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Abstract

To elevate river water table for providing public water supply, weirs 

were usually built across rivers in Taiwan.  Most of the river beds in 

western foothills of Taiwan are composed soft sedimentary rocks, such as 

sandstone, siltstone, and mudstone.  Due to low rock strength and the 

head difference caused by the weirs, rapid scour downstream of weirs is 

often observed.  This type of scour may induce weir instability and 

accelerate river-bed incision.  To mitigate the damages, the scouring 

mechanism and processes in front of a weir built on soft rock riverbed need 

to be correctly identified.  It is also necessary to determine the possible 

extent of scour hole and to deliberate the appropriate engineering 

countermeasure.

The project aims at investigating the erosion/scouring problems 

associated with weirs built on soft rock.  The scope of this project 

includes the following: (1) collection of relevant data for eight weirs built 

on soft rock; (2) preliminary study of erosion mechanism and erodibility of 

soft rock ahead of weirs; (3) applicability evaluation of the available 

approaches for estimating local scouring in front of a weir built on soft 

rock.

On the basis of data from field geology, site investigation, and erosion 

pattern recognition for eight weirs built on soft rock, three types of erosion 

models are identified; namely (1) plucking type, (2) uniform incision type, 

and (3) trenching incision type.

The approaches of Annandale et al.(1995, 2006) and Bollaert(2002)

are two approaches recommended by American Society of Civil Engineers 

(2008) for the estimation of the depth of scour hole in rock in front of a



XXXVI

spillway. Annandale et al. (1995, 2006) model uses a so called erodibility 

index Kh to quantitatively characterize the resistance of geomaterials  

(including intact rock, rock mass, and soil) to erosion. The erodibility 

index tends to increase with depth, in general.  On the other hand, the 

erosive power will decrease with depth due to energy dissipation.  There 

will be a certain depth that the erosive power is no more enough to 

overcome the rock resistance to erosion.  Hence, the scouring depth can 

be estimated.   Model of Bollaert and Schleiss (2003) is applicable for 

hard jointed rocks subjected to high velocity jets; this model was intended 

to estimate the scour depth or the apron concrete thickness in plunge pools.  

Both approaches are adopted for the preliminary applicability evaluation in 

the cases of the Chi-Chi weir and the Yi-Sin Dam.

Based on the erodibility indexes evaluated in field, the scouring 

depths in the Chi-Chi weir and the Yi-Sin Dam predicted by the 

Annandale’s model were compared with what has actually occurred in field.  

The scouring depth in the Chi-Chi weir predicted by the Annandale’s

model agrees more or less with real situation.   The scouring hole in the 

Yi-Sin Dam, however, is not well predicted by the Annandale’s model.

The model of Bollaert and Schleiss reasonably predicts the real 

situation in the case of the Yi-Sin Dam.  But, the depth of scouring hole in 

the Chi-Chi weir predicted by the model of Bollaert and Schleiss is largely 

different from the real situation.   Its reason is likely due to (1) the 

dissimilar mechanical behavior and water-jet condition; and  (2) the 

scouring process downstream of a weir built on soft rocks (e.g., the 

Chi-Chi weir) is not exactly what proposed by Bollaert and Schleiss.   

The results from field investigation reveal that the shape of scour hole on 



XXXVII

soft rocks is very different from the cases on hard rocks.  The scour hole 

on soft rocks exhibits low sloping inclination in the upstream side and 

tends to progress to the downstream.

It appears that both of the two models are only partially successful 

and are not generally applicable.  The applicability and limitation of both 

methods deserve further deliberation and examination.
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2
3

4



2-9

2- 8 93 11 7 ( )

2- 9 97 5 17



2-10

( )

5 10 11 4

97

2- 2

97

2- 3

2- 2

5 10 20 50 100 200

(cms) 4,600 6,500 8,100 10,400 11,500 13,800
( 97 )

2- 3

( )
(cms)

( )
(cms)

59 2,000 79 3,510
60 4,250 80 610
61 5,720 81 1,560
62 215 82 458
63 496 83 2,620
64 753 84 274
65 760 85 5,360
66 910 86 2,830
67 910 87 3,990
68 1,110 88 477
69 225 89 1,640
70 959 90 3,430
71 920 91 2,536
72 1,010 92 410
73 2,180 93 8,594
74 4,610 94 5,166
75 1,600 95 863
76 1,620 96 4,637
77 921 97 3,184
78 2,450

( 97 )



2-11

( )
( )

3

2- 10 55 12

100

25.5 60

34 1.5

4

58

62

2- 12 2- 13

1. 6 282.8 2.

6 283.4 3. 4.

5. 6.

920 93

94

25 2- 11

98



2-12

2- 10

2- 11 98 (98.8.5)



2-13

( ( ) 92 )

2- 12



2-14

( ( ) 92 )

2- 13



2-15

( )

( 2- 14)

2- 14 ( 1/50,000 )

( 98 )

3 2-

15 2- 4

24~105 MPa ISRM

(R3) (R4)



2-16

2- 15

2- 4 ( 98 )

(m)
(Wn)% t(t/m3) (MPa)

RUC-1 BH-1 25.43-25.56 0.5 2.69 87.32
RUC-2 BH-1 31.57-31.7 0.6 2.7 97.94
RUC-3 BH-1 37.68-37.81 0.5 2.7 58.94
RUC-4 BH-1 39.72-39.85 1.7 2.7 50.53
RUC-5 BH-2 38.55-38.68 1 2.66 24.39
RUC-6 BH-2 39.4-39.53 0.9 2.67 29.05
RUC-7 BH-3 2.1-2.24 0.6 2.71 91.45
RUC-8 BH-3 6.25-6.39 0.5 2.71 104.55
RUC-9 BH-3 9.7-9.84 0.5 2.71 77.12
RUC-10 BH-3 14-14.14 0.9 2.79 57.68

( )

3

1. 60



2-17

( 2- 16)

2. 90

( 2- 17)

3. 97

( 2- 18)

( )

60 260 90 240 97

248 60 90 90

93

260

2- 16 60



2-18

240

2- 17 90

248

2- 18 97



2-19

92 ( 92

) ( 2- 19)

40 ×50 m 243 ( 17.5 )

97 ( 97 )

6 7.5 ( 2- 20)

2- 21 2- 22 68 95

95

2- 19 ( 92 )



2-20

2- 20 ( 97 ) 

2- 21 68 7 16



2-21

2- 22 95 12 14

( )

5 10 11 4

90

2-

5

2- 6

2- 5

5 10 20 50 100 200

(cms) 3,170 4,868 6,322 8,222 9,624 10,987
( 90 )



2-22

2- 6

( )
(cms)

( )
(cms)

52 9,040 75 1,828
53 107 76 1,300
54 1,498 77 344
55 1,796 78 2,481
56 948 79 3,553
57 943 80 558
58 4,406 81 1,727
59 2,808 82 149
60 4,257 83 2,469
61 4,951 84 119
62 642 85 5,762
63 731 86 2,601
64 1,449 87 1,826
65 4,515 88 79
66 2,203 89 863
67 459 90 2,828
68 1,598 91 2,515
69 987 92 407
70 1,119 93 8,527
71 1,030 94 5,281
72 396 95 971
73 1,679 96 5,259
74 3,954 97 3,419

622.83 km2

615.66 km2

( )
( )

2- 23 2- 24

98 63 10 31

66 10 15



2-23

921

921

90 12

( 2- 25 2- 26)

1. 275.5

21.4 283

2. 15 ( 1 11.4 8

13 12.8 8 1 11.7

8 )

3. 8800

cms(100 ) 270.58

224

4. 2 8 6

584.7 cms 581.2 cms(100 )

267.28 267.41

5.

