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Study on Building Damage Estimation based on the Actual Data
due to the 1995 Hyogoken Nanbu Earthquake
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1 gooon 0.00 38.29 0.01 0.06
2 gooon 0.00 38.29 0.03 0.05
3 goood 0.00 38.29 0.06 0.06
4 goood 0.00 38.29 0.08 0.05
5 goood 0.00 38.29 0.01 0.03
6 god 0.22 108.41 0.04 0.08
7 gogdno 0.71 129.50 0.08 0.11
8 goono 0.13 65.78 0.12 0.11
9 goono 0.00 47.49 0.02 0.05
10 gono 0.11 53.85 0.23 0.08
11 goooan 1.00 163.64 0.02 0.42
12 gooodno 0.86 163.64 0.21 0.56
13 gooodno 0.71 146.24 0.15 0.48
14 gooodno 0.92 146.24 0.37 0.68
15 gooogno 0.64 146.24 0.31 0.60
16 gooogno 0.74 163.64 0.18 0.48
17 gooogno 0.86 153.37 0.43 0.60
18 gooogno 0.78 153.37 0.20 0.53
19 goooan 0.57 153.37 0.20 0.56
20 gooodno gooo 153.37 0.00 0.00
21 gooodno 0.93 163.64 0.23 0.54
22 gooodno 0.82 141.75 0.32 0.60
23 gooogno 0.64 141.75 0.23 0.48
24 gooogdo 0.67 141.75 0.22 0.60
25 gooogdo ooono 141.75 0.00 0.00
26 gooogno 0.86 149.48 0.14 0.58
27 goooan 0.56 143.88 0.26 0.52
28 gooodno 0.43 133.44 0.23 0.53
29 gooodno 0.76 136.32 0.27 0.62
30 gooodno 0.72 135.76 0.21 0.57
31 gooogno 0.76 154.16 0.17 0.52
32 gooogno 0.56 154.16 0.22 0.55
33 gooogno 0.34 154.16 0.09 0.31
34 gooogno 0.74 153.03 0.24 0.59
35 goooan 0.76 162.81 0.50 0.58
36 gooodno 0.15 37.58 0.16 0.09
37 gooodno 0.00 37.58 0.18 0.04
38 gooodno 0.00 37.58 0.08 0.04
39 gooogno 0.02 37.54 0.16 0.06
40 gooogno 0.01 37.54 0.20 0.08
41 gooogno 0.08 37.54 0.17 0.07
42 gooogno 0.00 45.53 0.16 0.07
43 goooan 0.13 45.53 0.24 0.09
44 gooodno 0.11 45.53 0.13 0.10
45 gooodno 0.08 46.90 0.18 0.56
46 gooodno 0.12 46.90 0.19 0.10
47 gooogno 0.10 46.90 0.08 0.44
48 gooogno 0.15 57.67 0.24 0.60
49 gooogno 0.08 57.47 0.16 0.08
50 gooogno 0.30 73.67 0.15 0.58
51 goooan 0.40 75.67 0.18 0.54
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52 gooogno 0.44 95.26 0.18 0.54
53 gooogno 0.15 95.26 0.20 0.45
54 gooogno 0.57 95.26 0.21 0.60
55 gooogno 0.34 95.26 0.21 0.56
56 goooan 0.68 95.26 0.26 0.12
57 gooodno 0.71 95.26 0.31 0.57
58 gooodno 0.50 108.03 0.24 0.58
59 gooodno 0.40 108.03 0.15 0.45
60 gooogno 0.50 108.03 0.19 0.48
61 gooogno 1.00 108.03 0.00 0.07
62 gooogno 0.66 108.03 0.30 0.54
63 gooogno 0.56 143.85 0.23 0.54
64 goooan 0.81 143.85 0.34 0.56
65 gooodno 0.50 143.85 0.20 0.41
66 gooodno 0.80 143.85 0.02 0.18
67 gooodno 0.62 143.85 0.29 0.50
68 gooogno 0.87 162.81 0.11 0.60
69 gooogno 0.78 162.81 0.29 0.60
70 gooogno 0.82 135.35 0.26 0.69
71 gooogno 0.86 135.35 0.32 0.69
72 goooan 0.86 132.45 0.52 0.64
73 gooodno 0.79 162.81 0.36 0.57
74 gooodno 0.85 140.86 0.31 0.54
75 gooodno 0.94 140.86 0.42 0.67
76 gooogno 0.72 140.86 0.19 0.49
77 gooogdo 0.67 140.86 0.19 0.52
78 gooogno 0.85 148.50 0.56 0.59
79 gooogno 0.91 148.50 0.57 0.66
80 goooan 0.66 145.10 0.34 0.55
81 gooodno 0.54 130.70 0.36 0.53
82 gooodno 0.29 130.70 0.03 0.24
83 gooodno 0.55 112.48 0.13 0.56
84 gooogno 0.78 128.45 0.33 0.65
85 gooogno 0.72 128.45 0.47 0.59
86 gooogno 0.71 112.48 0.10 0.42
87 gooogono 0.00 48.20 0.07 0.07
88 gooogooad 0.04 48.20 0.21 0.08
89 goooaooad 0.09 50.13 0.16 0.11
90 goooaooad 0.04 47.76 0.19 0.09
91 goooaooad 0.05 49.05 0.17 0.08
92 oooogoo 0.06 53.38 0.13 0.07
93 gooogono 0.41 71.14 0.26 0.13
94 gooogono 0.16 61.76 0.24 0.11
95 gooogono 0.09 52.15 0.20 0.12
96 gooogooad 0.00 50.50 0.14 0.08
97 goooaooad 0.08 50.50 0.24 0.09
98 goooaooad 0.39 69.54 0.19 0.58
99 goooaooad 0.26 69.54 0.14 0.48
100 gooooogo 0.28 62.12 0.31 0.54
101 gooogoono 0.20 55.09 0.28 0.61
102 gooogoono 0.14 54.73 0.20 0.61
103 gooogoono 0.21 67.19 0.14 0.47
104 goooood 0.72 122.94 0.35 0.59
105 gooogooad 0.68 104.33 0.35 0.60
106 gooogooad 0.56 107.16 0.39 0.60
107 gooogooad 0.64 116.65 0.45 0.64
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108 gooooogo 0.68 133.92 0.24 0.10
109 gooogoono 0.57 89.97 0.34 0.64
110 gooogoono 0.77 106.08 0.32 0.63
111 gooogdo 0.88 177.62 0.34 0.66
112 goooan 0.91 177.62 0.42 0.66
113 gooodno 0.75 161.94 0.30 0.64
114 gooodno 0.86 124.49 0.27 0.73
115 gooodno 0.94 124.49 0.57 0.72
116 gooogo 0.81 124.49 0.45 0.65
117 gooogdo 0.75 124.16 0.52 0.65
118 gooogno 0.82 133.92 0.29 0.60
119 gooogoono 0.69 114.71 0.33 0.68
120 goooood 0.44 114.71 0.24 0.56
121 gooogooad 0.74 123.65 0.33 0.62
122 gooogooad 0.57 133.92 0.07 0.51
123 gooodno 0.57 114.71 0.11 0.56
124 gooogdo 0.27 114.71 0.37 0.38
125 gooogno 0.27 108.57 0.46 0.41
126 gooogno 0.11 118.46 0.16 0.20
127 gooogdo 0.82 152.15 0.33 0.59
128 goooan 0.87 152.15 0.28 0.59
129 gooodno 0.69 147.03 0.12 0.49
130 gooodno 0.68 140.50 0.25 0.54
131 gooogooad 0.67 113.29 0.35 0.66
132 gooooogo 0.14 113.29 0.12 0.21
133 gooogoono 0.25 113.29 0.24 0.38
134 gooogoono 0.21 134.75 0.16 0.18
135 gooogno 0.80 162.67 0.57 0.62
136 goooan 0.79 162.39 0.32 0.60
137 gooodno 0.73 147.03 0.15 0.57
138 gooogooad 0.67 128.35 0.30 0.65
139 gooogooad 0.44 116.98 0.46 0.64
140 gooooogo 0.38 112.73 0.43 0.52
141 gooogod 0.44 122.32 0.30 0.53
142 gooogod 0.57 145.00 0.09 0.56
143 gooogod ooono 152.27 0.00 0.00
144 goooood 0.77 152.27 0.33 0.59
145 gooogooad 0.56 147.03 0.16 0.45
146 gooogooad 0.68 127.07 0.41 0.59
147 gooogooad 0.94 145.00 0.37 0.67
148 gooooogo 0.74 145.00 0.27 0.61
149 gooogoono 0.68 150.34 0.09 0.58
150 gooogoono 0.55 137.62 0.24 0.57
151 gooogod 0.74 144.17 0.11 0.53
152 goooood 0.80 144 .17 0.36 0.62
153 gooogooad 0.68 129.26 0.45 0.57
154 gooogooad 0.73 125.07 0.22 0.63
155 gooogooon 0.67 150.34 0.07 0.48
156 goooogon 0.61 150.34 0.14 0.61
157 goooooon 0.53 128.35 0.02 0.36
158 goooooon 0.69 128.35 0.15 0.58
159 goooooon 0.70 124.98 0.19 0.66
160 goooooon 0.63 120.45 0.15 0.57
161 gooogooon 0.67 123.62 0.23 0.62
162 goadno 0.04 * 0.02 *
163 gooodno 0.10 51.85 0.22 0.08
