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ABSTRACT:  8 

To study the effects of infill wall on progressive collapse resistance of reinforced concrete (RC) 9 

frames with slabs, a macro finite element (FE) model was built using general purpose software 10 

OpenSees. The FE model was validated by existing test results. Then, the model was subsequently 11 

used to predict the progressive collapse potential of eight-story RC frame including slabs and infill 12 

walls. The numerical studies demonstrated that the inclusion of the slabs and infill walls could 13 

increase the ultimate load and initial stiffness by 70% and 169%, respectively, compared with the 14 

bare frame. The infill walls not only changed the load resisting path but also effectively improved 15 

the load redistribution ability of the frame. To evaluate the reliability of using a two-story sub-16 

structure to investigate the progressive collapse behavior of a multi-story building, the resistance of 17 

each story of a multi-story building in case of column missing is compared. It was found that the 18 

resistance of each story was similar, except the first story. Finally, a series of parameter studies were 19 

carried out to quantify the effects of opening ratio, thickness and compressive strength of the infill 20 

walls on the progressive collapse performance of RC frame.  21 

 
* Corresponding author:  E-mail address: feng.fu.1@city.ac.uk 
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1. Introduction 23 

Progressive collapse refers to the final damage zone is not proportional to the initial damage caused 24 

by accidental load. The occurrence of progressive collapse, such as the collapses of Ronan Point in 25 

1968 and Word Trade Center in 2001, often leads to heavy casualties and huge property losses. The 26 

disastrous consequences of progressive collapse have brought great attention in structural 27 

engineering communities. 28 

To deeply understand the load resisting mechanisms of RC frame under progressive collapse. 29 

A number of studies had been carried out based on Alternate Load Path (ALP) method. In the ALP 30 

method, one or several critical structural members, such as column, are removed notionally to 31 

simulate the initial damage. Then, concentrated load is applied on the top of the removed column to 32 

evaluate the ability of the remaining structure to bridge the initial damage. Yi et al. [1] conducted a 33 

quasi-static test of a 1/3 scale four-bay and three-story planar RC frame. It was found that the load 34 

resisting mechanisms such as flexural action and tensile catenary action (TCA) could be mobilized 35 

successively to resist progressive collapse. Su et al [2] and Yu and Tan [3] conducted experimental 36 

and analytical investigations on the progressive collapse behavior of beam-column sub-assemblages 37 

under middle column removal scenario. It was found that the effect of compressive arch action (CAA) 38 

increased with the decreased of span-depth ratio of the beam. The experimental results of Deng et 39 

al. [4] indicated that the use of high-strength concrete (HSC) could significantly enhance the CAA 40 

capacity, especially for the beams with low span-depth ratio. However, the high bond strength 41 

between the HSC and rebars may lead to premature fracture of the rebars, which hindered the further 42 

development of the TCA. Kim and Choi [5] conducted a test on five RC beam-column sub-43 
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assemblages with and without strengthening. The test results indicated that the use of unbonded 44 

strands or side plates with stud bolts could greatly increase the progressive collapse resisting capacity 45 

of RC frames. For precast concrete (PC) beam-column structures, the CAA capacity and TCA 46 

capacity largely depended on joint detailing. Qian et al. [6-7] conducted static and dynamic tests on 47 

several series of PC beam-column sub-assemblages with high-performance dry connections. The 48 

failure modes and load resisting mechanisms of PC frames, which were different form conventional 49 

RC frames, were discussed. Yi et al. [8] conducted experimental studies on the performance of 50 

single-story RC flat plate structure following the loss of an interior column. It was found that 51 

compressive membrane action (CMA) and tensile membrane action (TMA) were the alternate load 52 

paths for the flat plate structure to mitigate progressive collapse. The effects of different 53 

strengthening methods on the collapse resistance of flat slab structures were experimental studied 54 

by Qian and Li [9-10]. In their works, a load distribution tree was designed to apply equivalent 55 

uniformly distributed load. Lu et al. [11] investigated the effects of beam height, slab thickness, and 56 

seismic details on RC beam-slab structures against progressive collapse. The contribution of CAA, 57 

TCA, CMA, and TMA for beam-slab substructures to resist progressive collapse was studied by 58 

