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Abstract 10 

The existing studies have demonstrated relatively weak robustness of non-seismically designed 11 

reinforced concrete (RC) frames against collapse than seismically designed RC frames, causing the 12 

demand of efficient strengthening schemes to enhance their collapse-resistant capacity. Therefore, this 13 

paper presents an experimental program aiming at strengthening the collapse-resistant capacity of non-14 

seismically designed RC frames using carbon fiber reinforced polymer (CFRP). A total of seven sub-15 

frames were tested, of which the penultimate column or edge column was notionally removed to replicate 16 

the initial damage caused by accidental loads. Two sub-frames without strengthening were tested first as 17 

reference tests. Similar to existing research outcomes, the referential sub-frames experienced premature 18 

rebar fracture at the beam ends near the removed column, resulting in a severe softening in load resistance. 19 

Whilst the load resistance could reascend, the fracture of the rebar at the beam ends near the side columns 20 

only allowed an insufficient mobilization of catenary action (CA). In addition, the side joint of the 21 

referential sub-frame representing a penultimate column removal scenario suffered significant damage.  22 

Subsequently, five strengthening schemes were applied to the referential sub-frame, they are designed to 23 

increase the compressive arch action (CAA) capacity or CA capacity, or both the CAA and CA capacities 24 

through CFRP strengthening. Test results demonstrated that the proposed strengthening schemes in this 25 

paper can efficiently increase the load resistance at the CAA and CA stages but failed to mitigate the 26 

severe load resistance softening. The strengthening scheme planned to increase the CAA capacity 27 

unexpectedly decreased the deformation capacity of the strengthened sub-frame due to premature fracture 28 
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of beam rebar near the side columns. The strengthening schemes planned to increase the CA capacity or 29 

both the CAA and CA capacities could increase not only the CAA capacity but also the CA capacity. The 30 

enhanced load resistance at the CA stage was mainly attributed to the continuous CFRP strips attached to 31 

the soffits. Unfortunately, the energy method demonstrated that the dynamic load resistance of the tested 32 

sub-frames to prevent collapse was achieved at the CAA stage rather than the CA stage because of the 33 

severe load resistance softening. Thus, the efforts devoted to increasing the CA capacity by this paper 34 

were valid in a real collapse of building scenario. In addition, 113 available test results were collected to 35 

compare with the acceptance criteria in existing codes for collapse-resistant design. Based on the test 36 

results and comparison, design suggestions were given for the collapse-resistant design. 37 

Keywords: Collapse-resistant; Non-seismically design; Reinforced concrete; CFRP; Strengthening 38 

schemes 39 
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1. Introduction 41 

Progressive collapse is defined as ‘‘the spread of an initial local failure from element to element, 42 

eventually resulting in the collapse of an entire structure or a disproportionately large part of it’’[1]. The 43 

initial local failure of the structural element can be caused by various extreme occasional loads, such as 44 

blast, impact, and fire. However, the state of the art of collapse-resistant design of buildings neglects the 45 

type and intensity of the occasional loads but introduces the “Alternative load path method” by 46 

investigating column removal scenario to assess the performance of the damaged building to bridge the 47 

initial local failure. In this case, the internal forces of the structural elements above the removed column 48 

can be well beyond the design envelope, which necessitates the mobilization of secondary load transfer 49 

mechanisms to resist collapse.                                                                        50 

To date, extensive tests have been conducted to demonstrate the behavior of reinforced concrete 51 

(RC) frames under the column removal scenario [2-7].  It was found that pure flexural action is always 52 

able to develop at the initial loading stage, and then compressive arch action (CAA) begins to dominate 53 

the load transfer once sufficient axial constraints are applied to the beam ends. Otherwise, only the pure 54 

flexural action can be activated, such as in the case under a corner column removal scenario [8, 9]. The 55 

development of CAA is associated with the beam axial compression force and the CAA capacity is found 56 
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to be mainly related to concrete compressive strength, longitudinal reinforcement ratio, and span/depth 57 

ratio of the beam. The enhancement ratio of CAA, which is defined as the ratio of CAA capacity to yield 58 

load (YL) capacity, increases nearly linearly with the increase of compressive strength of concrete but 59 

decreases with the increase of mechanical reinforcement ratio, and it is the most sensitive to span/depth 60 

ratio of the beam [5, 7, 10, 11]. After the CAA stage, a transition stage can occur prior to the CA stage, 61 

during which the beam axial compression force begins to convert to axial tension force. The CA can be 62 

activated or not is highly dependent on the rotational capacity of the beam ends and boundary conditions 63 

(performance of side joint and side column), the former affects the development level of CA while the 64 

latter determines the material property of the beam longitudinal rebar can be sufficiently utilized or not. 65 

For example, in FarhangVesali et al. [5] and Vali pour et al. [10]’s tests, the beam tension rebar at both 66 

beam ends of a beam successively fractured at the CAA stage, consequently, the beam rotated freely 67 

because the rotational constraints at the beam ends were released, resulting in a severe load softening 68 

after the CAA stage and subsequent limited development of CA. In addition, shear failure of the side 69 

beam-column joints [3, 12-14] and large eccentric compression failure of the side columns [15-17] can 70 

prevent the sufficient mobilization of CA. It is worthwhile noting that the majority of sub-frames in these 71 

tests are non-seismically designed, indicating the relatively weak collapse-resistant capacity of non-72 

seismically designed RC frames, which calls for efficient strengthening schemes to improve their 73 

robustness.  74 

Using externally bonded carbon/glass fiber reinforced polymer (CFRP/GFRP) strips or sheets is an 75 

effective way to enhance the performance of RC components [18-21]. Karayannis and Golias [18] and 76 

Golias et al. [19] used CFRP ropes as external reinforcements to strengthen the RC beam-column joints 77 

and found that the strengthened joints exhibited improved structural performance. Chalioris et al. [20] 78 

and Kakaletsis et al. [21] summarized the techniques for strengthening RC components, such as the 79 

utilization of CFRP U-shaped jackets and plates. In recent years, CFRP/GFRP materials have been 80 

employed to strengthen the collapse-resistant capacity of RC structures [22-27].  Kim et al. [23] applied 81 

CFRP strips to the side or soffit of the beams for providing continuity to the beams, it was found that both 82 

CFRP anchors and CFRP U-wraps can efficiently anchor the CFRP strips. Qian and Li [24] and Feng et 83 

al. [26] investigated the merits of externally bonded GFRP strips to enhance the performance of RC beam-84 

slab sub-structures subjected to an interior and a corner column missing scenario, respectively. Liu et al. 85 
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[25] adopted CFRP cables to retrofit the collapse-resistant capacity of a 1/2 scale RC structure. It was 86 

found that the RC structure could obtain a new balance after the sudden loss of two edge columns. 87 

Elsanadedy et al. [27] used CFRP U-wraps to strengthen the dry connections of the precast concrete sub-88 

frame, it was found that the upgraded sub-frame had a similar ultimate load capacity to the RC sub-frame. 89 

To enhance the collapse-resistant capacity of non-seismically designed RC frames using CFRP 90 

strengthening technique, an experimental program including two referential RC sub-frames and five 91 

strengthened RC sub-frames with CFRP is conducted in this paper. The strengthening schemes aim to 92 

increase either CAA capacity or CA capacity, or both the CAA and CA capacities. In addition, available 93 

test results in terms of the plastic rotations of the beam ends are collected to compare with the acceptable 94 

performance criteria in existing codes for collapse-resistant design. Based on the test results and 95 

comparative study, design recommendations for collapse-resistant design of RC buildings were made. 96 