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164 gooogo 0.07 52.51 0.25 0.07
165 gooogno 0.08 51.38 0.17 0.08
166 gooogno 0.03 51.38 0.14 0.06
167 gooogno 0.06 49.63 0.25 0.12
168 goooan 0.03 49.63 0.31 0.11
169 gooodno 0.00 49.63 0.10 0.07
170 gooodno 0.03 49.63 0.24 0.07
171 gooodno 0.06 48.08 0.23 0.11
172 gooogdo 0.01 50.11 0.38 0.10
173 gooogno 0.02 48.97 0.22 0.09
174 gooogdo 0.02 48.97 0.25 0.07
175 gooogno 0.18 53.27 0.23 0.14
176 goooan 0.03 53.27 0.26 0.12
177 gooodno 0.02 53.27 0.35 0.09
178 gooodno 0.02 48.65 0.30 0.07
179 gooodno 0.06 62.30 0.19 0.12
180 gooogo 0.05 62.30 0.31 0.11
181 gooogno 0.07 58.11 0.36 0.11
182 gooogno 0.02 58.78 0.43 0.09
183 gooogno 0.00 60.50 0.16 0.49
184 goooan 0.05 60.50 0.46 0.65
185 gooodno 0.07 68.27 0.42 0.13
186 gooodno 0.08 57.12 0.60 0.13
187 gooodno 0.02 53.40 0.42 0.11
188 gooogo 0.01 49.65 0.48 0.08
189 gooogno 0.08 58.06 0.38 0.64
190 gooogno 0.21 58.25 0.28 0.09
191 gooogno 0.02 55.16 0.28 0.53
192 goooan 0.18 55.16 0.48 0.69
193 gooodno 0.09 62.84 0.61 0.63
194 gooodno 0.05 57.21 0.60 0.13
195 gooodno 0.04 54.06 0.47 0.16
196 gooogo 0.03 54.06 0.33 0.09
197 gooogno 0.02 48.92 0.47 0.09
198 gooogno 0.08 54.72 0.25 0.09
199 gooogno 0.11 68.21 0.47 0.63
200 goooan 0.12 68.21 0.46 0.67
201 gooodno 0.19 61.12 0.56 0.57
202 gooodno gooo 61.12 0.00 0.00
203 gooodno 0.05 61.12 0.44 0.56
204 gooogo 0.28 77.79 0.44 0.60
205 gooogno 0.46 77.79 0.61 0.64
206 gooogno 0.51 88.32 0.51 0.70
207 gooogno 0.48 88.32 0.75 0.69
208 goooan 0.48 88.32 0.55 0.60
209 gooodno 0.12 68.50 0.40 0.61
210 gooodno 0.13 53.36 0.44 0.64
211 gooodno 0.06 54.95 0.41 0.58
212 gooogo 0.33 81.19 0.47 0.55
213 gooogno 0.72 81.19 0.72 0.70
214 gooogdo 0.38 102.27 0.81 0.70
215 gooogno 0.90 102.27 1.23 0.70
216 goooan 0.68 112.63 0.58 0.56
217 gooodno 0.46 112.98 0.55 0.56
218 gooodno gooo 112.98 0.00 0.00
219 gooodno 0.20 101.09 0.25 0.64
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220 gooogo 0.51 99.84 0.65 0.64
221 gooogdo 0.41 106.98 0.64 0.67
222 gooogno 0.36 106.98 0.40 0.55
223 gooogno 0.50 106.98 0.17 0.40
224 goooan 0.67 109.59 1.50 0.69
225 gooodno 0.87 122.85 0.53 0.64
226 gooodno 0.51 116.86 0.24 0.53
227 gooodno 0.89 99.84 0.84 0.70
228 gooogo 0.75 122.79 0.57 0.71
229 gooogno 0.38 122.79 0.57 0.56
230 gooogno 0.55 130.22 0.34 0.50
231 gooogno 0.81 130.22 0.26 0.59
232 goooan 0.88 130.22 0.33 0.56
233 gooodno 0.72 137.57 0.23 0.64
234 gooodno 0.95 137.57 0.74 0.72
235 gooodno 0.79 135.34 0.64 0.62
236 gooogo 0.70 135.34 0.49 0.57
237 gooogno 0.67 136.89 0.37 0.54
238 gooogno 0.85 143.81 0.47 0.62
239 gooogno 0.90 121.54 0.64 0.73
240 goooan 0.48 110.50 0.22 0.46
241 gooodno 0.61 110.50 0.47 0.55
242 gooodno 0.57 110.50 0.10 0.56
243 gooodno 0.59 129.50 0.23 0.51
244 gooogo 0.50 113.80 0.20 0.53
245 gooogno 0.58 116.63 0.37 0.57
246 gooogno 0.79 116.63 0.55 0.67
247 gooogdo 0.45 116.63 0.31 0.38
248 goooan 0.00 116.63 0.02 0.12
249 gooodno 0.71 129.50 0.39 0.60
250 goood 0.26 113.80 0.12 0.35
251 goood 0.00 133.71 0.12 0.17
252 goooo 0.63 133.71 0.54 0.63
253 goooo 0.62 133.71 0.16 0.40
254 goooo 0.81 134.98 0.44 0.58
255 goooo 0.83 140.62 0.44 0.61
256 goooan 0.35 118.21 0.18 0.39
257 gooodno 0.79 118.21 0.44 0.66
258 gooodno 0.67 118.21 0.51 0.61
259 gooodno 0.67 162.59 0.36 0.43
260 gooogo 0.89 158.56 0.43 0.64
261 gooogno 0.86 158.56 0.47 0.69
262 gooogno 0.83 160.74 0.41 0.61
263 gooogno 0.86 136.21 0.09 0.65
264 goooan 0.46 136.21 0.36 0.60
265 gooodno 0.49 136.21 0.17 0.59
266 gooodno 0.69 125.64 0.17 0.63
267 gooodno 0.50 125.64 0.15 0.55
268 gooogo 0.46 123.09 0.31 0.59
269 gooogno 0.80 123.09 0.22 0.57
270 gooogno 0.72 130.07 0.18 0.58
271 gooogno 0.69 130.07 0.15 0.58
272 goooan 0.79 144.74 0.27 0.62
273 gooodno 0.82 169.33 0.21 0.60
274 gooodno 0.87 169.33 0.13 0.57
275 gooodno 0.80 176.97 0.30 0.59
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276 gooogo 0.80 176.50 0.35 0.58
277 gooogdo 0.79 176.50 0.32 0.60
278 goooo 0.32 143.65 0.07 0.44
279 goooo 0.60 143.65 0.32 0.64
280 goood 0.60 150.17 0.21 0.58
281 goood 0.77 150.17 0.23 0.62
282 goood 0.73 122.89 0.17 0.57
283 goadno 0.76 127.14 0.34 0.62
284 gooooogo 0.54 99.31 0.20 0.61
285 gooogoono 0.48 99.36 0.23 0.62
286 gooogoono 0.41 95.56 0.16 0.58
287 gono 0.43 100.04 0.04 0.43
288 god 0.06 * 0.02 *
289 goadno 0.24 * 0.01 *
290 gooodno gooo 42.22 0.00 0.00
291 gooodno 0.02 42.22 0.10 0.07
292 gooogo 0.16 52.70 0.17 0.09
293 gooogno 0.01 39.79 0.28 0.10
294 gooogno 0.15 112.96 0.35 0.50
295 gooogno ooono 106.55 0.00 0.00
296 goooan 0.00 106.55 0.00 0.42
297 gooodno 0.36 106.11 0.23 0.50
298 gooodno 0.61 106.11 0.57 0.63
299 gooodno 0.50 106.55 0.27 0.60
300 gooogo 0.69 143.05 0.21 0.53
301 gooogno 0.74 120.05 0.31 0.60
302 gooogno 0.66 112.01 0.41 0.57
303 gooogno 0.49 112.01 0.39 0.58
304 goooan 0.51 102.64 0.35 0.63
305 gooogooad 0.69 144.11 0.28 0.59
306 gooogooad 0.85 138.25 0.27 0.69
307 gooogooad 0.65 125.18 0.20 0.64
308 gooooogo 0.79 137.69 0.18 0.58
309 gooogoono 0.65 137.69 0.17 0.45
310 gooogoono ooono 134.60 0.00 0.00
311 gooogoono 0.50 134.60 0.20 0.57
312 goooood 0.84 130.07 0.17 0.63
313 gooogooad 0.78 137.66 0.28 0.58
314 gooogooad 0.68 130.07 0.32 0.54
315 gooogooad 0.56 130.07 0.14 0.51
316 gooooogo 0.72 130.07 0.12 0.52
317 goon 0.33 137.66 0.02 0.37
318 gono 0.01 * 0.02 *
319 gooogno 0.43 94.29 0.12 0.67
320 goooan 0.51 93.18 0.36 0.58
321 gooodno 0.23 75.40 0.37 0.61
322 gooodno 0.06 71.27 0.16 0.63
323 gooodno 0.09 65.04 0.30 0.09
324 gooogo 0.91 147.25 0.24 0.64
325 gooogno 0.79 147.25 0.41 0.55
326 gooogno 0.62 92.03 0.38 0.64
327 gooogno 0.22 71.27 0.19 0.54
328 goooan 0.08 52.81 0.26 0.52
329 gooodno 0.02 47.07 0.20 0.52
330 gooodno 0.88 147.25 0.19 0.61
331 gooodno 0.91 135.79 0.07 0.63

