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14 
Abstract: In order to realize the strong column-weak beam hierarchy in existing 15 

reinforced concrete (RC) frames, a novel seismic retrofit technique (i.e., beam 16 

opening technique or BO technique) was proposed. The BO technique involves the 17 

cutting of a web opening in the RC T-section beam to weaken its flexural capacity, in 18 

combination with the installation of a fibre-reinforced polymer (FRP) strengthening 19 

system around the opening to offset the loss in shear capacity caused by the opening. 20 

While extensive experimental studies have verified the effectiveness of the BO 21 

technique, this paper presents a finite element (FE) study on the structural behaviour 22 

of RC beams with an FRP-strengthened web opening, for a more comprehensive and 23 

in-depth understanding of the performance of such beams. Two constitutive models of 24 

concrete were investigated, namely, the concrete damaged plasticity (DP) model and 25 

the brittle cracking (BC) model. Through detailed comparisons, it was found that for 26 

specimens failing in a flexural mode, the DP model is more appropriate; while for 27 

specimens failing in a shear mode, the BC model with the secant modulus of concrete 28 

adopted provides better predictions. A simple method for the selection of a proper FE 29 

approach is finally proposed. 30 

31 

Keywords: finite element (FE) model; fibre-reinforced polymer (FRP) 32 

strengthening; reinforced concrete (RC) beam; web opening; dynamic analysis 33 

approach 34 

35 

36 

This is the Pre-Published Version.https://doi.org/10.1016/j.compstruct.2021.114161

© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/.



1. INTRODUCTION 37 

Compared with the storey-sway mechanism under which the plastic hinges first form 38 

at the column ends, the beam-sway mechanism under which the plastic hinges first 39 

form at the beam ends can result in better seismic performance of reinforced concrete 40 

(RC) frames. This is easy to understand as the latter mechanism only affects a limited 41 

portion of the structure, while the former mechanism may cause progressive collapse 42 

of the entire structure. As an effective way to achieve the beam-sway mechanism of 43 

RC frames, the Strong Column-Weak Beam (SCWB) design philosophy has been 44 

employed widely in the seismic design codes of RC frames all over the world [e.g. 45 

1-3]. However, investigations on structures failed after major earthquakes revealed 46 

that the beam-sway mechanism was seldom realized in the failed RC frames with 47 

cast-in-place floor slabs [e.g. 4-6]. As has been analysed in a comprehensive review 48 

on the SCWB design philosophy conducted by the authors [7], this situation was 49 

mainly caused by the inadequate stipulations/considerations on the SCWB 50 

requirement in the design codes (mainly old-version codes). Especially, the 51 

enhancement caused by the cast-in-place floor slabs to the flexural capacities of the 52 

supporting RC beams was not properly considered in old-version design codes. For 53 

example, the previous versions of Chinese seismic design code (i.e., Ref. [8] and 54 

previous versions) did not consider the enhancement caused by the cast-in-place floor 55 

slabs to both the positive flexural capacity (i.e., flexural capacity of the beam when 56 

the floor slab is in compression) and the negative flexural capacity (i.e., flexural 57 

capacity of the beam when the floor slab is in tension) of the RC beams. Therefore, it 58 

is not unreasonable to believe that a number of existing RC frames violate the SCWB 59 

requirement, in which the actual flexural capacities of the RC beams are much larger 60 

than their design flexural capacities. 61 

 62 

In this context, a novel seismic retrofit method for existing RC frames which violate 63 

the SCWB requirement was proposed [9], on the basis of the concept of Beam-end 64 

Weakening in combination with fibre-reinforced polymer (FRP) Strengthening 65 

(referred to as BWFS method hereafter for simplicity). As one of the proposed 66 

techniques to implement the BWFS method, the beam opening (BO) technique 67 

includes the cutting of a web opening in the T-section beam to weaken its flexural 68 

capacity as well as the installation of a strengthening system around the opening using 69 



FRP to offset the loss in shear capacity caused by the opening [9]. Among the field of 70 

composite materials for strengthening existing concrete members [10-18], FRP 71 

strengthening has been proved by many researchers to be one of the most effective 72 

methods to increase the strength of RC beams. For more details of the BWFS method 73 

and the BO technique, the reader can refer to Ref. [9]. To explore the effectiveness of 74 

the proposed BO technique, the authors [19, 20] have conducted a series of tests on 75 

RC T-section beams with an un-strengthened/FRP-strengthened web opening. 76 

 77 

Experimental studies are fundamental for the understanding of the structural 78 

behaviour of RC beams with an un-strengthened/FRP-strengthened web opening (as 79 

the web openings in an RC beam are generally far apart and there is no interaction 80 

between them, beams with more than one web openings are also simply termed as 81 

“beams with a web opening” in this paper). They are, however, usually 82 

time-consuming and laborious. Finite element (FE) modelling is a powerful and 83 

economical alternative to experimental studies [21-23]. Once verified, FE modelling 84 

is able to explore more in-depth understanding of the structural behaviour of RC 85 

beams [24-26]. Many behavioural aspects (e.g., stiffness, strength and crack 86 

propagation) of RC beams with a web opening can be better and/or more effectively 87 

examined by using the FE method. Moreover, parametric studies adopting the verified 88 

FE model can be used to examine the effect of a wider range of parameters which 89 

were not covered in the experimental study on the behaviour of such beams. 90 

Therefore, the present study aims to establish an accurate FE model for the RC 91 

