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Fig. 1  Distribution of collapses, landslides and debris

flows in the study area
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Table 1 Classification of the influence factors of geologic hazards in Ningbo City
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Table 2 Average of maximum rainfall data for different classifications of landslide slope gradient factors

SPE KRR i/ mm
liigiesitl

1h 3h 6 h 12 h 24 h 36 h 48 h 72 h 120 h 168 h

D1 67. 34 112. 71 182.72 277.74 312. 83 341. 82 342. 22 342. 22 342. 22 342. 22

D2 12.16 39.11 63.78 140. 19 198. 62 227.21 238. 81 241. 69 265. 83 285. 23

D3 9.15 24.50 55. 33 102. 49 236. 05 266. 83 282.92 286. 08 298. 38 313.53

D4 12.31 30. 25 50. 53 98. 49 171. 14 216. 09 237. 69 243. 56 247.50 314.58

D5 2. 86 3. 54 12.82 83. 90 286. 85 363. 17 356. 08 360. 37 376.99 465. 03
B/ mm 11. 86 32.34 61.67 118. 51 203. 39 231. 02 244.59 249. 49 269. 14 294. 84
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Table 3 The weights of landslide slope gradient factors by time period

1h 3h 6 h 12 h 24 h 36 h 48 h 72 h 120 h 168 h

0. 623 0.494 0.439 0. 330 0.172 0.165 0.138 0.138 0. 137 0.153
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Table 4 The weights of the 6 factors affecting landslides for 10 time periods

ER 1h 3h 6h 12 h 24 h 36 h 48 h 72 h 120 h 168 h

A 0.076 0.126 0. 140 0.126 0.135 0.119 0.122 0.127 0.108 0. 051

B 0. 140 0.192 0.182 0.238 0. 308 0. 322 0. 342 0. 351 0.373 0. 350

C 0. 060 0. 047 0. 099 0.126 0.136 0. 149 0.153 0.152 0.142 0. 140

D 0.623 0. 494 0. 439 0. 330 0.172 0. 165 0.138 0.138 0.137 0.153

E 0. 067 0. 082 0. 089 0.119 0.148 0.150 0.149 0. 140 0.136 0.196

F 0.034 0. 059 0.051 0. 061 0.101 0. 095 0. 096 0. 092 0.104 0.110

07 2.3.2 A3

0.6l FIHAAR D AKX ARG AR Wit
sk BRAS TP I 6 2R A 1Y 10 4SBT BEAY
2 ol T 5. WY 6 38R TR K E/ MR
= R AR 59 L VIVH 80 JEE AR | e
;é 0'2 TEZJEEE . ARG 6 BT 10 AN BAE AR
' T2 1] (1] 4) St - R 2R RN 36 h LU L, 6 25500
olr TR T AR A s FRLE T <236 h. S BE RIS
O 36 12 24 36 48 72 120 168 7% 2 AR PR 1B AE R 2k T 0 A AR kA B
P T TR WL DT AE 36 h JE IR AR, B
B3 TP sEn 6 285m0 R 10 SR BEAE AR 1L 0. 125 PR ZET 2 0. 245, 1M AHXT 55 22 kR 7E 36 h
fy £k ] J 3 1) S A, p B R KT 0. 269 PR FEAIG 2

Fig. 3 Variation of the weights of the 6 factors affecting

landslides for 10 time periods in Ningbo City
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Table 5 The weights of the 6 factors affecting collapses for 10 time periods

A+ 1h 3h 6 h 12 h 24 h 36 h 48 h 72 h 120 h 168 h
A 0.162 0.116 0.118 0.128 0. 099 0. 081 0. 084 0.083 0. 087 0.106
B 0.108 0.124 0. 069 0.095 0. 087 0.071 0.070 0. 066 0. 066 0. 084
C 0.104 0. 106 0. 165 0. 150 0.074 0. 269 0.271 0. 285 0. 286 0.273
D 0.192 0. 245 0.213 0. 185 0. 149 0.125 0.122 0.121 0.117 0.110
E 0.138 0. 183 0. 189 0.175 0.212 0. 181 0. 183 0. 184 0. 188 0. 186
F 0. 296 0. 226 0. 246 0. 267 0.379 0.273 0.270 0.261 0. 256 0.241
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Table 6 The weights of the 6 factors affecting slope debris flows for 10 time periods