Qian et al. [12-14]. Weng et al. [15] carried out numerical investigation on load redistribution 59 

capacity of multi-story flat slab substructures to resist progressive collapse. Gard et al. [16] 60 

numerically evaluated the effect of perimeter beams and shear walls on the static and dynamic 61 

response of flat slab structure to resist progressive collapse. The test results indicated that perimeter 62 

beams and shear walls can provide proper distribution of load path and hence reducing progressive 63 

collapse risks of flat slab structure.        64 

In recent years, some researchers had paid attention to the effects of non-structural element, 65 
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such as infill walls, on the load resistance of RC frame against progressive collapse. Li et al. [17] 66 

experimentally and numerically investigated the effects of infill walls on RC frames to resist 67 

progressive collapse. Their study showed that the infill walls could remarkably increase the load 68 

resisting capacity and initial stiffness but reduce ductility of the frames. Qian and Li [18] tested three 69 

bare frames and corresponding infilled frames under the loss of a penultimate column scenario. The 70 

experimental results concluded that full-height solid infill walls could increase the first peak load 71 

and initial stiffness by 260% and 900%, respectively. Moreover, infill walls could help to reduce the 72 

shear deformation of the beam-column joints. Baghi et al. [19] demonstrated that masonry walls can 73 

increase the energy dissipation capacity and the toughness of the infilled frame 270% higher than 74 

bare frame. Brodsky and Yankelevsky [20] experimentally assessed the contribution of infill 75 

masonry walls to resist progressive collapse. It was concluded that the infill masonry wall can 76 

enhance vertical resistance of bare frame by around 280% on average and up to 500%. According to 77 

numerical studies [21-23], the use of masonry infill walls for multi-story building can considerably 78 

increase robustness. Furthermore, studies [24-28] proved that, even with openings, infill walls could 79 

greatly improve the performance of bare frames significantly.   80 

As mentioned above, existing studies found that infill walls could improve the behavior of RC 81 

frames to resist progressive collapse even the infilled walls were punched. However, according the 82 

summary by Ibrahim et al. [29], most of the current research focused on two-dimensional (2D) sub-83 

structures. In reality, the frames had RC slabs and transverse beams, which could increase the load 84 

resisting capacity significantly [14]. Thus, the enhancement efficiency of the infilled walls might be 85 

over-estimated based on 2D test models. Moreover, majority of existing studies on influence of 86 

infilled wall were just based on low-story frames. The effects of infilled walls on multi-story 87 
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buildings were still unclear. Thus, it was necessary to conducted studies on influences of infilled 88 

walls on three-dimensional (3D) multi-story buildings with transverse beams and RC slabs. In 89 

considering time and cost consumption, high computational FE software OpenSees was adopted for 90 

this numerical analysis. An 8-story RC frames was replicated after proper validation. Then, 91 

parametric studies were carried out to comprehensively understand the effects of infilled walls. 92 

2. Numerical model and validation 93 

2.1 Modeling details  94 

In this study, the numerical models were built up by FE software OpenSees. Beams and columns 95 

were modeled using displacement-based nonlinear beam column elements (i.e., dispBeamColumn) 96 

with five Gauss-Legendre integration points along the element length. Infill walls were replicated 97 

by equivalent compressive struts, which were modeled using truss elements. T or L section was used 98 

to simulate the slab contribution. The effective flange width of each side was equal to four times of 99 

the slab thickness as suggested by Sasani [30]. Fiber division of these sections are shown in Fig. 1. 100 

The constitutive relationship of the materials was shown in Fig. 2. Steel02, a uniaxial Giuffre-101 

Menegotto-Pinto steel material model with isotropic strain hardening was used to simulate 102 

reinforcement. Material MinMax was employed to define the failure strain of reinforcement. 103 

Concrete02 was employed to simulate the concrete material, which could consider the linear tensile 104 

performance of the concrete. Confinement was specified by the stress-strain relationships of Kent-105 

Park model [31] modified by Scott et al. [32]. The concrete material concrete01 ignoring the tensile 106 

strength was employed to simulate the behavior of the equivalent compressive struts as tensile 107 

strength of infill walls was so low. According to Tsai and Huang [33-34], the compressive strut width 108 

of the wall panel a  was determined as: 109 
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To simulate the interaction between infill wall and frame, single-strut model [37], double-strut 117 

model [38] and triple-strut model [39] were all used and compared. The layout of single-strut, 118 

double-strut, and triple-strut model were shown in Figs. 3(a), (b) and (c), respectively. It should be 119 

noted that, equivalent struts actually were applied in both two diagonal directions, but only the strut 120 

in one of the directions was illustrated herein. As shown in the Fig. 3(b), the contact length of the 121 

double struts was calculated as / 3z [40], and z  was determined by / (2 )  [41]. According to 122 

