687 

It has been found from the above analyses that externally bonded horizontal CFRP 688 

sheets on the side surfaces of top and bottom chords (referred to as Strengthening 689 

scheme I), vertical CFRP wraps on the two sides of the opening (referred to as 690 

Strengthening scheme II) and vertical CFRP wraps on the top and bottom chords 691 

(referred to as Strengthening scheme III) can effectively enhance the strength and 692 

stiffness of the beam. Therefore, it can be inferred that the combination of these three 693 

strengthening schemes may be the best way to strengthen the weakened beam by the 694 

creation of a web opening. In this part, four combining strengthening schemes were 695 

examined: (1) Combining strengthening scheme I: the combination of Strengthening 696 

scheme II and Strengthening scheme III ; (2) Combining strengthening scheme II: the 697 

combination of Strengthening scheme I and Strengthening scheme II); (3) Combining 698 

strengthening scheme III: the combination of Strengthening scheme I and 699 

Strengthening scheme III; and (4) Combining strengthening scheme IV: the 700 

combination of Strengthening scheme I, Strengthening scheme II and Strengthening 701 

scheme III. In these four combining strengthening schemes, the length of the  702 

horizontal CFRP sheets on the side surfaces of top and bottom chords (Strengthening 703 

scheme I) is 650 mm, and the widths of vertical CFRP wraps on the two sides of the 704 

opening (Strengthening scheme II) and vertical CFRP wraps on the top and bottom 705 
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chords (Strengthening scheme III) are respectively 100 mm and 450 mm. The 706 

predicted load-deflection curves are shown in Fig. 18, and the predicted load-carrying 707 

capacities are shown in Table 7. The predicted load-deflection curves from the three 708 

individual strengthening schemes are also shown in Fig. 18 for comparison purposes. 709 

As can be seen from Fig. 18 and Table 7, the combination of Strengthening scheme 710 

III with Strengthening scheme I (i.e. Combining strengthening scheme III) only 711 

further improves the load-carrying capacity of the beam very slightly compared with 712 

these two individual strengthening schemes, which implies that the strengthening 713 

effects of Strengthening scheme I and Strengthening scheme III for the beam are quite 714 

similar; as the function of both of these two individual strengthening schemes is 715 

mainly to restrict the development of cracks in the chords, complementary effect 716 

cannot be achieved by combining these two strengthening schemes. The combination 717 

of Strengthening scheme II with either Strengthening scheme I (i.e. Combining 718 

strengthening scheme II) or Strengthening scheme III (i.e. Combining strengthening 719 

scheme I) can effectively enhance the load-carrying capacity of the beam, which 720 

implies that the strengthening effects of Strengthening scheme II and Strengthening 721 

scheme I/III for the beam are complementary; the development of diagonal cracks 722 

near the corners of the opening can be effectively restrained by using Strengthening 723 

scheme II, while the development of cracks in the chords can be effectively restrained 724 

by using Strengthening scheme I/III. In addition, the combination of these three 725 

individual strengthening schemes (i.e. Combining strengthening scheme IV) only 726 

achieves a little higher enhancement of the load-carrying capacity of the beam than 727 
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Combining strengthening scheme I, which is due to the similar strengthening effects 728 

of Strengthening scheme I and Strengthening scheme III for the beam, as analyzed 729 

above. Therefore, the combination of Strengthening scheme II and Strengthening 730 

scheme I/III is a more economical option for the strengthening system. Compared 731 

with horizontal CFRP sheets on the side surfaces of top and bottom chords 732 

(Strengthening scheme I), vertical CFRP wraps on the top and bottom chords 733 

(Strengthening scheme III) confine the concrete in the chords, thus improving the 734 

ductility and strength of the chords. Therefore, Combining strengthening scheme I is 735 

recommended for the strengthening of RC beams with a web opening. The increment 736 

of the load-carrying capacity of the beam by using Combining strengthening scheme I 737 

is nearly 51%, which is much larger than that of the strengthening schemes adopted 738 

by Allam [22] (14% and 40% for B8 and B9 respectively). This further verifies the 739 

effectiveness of the recommended strengthening system. 740 

6. CONCLUDING REMARKS 741 

This paper has presented a study on the numerical simulation of RC beams with an 742 