K 1h 3h 6 h 12 h 24 h 36 h 48 h 72 h 120 h 168 h
A 0.341 0.311 0.298 0.297 0.152 0.136 0.129 0. 140 0.137 0.139
B 0.216 0.117 0. 180 0. 081 0. 202 0. 208 0.215 0.213 0.213 0. 208
C 0. 180 0. 165 0. 186 0.119 0.184 0. 203 0. 220 0.219 0.219 0. 224
D 0.075 0. 142 0. 154 0. 248 0.214 0. 195 0.192 0. 190 0. 190 0. 188
G 0. 008 0.019 0. 020 0. 052 0. 061 0. 063 0. 058 0. 057 0. 060 0. 063
F 0. 180 0. 246 0.162 0.203 0.188 0.195 0. 185 0. 181 0. 181 0.179
0.40 - 2.3.4 ABRER
03s} FIFAX D 2302 AKX G AR DT
030¢ AR T T VA 8 M i 10 4
@ 0.25¢ A I BAE (2 7). WA TR 8 282 m A 5 MR
o0} B MRYOH R B AR 2
S —p JEERE T G A B S R A B AR, iR e A
| TR S I T 10 BRI 6)
. T HESEMET 24 h DAL 8 SR 0B T R AU
b ;mgm%; ;gﬁﬁ;;/h 72 120168 HEAMFEAAL s R <24 h,tﬁ‘i&*\%ﬂ%ﬁﬂﬁﬁ\%
B 5 T e AR 6 25T 10 AN B E AR Ak ﬂﬂ?*ﬂi?’fﬁ‘ﬁ%ﬁﬂ%ﬁ*@{%ﬁ%ﬁ’ %@%‘
W BRARTE 24 h 5 IRAZ I BURK - 0. 277 Heidi Bt
Fig. 5 Variation of the weights of the 6 factors affecting THE 0. 522, TR RESTRAAE 24 b s I BRI 522
slope debris flows for 10 time periods in H R KT 0. 230 PROJEFRAIR 2 0. 102, JLAFE IR [
Ningbo City FITE 24 h S I BLGENE T R T RRIEBERUIN
x7 ABRARKNSEXMET 10 M ENEHER
Table 7 The weights of the 8 factors affecting gully debris flows for 10 time periods
-7 1h 3h 6 h 12 h 24 h 36 h 48 h 72 h 120 h 168 h
0.522 0. 449 0. 384 0.397 0.277 0.231 0.222 0.222 0.233 0. 259
0.038 0.102 0.118 0. 080 0. 090 0.107 0.110 0. 106 0.091 0. 047
C 0. 094 0. 095 0. 065 0. 086 0.124 0.113 0.112 0.110 0.112 0. 100
D 0.168 0. 098 0. 109 0. 083 0.124 0.115 0.114 0. 115 0.121 0.137
G 0.015 0. 024 0. 037 0. 020 0. 086 0. 084 0. 085 0. 083 0. 081 0. 059
F 0.102 0. 058 0.108 0. 189 0. 230 0. 249 0. 254 0. 256 0. 244 0. 253
H 0. 053 0. 090 0.143 0.137 0. 064 0. 075 0.074 0.076 0. 080 0. 094
K 0. 008 0. 084 0.035 0. 009 0. 006 0. 025 0.028 0.030 0.037 0. 049
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Table 8 The weighted rainfall data for the different classifications of landslide slope gradient factors

