
 

 
 

 

 

Department of Civil Engineering 

College of Engineering 

National Taiwan University 

Master Thesis 

 

 

 

A Study of Toe-excavation Induced Failure Process for a 

Dip Slope with Rock Anchorage 

 

Huang, Wen-Sung 

 

 

Advisor: Lin, Ming-Lang Ph.D. 

 

101 6  

June, 2012 
 



 

i 
 

 

 

 



 

ii 
 

 

-

meeting

capstone

 

CP

PFC  

FLAC



 

iii 
 

 

 

 
 

  



 

iv 
 

 

2010 4 25

 

20~48

12~18

LEM(STABL)

(F.S≈1)

(F.S.<1)  

(GSI)

FDM(FLAC 5.0) (back analysis)

 

(

) ( )

  



 

v 
 

Abstract 

On April 25, 2010, without rainfall and earthquake triggering a massive landslide 
(200000 m3) covered a 200m stretch of Taiwan’s National Freeway No. 3, killing 4 
people, burying three cars and destroying a bridge. The failure mode appears to be a 
dip-slope type failure occurred on a rock anchorage cut slope. Based on the 
investigations and the numerical analysis in this study, the toe-excavation at this 
dip-slope in 1998 was the most crucial factor. Although the excavated area had 
stabilized soon with rock anchors and backfills. The strength of rock mass had great 
effect on the stability of dip-slope after backfills. 

 
The strike of Tertiary sedimentary strata is northeast-southwest and dip 12˚ ~15˚ 

toward southeast. Considering the strength of sliding layer had reduced from peak to 
residual strength which was caused by the disturbance of excavation, the limit 
equilibrium method (LEM) analysis was utilized in the back analysis at first. The 
results showed the stability condition of slope approached the critical state (F.S.≈1). 
The efficiency reduction of rock anchors and strength reduction of overlying stratum 
(sandstone) had been considered in following analysis. The results showed the 
unstable condition (F.S. <1). 

 
This study also utilized the result of laboratory test, geological strength index(GSI) 

and finite difference method (FDM, FLAC 5.0) to discuss the failure process The 
analysis indicated that the incremental load of anchors have similar tendency 
comparing to the monitoring records in toe-excavation stages. This result showed that 
the strength of the sliding layer was significantly influenced by toe-excavation. 

 
The numerical model which calibrated with monitoring records in toe-excavation 

stage was used to discuss the failure process after backfilling. The efficiency 
reduction of rock anchors had less impact on the development of sliding surfaces. But 
the development of sliding surfaces were significantly influenced by the strength 
reduction of the rock mass The sliding surface gradually developed from the toe of 
the dip-slope to the top of the dip-slope and the stability of the slope became more 
unstable in the process of rock mass strength reduction . 

  



 

vi 
 

 ................................................................................................................... I 

............................................................................................................................... II 

............................................................................................................................. IV 

ABSTRACT ................................................................................................................. V 

 ..................................................................................................................... VIII 

 ........................................................................................................................ IX 

 ................................................................................................................ 1 

1.1  ............................................................................................... 1 
1.2  ........................................................................................................... 2 

  ....................................................................................................... 6 

2.1  ....................................................................................................... 6 
2.1.1 .................................................................................... 6 
2.1.2 ................................................................................ 6 
2.1.3 .................................................................... 6 

2.2  ....................................................................... 7 
2.2.1 (2011) ................................................................. 7 
2.2.2 .................................................................................... 8 

2.3 (GSI) .............................................................................................. 9 
2.4  ......................................................................................... 12 
2.5  ......................................................................................................... 13 

  ..................................................................................................... 19 

3.1  ......................................................................................................... 19 
3.2  ............................................................................................. 19 

3.2.1 -  ........................................................................ 19 
3.2.2 - (STABL) ................................................................. 20 

3.2 FLAC  .............................................................................................. 20 
3.3 FLAC  ............................................................................. 22 

