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Abstract
Abstract

The incidence of extreme rainfall resulting in massive (large-scale) sediment
transport and large-scale landslide disasters merit sustained attention. The
catchment area in Bengpingkeng watershed, Jiasian District, Kaohsiung, has
suffered massive sediment incidents, and the catchment area remains subject to
incipient large-scale landslide areas. The catchment area incipient massive
landslide zone lacks detailed survey data, impeding easy conduct of quantitative
work including delimitation of the impact area and collapse warning analysis.
Thus, this study proposes slope instability analysis and slope failure type analysis
and integrated numerical method for the occurrence mechanism and post-failure
behavior of the landslide. The proposed methods are applicable to alternative
plans prior to release of the detailed investigation data but are not a replacement
plan. The main purpose is to provide reference data for use before the detailed
investigation.

Slope instability analysis elucidates the unstable slope surface in the study area,
allowing inverse estimation of area representative material geologic material
parameters including cohesion and angle of friction, and may be used as the basis
for parameters of subsequent integrated collapse occurrence and outflow models.
This study applies these methods to the Bengpingkeng and Guanghua areas with
acceptable results attained. This year’s slope failure type analysis represents new
and innovative research, with the related concepts and derivations described in
this year’s reporting. The results of statistical regression are also obtained for
cases of the (Taiwan) Geological Survey and the Water Conservation Bureau. For

the integrated collapse occurrence and outflow model, more detailed model
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operational and parameter setting principles were explained this year, with the
model’s ability for rainfall effects simulations demonstrated through large-scale
soil slope experiments in Japan. The results have also been published in (an)
international journal(s). Also, simulations have been completed for Bengpingkeng
catchment zone D037 and D039 large-scale landslides, along with discussion of
the influences of groundwater and rainfall on occurrence and outflow behavior in

collapses.

Keywords: Stability analysis, landslide mechanism, Material point method
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WIS B A AR R G B A 45127 MY b

222 2o EBRNAFTRE

;” 5| Ebn () | mee (M) | EAR (M) | 6 A (M2) | wAm)
1 | 5% 21.0 33.4 2.1 751 1,576
2 | Tm 60.0 40.0 3.5 2,320 8,120
3| Tm 21.8 42.0 1.0 2,661 2,661
4 | T wm 104.0 33.0 1.6 3,542 5,667
5 | Twm 79.6 61.0 8.0 4,370 34,960
6 | #7 114.0 182.0 10.2 16,217 165,413
7 | Fl9% 104.0 141.0 22.0 10,120 222,640
8 | #7 105.0 82.0 12.0 6,153 73,836
9 | Twm 193.0 70.0 185 19,456 359,936
10 | Fl5» 178.0 60.0 8.0 13,358 106,864
11 lﬁ] EES 70.9 80.0 3.6 3,927 14,137
12 | T wm 19.1 27.0 14 320 448
13 | [fl» 106.0 84.5 7.8 9,281 72,392
14 | [Fl» 35.0 27.0 5.6 838 4,693
15 | [fla» 81.0 82.0 8.0 3,977 31,816
16 | Mg 67.0 34.0 11.6 2,647 30,705
17 | T wm 80.0 63.0 7.8 3,770 29,406
18 | T wm 20.0 39.0 8.5 594 5,049
19 | Fl5» 22.0 28.0 3.1 488 1,513
20 | [fla» 83.0 57.0 6.5 4,234 27,521
21 | [fl5» 181.0 60.0 4.1 17,566 72,021
22 | [flan 132.5 60.0 4.3 7,463 32,091
23 | [fl5» 126.0 106.0 4.6 10,718 49,303
24 | T @ 176.0 91.0 21.0 14,030 294,630
25 | 23 61.0 46.0 19.3 2,322 44,815
26 | [f]5» 60.0 57.0 19.0 3,274 62,206
27 | [flax 62.0 94.0 9.1 8,972 81,645
28 | &3 26.0 27.0 3.0 386 1,158
29 | [flax 49.0 26.0 3.2 2,794 8,941
30 | [fl5» 28.0 28.0 2.1 1,929 4.051
31 | 122.0 46.0 5.2 2,088 10,858

2-14




Lgh (m) | =dh (M) | FAR (M) | & (M2) | H#WHEM)
128.0 45.0 24.0 4,596 110,304
208.0 105.0 15.0 15,531 232,965
155.8 459 12.4 17,263 213,197
142.4 98.1 3.5 16,773 59,208
39.7 17.1 1.8 3,912 6,924
259.1 157.7 8.9 75,565 673,287
54.2 80.7 4.7 2,269 10,596
19.1 20.0 3.5 5,629 19,870
120.9 125.2 14.2 1,197 17,045
11.0 14.0 2.3 2,809 6,320
584.2 528.4 24.3 91,200 | 2,217,072
181.0 33.9 2.6 8,283 21,867
7.8 10.8 4.7 871 4,120
16.1 8.7 3.1 1,815 5,663
107.0 40.0 23.0 8,566 197,024
64.0 94.0 24.0 6,261 150,270
112.0 35.0 23.0 4,840 111,309
39.0 50.0 12.0 1,533 18,394
66.0 79.5 11.0 4,845 53,293
75.0 87.0 16.0 3,775 60,393
50.0 29.0 13.0 1,439 18,704
65.7 44.6 7.5 3,775 28,313
27.3 55.0 11.0 1,129 12,416
137.0 58.0 8.5 9,048 76,911
39.0 146.0 10.9 5,378 58,618
131.0 67.0 26.0 12,110 314,855
128.0 216.0 14.0 21,410 299,744
156.0 30.0 17.0 14,396 244,730
296.0 892.0 15.0 48,864 732,959
286.0 144.0 14.0 35,749 500,483
316.0 427.0 15.0 67,541 | 1,013,109
57.0 152.0 15.0 12,417 186,251
57.0 227.0 12.0 12,628 151,538
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WL 4 B

BLANS R G 50 45-0 7 el b

%

A ERe (M) | ede (M) | EA (M) | 5 (M2) | (M)
65| % | 380 145.0 10.0 1,321 13,205
66| %7 | 410 153.0 6.0 4,979 29,872
67 | [fla% 124.0 137.0 10.0 18,014 180,144
68| % | 1500 313.0 4.4 15,800 69,518
69 | Ms% | 106.0 160.0 8.0 11,400 91,200
70| %% | 1160 383.0 15.0 20,025 | 435,381
1l aE | 220 61.2 2.0 1,156 2,311