2. Experimental Program 97 

2.1 Sub-frame design and material property 98 

The design of the prototype RC building follows the building code ACI 318-19 [28]. The design 99 

dead load and live load are 5.5 kPa and 2.0 kPa, respectively. Seven sub-frames were extracted from the 100 

prototype building and scaled down to 1/2 as specimens for test. The information on the experimental 101 

program is listed in Table 1. The sub-frames are categorized into two groups based on the removed 102 

columns. Group 1 consists of three sub-frames under the loss of a penultimate column (P-R, P-S-C, and 103 

P-S-CC) whereas Group 2 includes four sub-frames subjected to the loss of an edge column (E-R, E-S-104 

C, E-S-CC1, and E-S-CC2). In the notations of sub-frames, the first letter P or E denotes the removed 105 

columns; the second letter R or S indicates referential or strengthened sub-frames; the third letter C and 106 

the fourth letter C (if any) mean CAA and CA, respectively. The geometric dimension and reinforcement 107 

arrangement of the sub-frames are shown in Fig. 1. The beam was 2750 mm in length. The sectional 108 

dimensions of the beam and the column were 150 mm×250 mm and 250 mm×250 mm, respectively. 109 

Ribbed reinforcing bars with diameters of 10 mm (T10) and 12 mm (T12) were used as the longitudinal 110 

rebar of the beams and columns, respectively. Round bars with a diameter of 6 mm and a spacing of 100 111 

mm were arranged along the beams. The beams were extended from both side joints for the sub-frames 112 

subjected to the edge column removal scenario. The extended beams were designed to simulate the axial 113 
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constraints from adjacent bays. In contrast, sub-frames under the penultimate column removal scenario 114 

were in asymmetric boundary conditions, only the beam on the left side was extended from the side joint. 115 

Compared with seismically designed frames, the frames studied here had relatively lower reinforcement 116 

ratio. Moreover, the sum of flexural strengths of columns shall be greater than 1.2 times the sum of 117 

flexural strengths of the beams for seismically designed frames (ACI 318-19 [28]). However, in this study, 118 

the ratio of the sum of flexural strengths of columns to the sum of flexural strengths of the beams was 119 

1.1. 120 

Table 2 lists the material properties of the reinforcement and CFRP. The concrete used to cast the 121 

sub-frames has an average cylinder compressive strength of 36.4 MPa and an average splitting tensile 122 

strength of 3.3 MPa. In addition, the maximum aggregate size of the concrete is 10 mm. 123 

2.2 Test setup and instrumentation 124 

Fig. 2 shows the test setup. The test setup and installation of the two groups of sub-frames are similar. 125 

The top of the side column and the extended beam were linked to the reaction frame via horizontal 126 

constraints, the side column base was pinned to the strong ground of the laboratory. The targeted column 127 

was notionally removed before testing. Hydraulic jack 1 (Item 3) and a steel assembly (Item 5) were 128 

installed to ensure in-plane loading of the sub-frames. To account for the effect of gravity load from the 129 

upper stores, hydraulic jack 2 (Item 7) was installed to implement an axial compression ratio of 0.2 to the 130 

side columns. At the beginning of the test, constant axial compression was first applied to the side 131 

columns, and then a displacement-control loading scheme was used to apply load to the top of the target 132 

column by the hydraulic jack with a loading rate of 0.5 mm/min. 133 

Two load cells (Items 2 and 4) were installed along the axis of hydraulic jack 1 to measure the load 134 

applied to the sub-frames. Tension/compression load cells and load pins were installed in the horizontal 135 

constraints and pin supports to monitor the horizontal reaction forces. In addition, a series of seven linear 136 

variable displacement transducers (LVDTs, Item 6) were arranged along the length of the beams to record 137 

the deflection of the beams; another series of ten LVDTs (Item 9) were installed along the height of the 138 

two side columns to record their horizontal movement. Moreover, strain gauges were mounted to the 139 

reinforcement and CFRP strips. 140 
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3. Test Results of Referential Sub-frames 141 

3.1 Load resistance and failure mode 142 

Fig. 3a shows the load resistance-displacement history of the referential sub-frames while Table 3 143 

lists the critical test results. The overall trend of the load resistance-displacement history was consistent 144 

with the results from available tests of non-seismically designed RC sub-frames [3, 10, 13]. The load 145 

resistance was dominated by the CAA capacity. A severe load resistance softening occurred after the 146 

CAA capacity, after which was a limited development of CA. The YL/CAA capacities of P-R and E-R 147 

were 33 kN/42 kN and 35 kN/45 kN, respectively. Therefore, the enhancement ratios of CAA were 1.27 148 

and 1.29, respectively. The first rebar fracture occurred in the beam bottom rebar near the removed 149 

column at the displacements of 125 mm and 150 mm for P-R and E-R, respectively. Then, consecutive 150 

fracture of the tension rebar of beam ends was measured. Accordingly, the load resistance of the two sub-151 

frames decreased continuously as the beam ends lost the bending moment capacity. The load resistance 152 

gained a limited increase because of CA. However, the CA capacities of P-R and E-R were 33 kN and 40 153 

kN, respectively, less than the CAA capacities. 154 

Fig. 4 and Fig. 5 show the failure modes of P-R and E-R, respectively. The beam tension rebars at 155 

the beam ends were fractured except that of the beam end near the left-side column. The distributed cracks 156 

along the beams indicated that the beams were in tension at the end of the tests. Moreover, hairline flexural 157 

cracks were formed in the exterior side of the side columns because the axial compression of the beam at 158 

the CAA stage pushed the side column to move outward. Different from ER, extensive cracks were 159 

formed in the right-side column of PR at the CA stage due to the absence of the extended beam.  160 

3.2 Horizontal reaction force 161 

Fig. 6a illustrates the horizontal reaction force-displacement relationship of P-R and E-R. Horizontal 162 

compressive reaction forces (HCRF) were first measured. The maximum HCRFs on the left side and right 163 

side of PR were -76 kN and -61 kN, respectively. Therefore, the presence of the extended beam could 164 

increase the maximum HCRF by 24.6%. The maximum HCRF of ER was -82 kN, which was 7.9% greater 165 

than that of PR. When the rebar fractured at the CAA stage, the HCRF only experienced a mild variation. 166 

When the CA kicked in, the HCRF converted to horizontal tensile reaction force (HTRF). The maximum 167 

HTRFs on the left side and right side of P-R were 90 kN and 73 kN, respectively. The maximum HCRF 168 

of E-R was 102 kN, which was 13.3% greater than that of P-R. 169 
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3.3 Deflection of the beam and side column 170 

Fig. 7 demonstrates the deflection of the beam of E-R. It can be seen that the beams exhibited visible 171 

flexural deformation at the beam ends whereas the middle segment of the beams almost kept straight. At 172 

the final of the test, the deflection shape of the left side beam was similar to a cantilever beam because 173 

the beam end near the left side column was still able to sustain bending moment. Differently, since the 174 

beam tension rebar of the beam ends fractured completely, the whole right-side beam kept straight. 175 

Similar observation was obtained in P-R. Fig. 8 compares the deflection of the right-side column (without 176 

extended beam) of E-R and P-R. The side column moved outward at the CAA stage because of the axial 177 

compression in the beams. Afterward, the side columns began to move inward to respond to the axial 178 

tension of the beams at the CA stage. The maximum outward movements of the right-side column of E-179 

R and P-R were -5.1 mm and -6.5 mm, respectively, whereas the maximum inward movements were 5.4 180 

mm and 7.6 mm, respectively. 181 

4. Strengthening Schemes 182 

Based on the test results of the referential sub-frames, the main weaknesses of non-seismically 183 

designed RC frames under a column removal scenario are summarized as follows: (1) relatively low beam 184 

reinforcement ratio leads to the premature fracture of the beam rebar at the CAA stage, which in turn 185 

results in a severe load softening; (2) due to the same reason, the CA gains limited development; (3) the 186 

exterior beam-column joint (without constraint from the extended beam) can suffer severe damage. 187 