T-section beams with a web opening tested by the authors [19, 20], in order for more 92 

in-depth and comprehensive understanding of the behaviour of such beams. 93 

 94 

It is worth noting that the created web openings in existing RC beams can be also 95 

used as the passages of utility ducts/pipes. For the RC beams with a web opening 96 

created for such purposes, plenty of experimentally-based studies have been 97 

conducted to examine their behaviour, including tests on RC rectangular beams with 98 

an un-strengthened/FRP-strengthened web opening [e.g. 27-35] and RC T-section 99 

beams with an un-strengthened/FRP-strengthened web opening of relatively small 100 

size [e.g. 9, 36]. Almost all these tested beams exhibited a shear failure mode caused 101 

by the development of diagonal cracks initiated at the web opening corners. 102 

Compared with the experimental studies, the relevant numerical studies are much 103 



limited. A literature review on existing numerical studies on RC beams with a web 104 

opening has been conducted and presented in previous numerical studies on RC 105 

beams with a web opening conducted by the authors [37, 38], and it was found that a 106 

proper FE approach for predicting the behaviour of such RC beams had not been 107 

well-established. In the previous studies [37, 38], three FE approaches established 108 

using ABAQUS [39] have been proposed and assessed by the authors for the 109 

modelling of these existing RC beams with an un-strengthened/FRP-strengthened web 110 

opening failing in a shear mode. It was found that the brittle cracking (BC) model in 111 

which the secant modulus of concrete was adopted provided the closest predictions of 112 

the test results. It is worth noting that, however, all the RC T-section beams with an 113 

un-strengthened/FRP-strengthened web opening tested by the authors [19, 20] except 114 

two beams with an un-strengthened web opening of relatively small size exhibited a 115 

flexural failure mode, i.e., plastic hinge formed at each end of the top chord and 116 

bottom chord (i.e., the chord above and below the web opening respectively). It has 117 

been well acknowledged that the BC model was proposed for applications where the 118 

shear and tensile behaviours of cracked concrete dominate the behaviour of the 119 

structure [39]. Whether it is also able to give acceptable predictions for test specimens 120 

that failed in a flexural mode has not been clarified yet. Therefore, the predictions 121 

from the three FE approaches proposed by the authors [37, 38] are compared in this 122 

study with the results of the specimens tested by the authors [19, 20], in order to 123 

identify the most suitable approach for the FE modelling of RC T-section beams with 124 

an FRP-strengthened web opening failing in a flexural mode. Moreover, because the 125 

web chord (i.e., the chord in the beam web) was fully wrapped by carbon 126 

fibre-reinforced polymer (CFRP) in the specimens tested by the authors [19, 20], the 127 

confining effect from the FRP strengthening to the concrete which was not considered 128 

in the previously proposed FE approaches [37, 38] is also properly considered in the 129 

present study. 130 

2. INTRODUCTION OF THE TESTS 131 

To examine the effectiveness of the proposed BO technique, two batches (Batch-1 and 132 

Batch-2) of large-scale RC specimens were tested by the authors [19, 20] under 133 

three-point bending, including a total of one rectangular beam and thirteen T-section 134 

beams. Details of all test specimens in Batch-1 and Batch-2 are listed in Table 1. 135 



Batch-1 contained eight specimens, including two RC beams without a web opening 136 

which served as control beams (one rectangular beam CB-Rec as well as one 137 

T-section beam CB-T) and six RC T-section beams with a web opening of large size 138 

(with the opening length × opening height being 800 mm × 280 mm or 700 mm × 300 139 

mm). Three beams were tested for each of these two examined large web opening 140 

sizes, including one un-strengthened beam tested in negative bending (the beam 141 

flange was in tension) (O-800×280-N or O-700×300-N) as well as two 142 

FRP-strengthened beams tested in negative bending (F-800×280-N or F-700×300-N) 143 

and positive bending (the beam flange was in compression) (F-800×280-P or 144 

F-700×300-P), respectively. Batch-2 contained six RC T-section beams with a web 145 

opening of small/medium size tested in negative bending. For each of the two 146 

examined small web opening sizes (with the opening length × opening height being 147 

700 mm × 200 mm or 600 mm × 220 mm), two specimens were considered, including 148 

one un-strengthened beam (O-700×200-N or O-600×220-N) and one 149 

FRP-strengthened beam (F-700×200-N or F-600×220-N). For each of the two 150 

examined medium web opening sizes (with the opening length × opening height being 151 

700 mm × 260 mm or 600 mm × 280 mm), only one FRP-strengthened beam 152 

(F-700×260-N or F-600×280-N) was tested. 153 

 154 

Fig. 1 illustrates details of the selected test specimens, including the two control 155 

specimens (i.e., CB-Rec and CB-T) and Specimen O-700×300-N as a representative of 156 

the tested T-section beams with a web opening. In addition, the layout of the steel 157 

reinforcement (including the longitudinal reinforcement and stirrups) is shown in Fig. 1 158 

and listed in Table 1. Fig. 2 shows the adopted CFRP strengthening system for the test 159 

specimens with an FRP-strengthened web opening. As shown in Fig. 2, after rounding 160 

the corners of the web chord to a radius of 25 mm, one-layer unidirectional CFRP (the 161 

thickness is 0.334 mm) was adopted to fully wrap the web chord, in order to enhance 162 

the shear capacity and ductility of the web chord; one-layer vertical unidirectional 163 

CFRP U-jackets (the thickness and width are respectively 0.334 mm and 200 mm) 164 

were applied on the beam web on the two sides of the web opening, in order to 165 

mitigate the possible development of diagonal cracks at the corners of the web 166 

opening; in addition, to avoid premature debonding of the bonded CFRP U-jackets, 167 

CFRP spike anchors were used to anchor the ends of the CFRP U-jackets with the 168 

beam flange. The cylindrical compressive strength of concrete for each of the test 169 



specimens is listed in Table 1, and the material properties of the used steel bars and 170 

