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Abstract: Precast concrete (PC) structures have been popularly used in construction practice 10 

and PC beam-column joints are critical for structural integrity and safety. In this study, dynamic 11 

responses of one monolithic reinforced concrete (RC) joint and three PC joints with different 12 

wet connection configurations were investigated by using a pendulum impact test system. The 13 

impact behaviours of monolithic RC and PC joints were examined and compared in terms of 14 

failure modes, dynamic responses, and energy dissipation. The effects of various wet 15 

connection configurations on the dynamic response of PC joints were discussed and analysed. 16 

It is found that the interface damage between PC beam and joint led to the reduced integrity of 17 

the PC joints. In addition, numerical models of beam-column joints were developed by using 18 

software LS-DYNA and calibrated by the test data. The calibrated numerical model was used 19 

to investigate the influences of various wet joint configurations on its performance subjected to 20 

impact at different locations. Numerical results showed that the shear key and interface rebar 21 

employed for wet connections were beneficial to resist shear-governed damage but less 22 

effective in resisting flexural-governed damage induced by impact loads. Therefore, the wet 23 

connections should be properly designed for PC joint to resist the designated impact loading 24 
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scenarios. 25 

Keywords: Precast concrete; Beam-column joint; Wet connection; Dynamic response; Impact 26 

load 27 

1. Introduction 28 

In recent years, precast concrete (PC) structures have been extensively employed in 29 

residential, commercial, and industrial constructions [1-3]. The PC construction techniques can 30 

improve construction quality, speed up construction process, and reduce on-site waste and labor 31 

cost. The PC components prefabricated in factories are assembled onsite with various 32 

connections. ACI 550.2R-13 classifies common connections into the wet connection and dry 33 

connection [4]. Currently, PC joints with wet connections are widely used in PC structures since 34 

they exhibit a similar capacity to conventional monolithic reinforced concrete (RC) joints 35 

through the emulative design method [5-7]. With regard to wet connections, various connecting 36 

techniques such as grouted sleeve [8, 9], lap-splice [10, 11], and 90° bend [1, 12, 13], are 37 

employed to ensure the continuity of longitudinal rebars inside PC beams and columns. In 38 

addition, the interface of PC components is usually roughened in advance to increase the bond 39 

strength between PC and cast-in-place concrete (CIPC) components [7, 12]. Moreover, shear 40 

keys [11, 14, 15] and additional interface rebars through interfaces [6, 13] could also enhance 41 

the bonding between PC and CIPC components. 42 

PC beam-column joints with wet connections, connecting the PC beams and columns, are 43 

the key components for the integrity of frame structures. They should be designed to have 44 

sufficient capacity to transfer bending moment, shear force, and axial force under static and 45 

dynamic loads. The poor design of wet connection would cause the premature failure of PC 46 

beam-column joints [16]. The performances of PC beam-column joints with wet connections 47 

under cyclic loading [2, 8, 17] and static pushdown loading [18, 19] have been investigated in 48 
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the previous studies. It is found that the failure modes of PC joints with wet connections were 49 

different from those of monolithic RC joints. The wet connections between PC and CIPC 50 

components were prone to crack owing to the discontinuity of concrete [20]. The cracks might 51 

initiate and spread intensively at the interface between the PC and CIPC components in PC 52 

joints, while the concrete cracks were more evenly distributed in the plastic zone and the core 53 

area of beam-column joint in monolithic RC joints. These different failure modes of PC and RC 54 

joints are mainly resulted from the connection configurations, i.e., longitudinal rebar connecting 55 

types and the interfaces between the PC and CIPC components. Since the interfaces are deemed 56 

the weakest part of the PC joints, the interface is usually roughened with different roughness to 57 

improve the bonding between PC and CIPC components and meet with design requirements 58 

[12, 21, 22]. Moreover, additional reinforcement at interface could be employed to mitigate the 59 

cracks along the interface [6, 13]. Since the wet connection configurations are key factors 60 

affecting the load-carrying capacity of PC joints, appropriate design of wet connections should 61 

be employed in the PC structures to resist various loading scenarios. 62 

 63 
Fig. 1. Falling component impacts on the joint area. 64 

In addition to seismic loading, PC structures might suffer extreme loadings such as blast 65 

and impact. As shown in Fig. 1, failed components induced by extreme events from the upper 66 

floor might impact and cause damage to the lower floor and even progressive collapse, which 67 

depends on the performance of joint under impact [23, 24]. To date, the impact behaviour of 68 

RC and PC beams under impact has been investigated experimentally, numerically, and 69 

Impact

Joint
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analytically [20, 25-29]. It is well known that the stress wave induced by impact loads would 70 

propagate from the impact location to the beam ends [30-32]. In real frame structures, the beam 71 

ends are constrained by joint areas through various connections. Therefore, the stress waves 72 

induced by impact loading caused by falling components as shown in Fig. 1 may generate 73 

damage at the joint areas. If the joint at the lower floor could resist the damage generated by 74 

the impact loading, the progressive collapse of frame structures could be avoided [33, 34]. 75 

Although the impact behaviours of steel joint and steel-concrete composite joint have been 76 

experimentally and numerically studied [23, 24, 35-37], the investigations on the dynamic 77 

response of PC joint with wet connection have not been reported in the open literature. 78 