2 mw | 170 27.9 4.2 504 2,117

73| mas | 250 20.8 4.2 528 2,217

74| %% | 502 43.0 8.7 2,787 24,243
75 | Mt | 86.0 178.0 11.0 19,044 | 209,479
76| %% | 600 107.0 8.0 3,800 30,396
77| T% | 1080 45.0 2.9 8,138 23,601
78 | M| 39 20.1 2.3 180 414

79 | @ | 160 24.0 3.0 420 1,260

80 | Ms% | 118.0 50.0 5.6 2,059 11,531
81| %% | 740 132.0 11.0 6,305 69,356
82| %% | 507 64.0 5.6 3,745 20,970
83 | | 210.0 59.0 23.0 5,416 124,574
84 | Mi% | 550 103.0 6.0 6,147 36,883
85 | fl5 | 187.0 316.0 26.0 41283 | 1,073,353
86 | Wit | 121.0 304.0 21.0 17,660 | 370,852
87 | M | 73.0 53.2 5.9 4,635 27,348
88 | % | 930 80.0 11.0 7,482 82,301
80| % | 108.0 157.0 8.0 16,895 | 135,157
90 | Ms% | 208.0 243.0 6.0 27,484 | 164,905
oL | ms% |  67.0 25.0 4.9 1,739 8,522

92 | | 1450 31.0 6.0 2,004 12,025
03 | Ms% | 195.0 157.0 16.0 25,634 | 410,142
94 | M | 158.0 88.0 7.0 18,860 | 132,085
o5 | Ms% | 239.0 56.0 8.0 13,363 | 106,903
96 | {5 | 1720 55.0 8.0 4,867 38,032
o7 | ms% | 410 27.0 4.0 3,001 15,605
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;” Lgn (m) | ‘meh m) | EE (M) | A (M2) | WA
98 140.0 32.0 4.0 6,907 27,627
99 610.0 103.0 52.0 111,122 5,778,344
100 134.0 141.0 12.0 6,856 82,271
101 162.0 20.0 7.0 3,217 22,515
102 210.0 63.0 13.0 14,347 186,511
103 431.0 83.0 7.0 8,234 57,635
104 45.6 91.0 3.0 1,525 4576
105 13.3 16.1 0.7 245 172
106 675.0 113.0 16.0 106,170 1,698,720
107 180.0 32.7 4.5 6,726 30,267
108 94.0 36.0 6.0 6,977 41,860
109 131.9 16.2 8.0 3,182 25,452
110 115.0 98.0 2.0 7,707 15,414
111 40.0 24.0 3.0 924 2,771
112 73.0 30.0 3.0 5,452 16,355
113 357.0 50.3 4.0 19,739 78,956
114 19.0 11.0 0.8 207 166
115 393.0 38.0 12.0 9,966 119,592
116 215.0 49.0 6.0 13,006 78,038
117 133.0 31.7 4.0 2,082 8,327
118 211.0 73.9 6.0 17,139 102,832
119 448.0 80.0 8.0 20,750 165,998
120 209.0 68.3 5.0 27,422 137,111
121 20.3 19.9 14 430 603
122 14.4 1.7 1.0 125 125
123 65.0 23.0 4.0 2,317 9,268
124 63.0 30.0 3.0 2,581 7,742
125 6.0 12.0 1.0 140 140
126 132.0 45.6 2.5 8,399 20,998
127 37.0 20.0 1.2 922 1,107
128 48.0 26.0 2.0 1,373 2,746
129 10.0 12.9 1.0 234 234
130 15.6 7.0 0.5 83 41
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M 4 BRI A A GV R Y N G A 4T T LY

%

A ERe (M) | ede (M) | EA (M) | 5 (M2) | (M)
131 #5142 39.5 3.8 734 2,790
132| M5 | 36.0 29.0 2.0 1,041 2,081
133 #3%7 | 253 33.6 1.2 819 082
134| m5s | 144 5.1 0.5 135 68
135] #3% | 348 25.0 2.4 550 1,320
136| 5% | 1043 26.7 2.0 2,051 5,902
137| %35 | 544 60.7 2.6 3,347 8,703
138| #3% |  177.0 131.0 4.5 22,398 | 100,789
139| #3% | 122 13.1 1.3 332 432
140| {5~ | 65.0 48.0 15 4,613 6,920
141 M| 750 86.0 3.0 10,450 31,351
142| #3% | 313 62.6 1.6 3,793 6,068
143 %55 | 708 79.0 3.7 3,659 13,537
44| #5270 65.0 2.0 2,105 4210
145| %55 | 224 74.1 47 2,238 10,519
146| M3 | 532 37.4 3.9 2,581 10,064
147| @ | 232 17.7 3.7 678 2,507
148 =& | 1005 98.9 4.0 0,893 39,573
149| W5+ | 156.0 109.0 4.0 20,128 80,514
150| M3 | 157.0 116.0 6.0 14,263 85,575
151 @5+ | 75.0 50.0 4.0 2,223 8,894
152| s | 59.0 106.0 5.0 14,983 74,917
153 @5 | 77.0 130.0 5.0 6,656 33,278
154 | [F]5% 132.0 91.0 8.0 15,518 124,140
155| {5+ | 114.0 94.0 5.0 7,886 39,431
156 #3] | 1220 106.0 12.0 19,361 | 232,331
157 | &% 71.0 110.8 3.0 11,393 34,178
158 #35 | 2810 60.0 2.4 3,311 7,947
159| M5 |  136.0 43.0 9.0 8,057 80,611
160| #5 | 88 30.4 0.6 174 104
161| # & 114 10.8 0.7 137 96
162| #35 | 244 20.1 0.6 1,503 902
163| #35 | 610 41.0 2.0 1,438 2,876
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A | E#h (M) | =dh (M) | FAE M) | & (M2) | wAEM)
#3% | 630 44.0 4.0 3,362 13,447
#3659 63.2 2.9 3,597 10,431
#3260 29.5 2.8 593 1,660
Fas | 344 47.2 3.3 739 2,440
F | 1920 126.0 8.0 17,612 140,898
#3626 62.8 4.3 4,645 19,971
F5 | 156.0 92.0 7.0 12,405 86,835
#3359 37.3 4.8 2,391 11,476
#3850 80.0 8.0 8,091 64,728
#3% | 518 33.0 2.7 2,049 5,534
Fl5% | 538 51.3 5.8 4,974 28,851
Fas | 321 82.7 5.5 10,134 55,735
B 457 59.5 2.9 2,637 7,647
F5% | 146.0 69.4 8.0 14,744 117,948
F5% | 255.0 119.7 10.0 18,564 185,641
Fs | 3120 128.0 10.0 24,624 246,235
#3439 37.2 15 1,683 2525
#3| 1155 26.3 3.0 2,824 8,472
#3150 13.5 0.5 179 90
@ 773 92.9 4.5 7,379 33,207
#3 | 106.0 29.2 2.5 3,430 8,574
#E | 673 52.7 3.0 2,978 8,933
#iE | 415 95.7 15 2,731 4,096
E 658.6 363.4 14.0 175,691 | 2,459,674
#E | 205 48.1 4.0 1,470 5,881
HES 137.5 88.3 7.0 11,374 79,620
| 414 32.7 2.0 1,113 2,225
#3 | 1382 70.2 7.0 9,563 66,937
#3701 25.0 5.0 1,815 9,074
#iE | 412 21.8 1.0 898 898
#| 555 58.7 4.0 5,682 22,729
#3 | 1935 915 7.5 15,700 117,752
HES 199.0 71.0 7.0 13,078 91,544
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WL 4 B

