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Abstract: 10 

Unbonded post-tensioned precast concrete (UPPC) frame exhibits excellent performance in resisting 11 

seismic load from experimental tests and post-earthquake investigations. However, the behavior of 12 

UPPC frames subjected to extreme load such as the loss of a column due to explosion is still not well 13 

studied. To fill this knowledge gap, in this paper, four 1/2 scaled UPPC beam-column substructures 14 

were tested under both quasi-static and dynamic loading regimes. The comparative study between 15 

these two test-regimes were subsequently performed, which provides a clear understanding of the 16 

difference of these two test methods in progressive collapse studies for other researchers. The test 17 

results indicated that UPPC frames achieved required load redistribution capacity to mitigate 18 

progressive collapse. The failure modes of the frames observed in dynamic test were quite similar to 19 

that in quasi-static tests. Moreover, it was found that strain rate effects were insignificant for 20 

progressive collapse events caused by suddenly column removal. Based on the measured load 21 

resisting function from quasi-static tests, a single-degree-of-freedom (SDOF) model, with the 22 

consideration of strain hardening and softening, was developed. After validation, the proposed SDOF 23 

model was used to quantify the effects of service load, initial velocity, initial displacements, and 24 

damping ratio on the dynamic response. It was found that the damping ratio，non-zero initial 25 

velocity and initial displacement are the three most influential parameters. 26 
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1. Introduction 30 

       Unbonded post-tensioned precast concrete (UPPC) system was first advocated in PREcast 31 

Seismic Structural System (PRESSS) program [1] due to its high-ability of self-centering and low 32 

residual deformation. Afterwards, a number of studies have been carried out to further investigate its 33 

seismic performance of UPPC system. To enhance the energy dissipation ability of UPPC system, 34 

Stone et al. [2] and Stanton et al. [3] embedded mild steel across the beam-column joints. However, 35 

this modification may lead to irreparable damage at the beam ends causing certain difficulties in 36 

construction. Therefore, extensive studies [4-10] were devoted to facilitate the reparability of the 37 

UPPC system.  38 

Previous studies indicated that UPPC system performed well under cyclic loads. Different to 39 

seismic design, progressive collapse design focused on gravity load redistribution capacity of the 40 

structures. Moreover, the ability of developing secondary load resisting mechanism to mitigate 41 

progressive collapse requires sufficient deformation capacity and ductility. However, investigation 42 

on progressive collapse performance of UPPC system is rare. Lu et al. [11] proposed a sort of 43 

unbonded posttensioned steel-concrete composite frame for seismic and progressive collapse 44 

mitigation. The proposed frame exhibited better behavior than conventional frames in resisting 45 

either seismic loading or progressive collapse. Qian et al. [12] experimentally investigated the 46 

performance of UPPC frames with different dry connections to resist progressive collapse. They 47 

reported that compressive arch action (CAA) and tensile catenary action (TCA) could be mobilized 48 

to resist progressive collapse simultaneously. However, only quasi-static behavior was investigated 49 

and the dynamic response of UPPC frame under sudden removal of a penultimate column, which 50 

representing a typical terrorist attack or vehicular impact scenario, was in need of investigation.  51 
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As it is stipulated in DoD [13], four methods for progressive collapse analysis: linear static (LS), 52 

nonlinear static (NS), linear dynamic (LD), and nonlinear dynamic (ND) analyses can be used for 53 

progressive collapse design.  LS and NS analyses are easy to perform while they fall short in 54 

capturing dynamic nature of progressive collapse. LD analysis is capable of including inertia effects 55 

while fail to account for nonlinear characteristic of the building. Therefore, ND analysis is the best 56 

option for progressive collapse analysis due to its high accuracy. However, ND analysis requires 57 

substantial computing resource which results in inconvenience in engineering application. To 58 

integrate advantages, load increase factor (LIF) and dynamic increase factor (DIF) are proposed to 59 

convert LS results and NS results to ND behavior, respectively. Relying on this, dynamic resistance 60 

could be obtained from quasi-static response. Considerable efforts have been carried out to 61 

investigate the nonlinear static response of beam-column sub-assemblages under column removal 62 

scenario through quasi-static tests. Sadek et al. [14] tested two full scaled reinforced concrete (RC) 63 

assemblies in accordance with different seismic intensity. In their tests, the decline of load 64 

resistance was measured due to concrete crushing while re-ascending of load resistance was 65 

observed owing to TCA. Moreover, the failure of the assemblies was controlled by fractured of 66 

bottom rebar near the middle column. Qian and Li [15-16] performed a series of tests to study the 67 

load redistribution capacity of RC frame subjected to the loss of a corner column. They reported that 68 

CAA and TCA were inefficient due to limited axial restraints. Yu and Tan [17] investigated the 69 

structural behavior of RC beam-column sub-assemblages under a middle column removal scenario. 70 

It was found that both CAA and TCA could be developed as long as adequate axial and rotational 71 

restraints provided. Valipour et al. [18] studied the effects of concrete strength and reinforcement 72 

ratio on behavior of RC frames to mitigate progressive collapse. The test results indicated that the 73 

relationship between CAA capacity and concrete strength is approximately linear whereas 74 

reinforcement ratio has a minor effect on the contribution of CAA. Quiel et al. [19] proposed a new 75 

type of connection for precast concrete buildings to resist progressive collapse, the connection 76 

exhibited favorable damage avoidance capacity. Meanwhile, several dynamic tests were also 77 

performed recently. Qian and Li [20-21] evaluated the dynamic performance of RC frame under the 78 
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loss of a corner column by using specially designed column removal apparatus. Furthermore, DIF 79 

was quantified by comparing the dynamic response to corresponding static one. They proposed that 80 

the DIF recommended by DoD [13] for structural component with force-controlled behavior may be 81 

too conservative. Yu et al. [22] reported the dynamic progressive collapse response of RC sub-82 

assemblages under an explosively removed column. The test results proved that the strain effects of 83 

material were insignificant. Russell et al. [23] performed static and dynamic tests to investigate the 84 

load carrying capacity of RC flat structure under different column removal scenarios (corner, 85 

penultimate or interior column). They found that the load distribution behavior obtained from 86 

dynamic tests was similar to that from static ones. They also proposed that the recommended DIF 87 

was conservative. Qian et al. [24] experimentally and numerically investigated the dynamic 88 

behavior of RC flat slab structure under two column missing scenario. The results indicated that RC 89 

flat slab structure could achieve new balance even two columns (one interior and one side column) 90 

were removed suddenly.  91 

In addition, energy equivalent method [25] is frequently used to assess the dynamic response 92 

based on measured quasi-static load resisting function. However, this method ignores the effects of 93 

damping and thus may lead to conservative prediction. Single-degree-of-freedom (SDOF) model [26-94 