FRP-strengthened rectangular opening. Utilizing the explicit dynamic analysis 743 

approach available in ABAQUS [19], a total of three FE approaches have been 744 

proposed and examined. For the simulation of concrete, both the initial elastic 745 

modulus of concrete given by ACI-318 [35] and the secant modulus of concrete as 746 

recommended by Ye [34] and Pimanmas [16] were examined for comparison 747 

purposes. On the basis of the results presented in the present paper, the following 748 

conclusions can be drawn: 749 
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1) The adopted dynamic analysis approach with the key elements being properly 750 

determined can be used to simulate the static structural response of RC beams 751 

with an FRP-strengthened rectangular opening. The brittle cracking model with 752 

the secant modulus of concrete, which can provide the best predictions of 753 

load-deflection curves of existing test beams, is recommended for use in such 754 

simulation; 755 

2) The brittle cracking model with the initial modulus of concrete consistently 756 

overestimates the ultimate loads and the stiffness of the test beams, while the 757 

concrete damaged plasticity model usually underestimates the ultimate loads and 758 

overestimates the stiffness of the test beams; and 759 

3) By using the recommended FE approach (i.e. the brittle cracking model with the 760 

secant modulus of concrete), parametric studies were conducted. The results 761 

show that an FRP-strengthening system which combines the installation of 762 

vertical CFRP wraps on both the top and bottom chords and the two sides of the 763 

opening is recommended for use in the practice. The dimension and amount of 764 

the FRP used can be determined by using the recommended FE approach on the 765 

basis of the practical situation. 766 
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APPENDIX A. EQUATIONS OF THE CONSTITUTIVE MODELS 773 

OF CONCRETE AND BI-MATERIAL BOND-SLIP MODELS 774 

The exponential tension-softening curve of concrete proposed by Hordijk [32] is: 775 
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where t  (MPa) is the tensile stress normal to the crack direction; tf  (MPa) is the 778 

tensile strength of concrete; w (mm) and w0 (mm) are respectively the crack opening 779 

displacement and the crack opening displacement at the complete release of stress or 780 

fracture energy; and FG  (N/m) is the required tensile fracture energy to create a 781 

stress-free crack over a unit area. In the present study, tf  and FG  were calculated 782 

using the equations from CEB-FIP [31], as shown in Eq. A3 and Eq. A4 respectively. 783 
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where cf  (MPa) is the cylinder compressive strength of concrete; and aD  (mm) is 786 

the maximum aggregate size, which is assumed to be 20 mm if there are no test data 787 

provided. 788 

 789 

The Shear retention factor model of cracked concrete proposed by Rots [36] is: 790 
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where cr  is the concrete cracking strain; ucr ,  is the concrete cracking strain when 792 

the stress or fracture energy completely releases, which can be obtained from w0 on 793 

the basis of the crack band concept (see Ref. [33] for details); and n  is the exponent 794 

controlling the rate of shear degradation, which was chosen to be 5 following Nie’s 795 

study [20]. A parametric study with different values of n (2, 3, 4, 5 and 6) considered 796 

was conducted by Nie [20]. It was found from the analysis that the exponent n of 5 led 797 

to the most accurate prediction of the load-deflection curve than other values (the 798 

values of 2, 3 or 4 overestimated the load while the value of 6 underestimated the 799 

load). 800 

 801 

The uniaxial compressive stress-strain curve of concrete proposed by Saenz [37] is: 802 
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where σ and ε are the compressive stress and the compressive strain respectively; p  804 

and p  are the maximum stress and the corresponding strain respectively, which are 805 

