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RESPONSE EVALUATION AND ANALYSIS USING IMPULSE OF BASE-ISOLATED BUILDINGS  
DURING A COLLISION WITH RETAINING WALL  

 
 

               
Hirohisa FUKUI, Hideo FUJITANI, Yoichi MUKAI, Mai ITO and Gilberto Mosqueda 

 
 

The objective of this study is to examine the effect of the base-isolated buildings during a collision with retaining wall using a shaking table and to 
evaluate by numerical simulation. First, the factors that influence the response of superstructure during a collision were identified from the 
experimental results. And, an appropriate process was proposed for the evaluation of story shear force. Second, time history analysis using impulse 
was proposed. This method could not only reproduce the response of superstructure during a collision, but also indicate the possibility to predict it 
without using collision analysis. 
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Fig.1 Configuration of base-isolated testing model 

Floor Mass
(kg) Story Stiffness

(N/mm)
Damping 

coefficient (N s/m)

Roof m4) Third  K3) 1145.2 C3)

3FL 482 m3) Second K2) 1622.4 C2)

2FL 478 m2) First  K1) 1539.5 C1) 

1FL 734 m1) 
Base-

isolated Kb) 430.6  Cb) 

Table 1 Structural properties of testing model

 Young's modulus : E (MPa) Rigidity : Kr (kN/m) 

Hardness 50° 3.69 292.23 

Hardness 70° 6.82 540.11 

Hardness 80° 18.53 1467.47

Hardness 90° 25.99 2058.26 

Table 2 Young’s modulus and rigidity of rubber member 

Fig.2 Photo of Devices at colliding position
(a) Retaining Wall (b) Load Cell

Natural frequency (Hz) Mode 
1st 2nd 3rd 4th

Base-isolated 0.36 1.86 3.66 4.78
Base-fixed 1.19 3.32 4.64  
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Fig.3 Time history of responses of base-isolated story and first floor
(Takatori30% ; Hardness 90° ; With collision) 
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Fig.4 Collision velocity vs. story shear force relationship on first story

Fig.5 Collision velocity vs. floor acceleration relationship on first floor
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Fig.6 Collision velocity vs. impact force relationship on first story 

Absolute floor acceleration on first floor 
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Numerical Simulation 2.61 1.67 1.32 1.62 10.06 10.25 6.66 
Relative error -5.68% 0.28% -7.86% -7.46% -8.86% -7.45% -4.89% 

70° 
Experiment 2.24 1.18 1.08 1.31 9.02 8.80 5.10 

Numerical Simulation 2.35 1.12 0.99 1.28 8.99 8.79 4.81 
Relative error 4.81% -5.01% -8.31% -2.15% -0.33% -0.12% -5.74% 

80° 
Experiment 3.65 1.41 1.23 1.49 9.87 9.66 5.87 

Numerical Simulation 3.60 1.38 1.13 1.39 9.33 9.01 5.55 
Relative error -1.52% -1.81% -8.21% -6.96% -5.51% -6.69% -5.43% 

90° 
Experiment 8.07 1.71 1.42 1.75 10.96 10.80 6.93 

Numerical Simulation 7.58 1.57 1.35 1.67 10.71 10.66 6.68 
Relative error -6.08% -8.31% -5.33% -4.44% -2.24% -1.28% -3.74% 

Table 4 Comparison of maximum floor accelerations and story displacements between experiment and numerical simulation 
(Takatori 30%, Collision) 
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Numerical Simulation 2.61 1.67 1.32 1.62 10.06 10.25 6.66 
Relative error -5.68% 0.28% -7.86% -7.46% -8.86% -7.45% -4.89% 

70° 
Experiment 2.24 1.18 1.08 1.31 9.02 8.80 5.10 

Numerical Simulation 2.35 1.12 0.99 1.28 8.99 8.79 4.81 
Relative error 4.81% -5.01% -8.31% -2.15% -0.33% -0.12% -5.74% 

80° 
Experiment 3.65 1.41 1.23 1.49 9.87 9.66 5.87 

Numerical Simulation 3.60 1.38 1.13 1.39 9.33 9.01 5.55 
Relative error -1.52% -1.81% -8.21% -6.96% -5.51% -6.69% -5.43% 

90° 
Experiment 8.07 1.71 1.42 1.75 10.96 10.80 6.93 

Numerical Simulation 7.58 1.57 1.35 1.67 10.71 10.66 6.68 
Relative error -6.08% -8.31% -5.33% -4.44% -2.24% -1.28% -3.74% 

Table 4 Comparison of maximum floor accelerations and story displacements between experiment and numerical simulation 
(Takatori 30%, Collision) 
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Fig.14 Time history of impact force measured by load cell 
(Half-sine 35% With collision, Haldness90 ) 
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(a) Impact force measured by load cell

(b) Impact force measured by load cell and by accelerometer 

 Hardness 90° Hardness 80° Hardness 70° Hardness 50° 

Input 
Collision 
velocity
mm/s  

Impulse (kN s) Collision 
velocity
mm/s  

Impulse (kN s) Collision 
velocity
mm/s  

Impulse (kN s) Collision 
velocity
mm/s  

Impulse (kN s) 