El-Dakhakhni et al. [39], the contact length of the struts on the beam ( b bl )  and column ( col colh ) 123 

of the triple-strut model were suggested as Eqs. (3) and (4), respectively. 124 
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where b  is the ratio of beam contact length to the span of beam; col is the ratio of column contact 125 

length to the height of column; pbM  and pcM are the beam and column plastic moment capacities, 126 

respectively; pjM  is the minimum of pbM or pcM ; b  and col  are the bending moment reduction 127 
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factor of the beam and column, both of them taking 0.2; 90mf −  is infill wall compressive strength 128 

perpendicular to bed joints, 90 = m mf f− , 0mf −  is infill wall compressive strength parallel to bed joints, 129 

0 = 0.7m mf f−  [42]. 130 

For the frame with partial infill walls, infill walls around the openings should be divided into 131 

independent region and each region was modeled by a pair of diagonal equivalent compressive struts, 132 

the width of which was calculated by Eqs. (1) and (2) [25], [43-44]. It should be noted that, the 133 

effective struts width of infill region w   is assumed as / 2a , because the frame members 134 

constraining only one side of diagonal region [25], [43]. For example, as shown in Fig. 4, a 135 

perforated infill wall of Specimen WF-L would be introduced in follow Section 2.2, which can be 136 

divided in to four regions, and replaced by strut 1, 2, 3 and 4, respectively. For the macro model for 137 

WF-L, w  is 61 mm for strut 1, 1’and 3, 3’, 56 mm for strut 2, 2’, 79 mm for strut 4, 4’ as shown in 138 

Fig. 4.    139 

2.2 Model validation  140 

To validate the reliability of numerical models, experimental results presented by authors’ 141 

published paper [28] were utilized for comparison. As presented in Qian et al. [28], a series of five 142 

1/4 scaled RC frames with and without infill walls were tested to assess the progressive collapse 143 

resistance under the scenario of loss of a penultimate column. Specimen WF with solid infill walls 144 

and Specimen WF-L with punched infilled walls were carried out. The geometry and reinforcement 145 

details of WF-L was shown in Fig. 5. Specimens WF and WF-L have identical RC frame but different 146 

infill walls. The concrete cylinder compressive strengths of WF and WF-L measured on the day of 147 

testing were 34 MPa and 32 MPa, respectively. The measured compressive strength and shear 148 

strength of masonry unit were 10.5 MPa and 1.1 MPa, respectively. The properties of reinforcements 149 

were shown in Table 1. Regarding more detailed results, please refer to Qian et al. [28]. For WF, the 150 
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compressive strut width a  for single-strut was calculated as 157 mm. The contact length of the 151 

struts b bl and col colh  for triple-strut model were calculated as 87 mm and 122 mm, respectively. 152 

Comparison of load-displacement curves from tests and numerical models, as shown in Fig. 6(a). 153 

The first peak load obtained from single-strut, double-strut, and triple-strut models are 128 kN, 107 154 

kN, and 135 kN, respectively. Thus, the errors of the first peak load from the single-strut, double-155 

strut, triple-strut models were 12%, 6% and 18%, respectively. As shown in the figure, all three 156 

models were able to simulate the interaction between the infill wall and the surrounding frame well, 157 

especially the single-strut and double-strut model could accurately reflect the general characteristic 158 

of the load-displacement curve. Thus, single-strut model was utilized for simulation of WF-L and 159 

following parametric studies. As shown in Fig. 6(b), the numerical simulations with single-strut 160 

model agreed with the test results of WF-L well.     161 

To evaluate the reliability of numerical models for 3D frames with or without slabs, 162 

experimental results (T1 and S1) presented by authors’ another paper [14] were utilized for 163 

validation. As shown in Fig. 7, T1 is a crisscross frame with five columns, four beams. The 164 

dimensions of the columns were 200 × 200 mm, which was enlarged for preventing damage in the 165 

columns. The center-to-center spans of the transverse and longitudinal beams were 1,500 and 2,100 166 

mm, respectively. Moreover, the cross-sectional dimensions of transverse and longitudinal beams 167 

were 140 × 80 mm and 180 × 100 mm, respectively. S1 is a 2×2 bay single-story beam-slab sub-168 

structure, including nine columns, twelve beams, and a 55 mm RC slab. The cross-sectional 169 

dimension of beams and columns of Specimen S1 are identical to Specimen T1. The measured 170 

cylinder compressive strengths of concrete were 21.5 MPa and 21.4 MPa for T1 and S1, respectively. 171 

The properties of reinforcements were shown in Table 1.  172 
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     Comparison of the load-displacement curve of T1, as shown in Fig. 8(a), indicated that the 173 

numerical model could reflect the development of CAA and TCA well. The first peak load obtained 174 

from experimental and numerical result was 67 kN and 66 kN, respectively. For S1, as shown in Fig. 175 