28] is another favorable way to predict dynamic response. After conducting dynamic incremental 95 

analysis, the dynamic ultimate load (DUL) of the specimens can be obtained and therefore a force 96 

based DIF, which is defined as the ratio of static ultimate load (SUL) to the DUL, can be obtained 97 

[20].   98 

To have a deeper understanding of the difference of static procedure and dynamic procedure 99 

stipulated in the design codes, in this paper, two UPPC frames were designed and tested under quasi-100 

static test regime to investigate the load resisting mechanism of UPPC system subjected to the loss of 101 

a penultimate column scenario. Meanwhile, two counterparts, which have identical reinforcement 102 

details and dimensions, were tested under dynamic test regime using specially designed column 103 

removal apparatus to capture their dynamic response subjected to sudden column missing scenarios. 104 

Note that, the DUL could not be determined purely relied on these two dynamic tests. For this reason, 105 
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a SDOF model was developed based on the response captured from quasi-static tests. After validation, 106 

the proposed model was employed to determine the DUL of tested dynamic specimens. Moreover, 107 

the model was used to investigate the effect of service load, non-zero initial condition, and damping 108 

ratio on dynamic response caused by sudden column missing.  109 

2. Experimental program 110 

2.1. Test specimens 111 

       In this study, four 1/2 scaled UPPC beam-column substructures, extracted from the prototype 112 

structure at the inflection points, were tested subjected to either quasi-static or dynamic loading 113 

regimes. The prototype structure is an eight-storey frame located on a D class site, which was 114 

designed in accordance with ACI 318-14 [29]. The design response spectrum acceleration parameters 115 

of SDS and SD1 are 0.46 and 0.29, respectively. The design live load (LL) is 2.0 kPa. The dead load 116 

(DL) including the ceiling weight is 5.1 kPa. Table 1 tabulates the characteristics of the specimens. 117 

These four specimens can be categorized into two groups (UPPC-S and UPPC-D). The quasi-static 118 

group includes UPPC-SL and UPPC-SH whereas the dynamic group has two specimens UPPC-DL 119 

and UPPC-DH. The designation “UPPC” represents Unbonded Posttensioned Precast Concrete 120 

frame. The letter “S” and “D” represent quasi-static and dynamic test, respectively. In addition, the 121 

last letter “L” and “H” denote axial compression ratio of 0.2 and 0.4 at the side column, respectively. 122 

It should be noted that all specimens have identical reinforcement detailing and dimensions. As 123 

shown in Fig. 1, the specimen consists of two beams, two side columns, one middle column stub, and 124 

an overhanging beam beyond one of the side columns as a penultimate column removal was 125 

assumed. The side column with overhanging beam represents interior side column (to simulate 126 

horizontal restraints from surrounding bays).  Conversely, the side column without overhanging 127 

beam represents exterior side column where no additional horizontal restraints.  128 

        The cross-section of beam and column was 150 mm × 250 mm and 250 mm × 250 mm, 129 

respectively. The longitudinal reinforcement for column is 4T16 while the top and bottom beam were 130 

both 2T12. R6 was used as transverse reinforcements for beam and column. “T16”, “T12”, and “R6” 131 
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represent deformed rebar with diameter of 16 mm, 12 mm, and plain rebar with diameter of 6 mm, 132 

respectively. Moreover, spiral hoops with diameter of 60 mm were embedded at the beam ends to 133 

enhance the concrete strength. PVC tubes with diameter of 20 mm were embedded in the precast 134 

beams and columns for assembly purpose. The beams and columns were assembled by unbonded 135 

posttensioned strands with nominal diameter and area of 12.7 mm and 98.7 mm
2
, respectively.  136 

2.2. Material properties 137 

        At the day of tests, cylinder tests indicated, the concrete compressive strength of UPPC-SL, 138 

UPPC-SH, UPPC-DL, and UPPC-DH, were 38.5 MPa, 39.4 MPa, 37.5 MPa, and 38.1 MPa, 139 

respectively. In addition, the tensile splitting tests indicated the tensile strength at the day of test is 140 

3.7 MPa, 3.6 MPa, 3.5 MPa, and 3.8 MPa, for UPPC-SL, UPPC-SH, UPPC-DL, and UPPC-DH, 141 

respectively. The properties of the reinforcements and strands were listed in Table 2.  142 

2.3. Test setup and instrumentations 143 

         Fig. 2 gives test setup and layout of instrumentations. For quasi-static tests, as shown in Fig. 2a, 144 

the top of side column and overhanging beam, if any, were connected to an A-frame via a roller 145 

connection while the bottom of the side column was sit on a pin support. The ground level 146 

penultimate column was removed prior to vertical load applied by a hydraulic jack (Item 1 in Fig. 147 

2a). To prevent undesired out-of-plane failure, a steel assembly (Item 3 in Fig. 2a) was specially 148 

placed beneath the hydraulic jack (Item 1 in Fig. 2a). The axial compressive force on the side column 149 

was applied by a hydraulic jack (Item 6 in Fig. 2a) with a self-equilibrium system. To measure test 150 

results properly, extensive instrumentations were installed. A load cell (Item 2 in Fig. 2a) was 151 

installed just below the hydraulic jack (Item 1 in Fig. 2a) to measure the applied concentrated load. 152 

Tension/compression load cell (Item 5 in Fig. 2a) was installed at each roller to measure the 153 

horizontal reaction force of the roller. A load pin (Item 8 in Fig. 2a) was installed at the pin support 154 

to measure the vertical and horizontal reaction force of the pin support. Therefore, the behavior of 155 

vertical load redistribution and the varying of horizontal reaction force were monitored during test. 156 