FEL AR R Y E G $ A - T s p

S

e | A E#h () | = () | EAR (M) | A (M2) A% (m°)
197| #3%| 1292 149.3 6.0 17,462 104,770
198 5% 245.3 96.1 10.0 18,118 181,175
199| #3% | 144.9 86.8 7.0 9,127 63,887
200| #3% | 1146 127.1 4.0 12,975 51,900
201| #3% | 1248 134.2 5.0 14,212 71,062
202| #3 | 182 49.8 2.0 896 1,792
203| 3% | 294.7 203.2 13.0 56,798 738,371
204| #3 | 574 14.9 2.0 790 1,580
205| #3% | 758 88.6 6.0 6,600 39,599
206| F5% | 3167 107.7 8.0 27,837 222,693
207| F5% | 1222 65.8 3.0 8,024 24,071
208| F5% | 2478 87.8 4.0 20,424 81,696
209| #3% | 162.5 121.4 8.0 17,604 140,834
210| =& | 3762 153.2 9.0 60,588 545,295
211| m5% | 76.0 67.0 3.0 3,330 9,989
212| # % 5.3 11.8 1.1 99 109

213 £27) 19.0 76.6 2.5 1,328 3,320
214 #3% | 204 23.0 3.1 681 2111
215| 5% | 33.0 56.0 5.0 3,484 17,422
216 | [F15» 110.9 81.4 5.2 6,047 31,445
217| #3 | 734 47.0 1.3 1,061 1,379

218| #3% | 28.0 37.0 2.0 505 1,010
219 £27) 13.8 25.4 3.1 779 2414
220 5% | 117.0 62.0 6.0 3,710 22,261
221| #3 | 556 67.7 2.6 2,133 5,547

222| F15% | 102.0 41.0 5.0 2,938 14,690
223 #3E | 213 15.1 2.1 254 533

224 5% | 222 19.0 2.4 315 757

225| F15% | 62.0 34.0 5.0 1,890 9,450

226| Fls% | 49.0 24.0 3.0 1,906 5,718

227| B3 | 28.0 38.0 4.0 1,229 4,914

228| Fls% | 368 42.8 5.8 3,274 18,988
220| #3% | 105.0 176.9 12.0 26,767 321,200
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" A Edh (m) | ®mEh (M) | FEAR (M) | & HF (M2) | HWH M)
230 | [F]9» 47.0 64.0 7.0 3,913 27,389
231| # % 18.0 34.0 4.0 617 2,468
232 | 5™ 50.1 54.1 3.7 1,422 5,263
233 | [Fl9» 113.0 74.0 5.0 7,520 37,602
234 | &% 34.0 23.0 3.0 1,195 3,584
235| # % 61.0 140.0 5.0 6,675 33,375
236 | [F15» 37.0 24.0 3.0 1,085 3,255
237 | [Fl9» 42.0 44.0 3.0 1,986 5,958
238| &% 12.3 24.6 15 159 238
239 T 34.1 46.0 3.3 2,307 7,613
240 | £#23) 60.7 28.7 6.5 2,325 15,113
241 | # % 17.0 70.0 5.0 1,320 6,600
242 | 5% 30.3 41.0 3.5 1,442 5,045
243 | [F]9» 48.0 51.0 4.0 3,739 14,956
244 | [F]9» 25.0 60.0 3.0 1,265 3,796
245| # % 38.7 60.5 3.8 2,337 8,881
246 | # % 56.0 103.9 2.2 3,013 6,628
247 | [F15% 248.0 186.0 15.0 44,301 664,517
248 | [F]9» 25.0 27.0 4.0 746 2,982
249 | 5% 63.7 21.1 1.0 1,155 1,155
250 [f]a» 16.0 65.0 1.0 812 812
251 | &3 21.0 53.0 1.0 857 857
252 | [F]9» 10.2 53.0 4.0 439 1,754
253 | 5% 36.0 15.0 2.0 1,308 2,615
254 | [f]a» 31.0 38.0 4.0 1,039 4,157
255 | [fl15% 147.4 64.9 7.0 13,078 91,544
256 | # % 78.4 50.2 4.0 4571 18,282
257 | # % 9.7 24.9 1.0 398 398
258 | #24| 92.1 98.9 6.0 6,911 41,463
259 | [F]9» 206.5 55.1 5.0 9,921 49,607
260| #3) 159.8 45.8 6.0 7,674 46,041
261 | [F]9» 182.3 67.5 7.0 11,018 17,127
262 | &% 42.7 89.4 3.0 3,844 11,531
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M 4 BRI A A GV R Y N G A 4T T LY