Therefore, five strengthening schemes with CFRP were developed in this paper to improve their collapse-188 

resistant capacity, as shown in Fig. 9.  The number in Fig. 9 indicates the construction steps. The 189 

strengthening schemes were designed in accordance with ACI 440.2R-17 [29], the details of each 190 

strengthening scheme was presented below. 191 

4.1 P-S-C 192 

Fig. 9a demonstrates the strengthening scheme of P-S-C. This sub-frame was strengthened to 193 

achieve a higher CAA capacity. First, L-shaped CFRP strips with a branch length of 500 mm were applied 194 

to the beam ends and columns. It should be noted that the 500 mm length was designed considering  the 195 

length of potential plastic hinge was 250 mm (one beam depth) and the additional length of 250 mm for 196 

anchorage. The anchorage length of 250 mm was greater than the requirement of ACI 440.2R-17 [29]. A 197 
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straight CFRP strip with 1250 mm in length and 150 mm in width was applied on the exterior face of the 198 

right side column to enhance the bending moment capacity of the beam ends and columns (Item ①); 199 

Second, CFRP wraps were applied to the columns with a spacing of 150 mm for enhancing the columns 200 

and providing anchorage to the L-shaped strips (Item ②); Third, CFRP strips with 200 mm in height were 201 

applied to the side of beam-column joints to improve the shear strength of joints (Item ③, not reaching 202 

the height of the beam considering the presence of slabs in practical buildings); Fourth, U-shaped CFRP 203 

wraps with 150 mm in width were applied to the beam ends to enhance the anchorage of the horizontal 204 

branch of the L-shaped CFRP strips as suggested by Kim et al. [23] (Item ④). Both the CFRP strips and 205 

wraps were two layers, and epoxy was used for bonding CFRP. 206 

4.2 P-S-CC 207 

As shown in Fig. 9b, on the basis of the strengthening scheme of P-S-C, additional two layers of 208 

continuous CFRP strips were first applied to the soffit of the beams of P-S-CC for providing continuity, 209 

which was expected to be able to enhance the CA capacity. To ensure continuity, the CFRP strips were 210 

divided by two at the beam-column interfaces and threaded through two pre-drilled holes in the columns, 211 

as suggested by previous studies [22, 23].  212 

4.3 E-S-C 213 

E-S-C was strengthened to obtain a higher CA capacity. As shown in Fig. 9c, the continuous CFRP 214 

strips were applied to the soffit of the beams, and U-shaped CFRP wraps were applied to the beam ends 215 

to prevent the delamination of the continuous CFRP strip. 216 

4.4 E-S-CC1 and E-S-CC2 217 

The strengthening schemes of E-S-CC1 and E-S-CC1 are shown in Fig. 9d. The strengthening 218 

details of E-S-CC1 were similar to that of P-S-CC. However, for E-S-CC2, the L-shaped CFRP strips, U-219 

shaped CFRP wraps, and CFRP strips on the side of the beam-column joints were changed to one layer. 220 

Moreover, the CFRP warps on the columns were changed to three layers. 221 

5. Test Results of Strengthened Sub-frames 222 

5.1 Load resistance and failure mode 223 

P-S-C and P-S-CC 224 
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The load resistance-displacement histories of P-S-C and P-S-CC are shown in Fig. 3b and the critical 225 

test results are listed in Table 3. It can be seen that the overall trend of the load resistance-displacement 226 

histories of P-S-C and P-S-CC was similar to that of P-R. Compared with P-R, the YL capacities of P-S-227 

C and P-S-CC were increased by 21.2% and 33.3%, namely, 40 kN and 44 kN, respectively. Moreover, 228 

the CAA capacities of P-S-C and P-S-CC were increased by 16.7% and 23.8%, i.e., 49 kN and 52 kN, 229 

respectively. However, severe load softening also occurred in P-S-C and P-S-CC, in particular for P-S-C. 230 

Different from P-R, for P-S-C, the first rebar fracture occurred in the beam top rebar near the right-side 231 

column at a displacement of 183 mm. Subsequently, consecutive fracture of the tension rebar of the beam 232 

ends was observed. As a result, the L-shaped CFRP strips began to de-bond and the CFRP wraps on the 233 

column ruptured. At a displacement of 290 mm, the beam bottom rebar near the removed column 234 

fractured completely, resulting in debonding of L-shaped strips, which in turn led to the rupture of the 235 

overlying CFRP wraps on the removed column. Consequently, the beam ends of P-S-C could not sustain 236 

bending moment anymore, and the load resistance within the displacement from 280 mm to 310 mm was 237 

closed to zero. The load resistance of P-S-C could reascend but drop to zero after reaching the CA capacity 238 

of 24 kN, which was 27.3% less than that of P-R. For P-S-CC, the CAA capacity was followed by an 239 

immediate drop in load resistance, which was ascribed to the slight debonding of the continuous CFRP 240 

strip near the removed column. The beam bottom rebar near the removed column fractured first at a 241 

displacement of 172 mm. However, the continuous CFRP strip prevented the complete fracture of beam 242 

bottom rebar near the removed column, therefore, P-S-CC did not lose its load resistance even though the 243 

beam top rebar near the side columns fractured completely. At the final, partial continuous CFRP strip 244 

near the removed column was ruptured. The CA capacity of P-S-CC of 55 kN was achieved at a 245 

displacement of 621 mm, which was 66.7% greater than that of P-R. 246 

Fig. 10 and Fig. 11 show the failure modes of P-S-C and P-S-CC, respectively. Extensive cracks 247 

penetrated the beams depth, rebar fracture occurred at the beam ends, side CFRP strips were ruptured, L-248 

shaped CFRP strips suffered debonding and caused the rupture of the overlying CFRP wraps on the 249 

columns. The beam rebar of the beam end near the right-side column fractured completely for P-S-C, but 250 

not for P-S-CC due to the present continuous CFRP strip. In addition, the distribution of the cracks along 251 

the beams of P-S-CC was sparser than P-S-C. Compared with the failure mode of P-R (Fig. 4), the side 252 
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columns of P-S-C and P-S-CC suffered much milder damage, in particular for the right side column, only 253 

one crack was observed.  254 

E-S-C, E-S-CC1, and E-S-CC2 255 

The load resistance-displacement histories of E-S-C, E-S-CC1, and E-S-CC2 are shown in Fig. 3c. 256 

The YL capacities of E-S-C, E-S-CC1, and E-S-CC2 were 36 kN, 47 kN and 42 kN, respectively, 257 

corresponding to the increasements of 2.9%, 34.3%, and 20.0% compared with E-R, respectively. The 258 

CAA capacities of E-S-C, E-S-CC1, and E-S-CC2 were 47 kN, 58 kN and 53 kN, respectively, 259 

corresponding to the increasements of 4.4%, 28.9%, and 17.8% compared with E-R, respectively. For E-260 

S-C, the beam bottom rebar near the removed column was first to fracture at a displacement of 193 mm. 261 

The test of E-S-C was stopped due to consecutive fracture of beam top rebar near the side column. The 262 

CA capacity of 46 kN was measured at a displacement of 567 mm, which was 15.0% greater than that of 263 

E-R. E-S-CC1 and E-S-CC2 obtained their CA capacities of 58 kN and 49 kN at the displacement of 597 264 

mm and 577 mm, respectively, which were 145.0% and 122.5% of that of E-R, respectively. 265 

Fig. 12, Fig. 13, and Fig. 14 give the failure modes of E-S-C, E-S-CC1, and E-S-CC2, respectively. 266 

In general, the failure mode of E-S-C was similar to that of E-R except that more cracks formed in the 267 

side column because of the additional tensile force from the continuous CRFP strip. The failure mode of 268 

E-S-CC1 was analogous to that of P-S-CC: extensive cracks developed along the beams, rebar fracture 269 

occurred at the beam ends, L-shaped CFRP strips suffered debonding and the overlying CFRP wraps on 270 

the columns were ruptured. However, no debonding occurred in the L-shaped CFRP strip of E-S-CC2, 271 

and the CFRP wraps were intact at the end of test. This is because both the L-shaped CFRP strips and 272 