Moreover, to monitor the varying of prestressing force of the strand, a load cell (Item 4 in Fig. 2a) 157 
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was installed at the jacking end for each strand. Furthermore, a series of linear variable differential 158 

transformers (LVDTs) were installed along the beam span and column height to monitor the 159 

deformation shape of the beams and columns.  160 

        For dynamic tests, as shown in Fig. 2b, the test setup of dynamic specimens is almost similar to 161 

that of quasi static one, except the ground penultimate column was replaced by a specially designed 162 

sudden column removal device (SCRD, Item 10 in Fig. 2b). The SCRD comprised a steel column, a 163 

pin support, and a load cell, which had been used in [20]. Then, six weight blocks (Item 9 in Fig. 2b) 164 

with total weights of 8400 kg, were hung along the beam to simulate the service load 165 

(2(1.2DL+0.5LL)) required by load combination of dynamic analysis procedure stipulated by DoD 166 

[13]. After that, the SCRD was suddenly removed to replicate the sudden column removal. To 167 

monitor the variation of axial force in SCRD, a load cell (Item 11 in Fig. 2b) was installed beneath 168 

the steel column of the SCRD. Similar to static tests, the axial force of the roller and the vertical and 169 

horizontal reaction force of the pin supports and prestressing force of the strands were also measured 170 

in the dynamic tests, as shown in Fig. 2c.  171 

3. Quasi-Static test observation and results 172 

       To facilitate readability, the nomenclature of this paper is shown in Table 3. As mentioned above, 173 

UPPC-SL and UPPC-SH were tested under quasi-static push-down loading regime. The key results 174 

such as first peak load (FPL), second peak load (SPL) and maximum horizontal compressive/tensile 175 

force on the exterior and interior side (E-MHCF/E-MHTF, I-MHCF/I-MHTF) were summarized in 176 

Table 4. 177 

3.1. Global behavior and failure modes  178 

Fig. 3 gives the load-middle joint displacement (MJD) curve of the specimens. The FPL of 179 

UPPC-SL and UPPC-SH is 39 kN and 41 kN, respectively. At relatively small deformation stage, the 180 

initial stiffness of UPPC-SH is slightly higher than that of UPPC-SL as the higher axial compressive 181 

ratio on side column increases the stiffness of horizontal restraints of the beams. The load resistance 182 

of UPPC-SH is greater than that of UPPC-SL until the MJD reached 530 mm. It should be pointed 183 
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out that UPPC-SH reaches its SPL at MJD of 461 mm while UPPC-SL keeps increasing until 184 

reaching an MJD of 600 mm. The SPL of UPPC-SH and UPPC-SL is 78 kN and 90 kN, respectively. 185 

Therefore, larger compressive axial force on side column could increase its FPL and initial stiffness 186 

slightly, but decrease its SPL and deformation capacity significantly, which could be explained as the 187 

larger axial compressive force on side column resulted in the failure of side column earlier due to 188 

greater P-Δ effects in exterior side column.  189 

Fig. 4 presents the failure modes of UPPC-SL. As shown in the figure, wide openings were 190 

observed at the beam-column interfaces. The damage of beam was concentrated at compressive toes 191 

while no cracks are observed along the beams during the test as the unbonded posttensioned strands 192 

induces considerable compressive stress and the beam longitudinal reinforcement is discontinuous at 193 

the beam-column interface. At the end of the test, the exterior side column (without overhanging 194 

beam) experiences a typical large eccentric compression failure. However, the interior side column is 195 

observed much milder damage: only few flexural cracks formed in the inner face of the side column. 196 

This is because the overhanging beam could provide required horizontal restraints and resulting in 197 

less P-Δ effects. In general, as shown in Fig. 5, similar phenomenon is observed for UPPC-SH. 198 

Compared to UPPC-SL, the concrete crushing of exterior side column of UPPC-SH is more severe 199 

due to greater P-Δ effects. The observation above proves that the failure modes of UPPC frames are 200 

quite different from that of RC frames [14-15, 17, 30-31] and commonly used precast concrete 201 

frames with wet or dry connections [32-35]. In these tests, plastic hinges are formed at the beam ends 202 

and penetrated cracks were formed along the beam at catenary action stage. 203 

3.2. Deformation shape of the beam and column 204 

      Fig. 6 presents the varying of deformation shape of the double-bay beam of UPPC-SL in 205 

accordance with different MJDs. It can be found that the double-bay beams deformed in a twofold 206 

line manner during the test, which agrees well with the failure mode. Generally, similar results are 207 

measured at UPPC-SH. Fig. 7 illustrates the lateral deflection of the side column of UPPC-SH. The 208 

lateral displacement achieved negative (outward) first and then changes to positive (inward).  For the 209 
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exterior side column, the maximum outward and inward movements are -0.69 mm and 43.43 mm, 210 

respectively. However, they are -0.62 mm and 7.6 mm for interior side column, respectively.  211 

3.3. Horizontal reaction force 212 

Figs. 8a and b illustrate the distribution of horizontal reaction of UPPC-SH on exterior and 213 

interior side, respectively. Due to horizontal restraint, the outward and inward movement causes 214 

compressive (negative value) and tensile (positive value) reaction on the boundary. It can be found 215 

that column bottom restraint contributes majority of compressive reaction force on both sides 216 

whereas the contribution from top roller could be ignored maybe due to relatively large gap existed. 217 

With increased displacement, the horizontal reaction force changes from compression to tension 218 

following increased prestressing forces in strands. In tension phase, column top and bottom provide 219 

tensile reaction force almost equally for exterior side. However, the roller connected to the 220 

overhanging beam contributes majority of tensile reaction force for interior side column. Generally, 221 

similar phenomenon is measured at UPPC-SL. Table 4 tabulates the maximum horizontal reaction of 222 

the specimens. For UPPC-SL, the E-MHCF, I-MHCF, E-MHTF, and I-MHTF are -62 kN, -75 kN, 223 

135 kN and 259 kN, respectively. However, they are -67 kN, -84 kN, 156 kN, and 253 kN for UPPC-224 