assumed to be the cylinder compressive strength of concrete ( cf ) and 0.002 806 

respectively following Ref. [38] if no test data are provided; and α is the coefficient 807 

representing the initial tangent modulus of the concrete and is set to be equal to the 808 

elastic modulus of the concrete 0E  ( cfE 47300   according to ACI-318 [35], 809 

where both 0E  and cf  are in MPa). 810 

 811 

The stiffness degradation variable of cracked concrete ( td ) is: 812 

1t sd                               (A7) 813 
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where s  is the shear retention factor defined by Eq. A5. For the concrete damaged 814 

plasticity model, the exponent n in Eq. A5 was chosen to be 5 following Chen et al.’s 815 

study [29]. 816 

 817 

The bond-slip model of CEB-FIP [31] is : 818 
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            (A8) 819 

where s  (MPa) is the local shear bond stress; s  (mm) is the slip; 6.021  ss820 

mm and 0.13 s mm for deformed steel bars; 1.0321  sss  mm for plain steel 821 

bars; = 0.4 and 0.5 respectively for deformed steel bars and plain steel bars; 822 

max 2s
cf   (MPa) and 0.5s s

f max   (MPa) for deformed steel bars; and 823 

0.3s s
f max cf    (MPa) for plain steel bars. 824 

 825 

The bond-slip model for externally bonded FRP reinforcement proposed by Lu et al. 826 

[39] is: 827 

0

max 0
0

( 1)

max 0
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0 w0.0195 ts f                                (A10) 829 

max 1 w   tf                                 (A11) 830 
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                              (A12) 831 

0.550.395( )t cuf f                              (A13) 832 

f

max 0

1
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G

s

                               (A14) 833 

20.308f w tG f                              (A15) 834 

where   (MPa) is the local shear bond stress; max  (MPa) is the local bond strength; 835 

s (mm) is the slip; 0s  (mm) is the slip when the bond stress reaches max ; w  is the 836 

width ratio factor; fb  (mm) is the width of FRP; cb  (mm) is the width of beam; cuf  837 

(MPa) is the cube compressive strength of concrete; fG  is the interfacial fracture 838 

energy; and 1=1.5 . 839 

DATA AVAILABILITY 840 

The raw/processed data required to reproduce these findings cannot be shared at this 841 

time as the data also forms part of an ongoing study. 842 
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Table 1. Summary of experimental studies on RC beams with an FRP-strengthened web opening 

Source 

Beam dimensions 

Parameters 
studied 

Shape of 
web 

opening 

Number 
of web 

openings 

Web 
opening 

size 
(mm) 

Load 
capacity 
reductio

n 
(%)(a) 

Strengthenin
g scheme 

Increase in 
load capacity 

due to 
strengthenin

g 
(%)(b)

Observed failure mode 

Remarks 
Span 
(mm) 

Width 
(mm) 

Height 
(mm) 

Without 
strengthening 

With 
strengthening 

Mansur 
et al. [4] 

2600 200(c) 500 
W or w/o 

FRP-strengthe
ning 

Circular 2(d) r=150 29.5 
Bonded FRP 

plates 
52.8 

Shear crack 
passing through 

the opening 

Flexural at 
mid-span 

Reversed T-section 
beams with circular 
openings (the flange 
is 100 mm in height 

and 700 mm in width) 

Abdalla 
et al. 
[21] 

2000 100 250 

Opening size 
and w or w/o 

FRP-strengthe
ning 

Rectangu
lar 

1 

100 × 
100(e) 50.6 

Bonded FRP 
sheets and 

wraps 

109.8 

Shear crack 
passing through 

the opening 
corners 

Flexural at 
mid-span

NA 
200 × 100 48.2 76.7 

Shear at 
opening

300 × 100 50.6 51.2 
Shear at 
opening

300 × 150 73.5 59.1 
Shear at 
opening

Allam 
[22] 