%

A ERe (M) | ede (M) | EA (M) | 5 (M2) | (M)
263| M5~ | 1634 73.4 5.0 8,815 44,074
264| HiE | 975 64.0 5.0 6,768 33,839
265| T & | 4910 415.0 30.0 215,005 | 6,450,150
266| M5 | 1556.0 911.6 700 | 1,015,490 | 71,084,300
267| M~ | 987.6 534.9 45.0 500,209 | 22,509,405
268| M5~ | 496 53.5 47 3,040 18,518
260| #3% | 53 16.8 0.4 175 70
270| M | 304 55.9 1.8 1,401 2,522
271 ® | 175 34.9 1.1 899 989
272l #E | 290 12.0 1.0 1,011 1,011
273| &% 40.6 66.4 1.7 2,654 4512
274 HiE | 228 225 1.2 1,470 1,764
275| #E | 420 19.0 3.0 4,136 12,408
276| % | 610 9.0 1.0 2,607 2,607
277\ M | 249 135 1.9 1,372 2,607
278| M5~ | 296 18.0 1.6 614 083
279| M5 | 132.0 47.0 4.0 5,056 20,223
280 | [Fl15» 137.0 66.0 3.0 5174 15,521
281 M5~ | 830 41.0 2.0 1,456 2,012
282| M | 196 14.1 0.8 609 487
283| M5~ | 312 14.8 1.0 571 571
284| Mi* | 106.0 34.0 2.0 2,755 5,510
285| %5 | 8.6 15.8 2.2 235 518
286| M | 498 84.0 6.3 3,418 21,536
287| #% | 290 114.0 4.7 2,762 12,082
288| Mt | 144.0 46.0 3.5 6,624 23,184
289| M | 810 35.0 7.2 4,236 30,496
200| M5~ | 428.0 67.0 11.2 11,630 | 130,254
201| M3 | 340 38.0 3.8 1,292 4,910
202| M| 155.8 122.1 6.0 16,919 | 101,513
203| # | 541 818 3.0 4,093 12,280
204| M| 152.8 66.2 7.0 8,351 58,459
295| # % 139.6 126.2 10.0 17,845 178,454
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;” 2 | Eab (M) | cmbe () | ER (M) | 6 (m2) | A M)
206 | = 75 44.1 44.2 2.0 2,047 4,094
297 | [F15» 528.9 205.5 17.0 117,941 2,004,997
298| [Fl15» 410.0 184.5 12.0 59,834 718,004
200 | = 75 70.9 112.7 2.0 6,879 13,758
300 l}ﬂ EES 83.0 41.9 5.0 3,477 17,384
301 | = 75 199.0 80.5 6.0 14,305 85,828
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ML 4 B L

L N R S T iy Lk i el R LR Lt 0% W

223 BEE2UAACRFUBFALAT L

TR AR I8 EFEN LT E LG WL EWEHAER L2 EAY
T3z :

R | ) | ) ) };’er*) i(nﬁf
05-1 164,850 2,427,722 896.16 215.75 14.72 | 45.18
05-2 102,425 1,665,283 634.45 240.89 16.26 | 40.42
06-1 25,225 180,422 292.15 115.26 7.15 21.43
06-2 35,475 342,127 375.62 135.49 9.64 24.27
08-1 115,425 2,547,237 557.64 323.73 22.07 | 55.67
09-1 64,650 712,707 520.48 245.06 11.02 | 27.44
10-1 46,300 810,747 415.61 157.61 1751 | 49.19
11-1 150,950 1,453,342 436.42 440.87 9.63 31.3

11-2 49,100 307,430 170.65 268.34 6.26 19.96
13-1 60,175 1,246,874 445 .38 166.85 20.72 | 53.34
19-1 19,075 331,761 294.59 70.27 17.39 | 54.96
23-1 30,525 231,002 407.31 96.28 1.57 21.41
25-1 125,775 1,751,296 717.62 412.34 13.92 | 43.54
27-1 96,900 1,480,282 619.99 181.24 15.28 | 37.88
28-1 89,650 2,190,756 480.22 336.72 24.44 | 65.89
33-1 226,025 4,277,095 1067.17 306.68 18.92 | 52.87
34-1 35,525 701,206 369.84 135.44 19.74 | 46.35
35-1 85,200 1,483,192 478.57 258.57 1741 | 4041
37-1 20,200 164,992 306.84 82.22 8.17 25.49
41-1 51,225 388,659 572.36 183.89 7.59 24.4

42-1 16,975 226,311 218.53 121.95 13.33 | 33.34
42-2 43,900 605,431 494.36 134.1 13.79 | 30.73
44-1 53,400 543,108 358.28 195.52 10.17 | 31.19
45-1 37,850 336,763 304.24 205.02 8.9 25.27
46-1 16,325 134,270 177.16 120.97 8.22 19.38
47-1 37,175 366,310 309.62 137.69 9.85 22.01
48-1 64,425 759,293 475.14 209.81 11.79 | 30.28
50-1 212,000 4,185,647 910.38 429.3 19.74 | 64.24
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TG ETLM A A 4RSS 0 AR 1S MR F g2 (Material point method, MPM)
SECED F KRB IR B EERY A A P P e p 2017
ERB s Ay %,ﬁf;f« "o R IR % erFT 7 = % (Lee et al. 2019a;
Leeetal. 2019b; % = ﬁ: 2020; Leeetal. 2021) - Mg R4 & 2 A#HE R o
PR R ERE R RBR PG 353 B e 4 b4e GeoStudio-
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BEE s T SR A A RRR
VIR F R R A R FE 3 s % (isothermal condition)

Higd AP AT E T AP

ILHA %‘rmr]}fp % d SR EAE A 2 o %piwgﬁﬁd\b% JBR 4 7)5
FCBLA R R IV S S R a(UYn) R )

CHAEY RAATE 2 B EER(VnS, p) K ]

TPt P RApat £ 2 A2V A7 5

pia; = Vp, + pb + (vl V), (A)

krelkl
HY vq ZRpatcdE R op S3CHFR b PIEHA o 3L f
sy = 3 kv iE o = (Darcy law) k £ 7 B AR GHE A 4 oy Z R AP D
B AbF Gl ky 2 AT B Gl v fryy A 85 BRI AR i R o
WHEG G R G RRUHET R N Nk AT B E R

3

oo T RO NS (v —vy) BRMAIH A Gk R W)~ Tk

f

w

AN R LEPFFEEIBAT A7 50Q) e ay, fra; A% 5 R
FieRAmatE koo SREF RS o BE(L) > Bt AT S
Ok k@ > fe ] 2HEpd od o

m = (1 —n)psas + nSipya; =V -0+ pyb. (B)
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(1 —-n)psas; = V- (6 —nS;p ) + (prm — nS;p)b

S (®)
at nSl (vl — vs).