10-24




gb 20000000000

332 gooogo 0.67 135.79 0.19 0.50
333 gooogno 0.57 135.79 0.40 0.53
334 gooogno 0.27 74.54 0.50 0.59
335 gooogno 0.15 71.19 0.60 0.63
336 goooan 0.74 150.08 0.52 0.57
337 gooodno 0.79 150.08 0.39 0.61
338 gooodno 0.85 151.31 0.59 0.65
339 gooodno 0.76 142.36 0.46 0.62
340 gooogo 0.81 155.89 0.38 0.62
341 gooogno 0.09 60.83 0.16 0.07
342 gooogno 0.06 60.83 0.03 0.06
343 gooogoono 0.04 52.46 0.07 0.10
344 goooood 0.05 54.84 0.16 0.08
345 gooogooad 0.13 52.22 0.33 0.08
346 god 0.01 41.70 0.10 0.04
347 goooooogog 0.00 37.95 0.01 0.01
348 goo0oooooon 0.00 37.95 0.01 0.04
349 goooooooon 0.00 37.95 0.10 0.08
350 goon 0.00 * 0.00 *
351 00 0.05 * 0.00 *
352 goano 0.00 * 0.00 *
353 god 0.00 41.70 0.02 0.01
-0Doooooo
*Wooooo
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Vulnerability Functionsfor Japanese Buildings
based on Damage Data dueto the 1995 Kobe
Earthquake

Fumio Y amazaki and Osamu Murao

Institute of Industrial Science, University of Tokyo

I ntroduction

More than hundred thousand buildings were severely damaged and about
one hundred and fifty thousand buildings were moderately damaged due to
the Hyogoken-Nanbu (Kobe) Earthquake on January 17, 1995 (National
Land Agency, 1997). A large amount of data obtained in this earthquake
should properly be analyzed for estimating and mitigating damage due to
future seismic events. In order to evaluate the building damage in the
affected area by the Kobe Earthquake, the strong motion distribution is
required. However, since the number of recorded motions was not large
enough to estimate the detailed spatial distribution of ground motion (JMA,
1997), the strong motion distribution is necessary to be estimated using other
data sources.

To estimate the strong motion distribution, the results of the building
damage survey by the group of the Architectural Institute of Japan (AlJ), the
City Planning Institute of Japan (CPIJ) and Hyogo Prefectural Government
(AlJ & CPI1J, 1995) may be most useful since the survey was conducted for
the entire affected area using the unified damage classification. The data
obtained by this survey were digitized on a geographic information system
(GIS) by the Building Research Institute, Ministry of Construction (BRI,
1996). Miyakoshi et al. (1998) estimated the distribution of the peak ground
velocity (PGV) by comparing the BRI data and the PGV abtained from a
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two-dimensional response analysis. More recently, Yamaguchi and
Yamazaki (1999) adso estimated the distribution of the peak ground
acceleration (PGA), PGV, spectrum intensity (Sl), and the instrumental IMA
intensity (Shabestari and Y amazaki, 1998) using the BRI’ s building damage
data and the strong motion indices calculated from the records.

Note that, although the BRI data are very useful, the inventory of
buildings (type of structure, construction period, etc.) was not associated
with the data. Only the use of buildings (residential, commercial/office, or
industrial) and story classification (one or two-storied, or higher than that)
were given since the survey by the Al1J & CPIJ group was conducted visually
from the outside of buildings. To construct the building vulnerability
functions to be used for damage assessments, however, building damage
data associated by inventory are necessary. In this view point, the results of
building damage survey conducted by local governments are highly useful
although the damage classification was different from that of the AlJ & CPIJ
and it was even not the same among the local governments in the affected
area (Murao and Y amazaki, 1999).

The present authors have collected the building damage data surveyed by
local governments and performed basic analyses on damage (Murao and
Yamazaki, 1997; Yamaguchi et a., 1998; Sugiura and Yamazaki, 1998).
Combining the damage survey data by Kobe City with the estimated ground
motion distribution by Yamaguchi and Yamazaki (1999), this paper aims to
construct the vulnerability functions (fragility curves) for Japanese buildings
that consider the structural type and construction period.