CFRP wraps on columns of E-S-CC1 were two layers, whereas the L-shaped CFRP strips and CFRP 273 

wraps on columns of E-S-CC2 were one layer and three layers, respectively. 274 

5.2 Horizontal reaction force 275 

The horizontal reaction force-displacement curves of the strengthened sub-frames are shown in Fig. 276 

6. The left/right side maximum HCRFs of P-S-C and P-S-CC were -91/-78 kN and -98/-85 kN, 277 

respectively, indicating the increasements of 19.7/27.9% and 28.9/39.3% compared with P-R, 278 

respectively. The maximum HTRFs of P-S-C and P-S-CC were 67/58 kN and 125/113 kN, respectively. 279 

Therefore, P-S-C obtained the lowest maximum HTRF, which agreed well with the load resistance. The 280 

maximum HCRFs of E-S-C, E-S-CC1, and E-S-CC2 were -87 kN, -111 kN, and -101 kN, respectively. 281 
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Compared with E-R, the maximum HCRFs of E-S-C, E-S-CC1, and E-S-CC2 were higher by 6.1%, 282 

35.4%, and 23.2%, respectively. The maximum HTRFs of E-S-C, E-S-CC1, and E-S-CC2 were 111 kN, 283 

138 kN, and 119 kN, respectively, which were 8.8%, 35.3%, and 16.7% higher than that of E-R, 284 

respectively. 285 

5.3 Strain of CFRP strips 286 

Fig. 15 presents the strains of the CFRP strips of P-S-C and P-S-CC at the stage of CAA. The strain 287 

of the CFRP strip bonded on the exterior face of the right-side column was in tension as a result of the 288 

outward deflection of the side column due to  beam compressive axial force. Besides, the CFRP strips 289 

were proved to have been properly bonded on the tensile zone of the beam ends since considerable tensile 290 

strain developed there, confirming the effectiveness of the proposed strengthening schemes for improving 291 

the flexural capacity of beams. Similar results were obtained for other specimens. 292 

6. Discussion 293 

6.1 Efficiency of the strengthening schemes 294 

As tabulated in Table 3, the YL/CAA/CA capacities of P-R, P-S-C, and P-S-CC were 33/42/33 kN, 295 

40/49/24 kN, and 44/52/55 kN, respectively. Compared with the referential sub-frame P-R, the 296 

YL/CAA/CA capacities of P-S-C and P-S-CC were increased by 21.2%/16.7%/-27.3% and 33.3% 297 

/23.8%/66.7%, respectively. Therefore, the strengthening schemes effectively enhance the collapse-298 

resistant capacity of P-S-C and P-S-CC at the YL and CAA stages. However, P-S-C achieved the lowest 299 

CA capacity among these three sub-frames, this will be discussed below. The YL/CAA/CA capacities of 300 

E-R, E-S-C, E-S-CC1, and E-S-CC2 were 35/45/40 kN, 36/47/46 kN, 47/58/58 kN, and 42/53/49 kN, 301 

respectively, which were 2.9%/4.4%/15.0%, 34.3% /28.9%/45.0%, and 20.0% /17.8%/22.5% higher than 302 

that of the referential sub-frame E-R, respectively. The deformation capacity, which was defined as the 303 

displacement at CA capacity, of P-R, P-S-C, and P-S-CC was 552 mm, 560 mm, and 621 mm, 304 

respectively. The strengthening scheme aiming at increasing CAA capacity had a marginal effect on the 305 

deformation capacity of the sub-frame subjected to a penultimate column removal scenario whereas the 306 

strengthening scheme designed to enhance both CAA and CA capacity increased the deformation 307 

capacity by 12.5%. The deformation capacity of E-R, E-S-C, E-S-CC1, and E-S-CC2 was 532 mm, 567 308 

mm, 597 mm, and 577 mm, respectively. The strengthening scheme aiming at increasing CA capacity 309 
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increased the deformation capacity of the sub-frame subjected to an edge column removal scenario by 310 

6.6% whereas the strengthening scheme designed to improve both CAA and CA capacity increased the 311 

deformation capacity by 8.5% to 12.2%. 312 

In summary, the strengthening schemes could effectively improve the collapse-resistant capacity of 313 

the sub-frames. However, as shown in Fig. 3, the load resistance of the strengthened sub-frames at the 314 

transition stage is even lower than that of the referential sub-frames, indicating that the strengthening 315 

schemes failed to alleviate the severe load resistance softening. This is because the application of CFRP 316 

resulted in the strain concentration at the beam ends, and the detrimental influence of the strain 317 

localization aggravated the premature fracture of beam rebar. In this case, P-S-C obtained the lowest CA 318 

load resistance and deformation capacity. However, sub-frames with continuous CFRP strip were capable 319 

of further developing CA.  320 

Compared with P-R, the fewer cracks in the right-side columns of P-S-C and P-S-CC demonstrated 321 

that the CFRP wraps could mitigate the damage to the columns.  The L-shaped CFRP strips experienced 322 

debonding and resulted in the rupture of the overlying CFRP wraps on the columns for the strengthened 323 

sub-frames except for E-S-CC2. In contrast, for E-S-CC2, the L-shaped CFRP strips were fractured 324 

whereas the CFRP wraps were intact. In this study, the CFRP wraps were used to provide anchorage to 325 

the L-shaped CFRP strips, and therefore, the failure mode of E-S-CC2 was more preferent. In E-S-CC2, 326 

the layer number of the CFRP wraps was three times that of the L-shaped CFRP strips. However, the 327 

layer number of the CFRP wraps and the layer number of the L-shaped CFRP strips in the other 328 

strengthened sub-frames were equal.  329 

6.2 Dynamic collapse-resistant capacity 330 

The static load resistance recorded in the test shall be transformed into the dynamic load resistance 331 

due to the dynamic nature of progressive collapse. In this section, the transformation was implemented 332 

with the energy-based framework proposed by Izzuddin et al. [30]. As illustrated in Fig. 16, the strain 333 

energy Ws in the remaining structure in the event of zero kinetic energy is equal to the work Wg done by 334 

the concentrated load. Thus, the pseudo-static load resistance, i.e., dynamic load resistance, can be 335 

obtained by dividing the area under the measured quasi-static load-displacement curve by the 336 

displacement. Fig. 17 shows the dynamic collapse-resistant capacities of the sub-frames. The peak 337 

dynamic collapse-resistant capacities of P-R, P-S-C, P-S-CC, E-R, E-S-C, E-S-CC, and E-S-CC2 were 338 
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35 kN, 44 kN, 43 kN, 39 kN, 41 kN, 51 kN, and 46 kN, respectively. It can be seen that the overall trend 339 

of dynamic load resistance-displacement histories of the sub-frames was different from that of static ones. 340 

The peak dynamic load resistances were attained at the CAA stage, and no obvious reascending behavior 341 

was observed after the load resistance softening. Therefore, whilst the CA capacities of P-S-CC and E-342 

E-S-CC2 were higher than the CAA capacities, their peak dynamic collapse-resistant capacities were 343 

achieved at the CAA stage. This is because the severe load resistance softening could result in an 344 

appreciable amount of kinetic energy of the beams during collapse while the development of CA was too 345 

limited to consume all the kinetic energy. Therefore, it was concluded that the strengthened CA capacity 346 

failed to increase the dynamic collapse-resistant capacity, however, it can change the collapse mode of 347 

buildings due to increased energy dissipation capacity. Moreover, DoD [31] suggests that the use of 348 

composite materials such as FRP to provide the tie forces is acceptable when the FRP can meet the 349 

rotation requirement of 0.20 rad. However, although the rotational capacity of the beams of P-S-CC, E-350 