8 (b), the numerical model could predict the first peak load, ultimate load, and ultimate displacement 176 

well. The first peak load and ultimate load obtained from test were 115 kN and 169 kN, respectively. 177 

However, that from numerical results were 114 kN and 170 kN, respectively. Based on these 178 

validation, multi-story 3D frames including slab components were built up. 179 

3. Extended studies 180 

3.1 A multi-story 3-D frame model 181 

As shown in Fig. 9, an 8-story building was designed in accordance with ACI 318-14 (2014) 182 

[45], [46-49]. The building has span length of 6000 mm in Y-direction and 4200 mm in X-direction, 183 

story height of the first story and upper stories are 3600 mm and 3300 mm, respectively. The design 184 

live load is 2.0 kN/m2 and the dead load including self-weight is 6.4 kN/m2. The cross-section of 185 

column is 550 mm×550 mm. The cross-section of beams in the X and Y direction are 500 mm×300 186 

mm and 550 mm×300 mm, respectively. The thickness of slab is 120 mm. Fig 9(c) illustrates the 187 

reinforcement details of the beams, columns, and slabs. The cylinder compressive strength of 188 

concrete was assumed to be 24 MPa. The yield strength and ultimate strength of longitudinal 189 

reinforcement was assumed as 400 MPa and 540 MPa respectively. The compressive strength of 190 

masonry unit was 3.8 MPa. 191 

To quantify the effects of infill walls and slabs on load resisting capacity of multi-story RC 192 

frames, FE models of bare frame (BF), bare frame with slabs (SF1), infilled frame (WF1) without 193 

slabs and infilled frame with slabs (SWF1) were built accordingly. For the infilled frame, except the 194 
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first story, all the upper stories contained infill walls. Fig. 10 shows the overall configuration of the 195 

model of 8-story of infilled frame. As shown in the figure, each infill wall panel was replaced by a 196 

pair of equivalent struts. Then, quasi-static analyses for these models subjected to the loss of a middle 197 

column in X-direction (hereinafter referred to as "middle column") were carried out.  198 

3.2 Overall load resistance of the frame 199 

To quantify the load resistance contribution of the slab and infill wall to resist progressive 200 

collapse, the load resistance of infilled frames was quantified by subtracting the load resistance of 201 

frames with slab and infilled frames by that of bare frame at the critical displacement. As shows in 202 

Fig. 11, the first peak load of BF1 was obtained as 4596 kN at a displacement of 85 mm. Beyond 203 

this point, load resisting capacity began to drop due to concrete crushing. When the displacement 204 

further increased to 720 mm, the TCA capacity of 4100 kN was obtained. As shown in Table 2, the 205 

initial stiffness of Model BF1 was 267×103 kN/m. For Model SF1, the initial stiffness was 360×103 206 

kN/m, which was 35% higher than that of BF1. When the displacement reached 88 mm, the first 207 

peak load of 5923 kN was achieved, which was 129% of that of BF1. The load resistance re-208 

ascending was observed when the displacement reached 570 mm due to the development of TCA 209 

and TMA. The ultimate load capacity of SF1 was measured to be 4956 kN at a displacement of 650 210 

mm. Beyond this point, the resisting load capacity dropped sharply to 4482 kN because of fracture 211 

of the longitudinal reinforcement. For infilled frame WF1, the initial stiffness of 665×103 kN/m, 212 

which was 249% of that of BF1. When the displacement reached 27 mm, the first peak load of 6881 213 

kN, which is 150% of BF1, was measured. When the displacement increased to 712 mm, the load 214 

capacity of TCA reached 4595 kN, which was 67% of the first peak load. For Model SWF1, 215 

considering both effects of slab and infill wall, the initial stiffness was 717×103 kN/m, which was 216 

268% of that of BF1. The first peak load of 7812 kN was obtained at a displacement of 29 mm, 217 
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which was 170% of that of BF1. At a displacement of 648 mm, the load capacity of TCA was 5361 218 

kN, which is 69% of the first peak load.       219 

The comparison of load-displacement indicated that ignoring the effects of slabs and infilled 220 

walls was very conservative when evaluating the load resisting capacity of RC structures to mitigate 221 

progressive collapse, as shown in Fig.11. Moreover, evaluation of the efficiency of infill walls based 222 

on 2D model, which ignored the slab contribution, may over-estimate the efficiency.  223 

