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暴雨冲击下之坡地破坏及保护

刘长龄　杨沂恩　喜界卜　黄进坤
(成功大学水利及海洋工程学系　台湾台南)

摘　要　以试验方法, 探讨暴雨作用下于不同坡度时, 对坡地破坏及保护方式之研究。保护方式分为

4 类: 地下排水、浅层排水、干砌卵石及浆砌卵石。试验中观测地下水之变化, 量测流失之土方、排水

量, 以及最后破坏之断面,并进行边坡稳定分析。试验结果指出 : ( 1)压实度较小、渗透性较佳之土壤,

因地下水渗透, 在坡脚产生瞬间坍方。( 2)压实度较大、渗透性较差之土壤,将产生地表径流冲蚀, 若无

排水或坡地保护措施, 将发展成严重的径流冲蚀,造成坍方。
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Side Slope Failure due to Storm and Its Protection

Chang-L ing L iu　Yi-En Yang　J u-Pu H si　Chin-K un H uang
( Dep ar tment of Hydraulics and Ocean E ngineering of Chang K ung Univ ersity　T ainan　T aiw an)

Abstract　T he main purposes fo r experimental studies ar e about the failure pr ocesses and types

of slopes under the at tack of heavy storm . T he effects o f protect ions by underground drainage,

shallow depth drainage, mor tarless cobble protect ion and mor tar cobble protect ion to the slope

stabil ity ar e discussed. T he var iat ion or g roundw ater table, soil loss vo lume, drainage quant ity

and the last failur e sect ion are measured. At the same t ime, the stabil ity o f slopes by computer

in order to obtain the smallest factor of safety is analy zed. The numerical calculat ion w ould

support to the exper imental results, w hich can not g ive the factor of safety in details. The test

results show that : ( 1) For low deg ree o f compact ion and moderate permeability o f soil, sudden-

ly landslides w ill o ccur at toe of slope due to the seepage o f groundw ater . ( 2) For high degree

of compact ion and low permeability of soil, ero sion by surface r unof f w ill occur. Landslide, re-

sulted f rom severe ero sion of surface runof f w ill occur in the case of w ithout drainage or with-

out slope sur face pro tection.

Key words　 storm　side slope　experiment　failur e

1　Introduction

The problems of slope failure are serious to r ailr oad, highway and hydraulic aspects as

w el l. T he f ield data of situ measurement are few in the situat ion caused by heavy rain storm , on
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the other hand the analyt ical studies are based on ideal assumpt ion, say, homogeneous and

isot ropic str ata uniform size, etc. T herefore it is better to be done in the laboratory w ith the

facility of ar tif icial rainfall. Acco rding to the univer sal erosion formula, the erosion rate w ill

depend onf ive factor s, namely, the r ainfall intensity , side slope, soil type, land use and hill-

slope leng th. In the laboratory the f irst four facto rs can be reproduced in real ity , no t the fif th,

but it can be solved in some deg ree( Liu and Hsu, 1990) . The other factors are no t included in

the universal formula e. g . the compact ion of so il , samples remodel and the soil depth, of

course, w hich are of second importance in nature and st ill call be remedied.

These investig ations are taken in the labo ratory to lay emphasis on the engineering mea-

sure of drainage and pro tection. T he dr ainage sy stems are pro vided in different arrangements

middle drainage and bot tom drainage under the gr ound in elevat ions w ith soft holed-pipes.

Drainage w or ks are reg arded as fundamental measures for the side slope stability. If no t e-

nough, the protect ion w orks such as mor tarless cobble w o rk, mo rtar -cobble w ork, even re-

taining w all can be added to st raighten the slope. All of them are tested under heavy storm in

the labor ator y.

F ig1 A r tificial r ainfall facilit y

2　Facility

The art if icial r ainfall

set is 10 m long, 4. 5 m

wide and 3 m high and is

made in steel st ructure.

The main pipe is made of

PVC, 7. 5 cm in diameter

and sub-pipes, 2. 5 cm

PVC ar e made w ith many

ho les, 10 cm each apar t .

Tw o ho les, 0. 8 mm in di-

ameter, make the r ainfall

with 30°angles in dir ec-

t ion to the vert ical. Below

them 50 cm in depth there

ar e tw o layers of ny lon

mesh in o rder to redis-

tr ibute the r aindrops for ev enly dist ribut ion. Three sets of them are responsible for upstream ,

midst ream and downst ream respectively . Each set has 5 HP elect ric motor and pump in opera-

tion. Float ing type f low meters are placed in the pipes in o rder to measur e the discharge. ( Fig .