Therefore, it is essential to examine the dynamic response and impact performance of PC beam-79 

column joints with various wet connection configurations under impact loads. 80 

In this study, the monolithic RC joint and the PC joints with different wet connection 81 

configurations were tested by using a pendulum impact testing system. The impact behaviours 82 

of joints were studied and analysed in terms of failure mode, impact force, displacement 83 

response, and energy dissipation. The effects of shear key and interface rebar along the interface 84 

between PC and cast-in-place concrete (CIPC) components on the impact behaviour of joints 85 

were investigated. In addition, numerical models of joints were developed in LS-DYNA and 86 

calibrated by using the test results. With the calibrated numerical model, the performances of 87 

beam-column joints were further investigated to study the effects of different wet connection 88 

configurations and impact locations on the dynamic response characteristics and damage 89 

mechanisms of PC joints. 90 

2. Experimental program 91 

2.1. Specimen design 92 

In order to investigate the impact behaviour of beam-column joints, four exterior beam-93 



 

5 

column joints with different wet connection configurations were designed and manufactured as 94 

shown in Fig. 2. The tested exterior joint specimens with a scale of 1/3 were originated from an 95 

eight-floor prototype building structure [38, 39], which was designed according to ACI 318-19 96 

[40], ACI 352-02 [41] and ACI 550.1R-09 [5]. These specimens had the same dimensions but 97 

the connection configurations at the joint area were different. The dimensions of beam and 98 

column sections were 200 mm × 150 mm and 200 mm × 200 mm, respectively. A total of four 99 

longitudinal rebars with a diameter of 16 mm were used for the beam and column. The 100 

longitudinal rebars in beam were terminated with a 90° bend and the anchorage lengths for top 101 

and bottom longitudinal rebars were 100 mm and 80 mm respectively in the joint area to ensure 102 

sufficient anchorage. The stirrups with a diameter of 10 mm had a space of 70 mm along the 103 

beam and column except the joint area in which the space was reduced to 50 mm. Specimen 104 

MCJ was a monolithic RC joint as shown in Fig. 2(a), in which the whole column with a length 105 

of 1280 mm and the beam with a length of 800 mm were cast at the same time to form a 106 

monolithic joint. 107 
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(c) PCJ-SK (d) PCJ-SR 

Fig. 2. Dimension and configuration of tested joint specimens. 

For other three PC joint specimens named PCJ, PCJ-SK, and PCJ-SR, the PC beam and 108 

two PC columns were cast first. After the curing of PC beam and columns, the joint areas were 109 

filled with CIPC to assemble the PC beam and columns as shown in Fig. 3. The surfaces of PC 110 

beam and columns toward the joint area were roughened before casting the joint component to 111 

ensure the integrity between PC and CIPC for all the PC joints as shown in Fig.4. Moreover, a 112 

trapezoidal shear key as presented in Fig. 4 was designed at the interface of PC beam for 113 

specimen PCJ-SK. The dimension of shear key is illustrated in Fig. 2(c). For specimen PCJ-SR, 114 

longitudinal interface rebars with a length of 250 mm and a diameter of 10 mm through the 115 

interface between PC and CIPC were placed at the top and bottom sides of the PC beam and 116 

joint area (2D10 labelled in section 3-3 as shown in Fig. 2(d)) to increase the integrity of 117 

interface. The average concrete compressive strength for specimen MCJ and the precast beams 118 

and columns of the PC specimens was 64.75 MPa and that of CIPC joint area was 68.34 MPa 119 

at 28-day. It is noted that the concrete compressive strength of CIPC joint area should be slightly 120 
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higher than that of PC components as required in Refs. [4, 16]. The nominal yield strength of 121 

the longitudinal steel rebars and stirrups was 500 MPa. 122 

 123 
Fig. 3. Construction of PC joint with wet connection. 124 

 125 
Fig.4. Roughened interface and shear key. 126 

2.2. Test setup and instrumentation 127 

The impact test was carried out by using a pendulum impact testing system as shown in 128 

Fig. 5. A 550 kg impactor consisting of load cell and steel blocks was connected to a steel arm 129 

with a length of 2.24 m. The top of the steel arm was hinged on a rigid reaction frame. The 130 

impactor was lifted to a designated angle θ that was measured by an inclinometer attached to 131 

the steel arm and then released to impact the beam. A load cell with a capacity of 500 kN was 132 

installed in front of the impactor to measure the impact force acting on the beam with a sampling 133 

rate of 50 kHz. The impact head was made of a steel cylinder with a diameter of 50 mm. The 134 
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column of joint specimen was hinge supported horizontally by the rigid reaction frame and 135 

vertically by the strong floor. The distance between the two hinge supports was 1030 mm as 136 

shown in Fig. 5(a). A hydraulic jack placed horizontally applied an axial force of 60 kN (about 137 

2% of the column capacity) onto the column to constrain the horizontal movement of specimen 138 

in the test [39]. A high-speed camera with a sampling rate of 20,000 frames per second was 139 

employed to record the entire impact process. The tracking point at the impact location enabled 140 

the high-speed camera to capture the time history of displacement at the impact location by 141 

using the digital image correlation (DIC) technique. By considering the capacity of tested 142 

specimens and the pendulum impact test apparatus, each specimen was impacted four times. 143 

The release angle (θ) of impactor, the corresponding designed impact velocity, and the actual 144 

impact velocity for each impact are summarized in Table 1. In the first impact, the impactor 145 

with a mass of 550 kg and a designed impact velocity of 2.42 m/s struck the specimen. This 146 

impact could cause appreciable specimen damage without causing specimen failure. Then the 147 

designed impact velocity increased to 3.21 m/s in the second to the fourth impact to obtain more 148 

severe specimen damage. Each specimen was impacted four times until the specimen failure. 149 

Table 1. Summary of impact scenarios. 150 

Specimen 
Impact 

No. 
Release angle 

(°) 

Designed impact 
energy Ek(J) 

Designed impact 
velocity (m/s) 

Actual impact 
velocity (m/s) 

MCJ 

1 30 1610.51 2.42 2.33 
2 40 2833.63 3.21 3.11 
3 40 2833.63 3.21 3.19 
4 40 2833.63 3.21 3.15 