Figure 1 shows the flowchart for the development of the (empirical)
vulnerability functions. First, vulnerability functions (I) were created by
using the 17 recorded ground motion indices and the BRI damage data for
one or two-storied residential buildings. Employing these vulnerability
functions (1) to all the district blocks (corresponding to the postal address) in
the stricken area, the distributions of PGA, PGV, Sl and JMA intensity (1)
were estimated (Yamaguchi and Yamazaki, 1999). Using these estimated
ground motion distributions and the building damage data for Nada Ward
surveyed by Kobe City, the vulnerability functions (1) considering structural
type and construction period are developed in this paper. Employing the
vulnerability functions (II) to each district block of Nada Ward, the
distribution of PGV is further refined. Using the updated strong motion
distribution (1), further refined vulnerability functions (111) are finaly
obtained.
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Vulnerability Functions

Y amaguchi and Y amazaki (1999)

Building Damage D ata of
BRI (one or two storied Recorded Ground M otion Inventory and Building
residential buildings) Damage Data of Local
Governments (structural
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V ulnerability Functions (I) period, roof type, etc.)
(one or two storied residential
buildings)

]
v

Estimation of Distribution of
Earthquake Ground M otion (I)

|
A 4

V ulnerability Functions (1)
(structural type and construction period)

|
v

Estimation of Distribution of Earthquake Ground M otion (I1)

{
h 4

V ulnerability Functions (I11)
(structural type, construction period, roof type, etc.)

Figure 1. Flowchart for the development of vulnerability functions based on the
damage data due to the Kobe Earthquake

Overview of Building Damage in Nada Ward

Nada Ward is one of the nine wards in Kobe City having population of
approximately 125,000 in 1994. While the northern part of the ward suffered
only dlight damage, a large number of buildings were seriously damaged or
collapsed in the southern part due to strong shaking. Some buildings were
burnt down due to fires and some buildings near the coast were suffered
from displacements associated with liquefaction. As a whole, about thirteen
thousand buildings were heavily damaged, about six thousand buildings
were moderately damaged, and 924 people were killed in Nada Ward by the
earthquake (K obe City, 1996).

Table 1 shows the number of buildings in Nada Ward with respect to the
structural type and the period of construction (wood-frame only) for three
damage levels: heavy (H), moderate (M), and dight/no damage (N). This
damage classification was used for the purpose of property tax reduction for
the damaged buildings in the fiscal year of 1995. Note that the damage
classification is different from that of the BRI data (Murao and Y amazaki,
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1999). The following information such as “district block”, “structural type”,
“congtruction period”, “roof type’, and “use’ is associated with each
building as well as the damage classification.

The type of structuresis classified into four categories. wood-frame (W),
reinforced concrete (RC), stedl-frame (S), and light gauge steel frame (LS).
In Nada Ward, wood-frame buildings were about three-quarters of all
buildings. Since the number of buildings was large enough for wood-frame
buildings, they were further classified into five construction periods.

Figures 2 and 3 show the damage ratio of buildings in Nada Ward with
respect to the structural type and construction period (for wood-frame). The
figuresindicate that: 1) the damage ratio for wood-frame buildings is largest
among all the structural types; 2) the damage ratio for old buildings is larger
than that for new buildings for the most structural types.

Table1. Summary of building damage in Nada Ward due to the Kobe Earthquake

Type of Buildings Heavy Moderate No/Slight Tota
-1951 5,032 1,636 1,138 7,806
1952-61 2,897 936 992 4,825
Wood-frame (W) 1962-71 2,588 928 1,126 4,642
1972-81 1,006 764 1,218 2,988
1982-94 384 542 1,523 2,449
Subtotal 11,907 4,806 5,997 22,710
Rainforced Concrete (RC) 354 532 2,928 3,814
Sted (S) 532 462 1,179 2,173
Light Gauge Steel (LS) 272 164 865 1,301
Others 133 89 324 546
Tota 13,198 6,053 11,293 30,544
22710 2173 1301 3814 546 30544

100%
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Figure 2. Damage ratio of buildingsin Nada Ward for different structural types
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Figure 3. Damage ratio of wood-frame buildings classified by construction period

Re-estimation of Ground Motion Distribution in Nada Ward

The distribution of PGV in Nada Ward estimated by Yamaguchi and
Yamazaki (1999) is shown in Figure 4 (@). The seaside area where
liquefaction occurred and the mountain area with small number of buildings
were excluded from the area to study since, for these areas, the estimation of
strong motion indices was difficult from the building damage. In some
blocks in Figure 4 (@), PGV was not determined because a block consists of
a large park with aimost no residential buildings or blocks were outside of
the investigation by the AlJ & CPIJ group.

Since the building damage data used for the development of Figure 4 (a)
do not include detailed building information, such as the construction year,
the estimated PGV may be affected by the characteristics of buildings in
each block. Hence, it is desirable to correct this bias using another damage
data associated with the detailed building information.

First, (interim) vulnerability functions of wood-frame buildings were
constructed using the damage ratio of buildings in each block level of Nada
Ward and the estimated PGV distribution shown in Figure 4 (a). The damage
ratios of buildings were first calculated for each block (containing about
scores to a few hundred buildings). However, after classifying the buildings
within a block using the category in Table 1, the number of buildingsin each
block with the same category becomes small. Hence the several neighboring
blocks having a certain range of the estimated strong motion indices were
synthesized when cal cul ating the damage ratios.
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Figure 4. Comparison of (a) estimated PGV by Yamaguchi and Y amazaki (1999)
and (b) re-estimated PGV from the interim vulnerability functions (I1) in Nada
Ward, Kobe City due to the 1995 K obe Earthquake

In selecting the neighboring blocks to combine damage data, the extent
of damage and the subsurface soil condition of the blocks were considered.
For each construction period of wood-frame buildings, 20 combined blocks
were used with the approximate number of buildings in each block as: 360
buildings for period -1951, 220 buildings for period 1952-61, 200 buildings
for period 1962-71, 120 buildings for period 1972-81, and 100 buildings for
period 1982-94. Such regional grouping was adopted to obtain reliable
damage statistics that correspond to the estimated PGV.

For a strong motion index X, the cumulative probability Py (X) of the
occurrence of damage equal or higher than rank R is assumed to be log-
normal asfollows:

P- (PGV) = ® ((In PGV-})/7) (1)

In which @ isthe standard normal distributionand A and { are the mean
and the standard deviation of In PGV. The two parameters of the
distributions, A and ¢, were determined by the least square method on
lognormal probability paper.
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Vulnerability Functions

Figure 5 shows the interim vulnerability functions for wood-frame
buildings in Nada Ward for different construction periods based on the
building survey data of Kobe City.

As demonstrated in Figure 5, the interim vulnerability functions for
wood-frame buildings are dependent on the period of construction. However,
no such information was available for the building damage data of BRI.
Hence, in estimating the distribution of PGV from the BRI data, we
implicitly assumed that the construction periods of one or two-storied
residential buildings had similar distribution in all the studied area. But this
assumption is obvioudly not true. Some districts consist of old buildings and
some others consist of new buildings.

Considering these issues, the distribution of PGV was re-estimated using
the interim vulnerability functions shown in Figure 5. From the damage ratio
of buildings for one construction period in a block, one PGV value in the
block can be estimated. Using the five interim vulnerability functions
corresponding to the different construction periods, the five PGV values are
obtained. Similarly, the two damage levels (heavy, heavy + moderate) give
two PGV values for a block. These estimated PGV values were averaged for
the re-evaluation of PGV. Figure 4 (b) shows the distribution of re-evaluated
PGV.