1)

The test case is 140 cm long , 80 cm w ide and 30 cm high, w ith ho rizontal plat form as the

simulat ion to the r oad along hillside. T he steel fr ame sustains the test case w hich can be ad-

justed its inclinat ion.
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3　Scopes and conditions of experiment

3. 1　The experiment scope covers the fol lowing

( 1) T he test slopes are selected tw o : 30°and 45°inclinat ions.

( 2) Bare soil w ithout any measures are tested as a fundamental research for the natur al

condit ion.

( 3) T AKADA pipes are used fo r drainage, with 50 mm and 80 mm dif ferent diameters,

placed at the m iddle or bot tom posit ions. ( See Photo 1)

( 4) M ortarless cobble w ork ( See Pho to 2) and mo rtar cobble w o rk ( See Photo 3) are used

on the face of side slope for protect ion, each one of the cobbles is about 15 cm long and 10 cm

w ide. T he coarse f il ter and the g raded filter ( See Photo 4) are occasionally added behind the

cobble layer to make better drainage effect . T he graded f ilter has to fulf ill the follow ing:

D15 ( filter)
D85 ( so il )

< 5,
D15 ( filter)
D15 ( so il )

> 5

( 5) T he combinat ion o f( 3) + ( 4) may give better resul ts.

( 6) All experimental models are listed in Fig . 2.

F ig2　Slope prot ect ion fo r test

3. 2　The conditions of experiments are given as

( 1) T he rainfall intensity is selected at 150 mm/ h (±) w hich is the largest in recor d and
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the rainfal l durat ion is 80 min, w hich may happen in r eality.

Photo1 T AKADA pipe bo ttom drainage　　　　　　Pho to2 Mor tar less cobble w o rk

Phot o3 M or tar cobble w ork　　　　　Phot o 4 The gr aded filter

27第 3 期 刘长龄等: 暴雨冲击下之坡地破坏及保护



Table 1　　Distribution of diameters of tested soil

D10

mm

D30

mm

D60

mm
Cu

0. 043 0. 070 0. 076 1. 77

　　( 2) The tested soil sample consists of 2%

clay , 53% silt and 45% fine sand. It is a type

of silty loam acco rding Triangular So il Classi-

ficat ion, and belongs M L ( low plast ic sil t )

based on Unified So il Classificat ion.

( 3) T he mean specif ic gravity of soil g rains is 2. 65. T he dry unit w eight of soil is 1. 33 g /

cm
3. Under constant head and variable head permeability test , the average figure of permeabili-

ty coeff icient K ( 20°) is 1 . 34×1 0- 3 cm/ s.

( 4) From Atterberg Lim it Test , the tested so il has LL= 24. 0, PL= 22 and PI= 2.

( 5) From Standard Proctor Compact ion Test , the O. M . C. ( opt imum mo isture content ) is

16. 1 % . T he max imum dr y unit w eight of soil rd max= 1. 662 g/ cm
3
. Then the deg ree or com-

paction for the tested so il is about 80% .

( 6) From Direct Shear T est , the angle of internal f rict ion is 5 = 35°, the cohesion is C = 0

fo r saturated case w hile 5 = 39°, C = 0. 018 kg / cm
2
for w et ted case.

( 7) T he condit ions of experiment can be l isted in T able 2.
Table2　　Experiment conditions

T es t

No.

S lope

(°)

Pipe

diameter

( mm )

Rainfal l

intens ity

( mm/ h)

Rainfal l

durat ion

( min)

Wet soil

unit

( g/ cm3)

Water

content

( % )

Dry soil

u nit

( g/ cm3)

Compact ion

( % )