3.3 Axial force in beams  224 

Fig. 12 shows the variation of axial force of the beams in the first, fourth, and eighth story 225 

above the removed column. In X-direction, only the axial force of the beam on the right side of the 226 

removed column is presented due to symmetric. For the beam of BF1 and SF1 in X direction, 227 

compressive axial force was observed initially, which implicitly reflected the development of the 228 

CAA. It was seen that the compressive force in the beam of the first story was largest, this could be 229 

attributed to the strongest boundary condition of the first story. For the same reason, the greatest 230 

tensile axial force was also developed in the beam on first story. Different from BF1 and SF1, the 231 

beams of infilled structures WF1 and SWF1 in X direction experienced tensile axial force first. This 232 

is because the infill wall transferred majority of the load by the equivalent compressive struts. The 233 

equivalent compressive struts prone to push the side joints outward. As a result, tensile force was 234 

developed in the beams in X direction. With the increase of displacement, the axial force of the 235 

beams in the X direction of WF1 and SWF1 exhibited similar trend to BF1 and SF1. Regarding the 236 

beam in Y direction, it was found that the first story beam of the structures without slab experienced 237 

compressive axial force during the collapse process, whereas the axial force developed in the beams 238 

in other stories was tensile. Additionally, it was found that the higher the story, the larger the axial 239 

force. The axial forces in the beams of SF1 and SWF1 were much greater than the ones in BF and 240 
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WF1, as the beams of SF1 and SWF1 included flanges provided larger tensile force at large 241 

deformation stage. Therefore, the influence induced by the infill walls on the development of the 242 

beam axial force was mainly reflected at the initial loading stage, but had little effect on the 243 

subsequent loading history. 244 

3.4 Load resistance at each story  245 

Figs. 13 (a) and (b) illustrate the load resistance of each story in model BF1 and SWF1, 246 

respectively. For BF1, it was found that the load resistance of each story was almost the same except 247 

the first story. At the initial loading stage, the first peak load of the first story was higher than other 248 

stories because the first story had the strongest boundary condition. As shown in Fig. 14, the joints 249 

of the first story experienced the smallest horizontal outward movement, which implicitly indicated 250 

that the first story had the strongest boundary constraints. However, the resistance of the first story 251 

is close to other story with the increase of displacement. Differently, the first story of SWF1 had the 252 

lowest resistance as no infill wall was built in this story. The eighth story had the second lowest 253 

resistance due to relatively lower boundary condition. However, the second to seventh story achieved 254 

similar resistance. In summary, the different between the resistance of each story could be attributed 255 

to the different boundary condition.   256 

3.5 Load redistribution  257 

Generally, the corner column had highest vulnerability for terrorist attack and vehicular impact 258 

[50-53]. Thus, it was necessary to evaluate the effects of infill walls on the structures subjected to 259 

the loss of a corner column removal. As shown in Fig. 15, the suffixes "-M" and "-C" distinguished 260 

the loss of the Middle column and Corner column, respectively. For SF1-C, the first peak load and 261 

the initial stiffness were 3307 kN and 163×103 kN/m, respectively, which were only 56% and 45% 262 

of that of SF1-M, respectively. In comparison, the first peak load and initial stiffness of SWF1-C 263 
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were 4793 kN and 359×103 kN/m, which were 45% and 120% higher than those of SF1-C, 264 

respectively.           265 

When a building experiences a column suddenly removed, the axial force initially sustained by 266 

the removed column would be redistributed to adjacent columns. To study the load redistribution 267 

behavior of the frames with and without infill walls, the reaction force of the adjacent columns was 268 

outputted. Figs. 16(a) and (b) respectively illustrate the load redistribution ratio of Model SF1and 269 

SWF1 at the stage of first peak load. For Model BF1, as shown in Fig. 16 (a), after the removal of 270 

middle column (column A-4), approximately 34%, 34% and 24% of the axial force was redistributed 271 

to the adjacent columns A-3, A-5 and B-4, respectively, while the load redistribution ratios of other 272 

columns were so small to be ignored. For model SWF1, similar to SF1, most of the load was 273 

redistributed into the adjacent columns A-3, A-5 and B-4. However, their load redistribution ratios 274 

were decreased, indicating that the infill wall successfully transferred the redistributed load to other 275 

columns, especially those in plane of the infill walls.        276 

Fig. 17 (a) shows the load redistribution ratios of each column after removing the corner column 277 

(A-1 column) of SF1. As shown in the figure, at the stage of first peak load, 61% and 45% of the 278 

load were redistributed into Column A-2 and Column B-1, respectively. Due to the relatively single 279 

load transfer path, only 3% and 0% of the axial force were redistributed into Columns A-3 and C-1, 280 

respectively. As shown in Fig. 17(b), after the conner column of SWF1 has been removed, 49% and 281 