100%

Damage Ratio (Heavy + Moderate)

Figure 5. Interim vulnerability functions of wood-frame buildings with respect to
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Vulnerability Functions of Buildings

In the similar manner, the vulnerability functions for al of the buildings
based on the re-estimated PGV were constructed with regard to structural
types and construction periods. Table 2 summarizes the results of the
regression anaysis. With regard to R, and R, in Table 2, the square of
correlation coefficients (R?) for wood-frame building are largest. This fact
can be explained by 1) the PGV was re-estimated from the mean value of
damage ratio for wooden buildings; and 2) the number of wood-frame
buildings is largest among structural type, thus they gave the most stable
statistics. R? values for other type of structures are lower than those for
wood-frame buildings. But they are, in general, very high.

Table 2. Parameters of vulnerability functions for Japanese buildings

Heavy (R},) Heavy + Moderate (R ,)
A & R’ 1 & R?
Wood-flame -1951 4.36 0.41 0.96 3.66 0.67 0.88
(W) 1952-61 4.44 0.35 0.98 3.97 0.49 0.95
1962-71 4.45 0.34 0.98 4.02 0.46 0.97
1972-81 4.73 0.38 0.97 4,25 0.39 0.98
1982-1994 5.12 0.50 0.88 4.61 0.47 0.97
All 451 0.41 0.98 4.07 0.51 0.98
Rainforced -1971 5.12 0.65 0.95 4,72 0.69 0.93
Concrete 1972-81 5.33 0.58 0.94 4.85 0.61 0.84
(RC) 1982-94 6.00 0.79 0.90 5.33 0.79 0.92
All 5.50 0.71 0.97 4.99 0.72 0.92
Steel -1971 4.64 0.62 0.72 4.25 0.71 0.79
S 1972-81 4.97 0.49 0.94 4.49 0.55 0.80
1982-94 5.64 0.73 0.89 5.01 0.73 0.82
All 5.14 0.63 0.75 4.69 0.67 0.69
Light Gauge -1971 4.70 0.55 0.93 4.41 0.50 0.91
Steel 1972-81 5.82 0.97 0.73 4.95 0.86 0.78
(%)) 1982-94 6.19 1.10 0.86 5.28 0.87 0.85
All 5.03 0.56 0.94 4.73 0.60 0.97

Figure 6 shows the vulnerability functions for the four structural types.
In each figure, wood-frame buildings show the smallest seismic capacity and
RC structures show the largest seismic capacity. The functions for steel-
frame and light-gauge steel-frame structures look very similar.
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Figure 6. Vulnerability functions with respect to PGV for different structural types

Figures 7 and 8 show the vulnerability functions for reinforced concrete
and steel buildings with different construction periods. It is clearly seen in
the figures that the older buildings are more vulnerable than the newer
buildings. For these engineered structures (S and RC), the revision of the
seismic design code in each construction period may have a significant effect
for the improvement of seismic resistance. However, for other structura
types, especially for wood-frame buildings, it is concluded that the aging of
buildings is mostly responsible for this observation, based on the plot of

building damage ratios year by year (of construction).
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The vulnerability functions developed here may be further improved by
introducing the damage data from neighboring cities in the 1995 Kaobe
Earthquake (e.g. Yamaguchi and Yamazaki, 2000) and the results of
numerical simulation for building damage.
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Figure 7. Vulnerability functions for RC buildings
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Figure 8. Vulnerahility functions for steel buildings
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Vulnerability Functions
Conclusions

The 1995 Hyogoken-Nanbu (Kobe) Earthquake caused unprecedented
damage in Kobe and its surrounding area. A number of building damage
surveys were carried out for different purposes. The results of these surveys
contain highly valuable information on building fragility and ground motion
estimation. In this paper, the building damage data for Nada Ward of Kobe
surveyed by Kobe City Government were employed to construct
vulnerability functions that consider the structural type and construction
period. The resultant vulnerability functions show that the structural type and
construction period are important parameters to determine the occurrence
probability of damage.

In developing the empirical vulnerability functions, the distribution of
strong motion indices estimated using the recorded ground motion and other
building damage survey data were used. Since the estimated PGV was
affected by the inventory characteristics of each district block, the PGV
distribution was re-evaluated using the obtained vulnerability functions that
consider the construction period of wood-frame buildings. Using the re-
evaluated PGV distribution, refined vulnerability functions considering more
detailed characteristics of buildings were developed. The fina vulnerability
functions may be useful for damage assessments and early damage
estimation systems in Japan.
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RISK EVALUATION METHOD OF BUILDING COLLAPSE
FROM THE EXPERIENCE OF THE KOBE EARTHQUAKE

Osamu MURACE Hiroyuki TANAK ABand Fumio YAMAZAK I

SUMMARY

Tokyo Metropolitan Government (TMG) recently published “The Earthquake Area Vulnerability
Assessment of Tokyo” based on soil conditions, building inventory and social conditions. It shows
relative seismic risks in Tokyo. “The area danger levels’ were determined with respect to building
collapse, fire outbreak and spread, human casualties, and access for evacuation. The method used in
the report was applied to Nada Ward, Kobe City using the inventory before the 1995 Hyogoken-
Nanbu (Kobe) Earthquake. The obtained “building collapse risk” was compared with the actual
damage of the ward due to the earthquake. The result of the comparison indicates that the weights
used in the TMG method should be adjusted since the obtained collapse risk was strongly influenced
by the building density of each city block. Then a revised method to evaluate “building collapse
risk” was proposed. The new building collapse risk corresponds to the severe damage ratio of
buildings and it reflects the characteristics of buildings and sites. The proposed method may be
useful for seismic risk assessments by local governmentsin Japan.

1. INTRODUCTION

In recent years, scores of earthquake damage assessment studies have been conducted by local and national
governments in Japan. An earthquake causes fires, liquefaction, land slides and lifeline interruptions as well as
damage to buildings and infrastructures. The characteristics of an area influence the appearance of seismic
damage. It is very important for local governments, not only of prefectures but also of cities or wards, to grasp
seismic vulnerability of each city block. Recently, GIS technologies enable us to assess seismic risk and to
predict earthquake damage visually using inventory and other natural and social data[Yamazaki et a., 1995].

Tokyo Metropolitan Government [TMG, 1998] recently published “The Earthquake Area Vulnerability
Assessment of Tokyo” based on building inventory, soil conditions, and social conditions. The earthquake area
vulnerability assessment by TMG is similar to damage assessments for scenario earthquakes [TMG, 1997]. But
there are differences in the methods to predict various kinds of damage. In the damage assessment of TMG,
specific earthquake source models were used and amounts of various damage were enumerated while in the area
vulnerability assessment of TMG, no specific source model was considered and only relative seismic risks of
each city block were evaluated using rather simple methods. “The area danger levels’ in the TMG report, which
are basic indices to assess seismic vulnerability of each district block (corresponding to the postal address), were

! Ingtitute of Industrial Science, University of Tokyo, 7-22-1 Roppongi, Minato-ku, Tokyo 106-8558, Japan
2 Graduate School of Engineering, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
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determined with respect to building collapse, fire outbreak and spread, human casualties, and access for
evacuation. The method may be useful for the authority of each administrative ward to identify high-risk areas
for which they give priorities for urban redevel opment.

In this study, in order to examine the assessment method of building collapse risk due to earthquakes, the method
used in the TMG's report was applied to the Nada Ward, Kobe City using building inventory before the 1995
K obe Earthquake. The obtained “building collapse risk” was compared with the actual damage of the ward due
to the earthquake and a revised method to estimate “building collapse risk” which fits the actual damage was
proposed.