SH, respectively. It proves that the interior side experiences larger reaction in both tension and 225 

compression phase due to stronger restraints.                 226 

3.4. Bending moment in the exterior side column 227 

    To further reveal the failure mode of exterior side column, the variation of bending moment of the 228 

exterior side column was illustrated in Fig. 9. As shown in the inserted figure, the bending moment in 229 

section E-E can be determined by Eq. 1: 230 

   1 0 1EM H l V                                       (1) 231 

     where H1 is the horizontal reaction force from top roller; l0 is the distance from top roller to 232 

section E-E; V1 is the axial compressive force on the exterior side column; Δ is horizontal drift in 233 

section E-E. 234 
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      As shown in Fig. 9, the bending moment is negative at small deformation stage due to 235 

compressive horizontal reaction force from top roller, whereas it changes to positive at large 236 

deformation stage because the horizontal reaction force changes from negative to positive. Fig. 10 237 

gives the theoretical bending moment-axial force curve of E-E section and the points represent the 238 

measured axial force and maximum bending moment of the section. As the points located at the 239 

portion of tensile failure, it agrees with the failure mode of the exterior side column well (large 240 

eccentric compressive failure). 241 

3.5. Load resisting mechanism 242 

     Due to special configuration, the load resisting mechanisms mobilized in UPPC frame are 243 

significantly different to that in RC frames [12]. For RC frames, flexural action (FA), CAA and TCA 244 

will be mobilized in sequence to mitigate collapse. For UPPC frames, as illustrated in Fig. 11, FA 245 

will not develop due to limited rotational restraint at the beam end. CAA relies on the arching force 246 

(N in the figure) in beam which is induced by prestressing force in the strands and axial restraint. 247 

Moreover, the TCA due to tensioning of the strands is mobilized from the beginning of the test. Thus, 248 

the TCA and CAA provide load carrying resistance simultaneously for UPPC frames. As the strands 249 

are unbonded, the TCA is dominant by the vertical component of prestressing forces. The 250 

contribution from CAA can be simply determined by subtracting the resistance of TCA from the 251 

measured load resistance. Fig. 12 illustrates the decomposition of the load resistance. It can be found 252 

that the CAA can even lead to negative contribution when MJD beyond one beam depth as the 253 

direction of vertical component of the arching force changes from upward to downward (refer to Fig. 254 

11b) when the MJD is larger than one beam depth. For conventional RC frames, the TCA due to 255 

stretching of longitudinal reinforcements kicks in after vanish of CAA due to concrete crushing. 256 

4. Dynamic test results 257 

        As mentioned above, to fully understand the dynamic response of UPPC frames subjected to 258 

sudden column removal and compare the static and dynamic behavior of UPPC frames, two dynamic 259 

specimens: UPPC-DL and UPPC-DH were dynamically tested under sudden column removal 260 
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scenario. As mentioned above, a total of about 8400 kg weights (steel assemblies) were hung below 261 

the double-span beam before removal of the SCRD. As a result, an initial axial force of 40.5 kN and 262 

40.2 kN were measured at the SCRD for UPPC-DL and UPPC-DH, respectively. The key results 263 

such as the maximum middle joint displacement and maximum horizontal compressive/tensile force 264 

were tabulated in Table 4. More detail discussion on dynamic response could be found as below. 265 

4.1. Reliability of SCRD 266 

      To capture realistic dynamic response, the duration of column removal must be less than 10 % of 267 

the natural period of the vibration of the remaining frame [13]. Fig. 13 gives the varying of axial 268 

force in SCRD. As shown in the figure, for UPPC-DL, the initial axial force was 40.5 kN before 269 

column removal at a time of 0.01 s and it reduced to 0.0 kN at a time of 0.018 s. Thus, the duration 270 

was 0.008 s, which is about 1.1 % of its natural period of vibration. Similarly, the duration of UPPC-271 

DH was 0.005 s, which is about 0.9 % of its natural period. Thus, the reliability of the SCRD was 272 

ensured. 273 

4.2. Dynamic displacement responses 274 

         Figs. 14a and b illustrate the displacement response of UPPC-DL and UPPC-DH, respectively. 275 

For UPPC-DL, the maximum MJD is 320 mm at a time of 2.1 s. The maximum displacement of 276 

VD1, VD2, VD3, VD4, VD5, and VD6 are 88 mm, 170 mm, 253 mm, 250 mm, 168 mm, and 86 277 

mm, respectively. For UPPC-DH, the maximum MJD is 295 mm a time of 1.99 s. The maximum 278 

displacement of VD1, VD2, VD3, VD4, VD5, and VD6 are 76 mm, 160 mm, 235 mm, 230 mm, 153 279 

mm, and 73 mm, respectively. The deformation shape of the double-bay beam is shown in Fig. 15. It 280 

can be found that the beams keep straight at maximum MJD, which is similar to that of static tests.                      281 

Fig. 16 shows the horizontal displacement of the side columns of UPPC-DH. For exterior side 282 

column, the maximum outward horizontal displacements of LHD1, LHD2, LHD3, LHD4, and LHD5 283 

(refer to Fig. 16a) are -1.88 mm, -1.01 mm, -2.36 mm, -1.57 mm, and -0.23 mm, respectively. While 284 

the maximum inward horizontal displacements are 3.97 mm, 4.62 mm, 5.18 mm, 4.27 mm and 3.12 285 

mm, respectively. For interior side column, the maximum outward horizontal displacement of RHD1, 286 
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RHD2, RHD3, RHD4, and RHD5 (refer to Fig. 16b) are -0.49 mm, -0.81 mm, -1.15 mm, -0.73 mm, 287 

and -0.46 mm, respectively, whereas the maximum inward horizontal displacement are 2.08 mm, 288 

1.88 mm, 2.43 mm, 2.05 mm, and 1.01 mm, respectively. Therefore, similar to static tests, the 289 

exterior side column experiences larger horizontal deformation than that of interior one. In general, 290 

similar results are recorded in UPPC-DL.    291 

4.3. Crack pattern and local damage 292 

       The crack pattern and local damage of UPPC-DL and UPPC-DH are illustrated in Figs. 17 and 293 

18, respectively. The differences caused by different axial compression ratio are mainly reflected in 294 

the crack pattern of the side columns. It could be found that the cracks observed in the side columns 295 

of UPPC-DH are much fewer than that in UPPC-DL. Moreover, the cracks formed in the interior 296 

column are milder than that in the exterior one for both specimens. Compared with their static 297 

counterparts, UPPC-DL and UPPC-DH experiences similar damage at the similar displacement 298 

stage (refer to Figs. 19 and 20). Therefore, it was confirmed that the dynamic effects will not change 299 

the crack pattern and failure mode significantly. And the static push-down tests, which are most 300 

commonly experimental method for progressive collapse studies, are able to equivalently 301 

investigate the dynamic behavior of UPPC frames properly in terms of crack pattern and failure 302 

mode.  303 

4.4. Horizontal reaction force 304 

        Fig. 21 illustrates the total horizontal reaction force at each side of tested specimens. For 305 

exterior side (without overhanging beam) of UPPC-DL, 1.0 s after suddenly removal of the column, 306 

total horizontal reaction force reaches maximum compressive force of -71 kN a time of 1.388 s, but 307 

then the compressive reaction force begins to decrease. At 1.71 s, the horizontal reaction force 308 

changes from compressive to tensile. The maximum tensile force of 110 kN is measured at a time of 309 