N n
krelkl

B Ay o RBAABERDF oS e g FAp AR N T

- v

3 =
™~ 7 &

on
at

AR 2 AR P o BIK R AP R R OpF A S B(0p, /0t) frke e B capE
BF - 8(0S,/0t) s 5 3“ WK R PF R E8c(0p, /0t) s i » 2 v 4 (s)&234 oK

v

BE)fci MW F B M has=p,—p > BiRtprd §- 2507 47 3

=1 -n)V- v, (D)

opr K 1-n)
ot ‘( _&%)[ n UtV ”l]’ (E)
S; 0s

B K RikApenAE s 0S,/0s 5 vk & % £ (specific moisture
capacity, Zienkiewicz et al. 1990)

PV IR o~ H RN 02 3R 4 e A (van Genuchten retention

curve, Genuchten 1980) » # ;A ¥ £ 7 %

1974

S
S =Smin + Smax — Smin) |1 + (p—)l A] fors >0, (F)
0

HY vpy % F/E‘;‘/f: R (H = kPa) > kPa & §F i E’IF P Smax 15Smin =
W R AL ReAR RS &R o IHHG T AL g Ao d 3 il ox
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bl .

Hele

¥ =

Je o d MARHIBE Gl g T &R R A % Mualem(1976) 4R % 58 A4k

v hist 2

S — S
S, = 5 LM fors > 0, (G)
max ~ °min
1\ A7
k,01(S) = (S,)05 !1 - (1 — Sei) ] fors >0, (H)

R oS 55 ote gk o 2h3055(6) 0 vk F £(05,/0s)7 14 5] 3

aS
a_Sl = (Smax
A
S )( -1 1 |s|(m) .
min/\1 — /1) (_) Do
pO pO (l)
(=1-1)
|S| (1il)
(—) fors >0
Po

R o * Bishop A4 £ 4 i ek s (o)) BB RS S
6 — Syl o B F 4 ] e B (do") 8 HR A b % PR 4 B (de)F M o
BB 2 PRk B P R 2 0 )8 R R R Ao
2-14 > B4+ 27 A7 2de’ =Dde> 2 ¢ D i % AEEE ;) BKF
BT (g A ()@ R T d 0 B a4 P e B
»in gtk i (7 &, vorticity, W)end Jg o 0t pRenfp 2 RIE R E B4 5

(Jaumann stress rate) » # % 5+ % do’ = Dde + 6'WT — Wo' -
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Local failure
X K --—-  Final slip surface

A
failure

= v

o H

5] H

2 |

] 1

= i

= : i

= Pre-failure i

o €———— | Post-failure
E >
§ Local failure |

= :
= X !

>

Time

W 2-14 #3884 r¢ & (pre-failure)fein 41 F¢ £ (post-failure) 7= X, B

Wi B R 5 A3k 2 Pl (Mohr-Coulomb failure criteria) it 5 =4 3%
FA BT MR e B kg i A kA (07,05, 01 =203) &
i (o)~ PR E@)  BEA ()% F¥ 0 & 87 1L kPR 3 (yield function,
F){e# 14 5 fc(plastic potential function, G)# % 7+

1 ) ) 1 _
F = E(G 1—0'3)— 5(0'1 + 0'3)sing + ccosg, Q)
1 ) . 1 _
G=§(0'1_0'3)_§(0"1+0J3)51m/)+c; (K)

(= )icis = i

AL BEE SRR A TR ”\!;u% % e 2 (mesh) @ ﬁa;"ﬁa‘ﬂ‘:ﬂﬁ—z&(material
points, MPS) » 4§ 2-15 o 3+ & B 4o pF o B R enT i gk B
1 & 2h(node) t o 4o 2-15 ¢ (A) 0 AR {E T EEEF KR WACR & F oo
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bl WAL & =t

Hels

¥ =

oA K2V @5 E- Byl B HMc# B 0 4oB 2-15
P e(B) o £ %F 0 1 & w2 (Explicit Euler Method)#& =T~ By R
B B o AR RRBEEI TR AME R LATRE MBS > 402157

(C) o phPE 5 BT N EL Y R R4 R AN FAE S BN o
W f At REREED T - BpFylad G sk SIS eI R
40 2-15 ¢ (D)o F 5 G frhfodp stk 4 @ F AT B kR e o
¥ BRI HORKRERIE S VRERIEESERNARET - B
chée fo i fodp $Hk 4 @ 3 Gl o R FT B [R5 NI AR T SR E L B
109 # R F-KiFEh A3 T 2 3 HAERES G RT IR L I MR g4 &
e BB R ERE B 2 ) o

W1 2-15 PR F Bk 35 5 R A W
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B B A e iR s R0 o] 2-16 Hror o B E Bdew o T ik
TRAOBLETEHER - BAER AR B S EBERLTAE
2 %8 (material phase)z % & gh(node) b » B LT 5 @ wenF P B foHAp
4vi# & (Bandara and Soga, 2015) °
% #8234 (material phase)¥ 112 & (contact surface)z. B ch 2 $x  dc 7
- REF AR P FROM T AU EH L o BRAER S A AW
(material phase) ¢ 4 i # (contact surface) 2 % & 2k(node) t » # ¥ % %8k 3
Bietilic Wi\ € kPR BRAFRApERDZE e R BEGERIER

\

Byed o ’%ﬁ%WAEr#m%ﬂ”ﬂﬁaig&g@ﬂ%ﬁﬁwﬁ
BRI RE R e BERGET B RE i = R (Bandara and

Soga, 2015) -

Bofs o A B R e 0 M T RRE POF] L TE R GE 2 T A il
A3 g (material phase)end o > d 3 F L ERAY C  FHIWE TR R
- B e Fpt i B 444 2k (boundary material point){r & 2k (boundary node)
SR E| 5 4R BE R e B o

peek s s A R R E R G e rents & 3p B (mm/hr) o HOE G 35 R T AR
i@ i & (Darcy’svelocity, w) »t o5 ? 28 5 - B4R H L Rpd
B) d »*Ead@d A L. AP REMW) B H AT iw=nS5(v, —v)
B AR FH M DFEpE R g"iiﬂi’ﬁ&?f?ﬁ”i% » dofe 318 5
@ﬂﬁw‘ffzwi&(vz) SRR T b - R o