1 30 50 145 60 1. 50 13. 3 1. 33 80

2 30 50 150 60 1. 64 20. 6 1. 36 82

3 45 50 159 60 1. 37 10. 3 1. 24 75

A 30 50 141 90 1. 54 13. 0 1. 37 82

B 45 50 147 80 1. 61 16. 4 1. 38 83

C 30 80 143 80 1. 51 10. 7 1. 36 82

D 45 80 149 90 1. 46 12. 5 1. 30 78

E 30 - 147 80 1. 56 15. 8 1. 34 81

F 45 - 146 80 1. 56 15. 7 1. 35 81

G 45 80 149 80 1. 58 15. 7 1. 37 82

H 30 80 143 80 1. 56 15. 2 1. 35 81

I 30 50 147 80 1. 50 13. 0 1. 32 80

J 45 50 150 80 1. 51 13. 5 1. 33 80

K 30 - 152 80 1. 51 13. 3 1. 33 80

L 45 - 148 80 1. 64 13. 8 1. 44 86

M 30 - 150 80 1. 40 9. 25 1. 28 77

N 45 - 148 80 1. 56 12. 7 1. 38 83

O 30 50 144 80 1. 52 14. 0 1. 33 80

P 45 50 145 80 1. 54 13. 9 1. 35 81

Q 30 - 153 80 1. 49 12. 6 1. 32 80

R 45 - 147 80 1. 42 13. 0 1. 26 76

S 30 50 148 80 1. 40 11. 3 1. 26 76

T 45 50 143 80 1. 53 12. 4 1. 36 82

4　Results and discussion

Under the at tack o f certain r ainfall intensity and durat ion, the side slopes in 30°and 45°

w ith dif ferent pro tections such as bot tom dr ainage, middle drainage, mortarless cobble and

mor tar cobble have been tested in total of 23 runs. These results are summarized in Table 3 and

analy zed in comparison as the follow ing.

4. 1　Compaction, permeability and erosion

The rain ero sion to hill-slope will be dif ferent f rom soil type, land used, slope, length and
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rainfall intensity, and also depends upon the compact ion and permeability o f soil. In g ener al

speaking, the mor e compact ion and the less permeability make mor e sur face runoff , i. e. the

serious er osion.

Table3　　Experiment results

T es t

No.

Total
drain age

volum e ( ml)

Firs t drain
t ime
( min )

Firs t g. w . t
ris ing t ime

( min)

60 min
v/ vo
( % )

80 min
v/ vo
( % )

Fin ger
erosion
( min )

Rill
erosion
( min )

Mudf low

( min)

Highest
g. w . t . risin g

( cm )

1 - - 38 7. 7 - 35 40 55 14

2 - - 43 20. 8 - 10 15 55 9. 3

3 300 - 41 39. 3 - none n on e 45 6. 3

A 15445 45 61 - - 25 30 none 7. 5

B 3630 50 36 5. 5 9. 3 10 30 none 12

C 6470 60 49 2. 1 4. 1 40 50 none 12

D - - 69 1. 4 2. 4 20 40 none 10. 6

E - - 60 2. 3 13. 3 20 30 70 20

F - - 67 2. 5 22. 0 10 20 70 15. 4

G 4305 30 58 6. 9 15. 5 10 20 70 10. 6

H 3810 35 57 2. 3 8. 1 10 20 70 9. 2

I 10105 50 50 2. 8 12. 4 40 50 70 13. 8

J 6185 38 54 1. 8 15. 3 35 50 70 11. 7

K - - 23 1. 9 7. 4 50 65 75 20. 9

L - - 33 1. 7 7. 4 45 65 80 16. 7

M - - 31 0 0 70 75 none 20. 7

N - - 19 2. 7 13. 3 45 60 70 16. 8

O 20470 18 21 0 0 35 75 none 22. 3

P 18680 20 25 0 2. 1 60 n on e none 17. 2

Q - - 28 0. 2 1. 1 35 65 none 18. 2

R - - 25 0 0. 1 60 n on e none 14. 4

S 1700 15 65 0 0. 2 none n on e none 1. 1

T 5680 20 45 0 0 45 n on e none 13. 3

　　( 1) This experiments use the degree o r compaction about 80% ( 75% for test run 3 only

and 70% in pr evious invest igat ion) . In the case of low compact ion, the rainfall nearly all inf il-

tr ates into so il . T he soil moisture content r apidly increases and the shear resistance decreases,

consequently the side slope w ill be unstable, f irst ly erodes at the to e and gradually ex tents to

the w ho le slopes ( See T est 3) . The same results w ere obtained in prev ious studies on gr ound

dr ainage, to e drainage, ditch dr ainage and vegetat ion cover.

( 2) In case the compact ion is lit t le high ( 80% ) , the void rat io will be reduced and the per-

meability goes to low . Fr om these exper iments ( ex cept Test 3) the sur face r unof f produces af-

ter 10～20min when the rainfall commences, the top so il is at tacked and carried away as f rom

sheet er osion, finger erosion and final ly r il l erosion. T he flow ing , w ater and so il are mixed as

mudf low . Tests ( 1) , ( 2) , ( E ) , ( F) , ( G) , ( H ) , ( I) , ( J) , ( K) , ( L ) and ( N) all belong to

such categ ory of slope failure.