42 250.3

40 250.8

93 7

5000 cms



2-24

2- 23

2- 24 98 4



2-25

( 1/4 97 )

2- 25

( 1/4 97 )

2- 26 ( ) ( )



2-26

( )

4 ~ 11

( )

( 2- 27)

98 2 15

2- 28 2- 7

2~9 MPa( M

106 Pa N/m2 / )

2- 27 ( 1/50,000 )



2-27

2- 7 ( 98 )

(m) Wn(%)
(%)

Id2Id1 Id2 Id3 Id4 Id5

B-4 0.25-0.40 2.2 98.1 95.5 89.5 86.4 84.4

B-5 0.25-0.40 5.0 57.3 34.8 26.4 19.8 14.3
B-6 0.65-0.85 4.2 95.0 75.4 46.9 35.4 29.7

B-10 0.30-0.50 4.5 97.3 82.2 53.5 39.2 34.8

WRA-a-1 -- -- 78.74 67.19 60.71 54.83 49.01

WRA-a-2 -- -- 88.22 52.69 31.41 21.55 17.26

WRA-b-1 -- -- 56.56 43.21 39.62 35.08 33.00

(m) t(t/m3) Wn(%) c(kg/cm2) f(%)
B-4 0.15-0.25 2.62 3.7 67.3 1.9
B-5 0.40-0.50 2.22 6.3 87.9 1.2
B-6 0.40-0.50 2.46 4.7 23.3 2.1
B-10 0.55-0.65 2.40 6.5 28.6 3.9

WRA-a-1 0.1065/0.1135 -- -- 45/58 --
WRA-a-2 0.1103/0.1085 -- -- 32/37 --
WRA-b-1 0.1122/0.1130 -- -- 46/69 --

2- 28 ( 98 )



2-28

( )

2- 29 2- 30 2- 31 2- 32 66

87 88 (921 ) 96 66 87

921 96

2- 29 66 11 11



2-29

2- 30 87 4 29

2- 31 88 9 22



2-30

2- 32 96 1 31

( )

5-10 11 4

2- 8

(1/4)

2- 9

2- 8

5 10 50 100 200

(cms) 3,800 5,000 7,600 8,800 9,800

( 94 )



2-31

2- 9
(cms) (cms)

52 7,840 * 73 896 @

53 358 * 74 2,411 @

54 1,570 * 75 983 @

55 2,990 * 76 978 @

56 1,440 * 77 315 @

57 1,110 * 78 3,062 @

58 2,710 * 79 2,788 @

59 3,940 * 80 835 @

60 2,030 * 81 1,419 @

61 4,540 * 82 1,542 @

62 1,120 * 83 4,140 @

63 2,040 * 84 663 @

64 927 * 85 3,668 @

65 2,940 * 86 2,106 @

66 2,290 * 87 933 @

67 635 @ 88 484 @

68 1,647 @ 89 790 @

69 3,119 @ 90 3,954 @

70 3,149 @ 91 709 #

71 1,527 @ 92 594 #

72 3,361 @ 93 6,195 #

* 52 66 ( 1993)
@ 67 90 (

2003) # 91 93
( )

( 1/4 97 )

( )
( )

71 ( 2- 33)

( )



2-32

3 80

71

7,283.52( / )

4,454.5( / ) 2- 34 98

( )

1/50,000 2- 35

( )

72 96 ( 2- 36 2- 37) 96

72

2- 33



2-33

2- 34 98 (98.8.19)

2- 35 ( 1/50,000 )



2-34

2- 36 72 7 5

72

2- 37 96 11 19



2-35

( )

5 9 10 4

92

2- 10

2- 11

2- 10

5 10 50 100 200

(cms) 4,000 5,090 7,590 8,910 10,500
( 92 )

2- 11

( )
(cms)

( )
(cms)

65 305 82 -
66 157 83 449
67 - 84 -
68 320 85 297
69 237 86 153
70 391 87 -
71 296 88 -
72 - 89 -
73 - 90 439
74 299 91 157
75 111 92 178
76 278 93 1,807
77 - 94 210
78 280 95 -
79 313 96 225
80 - 97 476
81 181



2-36

( )
( )

( 2- 38) 80 7 90 6

2- 39 98

2- 40 2- 41 2- 12

1. 359 18

1,500

108 77

2. 203.5

191 197 194

196.9 191

3. 18,914 cms 200

70 cms



2-37

2- 38

2- 39 98 3



2-38

2- 40 ( 94 )

2- 41 ( ) ( ) ( 94 )



2-39

2- 12 ( 94 )

( )

8 11.5



2-40

2- 42

2- 42 ( 1/50,000 )

80

( 2- 44 2- 44)

(80 ) (MS)

2m RQD

58 (BS)

2m RQD 85

(AL)

RQD 50



2-41

(80 )

18 533.5 ( 2 50

) 2 50

(98 )

2- 45

2- 13

2- 13

(1991)

(2009)

(2009)

(97 )

( 2- 46)

1

2 MPa



2-42

( 80 95

2- 43



2-43

( 80 95

2- 44 ( 2- 44 B-B’)



2-44

2- 45

2- 46 ( 97 )



2-45

(80 ) (98 )

1. ( 80 )

2- 14

13.4MPa~37.8MPa

2- 14 ( 80 )

( ) ( )

37.8 25.5 19.5 13.4

32 25 20 10

* MPa

2. ( 80 )

1818 MPa~5600 MPa

6493~20143 MPa 0.38~0.42

208MPa~12135 MPa 794~5006 MPa

0.2~0.31

3. ( 80 )

2- 15

0.93~1.75 MPa

1/6

4. ( 98 )

Id2 72%~87%



2-46

5. ( 98 )

2- 16 0.59 MPa~13.7 MPa

1 MPa

2- 15 ( 80 )

1.09 1.09 0.93 1.75

5.4 4.2 3.3 1.7

2- 16 ( 98 )

qu

(MPa)

E50 (MPa)

F-1 13.7 675.5

F-2 9.2 549.5

F-3 3.95 767.5

F-4 0.59 70.8

( )

2- 17

2- 47

92 97 8 4

DTM



2-47

2- 17

87~88 1~119

89 118~151

90 1~119

93 1~151

92~95
S1~S30

96 1
96 8
97 6
97 12

( 106)~
( 121)

DEM

92 1~151

96 1
96 8
97 6
97 12

( 106)~
( 121)

92 1~151

96 1
96 8
97 6
97 12

( 106)~
( 121)

88 921

( 2- 48)

(88 )

2 2 4



2-48

90

93

2- 49 90

2km

11 m

2- 50 2- 51 90 97

2- 47 ( 98 )



2-49

2- 48 921 ( )

2- 49

( )

140

150

160

170

180

190

200

0 1000 2000 3000 4000 5000 6000

(m)

(
m
)



2-50

2- 50 90 9 15

2- 51 97 10 30



2-51

( )

6 9 244 cms

2- 18

2- 18

1.1 2 5 10 20 25 50 100

(cms) 2,000 5,500 9,300 11,900 14,500 15,300 17,900 20,500
( 96 )

2- 52

2- 19

( 117) ( 133.5) (

86.5) 2- 53

1.0km 96

2- 20 2- 54 Q100

26,600 cms Q100 20,500 cms

2- 21 90

11,000 cms

2- 19

1994~ 1994~ 1994~2005

1941~1994 1941~1994 1948~1994

1985~ 1985~ 1987~2005



2-52

2- 20 ( cms)

( )

200 100 50 25 20 10 5 2 1.1

0~89 30,700 26,600 22,700 19,000 17,900 14,400 11,100 6,500 2,600

89~100 24,400 21,600 18,800 16,100 15,200 12,500 9,700 5,700 2,100

100~141 23,200 20,500 17,900 15,300 14,500 11,900 9,300 5,500 2,000

141~151-1 14,600 13,100 11,600 10,100 9,600 8,000 6,300 3,700 1,200

2- 21
( )

(cms)
( )

(cms)