S-CC1, and E-S-CC2 exceeded 0.2 rad, test results indicated that no reliable tie force was achieved . 351 

6.3 Acceptable performance criteria for collapse-resistant design 352 

DoD [31] and GSA [32] provide acceptable performance criteria (plastic rotation of beam end   ) 353 

for RC beams governed by flexural behavior at the collapse prevention level. The acceptance criteria 354 

depend on the indicators bal( ) /  − , '

w/ cV b d f , and the ratio of stirrup spacing to effective beam 355 

depth, where  ,    and bal  are tension, compression, and balanced reinforcement ratios of beam 356 

critical section, respectively; V  is design shear force; 
wb  and d  are web width and effective depth of 357 

beam; '

cf  is compressive strength of concrete. The beams are categorized into conforming and 358 

nonconforming (C and NC) beams depending on the hoop spacing within the plastic hinge region. If the 359 

hoops are spaced at ≤d/3, the beams are conforming, otherwise, nonconforming. The C and NC beams 360 

can be approximately considered seismically and non-seismically designed beams, respectively, because 361 

the maximum hoop spacing of seismically designed beams is explicitly required to be less than or equal 362 

to d/4 [28, 33]. The acceptance criteria for primary and secondary components are different for DoD [31], 363 

but not for GSA [32].  In DoD [31], stricter acceptance criteria are stipulated for the primary component. 364 

In GSA [32], the acceptance criteria of the primary and secondary components are the same and are equal 365 
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to the acceptance criteria of the secondary component in DoD [31]. More details can be found in Table 6 366 

in GSA [32] and Table 4-1 in DoD [31].  367 

To assess the acceptable performance criteria for collapse prevention, a database including 113 test 368 

results was built based on available papers to conduct a comparative study [2-5, 7, 9-13, 34-49]. The 369 

information on the collected tests is listed in Table 4. Since the information on the design loads was not 370 

provided in many papers, the indicator '

w/ cV b d f  was taken less than or equal to 0.25, units in MPa. 371 

As shown in Table 4, the measured plastic rotation of the beam end at the CAA capacity θCAA, which was 372 

determined by subtracting the chord rotation of the beam at the YL capacity θy from the θCAA, was 373 

compared with the acceptance criteria. The chord rotation of the beam is defined as the ratio of removed 374 

column displacement to beam's clear span. For the tests without information about YL, the measured θCAA 375 

was approximately determined by the chord rotation of the beam at the CAA capacity. As listed in Table 376 

4 and Fig. 18, the measured θCAA fall in the acceptable range of both GSA [32] and DoD [31]. In other 377 

words, the CAA is supposed to be a reliable defense line against collapse.  378 

The above acceptable performance criteria at the collapse prevention level are for RC beams 379 

controlled by flexure, which means the collapse of building is preferred to be prevented at flexural stage. 380 

However, this may be too conservative if considerable CA can be developed in the beams. The beams 381 

undergoing CA, which transfer the loads from the damaged region of the building to the undamaged 382 

portion via tie forces rather than flexure, are controlled by axial tensile force. To date, related acceptable 383 

performance criteria are not clear. DoD [31] stipulates that unless the beams and their connections can be 384 

shown capable of carrying the required tie force while undergoing rotations of 0.2 rad, the tie forces are 385 

to be carried by the floor and roof system. Among the 113 tests, only 55 tests (48.7%) demonstrated a 386 

superior CA capacity to CAA capacity. As shown in Fig. 19, in general, the beams in these 55 tests were 387 

able to provide 0.2 rads. In other words, 0.2 rad rotational capacity of the beams can ensure considerable 388 

CA capacity. Unfortunately, no explicit method is available to judge whether the beams can provide 0.2 389 

rads due to various influential parameters. 390 

In reality, the conclusions on the reliability of CA to work as the second defense line to resist 391 

collapse are inconsistent owing to different specimens. Yu and Tan [7] and Yu and Tan [13] conducted 392 

tests of RC beam-column assemblies with similar geometric dimensions and reinforcing details but 393 
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different side columns, the former used simplified enlarged side columns, whereas the latter adopted 394 

scaled side columns, similar to the current study. It was found that, due to the absence of axial 395 

compression in the side columns, the simplified enlarged side columns can result in overestimated 396 

rotational capacity of the beam ends near the side columns and CA capacity. In comparison, the rotational 397 

capacity of the beam ends of assemblies with scaled side columns was less. This is because the axial 398 

compression ratios of 0.4 to 0.6 of the scaled side columns put the longitudinal rebar of the beams in a 399 

higher bond stress regime, which resulted in premature rebar fracture and lower CA capacity. However, 400 

in Qian et al. [47] and Qian et al. [49]’s tests, comparable rotational capacities of the beam ends and CA 401 

capacities were measured for the assemblies with simplified enlarged side columns and scaled side 402 

columns, which may be attributed to the relatively lower axial compression ratio of 0.3 of the scaled side 403 

columns. Moreover, the development of CA depends on boundary conditions, reinforcement ratio, and 404 

span-to-depth ratio of the beams, which are various in buildings. In summary, it is reasonable to exclude 405 

CA from the acceptable load-resisting mechanism to mitigate collapse until explicit method for 406 

determination of the rotational capacity of beams is proposed. 407 

6.4 A simple collapse-resistant design method 408 

To improve the current  collapse-resistant design, a simple design method was proposed, which 409 

included two steps: First, determining the load resistance function of critical components of the target 410 

frame, i.e., sub-frame; Second, determining the dynamic collapse-resistant capacity based on the load 411 

resistance function. As shown in Fig. 20, the load resistance function was assumed to be trilinear and 412 

featured three key points: points (dy, Py), (dCAA, PCAA), and (du, Pu). Py, PCAA, and Pu indicate YL, CAA 413 

capacity, and ultimate load at the acceptable performance criterion, respectively, and dy, dCAA, and du 414 

indicate the displacement at YL, CAA capacity, and ultimate load, respectively. The load resistance after 415 

the acceptable performance criterion was neglected to obtain a conservative design. Py is calculated by 416 

Eq. 1. The nominal flexural strength of the beam section My can be calculated by Eq. 2 [50]. 417 

y1 y2

y

n

2( )M M
P

l

+
=                                                       (1) 418 

2

y y y c(1 0.59 / )M f d f f = −                                            (2) 419 

y

y n

c0.3

M
d l

E I
=                                                              (3) 420 



16 

 

where My1 and My2 are the nominal flexural strengths of the two beam ends of a beam; ln is the clear span 421 

of the beam; ρ is the tension reinforcement ratio; fy is the yield strength of tension reinforcement; d is the 422 

effective beam depth; fc is the cylinder compressive strength of concrete; 0.3EcI is the effective flexural 423 

rigidity of RC beam as suggested by ASCE-41 [51]; I is the inertial moment of beam section; and Ec is 424 

the elastic modulus of concrete.  425 

An important challenge is to calculate PCAA. For the beams with insufficient axial constraint (YL 426 

dominated), like the beams under a corner column removal scenario, PCAA can be taken as Py. For the 427 

beams with sufficient axial constraint (CAA dominated), PCAA can be calculated by existing  CAA model 428 

[52, 53], and dCAA is suggested to be 0.033ln based on the average value of the measured values of the 429 

database. Based on the discussion in Section 6.3, the acceptance criterion was suggested to be 0.063 rad 430 

because such a criterion included almost all CAA capacities of the database. Therefore, du is calculated 431 

as (dy+0.063ln). Pu can be assumed to be equal to Py. Based on the determined load resistance function 432 

and energy method [30], the dynamic collapse-resistant capacity Pd is obtained as Eq. 4. Besides the 433 

energy method, single degree of freedom model can be used to conduct nonlinear dynamic analysis to 434 

obtain Pd [16, 54]. 435 

y y y CAA CAA y CAA u u CAA

d

u

0.5 0.5( )( ) 0.5( )( )P d P P d d P P d d
P

d

+ + − + + −
=                  (4) 436 

7. Conclusions 437 

An experimental program was carried out to enhance the collapse-resistant capacity of non-438 

seismically designed RC frames using various CFRP strengthening schemes. Moreover, existing 439 

acceptance criteria for collapse prevention were compared with numerous test results. Based on the test 440 

results and discussion, the main conclusions were drawn as follows: 441 

1. The strengthening schemes can effectively enhance the collapse-resistant capacity of P-S-C and 442 

P-S-CC at the CAA and CA stages. The YL/CAA/CA capacities of P-S-C and P-S-CC were 443 