PCJ 

1 30 1610.51 2.42 2.28 
2 40 2833.63 3.21 3.16 
3 40 2833.63 3.21 3.03 
4 40 2833.63 3.21 3.06 

PCJ-SK 

1 30 1610.51 2.42 2.30 
2 40 2833.63 3.21 3.06 
3 40 2833.63 3.21 3.11 
4 40 2833.63 3.21 3.16 

PCJ-SR 

1 30 1610.51 2.42 2.39 
2 40 2833.63 3.21 3.21 
3 40 2833.63 3.21 3.09 
4 40 2833.63 3.21 3.12 

 151 
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(a) Schematic diagram of test setup 

 

(b) Photograph of test setup 

Fig. 5. Pendulum impact test setup. 
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3. Experimental results and discussion 152 

Test results of the four beam-column joints with different wet connection configurations 153 

subjected to impact loads are presented and analysed in this section to discuss their effects on 154 

the dynamic performance of the joints. The impact force, displacement, and dissipated energy 155 

of the specimens are summarized in Table 2. 156 

Table 2. Test results of specimens. 157 

Specimen Impact 
No. 

Peak 
impact 

force (kN) 

Maximum 
displacement 

(mm) 

Residual 
displacement 

(mm) 

Dissipated 
plastic energy 

(J) 

Energy 
dissipation 

ratio (Ep/Ek) 

MCJ 

1 213.57 13.41 2.87 604.06 0.38 
2 243.37 23.21 8.14 1367.66 0.48 
3 221.50 30.56 16.15 1757.71 0.62 
4 202.86 37.02 19.49 2053.78 0.72 

PCJ 

1 - 14.05 2.63 - - 
2 249.57 25.42 8.65 1411.85 0.50 
3 223.20 35.74 19.47 2130.88 0.75 
4 177.21 40.30 20.10 2080.38 0.73 

PCJ-SK 

1 214.28 16.91 3.16 954.48 0.59 
2 270.23 29.07 13.67 2010.58 0.71 
3 216.50 39.28 23.67 2291.43 0.81 
4 169.38 45.00 26.63 2185.51 0.77 

PCJ-SR 

1 212.33 14.54 2.68 674.41 0.42 
2 274.55 25.40 10.90 1671.29 0.59 
3 245.49 35.42 17.66 2114.81 0.75 
4 202.52 39.30 20.30 2113.88 0.75 

Note: “-“ means the data was not recorded due to the malfunction of data acquisition system. Initial kinetic energy 158 
(Ek); Dissipated plastic energy (Ep). 159 

3.1. Failure mode 160 

Failure modes of the beam-column joints with different wet connections were compared 161 

after each impact as shown in Fig. 6. It is worth noting that the impact load was applied onto 162 

the right side of beam at the middle as illustrated in Fig. 5. Under the first impact, concrete 163 

cracks at the middle of the beams were initiated on the left side and then extended to the right 164 

side for all the specimens at the early stage of impact due to the positive bending moment 165 

induced by the impact load. This phenomenon was similar to the damage mode of beams under 166 

impact because the boundary condition of the beams had a negligible effect on the behaviour 167 

of beam at the very early stage of impact [29, 42]. With stress waves propagating from the 168 
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impact location to the joint area, concrete cracks were observed at the beam-to-joint interface. 169 

Specimen PCJ experienced concrete cracking through the entire horizontal interface, which 170 

indicates more severe interface damage than specimens MCJ, PCJ-SK, and PCJ-SR. Because 171 

of shear key at the interface of specimen PCJ-SK, partial interface damage was observed at the 172 

right side of interface. Moreover, the interface rebars improved integrity of the interface in 173 

specimen PCJ-SR and thus resulted in uneven cracks along the interface. In addition, several 174 

tensile concrete cracks on the beam close to the joint area appeared at the right side of the beam 175 

and then extended to the left owing to the positive bending moment.  176 

When subjected to the second impact as shown in Fig. 6(b), the existing concrete cracks 177 

generated from the first impact became wider. Concrete crushing occurred at the left bottom 178 

corner of the beam. Due to larger deflection of the beam, the interface damage became more 179 

severe in the PC joints PCJ, PCJ-SK, and PCJ-SR. Besides, concrete cracks appeared at the 180 

bottom of the left interface between the left PC column and the CIPC joint area in specimens 181 

PCJ and PCJ-SR as highlighted in Fig. 6(b) because of tensile stress experienced in this area. 182 

However, no concrete crack appeared at the same location for specimen PCJ-SK due to more 183 

energy dissipated by the damage of interface between PC beam and CIPC joint area. 184 

The failure modes of specimens after the third impact are illustrated in Fig. 6(c). Concrete 185 

at the left bottom corner of beam was crushed severely in all the specimens. The interface 186 

damage between PC beam and CIPC joint area extended from the right side to the left side in 187 

all the PC joints. In addition, inclined concrete shear cracks extending from the impact area 188 

were observed on the PC beams of specimens PCJ, PCJ-SK, and PCJ-SR. More severe concrete 189 

cracks owing to the positive bending moment on the right side of beam close to the connections 190 

appeared in specimens PCJ and PCJ-SR, while PCJ-SK suffered less concrete damage in these 191 

areas. This is because the right bottom corner of the PC beam in specimen PCJ-SK was lifted 192 

with larger displacement after damage of the interface between the PC beam and column then 193 
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the PC beam at the right bottom corner experienced less constraint. 194 

When subjected to the fourth impact as shown in Fig. 6(d), the specimens deflected 195 

significantly and more severe concrete crushing was observed. The concrete crushing in 196 

specimens MCJ, PCJ, and PCJ-SK became more severe than that in specimen PCJ-SR. 197 