Load  
cell 

Acceler-
ometer 

Load 
cell 

Acceler- 
ometer 

Load 
cell

Acceler- 
ometer 

Load 
cell

Acceler- 
ometer 

23% 119.3 0.092 0.096 119.1 0.087 0.101 102.4 0.074 0.084 119.7 0.086 0.099 
24% 156.4 0.123 0.127 162.7 0.130 0.137 153.0 0.124 0.134 160.9 0.133 0.140 
25% 192.3 0.164 0.170 185.4 0.163 0.168 192.7 0.168 0.166 184.1 0.154 0.166 
26% 224.9 0.177 0.197 216.9 0.201 0.200 222.3 0.183 0.195 218.6 0.188 0.194 
27% 244.4 0.214 0.212 250.2 0.220 0.218 247.7 0.214 0.218 242.0 0.203 0.219 
28% 275.7 0.237 0.238 273.0 0.243 0.238 271.5 0.242 0.244 272.9 0.243 0.251 
29% 296.6 0.254 0.261 295.8 0.254 0.260 290.7 0.261 0.259 288.1 0.263 0.260 
30% 318.3 0.282 0.283 312.6 0.279 0.281 313.8 0.291 0.277 314.5 0.281 0.282 
31% 337.9 0.294 0.292 338.5 0.298 0.300 333.9 0.301 0.298 338.3 0.306 0.304 
32% 359.4 0.324 0.314 358.0 0.321 0.310 352.3 0.325 0.313 357.2 0.328 0.324 
33% 379.4 0.333 0.331 379.4 0.345 0.330 376.2 0.351 0.333 378.0 0.357 0.343 
34% 392.6 0.341 0.343 399.2 0.355 0.350 397.2 0.358 0.351 393.7 0.359 0.351 
35% 424.2 0.374 0.371 427.4 0.382 0.378 438.5 0.391 0.386 423.2 0.381 0.378 

Table 5 Value of impulse and collision velocity for each hardness 

Fig.15 Time history of impact force measured by load cell
(Half-sine 35% With collision)
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Fig.16 Triangular wave 

 Third story 

Second story 

 First story |����| = 4.91 kN (Experiment) , 5.09 kN (Analysis)

|����| = 4.42 kN (Experiment) , 4.39 kN (Analysis)

|����| = 3.14 kN (Experiment) , 3.17 kN (Analysis) 

Fig.17 Schematic diagram of impulse analysis and comparison of story shear forces by experiment and by impulse analysis
(Half-sine 30% With collision, Haldness90°)

b Time history of story shear forcea Simulation model  
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Fig.17 Schematic diagram of impulse analysis and comparison of story shear forces by experiment and by impulse analysis
(Half-sine 30% With collision, Haldness90°)

b Time history of story shear forcea Simulation model  
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Fig.18 Comparison of maximum response values calculated by experiment and Impulse analysis 
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Base-isolated systems have been demonstrated to be an effective structural design to minimize damage to building 

superstructures during earthquakes. However, when the deformation of a base-isolated story exceeds design 

considerations under extreme earthquake ground motions, a superstructure may collide with a displacement-limiting 

device such as the surrounding retaining wall. In this study, collision tests using a shaking table were conducted 

considering a collision of a base-isolated model specimen with a retaining wall. Considering the relative story 

displacements, the floor accelerations and impact forces measured on the base-isolated model specimen during the 

collision, the influence of collision for the superstructure was investigated. Numerical simulation was also carried out 

to reproduce the measured responses during the collision and analysis results are compared with experimental results 

to validate the numerical model for collision analysis. In addition, time history analysis using impulse which can 

reproduce the behavior of superstructure during a collision was proposed. Findings were summarized as follows. 

1) The maximum values of story shear force, floor acceleration and impact force during a collision have an almost linear 

relationship with collision velocity. The maximum values of floor acceleration and impact force depend on the rigidity 

of the retaining wall, whereas, the maximum story shear force depends less on the rigidity of the retaining wall. 

2) About the story shear force Fi calculated by summing inertial force, the story shear force Fi becomes close to 

the story shear force Fd calculated by using relative story displacement in case without a collision. However, in a 

case with a collision, story shear forces Fi and Fd become different because of acceleration responses including high- 

frequency components. By considering floor acceleration responses filtered out the range over than the highest 

natural frequency of testing model, both the story shear forces Fi and Fd during a collision become the similar value. 

3) By calculating the impulse using the first floor impact force measured by a load cell, it was found that the impulse 

depends less on the wall rigidity. Because, although the impact force increases, the impact duration decreases about 

the increase of wall rigidity. Therefore, the maximum story shear force of the superstructure depends on the impulse 

and the maximum floor acceleration depends on the maximum impact force. 

4) The collision analysis including collision spring for MDOF model can accurately reproduce the experimental results. 

Furthermore, it is confirmed that the response of superstructure during a collision can be well-reproduced by using 

numerical analysis which applies time history of the impulse to the first floor, and the maximum floor acceleration 

and story shear force also have good agreement with experimental results. By using this analysis method, the 

possibility to easily predict the maximum response of superstructure during a collision can be indicated without 

using collision analysis. 

 

 

 

 

RESPONSE EVALUATION AND ANALYSIS USING IMPULSE OF BASE-ISOLATED BUILDINGS 
DURING A COLLISION WITH RETAINING WALL

Hirohisa FUKUI＊1, Hideo FUJITANI＊2, Yoichi MUKAI＊3,  
Mai ITO＊4 and Gilberto MOSQUEDA＊5

＊1 Ph.D. Student, Graduate School of Engineering, Kobe University, M.Eng. /  
JSPS Research Fellow (DC2) 

＊2 Prof., Graduate School of Engineering, Kobe University, Dr.Eng. 
＊3 Assoc. Prof., Graduate School of Engineering, Kobe University, Dr.Eng. 

＊4 Senior Research Engineer, Building Research Institute, Dr.Eng. 
＊5 Prof., Dept. of Structural Engineering, University of California, San Diego, Ph.D.

（2019 年 6 月 10 日原稿受理，2019 年 9 月 2 日採用決定）

─ 1543 ─