AL BRI ARt R i B iE 2 eh T & k4 3 ATeh R s (Martinelli et
al. 2020, Ceccato et al. 2020) » i&» H A2+ F 5 PR EB N2 R T o
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Mg 4 B LA R A e B e - T R B

%X;I :I"’% I-»*-V—}\‘ mp 2 s %EﬁPFﬁ:] 2-17 Ll F] J':»/P B" Ly ;Z ?Fié':’j”
A Sl Tt KRG SRR - REEERTRS DR TA AR KB
FhA S " g B2 BRI R ARIT R B AR T A R TR

o b A E S AR E TR SR RS ERSR ST

PR B e SR R R

A B B A B
BAARH

5 3 ) & AT S #

ax AL

:
e IR R RS

2L P

ax AL

A

A

F B\ RS |

as_ AL

!
o 3 3| & A0 46 e p AELH

2L e

ax_ A

4k 9137 35
&kt

Errnea

B12-17 R &2 M54 fn N HRE 5 XA AR
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W o S BB ok op v AR E N E e A F R B 1995 £ 4
B TR I RS b0 4o 22180 3G F Ry B HH S E G 4

A
BRATOF-BRBPLFARE G E AN IR R T REE T E

F)m kFF et 5 e FHBE TSRS S FHR BRGNP
BEIR & 2 ﬁ-é?ii e EHE A REHEE AR RERT FRE D

WE 55 R E-EEI G L E g AR RTEROR TR TE RS

EEE AR = SHER LR S ALt s S L PSURS RS SiE A

TSR IEH RN TN A BRBPFTENN L EFH e KR
B0 R S FPE2E LR ST ERESTVREEFFRER DS PEME

W2-18 AR FEREBF A DLy A5 K@ (knill 1996)

B 2-19Anura#Z 3 4 FEREB T /AR
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\\\?’;r

(= )5

F MRS BT LB
épi ¥ B

WMALIBRKPFL B

’?ﬁ’/,,\‘gfrlﬁ7 ,93?

BAATH DG o

AT LB WA A e BT E

FE P ARE L S ERER SRR EAARFEL RFHEPN A
s FATRRL @ R ETA LAY TR REAFD
FEEHZEE PRI FTHET AR PREBE Fofles o FHFHIT

A R g

S gig'fré’ﬁﬁg‘, o ;1*7}* v Aok 2-4~ £ 2-540 % 2-6 ©

% 2-4 & fEHF s 08 (Young’s modulus)

Type of Soil young's modulus (MPa)

Very soft 2-15
Clay So_ft 5-25
Medium 15-50

Hard 50-100

Loose 10-24

Sand Dense 48-81
Silt 2-20

*Subramanian, N. (2008). Design of steel structures. Oxford University Press.

% 2-5 & faH4#Lendp vt (Poisson’s ratio)
Type of Soil Poisson's ratio
Clay saturated 04-05
unsaturated 0.1-0.3
Sand dense 02-04
Silt 0.3-0.35

*Subramanian, N. (2008). Design of steel structures. Oxford University Press.

2-36




226 LAEHA L B ok ¥ M Aok BE K

material Siin S e A P,(kPa) | k™(m/s)
sand 0.105 1 0.627 0.677 8.25x10°3
loam 0.181 1 0.359 2.725 2.89x104
silt 0.074 1 0.27 6.131 6.94x10°
clay 0.179 1 0.083 12.263 5.55x10°
*Carsel, R. F., & Parrish, R. S. (1988). Developing joint probability distributions of soil

water retention characteristics. Water resources research, 24(5), 755-769.
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N

z 14
e

(=) &

FoRN A e iE 2 e 2 0 & FA et R o it R RIE 2 S S
BEta o g ko et S hd S B d G B R oA S M
FHEOEE O A7 AR e e B 0 BT e TR A%
TH R B A E > RS R T ik dx 4L (material phase) s = 2
AAeH B E = E 8 RB TG o RS A dpIV BORRE E s F b gt
ToRG DR o B AT MR R & EE A F R B (Siemens 2018) » o5

LR e ]\m 'ITK{/FE%TLE_E\;JLP%i’J(@ ’ r‘,’-,%’:‘ia.',‘r,}(‘i IV “ﬂfr_ﬁ- &%«;L

damd o B AR d Gho B VR F M FAE 0 SR

=
o

B fedpsn 4 el 7 B R B

Bl 2-20 #4565 1 I KRR A F ¥4 F)(Siemens 2018)

2-38



by
I
Hele
ht!
N
K
pe
I
|4

BhEEnE e ARG EHER BRI ERER o

AR Aok g R s T e 43 B 2-16 #r7 o B8 A g (material) ek 6 ¥ %
Tpd EHEREE S H PR R R g LB J 2N AN
P BRIELRLEFLFL > VAT =B DEREE - FRL g
BIE R l[ﬁ#i%ﬁ» EEER R Dok B R e c RO G F

IRt R o e T fJ B R » BN T e FHEMo nBEGER? L
Fppigis ot i@ d S % o Bfs > N a R E 2R R8s R
(material phase)eh# & > H Sz enikyp Pl £ E 2% § FFa o 4ol 2-21 97

T oo BEE S TR R SR BREFIET HRGE A R o BN TE kg

FONSE IR F B R RME B ok TR A X B AT o

Bl2-21 4BFHBEBIT LR FAF
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P R AR S S R

A HEEE P A~ A2 B F % (Moriwaki et al. 2004) kP 3% 4
£ AN A MR 0 TR 0 P SR IER Ao ] 222 4 o
1

P AL A 2 B Sk o ek 4o@l 2-23 417 0 L2miEshd K o~ £ 23m-
B 7.8M~ E3m o L6m gl B Y o B AR Y § 11 L IR R

(%%.G-0 2 G-11)> ** G-1-G-3~G-5~G-7 v G-9 > ** 4 £ F & 0.3m~
0.6m fr 0.9m jed2 » & 3+ 15 & 3% BoK B (%5 kp-1 I kp-15) o 3 & i
BT RRNA X E AFZIFH R 30 R B I0m ek s o 23R E 54
AT RRA (%I D-1 2 D-5) - iz Moriwaki et al.(2004)# ik