3.3.1 ...................................................................... 22 
3.3.2 ...................................................................... 23 

3.4  ..................................................................................... 26 
3.5  ................................................................................................. 26 

  ............................................................................................. 38 



 

vii 
 

4.1  ............................................................................................. 38 
4.1.1 .......................................................................................................... 38 
4.1.2 .......................................................................................................... 38 

4.2  ......................................................................................... 39 
4.3  ..................................................................................... 40 

 -STABL ........................................................................... 52 

5.1  ............................................................................. 52 
5.2  ......................................................................... 53 

5.2.1 .................................................................................................. 53 
5.2.2 .......................................................................................... 54 
5.2.3 ...................................................................... 55 

5.3  ................................................................................................. 56 

 -  .................................................................... 68 

6.1  ......................................................................................... 68 
6.1.1 ...................................................................... 68 
6.1.2 .......................................................................................... 69 
6.1.3 .................................................................................................. 69 

6.2  ......................................................................................... 70 
6.2.1 .................................................................................................. 70 
6.2.2 .................................................................. 72 

6.3  ................................................................................................. 72 

 -  ........................................................ 86 

7.1  ............................................................................. 86 
7.2  ......................................................... 88 

7.2.1 .......................................................................... 88 
7.2.2 .......................... 89 
7.2.3 .............................................. 90 

7.3  ................................................................................................. 90 
7.4  ................................................................................................. 92 

  ............................................................................................... 115 

8.1  ............................................................................................................... 115 
8.2  ............................................................................................................... 117 

 ................................................................................................................... 118 

A  ................................................................ 121 

B —  ............................................................................ 126 



 

viii 
 

 

3- 1 Cable ( ) ............................................................ 28 
3- 2 Beam ( ) ................................................................ 28 
3- 3  ............................................................ 28 
4- 1 ( ) ............................................. 42 
5- 1 ( , 2011) ............... 57 
5- 2 ( , 2011) ........................................... 57 
5- 3 ( , 2011) ................................................... 57 
5- 4  ........................................................ 58 
5- 5  .................................... 58 
6- 1 (GSI ) .................................................................. 73 
6- 2  ................................................................................................ 73 
6- 3  ................................................................................ 74 
6- 4  ................................................................ 74 
6- 5 ( ) ......................................................................... 75 
6- 6  ................................................................................................ 75 
6- 7  .................................................................................................... 76 
7- 1 ( ) ................................................................. 94 
7- 2 ( ) ................................................. 94 
7- 3 ( ) ................................................................. 95 
7- 4 ( ) ................................................. 95 
7- 5  .................................................................................... 95 
7- 6  ............................................................................ 96 

 

  



 

ix 
 

 

1- 1 ( ) 3 
1- 2  ...................................................................................................... 4 
1- 3 2010  .............................................................................. 4 
1- 4  ...................................................................................................... 5 
2- 1 (a)(b)(c)(d)-( , 1994) .................................................... 14 
2- 2 -(a) ( : )

 ..................................................................................................................................... 14 
2- 3 GSI (Hoek, 2007) .................................................. 15 
2- 4 mi(Hoek, 2007) .......................................................... 16 
2- 5 GSI (Marinos and Hoek, 2001) ......................... 16 
2- 6 (Hoek, 2002) ....................................................... 17 
2- 7 GSI (Marinos et al., 2005) ............................. 17 
2- 8 GSI (Marinos et al., 2005) ................................. 18 
2- 9  ............................................................................................ 18 
3- 1 -(a) (b)  ............. 29 
3- 2 (Hoek and Bray, 1981) ....................................................... 29 
3- 3 -- (Hoek and Bray, 1981) ......................... 30 
3- 4 -- (Hoek and Bray, 1981) ............................. 30 
3- 5 FLAC  .................................................................................. 30 
3- 6 FLAC (Itasca, 2005) ........................ 31 
3- 7 Cable element (Itasca, 2005) .......................................... 31 
3- 8 Cable element (Itasca, 2005) ....................................................... 32 
3- 9 Cable element (Itasca, 2005) ............................................... 32 
3- 10  .................................................................. 33 
3- 11  ...................................................................... 33 
3- 12  ...................................................................................................... 34 
3- 13 --  ....................................... 34 
3- 14 --  ........................................... 35 
3- 15  .......................................................................... 35 
3- 16 ( , 2011) ......................................... 36 
3- 17 ( 1994) ....................................................... 36 
3- 18  .............................................................. 37 
4- 1 3 3.1K ( ) ........... 43 
4- 2 68 3 3.1K -  ................... 43 
4- 3 83 3 3.1K -  ................... 44 