3,110 69/08/28 0607 1460 87/06/08

2,730 70/06/21 4,660 89/08/23

4,730 71/07/29 11,100 90/07/30

- 4,260 72/06/04 1,580 90/09/17

- 1,820 73/05/29 513 91/07/04

2,810 74/08/23 7,126 93/07/04

2,980 75/09/20 5,157 93/08/25

2,760 76/10/25 1,756 93/12/04

- 2,750 77/08/14 3,894 94/07/20

6,190 78/09/12 4,405 94/08/05

4,320 79/09/08 4,256 94/09/01

2,240 80/07/19 2,016 94/10/02

2,010 81/08/31 0609 5,530 95/06/09

- 850 82/06/08 4,919 96/08/18

6,840 83/08/08 1,376 96/09/19

1,150 84/06/12 3,703 96/10/07

8,350 85/07/31 10,906 97/07/18

460 86/08/18 4,865 97/07/28

69~82 83~91 93~97
( )

http://61.56.13.9/data.php?num=1980120825&year=1980&c_name=諾瑞斯&e_name=NORRIS�
http://61.56.13.9/data.php?num=1981050617&year=1981&c_name=裘恩&e_name=JUNE�
http://61.56.13.9/data.php?num=1982100722&year=1982&c_name=安迪&e_name=ANDY�
http://61.56.13.9/data.php?num=1985100818&year=1985&c_name=尼爾森&e_name=NELSON�
http://61.56.13.9/data.php?num=1986130914&year=1986&c_name=艾貝&e_name=ABBY�
http://61.56.13.9/data.php?num=1987201016&year=1987&c_name=琳恩&e_name=LYNN�
http://61.56.13.9/data.php?num=1989190907&year=1989&c_name=莎拉&e_name=SARAH�
http://61.56.13.9/data.php?num=1990170904&year=1990&c_name=黛特&e_name=DOT�
http://61.56.13.9/data.php?num=1991070716&year=1991&c_name=艾美&e_name=AMY�
http://61.56.13.9/data.php?num=1992160827&year=1992&c_name=寶莉&e_name=POLLY�


2-53

2- 52

2- 53

2- 54 cms

(106.5)

(117)
(121.5)

2km6.5km



2-54

( )

1. (2006)

2. (2007-2008)

(1/3-2/3)

3. (2008)

4. , (2008), 

(Prdicting Rock Scour in 

Rivers).

5. Blair P. Greimann and Lai, Yong G., (2008) "Rock Erosion 

Modeling on Selected Alluvial Rivers in Taiwan," Technical 

Report No. SRH-2008-08, Bureau of Reclamation, Technical 

Service Center, Denver, Colorado.

6. (2008)

7. (2009)

8. (2009)

( )
( )

88 5 7

( 2- 55) 85



2-55

208.50 70 1.5

0.08 CMS 7,000 ( )

98 7 2

4 ( 2- 56) 98 88

1 1

2- 55

2- 56 (98.7.14)



2-56

( )

2- 57 ( 1/100,000 )

( )

88 96

( 2- 58 2- 62) 70

90

94



2-57

1/3

96

2- 58 88 12 24



2-58

2- 59 90 11 17

2- 60 92 3 3



2-59

2- 61 94 11 27

2- 62 96 2 3



2-60

( )

5 9 10 4

89

2- 22

95

2- 23

2- 22

5 10 50 100 200

(cms) 1,091 1,367 1,806 1,932 2,031
( 89 )

2- 23

( )
(cms)

( )
(cms)

56 1,450 78 1,200
57 198 79 2,510
58 965 80 550
59 851 81 966
60 678 82 213
61 908 83 676
62 256 84 310
63 564 85 1650
64 844 86 -
65 490 87 -
66 583 88 -
67 431 89 -
68 395 90 244
69 760 91 -
72 244 92 -
73 567 93 169
74 - 94 455
75 509 95 322
76 - 96 487
77 - 97 359



2-61

( )
( )

62 4 28

6

40 ( 2- 63)

66 128 

26.8 220.8 

2- 66

2- 63



2-62

2- 64 98 3

2- 65



2-63

2- 66

( )

(

2- 67)



2-64

2- 67 ( 1/100,000 )

( )

2- 68 65 2- 69 96

30



2-65

2- 68 65 12 1

2- 69 96 2 3



2-66

( )

5 9 10 4

2- 24

82

2- 25

2- 24

( )
((cms)

( )
((cms)

48 717 73 178
49 533 74 124
50 551 75 159
51 402 76 154
52 403 77 -
53 - 78 411
54 572 79 326
55 380 80 -
56 - 81 540
57 104 82 -
58 472 83 118
59 372 84 -
60 356 85 108
61 260 86 -
62 - 87 -
63 106 88 -
64 379 89 2,190
65 365 90 821
66 646 91 -
67 - 92 -
68 406 93 -
69 - 94 1,072
70 288 95 667
71 149 96 778
72 - 97 1,171



2-67

2- 25

5 10 50 100 200

(cms) 4,000 4,770 6,130 6,600 7,020
( 82 )

( )
( )

88 4

450 ( 2- 70)

2- 71 7

120

1/100 ( 2- 71 2- 72)

1. ( )

( ) 36

3 10

2. 5,316cms(100 )

34.8cms



2-68

2- 70

2- 71

( )

( 2- 73)



2-69

2- 72

2- 73 ( 1/50,000 )



2-70

( )

2- 74 2- 75 89 96

96

2- 74 89 4 21

2- 75 98



2-71

( )

5 9 10 4

96 ( )

2- 26

96

2- 27

2- 26
( ) (cms) ( ) (cms)
48 5,750 75 785
49 4,410 76 1,720
50 2,170 77 2,560
51 2,540 78 2,910
52 2,570 79 1,920
53 740 80 -
54 2,720 81 -
55 2,900 82 -
56 2,240 83 -
57 1,120 84 -
58 3,750 85 -
59 2,970 86 160
60 1,370 87 224
61 1,740 88 -
62 840 89 383
63 1,650 90 1,130
64 3,030 91 107
65 3,820 92 108
66 3,270 93 -
67 3,500 94 430
68 952 95 459
73 1,640 96 570
74 1,430 97 497



2-72

2- 27

5 10 50 100 200

(cms) 2,300 3,020 4,090 5,320 5,920
( 96 )

95

89 25

2- 28

2- 76 17 (68%) ( )

12 (48%)

( )

96-97

54



2-73

2- 29 5

2- 28 (89 ) 25

2- 76 (89 )

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%



2-74

2- 29 54

I

1.
8.
9.
15.
20. *
37.
38.
46.
54.

36.
45.

16.
( )

20. *
22.

( )
23.
24
25.
30.
31.

II 3. 34.
( )

III 14. ( ) 11.

IV

2.
13.
17.

( )
18.
19.
21.
26.
33.
39.
40.
43.
48.

35.
42.
44.
53.

12. 4.
5.
6.
7. (
29.
32.
41.
47.
49.
50.
51.
52.

V 10.

VI 27. ( )
28. ( )

*

( 97 )



3-1

( ) ( ) ( ) (

) ( ) ( ) (

) 8

1.

2.

3.

4.

5. ( )

6.