FRP are listed in Table 2. 171 

 172 

The test results [19, 20] showed that the two control beams (CB-Rec and CB-T) 173 

exhibited a flexural failure mode; the failure of the two RC T-section beams with an 174 

un-strengthened web opening of small size (O-700×200-N and O-600×220-N) was 175 

controlled by the development of diagonal cracks in the web chord, which is a shear 176 

failure mode; in addition, the failure of the two RC T-section beams with an 177 

un-strengthened web opening of large size (O-800×280-N and O-700×300-N) as well 178 

as all the eight RC T-section beams with an FRP-strengthened web opening was 179 

controlled by the formation of four plastic hinges at the two ends of the flange chord 180 

and web chord, which is a flexural mode. The reader can refer to Refs. [19] and [20] 181 

for more details of the experimental studies. 182 

3. PROPOSED FE APPROACH 183 

3.1. General 184 

The proposed FE approach is a two-dimensional (2-D) FE approach implemented 185 

with ABAQUS [39]. The four-node plane stress element CPS4R was adopted to 186 

simulate the concrete; the two-node truss element T2D2 was adopted to simulate both 187 

the externally bonded FRP and the internal steel reinforcement; and the four-node 188 

interfacial element COH2D4 was adopted to simulate the bond behaviour between 189 

concrete and both the FRP and the steel reinforcement. COH2D4 is a two-dimensional 190 

cohesive element, which can be used to model interfacial debonding between two 191 

components, through incorporating the bi-material bond-slip models between these 192 

two components [39]. For the rectangular control beam (CB-Rec), the thickness of the 193 

plane stress element was set to be the width of the beam; and for the T-section beams, 194 

the thickness of the plane stress element for the beam flange was set to be the width of 195 

the flange, while that for the beam web was set to be the width of the web. The same 196 

method for the simulation of the externally bonded FRP in Ref. [37] was adopted in 197 

this study. The two-node truss elements representing the externally bonded FRP were 198 

arranged along the fibre orientation of the FRP. For the FRP complete wrap on the 199 

web chord (Fig. 2), the upper end of the highest elements of FRP and the lower end of 200 

the lowest elements of FRP were fixed onto the top surface and the bottom surface of 201 



the web chord, respectively. For the FRP U-jackets (Fig. 2), the upper end of the 202 

highest elements of FRP was fixed onto the upper surface of the web. It should be 203 

noted that as the ends of the FRP U-jackets were anchored into the beam flange 204 

through CFRP spike anchors (Fig. 2), the lower end of the lowest elements of FRP 205 

was also fixed onto the upper surface of the flange. The typical mesh is shown in Fig. 206 

3, in which the red lines stand for FRP sheets. The side length of the elements of 207 

concrete was chosen to be 10 mm, based on a convergence study. One FRP/steel 208 

element existed between two neighbouring element nodes of concrete, and therefore 209 

the length of the FRP/steel elements was also 10 mm. Fig. 3 shows the boundary 210 

conditions and applied loads. The vertical and horizontal deformations of the left 211 

support were both restrained, and the vertical deformation of the right support was 212 

also restrained.  213 

3.2. Modelling of concrete 214 

The concrete damaged plasticity (DP) model and the brittle cracking (BC) model 215 

available in ABAQUS/Explicit were both examined in this study. For the DP model, 216 

the inelastic behaviour of concrete is simulated using the concepts of isotropic 217 

compressive and tensile plasticity in conjunction with isotropic damaged elasticity. 218 

Chen et al. [40] have succeeded in adopting the DP model to simulate RC beams 219 

without/with FRP-strengthening failing in a flexural mode. The BC model is more 220 

applicable for applications where the shear and tensile behaviour of concrete dominates, 221 

and it has been successfully adopted by the authors [37, 38] for the simulation of RC 222 

beams with an un-strengthened/FRP-strengthening web opening failing in a shear 223 

mode. Because of the space limitation, the constitutive equations of concrete as well as 224 

the equations of the bi-material bond-slip models which have been detailed in Refs. [37] 225 

and [38] are not given in this paper. The reader can refer to Refs. [37] and [38] for 226 

more details. 227 

 228 

3.2.1. Concrete damaged plasticity (DP) model 229 

In the DP model, the uniaxial compressive stress-strain model developed by Saenz [41] 230 

was used to simulate the behaviour of unconfined concrete in compression. For the 231 

tested RC T-section beams with an FRP-strengthened web opening, to consider the 232 

confining effect from CFRP wrap to the concrete in the web chord, the design-oriented 233 

compressive stress-strain curve for the FRP-confined concrete in rectangular columns 234 



developed by Lam and Teng [42] was employed in this study: 235 
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where c  and c  are respectively axial strain and axial stress of the confined concrete; 248 

cE  and 2E  are respectively elastic modulus of the unconfined concrete and the slope 249 

of the straight second portion; '
ccf  and '

cof  are respectively compressive strength of 250 

the FRP-confined concrete and that of the un-confined concrete; cu  and t  are 251 

respectively ultimate axial strain of the confined concrete and the axial strain 252 

corresponding to the transition point; 1k and 2k  are respectively the coefficient of 253 

confinement effectiveness (3.3) and the coefficient of strain enhancement (12); 1sk  and 254 

2sk  are respectively the shape factor for the strength enhancement and that for the 255 



strain enhancement; lf  and D are respectively confining pressure in and diameter of 256 

the equivalent circular column; ,h rup  and j are respectively the actual hoop rupture 257 

strain and nominal hoop rupture strain in the equivalent column; frp  and j  are 258 

respectively the ultimate tensile strain of FRP and the corresponding nominal hoop 259 

rupture stress; frpE  and t are respectively the elastic modulus of FRP in the hoop 260 

direction and the total thickness of FRP; b and h are respectively the width and depth 261 

of the rectangular column, with h≥ b; α=2 and β=0.5; e

c

A

A
 is the effective 262 

confinement area ratio; sc  is ratio of the cross sectional area of the steel longitudinal 263 

reinforcement; cR  is the rounded corner radius; and gA  is gross cross-sectional area of 264 

the column with rounded corner. 265 

 266 

In addition, in the DP model, the tension-softening curve developed by Hordijk [43] 267 

was adopted to simulate the tensile behaviour of cracked concrete, and Rots’s model 268 