 

x 
 

4- 4 95 3 3.1K -  ................... 44 
4- 5  ............................................................................ 45 
4- 6 ( , 2011) ............................................................... 45 
4- 7 ( , 2011) ................... 46 
4- 8 ( ) ( , 2011) ................................................. 46 
4- 9 3.1K AA’( , 2011) .............. 47 
4- 10 ( , 2011) ............................................. 48 
4- 11 ( , 2011) .............................................. 48 
4- 12 ( , 2011) ............................................. 49 
4- 13 -(a) (b) .................... 49 
4- 14  .............................................................. 50 
4- 15  ...................................................................... 50 
4- 16  .................................................................................. 51 
5- 1  ............................................ 59 
5- 2 E ........................................................ 59 
5- 3  ................................................................................ 60 
5- 4  ............................................ 60 
5- 5 -  ................................................... 61 
5- 6  ................................................................ 61 
5- 7  ........................................................ 62 
5- 8 1 A  ....................................................... 62 
5- 9 1.5 A  .................................................... 63 
5- 10  .............................................................. 63 
5- 11  .............................. 64 
5- 12  .......................... 64 
5- 13  .......................... 65 
5- 14 --  ....................... 65 
5- 15 --  ............................................... 66 
5- 16 -- 20% ........................................... 66 
5- 17 -- 50% ........................................... 67 
6- 1  ................................................ 77 
6- 2  .................................................... 78 
6- 3  ........................................................................ 78 
6- 4 GSI ........................................................ 79 
6- 5 ( , 2011) ........................................... 79 
6- 6  ................................................................................ 80 
6- 7  ............................................................................ 80 
6- 8  ................................................................................ 81 



 

xi 
 

6- 9  ................................................................................ 81 
6- 10 ( ) ........... 82 
6- 11 ( ) ........... 82 
6- 12 ( ) ....................... 83 
6- 13 ( ) ....................... 83 
6- 14  .................................................................. 84 
6- 15  .............................................................................. 84 
6- 16  .......................................................................... 85 
6- 17  ...................................................................................... 85 
7- 1 GSI .............................................................................................. 97 
7- 2  ............................................................................................ 97 
7- 3 ( ) ................................................. 98 
7- 4 ( ) ......................................................... 99 
7- 5  ................................................ 100 
7- 6  .......................................................... 101 
7- 7  .......................................................... 101 
7- 8 -(a) (b)  102 
7- 9 -(a) (b)  103 
7- 10 -  ....................................................... 104 
7- 11 -  ....................................................... 104 
7- 12  ................................................ 105 
7- 13 -- (a)  ......................................... 105 
7- 14  ................................................................ 106 
7- 15  ................................................................ 107 
7- 16  ................................................................ 107 
7- 17 --  ............................. 108 
7- 18 --  ............................. 108 
7- 19 --  ............................. 109 
7- 20 --  ............................. 109 
7- 21  .................................................................... 110 
7- 22 ( + )  ....................................... 110 
7- 23 FLAC —  .......................................... 111 
7- 24 -(a) (b) .................................. 112 
7- 25 -(a) (b) .................................. 113 
7- 26 ( ) ............................................. 114 

 
 



 

1 
 

 

1.1  

2.8 3.1 99 4 25

20

3 200 ( 1- 1-d)

185 ( 1- 1-b)

 

1997 1999

921 2010 3.1K

( 2000) ( 1998

1998)

(

1- 2) ( 1- 3)

 

( 2011)  



 

2 
 

(

) (STABL FLAC)

 

 

1.  