39% of the load were redistributed to Column A-2 and Column B-1, respectively. Compared to SF1, 282 

more load was redistributed into Column A-2 and Column B-1. Therefore, the enhancement 283 

effectiveness of the infill wall was greater in the scenario of a corner column loss. 284 

3.6 Dynamic progressive collapse resistance  285 

In this study, nonlinear static analysis was used. However, the dynamic effect should be 286 
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considered due to the nonlinear dynamic nature of progressive collapse. Energy-based method is one 287 

of the most widely used methods to transfer the static resistance to dynamic resistance [54-55]. 288 

According to the framework proposed by Izzuddin et al. [56] shown in follows 289 

d

0

1
( ) ( )

du

d NS

d

P u P u du
u

=                             (6) 290 

where d ( )P u  and ( )NSP u  are the dynamic progressive collapse resistance and static progressive 291 

collapse resistance estimated at the displacement demand u, respectively.  292 

As shows in Fig. 18, the dynamic resistance of models BF1, SF1, WF1, and SWF1 were 293 

determined as 4232 kN, 5311 kN, 5629 kN, and 6524 kN, respectively. Therefore, when dynamic 294 

effect was considered, the load resistance of models SF1, WF1, and SWF1 were increased by 25%, 295 

33%, and 54% compared with BF.  296 

4. Parametric studies 297 

4.1 Effects of opening ratios 298 

To study the effects of opening ratios of infill wall on the load resistance, 8-story frames with 299 

21%, 32%, 42% and 53% opening ratio in the infill wall were modeled and compared with the frame 300 

with solid walls. Schematic diagrams of opening layout of the infill wall in different models are 301 

shown in Fig. 19. The load-displacement curves and normalized first peak load of the models with 302 

different opening ratios are shown in Figs. 20 and 21, respectively. With the opening ratio of 21%, 303 

32%, 42%, and 53%, the infilled frames obtained the first peak load of 7581 kN, 7241 kN, 6818 kN, 304 

and 6275 kN, respectively, which was 3%, 7%, 13%, and 20% lower than that of the model with 305 

solid wall SWF1. This indicated that even the opening ratio achieved 53%, the decrease of the first 306 

peak load was only 20 %. Thus, it was over-conservative to ignore the effects of infill walls when 307 

opening existed.    308 
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4.2 Effects of number of stories  309 

Based on Model SF1, a series of 2-story, 4-story, and 6-story bare frames with slab were built, 310 

which were collectively called as SF series. Similarly, the SWF series considering both of slab and 311 

infill wall were built by referring to Model SWF1. It should be noted that, expect the first story, all 312 

the upper stories contain infill walls. As shown in Fig. 22, for the SF series, the first peak load of 2-313 

story, 4-story, 6-story, and 8-story frames were 1517 kN, 2988 kN, 4455 kN and 5923 kN, 314 

respectively, which increased proportionally. For the SWF series, the first peak load of 2-story, 4-315 

story, 6-story, and 8-story frames were 1930 kN, 3791 kN, 5856 kN, and 7812 kN, respectively. Thus, 316 

the first peak load of 4-story, 6-story, and 8-story frames was 2 times, 3 times and 4 times of that of 317 

2-story frame, respectively. Moreover, the first peak load of SWF series frames was approximate 1.3 318 

times of that of SF series with the same number of stories. Thus, the story number may not affect the 319 

enhancement efficiency of the infill walls and slabs.  320 

4.3 Effects of thickness of infill walls  321 

The effect of variation in the thickness of infill walls on the resistance of the infilled frame 322 

SWF1 is presented in Fig. 23. According to Eqs. (1) and (2), the equivalent diagonal compressive 323 

struts width would change with the variation of the thickness of infill walls, as shown in Table 3. For 324 

the infilled frame with infill thickness of 0.4, 0.6, 0.8, 1.0 and 1.2 times of the designed thickness 325 

(190mm), the corresponding first peak load was 6179 kN, 6715 kN, 7274 kN, 7812 kN, and 8414 326 

kN, respectively. When the thickness increased by 0.2 times of the designed thickness, the first peak 327 

load can increase by 7% - 9%, showing a linear growth. As shown in Table 3, the increase of the 328 

thickness can significantly increase the structural initial stiffness.  329 

4.4 Effects of compressive strength of infill walls  330 

The effects of variation in the compressive strength of infill walls on the structural resistance 331 

is illustrated in Fig. 24. As shown in the figure, for the infilled frame with the compressive strength 332 
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of infill panel of 0.25, 0.5, 0.75, 1.0 and 1.25 times of the designed value of 3.8 MPa, the 333 

corresponding first peak load was 6004 kN, 6438 kN, 7129 kN, 7812 kN, and 8554 kN, respectively. 334 