[44] was employed to simulate the shear retention factor. 269 

 270 

3.2.2. Brittle cracking (BC) model 271 

In the BC model, the compressive behaviour of concrete is treated as a linear elastic 272 

material [39]. For the simulation of the shear and tensile behaviour of cracked 273 

concrete, the same shear retention factor model and tension-softening curve employed 274 

in the DP model were also adopted in the BC model. It is worth noting that, in the BC 275 

model, the concrete in tension is treated as a linear elastic material before reaching its 276 

tensile strength. However, actually the tensile stress-strain curve of concrete is 277 

nonlinear (as shown in Fig. 4) before reaching its tensile strength, and its modulus 278 

decreases constantly with the increase of the tensile stress [45]. Therefore, the initial 279 

elastic modulus of concrete ( cfE 47300   according to ACI-318 [1], where both 280 

cf  and 0E  are in MPa) and the secant modulus of concrete ( sec to toE   , where 281 

to  is the peak tensile stress of concrete, and to is the corresponding tensile strain, 282 

as shown in Fig. 4) were both employed in the BC model for comparison purpose. 283 

Following the studies of Ye [45] and Pimanmas [31], the secant modulus of concrete 284 

( secE ) was assumed to be one half of the initial elastic modulus of concrete ( 0E ). 285 



3.3. Simulation of steel bars, FRP and bond behaviour on bi-material 286 

interfaces 287 

In this study, the steel bars were assumed to be elastic-perfectly plastic, and the yield 288 

stress (as listed in Table 2) was adopted as the strength of the steel bars in the 289 

modelling. The externally bonded FRP was simulated as a linear-elastic-brittle 290 

material. During loading, debonding between concrete and internal steel bars/external 291 

FRP interface may occur, which will reduce the contribution of steel bars/FRP. 292 

Therefore, the bond behaviour between concrete and both the steel bars and FRP is 293 

important and need to be carefully considered in the FE model. The bond-slip model of 294 

CEB-FIP [46] was employed to simulate the shear bond behaviour between concrete 295 

and steel bars, while the bond-slip model developed by Lu et al. [47] was employed to 296 

simulate the shear bond behaviour between concrete and FRP. 297 

3.4. Dynamic analysis approach 298 

To solve the serious difficulties of numerical convergence caused by the presence of 299 

the web opening and the debonding of FRP, the explicit central difference approach 300 

which is a dynamic analysis approach available in ABAQUS was adopted in this 301 

study. Following the studies of the authors [37, 38], the key factors including the 302 

loading time and the damping factor were set as 50T1 (T1 is period of the fundamental 303 

vibration mode of the simulated beam) and 1×10-5, respectively. The reader can refer 304 

to Refs. [37] and [38] for more details. 305 

3.5. Numerical schemes 306 

In the present study, a total of four numerical schemes were considered: (1) Scheme-1: 307 

the behaviour of concrete was simulated using the DP model (referred to as the DP 308 

model hereafter); (2) Scheme-2: the behaviour of concrete was simulated using the DP 309 

model, with the confinement effect of FRP strengthening being considered [referred to 310 

as the DP model (confined) hereafter for simplicity]; (3) Scheme-3: the behaviour of 311 

concrete was simulated using the BC model, with its secant modulus being adopted 312 

(referred to as the BC model with SECANT modulus hereafter for simplicity); and (4) 313 

Scheme-4: the behaviour of concrete was simulated using the BC model, with its 314 

initial elastic modulus being adopted (referred to as the BC model with INITIAL 315 

modulus hereafter for simplicity). 316 

 317 



For the control specimens, only Scheme-1 was examined, as the DP model has been 318 

successfully adopted to simulate RC beams without a web opening in Chen et al.’s 319 

study [40]; for the specimens with an un-strengthened web opening, Schemes-1, 3 and 320 

4 were examined; for the specimens with an FRP-strengthened web opening tested in 321 

negative bending, Schemes-1 to 4 were examined; and for the specimens tested in 322 

positive bending, Schemes-1, 3 and 4 were examined, as the web chord wrapped with 323 

FRP is in tension and the confinement effect of FRP wrap to the concrete in the web 324 

chord is insignificant. 325 

4. RESULTS AND COMPARISON 326 

4.1. Load-deflection curves 327 

4.1.1. Control beams 328 

Two control beams (without a web opening) were tested, with one being a rectangular 329 

beam (CB-Rec) and the other one being a T-section beam (CB-T). Only the DP model 330 

was adopted to simulate the two control beams, as they both exhibited a typical 331 

flexural failure mode caused by the crushing of the concrete in compression after the 332 

yielding of tension steel bars. 333 

 334 

The predicted load-deflection curves using the DP model are shown in Fig. 5. The test 335 

results are plotted in the same figure for comparison purpose. As can be seen from Fig. 336 

5, for the rectangular control beam (CB-Rec), the predicted load-deflection curve of 337 

the specimen using the DP model is very close to the test result (Fig. 5a); for the 338 

T-section control specimen (CB-T), the DP model predicts the ultimate load very well, 339 

while the predicted cracking load and stiffness of the second segment of the 340 

load-deflection curve from FE analysis are much higher than the results obtained from 341 

the test (Fig. 5b). Such different performance of the FE model is attributed to the 342 

following reasons: (1) in reality, when the applied load is relatively low, a notable 343 

shear lag effect exists in the beam flange, which results in non-uniform distributions 344 

of the longitudinal tensile stresses in the concrete and reinforcement of the flange 345 

across its width direction. The present 2-D model cannot capture such shear lag 346 

effects in the flange and thus the predicted cracking load and the second-segment 347 

stiffness are higher than the test results; and (2) when the applied load is high enough 348 

to make all the longitudinal reinforcement in the flange yield, the tensile stresses in all 349 



these longitudinal steel bars become uniform, and thus the ultimate load of the 350 