Moreover, specimens MCJ, PCJ, and PCJ-SR suffered more severe concrete damage on the 198 

right side of the beam close to the connection than specimen PCJ-SK. Concrete damage on the 199 

right side of the PC beams even caused the exposure of stirrups in specimens PCJ and PCJ-SR. 200 

For specimen PCJ-SK, the PC beam rotated around the shear key after the interface damage 201 

between beam and CIPC joint area, less flexural and shear cracks were observed on the PC 202 

beam. In addition, all PC joint specimens experienced concrete cracks at the left interface 203 

between the left PC column and CIPC joint area as highlighted in Fig. 6(d) due to the weak 204 

bonding of wet interface for PC joint and the tensile stress induced by impact loads.  205 

MCJ PCJ PCJ-SK PCJ-SR 
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(b) 2nd impact 

  

  

(c) 3rd impact 

 

 

 

 

(d) 4th impact 

Fig. 6. Failure modes of joint specimens after four impacts. 
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3.2. Impact force 206 

The impact force time histories of the tested specimens under four impacts are shown in 207 

Fig. 7. All the impact force profiles consisted of a primary impulse followed by a force plateau, 208 

which was caused by the interaction between the impactor and the specimen. The steel impactor 209 

impacted the beam at the initial stage and then moved together with the beam during the force 210 

plateau stage. The peak impact forces for each specimen under each impact are compared in 211 

Fig. 8. The peak impact forces of MCJ under four impacts were 213.57 kN, 243.37 kN, 221.50 212 

kN, and 202.86 kN as listed in Table 2. The designed impact velocity of the first impact was 213 

2.42 m/s, while the other impacts had the designed velocity of 3.21 m/s as listed in Table 1. The 214 

higher impact velocity in the second impact caused a higher peak impact force than that in the 215 

first impact. However, the peak impact force decreased gradually after the second impact to the 216 

fourth impact although the designed impact velocity was the same. The impacts caused local 217 

damage at the impact zone and thus a decrease of the contact stiffness, which led to the lower 218 

peak impact force in the subsequent impacts. In addition, the inclined impact angle between 219 

impactor and beam due to residual deflection of the beam from prior impacts resulted in a 220 

reduced contact area as illustrated in Fig. 9, which could also lead to a lower peak impact force 221 

[20, 43]. Therefore, the accumulative local damage at the impact zone and the inclined impact 222 

angle between the load cell and beam reduced the contact area and contact stiffness and thus 223 

led to a lower peak impact force in the subsequent impacts. Besides, the peak impact forces of 224 

specimens MCJ, PCJ-SK, and PCJ-SR under the first impact were 213.57 kN, 214.28 kN, and 225 

212.33 kN, respectively, which were comparable as shown in Fig. 8, owing to the similar impact 226 

energy and contact stiffness at the impact zone. It should be mentioned that the impact force of 227 

specimen PCJ under the first impact was not recorded due to the malfunction of the data 228 

acquisition system. From the second impact to the fourth impact with the similar impact velocity, 229 

the peak impact forces of the tested specimens were different due to the initial impact angle and 230 
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various contact stiffness at the impact zone. In addition, the duration of primary impulse was 231 

comparable for the tested specimens under four impacts as shown in Fig. 7. However, the total 232 

impact duration increased with the subsequent impacts. For example, the total impact duration 233 

of PCJ-SR under four impacts was 34.82 ms, 38.12 ms, 43.60 ms, and 48.52 ms, respectively. 234 

This is because the accumulative impact energy caused more severe damage of specimens and 235 

thus led to the decrease of global stiffness of specimen, which resulted in the increase of total 236 

impact duration. 237 

  

(a) MCJ (b) PCJ 

 
 

(c) PCJ-SK (d) PCJ-SR 

Fig. 7. Time histories of impact force. 
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Fig. 8. Comparison of peak impact force. Fig. 9. Inclined angle between load cell and beam 
in the subsequent impacts. 

3.3. Displacement at impact location 239 

The displacement response at the impact location was captured by using the high-speed 240 

camera at the tracking point as illustrated in Fig. 5. Fig. 10 shows the time histories of 241 

displacement at the impact location. As shown in Fig. 10, the displacements of the specimens 242 

under the second impact were larger than those under the first impact as expected because of 243 

the increased impact energy and softening of the structure owing to the damage caused by the 244 

first impact. The third and fourth impacts with the similar impact energy as the second impact 245 

induced even larger displacements. This is because more accumulative impact energy caused 246 

more severe damage on the impacted beam and the interface between the PC beam and the 247 

CIPC joint area as shown in Fig. 6, which decreased the global stiffness to resist the deformation 248 

at the impact location. 249 
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(a) MCJ (b) PCJ 

  

(c) PCJ-SK (d) PCJ-SR 

Fig. 10. Time histories of displacement at the impact location. 

Maximum and residual displacements of specimens under each impact are presented in 250 

Table 2 and compared in Fig. 11. The maximum displacements of MCJ, PCJ, and PCJ-SR under 251 

the first impact were 13.41 mm, 14.05 mm, and 14.54 mm, which were lower than 16.91 mm 252 

of PCJ-SK. From the second impact to the fourth impact, the maximum displacement of MCJ 253 

were 23.21mm, 30.56 mm, and 37.02 mm, which were lower than those of the other specimens 254 

under the similar impact energy, while the PCJ-SK had the largest maximum displacements of 255 

29.07 mm, 39.28mm, and 45.00 mm, respectively. The maximum displacements of PCJ and 256 