7. GPS



3-2

( )
( )

3- 1

1 m

3- 1

( )

N68E/53S S(

/ N68E/53S 68

53 )

3- 2



3-3

3- 2

( )

93

7 8 93

8 100

15

93

( 3- 3)

350 m 400 m



3-4

14 m( 3- 4)

(288517, 2761389, N55E, 980803)

3- 3

(288622, 2761506, S30E, 980803)

3- 4

14 m



3-5

( )

10 20 MPa

5 10 

MPa

( ) ( )

3- 5

3- 6 3- 7

3- 5



3-6

3- 6

3- 7

( )

3- 8 3- 1



3-7

3- 9

Kh

Kh

3- 8

3- 9



3-8

3- 1

UCS
(MPa)

Kb Kd Js Kh

0 N80E/68S 9 43 1 1.14 382 98.08.03
1 N63E/62S 13 40 1 1.14 590 98.08.03
2 N60E/56S 19 43 1 1.02 841 98.08.03

3
( )

N60E/54S 7 1 1 1.09 1.78 98.08.03

4
( )

N66E/50S 7 1 1 1.09 0.33 98.08.03

5 N64E/53S 7 21 1.5 1.14 213 98.08.03
6 ( ) N64E/53S 7 1 1.5 1.14 1.41 98.08.03
7 N69E/46S 13 35 1 1.14 520 98.08.03
8 ( ) N64E/42S 7 1 1 1.02 0.27 98.08.03
9 N74E/50S 10.5 40 1 1.14 485 98.08.03

10
(

)
N74E/50S 13 33 1 1.14 491 98.08.03

11
(
)

N74E/50S 7 1 1 1.14 0.06 98.08.03

12 N74E/50S 13 32 1 1.14 474 98.08.03
Ms Kb / Kd / Js

( )

( )
( )

3- 10



3-9

3- 10 (286721, 2740981, S45E, 980805)

( )

N16E/8N

3- 11

3- 11

SS/Sh( )

SS

SS/Sh



3-10

( )

3- 10

( 2- 19) 40m×50m 17.5

6

7.5 ( 2- 20)

( 3- 12)

( 3- 13)

(286763, 2740949, N80W, 980805)

3- 12



3-11

3- 13

( )

(70 MPa) 98

80 MPa

( ) ( )

1.5 m

0.7 m

0.25 m

1~5 mm



3-12

( )

3- 14 3- 2

3- 14

3- 2

UCS
(MPa)

Kb Kd Js Kh

0 N16E/8N 80 36 0.75 1.14 2480 98.08.05

1
( )

N16E/8N 80 31 0.75 1.05 1937 98.08.05

Ms Kb / Kd / Js

( )



3-13

( )
( )

1~5 m

20~50 cm

( )

N45E/50S

20

3- 15

3- 15



3-14

( )

(98.8.11)

3-

16 (98.8.27)

3- 17

300~600 m

3- 18

(226515, 2686070, N20W, 980811)

3- 16



3-15

3- 17 (226448, 2686040, N, 980827)

3- 18 (226213, 2686090, N45E, 980827)



3-16

( )

9~13 MPa (98 )

( 2- 7) 2~12MPa

( ) ( )

3- 19

3- 19 (226186, 2686086)

( )

3- 20 3- 3

( )



3-17

3- 20

3- 3

UCS
(MPa)

Kb Kd Js Kh

0
N30E/58S

9 34 1 1.14 306 98.08.11

1
( )

N60E/68S
12.5 36 1 1.09 488 98.08.27

2
( )

N58E/60S
12.5 19 1 1.14 267 98.08.27

3
( )

N40E/50S
11 6 1 1.05 71 98.08.27

4 ( ) N50E/42S 13 44 1 1.02 583 98.08.27
5 N44E/44S 9 29 1 1.09 246 98.08.27
6 N40E/44S 9.5 33 1 1.09 296 98.08.27
7 N38E/40S 13 25 1.5 1.09 538 98.08.27

Ms Kb / Kd / Js

( )



3-18

( )
( )

1~3 cm

3- 21(a) 5 m

3- 21(b)

(a) 1~3 cm (232394, 2657997, N80E, 980806)

(b) (232835, 2658010, N30E, 980806)

3- 21



3-19

( )

N2W/80N

3- 22

3- 22

( )

3-

23



3-20

3- 23

( )

36~40 MPa

16~41.5 MPa

( ) ( )

( )

3- 24 3- 4



3-21

3- 24

3- 4

UCS
(MPa)

Kb Kd Js Kh

0
(

40 m)
N16W/56N 36 24 1.5 0.59 765 98.08.06

1 N2W/81N 25.5 1 1.5 1.41 43 98.08.06
2 N2W/81N 37.5 18 0.75 1.26 626 98.08.06
3 N4W/82N 25.5 28 0.75 1.26 685 98.08.06
4 N4W/82N 25.5 30 0.75 1.26 711 98.08.06
5 NS/80E 25.5 27 0.75 1.26 640 98.08.06
6 NS/80E 40 30 0.75 1.26 1129 98.08.06
7 N2W/80N 10 28 0.75 1.26 235 98.08.06
8 N16W/56N 36 31 0.75 0.59 490 98.08.06

Ms Kb / Kd / Js

( )



3-22

( )
( )

10~50 cm

1~2 m

20~50 cm

5~8 m 3- 25

(225647, 2634983, N, 980822)

3- 25

( )

150 m

SS

SS/Sh

SS

SS/Sh



3-23

N20W/40N

3- 26

300 m

750 m

3- 26

( )

1.5 m

3- 27



3-24

3- 28

3- 27 (98.8.11)

(225250, 2634963, N60E, 980303)

3- 28

SS/Sh
SS



3-25

( )

30 MPa

16~41.5 MPa (80 )

14~38 MPa

( )

2 MPa

( ) ( )

( )

3- 26 3- 5

(Kh 4~17)

(Kh 482~825)

( 3- 29 3- 30)

2



3-26

3- 5

UCS
(MPa)

Kb Kd Js Kh

0 N20W/30N 28 34 1 0.50 482 98.08.22
1 N24W/52N 30 54 1 0.55 889 98.08.22
2 N20W/40N 2 3 1.5 0.49 4 98.08.22
3 N10W/56N 16 3 1 0.60 3 98.08.22
4 N5E/45S 33 31 1 0.51 517 98.10.12
5 N5E/50S 21 30 1 0.53 336 98.10.12
6 N5E/40S 2 11 1 0.49 9 98.10.12
7 N5E/45S 2 21 1 0.49 17 98.10.12
8 N10W/35N 21 53 1.33 0.55 818 98.10.12
9 N10W/45N 21 51 1.33 0.58 825 98.10.12

Ms Kb / Kd / Js

( )

3- 29 96



3-27

3- 30 (97 3 )

( )
( )

3- 31

(208789, 2593127, S, 980821)

3- 31

Sh



3-28

( )

N60E/10N

3- 32

3- 32

( )

98 3

3- 33

( 3- 34)

3- 35

(flute)



3-29

3- 33

(208789, 2593137, S, 980821)

3- 34



3-30

(208744, 2593050, N80E, 980821)

3- 35

( )

10 MPa

5 MPa

( ) ( )



3-31

( )

3- 36 3- 6

(flute) ( 3- 37)

88

( 3- 38~ 3- 41)

3- 6

UCS
(MPa)

Kb Kd Js Kh

0 N60E/10N 9 30 1 1.05 246 98.08.21

1 N60E/10N 5 21 1.5 1.14 149 98.08.21

2 N60E/10N 11.5 31 1 1.09 385 98.08.21

3 N50E/8N 5 15 1 1.09 68 98.08.21

4 N65E/6N 5 29 1 1.09 132 98.08.21

Ms Kb / Kd / Js

( )



3-32

3- 36

(208812, 2593063, S80W, 980821)

3- 37

4 m



3-33

3- 38 (94.4.13)

3- 39 (96.11.4)



3-34

3- 40 (97.10.18)

3- 41 (98.8.21)

( )
( )

( 3- 42)



3-35

3- 42

( )

( )

98 7

3- 43



3-36

(a) (98.7.13)

(b) (98.9.17)

3- 43



3-37

( )

4~5

( 3- 44) 65

96

3- 44 (98.3.2)

( )
( )



3-38

( )

N45E/36S

10

( )

( )

13~25MPa

28~41.5 MPa

( ) ( )

3- 45

( )

3- 7 3- 46

3- 47



3-39

3- 48

88

3- 45



3-40

3- 46

3- 7

UCS
(MPa)

Kb Kd Js Kh

0 N40E/45S 17.5 32 1 0.51 289 98.10.12
1 N40E/45S 25 31 1 0.51 398 98.10.12
2 N40E/45S 13 32 1 0.51 211 98.10.12
3 N55E/45S 9.5 30 1 0.53 132 98.10.12
4 N40E/50S 41.5 32 1 0.54 725 98.10.12
5 N40E/45S 28 24 1 0.53 359 98.10.12

Ms Kb / Kd / Js

( )



3-41

(a) (98.7.13)

(b) (98.8.22)

3- 47



3-42

(a) (98.3.2)

(b) (98.7.13)