3200 150 400 
W or w/o 

FRP-strengthe
ning 

Rectangu
lar 

1 450 × 150 37.1 
Bonded FRP 
sheets and 
U-jackets 

14.3/40.0 

Shear crack 
passing through 

the opening 
corners

Shear at 
opening after 
debonding of 

FRP

NA 

Maadda
wy and 
Sherif 

[5] 

1000 80 500 

Opening size, 
location and w 

or w/o 
FRP-strengthe

ning 

Rectangu
lar 

2 

200 × 200 NA Bonded FRP 
sheets and 

wraps 

66.0 

Shear crack 
passing through 

the opening 
corners, and 

shear crack in 
the chords 

Shear at 
opening and 
chords after 

debonding of 
FRP 

Deep beams, no 
control beam without 
opening was tested 

250 × 250 NA 65.3 

Pimanm
as [16] 

2100 400 160 

Opening shape 
and w or w/o 

FRP-strengthe
ning 

Circular 
2 

r=150 37.7 Near-surface 
mounted 
FRP rods 

57.6 Shear crack 
passing through 

the opening 
corners 

Flexural at 
mid-span 

NA 
Rectangu

lar
150 × 150 44.3 75.4 

Chin et 
al. [17] 

1800 300 120 

Opening 
location and w 

or w/o 
FRP-strengthe

ning 

Rectangu
lar 

2 

210 × 210 74.4 Bonded FRP 
sheets and 

wraps 

80.1 Shear crack 
passing through 

the opening 
corners 

Shear at 
opening 

NA 
210 × 210 68.8 48.8 



Maadda
wy and 
Ariss 
[6] 

2400 85 400 

Opening size 
and w or w/o 

FRP-strengthe
ning 

Rectangu
lar 

1 

200 × 200 72.7 

Bonded FRP 
sheets and 
U-jackets 

276.2 Shear crack 
passing through 

the opening 
corners Shear at 

opening and in 
chords after 

debonding and 
rupture of FRP 

NA 

350 × 200 70.1 160.9 

500 × 120 44.2 69.8 
Shear crack 

passing through 
the opening 
corners, and 

shear crack in 
the chords

500 × 160 46.8 61.0 

500 × 200 58.4 65.6 

Chin et 
al. [24] 

1800 120 300 
W or w/o 

FRP-strengthe
ning 

Rectangu
lar 

2 800 × 140 58.4 
Bonded FRP 

sheets 
95.6 

Shear crack 
passing through 

the opening 
corners

Shear at 
opening after 
debonding of 

FRP

NA 

Teng et 
al. [25] 

3300 250(c) 500 NA 
Rectangu

lar 
1 500 × 220 NA 

Bonded FRP 
plate, 

U-jackets 
and wraps 

NA 

Shear crack 
passing through 

the opening 
corners 

Shear at 
opening 

Reversed T- section 
beams whose flange 
is 100 mm in height 

and 1450 mm in 
width 

Note: (a) Compared with control beam specimen without a web opening; (b) Compared with beam specimen with an un-strengthened web opening; (c) Web width; (d) 

Symmetrically located in the two shear spans; (e) Opening width × opening height. 

  



Table 2. Summary of numerical studies on RC beams with an FRP-strengthened web opening 

Source 
Software 

used 

Modelling of concrete cracking 
Modelling of bond 

behaviour
Crack 

modelling 
method

Tension-softening behavior 
Shear stress 

transfer model 
Steel-to-
concrete 

FRP-to-conc
rete 

Pimanmas [16] WCOMD 
Smeared crack 

model 
σ୲ ൌ f୲ሺ

εୡ୰
ε୲
ሻ.ସ 

τୡ୰

ൌ 3.8ሺfୡሻଵ/ଷ
δଶ

1  δଶ

Perfect 
bond 

Perfect bond 

Chin et al. [17] ATENA 

Rotated crack 
model in the 

smeared crack 
approach 

The slope of the ascending branch 
is equal to the concrete modulus 
of elasticity. In the descending 

branch of the stress-strain curve, a 
fictitious crack model based on a 
crack-opening law and fracture 
energy is used, where the cracks 
occur when the principal stress 

exceeds the tensile strength. 