4. 2　Slope and erosion

( 1) From Table ( 4) and the highest gr oundwater table curv es ( Fig . ( 3) and ( 4) as illus-

tr ated in Test 11: mortarless cobble, Test ( K) and( L ) ; bot tom drainage, test ( C) and ( D) ) ,

in the case of no drainage, the groundw ater table or slope 30°is higher the one o f 45 °. If the

dr ainage is provided, the tw o cases 30°and 45°of 45°have no significant difference. If hav ing

the same protect ion, the g roundw ater tables of slope 30°are al l higher than the 45°one ( Fig .

4) .
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Table4　　Highest groundwater-slope

With Test No. 1 2 3 A B C G H I J O P S T

Dr ainage S lope( % ) 30 30 45 30 45 30 45 30 30 45 30 45 30 45

H( cm) 14 10. 6 6. 3 7. 5 8. 9 12 10. 6 9. 2 13. 8 11. 7 22. 3 17. 2 1. 1 13. 3

W ith out Test No. E F K L M N Q R

Dr ainage Slope( % ) 30 45 30 45 30 45 30 45

H( cm) 20 14. 4 20. 9 16. 7 20. 7 16. 8 18. 2 14. 4

　　F ig3 Mo rt arless cobble highest g . w . t. fo r T est　　　　Fig4 Bo ttom dr inage highest g . w . t . for Test

( K) (B= 30°) and Test ( L ) (B= 45°) ( C) (B= 30°) and T est ( D ) ( B= 45°)

Table5 Groundwater table ( descent order) Slope: 45°

Order Test No. Protect ion Failu re pat tern 　　　Rem ark

1 F bare soil Z ¹ g .w . t . ( F. L. N. ) nearly s ame
2 L mortarless cob ble coars e fil t er Z ºn o drainage
3 N m or tarless cobble gr aded f il ter Z

4 P mortarles s cobble bot tom f ilt er X ¹ g .w . t . low er than N

ºg .w . t ( t oe high er than J 's

5
6

J

G

midd le drainage d= 50mm

midd le drainage d= 80mm

Z

Z

¹ g .w . t . ( J. G . ) nearly s am e
ºd iameter dif ferent

7 R mortar cob ble X ¹ g .w . t . ( middle) low er th an G's n o drainage
ºg .w . t . ( t oe) h igher than G

8
9

10

B

O
T

bot tom drainage d= 50 mm

bot tom drainage d= 80 mm
mortar cobble bottom drainage

Y

Y
X

¹ g .w . t ( B. D.T . ) nearly s ame
ºw ith drainage
» g .w . t . ( t oe of T ) is high

Slope: 30°

Order Test No. Protect ion Failu re pat tern 　　　Rem ark

1

2
K
M

mortarless cob ble coars e fil t er
m or tarless cobble gr aded f il ter

Z
X

¹ g .w . t . ( K . M ) near ly sam e
ºn o drainage

3

4

E

O

bare soil

mortarles s cobble bot tom f ilt er

Z

X

¹ g .w . t . ( K . M . ) near ly s am e

ºt oe E> 0; m iddle E< 0

5 Q mortar cob ble X n o drainage

6
7

8

I

G
H

midd le drainage d= 50mm

midd le drainage d= 80mm
midd le drainage d= 80mm

Z

Y
Z

T oe 1> G> H

M iddle 1< G< H
g . w. t ( G . H. ) nearly same

9

10
A
S

b ot tom drainage d= 50mm
mortar cobble bottom drainage

Y
X

g . w. t . H> A> S
Nearly no g. w . t .

Note: X: fin ger eros ion or ligh t ril l erosion

Y: rill erosion

Z: mudf low
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( 2) From Table( 5) under same protect ions w ith rainfal l durat ion 80 min. , the total lo ss

volumes of so il in the case of slope 45°are nearly all gr eater than the 30°s one ( F> E , G> H, J

> I, L= K, N > M and P> 0) and a few exceptional cases ( C> D, Q> R, S> T ) w ith marginal

dif ferences only.

( 3) Obser ving ( 1) and ( 2) , the infilt rat ion rate decreases as the slope incr eases. The 30°'s

case has higher infilt rat ion rate and higher g roundw ater table, on the other land the 45°'s case

has less inf il tr at ion r ate and more surface runo ff , i. e. serious so il loss.