(c) (98.8.22)

3- 48



4-1

8

4- 1

4- 1

( ) 1
( ) 1
( ) 1

1. 50
2. 40

( ) 1
1. 12
2. 6
3. 6
4. 6



4-2

4- 1

4- 1

( )

96

HEC-RAS 96

4- 2

100

(HEC-RAS ) (CCHE2D )



4-3

(20,500cms) 14.32 m/s

4- 2

(m)

(100 )

(m) (m/s) (m) (m2)
106.5 49,858 155.76 0.85 7.07 584 3295.71 0.006

106.51 49,891 156.97 0.69 6.28 606.56 3843.65 0.0037

107 50,427 158.52 1.13 9.61 630.98 2864.48 0.0107

108 51,057 165.76 0.96 7.33 786.44 3395.98 0.0081

109 51,687 170.52 0.71 5.73 931.25 4461.99 0.0042

110 52,157 173.18 1.31 9.94 564.54 2531.34 0.0149

111 52,785 181.11 0.88 6.96 735.91 3341.57 0.0066

112 53,438 185.01 0.48 4.67 727.55 5500.02 0.0017

113 53,897 186.2 0.71 6.57 837.56 4393.4 0.0038

114 54,446 185.01 1.24 10.01 510.23 2264.26 0.013

115 55,063 192.44 1.04 10.43 815.04 3109.01 0.0078

116 55,841 199.59 0.89 8.2 507.59 3009.19 0.0061

117 56,331 198.63 2.25 14.32 346.22 1431.3 0.0513

117.05 56,340 198.24 2.61 15.83 346.19 1294.66 0.0715

117.49 56,362 199.28 2.39 16.26 284.41 1283.66 0.0536

117.5 56,367 209.8 1 8.65 313 2370.11 0.0241

117.51 56,372 213.25 0.28 3.79 355 5758.23 0.0005

118 56,594 214.19 0.11 1.37 1100.76 15468.69 0.0001

119 57,132 215.27 0.98 5.44 1134.47 3680.32 0.0103

120 57,602 218.31 0.57 4.35 1065.8 5246.51 0.0028

( 2007)

( )

CCHE2D



4-4

1

400m 116 980m

4- 2 98 DEM

90

(2/3)

96

4- 3 96

116

n 96

0.04

n

n 0.04

4- 3

2 5 10 20 25 50 100

(cms) 5,500 9,300 11,900 14,500 15,300 17,900 20,500



4-5

4- 2

2

100 (20,500 cms) 4-

3

19 m/s

( 10 m/s )

160 m2/s 23 m 4,200 

N/m2 17

m/s 140 m2/s 20 m

3,500 N/m2

10 m/s

0.5 m/s

6 m/s

10 m/s



4-6

50 25 20 10 5 2

100

100

4- 3 100 ( ) 



4-7

( )

1

2

(1)

(2)

300

3

( 2- 43

80 )



4-8

( AL) (BS)

15 (MS)

50 m

4- 4 2

4- 4

( )

2 m

( )

4- 5



4-9

C02

( 4- 6)

C01

4- 7

4- 5 (C02 0 5 m)

4- 6 (C02 15 20 m)

4- 7 (C01 20 25 m)



4-10

C01 25 m

1. 0 5.3 m

1m

2. 5.3 6.2 m RQD

100

3. 6.2 10 m

RQD 100 45

4. 10 12 m

50 RQD 100 45

5. 12 25 m

RQD

100 45

C02 27 m

1. 0 7.4 m 0-0.8 m

RQD

45-100 45

2. 7.4 m 27 m

RQD 20-100

45

( )

C01 1.41 23.75 m C02 1.41 27 m

RGLDIP V6.2 4- 8



4-11

NESWN

360

0 90

N315 N45

4- 8 (C02 4-5m ) 



4-12

1. C01

4- 9

0.151 m 0.082 m

N331.64 (deviation) 0.44 4- 10

C01 132
N16W 40 (dispersion) 21.7

4- 11
(mean dip) f a b

C01 3 N36W 47

4- 9 C01

4- 10 C01 

a 



4-13

4- 11  C01 

2. C02

4- 12

0.272 m 0.041 m

N351.33 deviation 0.62 4- 13

C01 87

N3E 45 (dispersion) 23.5

4- 11

(mean dip) f a

b c d C01 b 6

N42W 71 c 8

N20E 60 d 1 N73E

47

a b



4-14

4- 12 C02

4- 13 C02 

4- 14 C02 

a 

a 

b

c 

d



4-15

3.

4- 4 4- 5 C01

N16W 40 C02 N3E 45 4- 15

C01 1 C02 3

4- 15

4- 4

Dispersion

C01 N16W 40E 21.7

C02 N3E 45E 23.5



4-16

4- 5

C01 9.5-11 m N46W 47S 3

C02

4-8 m
N41W 71S 6

18-22 m
4-8 m

N20E 60W 8
13.5-17.5 m

17-18 m N73E 41S 1

4- 16

4- 16

UCSGs ,
, eId2 t



4-17

( )

ASTM

1. 2.0

NX 54 mm

10

2. 0.02 mm

0.001 rad ( 0.05 mm / 50 mm)

3. 0.3 mm

( )

ISRM ASTM 

D-2216

1.

2.

12 4- 6

2.62-2.70

2.0 7.5% 0.052 0.068

0.07 0.276

0.187 0.199



4-18

4- 6

(t/m3) (%) (t/m3)

C01

11-12m-1 2.62 2.365 7.13 2.208 0.187
11-12m-2 2.62 2.357 7.51 2.192 0.195
11-12m-3 2.62 2.357 7.08 2.201 0.190
11-12m-4 2.62 2.338 7.04 2.184 0.199
13-14m-1 2.68 2.572 2.41 2.512 0.067
13-14m-2 2.68 2.561 2.09 2.509 0.068
13-14m-3 2.68 2.606 2.31 2.547 0.052
13-14m-4 2.70 2.627 2.46 2.564 0.053
12-13m 2.66 2.438 4.09 2.342 0.136

C02
8-9m-1 2.66 2.359 5.19 2.243 0.186
8-9m-2 2.65 2.179 4.97 2.076 0.276
8.9m-3 2.63 2.559 4.18 2.456 0.071

( )

ISRM 10 40 60 g

450 550 g 3 mm

140 mm 100 mm

2 mm

1. 105 2 6

A

2.

40 cm 20 cm

20 4- 17

3. 20 rpm

5 % 10 200

4.

B



4-19

2 100%C DId
A D

5. 2 4 C

6. D

Id2

4- 17

4- 7 Id2

70%

4- 7  

(m) Id1(%) Id2(%) 

1 SH

C
01

 

13~14 98.14 95.15
2 SS/SH 12-13 91.76 77.65
3 SS 11-12 95.62 92.50
4 SH 6~7 97.51 94.88
5 SS/SH

C
O

2 24~25 87.24 71.25
6 SS 4~5 97.9 97.5

( )

E ISRM



4-20

MTS-810

4- 18

ISRM

1. ( )

2.

3. ISRM

4- 18



4-21

4. MTS-810

0.5 1.0 MPa /sec

ASTM D7012 2 10

(1997)

0.5 MPa /sec 1.5 %

0.3 % / min

MTS-810 LVDT

5. 105

6

4- 8 4- 19

100 300

4- 8

(m) (cm)
(cm) (g)

qu

(MPa)
E50

(MPa)
E50/qu

C
01

11.62-11.75 m 12.598 5.065 2.5 600.3 2.365 33.7 3788 112.4

11.5-11.62 m 11.973 5.066 2.4 568.8 2.357 23.09 6517 282.2

C
01

13-13.12 m 12.71 5.17 2.5 695.2 2.606 11.5 2480 215.7

13.12-13.25 m 12.25 5.146 2.4 669.3 2.627 9.5 2191 230.6

C
02

8-8.15 m 11.813 5.171 2.3 540.65 2.179 2.04 380.73 186.6

8.16-8.32 m 11.897 5.155 2.3 635.42 2.559 1.85 472.4 255.4



4-22

4- 19

( )

3

ISRM

1.