2. APPLICATION OF THE METHOD OF TMG TO NADA WARD
2. 1 Building Collapse Risk by the Method of TM G

“The Earthquake Area Vulnerability Assessment of Tokyo” [TMG, 1998] shows high-risk zonesin Tokyo. “The
arearisk levels’ were determined with respect to building collapse, fire outbreak and spread, human casualties,
and access for evacuation. In this study, the building collapse risk was adopted as a research object.

The building collapse risk by the method classified all the district blocks in Tokyo into five levels using the
amount of risk calculated using weights for severa elements related to seismic vulnerability of buildings. The
elements are building characteristics and site characteristics. These weights were determined by experiences of
six professionals. The amount of risk (simply call "risk" hereafter) for building collapse was calculated by the
following equations (1) and (2):

Qi = Dy (1-W,0Uy) 1)
Ukn= ulnDUZnDUSnDu4nDu 5n (2)

in which k is the building category (1-19), Q isthe amount of risk, D is the number of buildings per 1 km?, Wis
the weight for earthquake resistant capacity of buildings of the category k, U is the weight for site characteristics,
u;'s are the weights for subsurface condition (u,), for possibility of liquefaction (u,), for large-scale cut-and-fill
(uy), for reclaimed land (u,), and for steep slope (us), n is each value by the 6 speciaists. By adding Q,’s for all
the structural typesin ablock, the amount of risk for the block is evaluated.

This method is simple and easy to use. However, the physical meaning and objectivity of the weights are
unclear.

2. 2 Building Collapse Risk of the Nada Ward

The building collapse risk of the Nada Ward in Kobe City was calculated using the inventory and soil data by the
method of TMG. Buildings in the Nada Ward were classified into 19 categories by the structura type and
construction period. The site characteristics of each district block (Figure 1) were employed to calculate the
seismic risk. As aresult, the building collapse risk was determined as shown in Figure 2(a).

Figure 2(b) shows the ratio of severely damaged buildings due to the 1995 Kobe Earthquake investigated by
Kobe City and Figure 2(c) shows the distribution of the peak ground velocity (PGV) estimated by Murao and
Y amazaki (2000) from the building damage. The area of large PGV value in the figure almost corresponds to the
belt of IMA intensity 7 determined by JMA'’s field survey [IMA, 1997] while this general tendency was also
recoghized in the distribution of high severe damage ratio in Figure 2(b). It is noticed that the distribution of
building collapse risk evaluated by the method of TMG (Figure 2(a)) and the density of buildings (Figure 1(c))
look quite similar.
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Figure 2: Building collapserisk and actual damage in Nada Ward

2. 3 Building Collapse Risk by the M ethod of TM G and Actual Damage in the Nada Ward

The building collapse risk and the actual damage ratio for each district block were compared in Figure 3. In the
figure, the amount of risk was standardized to have a value between 0 to 1. The left figure shows the influence of
the subsurface soil condition while the right figure shows the influence of the density of buildings (number of
buildings per 1 km?). It seems that these two factors, the building collapse risk and the actual severe damage

ratio, do not look highly related although the former is strongly influenced by the building density of each
district block.

In the method of building collapse risk evaluation by TMG, the amount of risk is the product of the humber of
buildings per unit area and the term consisting of the weights as shown in equation (1). Thus the risk in densely
built-up areas became high by this method. “The building collapse risk” by TMG may be related to the human
casualty and the evacuation risk since these risks are related to the number or density of buildings. However,
“the collapse of abuilding” itself is usually not influenced by the density of buildingsin an area. Hence a revised
amount of risk, which divides the evaluated amount of risk (by TMG method) by the total number of buildingsin
the block, is proposed.
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3. NEW EVALUATION METHOD OF BUILDING COLLAPSE RISK
COMPATIBLE WITH ACTUAL DAMAGE RATIO

3. 1 Maodificationsto the Method of TM G

We will introduce modified “building collapse risk” as an index that reproduces the actual severe damage ratio
of buildingsin Nada Ward due to the Kobe Earthquake. First, in equation (1), " D,: the number of buildings per 1
km?" is replaced by "N, the ratio of buildings with category k in number". By this, the building collapse risk
which reproduces the severe damage ratio can be obtained. Next, the weights used in eguation (1) were
examined. In the method of TMG, the weights for the seismic resistance of buildings and the site condition are
simply multiplied when evaluating the collapse risk. However, the collapse risk may be affected by the both
parameters at the same time. Hence matrix-type weights should be introduced to consider the joint effect of the
building resistance and the site condition (intensity of strong motion) on the collapse risk.

The seismic resistance of buildings was determined based on the fragility curves proposed by the present authors
[Murao and Y amazaki, 2000], which consider the structural type and construction period. The site condition was
classified into five subsurface soil types (mountain, terrace, alluvial fan, delta and reclaimed land) from borehole
logging data of Nada area and geomorphological land classification maps. In this study, matrix-type weights
were determined and then the building collapse risk which is equivalent to the result of a fragility analysis was
obtained.

3.2 Method of New Building Collapse Risk Evaluation

A new building collapse risk evaluation method is proposed in this study. In the proposed method, "P;: the
building collapse risk" is defined in the following equation as an index instead of "the amount of risk" in the
method of TMG.

R=Y L NEW, 3

in which k is the building category (1-14), | indicates the subsurface soil condition (1-4), N, is the ratio of
buildings with category k in number, W, is the matrix-type weight for building category k and soil condition I.
Classifying the collapse risk into 5 levels, arisk level of each block is obtained. By this equation (3), the effect
of the building density is removed from the collapse risk evaluation, and more realistic risk that represents the
building characteristics and site condition of an area can be calculated.
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3. 3 Reliability Analysisto Obtain Damage Probability

The method to determine the weights for building collapse risk applicable to other areas in Japan is proposed
using the basic reliability analysis theory [Ang and Tang, 1984; Okada and Nakano, 1988]. The vulnerability
functions (fragility curves) for severely damaged buildings developed by the authors [Murao and Yamazaki,
2000] were used as the resistance of buildings. Figure 4 shows the probability density functions for the seismic
resistance of various kind of buildings with respect to PGV. In these functions, the seismic resistance for each
structural type and construction period was modeled by a log-normal distribution based on the actual damage
data in Nada Ward due to the 1995 Kobe Earthquake. It is observed in the figure that the seismic resistance of
buildings has large variability even for the same structural type and construction period. The values of the two
parameters of the log-normal distributions are listed in Table 1.

Figure 5 shows the probability density functions of the estimated PGV in the Kobe Earthquake for different
topographical conditions in Nada Ward. These functions were also obtained by a statistical analysis of the
estimated PGV values in Nada Ward and the values of their parameters are shown in Table 1. The peak PGV
value of the density function becomes large in the order of softer ground: mountain, terrace, aluvial fan, and
delta. The PGV value is widely distributed for mountain and alluvial fan while the range is comparatively
narrower for terrace and delta. But, of course, this observation is the case for Nada Ward in the Kobe
Earthquake; not necessarily the general trend of strong ground motion in Japan.