Table6 Total loss volume ratio types of protection Slope : 45°, T ime: 80min

T est No. F G J N B L D P R T

Pr otect ion Bar e

soil

M iddle

dr ainage
d= 80mm

Middle

drainage
d= 50mm

Mortar les s

cob ble
grad ed

fil t er

Bot tom

drainage
d= 50mm

M or tarless

cobble
coarse

f ilt er

Bot tom

drainage
d= 80mm

Mortarles s

cobble
bot tom

drainage

Mortar

cob ble

Mortar

cobb le
bot tom

drain age

V/ V。( % ) 22 15. 5 15. 3 13. 3 9. 3 7. 4 2. 4 2. 1 0. 1 0

Failure

pat tern

Z Z Z Z Y Z Y X X X

S lope: 30°, T ime: 80min

Test No. E I H K C Q S M O

Protect ion Bare

soil

M iddle

d rainage

d= 50mm

Middle

dr ainage

d= 50mm

Mortarless

cobble

coarse

f ilt er

Bot tom

drainage

d= 80mm

Mortar

cobble

Mortar

cob ble

bot tom

drainag e

Mortarles s

cob ble

graded

drainage

Mortarless

cobb le

bot tom

drain age

V/ V。( % ) 13. 3 12. 4 8. 1 7. 4 4. 1 1. 1 0. 2 0 0

Failure

pat ter n

Z Z Z Z Y X X X X

Table7 Capillary rise he

Test No. i

( 10- 3cm / s)

k

( 10- 3cm/ s )

e n

( % )

s

( % )

v

( 10- 3cm/ s )

Tim e at

highest

g .w . t ( min )

h0

( cm )

1

2

3

A

B

C

D
E

F

G

H

I

J

K

L

M
N

O

P

Q

R

S

T

4. 03

4. 17

4. 42

3. 92
4. 08

3. 97

4. 14

4. 08

4. 06

4. 14

3. 97

4. 08

4. 17

4. 22
4. 11

4. 17

4. 11

4. 00

4. 03

4. 25

4. 08

4. 11

3. 97

1. 34

1. 34

1. 34

1. 34
1. 34

1. 34

1. 34

1. 34

1. 34

1. 34

1. 34

1. 34

1. 34

1. 34
1. 34

1. 34

1. 34

1. 34

1. 34

1. 34

1. 34

1. 34

1. 34

0. 992

0. 948

1. 137

0. 940
0. 920

0. 948

1. 038

0. 978

0. 963

0. 940

0. 963

1. 000

0. 992

0. 992
0. 84

1. 070

0. 920

0. 992

0. 963

1. 001

1. 103

1. 103

0. 949

49. 8

48. 7

53. 2

48. 5
47. 9

48. 7

50. 9

49. 4

49. 1

48. 5

49. 1

50. 0

49. 8

49. 8
15. 7

51. 7

47. 9

49. 8

49. 1

50. 0

52. 4

52. 4

48. 7

35. 5

57. 6

24. 0

36. 6
47. 2

29. 9

31. 9

42. 8

43. 2

44. 3

41. 8

34. 5

36. 1

35. 4
43. 5

22. 9

36. 4

37. 4

38. 3

33. 4

31. 2

27. 1

34. 6

4. 17

6. 49

3. 31

4. 36
5. 30

3. 93

3. 87

4. 74

4. 80

4. 96

4. 96

4. 09

4. 21

4. 17
5. 19

3. 36

4. 40

4. 30

4. 42

4. 02

3. 72

3. 51

4. 21

50

55

45

61
67

58

83

64

78

79

75

58

75

57
69

73

59

77

70

80

78

-

77

12. 5

21. 4

8. 9

16
21. 3

13. 7

19. 3

18. 2

22. 5

23. 5

21. 1

14. 2

18. 9

14. 3
21. 5

14. 7

15. 6

19. 9

18. 6

19. 3

17. 4

-

19. 51

　　 ( 4) As show n in Table ( 6) and ( 7) . The slope 45°without drainage and the middle
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dr ainage are among the w orst , w hile the pro tect ion w ith mo rtar cobble, and either the mo rtar

cobble or -the mortarless cobble w ith bo ttom drainage give the best so lut ions.

( 5) As shown in T able ( 6) and ( 7) . In the cases of slope 30°w ithout dr ainage w ith middle

dr ainage, are among the wo rst ( M as except ion only ) , w hile mortarless cobble w ith graded

filter at to e, mortar cobble protect ion, and these tw o alternat ive w ith bot tom drainage g iv e the

best results.

( 6) Observing T able ( 7) slope 45°is mor e danger than the 30°' s one, how ever, if t reat-

ment is provided in suitable w ay slope 45°w ill be g reat ly improved and can compare w ith the

30°'s one.