2.  

3. 

 

1.2  

1- 4

(STABL)

(FLAC)

( )



3 

 
1-

 1
 

(
)



 

4 
 

 
1- 2  

 

 
1- 3 2010  

  



 

5 
 

 

 
1- 4  

  



 

6 
 

 

2.1  

( 2002)  

2.1.1  

( 2- 1-a)

( 2- 1-b)  

2.1.2  

76

( 2- 1-c)  

2.1.3  

( 2- 1-d)  

( 2- 2)

( 2- 1-b)  

  



 

7 
 

2.2  

2.2.1 (2011) 

1. 62

 

2. 

 

3. 

 

 

(1) 

 



 

8 
 

(2) STABL

 

(3) FLAC 3D

 

2.2.2  

 ( 2010) 

kPa 67.3c 84.29

(CR) CR=55%

(F.S 1)

 / ( 2011) 

Plaxis

100T  

100T

  



 

9 
 

2.3 (GSI) 

:

GSI(Geological Strength Index)

GSI : 

Bieniawski (RMR, rock mass 

rating) Hoek  Brown(1980)

Hoek-Brown Hoek GSI(Geological Strength Index)

RMR Hoek-Brown

RMR 20 (very poor quality)

Hoek 1995 GSI(Geological Strength Index) GSI

(

) ( )

0 100 GSI Hoek-Brown

(1997 1998)( 2- 3) 

GSI Hoek-Brown

(isotropic) GSI

(planar failure) (heterogeneous)

Marinos  Hoek(2001) GSI flysch

(sandstone) (siltstone) (clayey shale)

(weighted averge) (flysch) ( 2- 4)

GSI ( 2- 5)  

 



 

10 
 

Hoek-Brown

Hoek (2002) (D)

D ( 2- 6)

(2-1)  

a

ci

'
3

bci
'
3

'
1 sm ................................................................................... (2-1) 

'
1

'
3  

)MPa(ci  

bm (2-2)  

D1428
100GSIexpmm ib ................................................................................... (2-2) 

D (Disturbance factor) 0 1  

s a (2-3) (2-4)  

D39
100GSIexps .............................................................................................. (2-3) 

32015GSI ee
6
1

2
1a  ..................................................................................... (2-4) 

Hoek-Brown Mohr-Coulomb

Hoek

(2002) Bishop’s circular failure analysis

(2.5) 

91.0'
cm

'
cm

'
max3

H
72.0 ......................................................................................... (2-5) 

'
max3 Bishop’s circular failure analysis  

 



 

11 
 

'
cm (2.6)  

a2a12
s4ms8mas4m 1a

bbb
ci

'
cm  ................................................... (2-6) 

)m/MN( 3  

)m(H  

(2-7) (2-8) Mohr-Coulomb

'c '  

1a'
n3bb

1a'
n3bb1'

msam6a2a12

msam6
sin  ................................................. (2-7) 

 

a2a1msam61a2a1

msma1sa21
)MPa(c

1a'
n3bb

1a'
n3b

'
n3bci'  ........................ (2.-) 

Hoek  Diederichs(2006)

(2.9) 

11
GSID1560irm

e1

D5.0102.0EMPaE  .............................................................. (2-9) 

rmE  

 

GSI Marinos (2005) GSI

 

 

GSI ( 2- 7 )

( : )

GSI ( 2- 7 ) 



 

12 
 

 D(disturbance factor)  

 ( 1000 )

GSI GSI  

 

GSI ( 2- 8)

GSI

 

GSI http://www.rockscience.com 

2.4  

(Bukovansky

1976) (Kalkani 1981) Stark

(2005)

(1955~1999)

(cut slope) (unloading the toe of the 

slope)