T-section beam can be well predicted by the present 2-D model. 351 

 352 

4.1.2. RC T-section beams with an un-strengthened web opening 353 

A total of four RC T-section beams with an un-strengthened web opening were tested, 354 

including O-800×280-N, O-700×300-N, O-700×200-N and O-600×220-N. For 355 

Specimens O-800×280-N and O-700×300-N with a web opening of large size, their 356 

final failure was dominated by the flexural failure at each end of the flange chord and 357 

the web chord; while for Specimens O-700×200-N and O-600×220-N with a web 358 

opening of small size, diagonal cracks (at around 30 to 45 degrees with respect to the 359 

horizontal line) arose and developed in the span of the web chord and finally 360 

dominated the failure of the specimens. 361 

 362 

The predicted load-deflection curves using Schemes-1, 3 and 4 are shown in Fig. 6. 363 

The test results are shown in the same figure for comparison purpose. As can be seen 364 

from Figs. 6a and b, for the RC T-section beams with an un-strengthened web opening 365 

of large size (i.e., O-800×280-N and O-700×300-N), the BC model with either 366 

SECANT modulus or INITIAL modulus heavily overestimates their strength, while 367 

the DP model provides close predictions of the ultimate loads of the specimens. The 368 

shape of load-deflection curves predicted using the DP model also matches well with 369 

the results obtained from the test, but similar to the situation of the T-section control 370 

specimen, the predicted cracking load and the second-segment stiffness are higher 371 

than the test results. 372 

 373 

As can be seen from Figs. 6c and d, for the specimens with an un-strengthened web 374 

opening of small size (i.e., O-700×200-N and O-600×220-N), the DP model heavily 375 

underestimates their ultimate loads, the BC model with INITIAL modulus heavily 376 

overestimates both their stiffness and strength, while the BC model with SECANT 377 

modulus well predicts the ascending portion of the load-deflection curves but still 378 

overestimates the ultimate load. The relatively better predictions obtained from the 379 

BC model with SECANT modulus for these two specimens is because the two 380 

specimens failed in a shear mode, which can be better predicted by the BC model with 381 

SECANT modulus as discussed in Refs. [37] and [38]. 382 

 383 



4.1.3. RC T-section beams with an FRP-strengthened web opening tested in negative 384 

bending 385 

A total of six RC T-section beams with an FRP-strengthened web opening were tested 386 

in negative bending, including F-800×280-N, F-700×300-N, F-700×260-N, 387 

F-600×280-N, F-700×200-N and F-600×220-N. The shear cracks at the opening 388 

corners were well prevented/restricted, owing to the application of the CFRP wrap 389 

and the CFRP U-jackets. The failure of all these specimens was dominated by the 390 

flexural failure (formation of plastic hinges) at each end of the flange chord as well as 391 

the web chord. 392 

 393 

The predicted load-deflection curves using Schemes-1 to 4 are shown in Fig. 7. The 394 

test results are shown in the same figure for comparison purpose. As can be seen from 395 

Fig. 7, for all six RC T-section beams with an FRP-strengthened web opening tested 396 

in negative bending, both the BC model with SECANT modulus and the BC model 397 

with INITIAL modulus heavily overestimate their strength, while the DP model 398 

without considering the confinement effect from the FRP strengthening heavily 399 

underestimates the ultimate load. With the confinement effect from the FRP 400 

strengthening considered, the DP model gives very close predictions of ultimate loads 401 

from the tests for all the six beams. The predicted cracking load and second-segment 402 

stiffness are again larger than the test results, due to the reason explained earlier.  403 

 404 

4.1.4. RC T-section beams with an FRP-strengthened web opening tested in positive 405 

bending 406 

Two RC T-section beams with an FRP-strengthened web opening (i.e., F-800×280-P 407 

and F-700×300-P) were tested in positive bending. Similar to the specimens with an 408 

FRP-strengthened web opening tested in negative bending, these two specimens also 409 

exhibited a flexural failure mode with plastic hinges forming at each end of the flange 410 

chord as well as the web chord. 411 

 412 

The obtained load-deflection curves using Schemes-1, 3 and 4 are shown in Fig. 8. 413 

The test results are shown in the same figure for comparison purpose. As can be seen 414 

from Fig. 8, for both specimens, all three examined schemes overestimate the strength 415 

and stiffness. The gap between the prediction and the test can be possibly caused by 416 

the following reasons: (1) the shear lag effect existing in the beam flange resulted in 417 



the non-uniform distribution of longitudinal compressive stresses in the beam flange 418 

(including the concrete and the reinforcement) across its width, and the current 2-D 419 

model with plane stress elements cannot capture such shear leg effects; and (2) the 420 

width-to-depth ratio of flange is relatively large (1450/100=14.5). Under compression, 421 

therefore, the flange could undergo out-of-plane deformation, which also cannot be 422 

reflected by the current 2-D model. The above limitations/simplifications of the 423 

present 2-D model can result in overestimation of the ultimate load of the beam. To 424 

resolve this problem, a more advanced 3-D FE model needs to be developed in the 425 

future. 426 

 427 

4.1.5. Comparison of ultimate load 428 

The FE predicted ultimate loads of all beams tested by the authors [19, 20] are 429 

compared with test results in Fig. 9 and Table 3. It should be noted that in Fig. 9 and 430 

Table 3, for the RC T-section beams with an FRP-strengthened web opening tested in 431 

negative bending, the term “DP model” means the DP model with the confinement 432 

effect from FRP strengthening being considered. As can be seen from Table 3 and Fig. 433 