4. 3　Drainage, groundwater table and erosion

( 1) From T able ( 6) and Fig. ( 5) , ( 6) exam ining the T ests 45°( F ) , ( B) and Tests 30°

( K) , ( A ) , they show that the g roundw ater tables are among the highest for the cases of bare

so il and mortarless cobble whatso ever slope 30°and 45°because not only inf ilt ration can not be

reduced on the surface and also the g roundw ater cannot be drained out . The co llapse nearly all

comes from surface runof f and the mudflow is generated.

( 2) In the case of the mo rtar cobble w ork is prov ided at the low er part of the hill-slope.

The rain inf ilt ration can be stopped at this part and the bot tom drainage is also used to drain

the seepage of upper part out , then the groundw ater table is lit tle raised and the er osion is only

slight ( f inger er osion) .

( 3) From Tests ( B) and ( L ) listed in Table ( 6) and ( 7) , the loss volume of ( B) is com-

parat ive larg e, but the slope has only rill ero sion due to low groundw ater table. On the other

hand ( L ) has high g roundw ater table and serious mudflow is pr oduced at the to e. From this il-

lust rat ion the drainage ef fect is quite signif icant .

　　F ig5 Highest g. w . t. fo r Test( F ) ( Bar e soil) and Test　　F ig6 Highest g . w . t . for Test ( K ) ( M or tar less

( B) ( Bottom drainage) in B= 45° cobble, co arse filter ) and Test( B)

( Bottom drainage d= 50 mm) in B= 30°

( 4) From T able( 6) , the situat ions w ith same slope and protect ion have about same g. w .
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t . ( gr oundwater table) as illust rated as Test ( L ) and ( N ) , T est ( J) and ( G) , T esT ( B) and

( D) and T est ( K ) and ( M ) .

( 5) T he tested soil is silty loam and its gr ain is f ine. The capillar y flinge makes the satura-

tion lim it higher than g . w . t . F rom T able ( 8) it is possible to calculate the limit ing rate of inf il-

tr ation v through the fo rmula v = k / ( l- s)
n
where k, s, n, ar e coeff icient o f permeability, ini-

tial deg ree of satur ation and por osity respect ively. T he phr eat ic surfaces are show n as dot ted

line through Fig. 3- 6 where very about the same due to unifo rm compact ion and homogene-

ity .

Table8 Time period-loss volume ratio

Slope: 45°

T es t
No.

Tim e 30 40 45 50 55 60 65 70 75 80 85 90

3

B
D

F

G
J

L
N

P
R

T

bot tom drain age

bottom drainage d= 50mm
bottom drainage d= 80mm

bare soil

m iddle drainage d= 80mm
m iddle drainage d= 50mm

m ortarless cobble coars e f ilt er
mortarles s cobble graded fil t er

mortarless cob ble bot tom drain age
mortar cobble

m ortar cobble bot tom drainage

0. 2

1. 0
0. 5

1. 3
1. 8

0. 2

1. 7
0. 6

1. 6
2. 4

0. 4

1. 7

2. 2

17. 8

2. 9
1. 0

2. 1
4. 3

1. 3

33. 0

3. 7

4. 3

39. 3

5. 5
1. 4

2. 5
6. 9

1. 8
1. 7

2. 7
0

0
0

8. 0

3. 1
2. 9

4. 7

8. 4
1. 4

5. 5
9. 6

6. 3
4. 6

6. 9
0. 8

2. 1

17. 2
12. 3

10. 1
6. 4

10

9. 3
2. 4

22
15. 5

15. 3
7. 4

13. 3
2. 1

0. 13
0

2. 5 2. 8

Slop e: 30°

T es t
No.

Tim e 30 40 45 50 55 60 65 70 75 80 85 90

1
2

A

G
E

H
I

K
M

O
Q

S

bot tom drain age
middle drainage

bottom drainage d= 50mm

bottom drainage d= 80mm
mm bar e soil

m iddle drainage d= 80mm
m iddle drainage d= 50mm

m ortarless cobble coars e f ilt er
mortarles s cobble graded fil t er

mortarless cob ble bot tom drain age
mortar cobble

m ortar cobble bot tom drainage

0. 4
4. 6

1. 1
1. 0

0. 6

0. 9
7. 4

1. 5
1. 4

2. 5
9. 5

4. 4
12. 7

1. 8
1. 9

1. 2
0. 6

6. 1
16. 1

1. 5

7. 7
20. 8

2. 1

2. 3
2. 3

2. 8
1. 9

0

0. 2
0

3. 6

4. 6

2. 8

2. 4

6. 0
3. 3

6. 3
3. 9

2. 6

9. 3
5. 1

9. 0
5. 5

4. 1

13. 3
8. 1

12. 1
7. 4

0
0

1. 1
0. 2

4. 4　Protection, soil loss volume

According to Table( 7) , the follow ing results can reach:

( 1) T he case o f bare so il w ithout any pro tection has the most serious damage and soil lo ss

volume, start ing f rom the toe up to the slope. The reason is that the slope w ithout protect ion

is direct ly at tacked by rainfal l and the soil tex ture is decomposed. The rills are deepen and

w iden through gr inding and w ashing ( Photo. 3) the rising groundw ater can not be dr eamed

out , making cohesion and angle of internal friction decrease, the g . w . t . flow can carry the fin-

er or so il aw ay so as “under ground er osion”.

( 2) T he protect ion or mortarless cobble w ork is not all successful when B= 45°. Since the

slope is steep and g. w . t . is high ( Table 6) the f ine sand and silt under cobble layer w ill be
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washed out and the cobble w ill sunk down making slope unstable. On the o ther hand, the mo r-

tar cobble w or k is ef fective, how ever the loss v olume is reduced to m inimum if bo ttom drainage

is provided. The motor cobble w ork no t only elim inates the inf ilt ration, but also reduces the

leng th of slope. In the case of 30°, the ef fect iveness of mortarless cobble wo rk depends on

gr aded f ilter , w hich can prevent the f ine sand and sil t aw ay. If only coarse f il ter, not g raded, is

used the w or k is not effect ive. M ortar cobble w or k gives good results on both loss vo lume and

erosive damage.

( 3) For drainage system , in the case of bot tom dr ainage w o rk has slight loss volume and

erosive damage whatever 30°and 45°, how ever mortar cobble w ork is st ill the better one. The

bot tom drainage makes quick drainage and low ing o r groundw ater . The middle drainage is not

go od one in view o f the loss vo lume and erosive damage, only bet ter than the case or bare soil ,

fo r it s poor drainage ability.

( 4) T he relat ionship betw een loss vo lume and t ime is established as Fig . 7 and Fig. 8 based

on T able( 9) . The Test 3 is some dif ferent from the others fo r it s low compaction. At the t ime

Fig7 Relationship betw een t otal loss　　Fig8 Relationship betw een t otal loss

vo lume ratio and time( B= 45°) vo lume ratio and time( B= 30°)

of 45 min, after rain commencement , only small soil loss happens, because nearly all r ainfall

inf ilt rates into the so il. T he soil mo isture content cont inuously increases and the g. w . t . rises.

The slope is rapidly collapsed at the toe and extends to the up side. A g reat soil lo ss happens,

the same is the bar e soil case. If there are surface pr otect ion and bot tom drainage to be added,

only small erosions such as f ing er erosion o r rill erosion can be seen. T ests ( G) , ( J) , ( N) ,

( B) and ( L ) have the same trend or loss volume. T hey have dif ferent quant ity in accor dance

w ith t ile w ay of protect ions, and they are gett ing big ger as the rainfall durat ion increases. In

Fig . 8 Tests ( 1) and ( 2) ar e under same experimental condit ion, how ever w ith dif fer ent

dr ainage condit ion ( say , bot tom and middle drainage) , the loss vo lumes for the tw o tests have

lit tle dif ferent results. It can be seen that the m iddle drainage is not ef fect ive and so the lo ss

volume is g reat. In the slope 30°, a g ent le inclination has less loss vo lume if the surface pr otec-

tion and/ or bo ttom drainage is used. For the rest , the loss vo lume w il l increase as the r ainfall
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durat ion increases however slight difference in acco rdance w ith the slopes and protect ion.

Table9 Minimum factor of saf ety

Test No.

Slope: 45°

B D F G J

Slope: 35°

B D F G J

Before rain fall
F. S.

1. 078 1. 078 1. 078 1. 078 1. 078 1. 600 1. 600 1. 600 1. 600
1. 600

Before
rainfall

F. S

g. w . t

Phreat ic

surface

0. 964

0. 478

0. 967

0. 525

0. 965

0. 150

0. 965

0. 225

0. 966

0. 387

1. 434

1. 130

1. 434

1. 152

1. 435

0. 655

1. 435

0. 744

1. 436

1. 123

4. 5　Profile damage

As the slope failure and mudflow produced, the surface o f damaged prof ile is curv ed and

called “T oe Failure T ype”. T he tested soil is remolded and is relat iv ely homogeneous, in com-

puter analy sis later the slip cir cle is assumed as the failure plane.