( ) ( )

( 2009)  

  



 

13 
 

2.5  

2- 9

(1998)  

 

 

  

 

 

 

  

Brady Lorig(1988)

(FLAC) FLAC

FLAC

  



 

14 
 

 
2- 1 (a)(b)(c)(d)-( , 1994) 

 
2- 2 -(a) ( : ) 

(b) ( : )  



 

15 
 

 

2- 3 GSI (Hoek, 2007) 



 

16 
 

 
2- 4 mi(Hoek, 2007) 

 
2- 5 GSI (Marinos and Hoek, 2001) 



 

17 
 

 
2- 6 (Hoek, 2002) 

 

2- 7 GSI (Marinos et al., 2005) 



 

18 
 

 
2- 8 GSI (Marinos et al., 2005) 

 
2- 9   



 

19 
 

 

3.1  

62

(2011) (2012)

( 3- 1-a) 62

- ( 3- 1-b)

 

3.2  

3.2.1 -  

Hoek  Bray Rock Slope Engineering(1981)  (

) : 

 ( 20 ) 

 (daylight)

-- ( 3- 2-a) 

 -- ( 3- 2-a) 

 ( 3- 2-b) (release surfaces) 

Rock Slope Engineering Hoek  Bray

( 3-1) ( 3-2) W

U V A c

t



 

20 
 

( 3- 3 3- 4) 

pp

pp

cosVsinW
TansinVUcosWcA

S.F  ...................................................... (3-1) 

sinTcosVsinW
TancosTsinVUcosWcA

S.F
pp

pp  ....................................... (3-2) 

- ( A)  

3.2.2 - (STABL) 

-STABL

( :Bishop Janbu Spencer )

Bishop Janbu Spencer

STABL

(

)  

3.2 FLAC  

FLAC (Explicit finite difference method)

ITASCA Consulting Group 5.0

FLAC

(yield limit) (plastic flow) ( 3- 6)  

FLAC ” ”(zone) ”

”(grid) ” ”



 

21 
 

(time stepping) :

( 3- 5)

FLAC  

FLAC

-

( ) (K) (G)

( ) (c) (tensile strength)  

FLAC Beam Cable Pile Support Cable

 

Cable A

E ( tF ) ( tu )

( 3-3) 

tt u
L

EAF  ............................................................................................. (3-3) 

Cable (yield) (ycomp) FLAC

Cable 3- 7 Cable

Cable FLAC Cable

 

Cable Cable (node)

(grout) FLAC

Cable  

Cable 3- 8 Nodal point

Axial Stiffness of Steel (grout)

FLAC /



 

22 
 

/ bondK

( 3-4) 

mcbond
s uuK

L
F

 .................................................................................... (3-4) 

cu Cable mu L  

max
sF  S bond

frictionS ( 3-5) 

perimeterStanS
L

F
friction

'
cbond

max
s  ................................................... (3-5) 

'
c Cable frictionS

perimeter Cable  

- 3- 9  

3.3 FLAC  

3.3.1  

Cable Cable

(A) (E) (Spacing)

(yield) ( bondK ) ( bondS )

 

60t

(Spacing) 2.6 (A)

2cm 9097.69871.07 2cmkg 1900

Nt190000kg9.18754cm9871.0cmkg19000 22

Nt1033.1 6 GPa200  



 

23 
 

FLAC bondS /

( 3-6) / ( 3-7) 

peakbond t2DS  .................................................................................... (3-6) 

peakbond DS  ............................................................................................ (3-7) 

BIpeak Q  ................................................................................................ (3-8) 

t2D t peak D

I 1/2 ( )  

BQ ( 1QB ) 

(1994) 21MPa

Mpa5.10
2
21

I 1QB (3-7) D ( 3-9)   

cm 966.2DD
4

cm 9097.6 22  ........................................................... (3-9) 

bondK ( 3-10) 

D
t21ln10

G2K bond  ................................................................................. (3-10) 