2.15 s. After vibration, the residual force of 89 kN is measured. For interior side (with overhanging 310 

beam), the maximum horizontal compressive and tensile force are measured to be -84 kN and 185 kN 311 

at times of 1.323 s and 1.97 s, respectively. Therefore, similar to static ones, the interior side achieves 312 
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larger compressive and tensile reaction force due to stronger horizontal restraints. For UPPC-DH, the 313 

maximum horizontal compressive force at exterior side and interior side are -75 kN and -96 kN, 314 

respectively, whereas the maximum horizontal tensile forces are 104 kN and 148 kN, respectively. 315 

Therefore, both CAA and TCA are also measured in dynamic tests, which confirm that dynamic 316 

effects will not change the load resisting mechanism of UPPC frames significantly. Moreover, it 317 

should be noted that although sudden column removal tests are investigated in literature [36-38], 318 

measuring dynamic horizontal reaction force after sudden column removal was very little.   319 

Fig. 22 illustrates the contribution of each horizontal restraint to the total horizontal reaction 320 

force. For exterior side of UPPC-DH, as shown in Fig. 22a, the bottom pin support contributes 321 

majority of the compression force whereas the contribution from top roller is marginal. In tensile 322 

phase, the contribution of tensile reaction force from top roller is similar to that from bottom pin 323 

support. For the interior side, as shown in Fig. 22b, similar to the observation measured from the 324 

exterior side, the bottom pin support contributes the majority of the compression force. However, in 325 

tensile phase, the overhanging beam contributes the majority of the tensile force. In general, similar 326 

trends are measured for UPPC-DL.  327 

5. Comparison of dynamic and quasi-static reaction force and prestressing force 328 

Fig. 23 compares the total horizontal reaction force from dynamic and quasi-static tests.  For 329 

UPPC-DL, the E-MHCF and I-MHCF are -71 kN and -84 kN, respectively. For UPPC-SL, the E-330 

MHCF and I-MHCF are -62 kN and -75 kN, respectively. In tension phase, when the UPPC-DL 331 

(refer to Fig. 23a) reaches maximum displacement, the measured E-MHTF and I-MHTF are 110 kN 332 

and 185 kN, respectively. For static specimen UPPC-SL, at the same displacement, the E-MHTF and 333 

I-MHTF are 103 kN and 164 kN, respectively. As to UPPC-DH (refer to Fig. 23b), the E-MHCF, I-334 

MHCF, E-MHTF, and I-MHTF are -75 kN, -96 kN, 104 kN, and 148 kN, respectively. For static 335 

specimen UPPC-SH, the E-MHCF, I-MHCF, E-MHTF, and I-MHTF are -67 kN, -84 kN, 92 kN, and 336 

130 kN, respectively. Therefore, compared to static tests, the dynamic tests increase the horizontal 337 

reaction force up by 15 % and 14 % for compressive and tensile phases, respectively. The DIF for 338 

horizontal reaction force is up to 1.15.   339 
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  Fig. 24 compares the total prestressing force from dynamic and quasi-static tests. The total 340 

initial prestressing force of UPPC-DL, UPPC-DH, UPPC-SL, and UPPC-SH are 242 kN, 241 kN, 341 

240 kN, and 238 kN, respectively. When the maximum MJD was reached, the prestressing forces of 342 

UPPC-DL and UPPC-DH are 322 kN and 318 kN, respectively. At the same MJD, the prestressing 343 

forces of UPPC-SL and UPPC-SH are 300 kN and 305 kN, respectively. Therefore, the increments of 344 

prestressing force in UPPC-SL and UPPC-SH are 25.0 % and 28.2 %, respectively, which are smaller 345 

than their dynamic counterparts (33.1 % and 32.0 % for UPPC-DL and UPPC-DH, respectively). 346 

6. Analytical investigation      347 

  Due to complexity in construction, only two dynamic tests and two quasi-static tests were 348 

carried out in this study. To fully understand the dynamic response of UPPC frames and to predict 349 

their dynamic ultimate load capacity (DUL), a nonlinear single-degree-of-freedom (SDOF) model 350 

was developed. After validation, the SDOF model was also used to investigate the effects of applied 351 

load, no-zero initial condition, and damping ratio.  352 

6.1. Development of the refined SDOF analytical model 353 

        Fig. 25 illustrates the refined SDOF model, which could consider the load resistance in 354 

declining phase well. The model consists of an equivalent mass ( em ) connected to a fixed boundary 355 

via a nonlinear spring ( ( )ek u t ) and viscous dashpot ( ( )ec u t ). The SDOF model can be expressed as 356 

Eq. 2: 357 

      ( ) ( ) ( ) ( ) ( )e e em u t c u t k u t P t R t                              (2) 358 

      where me is the equivalent mass; ce is a damping coefficient; ke is an effective stiffness; P(t) is the 359 

applied load, and R(t) is the vertical resistance measured by the load cell (Item 14 in Fig. 2b), which 360 

was installed at SCRD. Note that, the me, ce, and ke of each specimen adopted in the SDOF model are 361 

correlated to their load resisting function, which were obtained from quasi-static tests.   362 

6.2. Determination of me 363 

      As the shape function of the specimen is given, the equivalent mass can be determined by Eq. 3: 364 
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2 2