B 2-22 p &+ A 1 B9 =% B (Moriwaki et al. 2004)

1m
& Surface displacement meter P
e  Pore-water pressure gauge T __
\O © 7 el A 'y
% Piezometer P X
,/’/ ~ e ke
__--~ Soil surface _"pa A& Ggo
7 7l | |G*1|
-~ (]
g D-4 Zife
6m - et G2 [l 7.8 m
6 m o D-5 < ol P .
- pia 7 ! G-3
s
B B |0 G-4
T = J—fj:;ggjf S :% IT TT T
16 L R Dl e et 66— (Width of flume : 3m)
i3 12 5 I o6l [ 1 i L 1l Y
(e
‘ G10 g9 8 |
- 216 m >

B 2-23 p »+ 3|2 39 % pe E B (Moriwaki et al. 2004)
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G
|4

R

s
I

AL A BN S ARG EOR P A A2 B R R A Sl iR

%% 4Bl 2-24 A7 o fiogg 2 K (soil) A E BAEKEF € R

ﬁgf (contact phase) t » 2 & 3F it H R P A0 P E RFEERES K
B 5 025m> & etepe ¥ 8 445 gh(material points) » 35 5 38 p = 35 9925

22

B Bfr 3226 Bt o M Sz BE 0 %k $F % 4 2 7 (Moriwaki et al.
2004, Ghasemi et al. 2019, Nguyen et al. 2021, Yang et al. 2021) > 4 ** Moriwaki
etal.(2004)F7 5 & H AcP Hterk 4 B Gl 3 B ERY S 2 A4
KEE S Fd Hi & X5 iE S#cF 7 & (parameter back analysis) % &
REF SO Flt A E SR A SRR S R MM Sl

& A 2-24 #r o

224 pr+AI B RRERPEREEF FERE R

2-41



B4 B a rb AR G 5%5’1 A 3-8 i BB )]

MR A BN EFEAE B R AN TR ok Ik £ =
1Y E D AR% T i enkE % > 4o B 2-25 fo ) 2-26 #1757 © j£_Moriwaki et al.(2004)
R SRR T RHBF A BT R 10 REE ARG 21T 0
it endg B > REER /ifﬁ%”‘“'lffﬁ#f}‘ié Rl A g * 30 p &+ A4

HAs @Y 32 0B RER | N REPES 4B 2-270
oopw AT E R E A N R RO G A R 2 03] (soil softening
model)i& 7 % 3% > #\i\gﬁ-kﬁ | AR T P R 0

B 2-25 R % G-5 i M-k BRE L FRIEHRE S RE

B 2-26 F 2% D-5 Eur % 4% Bl IR 5 R
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W2-27 p A% 33 B R REHHRE S R (ER BA S H)
T ATt MR D 2 i

d A FENE A BB F L BN NP L FEHS
AT H R TR B 44 Yang et al. (2021)F T 3 0 L TE R B R
(rainfall intensity, mm/hr, i)fe-k # i %fﬁﬁx(conductivity, m/s, K)ervt 5 0 3] 1
CUN RS NSRS 3.8 K ;ﬁ FAd R g™ o 2 T
S QLE-RUIREL F7 S I - g iR R > SR 1ok R -

FARFER AT RIK)EE Tk AR PP R Tk AR
(Vw) 2 EpE@p ek izt 2 > BF=2g RpREMTY) > SR% % 5k
(iK)ehfe F1= A 52 > A #s Tokin b A Rk B G
(Vw/K) » R 18 -2 22 2 e % A s i (ilK) ™ e TR A B (Vi /K)E 1T v R
o] 2-28 B¢ A 8] 5 G54 G-Q Ausfip TR A% 0 LRRE 2-22F
500 G-5 A3 30 Bt 10 A s 4 & 2 B (f AR ) 0 G-9 45 10 BB fook
TR (AR MO BT o REEF AR AEAR Y BB Tk
b g RARE- s P OH A B 2 Ao (i) B 2 T ehRE 4 2 G5
Fedfe G-9 Ji ik ¥ 12 & 4 #4720 B evylK o d At e TR b A g B YOI
N Pg#"ﬁ’#ip@’ - HEAT R G RIER R RE L R DR
kA BEGHET O LT RE - B TR ARG 2
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ML A BN DS ARG R N E G S04 TR )

Bl 2-28 % @ s (i/K) 2 3 T ok b 2 g (vulK) e R )

B¥ A diE- ﬁ;g)m@ﬁ@wm%%%Tﬁajﬂ%i%@#
MILFAPFRF PR o d MR T EIN A P E s TR A apE iz
B A pE o 1 A GO e TR B st 2 G5 g TR
B4 b A o3 g 4 (sliding time) & pFRF 22 % s B (IK) % it &2 7 > B
5 4o B 2-29 #77m o KB Y T v § U A oo (i) < 3t 0.5 B 0 B 4 R
BEREER TOREE e AR AT - ko P E R R g Tk
A e b 2, LR E 5 S T (i/K) L 3T 0.5 B R Tk
b AT E UK R R R § SR A P Bk
ToR AT E rFE R o ARP] s F E Aok (i/K)/) 3 0.5 pF s SR F
APREEOE TR Rt L R 2 gt 2 PP L RE ) SR E S o0k
Te(i/K) % | & 2o cndi 4o o 35 7 phoJV R A pE R o B35 8 4 PR eha ok
%’%m%%&ﬁ§¢*i%@%$¥@%ﬁ%ﬁwﬁwﬁ%ﬁ@%ﬁ%T
R b AR A ARk o gttt AT B B F 0§ Ao (k)] >t 05
o b ok b g ks G-O(B ) A 4o 2R 1S A AT A B G-5(H R ) A
&?%ﬂ&@%T$&EW¢§EH’E@ﬂ&@ﬁ%T$&EW$ﬂ*
Fehief M7 a g2 PPl ot S HEBRIFES L G FF R

4

W
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B 2-29 % A s (i) S 3 T ok B s b 2 B o B 4 T RO