9, the DP model provides the best predictions of the ultimate loads of the test 434 

specimens, with the average prediction-to-test ratio, standard deviation (STD) and 435 

standard deviation (STD) being 0.999, 0.129, and 0.129, respectively. The BC model 436 

with SECANT modulus and the BC model with INITIAL modulus respectively give 437 

an average prediction-to-test ratio of 1.25 and 1.38, a STD of 0.153 and 0.150, and a 438 

CoV of 0.122 and 0.108. Although the latter two models give a smaller value of CoV 439 

to the DP model, both models heavily overestimate the ultimate loads. As shown in 440 

Fig. 9, there is a much smaller scatter between the test results and the FE predictions 441 

from the DP model, which also verifies the better performance of the DP model.  442 

4.2. Failure mode 443 

The predicted crack patterns at failure of all the beams tested by the authors [19, 20] 444 

are plotted in Fig. 10, in which the predicted crack patterns of the two beams with an 445 

un-strengthened web opening of small size (i.e. O-700×200-N and O-600×220-N) 446 

were obtained using the BC model with SECANT modulus and the predicted crack 447 

patterns of the other beams were obtained using the DP model. The reason why 448 

different models were used for specimens with different failure modes is explained in 449 

the next section. The corresponding test crack patterns at failure are also shown in Fig. 450 



10 for comparison purpose. As shown in Fig. 10, for all the beams tested by the 451 

authors [19, 20], the predicted crack patterns match well with the test observations. 452 

5. SELECTION OF FE APPROACH 453 

5.1. General 454 

As has been found from the previous studies [37, 38], for RC beams with an 455 

un-strengthened/FRP strengthened web opening exhibiting a shear failure mode, the 456 

BC model with SECANT modulus gives the closest prediction. From the present 457 

study, it is found that for specimens tested by the authors [19, 20] and failed in a shear 458 

mode, the BC model with SECANT modulus also gives the closest prediction; 459 

differently, for specimens tested by the authors [19, 20] and failed in a flexural mode, 460 

the DP model (with the confinement effect from FRP strengthening being considered 461 

for the RC beams with an FRP-strengthened web opening) gives the closest prediction, 462 

while the BC model with SECANT modulus heavily overestimates the ultimate load. 463 

The selection of the proper FE approach is therefore dependent on the particular 464 

failure mode of the beam with a web opening, and the following procedure is 465 

proposed: 466 

1) Identify the critical chord, which is the web chord in a T-section beam or the 467 

chord with a smaller reinforcement ratio between the bottom and top chords in a 468 

rectangular beam; 469 

2) Obtain the flexural capacities of the critical chord csM  and chM , respectively in 470 

sagging bending and hogging bending; 471 

3) Obtain the shear capacity of the critical chord cV ; and 472 

4) If cV  is smaller than the value of ( csM + chM ) divided by the length of the chord, 473 

the beam will fail in shear owing to the development of diagonal cracks in the 474 

opening region, and the BC model with SECANT modulus should be adopted; 475 

otherwise, the beam will fail in a flexural mode owing to the formation of four 476 

plastic hinges at each end of the two chords, and the DP model should be adopted. 477 

 478 

The flexural capacity of the critical chord can be easily acquired based on a 479 

cross-section analysis, while the shear capacity of the critical chord can be calculated 480 

based on certain design equations. It is worth noting that although the Chinese design 481 



codes were used to obtain the shear capacities of un-strengthened chord (using 482 

GB-50010 [48]) and strengthen chord (using GB-50608 [49]) in the present study, 483 

other relevant design provisions can also be used if the Chinese codes are not 484 

available.  485 

5.2. Shear capacity of un-strengthened chord 486 

Without FRP strengthening, the shear capacity of the critical chord ( cV ) can be 487 

obtained using the following equation [48]: 488 

0= 0.7 sv
c cc cs t c yv s

s

A
V V V f b h f h

s
   ,                       (13) 489 

where ccV  and csV  are the contributions to the shear capacity of the critical chord 490 

from concrete and steel stirrups, respectively; yvf  and tf  are the tensile strength of 491 

the steel stirrup and concrete, respectively; cb  and 0h  are the width and the 492 

effective height of the chord, respectively; svA  is sum of cross-sectional areas of 493 

vertical legs of a stirrup at a certain cross-section of the chord; ss  is the distance 494 

between two adjacent stirrups; sh  is the height of the stirrup and is assumed to be the 495 

actual height of the steel stirrup minus the diameter of the steel stirrup in the present 496 

study (i.e., the steel stirrups in the chord are cut by the web opening, and the 497 

anchorage length of the steel stirrup is supposed to be the diameter value of the stirrup 498 

in this study). It should be noted that the above assumption was adopted to simplify 499 

the problem but there have been no exisitng studies which can support this assumption. 500 

Its accuracy/validity, therefore, needs furhter investigations in the future. 501 

5.3. Shear capacity of FRP-strengthened chord 502 

If the critical chord is strengthened in shear using FRP, the shear capacity of the chord 503 

can be obtained using the following equation [49]: 504 

=c cc cs cfV V V V  ,                                 (14) 505 

where cfV  is the FRP contribution to the shear capacity of the critical chord and can 506 

be calculated as follows. 507 

 508 

For FRP complete wraps, 509 
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where fw  and ft  are respectively the width and the thickness of the FRP sheet; fs  514 

is the clear distance between two adjacent FRP sheets; ,f vd  is the effective tensile 515 

stress of the FRP sheet; fh  is the height of the FRP sheet; α is the angle between the 516 

axis of the beam and the orientation of the FRP; fdf  and fE  are respectively the 517 

tensile strength and the elastic modulus of the FRP sheet; ,fe v  is the effective strain of 518 

the FRP sheet; Ef  is the characteristic value of shear strengthening; fd  is the 519 

maximum tensile strain of the FRP sheet; and fn  is the layers of the FRP sheet. 520 