4. 6　Computer analysis

The computer prog ram is rew ritten according to Bishop's Modified l-Method ( Bow les

1974) . As above said in 5 on such assumpt ions the electr onic computat ions to test A through J

are done on the factor of safety in cases: befor e rainfall and after rainfall. The 24th circle cen-

ters of failure plane are t ried to f ind then the minimum factor s or safety of them are the possible

slip planes ( F ig. 4 and 5) .

It can be seen from the analyzed results:

( 1) Fr om Table 10 the slip plane is shallow slip, not to reach g . w . t , the factor s to stabili-

ty ar e angle of internal frictional 5 , unit w eight r mand slope Betc. The tested so il belongs to

the same type and has no signif icant differ ence in propert ies of physics and mechanics. There-

fo re the values o f factor of safety o f tests are clo se to gether if considering only the highest g. w .

t . in obser vations.

( 2) The capil lary phenomenon ex ists ow ing to f ine g rains of tested so il. T he saturat ion

limit is raised since then, consequent ly the stabil ity w ill be reduced and F. S. values in Table

( 9) ref lect this ef fect .

( 3) T est ( E) and ( F ) are the cases o r bare so il , the F. S . are among the low est . The cases

of m iddle drainage have litt le high F . S. f igures in ( G) , ( J) and ( H ) , ( I) . T he cases of bot tom

dr ainage have the highest F . S. values such as ( B) , ( D) and ( A) , ( C) . T hese results confirm

the experiments o f loss v olume and damage pat tern listed in T able ( 7) .

5　Conclusions

( 1) For the soil w ith low compact ion and high permeability ( silty loam) , the seepage f rom

gr oundw ater makes quick displacement at the toe due to sof tened soil and results slope slide

fr om bot tom to top. T he dr ainage of g roundw ater must be ef fect ive to avoid the rapid rise of

gr oundw ater table to g et rid of co llapse.

( 2) Fo r the soil w ith high compaction and low permeabil ity ( sil ty loam ) , the slope co l-

lapse is mostly due to surface r unof f er osion, start ing f rom f inger er osion and gradually larg er
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enough to slope slide, st ill smaller than the case or seepage. Therefor e the measur e of surface

dr ainage must be taken in order to prevent serious ero sion happening on the slope.

( 3) As the slope is concerned, the groundw ater table of the slope 30°is higher than the 45°

one having same protect ions no mat ter how w ith o r without drainage. T he slope 45°has greater

so il loss volume than the 45°one at same protect ion condit ion, because of surface runo ff and

erosive damage.

( 4) The slope 45°one has the most er osive damage if no drainage or only m iddle drainage

are provided, on the other hand the mo rtar cobble w or k at the toe w ith bot tom dr ainage hav ing

only slight er osion is the best one. Therefore the steep slope has to be protected at hill toe a-

gainst surface f low . In the mild slope as 30°the bar e soil and middle drainage are among the

w orst in erosiv e damage, if mo rtarless cobble wo rk used for protect ion, the g raded filter is the

key to success. Mor tar cobble w or k, mortarless cobble wo rk w ith gr aded f ilter or bot tom

dr ainage has good r esul ts. In gener al the slope 45°are more dangerous than the 30°one, but

the 45°one w ith suitable t reatment may be bet ter than the 30°' s one w ithout any t reatment .

( 5) As groundw ater table is concer ned the slope hill w ithout drainage has the highest level

and serious mudflow is gener ated, w hile the mortar cobble w ork w ith bot tom drainage g iv e the

low est g. w . t . , then the ero sive damage is very light .

( 6) As protect ion is concer ned, the bare so il has no protect ion and is caused the most seri-

ous damage. T he mo rtarless cobble w ork to steep slope, say 45°, is inef fect iv e, but it has g ood

results in slope 30°if graded f ilter is provided. The mortar cobble w ork is g ood, whatever

slope 30°and 45°, and it g ives the best results if bot tom drainage is used. As dr ainage is con-

cerned, the bot tom drainage r anks the f ir st and the middle dr ainage plays no role. The pr otec-

tion at toe w ith bo ttom drainage makes the best .

( 7) In the stability analysis, the F. S. values based on observing data fr om experiments

are quite close. In consider at ion of the f ine grain in so il making capillary rise, the bare soil case

gives the low est F . S. i. e. the w orst one, middle drainage litt le bet ter , and bo ttom drainage

the best . This computat ion conf irms w ith the experiment , w her e the up capillary rise in fine

so il must be taken into account in slope stability analysis.
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