NA 
Perfect 
bond 

Bond-slip 
model 

developed 
by Lu et al. 

[39] 

Hawileh et al. [18] 
ANSYS ver. 

11.0 
Smeared crack 

model 

σ୲ increases linearly to ft, then 
suddenly drops to 0.6ft, finally 
descends linearly to zero at a 

strain value of 6εୡ୰. 

NA 
Perfect 
bond 

Bond-slip 
relationship 
proposed by 

Xu and 
Needleman 

[43]

Note : σ୲=tensile stress of concrete; ε୲=tensile strain of concrete; εୡ୰=cracking strain of concrete; f୲= tensile strength of concrete; εୡ୰=2𝑓௧/𝐸, where 𝐸 is the initial elastic modulus 

of concrete; fୡ= cylinder compressive strength of concrete; τୡ୰=shear stress of concrete; δ=normalized shear strain of concrete, defined as δ ൌ 𝛾/ε୲, where 𝛾 is the shear strain of 

cracked concrete. 

  



Table 3. Period of the fundamental vibration mode of simulated specimens 

Source Specimen T1 (s) 

Maaddawy and Ariss [6] 

S1-500×120 0.0117 
S2-500×120 0.0117 
S1-500×160 0.0119 
S2-500×160 0.0119 

Abdalla et al. [21] 
RO3 0.0109
RO4 0.0110

Allam [22] 
B8 0.0167
B9 0.0167

Chin et al. [17] 
B5 0.0103
B6 0.00954

Chin et al. [24] SBRO 0.00818
Teng et al. [25] FRP-500×220 0.0153 

 

 
 



Table 4. Collected RC test beams with an FRP-strengthened web opening for verification of the proposed FE approach 

Source Specimen 
Shape of 

cross 
section 

Beam dimensions Opening size Number 
of web 
opening 

FRP strengthening configuration Observed 
failure 
mode 

Span 
(mm) 

Width 
(mm) 

Height 
(mm) 

Width 
(mm) 

Height 
(mm) 

Opening chords Sides of opening 

Maaddawy 
and Ariss [6] 

S1-500×120 

Rectangular 2400 85 400 

500 120 

1 

One-layer horizontal 
CFRP sheet and one-layer 

vertical CFRP 
U-jacket/complete wrap 

One-layer vertical CFRP 
U-jacket 

Shear at 
opening 

S1-500×160 500 160 

S2-500×120 500 120 One-layer horizontal 
CFRP sheet and two-layer 

vertical CFRP 
U-jacket/complete wrap 

Two-layer vertical CFRP 
U-jacket S2-500×160 500 160 

Abdalla et al. 
[21] 

RO3 
Rectangular 2000 100 250 

200 100 
1 

One-layer horizontal 
CFRP sheet 

One-layer CFRP 
wrapping 

Shear at 
opening RO4 300 100 

Allam [22] 

B8 

Rectangular 3000 150 400 

450 150 

1 

One-layer horizontal 
CFRP sheet 

One-layer vertical CFRP 
sheet 

Shear at 
opening 

B9 450 150 
One-layer vertical CFRP 
U-jacket and one-layer 
horizontal CFRP sheet 

One-layer horizontal 
CFRP U-jacket and 

one-layer vertical CFRP 
sheet 

Chin et al. 
[17] 

B5 
Rectangular 1800 120 300 

210 210 
2 

One-layer horizontal 
CFRP plate 

One-layer vertical CFRP 
plate 

Shear at 
opening B6 210 210 

Chin et al. 
[24] 

SBRO Rectangular 1800 120 300 800 140 1 
One-layer horizontal 

CFRP plate 
NA 

Shear at 
opening 

Teng et al. 
[25] 

FRP-500×220 T-section 3300 250(a) 500 500 220 1 
One-layer vertical CFRP 

wrap and one-layer 
horizontal CFRP plate 

Two-layer vertical CFRP 
U-jacket 

Shear at 
opening 

Note: (a) Web width (Specimen FRP-500×220 is a reversed T-section beam whose flange is 100 mm in height and 1450 mm in width). 