JINAX & T &/ mm

1h 3h 6 h 12 h 24 h 36 h 48 h 72 h 120 h 168 h

D1 41. 888 55. 638 80. 266 91. 550 53.936 56. 249 47.367 47.098 47.012 52.279

D2 7.562 19. 303 28.016 46. 210 34. 244 37.389 33.055 33. 263 36.518 43.574

D3 5.690 12.093 24. 306 33.783 40. 697 43.908 39. 159 39.372 40. 990 47. 896

D4 7.655 14.933 22.198 32. 465 29. 508 35.559 32.899 33.520 34. 001 48. 056

D5 1. 779 1.747 5.632 27.656 49. 457 58.117 49. 286 49. 596 51.789 71. 040

®9 TRWERS KU XM BRE FEEE (24 h) HiER
Table 9 The geological hazard rainfall threshold (24 h) data of partial risk areas in Ningbo City

URGE X 44 5 himax/mm hy/mm hy1 /mm h;/mm ho1 /mm h,/mm hy1 /mm hy/mm
330281FF0005 376.4 208.0 292.2 292.2 233.8 233.8 175. 3 175. 3
330281FF0010 336.3 223.5 265.5 265.5 212.4 212.4 159. 3 159. 3
330211FF0026 233.7 241.7 225.0 225.0 180. 0 180. 0 135.0 135.0
330203FF0009 404. 8 232.9 300. 9 300. 9 240.7 240.7 180. 5 180. 5
330203FF0010 416.0 247.2 316.7 316.7 253.4 253.4 190. 0 190.0
330226 FF0003 294. 1 288.9 273.1 245.8 218.5 196. 6 163. 9 147.5
330281FF0020 361.9 189. 9 275.9 275.9 220.7 220.7 165. 5 165.5
330225FF0001 270. 8 182. 6 226.7 226.7 181. 4 181. 4 136.0 136.0
330225FF0024 215.6 179. 1 197. 3 197. 3 157. 8 157. 8 118. 4 118. 4
330283FF0002 343.2 192.1 267.6 240.9 214. 1 192.7 160. 6 144. 5
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Fig. 7 Comparison of current and weighted thresholds for 6 time periods in 10 geologic hazard risk prevention areas in

Ningbo City
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Temporal variability of influence factors weights and rainfall
thresholds of geological hazards in Ningbo City

SUN Liying' ,ZHANG Honghuai' , QIU Changjun®, YANG Zhenbin® ,ZHANG Changxiang® ,
ZHANG Bin®, ZHANG Taili®
(1.Ningbo Centre of Natural Resources Ecological Restoration and Marine Management Service ,
Ningbo 315099, Zhejiang ,China ;
2.Ningbo Qiannuo Technology Co., Ltd.,Ningbo 315099, Zhejiang ,China ;
3.Nanjing Center ,China Geological Survey ,Nanjing 210016, Jiangsu ,China )

Abstract ; Rainfall is one of the key inducements of geological hazards. Continuous rainfall coupled with
the geological environment elements will lead to the deformation and failure of the slope, which in turn
causes the continuous changes in the weighting system of the various influence factors of geological haz-
ards. Therefore, it is of great significance for accurate hazard warning and forecast to fully consider the
temporal variability of the influence factors’ weights of geological hazards in the research of rainfall thresh-
old. This paper selected nine influence factors(lithology, slope, etc.) for four types of geological hazards
including landslides, collapses, slope debris flows and gully debris flows to analyze the changes in the
weighting system of ten rainfall periods(1 h,3 h,6 h etc.)in Ningbo, and finally put forward three levels
(red, orange and yellow) of warning and forecasting value for different geo-hazard risk prevention zones.
The results show that the weights of the nine influence factors of the four types of geological hazards
change apparently within 24 hours after rainfall. The weights of the six influence factors, including the
slope and soil layer thickness of landslides, the slope and elevation difference of collapses, the slope and li-
thology of slope debris flows, and the slope and elevation of the gully debris flows, change more obviously
in the process of rainfall. The weights of slopes are generally positively correlated with time, while the
weights of the other factors are negatively correlated with time. Comparing the rainfall thresholds calculat-
ed by the method considering the time-varying weights and the I-D logarithmic method, the result
indicates that the rainfall thresholds calculated by the former method can reflect more real warning values.

Key words: geological hazards; temporal variability of weights; weighted rainfall; threshold; influence
factors; Ningbo, Zhejiang