NX

(54 mm)



4-23

2.

3.

MTS-810( 4- 18)

4.

15 30 200 N / s

5.

4- 9

1.6 1.75 MPa 0.21 0.8 MPa

4- 9

(cm)
(cm) (g) (t/m3) (MPa)

C01
11-12 m 2.412 5.063 0.5 114.45 2.357 1.75
11-12 m 2.789 5.067 0.6 131.5 2.338 1.68

C01
13-14 m 2.35 5.145 0.5 125.68 2.572 1.64
13-14 m 2.483 5.176 0.5 133.8 2.561 1.71

C01 12-13 m 2.293 5.061 0.5 112.45 2.438 0.8
C02 8-9 m 3.062 5.191 0.6 152.9 2.359 0.21

Kh

( )

Kh

Annandale 2

50 m



4-24

1. Ms

(28.5 MPa) (10 MPa) (2 MPa)

2. Kb (RQD/Jn)

RQD Jn

1 ( )

3. Kd

(C02 10-15m 1 Kd=0.1 2 kd=0.3333)

4- 20

1

2



4-25

4. Js

45

( 1 2)

5.

( 4- 21)

5 m 5 m

4- 21



4-26

( )

4- 10 4- 11 C02

Kd

4- 22 4- 23 Kh

4- 12

1.3~5.1 ( 4- 12)

Kh

Kh 86~341

( )

80

645

8

842 41( 4- 13)



4-27

4- 10 C01

C01 Ms Kb Jr/ja Js Kh

0-1
1-2
2-3
3-4
4-5
5-6 28 82 1 0.54 1239
6-7 10 82 1 0.54 443
7-8 10 82 1 0.54 443
8-9 10 82 1 0.54 443

9-10 10 82 1 0.54 443
10-11 28 67 1 0.54 1008
11-12 28 67 1 0.54 1008
12-13 10 82 1 0.54 443
13-14 10 82 1 0.54 443
14-15 10 82 1 0.54 443
15-16 10 82 1 0.54 443
16-17 10 82 1 0.54 443
17-18 10 82 1 0.54 443
18-19 10 82 1 0.54 443
19-20 10 82 1 0.54 443
20-21 10 82 1 0.54 443
21-22 10 82 1 0.54 443
22-23 10 82 1 0.54 443
23-24 10 82 1 0.54 443
24-25 10 82 1 0.54 443



4-28

4- 11 C02

C02 Ms Kb Jr/ja Js Kh

0 645
0.5 28.00 37 1 0.5 513
1.5 28.00 27 0.33 0.5 128
2.5 28.00 29 1 0.5 410
3.5 28.00 26 1 0.5 359
4.5 28.00 16 1 0.5 231
5.5 28.00 74 1 0.5 1033
6.5 28.00 60 1 0.5 840
7.5 28.00 47 0.33 0.5 218
8.5 1.62 40 0.33 0.5 11
9.5 1.62 61 1 0.5 50

10.5 1.62 82 1 0.5 66

11.5 1.62 66 0.1 0.5 5

12.5 1.62 82 1 0.5 66
13.5 1.62 67 1 0.5 54
14.5 1.62 82 1 0.5 66
15.5 1.62 67 1 0.5 54
16.5 1.62 67 1 0.5 54
17.5 1.62 67 1 0.5 54
18.5 1.62 49 0.3 0.5 12
19.5 1.62 78 0.3 0.5 19
20.5 1.62 50 1 0.5 40
21.5 1.62 40 0.33 0.5 11
22.5 1.62 74 1 0.5 60
23.5 1.62 74 0.33 0.5 20

24.5 1.62 82 0.1 0.5 7

25.5 1.62 82 1 0.5 66
26.5 1.62 82 1 0.5 66



4-29

4- 22 C01 Kh

4- 23  C02 Kh



4-30

4- 12 Kh

(m) Kh Kh Kh

645 8 ( 86-341)
0-1m 513 - -
1-2m 128 - -
2-3m 410 - -
3-4m 359 - -
4-5m 231 - -
5-6m 1136 - -
6-7m 840 - 443
7-8m 218 - 443
8-9m - 11 443
9-10m - 50 443
10-11m 1008 66 -
11-12m 1008 5 -
12-13 - 66 443
13-14m - 54 443
14-15m - 66 443
15-16m - 54 443
16-17m - 54 443
17-18m - 54 443
18-19m - 12 443
19-20m - 19 443
20-21m - 40 443
21-22m - 11 443
22-23m - 60 443
23-24m - 20 443
24-25m - 7 443

5 m 842 41 443
Kh 1.31 5.1 -

4- 13

645 8

842 41



5-1

( )

(89 )

5- 1



5-2

5- 1 ( 89 )

( )

Martins(1973) Bollaert and Schleiss (2003)

1. ( ) :

2.

3.

4.

5.



5-3

6.

( )

Bollaert and Schleiss(2003) 5- 2

6 :

1.

2. 2 D

3.

4.

5.

6.



5-4

5- 2 (Bollaert and Schleiss, 2003)

Spurr(1985)

1.

2.

3.



5-5

4.

5. 1 (

)

Akhmedov(1988)

1.

2.

3.

Akhmedov Farchad Kariba Picoti

5- 3



5-6

5- 3 Farchad Kariba Picoti

( )

1.

(Hydraulic jacking

or hydraulic wedging) Whipple et al(2000)

5-

4



5-7

Bollaert(2003) 5- 2

Bollaert

2.

(plucking)

5- 4 (Whipple et al, 2000)

1.

2.



5-8

3.

8

5- 1

( )

5- 5 5- 6

93



5-9

5- 6 5- 7

5- 1

/

1

(

)

2



5-10

5- 5

5- 6



5-11

5- 7

( )

80MPa

( 5- 8) (plucking)

5- 9

5- 8



5-12

5- 9

( )

5- 10 3

5- 11 AA’

( 5- 12 )

1.

2.



5-13

5- 10

5- 11



5-14

5- 12

( )

5- 13

5- 14



5-15

5- 13



5-16

5- 14

( )

5- 15 AA’

( 5- 16)

5- 17

1.

2.



5-17

5- 15

5- 16

SS

SS/Sh

SS

SS/Sh



5-18

5- 17

( )

5- 18 5- 19

5- 18



5-19

5- 19



5-20

( )

5- 20

5- 20

( )

5- 21

( 5- 22)



5-21

5- 21



5-22

5- 22

Annandale(2006)

5- 2



5-2

5- 2

506

8

251

( 2 m) 2462

(
0.25 m) 1953

436

275

342

675

322

265



5-2

5- 2

543

9

321

135

258

326



5-25



5-26

(Stream Power)

(Erodibility index)

(

)

1 ( )



5-27

5- 23

2 ( )

5- 24

3 ( )

5- 25



5-28

5- 23

5- 24



5-29

5- 25



6-1

Bollaert and Schleiss(2003)

( 6- 1)

(emperical) (semi-emperical)

(plunge pool bottoms pressure fluctuations)

(pressure difference techniques)

Bollaert and Schleiss(2003)



6-2

6- 1

1.

2.

(

)

6- 1

(dm) (z)

(dm)

(z)

Schoklitsch (1932)

Veronese(1937) Zimmerman and Maniak (1967)

6- 1

Spurr(1985) Annandale (1995, 2006)

Bollaert(2002)

Annandale(1995, 2006) Bollaert(2002)

ASCE

Sedimentation Engineering(2008)

Annandale et al.(1995, 2006) Bollaert(2002)



6-3

6- 1 (Bollaert and Sch



6-4

0.225 0.54

s m0.42
50

3.68 H qh h
D

0.2 0.57

s m0.32
90

4.7 H qh = h
D

0.930.82
m

s m0.23 2 / 3
85

hqh 2.89 h
D q

( )

Computing Degradation and Local 

Scouring (1984) (IAHR)

Scouring (1991)

1. Schoklitsch (1932)

2. Veronese(1937)

3. Zimmerman and Maniak (1967)

hs = (m);

H= (m);

q= (m2/s);

hm= (m);

D50= 50% (mm);

D90= 90% (mm);

D85= 85% (mm);



6-5

( )Annandale (1995, 2006)

Annandale 

(erodibility index) (Kh=MsKbKdJs)

Ms Kb /

Kd / Js

Annandale

P = q E 

q

E

6- 1

PC =Kh
0.75

6- 1 vs. 