21.2%/16.7%/-27.3% and 33.3% /23.8%/66.7% higher than that of the referential sub-frame P-444 

R, respectively. The YL/CAA/CA capacities of E-S-C, E-S-CC1, and E-S-CC2 were 445 

2.9%/4.4%/15.0%, 34.3% /28.9%/45.0%, and 20.0% /17.8%/22.5% higher than that of the 446 

referential sub-frame E-R, respectively. 447 
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2. On the one hand, the strengthening schemes could increase the collapse-resistant capacity of the 448 

sub-frames. On the other hand, the strengthening schemes could aggravate premature rebar 449 

fracture due to strain localization of the beams, leading to a higher CAA capacity but lower CA 450 

capacity and deformation capacity, such as P-S-C.  451 

3. Whilst the CA capacities of P-S-CC, E-S-C, E-S-CC1, and E-S-CC2 were equal to or higher 452 

than their CAA capacities, the dynamic collapse-resistance capacities of these sub-frames were 453 

obtained at the CAA stage, indicating that the strengthened CA capacity was unable to increase 454 

the dynamic collapse-resistance, which can be attributed to the severe softening of load 455 

resistance.  456 

4. The comparison of the acceptance criteria and measured plastic rotations of the beam ends at 457 

the CAA capacity demonstrated that CAA is an acceptable mechanism for collapse prevention. 458 

If the beams can ensure 0.2 rad rotational capacity, considerable CA capacity can be obtained. 459 

However, the lack of methods to determine the rotational capacity of the beams makes CA 460 

unreliable in collapse-resistant design. 461 
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 598 

Table 1 Details of the sub-frames 599 

Sub-frame 

Element size 

b×h (mm×mm) 

 Beam reinforcement Location of 

the removed 

column 

Strengthened 

load transfer 

mechanism 

 Ends Middle 

Beam Column  Top Bottom Top Bottom 

P-R 

150×250 250×250  

 

3T10 2T10 2T10 2T10 

Penultimate N/A 

E-R  Edge N/A 

P-S-C  Penultimate CAA 

P-S-CC  Penultimate CAA and CA 

E-S-C  Edge CA 

E-S-CC1  Edge CAA and CA 

E-S-CC2  Edge CAA and CA 

 600 

 601 

Table 2 Material properties of the reinforcement and CFRP 602 

Rebar 
Nominal diameter 

(mm)  

Yield strength 

(MPa) 

Ultimate strength 

(MPa) 

Elongation 

(%) 

T12 12  462 596 14.7 

T10 10 532 663 12.8 

R6 6 368 485 21.0 

CFRP 
Thickness 

(mm) 

Elastic modulus 

(MPa) 

Ultimate strength 

(MPa) 

Elongation 

(%) 

 0.167 3,467 241,000 1.71 

 603 

 604 

Table 3 Critical test results 605 

Sub-frame 

Critical load resistance 

capacity (kN) 

Critical displacements 

(mm)  
L/RMHCRF 

(kN) 

L/RMHTRF 

(kN) 
YL CAA CA YL CAA CA 

P-R 33 42 33 30 70 552 -76/-61 90/73 

E-R 35 45 40 20 73 532 -82 102 

P-S-C 40 49 24 15 55 560 -91/-78 67/58 

P-S-CC 44 52 55 25 64 621 -98/-85 125/113 

E-S-C 36 47 46 25 100 567 -87 111 

E-S-CC1 47 58 58 25 110 597 -111 138 

E-S-CC2 42 53 49 23 60 577 -101 119 

 606 

  607 
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Table 4 Database for comparison of the acceptable plastic rotations for collapse prevention with the measured ones  608 

Papers Specimen ID 

Beam 

clear 

span 

(mm) 

Critical beam section 

bal

( ) 



−
 Beam 

type  

Critical displacement 

(mm) 

Measured plastic 

rotation (rad) 
   (rad)  CAA /   

b×h 

(mm×mm) 
 (%)   (%)  yd  

CAAd  y  
CAA  DoD GSA DoD GSA 

This study 
P-R 2,750 150×250 0.47 0.70 

≤0 
NC 30 70 0.0109 0.0145 0.05 0.06 0.29  0.24  

E-R 2,750 150×250 0.47 0.70 NC 20 73 0.0073 0.0193 0.05 0.06 0.39  0.32  

Su et al. [2] 

A1 1,225 150×300 0.55 0.55 

≤0 

NC / 48.0 / 0.0392 0.05 0.06 0.78  0.65  

A2 1,225 150×300 0.83 0.83 C / 56.4 / 0.0460 0.063 0.1 0.73  0.46  

A3 1,225 150×300 1.13 1.13 C / 76.4 / 0.0624 0.063 0.1 0.99  0.62  

A4 1,225 150×300 0.38 0.55 NC / 65.0 / 0.0531 0.05 0.06 1.06  0.89  

A5 1,225 150×300 0.55 0.83 C / 70.7 / 0.0577 0.063 0.1 0.92  0.58  

A6 1,225 150×300 0.75 1.13 C / 69.2 / 0.0565 0.063 0.1 0.90  0.57  

B1 1,975 150×300 1.13 1.13 NC / 100.0 / 0.0506 0.05 0.06 1.01  0.84  

B2 2,725 150×300 1.13 1.13 NC / 102.0 / 0.0374 0.05 0.06 0.75  0.62  

B3 2,725 150×300 0.75 1.13 NC / 85.5 / 0.0314 0.05 0.06 0.63  0.52  

C1 1,225 150×200 1.30 1.30 NC / 33.7 / 0.0275 0.05 0.06 0.55  0.46  

Choi and 

Kim [3] 

5G 1,510 185×150 0.66 0.66 

≤0 

NC / 84.5 / 0.0560 0.05 0.06 1.12  0.93  

5S 1,505 150×225 0.53 1.31 C / 103.0 / 0.0684 0.063 0.1 1.09  0.68  

8G 1,510 125×160 0.94 0.94 NC / 59.0 / 0.0391 0.05 0.06 0.78  0.65  

8S 1,505 140×195 1.00 1.66 C / 59.3 / 0.0394 0.063 0.1 0.63  0.39  

Sadek et al. 