 521 

For FRP U-jackets or side bonded FRP sheets, 522 

2
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where fK  is the coefficient of FRP debonding; b  is bond strength between the 527 

FRP sheet and concrete;   is the coefficient of FRP strengthening scheme,  =1 for 528 

side bonded FRP sheets and  =1.3 for FRP U-jackets. 529 

5.4. Verification 530 

The feasibility of the above method is verified with the specimens collected from the 531 

literature [9, 27, 28, 30, 32-34] and specimens tested by the authors [19, 20], as listed 532 



in Table 4. As can be seen from Table 4, for all specimens that can be well predicted 533 

by the BC model with SECANT modulus, the flexural capacity of the critical chord is 534 

larger than its shear capacity, while for all specimens that can be well predicted by the 535 

DP model, the flexural capacity of the critical chord is smaller than its shear capacity. 536 

Therefore, the above proposed method for selection of FE approach is proved to be 537 

accurate. 538 

6. CONCLUDING REMARKS 539 

The present paper has presented a numerical study on the structural behaviour of RC 540 

T-section beams with an un-strengthened/FRP-strengthened web opening. A total of 541 

four FE schemes were examined, and on the basis of the FE modelling results, the 542 

following conclusions can be drawn: 543 

 544 

1) For the RC T-section beams with an un-strengthened web opening which 545 

exhibited a flexural failure mode, the DP model provides the best predictions; 546 

while for the RC T-section beams with an un-strengthened web opening which 547 

exhibited a shear failure mode, the BC model with SECANT modulus gives the 548 

best predictions; 549 

2) For the RC T-section beams with an FRP-strengthened web opening which 550 

exhibited a flexural failure mode, the DP model with the FRP confinement effect 551 

being properly considered provides the best predictions, while the BC model with 552 

either SECANT or INITIAL modulus of concrete significantly overestimates the 553 

ultimate load; 554 

3) In conjunction with the findings from the previous studies [19, 20], it can be 555 

concluded that the selection of the proper FE approach should depend on the 556 

possible failure mode of an RC beam with a web opening: the DP model is 557 

recommended for beams failing in a flexural mode, while the BC model with 558 

SECANT modulus is recommended for beams failing in a shear mode; 559 

4) A simple method, on the basis of the comparison between shear and flexural 560 

strength of the critical chord, was proposed in this paper for the proper selection of 561 

FE approach. The accuracy of this proposed simple method was validated with the 562 

tests collected from the literature as well as tests conducted by the authors; and 563 

5) It should be noted that the outcomes of the present study are also useful for RC 564 



beams with a web opening made for the passages of utility ducts/pipes, although the 565 

purpose of creating the web opening is different from that of the present study. In 566 

addition, the outcomes of the present study is only applicable to RC beams with a 567 

web opening located in a shear span of the beam, while for RC beams with a web 568 

opening located in the pure-bending region, further studies need to be conducted in 569 

the future. 570 
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(a) CB-Rec 716 

 717 

(b) CB-T 718 

 719 

(c) O-700×300-N 720 

Figure 1. Details of test specimen [19, 20] (dimensions in mm) 721 
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Figure 2. FRP strengthening system [19, 20] (dimensions in mm) 725 
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Figure 3. Typical FE mesh 731 
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 734 

(Note: E0=initial elastic modulus; Esec=secant modulus) 735 

Figure 4. Tensile stress-strain curve of concrete 736 
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 739 

(a) CB-Rec                           (b) CB-T 740 

Figure 5. Comparison of load-deflection curves between FE predictions and tests: 741 
control beams 742 
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 745 

(a) O-800×280-N                  (b) O-700×300-N 746 

 747 

(c) O-700×200-N                  (d) O-600×2200-N 748 

Figure 6. Comparison of load-deflection curves between FE predictions and tests: 749 
T-section beams with an un-strengthened web opening 750 
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(a) F-800×280-N                  (b) F-700×300-N 754 

 755 

(c) F-700×260-N                  (d) F-600×280-N 756 

 757 

(e) F-700×200-N                 (f) F-600×220-N  758 

Figure 7. Comparison of load-deflection curves between FE predictions and tests: 759 
T-section beams with an FRP-strengthened web opening tested in negative bending 760 
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(a) F-800×280-P                  (b) F-700×300-P 762 

Figure 8. Comparison of load-deflection curves between FE predictions and tests: 763 
T-section beams with an FRP-strengthened web opening tested in positive bending 764 
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Figure 9. Comparison of ultimate loads between FE predictions and tests 768 
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Figure 10. Comparison of crack patterns at ultimate state between FE predictions and 772 
tests 773 
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Table 1. Details of the test specimens [19, 20] 777 

Batch Specimen 

Opening size Web/flange 
chord 
height 
(mm) 

FRP 
strengthening 

Bending direction 

Cylinder 
compressive 
strength of 
concrete 
fc

’ (MPa)

Steel reinforcement in the web Steel 
reinforcem
ent in the 

flange 
length 
(mm) 

height  
(mm) 

Tension 
bars 

Compression 
bars 

Stirrups 

[1] 

CB-Rec NA NA NA No Negative bending(a) 42.5

4Φ20 
(deformed) 

3Φ20 
(deformed) 

Φ8@100 
(plain) 

-
CB-T NA NA NA No Negative bending 55.2

12Φ8 
(plain, 

placed in 
two rows) 

O-800×280-N 
800 280 120/100 

No Negative bending 42.5 
F-800×280-N Yes Negative bending 41.0
F-800×280-P Yes Positive bending 44.1
O-700×300-N 

700 300 100/100 
No Negative bending 42.5 

F-700×300-N Yes Negative bending 41.0 
F-700×300-P Yes Positive bending(b) 44.1 

[2] 