PCJ-SR were comparable when subjected to the four impacts as shown in Fig. 11(a). The 257 

residual displacements of MCJ, PCJ, PCJ-SK, and PCJ-SR under the first impact were 2.87 258 

mm, 2.63 mm, 3.16 mm, and 2.68 mm, respectively. With more impact energy imposing on the 259 

specimens, the residual displacements increased as shown in Fig. 11(b). After four impacts, the 260 

accumulative residual displacements of MCJ, PCJ, PCJ-SK, and PCJ-SR were 46.65 mm 50.85 261 

mm, 67.37 mm, and 51.54 mm, respectively, with a difference of 44.16% between MCJ (the 262 

smallest residual displacement) and PCJ-SK (the largest residual displacement). This is because 263 

the PC joint with shear key (PCJ-SK) experienced a larger rotational response due to the damage 264 

along the interface. The PC beam rotated around the shear key under the bending moment 265 
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was comparable to that of PCJ-SR (51.54 mm), with a difference of 1.3%, implying the interface 267 

rebar had a very limited effect on the displacement response of PC joint under impact loads 268 

acting at the middle of beam. 269 

 
 

(a) Maximum displacement (b) Residual displacement 

Fig. 11. Maximum and residual displacements. 

3.4. Energy dissipation 270 

During impact process, the impact energy imparted to the joint was dissipated in the form 271 

of deformation and damage of the specimens. The energy dissipation capacity is an important 272 

index to evaluate the impact capacity of beam-column joint. The energy dissipation of the tested 273 

specimens depends on the impact force and the displacement at the impact location [36, 44, 45]. 274 

The relationship between the impact force and displacement at the impact location is presented 275 

in Fig. 12. A simplified impact force-displacement curve is presented in Fig. 13 to illustrate the 276 

impact energy imposing onto the beam-column joint. At point O (the beginning of impact), the 277 

initial input kinetic energy (Ek) that was calculated by impact mass and impact velocity as listed 278 

in Table 1 was applied onto the specimen. Point A was the highest point during the first impulse, 279 

which corresponded to the peak impact force. Point B was the lowest point at the end of the 280 

primary impulse. Then the impact force increased with the increasing of displacement Δ to point 281 

C as shown in Fig. 13. The specimen suffered the second impulse from point C owing to the 282 

interaction between the specimen and impactor and the displacement increased gradually to 283 

0

10

20

30

40

50

1 2 3 4

D
is

pl
ac

em
en

t 
(m

m
)

Impact No.

MCJ
PCJ
PCJ-SK
PCJ-SR

0

7

14

21

28

35

1 2 3 4

D
is

pl
ac

em
en

t 
(m

m
)

Impact No.

MCJ
PCJ
PCJ-SK
PCJ-SR



 

19 

Point D. At point D, the displacement of the impacted beam at the impact location reached the 284 

maximum and the velocities of impactor and beam became zero. After reaching the maximum 285 

displacement, the impact force decreased gradually to zero and the elastic deformation of the 286 

specimen recovered to Point E, which caused the release of elastic energy stored in the beam-287 

column joint. Therefore, the dissipated plastic energy (Ep) by the beam-column joint can be 288 

calculated by the enclosed area of OABCDE as shown in Fig. 13. The energy dissipation 289 

capacity of beam-column joint was estimated by using the energy dissipation ratio (Ep/Ek) as 290 

shown in Table 2 and Fig. 14. 291 

 
 

(a) MCJ (b) PCJ 

  

(c) PCJ-SK (d) PCJ-SR 

Fig. 12. Relationship between impact force and displacement. 
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 292 
Fig. 13. Illustrative impact force-displacement curve. 293 

As shown in Fig. 14, the dissipated plastic energy of the specimens increased with the 294 

impact energy imposing onto the specimens. For example, the dissipated plastic energy of MCJ 295 

increased from 604.06 J to 2053.78 J, with an increase of 240%, which indicated that specimen 296 

MCJ suffered more severe damage and deformation with the increase of imposed impact energy. 297 

Moreover, the energy dissipation ratios (Ep/Ek) of specimen PCJ-SK were 0.59, 0.71, and 0.81 298 

from the first impact to the third impact, which were significantly higher than those of other 299 

specimens. Under the fourth impact, specimens MCJ, PCJ, PCJ-SK, and PCJ-SR had similar 300 

energy dissipation ratios of 0.72, 0.73, 0.77, and 0.75, respectively, as shown in Fig. 14. It is 301 

found that the energy dissipation ratio for all three PC joints decreased from the third impact to 302 

the fourth impact (e.g., 0.81 to 0.77 for specimen PCJ-SK) with the similar input energy onto 303 

the specimens and larger plastic deformation was observed. This is because the impact force 304 

generated in the third impact was larger than that in the fourth impact as shown in Table 2 and 305 

Fig. 12. Moreover, the respective accumulative dissipated energy of specimens MCJ, PCJ, PCJ-306 

SK, and PCJ-SR were 5762.92 J, 6297.52 J, 7442.01 J, and 6574.39 J after four impacts. It can 307 

be found that the PCJ-SK dissipated more energy than MCJ by 29.14%, PCJ by 18.17%, and 308 

PCJ-SR by 13.19%, respectively. Specimen PCJ-SK dissipated energy mainly through the 309 

larger deflection of PC beam and severe damage of connection as shown in Fig. 6, which was 310 

different from other specimens.  311 
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 312 
Fig. 14. Comparison of dissipated energy and energy dissipation ratio (Ep/Ek). 313 