( ) ( ) ( )e i i

i

m m x x dx m x                             (3) 365 

       where m(x) is the distributed mass function; ψ(x) is the shape function; mi is concentrated mass i 366 

at location i, and ψ(xi) is shape function value at location i. 367 

6.3. Determination of effective stiffness 368 

       As mentioned above, the effective stiffness is determined by the load resisting function measured 369 

from quasi-static test. One of the most significant differences between the dynamic and quasi-static 370 

test is strain rate effect (materials). According to the discussion in section “Comparison of dynamic 371 

and quasi-static reaction”, the strain rate effect of material in this study is insignificant. Thus, it is 372 

reasonable to predict the dynamic response of dynamic tested specimens based on the measured load 373 

resisting function from static tests. 374 

Another challenge is to determine the effective stiffness in post-yield stage. Reviewing previous 375 

studies, it can be found that there are several prevalent approaches: 1. Sassani and Sagiroglu [27] 376 

proposed a bilinear load-displacement relationship and the declining phase were ignored; 2. Calvi et 377 

al. [39] suggested to use secant stiffness at maximum displacement to consider post-yield strength of 378 

the structure; 3. Yu and Guo [28] adopted tri-linear load function that is capable of considering the 379 

resistance in declining phase. To obtain more accurate prediction, a more precise five-linear load 380 

function was employed in this study to determine the effective stiffness.  381 

The load resisting functions of UPPC-DL and UPPC-DH are given in Figs. 26a and b, 382 

respectively. As shown in the figure, the load resisting functions consist of five linear segments (O-383 

A, A-B, B-C, C-D and D-E). As no obvious yield load was found, the stiffness in segment A-B was 384 

set equal to the secant stiffness at the FPL. Beyond FPL, a load yield platform was formed. Thus, a 385 

constant stiffness equal to secant stiffness at point B was used to represent segment A-B. Effective 386 

stiffness of segment B-C was set equal to the slope of the load-displacement curve between point B 387 

and C. Point C is the point at which the slope of the curve began to change significantly due to P-Δ 388 

effect. Stiffness at point D (SPL) and point E (drop by 20 % from the SPL) are set equal to their 389 
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secant stiffness while the points located in CD and DE can be determined by interpolation. The 390 

effective stiffness of key points can be found in Table 5. 391 

6.4. Effective damping coefficient ce 392 

       As illustrated in Eq. 4, the effective damping coefficient is a function of damping ratio, effective 393 

stiffness, and effective mass. 394 

              2e e ec k m                                                (4) 395 

     The effective stiffness and effective mass are discussed above. Therefore, the main objective in 396 

this section is to determine the damping ratio (ζ). As illustrated in Fig. 27, based on the logarithmic 397 

decrement method, the damping ratios were determined as 12.5 % and 11.5 % for UPPC-DL and 398 

UPPC-DH, respectively. The adopted effective damping coefficient for each segment can be easily 399 

calculated by Eq. 4. 400 

6.5. Applied load and vertical reaction measured in the SCRD 401 

      The steel weights would produce an equivalent concentrated load P(t) at the column stub. 402 

Meanwhile, the load cell (Item 14 in Fig. 2b) embedded in the SCRD would measure a vertical 403 

reaction force R(t) with same magnitude of P(t). Fig. 25 illustrates the function of P(t) and R(t). R(t) 404 

begins to reduce when the SCRD knocked down at a time of t0 and reduce to zero when the SCRD 405 

and the column stub separate completely at a corresponding time of t0+Δt. In general, for R(t), a 406 

nonlinear reduction function may be more realistic. However, as the column removal duration Δt is 407 

quite small (0.008 s and 0.005 s for UPPC-DL and UPPC-DH, respectively), the assumption of linear 408 

reduction of R(t) has little effect on analytical results. 409 

6.6. Validation of SDOF model 410 

       Fig. 28 compares the analytical displacement response to the measured ones. The predicted 411 

maximum displacement of UPPC-DL and UPPC-DH are 344 mm and 318 mm at time of 2.09 s and 412 

2.02 s, respectively, which were 107.6 % and 107.8 % of the measured one, respectively. Therefore, 413 

the analytical curves agree with the measured ones well in term of maximum MJD as well as 414 
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corresponding time. However, the vibration after maximum MJD from the analytical curve is more 415 

significant than that from tests. Moreover, the residual displacement from analytical model is less 416 

than that from tests. This is because the effective stiffness of the model is determined based on the 417 

measured load resisting function from monotonic tests. However, repeated vibration is observed in 418 

the displacement response beyond the maximum MJD. Therefore, the proposed effective stiffness 419 

method cannot reflect the stiffness of the dynamic specimen in the vibration stage beyond the 420 

maximum MJD. It should be noted that, the maximum MJD is most important for evaluation of the 421 

vulnerability of a frame to resist progressive collapse [26, 28] and thus the accuracy of validated 422 

SDOF model was acceptable and the models were utilized for further parametric analysis.  423 

6.7. Dynamic incremental analysis 424 

Effect of applied load  425 

In this section, the SDOF model was used to calculate the dynamic response of UPPC frame 426 

under different load levels to predict the DUL of the specimens. As illustrated in Fig. 29, UPPC-DL 427 

survived from an applied load (P in the legend) of 67 kN while failed to survived from 68 kN and 428 

thus, the DUL of UPPC-DL was 67 kN. Similarly, the DUL of UPPC-DH was 61 kN. 429 

Considering the dynamic increase factor (DIF) as a force-based factor [19], it can be determined 430 

as follows: 431 

          
SUL

DIF
DUL

                                              (5) 432 

       where SUL and DUL are the static and dynamic ultimate load, respectively. 433 

Thus, the DIF of UPPC-DL and UPPC-DH are 1.34 and 1.28, respectively. 434 

Effect of non-zero initial condition 435 

If progressive collapse is triggered by extreme loading (e.g., gas explosions, impacts, vehicular 436 

collisions or terrorist attacks), it always accompanied by a non-zero initial condition like non-zero 437 

initial velocity and non-zero initial displacement. It is necessary to investigate the effect of non-zero 438 

initial condition on the dynamic response. 439 
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Fig. 30 shows the dynamic response of UPPC-DH under different initial velocities. With initial 440 

velocity of 0.5 m/s and -0.5 m/s, the maximum MJDs of UPPC-DH are determined as -342 mm and -441 

343 mm, respectively. Further increase the initial velocity to 0.75 m/s and -0.75 m/s, the maximum 442 