Bois o A F A HEE A L B(KH AR DR B e AT R
PREERGHESACKEELTRD A AFH T RS 2 RS KOl
FERS A BEBE RG] & AR ORGSR AR
AR RBY P FREGLRKRI2267 ot B A G B RERT hg L
A3t EH M E(S R f £ =4 (cumulative surface displacement) 7 % % > B~ D-
1+D-34r D-5 =% » %8 2% a > (i/k) v $Heh% % % e B 2-30 - 7] 5
B 2250 T 4 D-1-D-34c D-5 =% s £ @@ A o Fpt 0 H g
" s (ifK) 1 e % e 2-260 S o A H Fp S e
Tt > H - F %A s u(ilk)Ax < pF D-3 fr D-1 et 28 pEddk < 3
B E s o R (IMK) A% < BF R enfs B JEARARIE 5 H - Ao i (k)% T A
0~0.5 2 B P > SEZF %5 A i (i/K)A% S » M hi#HE BAxL o TEP % A

2 RRAB B HE R EABEE R TR § F A o g(I/k) < 0.5 BF

JREGEFT B AAFA LTI EREL FHAF A KBTI B
EER R P ALK > 2R R BERAR S & FHP DS
BAk | od SRR A QBB RRISHREL S B .:r)j} TP =
R T 0 AR T LR ik o
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W 2-30 % A s (i/K)E R ff £ B HFE BF

Wl 2-31 *% & sx R (i/K)22 3w 4 =5 1 B30 RF
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(B 3-1) #2Tp k% 2 BA L A H#B™F7 52 55 DF020 2 7 n B %
Bk E o HipLEok R p 2008 £ 4 sc AR 2 2009 £ ¥ @b {4z
SoB kAR MBI R A PEIHEBE IR ARFL R

fi‘éi‘liﬁ;%’}i?\vﬁ’rbﬁﬁ/?ﬂ?‘#laﬁ }‘Q-P—’PJF]X* ffa pj‘g\'—égl
S P ELET R

THKR R FFER LS B 02017 & o

W31 #xpf -k EHH iz R
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HHFAE RN ELARNRY Y G $A 4471 T b

MITELE KRG A9 522 20F 0 AP & R K 3500 ot o HITHE
KF2Z B2 AL FAcB 322 B 33T EkRER ki EAwT
2o 0 2 TEA B AR BOR TP AR A HEBUED SR T 52 5

23 11’%’{%#%)‘/3’9%/4‘;°*§‘L&§xr5 ARk FEAS PN E L
BB iAa115l % > Bk R B ARA 2313208 3 1151 2 fF o, H ¥
1400 3 1,000 2% 240 TIFARL 686 o % oo HPEACF] 3-4 4

T BREPN LS LIRAEHR AL Lk TR R
SLF RS BRRE R cEpE 2 GRAR S Ad B R R AR

FRied; Boknf 20l SOk T R e Lk Bt re b ft K 2
WA AR YRR MR A B AR A R e
#az.zw:ma:,wgﬁ;m@mﬁ B TR R FRSIEEE IR

TR KR k2 G R LS AR 2017 & o
W 3-2 #3k k%a § 14023 2H



0 0.25 0.5 1

FALKR k2 B AL S AR 2017 £ -

B 3-3 #ZpB -k H B ALAS T B

FRKR kL EER LS AR 2017 & o

Bl 3-4 MIZPLf kR 2B PR
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M F A B NS A RN R R - TR B

Mg g K T 1T (2006 ~ 2016)2 M A F 2 G 4 53t K 4e ] 35
3 B 3-6> M 2R B IHMEEUES R FREE O LR (S EOK
THI G AT A0 20F > @ SR B E R 0 MK G AEE TS
2013 & 4 5 2% » % 2013 # & X (KONG-REY) & b 13 » #3536 ff 4

ZiEbrE g 3 2016 & 117 30 2F o

THKR R FFER LS B 02017 & o

B35 Hop kRfras SBT@os g

TR KR K EERL A b0 2017 # -

B 3-6 #ixpf ke e 800
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S MR

ERELARIDERE 5 > B372B38 AR EMEP LR (& 2010
~2014 & 2 2014 ~2017 & HITFL KR 2 IR F AT HA T > B° BT
ERER S HEBUE N v PRSI ET > TR PER KR
M B3R o 432010 ~2017 # BTG kR AL H 2 A E R

# 388178523 R o

TR KR k2 G R LS AR 2017 & o

Bl 3-7 #ipLg ok T 2010 ~ 2014 & 2 2 Bk A

FALKR k2 B H LS AR 2017
B 3-8 #iTyuf -k 2014~ 2017 &2 3 Bjib ol &
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T2 wm A 73] G iE B ¥ Ao B 3-9 7o o pdri
M@ﬁ%ﬁﬂﬁﬁkk%ﬁ%ﬁiﬁ

4 A E i HcE

WA R AT ERAR > At
K FeE R o X TR G H A S R R IR R B ORK S
KB R 1L kﬁx‘ﬂ%’ffﬁﬁl“gxiﬁéﬁ S P ETS

B39 2 xzHa A73e = F

FEDEHFEEEOERRERN Y HIBTET A 4oF) 3-
10 #7778 o 1935 A T 1 S BPE P R P o F SIRFL L ookl Sk iE
L s AR E JHoih i I P

mAFTR T B B TR B0
LR SRS S A FE ERNOELE R £ S LT ST

a friskd 24 R B OR S BERY 2 AEGTER P RBE
% o
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S MR

Bl 3-10 #iapt REHBFEHR TP L B F

B 3110173 5 # % T4 7 385 2 F
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MM F A B RN AL AR BT AR 0371 T R b

B 3-12005 8 & # % T4 17 35 L F

W 3-13012 8 & # % 24 47 S8 F {0 H
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$ZF FroERY

B 3-14029 8 & # % T4 47 3 %F L F

W 3-15008 st & # % 2 A 17 S8 F L F
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MIF A B DS ARG R T E G B 450 MR b

TN T 2 (2006 # 3 254 47 % ) B 3t 2011 GFE Bt o

* %
E'J%IZH? 3 a H 4 REORP A ZHEHITH G P X T FHF L =z

¥ ol

A
oYy Uil o

W 3-16 & kK% P 0% T BE-A F F3
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EE S S )

lé:.aéf’ gbqq‘;ﬂ}%l}""ff/qu '\‘Av\’}’ﬁ‘

j%£_2006 & fr 2011 & fFh B ot ¥ 4o dol@) 3-17 » H %% D037 +
MR Az F B oK B A e #3512 3 Yt D039 < R H IR
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