3.5. Discussion of the impact performance of different wet connections 314 

As presented in the experimental results of the four beam-column joints, various wet 315 

connection configurations led to different impact resistance. The connection configurations had 316 

a limited effect on the peak impact force under the first impact because of the same impact 317 

energy and contact stiffness at the impact zone as summarized in Ref. [46]. However, in the 318 

subsequent impacts, the peak impact force acting on the specimens were different because the 319 

joints with different connection configurations experienced different residual deflections of 320 

beam and damage after each impact. The residual deflection induced by previous impact could 321 

lead to an inclined impact angle between beam and impactor in the subsequent impact and thus 322 

reduced the contact area as shown in Fig. 9. Specimen PCJ-SK had the largest accumulative 323 

residual deflection of 40.5 mm after three impacts and experienced the lowest peak impact force 324 

of 169.38 kN at the fourth impact. Besides, the PC joints PCJ, PCJ-SK, and PCJ-SR dissipated 325 

more impact energy than the monolithic joint MCJ as evident by the energy dissipation ratio in 326 

Fig. 14. The impact energy was dissipated by experiencing more severe damage at the 327 

connections and larger deflections of PC beams. It is worth noting that specimen PCJ-SK 328 

dissipated more plastic energy by larger deflection of the PC beam and more severe damage at 329 
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interface between PC beam and joint. This is because the impact force would cause larger 330 

deflection of PC beam and larger rotation of the PC beam around joint area in specimen PCJ-331 

SK. Moreover, the accumulative residual rotations of joints after each impact are presented in 332 

Fig. 15. The monolithic RC joint MCJ presented the minimum accumulative residual rotation 333 

of 0.13 rad after four impacts while specimen PCJ-SK experienced the maximum accumulative 334 

residual rotation of 0.19 rad. It is because the PC beam would rotate around the shear key after 335 

the interface damage between PC beam and CIPC joint area subjected to the bending moment 336 

induced by impact force. The rotation of PCJ-SK mitigated the flexure and shear failure on the 337 

PC beam and the concrete cracks on the PC column as shown in Fig. 6(d). In addition, since the 338 

impact load at the middle of beam could cause flexural-governed damage at the connection area, 339 

the over-reinforced interface rebars at the wet connection induced more severe concrete damage 340 

at the PC beam end close to the joint area (i.e., concrete crushing on the left side and cracking 341 

on the right side) in this study, and thus specimen PCJ-SR experienced slightly larger 342 

accumulative residual rotation than specimen PCJ as shown in Fig. 15. 343 

 344 
Fig. 15. Accumulative residual rotation of joint under impacts. 345 

In general, the monolithic RC joint MCJ with the best connection integrity presented the 346 

lowest displacement response and dissipated the minimum impact energy. In terms of the PC 347 

joint, specimen PCJ with higher integrity of interface between PC beam and CIPC joint suffered 348 

less severe damage at the PC beam and the joint zone than other PC joints. The PC joint with 349 

shear key (PCJ-SK) experienced the largest rotation and dissipated more impact energy by 350 
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deflection of the PC beam. The interface rebars that were placed through the interface in 351 

specimen PCJ-SR caused more concrete damage on the PC beam close to the joint area as 352 

shown in Fig. 6(d), which reduced the impact resistance of specimen and led to a larger 353 

displacement than specimen PCJ. In summary, the shear key and interface rebar had a limited 354 

contribution to resisting the deformation of PC beam and wet connection when the impact load 355 

was applied at the middle of beam. It is worth examining the effects of shear key and interface 356 

rebar on the performance of PC joints when the applied impact load is close to the connection 357 

area, which can be investigated via numerical simulations. 358 

4. Numerical study 359 

4.1. Finite element model 360 

Numerical models of beam-column joints with different connections were developed and 361 

calibrated by using LS-DYNA as shown in Fig. 16. The constant stress solid element with a 362 

single integration point was used for the concrete beam, column, joint, load cell, and weight. 363 

Longitudinal rebars and stirrups were simulated by Hughes-Liu beam element with 2 × 2 Gauss 364 

quadrature integration. The load cell in front of the impactor was simulated by the actual 365 

dimension to ensure the actual contact area between impactor and beam. The longitudinal rebars 366 

and stirrups were embedded into concrete parts by the coupling constrained method [47, 48]. 367 

The mesh size of 7.5 mm for the numerical model was adopted after conducting a mesh 368 

convergence study to obtain reliable results with a reasonable computational cost. A larger mesh 369 

size of 50 mm was assigned to the impact mass block for saving computational time. The 370 

density of impact mass block was modified to maintain the entire impact mass (including the 371 

mass of load cell) as 550 kg. The interfaces between PC and CIPC were simulated by using 372 

solid elements with a thickness of 7.5 mm and two elements were employed in the thickness 373 

direction. The eroding-single-surface contact was employed for the concrete elements to avoid 374 
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penetrations after the failure of interface elements. The automatic surface-to-surface contact 375 

was defined between the impactor and the beam to obtain the impact force acting on the beam. 376 

The column ends were hinge supported by steel plates that can rotate freely. The automatic 377 

surface-to-surface contact was also employed between the concrete column and steel plates. 378 

The axial force of 60 kN in the test was pre-loaded on the column as shown in Fig. 16 by using 379 

dynamic relaxation analysis to reach a steady state. The initial axial load on the column was 380 

kept constant in the following impact analysis. The initial impact velocity was assigned to the 381 

load cell and weight. 382 

 383 
Fig. 16. Numerical model of beam-column joint. 384 

4.2. Material models 385 

Concrete model (i.e., Karagozian & Case model, Mat_72R3 in LS-DYNA) including 386 

strain rate effect, plasticity, and damage softening after failure was employed for the concrete 387 

and the interface between PC and CIPC components. Only unconfined compressive strength of 388 

concrete material needed be given, and the other model parameters (such as Young’s module 389 

and tensile strength) were generated automatically by the model using its built-in algorithm. 390 