6-6

Annandale

6- 2

(stream power)

6- 2

Kh

1 (mass strength number, Ms )

(UCS) Ms

6- 2

UCS (MPa)

Cr

g (9.82 m/s2)
(kg/m3)

awhenUCSCM rs 10MP   UCS)()78.0( 05.1

awhenUCSCM rs 10MP   UCS)(

31027
r

r
gC

r



6-7

6- 2
(Ms)

-UCS(MPa) , Ms

< 1.7 0.87 
1.7~3.3 1.86 
3.3~6.6 3.95 
6.6~13.2 8.39 

13.2~26.4 17.70

26.4~53.0 35.0 
53.0~106.0 70.0 

> 212.0 280.0

Ms

2 (block or particle size number, Kb)

Kb RQD

Jn

, ,

RQD

Jx Jy Jz xyz
Jn 6- 2

RQD Kb

( )

3 (discontinuity/interparticle bond shear 

strength number, Kd)

Kd (joint roughness number, Jr)

(joint alteration number, Ja)

nb JRQDK / 1005 RQD 51 nJ

33.0)(
10105

zyx JJJ
RQD

ard JJK /
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6- 3
(Jn)

Jn

1.00
/ 1.22
/ 1.50
/ 1.83
/ 2.24
/ 2.73
/ 3.34
/ 4.09

/ 5.00

Jr( 6- 4)

Ja( 6- 5)

6- 4
(Jr)

Jr

/

/ 4.00
3.00
2.00
1.50
1.50
1.00
0.50

/

/

/
1.00

1.00
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6- 5
(Ja)

(Ja)
1.0

(mm)
1.0~5.0
(mm)

5.0 
(mm)

0.75 -- --

1.0 -- --

2.0 2.0 4.0 

3.0 6.0 10.0 

3.0 3.0 10.0 

4.0 8.0 13.0 

4.0 8.0 13.0 

( )

5.0 10.0 18.0 

4 (relative ground structure number, Js)

Js ( 6- 6) :

(ratio of joint spacing, r)

( 6- 3)

y/x r y/x 8 r
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6- 6

( ) ( )
r

1:1 1:2 1:4 1:8
180/0 90 1.14 1.20 1.24 1.26

89 0.78 0.71 0.65 0.61
85 0.73 0.66 0.61 0.57
80 0.67 0.60 0.55 0.52
70 0.56 0.50 0.46 0.43
60 0.50 0.46 0.42 0.40
50 0.49 0.46 0.43 0.41
40 0.53 0.49 0.46 0.45
30 0.63 0.59 0.55 0.53
20 0.84 0.77 0.71 0.67
10 1.25 1.10 0.98 0.90
5 1.39 1.23 1.09 1.01
1 1.50 1.33 1.19 1.10

0/180 0 1.14 1.09 1.05 1.02
-1 0.78 0.85 0.90 0.94
-5 0.73 0.79 0.84 0.88
-10 0.67 0.72 0.78 0.81
-20 0.56 0.62 0.66 0.69
-30 0.50 0.55 0.58 0.60
-40 0.49 0.52 0.55 0.57
-50 0.53 0.56 0.59 0.61
-60 0.63 0.68 0.71 0.73
-70 0.84 0.91 0.97 1.01
-80 1.26 1.41 1.53 1.61
-85 1.39 1.55 1.69 1.77
-89 1.50 1.68 1.82 1.91

180/0 -90 1.14 1.20 1.24 1.26

6- 3 y/x
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Annandale

( )

Annandale

( )Bollaert (2002)

Bollaert 6- 4

3 : 

6- 4 ( 5- 2) 
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1.

2.

3.

Bollaert

1. (falling jet module)

2. (plunge pool module)

3. (rock mass module)

( )

(hydrodynamic loading) (

)

( )Spurr(1985)

Spurr(1985)

t d(t)
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Ea ETH Ex

d(t)=f(Ea - ETH - Ex)

6- 5 (t0)

Ea Ex(t0)

6- 5 (Spurr, 1985)

Ea=E-E1(t0)>ETH+Ex(t0)

E

E1(t) E2(t)

(E1(t) E2(t) )

(te)

Ex(te)
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E2(te)

Ea E-E1(te) – E2(te) ETH

Spurr

( )

(Energy Scour Index, ESI)

1.

de1=K(qnHmhr/gsd50
y)1 

de q H

h g K

d50 n m r s y

2. ESI

ESI

(confinement)

Q H A

de c

t F

( 1 1.25)

=

1 1

1
( )1

2 2

2
( )2

×
t 1

t 2

×
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3.

de2=K(qnHmhr/gsd50
y)2 / (1/ESI)u

u=1 u=2

Spurr

(stationary jet drilling)

a

Spurr

ESI

( )Akhmedov(1988)

Akhmedov 6- 6

1. (relative axial velocity)

( ) = (1 / )

Um =
Um

U0
= b0 ×

2.2

1.8
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b0

Um ( )
U0

2. 6- 6

( t c

0.3)

Akhmedov

Akhmedov

6- 6

= t
b0 + ct

2

1

sin
+ (b0 + ct) + t

b0 + ct

2

h

2

1

sin
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2

1

2
3

06.11
2
3

4
1

2
3

c

ccc
cimpact

y
zy

z
y
y

y
zqySP

Annandale (1995, 2006)
( )

1 97 12

2 97 (97/07/18)

10,906 cms 5 (9,300 cms)

=10.72m/s 10 (11,900 cms)

=10.80m/s 10,906 cms

10.77m/s

3 Annadale(2006) Head Cut

( 6-1)

6- 7

                                            ( 6-1)

4 (Kh)

600 Annandale

Pc 121KW/m2 (Kh) 10

Pc 5.6 kW/m2

6- 7 Annandale

(m) (cms) (m) (m/s) (m) (m) (KW/m2)

195 33.30 4.77 10.80 4.82 1.81 600.65

194 33.30 5.77 10.80 4.82 2.81 462.60

193 33.30 6.77 10.80 4.82 3.81 326.61

192 33.30 7.77 10.80 4.82 4.81 192.48

191 33.30 8.77 10.80 4.82 5.81 60.01

190 33.30 9.77 10.80 4.82 6.81 0
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( )

1 60 97

2 60 97 93 8,527 cms

50 (8,222 cms) =19.73 m/s

3 Annandale(2006) head cut

( 6-1)

6- 8

4

(Kh) 2,000 Annandale

Pc 299 KW/m2

6- 8 Annandale

(m) (cms) (m) (m/s) (m) (m) (KW/m2)
260.9 56.65 21.11 19.73 6.87 12.82 580.62
259.9 56.65 22.11 19.73 6.87 13.82 369.36
258.9 56.65 23.11 19.73 6.87 14.82 159.16
257.9 56.65 24.11 19.73 6.87 15.82 0

Bollaert (2002)

( )

1 97 DEM

2 10,906 cms

3 3 m( )

4 1 m 0.1 m

5 97 DEM CCHE Q2~Q100

97 10,906 cms

Q10 = 11,900 cms Q10

6 (Y)= 3.5 m 97 6.5 m
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7 (Jet diameter at impact Dj) 2.5 m

8 =10.8 m/s

9 aq (Ervine, 1998):

0058.0)1(0074.0)1(0003.0)1(0002.0 23
JJJa VVVq

10 (free air content)

q
qa

11 air 1.29 kg/m3
liq 1000kg/m3

)1(liqairmix

12

22
)1(

11

aircairliqcliq
mixmixc

13 (Bollaert, 2002)