 



Table 5. Material properties of collected RC test beams with an FRP-strengthened web opening 

Source Specimen 

Cylinder 
compressive 
strength of 
concrete fୡ 

(MPa) 

Steel reinforcement FRP reinforcement

Tension 
steel bars 

Yield 
strength 

of 
tension 
bars fyt 
(MPa)

Compression 
steel bars 

Yield 
strength of 

compression 
bars fyc 
(MPa) 

Stirrups 

Yield 
strength 

of 
stirrups 

fvy 
(MPa)

Elastic 
modulus 

of all 
steel bars 

Es
(a) 

(GPa)

Nominal 
thickness 

(mm) 

Tensile 
strength 
(MPa) 

Elastic 
modulus 

(GPa) 

Maaddawy 
and Ariss 

[6] 

S1-500×120 

20 

4Φ16 
(deformed, 
and placed 

in two 
rows) 

520 
2Φ12 

(deformed) 
520 

Φ6@80 
(plain) 

300 200 0.381 3450 230 
S2-500×120 

S1-500×160 

S2-500×160 

Abdalla et 
al. [21] 

RO3 39.2 
4Φ10 

(deformed, 
and placed 

in two 
rows)

400 
2Φ10 

(deformed) 
400 

Φ8@150 
(deformed) 

240 200 0.13 3500 230 
RO4 40.8 

Allam [22] 
B8 

28 
3Φ16 

(deformed) 
400 

2Φ12 
(deformed) 

380 
Φ8@150 
(plain) 

250 200 0.13 3500 230 
B9 

Chin et al. 
[17] 

B5 
35 

2Φ12 
(deformed) 

410 
2Φ10 

(deformed) 
410 

Φ6@300 
(plain) 

275 200 1.4 2200 170 
B6 

Chin et al. 
[24] 

SBRO 29.75 
2Φ12 

(deformed)
460 

2Φ10 
(deformed)

460 
Φ6@300 
(plain)

275 200 1.4 2200 170 

Teng et al. 
[25] 

FRP-500×
220 

33.2 
4Φ20 

(deformed) 
482 

3Φ20 
(deformed) 

482 
Φ8@100 
(plain) 

375 200 

0.337 
(sheet) 

1.2 
(plate)

2738 
(sheet) 
2450 

(plate)

238 
(sheet) 

131 
(plate)

Note: (a) sE is assumed to be 200 GPa as test data are not available in the relevant publications. 

   



Table 6. Test and predicted ultimate loads 

Source Specimen 
Test 

result 
(kN) 

BC model with 
SECANT modulus 

(kN)

BC model with INITIAL 
modulus 

(kN)

DP model 
(kN) 

Prediction 
Prediction 

/ 
test

Prediction 
Prediction 

/ 
test

Prediction 
Prediction 

/ 
test

Maaddawy and 
Ariss [6] 

S1-500×120 72 74.2 1.03 90.6 1.26 44.4 0.617 
S2-500×120 73 75.7 1.04 104.6 1.45 45.6 0.624 
S1-500×160 57 62.7 1.09 87.0 1.53 32.5 0.571 
S2-500×160 66 64.0 0.970 75.8 1.15 33.5 0.507 

Abdalla et al. 
[21] 

RO3 73 72.2 0.989 78.3 1.07 77.3 1.06
RO4 62 65.9 1.06 70.5 1.14 65.6 1.06

Allam [22] 
B8 120 137.0 1.14 152.3 1.27 136.5 1.14
B9 147 144.4 0.983 149.1 1.01 139.3 0.947