O-700×200-N 
700 200 200/100 

No Negative bending 36.2
F-700×200-N Yes Negative bending 39.6
O-600×220-N 

600 220 180/100 
No Negative bending 40.3

F-600×220-N Yes Negative bending 40.3
F-700×260-N 700 260 140/100 Yes Negative bending 42.0
F-600×280-N 600 280 120/100 Yes Negative bending 42.0

Note: (a) The beam flange was in tension; (b) The beam flange was in compression. 778 
 779 



Table 2. Material properties of the used steel rebars and FRP [19, 20] 

Properties 
Batch-1 Batch-2 

CFRP 
sheet Steel bars of 20 

mm in diameter
Steel bars of 8 

mm in diameter
Steel bars of 20 
mm in diameter

Steel bars of 8 
mm in diameter 

Yield stress 
(MPa) 

475 307 434 349 - 

Ultimate stress 
(MPa) 

625 447 559 526 2820 

Elastic modulus 
(GPa) 

203 203 203 203 227 

 

  



Table 3. Test and predicted ultimate loads 

Specimen 
Test 

result 
(kN) 

DP model 
(kN) 

BC model with 
SECANT modulus 

(kN)

BC model with 
INITIAL modulus 

(kN) 

Prediction 
Prediction 

/ 
test

Prediction 
Prediction 

/ 
test

Prediction 
Prediction 

/ 
test

CB-Rec 340 333.5 0.981 - - - - 
CB-T 510 510.5 1.00 - - - - 

O-800×280-N 181 158.9 0.878 203.4 1.12 243.0 1.34 
O-700×300-N 182 165.2 0.91 199.5 1.10 230.1 1.26 
O-700×200-N 300 236.5 0.788 366.1 1.22 429.6 1.43
O-600×220-N 316 243.8 0.772 404.0 1.28 461.6 1.46
F-800×280-N 219 221.5 1.01 295.1 1.35 325.6 1.49
F-700×300-N 207 216.8 1.05 294.0 1.42 320.8 1.55
F-700×260-N 270 296.0 1.10 375.1 1.39 406.7 1.51
F-600×280-N 260 279.7 1.08 407.8 1.57 417.8 1.61
F-700×200-N 410 406.4 0.991 435.5 1.06 457.6 1.12
F-600×220-N 388 407.4 1.05 437.5 1.13 459.6 1.18
F-800×280-P 215 249.6 1.16 253.8 1.18 288.2 1.34
F-700×300-p 228 277.1 1.22 277.5 1.22 300.7 1.32
Average =   0.999 1.25  1.38

STD =   0.129 0.153  0.150
CoV =   0.129 0.122  0.108
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Table 4. Comparison of the shear capacity and flexural capacity of the critical chord 1 

Source 

Specimen Shear capacity (kN) Flexural capacity (kN.m) (Mcs+Mcs)/l(c) (kN) Mode of failure 

Un-strengthened 
(US) 

FRP-strengthened 
(FS) 

US FS 
Mcs

(a) Mch
(b) 

US FS US FS 
US FS US FS 

Nie et al. 
[19, 20] 

O-700×300-N F-700×300-N 34.9 95.2 7.0 7.0 14.7 14.7 31.0 31.0 Flexure Flexure
O-800×280-N F-800×280-N 41.1 113.5 7.0 7.0 24.9 24.9 39.8 39.8 Flexure Flexure

 F-600×280-N 44.1 116.4 6.9 6.9 24.6 24.6 52.6 52.6 Flexure
 F-700×260-N 51.1 135.4 6.9 6.9 32.9 32.9 56.9 56.9  Flexure 

O-600×220-N F-600×220-N 64.8 172.6 6.6 6.6 48.9 48.9 92.6 92.6 Shear Flexure 
O-700×200-N F-700×200-N 71.7 191.4 6.5 6.5 57.0 57.0 90.7 90.7 Shear Flexure 

Teng et al. 
[9] 

O-500×150  93.1 5.6 82.9 177.1 Shear
 FRP-500×220 66.7 168.0 5.6 37.6 51.1 52.1 113.5 179.4 Shear

Maaddawy 
and Ariss 

[33] 

CN-500×120 
S1-500×120 

2.1 
22.0.

0.3 7.1 9.0 9.0 18.5 32.2 Shear Shear 
S2-500×120 23.1

CN-500×160 
S1-500×160 

2.1 
16.4

0.3 4.8 6.4 6.4 13.5 22.4 Shear Shear 
S2-500×160 17.0

Abdalla et 
al. [27] 

UO8 RO2 11.4 11.4 1.3 >1.3(d) 2.3 >2.3 18.3 >18.3 Shear Shear
UO9 RO3 11.6 11.6 1.4 >1.4 2.4 >2.4 12.5 >12.5 Shear Shear

Madkour 
[30] 

E2  4.5 1.0 4.2 8.7 Shear
E3  4.5 1.0 3.5 7.4 Shear
E4  4.5 1.0 2.6 6.0 Shear
E5  4.5 1.0 1.7 4.6 Shear

Allam [28] B2 B8 9.7 9.7 1.5 >1.5 7.3 >7.3 19.5 >19.5 Shear Shear
Suresh and 

Prabhavathy 
[34] 

NS250  6.24  0.5  2.9  13.5  Shear  

NS300  6.24  0.5  2.9  11.3  Shear  

Chin et al. 
[32] 

B3 B5 5.1 5.1 0.7 >0.7 1.0 >1.0 8.0 >8.0 Shear Shear 

Note: 2 
(a) The flexural capacity of the chord in sagging bending; 3 
(b) The flexural capacity of the chord in hogging bending; 4 
(c) The length of the chord; 5 
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(d) The flexural capacity of the chord after FRP-strengthening doesn’t need to be further calculated because the shear capacity of the chord after FRP strengthening is still 6 
smaller than the flexural capacity of the un-strengthened chord. 7 
 8 