When the compressive strength of infill wall was increased by 0.25 times of 3.8 MPa from 1.9 MPa 335 

to 4.75 MPa, the first peak load can increase by 7% to 11%. Compare to the frame without infill wall 336 

(SF1), compressive strength of 0.25 times of 3.8 MPa only increase the first peak load by only 1%, 337 

which can be ignored.     338 

5. Conclusions 339 

In this paper, macro FE models were utilized to study the effects of infill walls on progressive 340 

collapse resistance of multi-story RC frames. After validation, a series of 8-story frames were built 341 

and compared to quantify the resistance contribution of slab and infilled wall. In addition, extended 342 

studies were carried out to investigate the effect of infill walls on load resistance at each story and 343 

load redistribution behavior of the frames. A series of parameters studies on opening ratios, number 344 

of stories, thickness and compressive strength of the infill walls were carried out. The main 345 

conclusions of this study are as follows： 346 

1. The numerical model could simulate the effects of infill walls and slabs well. Although tripe-347 

strut model for infill wall simulation could predict the load-displacement curve of test results 348 

best, the accuracy of single-strut model is acceptable. Moreover, numerical results indicated 349 

that using T-shape and L-shape section with beam flange width of 4 times of slab thickness in 350 

each side was able to reflect the effect of the slab well.   351 

2. Based on solid validation, a full-scale 8-story 3D frame model was built up for evaluation the 352 

influence of infill walls and RC slabs in realistic situation. It was found that the infill wall could 353 

increase the initial stiffness and the first peak load of the planar frames up by 149% and 50%, 354 
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respectively. For 3D frames with slabs, the infill wall increased the initial stiffness and the first 355 

peak load by 99% and 32%, respectively. Thus, the enhancement efficiency of the infill wall 356 

was reduced when RC slab and transverse beams were included in the models. However, 357 

ignoring the effects of infill walls was over-conservative even the infill walls have opening ratio 358 

as large as 53%. It was found that the RC slab could increase the first peak load of the multi-359 

story frame by 29% and 23%, when infill walls were excluded and included, respectively.  360 

3. According to the discussion on the beam axial force, it was found that the infill wall transferred 361 

majority of the load initially but had little effects on the load resistance at large deformation 362 

stage. Based on the load redistribution results of the infilled frame, it was found that, due to 363 

exist of the infill wall, the load initially resisted by the removed column was more uniformly 364 

redistributed to surrounding columns. 365 

4. For bare frames, the beams in the first story had greatest compressive arch action and tensile 366 

catenary action due to strongest horizontal boundary constraints. It was found that the story 367 

number may not affect the enhancement efficiency of the infill walls and slabs. The thickness 368 

and compressive strength of infill walls may affect the enhancement efficiency of infill walls 369 

significantly. However, when the compressive strength as low as 0.95 MPa, the influence of 370 

infill walls could be ignored. 371 
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Table 1-Reinforcements properties 540 

Specimen Items d (mm) fy (MPa) fu (MPa) δ /% 

WF&WF-L T10 10 515 594 16.9 

R6 6 449 537 13.3 

R3 3 417 479 9.7 

T1&S1 T16 

T13 

Tt 

16 529 608 14.3 

T13 

T13 

Tt 

13 535 611 11.6 

T10 

R6 

10 437 568 13.1 

R6 6 355 465 17.5 

Note: d, fy, fu and δ mean nominal diameter, yield strength, ultimate strength and elongation of reinforcement, 541 

respectively. 542 

 543 

Table 2-Summary of simulated results 544 

Model 

ID 

Model Description Critical Load (kN) Critical Displacement (mm) K 

(×103 kN /m) FFPL FT uFPL uT 

BF1 Bare frame 4596 4100 85 716 267 

SF1 Bare frame with slab 5923 4956 88 650 360 

WF1 Infilled frame 6881 4595 27 712 665 

SWF1 Infilled frame with slab 7812 5361 29 648 717 

Note: FFPL, FT, uFPL and uT mean first peak load capacity, ultimate load capacity from tensile catenary and their 545 

corresponding displacements, respectively; K means initial stiffness. 546 

 547 
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Table 3-Equivalent strut width and calculated results under different thicknesses of infill wall 548 

inft  (mm) 
Equivalent strut widths (mm) 