MJDs are calculated as -371 mm and -376 mm, respectively. Therefore, both upward (positive value) 443 

and downward (negative value) initial velocities will increase the maximum MJD, which can be 444 

attributed to the additional kinematic involved.  445 

Fig. 31 compares the MJD-time curves of UPPC-DH under different initial displacements. It can 446 

be found that, when the initial upward (positive value) displacements of 50 mm and 100 mm are 447 

given, the maximum MJDs are obtained as -340 mm and -362 mm, respectively. Thus, the initial 448 

upward initial displacement will increase the maximum MJD. This is because the additional strain 449 

energy due to initial upward displacement must be dissipated by the increased strain energy caused 450 

by downward displacement. In contrast, the downward (negative value) initial displacement will 451 

decrease the maximum MJD, as shown in the figure, with initial downward displacements of -50 mm 452 

and -100 mm, the maximum MJDs reach -306 mm and -287 mm, respectively.  453 

Effect of damping ratio 454 

         The effective of additional damper in resisting earthquake has been investigated extensively. 455 

However, its merit in resisting progressive collapse attracted fewer attentions. Fig. 32 shows the 456 

effect of damping ratio on the maximum MJD. As shown in the figure, under a given applied load of 457 

40 kN, the maximum MJDs are -354 mm, -326 mm, -303 mm, and -285 mm, respectively, with 458 

corresponding damping ratio of 5 %, 10 %, 15 %, and 20 %, respectively. The absolute value of the 459 

maximum MJD is decreased by 19.5 % when the damping ratio increased from 5 % to 20 %. 460 

Therefore, the benefits from large damping for mitigating progressive collapse are noticeable. 461 

Additional dampers, which employed to resist earthquake was also effective for resisting progressive 462 

collapse. 463 

Comparison of the results from SDOF model and energy-based method 464 

Energy-based method by Izzuddin et al. [25], is a simplified method to predict dynamic 465 

resistance. Compared to SDOF model, the energy-based method may achieve conservative results 466 
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due to ignored damping effects. According to its assessment framework, the energy-based method is 467 

mathematically expressed as: 468 

         
0

1
( ) ( ) 

du

CC d NS

d

P u P u du
u

                                    (6) 469 

       where PCC(u) and PNS(u) are the dynamic load resistance curve and static load resistance at the 470 

displacement demand u, respectively. 471 

As shown in Fig. 33, the DUL calculated by energy-based method are 55 kN and 53 kN, 472 

respectively, for UPPC-SL and UPPC-SH. Based on SDOF model, the DUL of UPPC-SL and UPPC-473 

SH are 67 kN and 61 kN, respectively. Therefore, for UPPC-SL and UPPC-SH, the DULs obtained 474 

from SDOF model are higher than that from energy-based method by 21.8 % and 15.1 %, 475 

respectively. 476 

 477 

7. Conclusions 478 

In this paper, a comparative study on experimental tests of four UPPC frames under quasi-static 479 

and dynamic loading regimes are performed to investigate the progressive collapse capacity of UPPC 480 

frames subjected to a penultimate column removal scenario. Moreover, a refined SDOF model was 481 

developed in this research and validated. Then, it was used to conduct dynamic incremental analysis. 482 

Based on experimental results and discussion, the following conclusions can be drawn:  483 

1. The failure modes of UPPC frames are quite similar in both quasi-static and dynamic test. 484 

However, they are quite different to that of RC frames mainly due to discontinuous beam 485 

reinforcements. Therefore, no plastic hinges were formed at the beam ends whereas wide 486 

openings were concentrated at the beam-column interfaces. The damage of beam was 487 

concentrated at compressive toes but no cracks occurred along the beam. When a penultimate 488 

column was assumed to be lost, the failure of UPPC frame was controlled by large eccentric 489 

compressive failure in the exterior side column. 490 

2. For dynamic tests, specimens with higher axial compression ratio experienced much milder 491 

damage. For quasi-static tests, higher axial compression ratio could increase the first peak load 492 
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slightly. However, it resulted in greater P-Δ effect at large deformation stage, which may result 493 

in pre-mature failure with less deformation capacity and second peak load. 494 

3. The reliability of the column removal apparatus was proved to be satisfactory. The column 495 

removal durations were 0.008 s and 0.005 s for UPPC-DL and UPPC-DH, respectively, which 496 

well satisfied the requirements of DoD [13] that the column removal duration should be less than 497 

1/10 of the natural period of the vibration.  498 

4. Large damping ratio was demonstrated to have noticeable benefits in resisting progressive 499 

collapse. Non-zero initial velocity and initial upward displacement would increase the maximum 500 

dynamic displacement whereas initial downward displacement would decrease the maximum 501 

dynamic displacement. The dynamic increase factor of UPPC-DL and UPPC-DH were 502 

determined to be 1.34 and 1.28, respectively. However, for horizontal reaction force, the 503 

maximum dynamic increase factor was 1.15. Therefore, the dynamic increase factor was 504 

different even in a single dynamic test when different response was focused on.  505 

5. Compared to the SDOF model, it was validated that the energy-based assessment framework 506 

proposed by Izzuddin et al. [24] predicted a more conservative dynamic progressive collapse 507 

resistance of UPPC frames due to ignored damping effects. 508 
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 626 

Table 1-Specimen information 627 

Specimen 

ID 

Element Size 
span/depth 

ratio 

Axial 

compression 

ratio 

Effective 

prestress 

Loading 

approach 
Span 

(mm) 

Beam 

(mm×mm) 

Column 

(mm×mm) 

UPPC-SL 2750 150×250 250×250 11 0.2 0.65fpu Static 

UPPC-SH 2750 150×250 250×250 11 0.4 0.65fpu Static 

UPPC-DL 2750 150×250 250×250 11 0.2 0.65fpu Dynamic 

UPPC-DH 2750 150×250 250×250 11 0.4 0.65fpu Dynamic 

Note: fpu is the nominal ultimate strength of the unbounded post-tensioned strands (1860 MPa). 628 
 629 

 630 

Table 2-Material properties 631 
 

 

Item 

Nominal 

diameter 

(mm) 

Yield 

strength 

(MPa) 

Ultimate 

strength 

(MPa) 

Elastic 

modulus 

(MPa) 

Elongation 

(%) 

Stirrups R6 6 368 485 162,000 20.1 

Beam reinforcements T12 12 462 596 171,000 14.7 

Column reinforcements T16 16 466 604 182,000 17.0 

Unbonded strands 12.7 1,649 1,970 213,000 6.3 

 632 

 633 

Table 3- Definition of abbreviations 634 
MJD Middle Joint Displacement 

MMJD Maximum Middle Joint Displacement 

FPL First Peak Load 

SPL Second Peak Load 

E-MHCF Maximum Horizontal Compressive Force on Exterior Side 

I-MHCF Maximum Horizontal Compressive Force on Interior Side 

E-MHTF Maximum Horizontal Tensile Force on Exterior Side 

I-MHTF Maximum Horizontal Tensile Force on Interior Side 

SUL Static Ultimate Load 

DUL Dynamic Ultimate Load 

 635 

 636 

Table 4-Test results 637 

Specimen 

ID 

FPL 

(kN) 