[4] 

IMF 5,385 711×508 0.40 0.63 
≤0 

C / 127 / 0.0236 0.063 0.1 0.37  0.24  

SMF 5,233 864×660 0.59 0.69 C / 112 / 0.0214 0.063 0.1 0.34  0.21  

FarhangVes

ali et al. [5] 

1 2,110 180×180 0.59 0.59 

≤0 

NC / 49.0 / 0.0232 0.05 0.06 0.46  0.39  

2 2,110 180×180 0.59 0.59 NC / 44.0 / 0.0209 0.05 0.06 0.42  0.35  

3 2,110 180×180 0.59 0.59 NC / 50.0 / 0.0237 0.05 0.06 0.47  0.40  

4 2,110 180×180 0.59 0.88 NC / 54.0 / 0.0256 0.05 0.06 0.51  0.43  

5 2,110 180×180 0.59 0.88 NC / 54.0 / 0.0256 0.05 0.06 0.51  0.43  

6 2,110 180×180 0.59 0.88 NC / 52.0 / 0.0246 0.05 0.06 0.49  0.41  

Qian and Li 

[9] 

F1 2,175 100×180 0.87 0.87 

≤0 

NC 13.5 15.4 0.0062 0.0071 0.05 0.06 0.14  0.12  

F2 2,175 100×180 1.47 1.47 NC 15.2 21.3 0.0070 0.0098 0.05 0.06 0.20  0.16  

F3 2,175 100×180 0.87 0.87 NC 7.2 30.0 0.0033 0.0138 0.05 0.06 0.28  0.23  

F4 2,175 100×180 0.87 0.87 NC 16.3 17.8 0.0075 0.0082 0.05 0.06 0.16  0.14  

F5 2,775 240×100 0.65 0.65 NC 20.0 26.1 0.0072 0.0094 0.05 0.06 0.19  0.16  

F6 2,175 100×180 0.87 0.65 NC 17.2 23.5 0.0079 0.0108 0.05 0.06 0.22  0.18  

F7 2,175 100×180 0.87 0.75 NC 13.3 20.2 0.0061 0.0093 0.05 0.06 0.19  0.16  

Yu and Tan S1 2,750 150×250 0.49 0.90 ≤0 NC / 78.0 / 0.0284 0.05 0.06 0.57  0.47  
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[7] S2 2,750 150×250 0.49 0.73 NC / 73.0 / 0.0265 0.05 0.06 0.53  0.44  

S3 2,750 150×250 0.49 1.24 NC / 74.4 / 0.0271 0.05 0.06 0.54  0.45  

S4 2,750 150×250 0.82 1.24 NC / 81.0 / 0.0295 0.05 0.06 0.59  0.49  

S5 2,750 150×250 1.24 1.24 NC / 74.5 / 0.0271 0.05 0.06 0.54  0.45  

S6 2,750 150×250 0.82 1.87 NC / 114.4 / 0.0416 0.05 0.06 0.83  0.69  

S7 2,150 150×250 0.82 1.24 NC / 74.4 / 0.0346 0.05 0.06 0.69  0.58  

S8 1,550 150×250 0.82 1.24 NC / 45.9 / 0.0296 0.05 0.06 0.59  0.49  

Yu and Tan 

[34] 

F1-CD 2,750 150×250 0.82 1.24 

≤0 

NC / 61.4 / 0.0223 0.05 0.06 0.45  0.37  

F2-MR 2,750 150×250 0.82 1.24 NC / 87.0 / 0.0316 0.05 0.06 0.63  0.53  

F3-PD 2,750 150×250 0.82 1.24 NC / 77.4 / 0.0281 0.05 0.06 0.56  0.47  

F4-PH 2,750 150×250 0.90 1.24 NC / 94.8 / 0.0345 0.05 0.06 0.69  0.58  

Kang and 

Tan [35] 

MJ-B-0.52/0.35S 2,750 150×300 0.35 0.52 

≤0 

C / 76.7 / 0.0279 0.063 0.1 0.44  0.28  
MJ-L-0.52/0.35S 2,750 150×300 0.35 0.52 C / 71.8 / 0.0261 0.063 0.1 0.41  0.26  
MJ-B-0.88/0.59R 2,750 150×300 0.59 0.88 C / 100.9 / 0.0367 0.063 0.1 0.58  0.37  
MJ-L-0.88/0.59R 2,750 150×300 0.59 0.88 C / 100.9 / 0.0367 0.063 0.1 0.58  0.37  
MJ-L-1.19/0.59R 2,750 150×300 0.59 1.19 C / 105.7 / 0.0384 0.063 0.1 0.61  0.38  

Kang et al. 

[36] 

EMJ-B-1.19/0.59 2,750 150×300 0.59 1.19 

≤0 

C / 108.9 / 0.0396 0.063 0.1 0.63  0.40  
EMJ-L-1.19/0.59 2,750 150×300 0.59 1.19 C / 103.1 / 0.0375 0.063 0.1 0.60  0.38  
EMJ-B-0.88/0.59 2,750 150×300 0.59 0.88 C / 101.9 / 0.0371 0.063 0.1 0.59  0.37  
EMJ-L-0.88/0.59 2,750 150×300 0.59 0.88 C / 106.9 / 0.0389 0.063 0.1 0.62  0.39  
EMJ-L-0.88/0.88 2,750 150×300 0.88 0.88 C / 171.2 / 0.0623 0.063 0.1 0.99  0.62  

Qian et al. 

[37] 

P1 1,300 100×180 0.87 0.87 
≤0 

NC 16.8 37.3 0.0129 0.0158 0.05 0.06 0.32  0.26  

P2 1,300 80×140 1.40 1.40 NC 14.1 30.8 0.0108 0.0128 0.05 0.06 0.26  0.21  

Vali pour et 

al. [10] 

No. 1 2,110 180×180 0.59 0.87 

≤0 

NC / 59.0 / 0.0260 0.05 0.06 0.52  0.43  

No. 2 2,110 180×180 0.59 0.59 NC / 54.8 / 0.0260 0.05 0.06 0.52  0.43  

No. 3 2,110 180×180 0.59 0.87 NC / 55.4 / 0.0263 0.05 0.06 0.53  0.44  

No. 4 2,110 180×180 0.59 0.59 NC / 56.3 / 0.0267 0.05 0.06 0.53  0.45  

Alogla et al. 

[38] 

SS-1 2,775 150×250 0.48 0.72 

≤0 

NC 57.9 101.0 0.0209 0.0155 0.05 0.06 0.31  0.26  

SS-2 2,775 150×250 0.48 0.72 NC 55.1 96.8 0.0199 0.0150 0.05 0.06 0.30  0.25  

SS-3 2,775 150×250 0.48 0.72 NC 48.2 86.8 0.0174 0.0139 0.05 0.06 0.28  0.23  

SS-4 2,775 150×250 0.48 0.72 NC 60.1 91.4 0.0217 0.0113 0.05 0.06 0.23  0.19  

Kang and 

Tan [12] 

EF-B 2,750 150×300 0.59 1.19 

≤0 

C / 111.2 / 0.0404 0.063 0.1 0.64  0.40  

EF-L 2,750 150×300 0.59 1.19 C / 72.1 / 0.0262 0.063 0.1 0.42  0.26  

EF-B-S 2,700 150×300 0.59 1.19 C / 87.2 / 0.0323 0.063 0.1 0.51  0.32  

EF-L-S 2,700 150×300 0.59 1.19 C / 78.2 / 0.0290 0.063 0.1 0.46  0.29  

Ren et al. 

[39] 

B2 1,900 85×170 0.81 1.04 
≤0 

NC / 33.0 / 0.0174 0.05 0.06 0.35  0.29  

B3 1,900 85×200 0.70 0.92 NC / 33.3 / 0.0175 0.05 0.06 0.35  0.29  

Lim et al. COR 2,220 100×180 1.02 1.53 ≤0 NC / 108 / 0.0486 0.05 0.06 0.97  0.81  
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[40] EXT 2,220 100×180 1.02 1.53 NC / 108 / 0.0486 0.05 0.06 0.97  0.81  

Lim et al. 

[41] 

FR 2,400 100×180 1.01 1.52 

≤0 

NC 46 84 0.0192 0.0158 0.05 0.06 0.32  0.26  

FR-S 2,400 100×180 1.01 1.52 C 45 95 0.0188 0.0208 0.063 0.1 0.33  0.21  

FR-R 2,400 100×180 1.33 2.02 C 34 70 0.0142 0.0150 0.063 0.1 0.24  0.15  

IR-1 2,400 100×180 1.01 1.52 NC 46 89 0.0192 0.0179 0.05 0.06 0.36  0.30  

IR-2 2,400 100×180 1.01 1.52 NC 53 70 0.0221 0.0071 0.05 0.06 0.14  0.12  

Yu and Tan 

[13] 

F2-WS 2,750 150×250 0.82 1.24 

≤0 

NC / 84.8 / 0.0308 0.05 0.06 0.62  0.51  

F3-NS-H 2,750 150×250 0.82 1.24 NC / 84.4 / 0.0307 0.05 0.06 0.61  0.51  

F4-WS-H 2,750 150×250 0.82 1.24 NC / 84.4 / 0.0307 0.05 0.06 0.61  0.51  

Deng et al. 