The material erosion criterion with the maximum principal strain of 0.005 was assigned to the 391 

interfaces, which was the same as the simulation of PC beam under impact load [20]. The strain 392 
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rate effect of concrete material was defined by employing the dynamic increase factors (DIFs) 393 

for concrete compressive and tensile strength [49]. Moreover, the longitudinal rebars and 394 

stirrups were simulated by the elastic-plastic material model (Mat_24 in LS-DYNA). The 395 

failure plastic strain for steel was determined as 0.12. When the plastic strain of steel element 396 

reaches this value, the element would be deleted from the numerical model. The DIF model for 397 

steel material proposed by Malvar [50] was adopted to reflect the strain rate effect of steel. In 398 

addition, the elastic material model (Mat_01 in LS-DYNA) was adopted for the load cell, 399 

weight block, and steel plates. The detailed material parameters are summarized in Table 3. 400 

Table 3. Material parameters used in the numerical model. 401 

Parts Material model in LS-DYNA Parameters Value 
Concrete 

components and 
interface 

CONCRETE_DAMAGE_REL3 
(Mat_72R3) 

Density 2400 kg/m3 
Poisson’s ratio 0.2 

Compressive 
strength 

64.75 MPa (PC 
components and interface) 

68.34 MPa (CIPC 
component) 

Longitudinal 
rebar and stirrup 

PIECEWISE_LINEAR_PLASTICITY 
(Mat_24) 

Density 7800 kg/m3 
Young’s modulus 200 GPa 

Poisson’s ratio 0.3 
Yield strength 500 MPa 

Load cell and 
steel plate 

ELASTIC 
(Mat_01) 

Density 7800 kg/m3 
Young’s modulus 200 GPa 

Poisson’s ratio 0.3 

4.3. Comparison between test and numerical results 402 

Numerical models of monolithic RC and PC beam-column joints were developed and 403 

calibrated against the test data using LS-DYNA. The four beam-column joints with different 404 

connection configurations under the first impact were simulated, i.e., the impact mass was 550 405 

kg and the actual impact velocity for each specimen as listed in Table 1 was employed. The 406 

failure modes of joints were compared between numerical and test results in Fig. 17. It can be 407 

observed that the numerical concrete damage contours agreed well with the concrete cracks 408 

observed in the tests. The concrete cracks at the middle of beam were well predicted in the 409 

numerical models. Moreover, the predicted concrete damage on the right side of beam close to 410 

the joint area was in good agreement with the observed concrete cracks at the same locations. 411 
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The interface damage in PC joint was well captured in the numerical model. Besides, the 412 

damage mode of shear key in specimen PCJ-SK is shown in Fig. 17, which presented more 413 

severe damage on the right side of shear key than the left side. 414 

 415 
Fig. 17. Comparison of failure mode between test and numerical results. 416 

The predicted time histories of the impact force and displacement were compared with the 417 

test results as illustrated in Fig. 18. The numerical peak impact forces of specimens MCJ, PCJ, 418 

PCJ-SK, and PCJ-SR under the first impact were 233.76 kN, 224.06 kN, 216.17 kN, and 224.01 419 

kN, respectively, which are comparable to the test results as listed in Table 2. It is noted that 420 

double peaks appeared in the test results due to the interaction between specimen and impact 421 

head, which was affected by the slight deflection of pendulum arm during impact. However, 422 

the pendulum arm was not considered in the simulation. In addition, the predicted impact 423 

duration by numerical simulation was shorter than the experimental results as shown in Fig. 424 

18(a), which might be due to the ideal boundary conditions setting in the numerical models. It 425 

should be mentioned that the experimental impact force of specimen PCJ was not recorded and 426 
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could not be compared herein. Moreover, the predicted displacements by the numerical models 427 

also agreed well with the experimental displacements as shown in Fig. 18(b). 428 
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(b) Time history of displacement 

Fig. 18. Comparisons of impact force and displacement between test and numerical results. 

4.4. Numerical analysis of different wet connections 429 

In the present impact test, the impact loading was applied at the middle of beam and 430 

induced flexural-governed damage at the connections. To further examine the effects of shear 431 

key and interface rebars on the impact behaviour of PC joint with wet connections under shear-432 

governed damage, the numerical models of beam-column joint subjected to the impact load 433 

close to the connection area were developed as shown in Fig. 19. The distance between the 434 

impact location to the joint area was 100 mm. The impact force close to the connection could 435 

induce a larger shear action on the connection. To save computational cost, the specimens were 436 

impacted only once in the simulation with a large impact energy. The considered impact energy 437 

in the simulation was assumed to be equivalent to the accumulated energy from the four impacts 438 

in the experimental tests, which was 10.11 kJ (i.e., the sum of 1.61 kJ, 2.83 kJ, 2.83 kJ, and 439 

2.83 kJ as listed in Table 1). Accordingly, the impact velocity was assumed as 3.21 m/s and the 440 

impact mass as 1962.33 kg by modifying the material density of impact mass block. This 441 

modification was made to induce more severe damage in the specimens for clearer comparisons. 442 

 443 
Fig. 19. Impact at the location close to connection area. 444 

Fig. 20 shows the failure modes of shear key and interface rebars at the wet connections. 445 
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It can be seen from Fig. 20(a) that the shear key at the wet connection experienced obvious 446 

shear deformation and severe damage. Besides, the interface rebars exhibited shear dowel 447 

deformation on both the left and right sides as illustrated in Fig. 20(b). It is noted that only the 448 

interface rebars are presented in Fig. 20(b) for better demonstration. Since the impact force was 449 

applied close to the connection area and would induce a larger shear force along the interface, 450 

the wet interface between PC beam and CIPC joint experienced a shear-governed damage and 451 

the PC beam tended to slip along the interface at the early stage of the impact. The shear action 452 

along the interface was resisted by the concrete shear resistance and the dowel resistance of 453 

longitudinal rebar [51-53]. With the occurrence of interface damage, shear resistance provided 454 

by concrete decreased while the longitudinal rebar at both sides provided more significant shear 455 

resistance by the dowel action [54, 55]. For specimen PCJ, the shear force induced by impact 456 

load along the interface was mainly resisted by the longitudinal rebar after the failure of 457 

interface. However, the PC joints with shear key (PCJ-SK) and interface rebar (PCJ-SR) had 458 

additional shear resistances provided by shear key and interface rebar respectively, which 459 

reduced the deformation of specimens and thus led to a smaller displacement at the middle of 460 