Chin et al. [17] 
B5 36 32.1 0.891 36.6 1.02 33.6 0.934
B6 37 30.5 0.825 36.6 0.989 32.4 0.875

Chin et al. [24] SBRO 83 82.0 0.988 87.1 1.05 52.6 0.634

Teng et al. [25] 
FRP-500×

220 
475 488.2 1.03 520.5 1.10 275.8 0.581 

Statistical 
characteristics 

Average =  1.00 1.17  0.796
STD =  0.0848 0.175  0.228
CoV =  0.0845 0.150  0.287

 
   



Table 7. Design of the FRP-strengthening system for specimens tested by Allam [22] 

Strengthening scheme 
Dimension of the bonded FRP 

sheet 

Layers of the 
bonded FRP 

sheet 

Predicted 
load-carrying 

capacity 
(kN) 

Increase in load 
capacity due to 
strengthening 

(%)(b)

None - - 105.0(a) -

Horizontal CFRP sheets on 
the side surfaces of top and 

bottom chords 

650 mm in length 1 130.7 24.48 

850 mm in length 
1 133.5 27.14 
2 138.5 31.90 
3 138.6 32.00 

1050 mm in length 1 137.4 30.86 
Vertical CFRP sheets on the 

two sides of the opening 
200 mm in width 1 125.2 19.24  

Vertical CFRP U-jackets on 
the two sides of the opening

200 mm in width 1 134.7 28.29  

Vertical CFRP wraps on the 
two sides of the opening 

100 mm in width 1 146.7 39.71 

200 mm in width 
1 146.8 39.81 
2 146.9 39.90 
3 147.0 40.00 

300 mm in width 1 146.8 39.81 
Vertical CFRP sheets on the 
two chords of the opening 

450 mm in width(c) 1 106.8 1.71  

Vertical CFRP U-jackets on 
the two chords of the 

opening 
450 mm in width 1 133.4 27.05  

Vertical CFRP wraps on the 
two chords of the opening 

450 mm in width 
1 136.1 29.62 
2 137.3 30.76 
3 137.4 30.86 

Vertical CFRP wraps on the 
two chords and the two 

sides of the opening 

450 mm in width for the wraps 
on the chords and 100 mm in 

width for the wraps on the two 
sides of the opening

1 158.5 50.95  

Vertical CFRP wraps on the 
two sides of the opening + 
horizontal CFRP sheets on 

the two chords 

100 mm in width for the wraps 
on the two sides of the 

opening, and 650 mm in length 
for the horizontal CFRP sheets 

on the two chords

1 155.6 48.19 

Vertical CFRP wraps on the 
two chords + horizontal 
CFRP sheets on the two 

chords 

450 mm in width for the wraps 
on the chords, and 650 mm in 
length for the horizontal CFRP 

sheets on the two chords

1 136.3 29.81 

Vertical CFRP wraps on the 
two chords and the two 
sides of the opening + 

horizontal CFRP sheets on 
the two chords 

450 mm in width for the wraps 
on the chords, 100 mm in 

width for the wraps on the two 
sides of the opening, and 650 

mm in length for the horizontal 
CFRP sheets on the two chords

1 162.2 54.48  

Note: (a) Obtained from the test; (b) Compared with the beam specimen with an un-strengthened web opening (B2); (c) 
Equal to the length of the chords. 
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Figure 1. Diagrams of the main FRP-strengthening schemes proposed in existing 

experimental studies 
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(a) Elevation 

 

(b) Section 1-1 

 

(c) Section 2-2 

Figure 2. Details of the specimen tested by the authors’ group (FRP-500×220) [25] 
(Dimensions in mm) 

  

2

2

1

1
CFRP plate, 50mm in width and 1.2mm in thickness Rounded radius=10mm

Two-layer CFRP U-jacketTwo-layer CFRP U-jacket

One-layer CFRP wrap



 

 

 