FFPL (kN) K (×103 kN /m) 
1a  

2a  
3a  

0.4
inft  553 694 488 6179 484 

0.6
inft  531 666 469 6715 565 

0.8
inft  516 647 456 7274 643 

1.0
inft  504 633 446 7812 717 

1.2
inft  495 622 438 8414 795 

Note: 
mf means compressive strength of infill wall;

1a , 
2a , 

3a are the equivalent diagonal strut widths corresponding 549 

to the area (width × height) of 3650mm×2800mm, 5450mm×2750mm and 2150mm×2750mm, respectively 550 

 551 

Table 4-Equivalent strut width and calculated results under different compressive strength of 552 

masonry units 553 

mf (MPa) 
Equivalent strut widths (mm) 

FFPL (kN) K (×103 kN /m) 
1a  

2a  
3a  

0.25 mf  580 727 512 6004 421 

0.5 mf  541 679 478 6438 525 

0.75 mf  519 652 459 7129 624 

1.0 mf  504 633 446 7812 717 

1.25 mf  493 619 436 8554 814 

Note: 
mf means compressive strength of infill wall;

1a , 
2a , 

3a are the equivalent diagonal strut widths corresponding 554 

to the area (width × height) of 3650mm×2800mm, 5450mm×2750mm and 2150mm×2750mm, respectively 555 

 556 

 557 

 558 

Fig. 1 Fiber division of various sections 559 

 560 

 561 

 562 

Fig. 2 Constitutive relationship of materials  563 
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 566 

(a)                    (b)                  (c) 567 

Fig. 3 Equivalent model for full-height infill walls: (a) single-strut model; (b) double-strut model; 568 

(c) triple-strut model 569 

 570 

  1 571 

Fig. 4 Infill wall with openings represented by equivalent struts 572 

 573 

 574 

 575 

Fig. 5 Dimension and reinforcement details of Specimen WF-L (unit: mm) 576 
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   577 

     (a)                              (b) 578 

Fig. 6 Comparison of tested and simulated load-displacement curve: (a)WF; (b)WF-L  579 

 580 

 581 

Fig. 7 Dimension and reinforcement details of Specimen S1 (unit: mm) 582 
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 586 

     (a)                              (b) 587 

 588 

Fig. 8 Comparison of tested and simulated load-displacement curve: (a)T1; (b)S1  589 

 590 

 591 

  592 

            (a)                                   (b) 593 

 594 

(c) 595 

Fig. 9 Geometric dimensions and cross-sectional detailing of frame: (a) plan view, (b) elevation 596 

view, (c) cross section of RC frame (unit: mm) 597 
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 599 

Fig. 10 General view of the model of 8-story RC infilled frame 600 

 601 

 602 

 603 

Fig. 11 Comparison of load-displacement curve of different model 604 

 605 

    606 

(a)                              (b) 607 
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  608 

(c)                              (d) 609 

Fig. 12 Axial force of beams in each layer above the failed column: (a) BF1; (b)SF1; (c) WF1; (d) 610 

SWF1 611 

 612 

 613 

(a)  614 

 615 

(b) 616 

Fig. 13 Load resistance of each story: (a) BF1; (b) SWF1 617 

 618 

 619 
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Fig. 14 Horizontal movement of the joints at different stories of BF1  620 

 621 

Fig. 15 Resistance comparison of the frame between the corner column failure and the middle 622 

column failure 623 

 624 

 625 

   626 

(a)                              (b) 627 

Fig. 16 The ratio of load redistribution when the middle column failure: (a) SF1; (b) SWF1  628 

    629 

  630 

(a)                              (b) 631 

Fig. 17 The ratio of load redistribution when the corner column failure: (a) SF1; (b) SWF1 632 

 633 

Middle column

A

1 2 3 4 5 6 7 8

B
C

D

Middle column

A
1 2 3 4 5 6 7 8

B
C

D

A

Corner
column

1 2 3 4 5 6 7 8

B
C

D

A

Corner
column

1 2 3 4 5 6 7 8

B
C

D



31 

 

 634 

Fig. 18 Dynamic performance of models 635 

 636 

 637 

 638 

Fig. 19 Layout of infill wall with different opening ratios: (a) 21%; (b) 32%; (c) 42%; (d) 53% 639 

 640 

Fig. 20 Effects of opening ratio of external wall on structural resistance 641 
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 643 

Fig. 21 The first peak load capacity of infilled frame with different opening ratios 644 
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 646 

Fig. 22 Effects of story number on the first peak load capacity of structure 647 

 648 

Fig. 23 Effects of thickness of infilled wall on structural resistance 649 

 650 

Fig. 24 Effects of compressive strength of infilled walls on structural resistance 651 
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