PC beam as shown in Fig. 21(b). Therefore, the shear key and interface rebar were effective to 461 

resist the shear failure along the interface when the impact load was applied close to the 462 

connection area (i.e., shear-governed damage of connection). 463 

 464 
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(a) Joint with shear key 465 

 466 
(b) Joint of interface rebar 467 

Fig. 20. Failure modes of the joints with shear key and interface rebar. 468 

Fig. 21 presents the time histories of the impact force at the impact location and 469 

displacement at middle of the beam (same monitoring point in the test) of the beam-column 470 

joint under the impact close to the connection. The peak impact forces for each specimen were 471 

comparable because of the same contact stiffness at the impact zone and impact energy. After 472 

the primary impact impulse, a force plateau was observed in each specimen as presented in Fig. 473 

21(a) as impact mass (1962.33 kg) was larger than the mass of specimen, which has been 474 

reported in Ref. [47]. The average impact forces at the force plateau stage of specimens MCJ, 475 

PCJ, PCJ-SK, and PCJ-SR were 277.62 kN, 163.66 kN, 209.77 kN, and 176.87 kN, respectively. 476 

Moreover, the total impact loading durations on specimens MCJ, PCJ, PCJ-SK, and PCJ-SR 477 

were 43.9 ms, 57.9 ms, 53.6 ms, and 56.2 ms, respectively. The impact force acting on specimen 478 

MCJ presented the largest plateau impact force and the shortest impact duration, indicting the 479 

best integrity of monolithic RC joint. This is consistent with the conclusion that the larger global 480 

resistance of specimen under impact load could lead to a higher force plateau and a shorter 481 

duration as reported in Refs. [29, 56]. For the PC joints, the specimens with shear key (PCJ-482 
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SK) and interface rebar (PCJ-SR) had a larger plateau impact force and a shorter impact 483 

duration than those in specimen PCJ. It is because that the shear key and interface rebar 484 

improved the shear resistance of wet connection under impact load.  485 

The displacement at the middle of beam is illustrated in Fig. 21(b). The maximum 486 

displacements of specimens MCJ, PCJ, PCJ-SK, and PCJ-SR were 51.07 mm, 87.12 mm, 68.11 487 

mm, and 75.18 mm, respectively, while the residual displacements of the specimens were, 41.62 488 

mm, 73.37 mm, 58.79 mm, and 60.75 mm, respectively. Specimen MCJ had the lowest 489 

displacement due to the monolithic connection between beam and column. The residual 490 

displacement of PCJ was 24.79% and 20.77% larger than the displacement of specimens PCJ-491 

SK and PCJ-SR, respectively, which indicated that the shear key and interface rebars could 492 

provide a better capacity to resist the shear-governed damage induced by impact load, as 493 

compared with PCJ. In addition, specimen PCJ-SK exhibited a slightly lower residual 494 

displacement than specimen PCJ-SR, indicating that the shear key was slightly more effective 495 

than the interface rebars against the shear action at the wet connection. These results indicate 496 

that if the response is governed by shear mode, shear key at the interface is the most effective 497 

in mitigating the response, but it is ineffective and even has some adverse effect when the 498 

response is governed by flexural mode as demonstrated above. Therefore, to be able to mitigate 499 

both shear and flexural response, modified design that can provide both shear and bending 500 

resistance is needed. This, however, will be a topic of next research. 501 
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Fig. 21. Impact force and displacement time histories of joints under the impact close to connection area. 

5. Conclusions 502 

This study investigated the dynamic response of monolithic RC and PC beam-column 503 

joints with different connection configurations. The failure mode, impact force, displacement 504 

at impact location, and energy dissipation were analysed and compared. In addition, numerical 505 

models of beam-column joints were developed by using LS-DYNA to further examine the 506 

dynamic behaviour of joints with different wet connection configurations and subjected to 507 

impact at different locations. The main conclusions are summarized as follows. 508 

(1) When the impact loads were applied at the middle of beam in the test as shown in Fig. 509 

5, the monolithic RC joint MCJ experienced less concrete damage at the joint area but more 510 

flexural and shear concrete cracks on the beam. The PC joints experienced more severe interface 511 

damage between beam and joint area. The monolithic RC joint showed better connection 512 

integrity than PC joints with less residual rotation. Using the shear key (PCJ-SK) and interface 513 

rebar (PCJ-SR) did not enhance the impact resistance of the joint when response was governed 514 

by flexural mode. However, specimen PCJ-SK showed fewer concrete cracks on the PC beam 515 

as the PC beam rotated around the shear key after the damage of interface. 516 

(2) When the impact loads were applied near the connection (i.e., 100 mm from the 517 

connection area in the numerical study) as shown in Fig. 19, the shear key and interface rebars 518 

demonstrated the effectiveness in resisting the shear-governed response of the wet connection, 519 

indicating the shear key and interface rebars were beneficial for PC joints to resist shear-520 

governed response but not effective in resisting flexural-governed response induced by impact 521 

load.  522 

In general, various wet connection configurations for the concrete beam-column joints 523 

under impact load could lead to different dynamic responses and damage modes. The impact 524 

location that causes different combinations of bending moment and shear force acting at the 525 
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joint should be considered when designing the beam-column joint with wet connection. 526 
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