Figure 3. Typical FE meshes 
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(Note: E0=initial elastic modulus; Esec=secant modulus) 

Figure 4. Tensile stress-strain curve of concrete 

  



 

(a) S1-500×120 [6]                    (b) S2-500×120 [6] 

 

(c) S1-500×160 [6]                     (d) S2-500×160 [6] 

 

(e) RO3 (200×100) [21]                (f) RO4 (300×100) [21] 
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(g) B8 (450×150) [22]                   (h) B9 (450×150) [22] 

 

(i) B5 (210x210) [17]                    (j) B6 (210x210) [17] 

 

(k) SBRO (800x140) [24]                  (l) FRP-500×220 [25] 

Figure 5. Load-deflection curves 
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Figure 6. Comparison of ultimate loads between FE predictions and tests 
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Figure 7. Development history of kinetic energy (S1-500×120) 
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(a) S1-500×120 versus CN-500×120 [6]   (b) S2-500×120 versus CN-500×120 [6] 

   

(c) S1-500×160 versus CN-500×160 [6]   (d) S2-500×160 versus CN-500×120 [6] 

 

 (e) RO3 versus UO8 (200×100) [21]       (f) RO4 versus UO9 (300×100) [21] 
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(g) B8 versus B2 (450×150) [22]           (h) B9 versus B2 (450×150) [22] 

   

(i) B5 versus B3 (210x210) [17]       (j) FRP-500×220 versus O-500×150 [25] 

Figure 8. Comparison between un-strengthened and FRP-strengthened beams 
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(a) FRP debonding at the opening corner nearest to the loading point 

 

(b) Inclined crack at the opening corner nearest to the loading point 

 

(c) Flexural crack at one end (closer to the loading point) of the flange chord near its bottom 

surface 

Inclined crack

Flexural crack

Opening



 

(d) Flexural crack at the other end (i.e., closer to the corresponding support) of the flange 

chord near its top surface 

Figure 9. Failure mode of Specimen FRP-500×220 tested by the authors’ group [25] 

Flexural crack



 

(a) 110 kN 

 

(b) 224 kN 

 

(c) 384 kN 

 

(d) 455 kN 

Figure 10. Predicted failure process of Specimen FRP-500×220 tested by the authors’ group 
[25] 

 
  



 

 (a) S1-500×120 [6] 

 

(b) S2-500×120 [6] 

 

 (c) S1-500×160 [6] 

 

 (d) S2-500×160 [6] 

 

(e) RO3 (200×100) [21] 

 

 (f) RO4 (300×100) [21] 



 

(g) B8 (450×150) [22] 

 

(h) B9 (450×150) [22] 

 

 (i) B5 (210×210) [17] 

 

 (j) B6 (210×210) [17] 

 

 (k) SBRO (800×140) [24] 

Figure 11. Predicted crack patterns at failure 

 

  



 

(a) CN-500×120 

 

(b) S1-500×120 

Figure 12. Comparison of predicted crack patterns at failure between un-strengthened and 

FRP-strengthened beams 

 

  



   

(a) Effect of the length of the CFRP sheets (1 layer) 

 
 (b) Effect of the layers of the CFRP sheets (850 mm in length) 

Figure 13. Effect of externally bonded horizontal CFRP sheets on the side surfaces of top and 

bottom chords 
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Figure 14. Effect of vertical side bonded CFRP sheets/CFRP U-jackets/CFRP wraps on the 

two sides of the opening 
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(a) Effect of the width of the CFRP wraps (1 layer) 

 

   (b) Effect of the layers of the CFRP wraps (200 mm in width) 

Figure 15. Effect of the CFRP wraps on the two sides of the opening 
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Figure 16. Effect of vertical side bonded CFRP sheets/CFRP U-jackets/CFRP wraps on the 

top and bottom chords 
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Figure 17. Effect of layers of the FRP wraps on the top and bottom chords 
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Figure 18. Combination of the strengthening schemes 
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