Using the basic reliability analysis theory, the probability for severe damage P; is obtained by the following
equation:

Pi=P(RI&1)=1® (A J{) 4

in which R is the probability density function for the seismic resistance of buildings, Sis the probability density
function for the strong motion index (e.g. PGV), @ is the cumulative probability of the standard normal
distribution, A =A, - A, and Z , =({ >+ A2, assuming independence between R and S. Using this equation, the
weights for the building collapse risk can be calculated and the values are shown in Table 1. Figure 6(a) plots the
comparison of the weights for the building collapse risk evaluated by equation (4) and the severe damage ratio
observed in the Kobe Earthquake. It is seen that the obtained weights are compatible with the actual severe
damage ratio. The building collapse risk of Nada Ward calculated by this method is plotted in Figure 6(b).
Comparing this figure with the distribution of severe damage ratio in Figure 2(b), they look quite similar. Thus,
it is conducted that the severe damage ratio was almost reproduced by the proposed method.
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Table 1: Parameters of the probability density functions and obtained weights
that reproduce the sever e damageratios due to the Kobe Earthquake

Ay { . Mountain Terrace | Alluvial Fan Delta
- - 1 2 3 4
A s - - - 3.90 3.95 4.76 4.74
¢ s - - - 0.53 0.24 0.33 0.15
-1951 1 4.36 0.41 24.6 19.5 77.9 80.8
1052-61 | 2 4.44 0.35 10.8 12.6 74.8 78.3
Wooden 1962-71 | 3 4.45 0.34 10.1 11.6 74.6 78.2
1972-81 | 4 4.73 0.38 10.1 4.1 52.7 51.0
1082-94 | 5 5.12 0.50 4.6 1.7 27.5 23.1
-1971 6 5.12 0.65 7.1 4.4 31.0 28.2
RC 1972-81 | 7 5.33 0.58 34 13 19.7 16.1
1082-94 | 8 6.01 0.79 1.3 0.6 7.3 5.8
Stedl -1971 9 4.64 0.62 18.2 15.0 57.0 56.2
Frame 1972-81 | 10 4.97 0.49 6.8 3.0 36.1 324
1082-94 | 11 5.64 0.73 2.7 1.4 13.7 11.3
Light Gauge -1971 12 4.70 0.55 14.8 10.7 54.2 53.1
Steel Frame 1972-81 | 13 5.82 0.97 4.1 3.1 15.2 13.6
1082-94 | 14 6.19 1.10 3.1 2.4 10.8 9.7
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Figure6: (a) Comparison between the actual severe damage ratio and the evaluated severe damage
probability; (b) The proposed building collapserisk of Nada Ward

3. 4 New Building Collapse Risk of Tokyo

Using the method proposed above, the building collapse risk in Tokyo was evaluated. In calculating the new
building collapse risk, the median of PGV in mountain areas was assumed to be 30cm/s, which was used in the
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damage assessment study of TMG (1997) for near-field earthquakes. The median values of PGV in other
topographical conditions were obtained by multiplying the amplification factors proposed by Yamazaki et al.
(1999) using the observed records by JMA-87-type accelerometers. The logarithmic standard deviation of PGV
was assumed as the record-to-record (intra-event) variation in the attenuation relation of PGV proposed by
Molas and Yamazaki (1995).

Under these assumptions, the new building collapse risk of Tokyo was calculated and it was compared with that
by TMG as shown in Figure 7. It is seen in the figure that the risk level in the eastern part of Tokyo (lowland
with soft soil) is large by the proposed method while the high-risk blocks are distributed outside of Y amanote
Line circle (highly built-up wooden building areas) by the TMG method. Soil condition and building type are
dominant factors to determine the collapse risk in the proposed method. In the method of TMG, the density of
buildings per unit area amost determines the building collapse risk. However, since the Urban Planning Bureau
of TMG uses this building collapse risk in the selection of areas for urban redevelopment, the risk by the TMG
method may have different meaning from the risk evaluated by the proposed method.
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Figure 7: Comparison of building collapserisk in Tokyo by two methods

4. CONCLUSIONS

In this study, the building collapse risk of the Nada Ward, Kobe City was calculated based on the method of
Tokyo Metropolitan Government (TMG) using building inventory and soil condition data. The evaluated
building collapse risk was compared with the actual building damage due to the 1995 Kobe Earthquake. Since
the number of buildings in unit area is a dominant factor to determine the building collapse risk by the TMG
method, the evaluated risk was high for densely built-up areas and it was not very good agreement with the
actual damage distribution. We considered that “the collapse of abuilding” itself is not influenced by the density
of buildings in an area. Hence a revised method, which divides the evaluated amount of risk by the total number
of buildingsin an area (removing the effect of building density in an area), was proposed.

As the index of building collapse risk, the severe damage ratio of buildings in a city block is considered. Based
on the actual damage in Nada Ward due to the Kobe Earthquake, the probability density functions for the seismic
resistance of buildings and the peak ground velocity (PGV) were obtained. These functions consider the
structural type and construction period for the building resistance and the topographical condition for the ground
motion intensity. Employing the basic reliability analysis theory, the severe damage probability of buildings was
evaluated analytically and it was confirmed that the obtained the severe damage ratio reproduce the actual one.
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The proposed method was further applied to the building collapse risk evaluation of Tokyo and its result was
compared with that by the TMG method. It is observed that the building collapse risk in the eastern lowland of
Tokyo islarge by the proposed method while the high-risk zone is distributed in highly built-up wooden building
areas by the TMG method. These observations can be explained by the fact that the soil condition and building
type are dominant factors to determine the collapse risk in the proposed method and the density of buildings per
unit area almost determines the building collapse risk in the TMG method.

The physical meaning of building collapse risk was interpreted properly by the proposed approach and it is
generaly applicable to entire Japan. Assessment of building collapse risk in urban areas is one of the important
factors to be considered in urban planning. Hence the proposed method may be conveniently used by local
governments in Japan for the seismic risk assessment of district level.
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ABSTRACT: In Japan, where earthquakes occur frequently, it is important to carry out urban
planning considering natural disasters. However, it appears that Japanese cities have not been
designed with any definite visions of urban safety based on previous research concerning natural
disasters in Japan, except for a few cases. It is necessary for people in Japan, which has been
plagued with many earthquakes throughout history, to propose a future vision of a city from the
viewpoint of urban safety. On the other hand, recent computer technology enabled the
improvement of real-time monitoring systems after the 1994 Northledge Earthquake and the
1995 Kobe Earthquake. In this paper a method of analyzing and designing a city, based on the
viewpoint of urban safety, is proposed. This method, named MUSE (Method of Urban Safety
Analysis and Environmental Design), is based on the theory of The Image of the City by Lynch
(1961), and some urban physical elements are defined as parts of an organic system. Using the
MUSE with Arc/MView 3D analyst, we can easily and visualy simulate the city as a three-
dimensional world, a task which previously required much time to express by models, on a
monitor. The authors constructed vulnerability functions (Murao and Yamazaki, 1999) and
proposed the Method for Building Collapse Risk Assessment (Murao and Yamazaki, 2000).
Applying these methods of urban safety assessments to the MUSE should make it useful for
early damage assessment systems. Moreover, by combining it with recent technology the MUSE
will be realized for urban safety in the future.

1. Introduction

In Japan, where earthquakes occur frequently, it is important to carry out urban planning
considering natural disasters. However, it appears that Japanese cities have not been designed
with any definite visions of urban safety based on previous research concerning natural disasters
in Japan, except for afew cases. It is necessary for people in Japan, which has been plagued with
many earthquakes throughout history, to propose a future vision of a city from the viewpoint of
urban safety. The proposed vision must also be useful for other countries in which earthquakes
often occur. On the other hand, the recent computer technology enabled the improvement of
real-time monitoring systems after the 1994 Northledge Earthquake and the 1995 Kobe
Earthquake. Using future technology, it will become possible to easily ssimulate urban visions
according to various situations. The authors constructed vulnerability functions for buildings
based on actual damage data of the 1995 Kobe Earthquake (Murao and Yamazaki, 1999) and
proposed the Method for Building Collapse Risk Assessment (Murao et al., 1999, Murao and
Yamazaki, 2000). The use of future technology and the proposed method of urban safety
assessment should be useful for early damage assessment systems. This paper focuses on urban
physical environments, and we propose a method named MUSE (the Method of Urban Safety
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Analysis and Environmental Design) to analyze a city from the viewpoints of urban safety.