[11] 

NSC-8 2,000 150×250 0.67 1.01 

≤0 

NC 25 79 0.0125 0.0270 0.05 0.06 0.54  0.45  

NSC-11 2,750 150×250 0.67 1.01 NC 36 90 0.0131 0.0196 0.05 0.06 0.39  0.33  

NSC-13 3,250 150×250 0.67 1.01 NC 45 108 0.0138 0.0194 0.05 0.06 0.39  0.32  

HSC-8 2,000 150×250 0.67 1.01 NC 16 80 0.0080 0.0320 0.05 0.06 0.64  0.53  

HSC-11 2,750 150×250 0.67 1.01 NC 28 74 0.0102 0.0167 0.05 0.06 0.33  0.28  

HSC-13 3,250 150×250 0.67 1.01 NC 35 104 0.0108 0.0212 0.05 0.06 0.42  0.35  

Diao et al. 

[42] 

OP 2,250 100×250 0.70 0.70 

≤0 

NC 18 65 0.0080 0.0209 0.05 0.06 0.42  0.35  

OA 2,250 100×250 0.70 0.70 NC 15 50 0.0067 0.0156 0.05 0.06 0.31  0.26  

TP 2,250 100×250 0.70 0.70 NC 15 91 0.0067 0.0338 0.05 0.06 0.68  0.56  

Feng et al. 

[43] 

PCF-1 2,600 150×250 0.69 1.24 

≤0 

C / 79.2 / 0.0305 0.063 0.1 0.48  0.31  

PCF-2 2,600 180×300 0.37 0.65 C / 79.2 / 0.0305 0.063 0.1 0.48  0.31  

PCF-3 2,600 180×300 0.37 0.65 C / 93.4 / 0.0359 0.063 0.1 0.57  0.36  

PCF-4 2,600 150×250 0.69 1.24 C / 86.2 / 0.0332 0.063 0.1 0.53  0.33  

Zhang et al. 

[44] 

PC-H 3,600 200×420 0.50 0.75 

≤0 

C 18.1 86.0 0.0050 0.0189 0.063 0.1 0.30  0.19  

PC-L 3,600 200×420 0.64 0.75 C 41.6 81.6 0.0116 0.0111 0.063 0.1 0.18  0.11  

PC-A 3,600 200×420 0.50 0.75 C 20.6 90.2 0.0057 0.0193 0.063 0.1 0.31  0.19  

Gu et al. 

[45] 

B1A 1,800 100×150 0.80 0.80 

≤0 

NC 39.6 50.9 0.0220 0.0063 0.05 0.06 0.13  0.11  

B1 1,800 100×150 0.80 0.80 NC 26.7 63.9 0.0148 0.0207 0.05 0.06 0.41  0.35  

TB3 1,800 100×150 0.80 0.80 NC 12.9 64.2 0.0072 0.0285 0.05 0.06 0.57  0.48  

TB4 1,800 100×150 0.80 0.80 NC 13.3 70.5 0.0074 0.0318 0.05 0.06 0.64  0.53  

TB5 1,800 100×150 0.80 0.80 NC 27.1 56.5 0.0151 0.0163 0.05 0.06 0.33  0.27  

Long et al. 

[46] 

FN-1.05 2,450 150×250 0.67 1.01 

≤0 

NC / 80 / 0.0327 0.05 0.06 0.65  0.55  

FS-1.05 2,450 150×250 0.67 1.01 C / 102 / 0.0416 0.063 0.1 0.66  0.42  

FS-1.43 2,450 150×250 0.67 1.37 C / 95 / 0.0388 0.063 0.1 0.62  0.39  

FS-1.43E 2,450 150×250 0.67 1.37 C / 76 / 0.0310 0.063 0.1 0.49  0.31  

FS-1.86E 2,450 150×250 0.67 1.79 C / 68 / 0.0278 0.063 0.1 0.44  0.28  

Qian et al. 

[47] 

IA 2,750 150×250 0.67 1.01 

≤0 

NC 46 68 0.0167 0.0080 0.05 0.06 0.16  0.13  

SA 2,750 150×250 0.67 1.01 NC 31 66 0.0113 0.0127 0.05 0.06 0.25  0.21  

UB 2,750 150×250 0.67 1.01 NC 36 76 0.0131 0.0145 0.05 0.06 0.29  0.24  
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Qian et al. 

[48] 

SL-8 2,000 150×250 0.67 1.01 0.119 NC 23 80 0.0115 0.0285 0.044 0.053 0.65  0.54  

SL-11 2,750 150×250 0.67 1.01 0.119 NC 35 90 0.0127 0.0200 0.044 0.053 0.45  0.38  

SL-13 3,250 150×250 0.67 1.01 0.119 NC 43 100 0.0132 0.0175 0.044 0.053 0.40  0.33  

Qian et al. 

[49] 

RCM 2,750 150×250 0.67 1.01 
≤0 

NC 30 70 0.0109 0.0145 0.05 0.06 0.29  0.24  

RCP 2,750 150×250 0.67 1.01 NC 27 76 0.0098 0.0178 0.05 0.06 0.36  0.30  

 609 

 610 

  611 
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 612 

 613 

Fig. 1 Geometric dimension and reinforcement arrangement of sub-frames 614 

 615 

 616 

 617 

Fig. 2 Test setup 618 
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   620 

(a)                                                   (b)                                                   (c) 621 

Fig. 3 Load resistance-displacement history: (a) referential sub-frames; (b) P-series sub-frames; (c) E-622 

series sub-frames 623 

 624 

 625 

Fig. 4 Failure mode of P-R 626 

 627 

 628 

Fig. 5 Failure mode of E-R 629 
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   630 

(a)                                                   (b)                                                   (c) 631 

Fig. 6 Horizontal reaction force-displacement history: (a) referential sub-frames; (b) P-series sub-632 

frames; (c) E-series sub-frames 633 

 634 

 635 

Fig. 7 Beam deflection of E-R 636 

 637 

    638 

(a)                                                           (b) 639 

Fig. 8 Deflection of the right side column: (a) E-R; (b) P-R 640 
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 642 

 643 

(a) 644 

 645 

(b) 646 

 647 

(c) 648 

 649 

(d) 650 

Fig. 9 Strengthening scheme of sub-frames: (a) P-S-C; (b) P-S-CC; (c) E-S-C;(d) E-S-CC1& E-S-CC2 651 
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 654 

Fig. 10 Failure mode of P-S-C 655 

 656 

Fig. 11 Failure mode of P-S-CC 657 

 658 

Fig. 12 Failure mode of E-S-C 659 
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 660 

 661 

Fig. 13 Failure mode of E-S-CC1 662 

 663 

 664 

Fig. 14 Failure mode of E-S-CC2 665 

 666 
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 668 

 669 

(a) 670 

 671 

 672 
(b) 673 

Fig. 15 Strain of CFRP strips at CAA capacity: (a) P-S-C; (b) P-S-CC (unit in με) 674 

 675 

 676 

Fig. 16 Illustration of the energy-based method 677 
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 679 

Fig. 17 Dynamic collapse-resistant capacity of the sub-frames 680 

 681 

  682 

Fig. 18 Comparison of the measured plastic rotations at CAA capacity with the acceptable ones 683 
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 685 

Fig. 19 Measured plastic rotations at CA capacity for the beams with considerable CA capacities 686 
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 688 

 Fig. 20 Proposed load resistance function 689 
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