2.1)(119.0)(0035.0 2
JJ D

Y
D
Y

IC

14

>1/2

2
2

2

2242
1

2)2( )(2 shbbsbgc

LjV
I

sbZbgxc
bZbx

up FZxxCh

15 Y/Dj

23 m

6- 7 6- 8
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0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

(

m)

(m)

6- 7

185

190

195

200

205

210

215

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 17

(

m)

(m)

6- 8
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( )

1 60 90 97 DEM

2 93 8,527 cms

3 60 90 8.8 m 90 97 6.2 m(

)

4 1.6 m 0.5 m

5 90 CCHE Q2~Q100

62 97 93 8,527 

cms Q50=8,222 cms Q50

6 (Y)= 60 14 m 90 22 m 97 29 m

7 (Jet diameter at impact Dj) 3.1 m

8 =18.4 m/s

9 aq (Ervine, 1998):

0058.0)1(0074.0)1(0003.0)1(0002.0 23
JJJa VVVq

10 (free air content)

q
qa

11 air 1.29 kg/m3
liq 1000kg/m3

)1(liqairmix

12

22
)1(

11

aircairliqcliq
mixmixc

13 (Bollaert, 2002)

2.1)(119.0)(0035.0 2
JJ D

Y
D
Y

IC
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14

>1/2

2
2

2

2242
1

2)2( )(2 shbbsbgc

LjV
I

sbZbgxc
bZbx

up FZxxCh

15 Y/Dj

60 90

97 6- 9

6- 10

6- 9

0 

1 

2 

3 

4 

5 

6 

7 

8 

0 1 2 3 4 5 6 7 8

(

m)

(m)

60 Hup

90 Hup

97 Hup
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6- 10

240

250

260

270

280

290

300

0.0 20.0 40.0 60.0 80.0 100.0 120.0 14

(

m)

(m)

Dj( )=3.1m
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Annandale (1995, 2006) Bollaert (2002)

1. Annandale (Qmax = 

10,906 cms) 3 m

( 3 m)

2. Annandale Qmax = 8,527 cms

1.5 m

15 m

3. Bollaert (Qmax =

10,906 cms) 23 m

3 m 0.65 m

4. Bollaert Qmax = 8,527 cms

60 90

97

1.4 m

1.6 m 0.5 m

Annandale Bollaert

Annandale
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Bollaert

1.

2.

3.

i.

ii.

iii.
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98 5 21 11
A 4

1

1 Akhmedov Akhmedov

( )

2 2008

3 96 -97 4

DTM

2

1
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2-3

-

3 20

3

1

2 ( )

4

1
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2

5

1

6

1

7

1
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98 7 6 2
A 4

1.

Annandale Spurr Akhmedov

2.

Bollaert Annandale

3.

1.

2.

(q.h.v)

3. ISRM
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ISRM

1.

2.

1.
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d50 d85 d90

(

)

Annandale et al.(1998)

Bollaert(2002)

2.

3.

( )

1.

( )

2.

” ”
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1.

97
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1.
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4. P.9

5. P.15 1.
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6. P.15 1. ”27.7 ”

”27.7 ”

7. P.15 ( )

8. P.15

9. P.18 2-6

(

)

ISRM

10. P.19 (89

)

94

11. P.30

12. P.31 ( ) (2003)”

”

13. P.68 ( )

1.

98 8

98 8 31
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31

2.

3. 96 97 4

4.

5. 8

1.

2.

3. 8 31
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98 9 9 9 30
2

1 P2-14 P2-17

93

2 P2-37 2-41 2-43

2-44

3

(1).

(2). Kb

Kh

(3). Kb

(4). Jr Ja Js

(5). Kh

P3-1

Kh

( )

( )
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4 Bollaert(2002)

Bollaert(2003)

Annandale (2006)

Bollaert(2002) Annandale 

(2006)

Bollaert(2003) Bollaert 

and Schleiss(2003)

5

1

2

3

Annandale Bollaert

Annandale Bollaert
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4

( )

1 UCS Kb Kd Js

Kh 3-1 3-6

ISRM

3-1

3-7

2 6-1 6-1

P6-1 P6-2

3 6-4

4 6-5

Kh 6-14

ESI

Kh

ESI

5 8
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1

2

P3-8 3-1

3-1

3-7

3 P5-9 5-1

100

5-1



1-16

4

80

(80 )

(98 )

1 5-1

2

( )

3

4

5 P2-1 67

72
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6 P2-3 2-1 P2-3

7 P2-7 2-6 72

1,010cms Q5

8 P2-14 92

90

P2-17

9 P2-59 2-68

98

96 98

2-75

1

2 P2-59 2 9

89

25

P.2-72

3 3-1

0~12

3-27

3-1

3-7 0~12 3-8

3-27 98/8/11

4

6
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5

6 3-43

P3-34

1 P2-25 2-27~ 2-30 ..

2 (ISRM)

0.5

MPa~25 MPa

3 3-1~ 3-6

4

99

5
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6 98 11 1

7 88

8 0.27~841 Annandale

1

2

3 8

4

5

6

7

8 P5-9 5-1

9

10 Kh 8

11

12
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98 11 15 16 0
2

1

N16E/8N MPa

XXIII

P.2-26

2

Kh

8

840

41

Kh

Annandale

Kh

Kh

( )
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3

Annandle Bollaert

1

2 1.

2.



1-22

3 Annandale Bollaert

1

2 8

3

( )

4
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1

Annandale

P.6-18

Annandale

Bollaert

2 P.6-19 6-7

Pc 5.6kW/m2

P.5-24 5-2

P.6-5

3

NATM

RQD

P.5-26

NATM
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4

P.4-15

1

1/50,000

2 4-28 4-29 4-10 Kh P.4-23

Kh

Annandale

3 4-28 4-29

4-10 Ms Kd Js

P.4-27 P.4-30

4 Annandale Bollaert Annandale

Bollaert

5

1
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50 150 m 2

3

2

CCHE

3

1 -1 2-1

2 P.2-3 2-1 2-2 P.2-4

3 2-15 4-11

4 2-19 2-21 2-36 2-37 2-47

2-61 2-62 2-72 3-11 3-14

2-65 2-68 2-69

5 2-67



1-26

6 3-10 3-22 ” ”

7 2-40 2 RQD

(80 )

2- 13

8 2-57 2-67

2-73

9 3-3 2 …

” ”

10 3-16 1

11 3-19 3-21 b

12 …

…

13 6-26

1. 2.

1

-2

-4 P.5-29 5-23

5-25

2 ( … Annandale

Bollaert
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…

   

3

50 150 m 2

3

4 - 3

5 P.3-1

6 P.4-37 4-11 5-2 P.4-27 P.4-30

7

8

1

2

3 3 11 30
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CCHE2D
CCHE2D (efficient element 

method)
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and Wang, 2003)

kbkk CpC ; bkbkkb qpq                         ( 2-19)
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m tzb /
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CCHE2D (Wu and Wang, 2004b)

(Wu et al., 2005)

(Wu and Wang, 2004a)

NCCHE

CCHE2D
CCHE2D NCCHE 15
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2-1 CCHE2D

2-1  CCHE2D

CCHE2D CCHE2D

(sharp changing 
zone)

(bank 
toe erosion)

CCHE2D
CCHE2D

ASCE EWRI

2-2

2-2  CCHE2D

Yen & Lee(1995)
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1

CCHE2D

11

2-1

2-1

k 2-2

(reattachment 

length) 4.6m 7.83 H H

(reattachment point)
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2-2
(a) Q=0.018m3/s, (b) Q=0.039m3/s

2

2-3

(17x42)

2-3 o =30o

3

Wu and Wang (2004a) Yen and Lee (1995)

180o 1m 4m

0.002
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0.02m3/s oh 0.054m run4

0.053m3/s 240

1/3 1.0mm 2.5

(91x31) 1 2-4

2-5

2-4 (a) , (b) ( 0hzb )

2-5 (Yen and Lee(1995))

4

(Lauffen Reservoir) (Stuttgart)
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