SPL 

(kN) 

E-MHCF 

(kN) 

I-MHCF 

(kN) 

E-MHTF 

(kN) 

I-MHTF 

(kN) 

MMJD 

(mm) 

UPPC-SL 39 90 -62 -75 135 259 N/A 

UPPC-SH 41 78 -67 -84 156 253 N/A 

UPPC-DL N/A N/A -71 -84 110 185 320 

UPPC-DH N/A N/A -75 -96 104 148 295 
Note: FPL and SPL represent first peak load and second peak load, respectively; I-MHCF/I-MHTF and E-MHCF/E-MHTF represent maximum 638 
horizontal compressive /tensile force on interior and exterior side, respectively; MMJD represents maximum middle joint displacement 639 

 640 

Table 5-Parameters in SDOF model and analytical results 641 

Specimen 

ID 

me 

(kg) 

kA 

(kN/m) 

kB 

(kN/m) 

kC 

(kN/m) 

kD 

(kN/m) 

kE 

(kN/m) 

MMJD 

(mm) 
DUL 

SUL 

DUL 

UPPC-DL 18006 1258 150 190 152 106 344 67 1.34 

UPPC-DH 18006 1367 165 222 169 107 318 61 1.28 
Note: MMJD represents maximum middle joint displacement; DUL and SUL represent dynamic ultimate load and static ultimate load, respectively. 642 
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Fig. 1 Details of test specimen: (a) global details; (b) joint details; (c) section details 704 
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 (b) 721 

 722 

(c) 723 

Fig. 2 Test setup: (a) quasi-static test-photo; (b) dynamic test-photo; (c) dynamic test-drawing  724 
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Fig. 3 Vertical load-displacement curves 728 
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 731 
Fig. 4 Failure mode of UPPC-SL 732 
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 735 
Fig. 5 Failure mode of UPPC-SH 736 
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Fig. 6 Deflection of the double-bay beam of UPPC-SL 740 
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    743 
                                                   (a)                                                             (b) 744 

Fig. 7 Horizontal drift in side columns of UPPC-HL: (a) exterior side column; (b) interior side 745 

column 746 
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(a) 750 
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(b) 754 

Fig. 8 Horizontal reaction of UPPC-SH: (a) exterior side; (b) interior side 755 
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 760 
Fig. 9 Variation of bending moment in the exterior side column 761 
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 765 
Fig. 10 Determination of the failure mode of the exterior side column 766 
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(a) MJD smaller than one beam depth 769 
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 770 
(b) MJD beyond one beam depth 771 

 772 

Fig. 11 Load resisting mechanism in UPPC frame: (a) MJD smaller than one beam depth; (b) MJD 773 

beyond one beam depth 774 
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    779 
                                  (a) UPPC-SL                                                            (b) UPPC-SH 780 

 781 

Fig. 12 Load resistance decomposition of test specimens: (a) UPPC-SL; (b) UPPC-SH 782 
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Fig. 13 Column removal duration 786 
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 (b) 795 

 796 

Fig. 14 Deflection of the double-bay beam: (a) UPPC-DL; (b) UPPC-DH 797 
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Fig. 15 Deformation shapes of the double-bay beam 802 
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Fig. 16 Horizontal displacement in side column of UPPC-DH: (a) exterior side column; (b) interior 811 

side column 812 
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Fig. 17 Crack pattern and local damage of UPPC-DL 817 

 818 

 819 

 820 

 821 

-3

-2

-1

0

1

2

3

4

5

6

0 1000 2000 3000 4000 5000

H
o

ri
zo

n
ta

l 
D

is
p

la
ce

m
e

n
t 

(m
m

)

Time (ms)

LHD1
LHD2
LHD3
LHD4
LHD5

LHD1

LHD2

LHD3

LHD4

LHD5

Outward
Movement

-3

-2

-1

0

1

2

3

4

5

6

0 1000 2000 3000 4000 5000

H
o

ri
zo

n
ta

l 
D

is
p

la
ce

m
e

n
t 

(m
m

)

Time (ms)

RHD1
RHD2
RHD3
RHD4
RHD5

RHD2

RHD3

RHD4

RHD5

RHD1

Outward 
Movement

Wide Opening 
Concrete Crushing 

Wide Opening 



35 

 

 822 

 823 
Fig. 18 Crack pattern and local damage of UPPC-DH 824 
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Fig. 19 Crack pattern and local damage of UPPC-SL at MJD of 320 mm 830 
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 833 
Fig. 20 Crack pattern and local damage of UPPC-SH at MJD of 295 mm 834 
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    838 
Fig. 21 Total horizontal reaction-time curves 839 
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(a) 844 
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(b) 850 

 851 

Fig. 22 Horizontal reaction of UPPC-DH: (a) exterior side; (b) interior side 852 
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(a) 859 

 860 

 861 
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 (b) 863 

Fig. 23 Comparison of the total horizontal reaction: (a) UPPC-SL vs. UPPC-DL; (b) UPPC-SH vs. 864 

UPPC-DH 865 

 866 
 867 

Fig. 24 Variation of prestressing forces in strands 868 
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 871 

Fig. 25 Simplified SDOF model 872 
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      874 

     875 
      (a)                                                                          (b) 876 

 877 

Fig. 26 Load resisting function: (a) UPPC-SL; (b) UPPC-SH 878 
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(a)                                                                           (b) 882 

Fig. 27 Determination of damping ratio: (a) UPPC-DL; (b) UPPC-DH 883 
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(a)                                                                           (b) 889 
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Fig. 28 Comparison of the theoretical MJD to the measured one: (a) UPPC-DL; (b) UPPC-DH 891 
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  Fig. 29 Determination of dynamic ultimate load 894 

 895 

 896 

 897 

 898 
 899 

Fig. 30 Effect of initial velocity 900 
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Fig. 31 Effect of initial displacement 906 
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 911 

Fig. 32 Effect of damping ratio 912 
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 914 
Fig. 33 Dynamic resistance based on energy method 915 
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