2. Image of a City

It might be difficult for us to recognize differences among cities with physical elements.
Lynch (1960) proposed the method called “The Image of the City” to consider the differences
between Boston, Jersey City and Los Angeles. In his theory, Lynch classified physical elements
of cities into five types and analyzed the cities using the idea called imagability, as shown in
Figure 1. These five types of elements which were “paths’, linear elements on which people can
pass, such as like streets; “edges’, other linear el ements which people cannot cross, like coasts;
“districts’, areas that people recognize to be identical; and “nodes’, important intersections and
symbolized “landmarks” in the city. The proposed method was an experimental attempt to
analyze cities visually using urban physical elements.

3. Method of Urban Safety Analysisand Environmental Design
3.1 City asan organic system

After World War |1, large-scale development for new towns was carried out worldwide. In
those days, some new methods for designing cities were considered by many architects to deal
with the social situation. Tange (1961) in Tokyo Project 1960 and Smithon and Smithon (1967)
in Urban Structuring tried to design cities in analogy to living organisms (structure of human
body, trunks or leaves of trees, etc.), as shown in Figure 2. These theories or an organic city can

(b) Los Angeles

Figurel Imagesof cities by Lynch (1960)

L

Opened System and Closed System  Axis of Possibility for Urban Devel opment

(a) Tokyo 1960 by Tange (1961) (b) Cluster City by Smithon and Smithon (1967)

Figure2 City asan organic system
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be applied for urban safety planning. Referring to The Image of the City” by Lynch (1960) and
considering the city to be an organic system, the MUSE is proposed.

3.2 Elements of MUSE

MUSE is a method of analyzing, designing and simulating a city, in which urban physical
elements are defined as parts of the organic system in GIS. The physical elements are classified
into the following 10 types (Figure 3, 4 and Figure 5).

Element-0: Imaginary Walls
Element-I: Subjects (as Physical Dynamic Elements): people, bicycles, cars, trains, etc.
Element-I1: Shapes (as Physical Static Elements)
a. Paths (Leading Paths and Secondary Paths): streets, expressways, aleys, railways, etc.
b. Edges: coastlines, riverbanks, long walls, edges of developed districts, etc.
c. Cdlls: town blocks, etc.
d. Voids: open spaces, public squares, parks, playgrounds, campuses, parking lots, etc.
e. Cores: city halls, ward offices, elementary schools, hospitals, etc.
Element-I11: Webs (as Systematic Elements): common ducts, lifelines, water supply, etc.
Element-1V: Nature (as Natural Elements): ponds, lakes, rivers, green belts, farms, etc.

Element-0: Imaginary Walls

It is important to deal with an area as a closed system. The “imaginary walls’ are defined
as invisible walls on the boundaries of the area. Usualy the area may be an administrative
district like a city. It is also possible to change the boundaries according to each occasion. The
“imaginary walls’” are vertical planes to close off the area. Imagining these walls in the area of
analysis, it becomes possible to divide the city into inside and outside and to measure such
factors as the amount of traffic, traffic density, and the number of distribution channels.

Element-1: Subjects (as Physical Dynamic Elements)

We often compare a city to a stage as described by Lewis Mumford (1895-1990). It seems
that the city has been developed as an artificial stage for people, the actors, and an audience.
Subjects, such as people, cars, and trains, are defined as the principal dynamic element in the
MUSE. In most cases, the materials and some information are transported by the movement of
the “subjects’, like blood in a body.

Element-11: Shapes (as Physical Static Elements)
In the MUSE the main objects are urban physical environments, which are represented by

Elemeni-0: Imaginary wall Elemani-lic- Cell
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the “shapes’ as physical static elements. By operating these elements and considering these
relationships, we can analyze the city.

Element-l1a. Paths (L eading Paths and Secondary Paths)

“Paths’ are linear networked elements on which the “subjects’ can travel, such as streets,
expressways, aleys, and railways. The “paths’ are public streets for the “subjects’ in most
cases, it is possible to put the “nature”, such as trees, on them to make a good view, and to put
“webs’, such as a common ducts, under them for urban safety. The network of “paths’ is like
blood vessels and make up the structure of the city. Moreover, according to the size or the
purpose, the “paths’ are classified into two types:. “leading paths’ and “secondary paths’.
Connected to other areas, the “leading paths’ lead human activities in the city and can make up
the principal networks of lifelines. In contrast, “secondary paths’ are narrow humanscale streets,
such as aleys, which are familiar to the residents.

Element-I1b: Edges

“Edges’ are other linear elements which people cannot cross, such as coastlines,
riverbanks, long walls, and edges of developed districts. These elements are useful in preventing
of the spread of fires. By making on “edge’ in a dangerous zone occupied by many old wooden
houses, it is possible to lessen the amount of risk of the area.

Element-l1c: Cells
“Cells’ are town blocks as fundamental units of the organic city in the MUSE. There are
many different buildings in each “cell” and it has different characteristics according to the

SRR R A .iﬂi.l"il

PRI LI S N T T
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Figure4 Image of MUSE (1)
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structural types and construction period. By applying the vulnerability functions derived by
Murao and Yamazaki (1999) or the Building Collapse Risk Assessment (Murao and Yamazaki
2000) to the “cell”, as shown in Figure 6, we can estimate the dangerous areain the city.

Element-11d: Voids

“Voids’ are places not occupied by buildings, such as open spaces, public squares, parks,
playgrounds, campuses, parking lots. People gather in the “voids’ to take part in various urban
activities: taking a walk, meeting with others, playing, evacuating from fires, etc. Networks of
“voids’ and “paths’ influence urban safety.

Element-l1e: Cores

“Cores’ are point elements, such as buildings important in the case of a disaster: city halls,
ward offices, elementary schools, hospitals, electric substations, etc. These buildings have
special functions for disaster management, evacuation, utilities, lifeline control, and health care.

Element-111: Webs (as Systematic Elements)

While the “shapes’ are the physical elements on the ground, the “webs’ are basically
systematic elements underground. The “webs’ include each lifeline system, such as common
ducts, water pipes, and optical fiber cables, and the systems are related to the “cores’.

Element-1V: Nature (as Natural Elements)
A city has its own nature, such as lakes, rivers, forests, groves and fields, according to its
geographical features or climate. These natural elements, “nature”, will be essential elementsin

(e) Element 1l-c: Cell (f) Element I1-d: Void

(g) Element |1-e: Core (h) Element 111: Web

Figure5 Image of MUSE (2)
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(a) Distribution of Strong Ground Motion (b) Building Collapse Risk

Figure6 Display of urban safety analysis by the MUSE

the urban safety analysis and environmental design. Water from a river is useful for
extinguishing fires, and networked greenbelts in the city can be firebreak belts. By combining
“nature” with artificial elements, it is possible to make the city comfortable and safe.

4. Conclusions

In this paper a method of analyzing and designing a city was proposed, from the viewpoint
of urban safety. The proposed method, called MUSE (the Method of Urban Safety Analysis and
Environmental Design), is based on the theory of The Image of the City by Lynch (1961), and
the urban physical elements are defined as parts of an organic system. Using the MUSE with
Arc/Mew 3D analyst, we can easily visually simulate the city as a three-dimensional world, a
task which previously required much time by making models, on a monitor. The authors
constructed vulnerability functions (Murao and Yamazaki, 1999) and proposed the Method for
Building Collapse Risk Assessment (Murao and Yamazaki, 2000). By applying these urban
safety assessment methods to the MUSE, it should be useful for early damage assessment
systems. Moreover, by combining it with recent technology, the proposed method will be
realized for urban safety in the future.
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