G 11.5Gpa  

 

 

3.3.2  

Cable

(A) (E) (Spacing)

(yield)



 

24 
 

( bondK ) ( bondS )

3- 1 FLAC

Cable

(node) Beam 3- 2  

FLAC Cable

Beam slave

FLAC tension

tesnion FLAC

3- 10

2.6 60t tension

Nt 2263856.2/81.91060 3  

3- 11 (E) (yield)

( bondK ) ( bondS )

(A) (tension)

 

3- 12

3- 1



 

25 
 

2.6tons 2.6m tension 9810 Nt

(A) (tension)

( 3-3) 3- 1

 

( 3- 13 3- 14)

mean stress devatoric stress

mean stress FLAC

tension mean 

stress deviatoric stress

tension FLAC

mean stress deviatoric stress

FLAC  

3- 15

mean stress deviatoric stress

 

  



 

26 
 

3.4  

FLAC

GSI

(

3- 16) ( ) mi ( 2- 4)

GSI ( 2- 5) (MR) (1994)

( 3- 17)

(D)

GSI

mi

GSI ( 2- 8)  

3.5  

( 3- 18) (Stage )

(Stage ) (Stage )  

(STABL)

FLAC 3- 18

FLAC



 

27 
 

FLAC

1998 1 1999

8 FLAC

(1999 8 )

(2010 4 )   



 

28 
 

3- 1 Cable ( ) 

   

PaE  11102  11102  

mSpacing  2.6 2.6 

2mA  4109097.6  4109097.6  

NtYield  61033.1  61033.1  

2
bond mNtK  - 9106  

NtSbond  - 51078.9  

NtTension  226385 - 

 
 

3- 2 Beam ( ) 

  

PaE  10103  

mHeight  0.3 

mWidth  1.0 

 
3- 3  

 2mA  NtTension  

 4109097.6  9810 

 410455.3  4905 

 410392.1  1962 

 
  



 

29 
 

 
3- 1 -(a) (b)  

 

3- 2 (Hoek and Bray, 1981) 
(a) (b)Release surfaces  



 

30 
 

 
3- 3 -- (Hoek and Bray, 1981) 

 
3- 4 -- (Hoek and Bray, 1981) 

 
3- 5 FLAC  

 



 

31 
 

 
3- 6 FLAC (Itasca, 2005) 

 
3- 7 Cable element (Itasca, 2005) 



 

32 
 

 

3- 8 Cable element (Itasca, 2005) 
 
 

 
3- 9 Cable element (Itasca, 2005) 

(a) - (b)  

 

 



 

33 
 

 
3- 10  

 

 
3- 11  

 



 

34 
 

 
3- 12  

 

 
3- 13 --  

 



 

35 
 

 
3- 14 --  

 

 
3- 15  

 



 

36 
 

 
3- 16 ( , 2011) 

 

 
3- 17 ( 1994) 



 

37 
 

 

3- 18  
 

  



 

38 
 

 

4.1  

4.1.1  

3.1K ( 4- 1)

Hoek  Bray(1981)

--- release surfaces

 

 68 ( 4- 2)

 

 83 ( 4- 3)

68 4- 2

 

 95 ( 4- 4) 62

 

4.1.2  

( 4- 5) ( 4- 6)

-

 

 



 

39 
 

 : 500 600

( )

 

 : 350 450

 

10 4- 7 4- 7

20~48 12~18 ( 5-4)

(

4- 8 4- 9)

 

4.2  

( )

87 1

4- 10 OW4

LC1~LC4 4- 11 4- 12 4- 13

 

 

 



 

40 
 

 87 1 3m

LC4 72.3T 87.4T

90.2T LC2 LC3

70 77T 88 8 LC4

96T LC3 LC2 84T LC1

LC4 LC3 LC2

 

 

119.91m

87 10

1400mm 111.83m

 

4.3  

62 ( 4- 14)

( 20~48 ) (2011)



 

41 
 

(2012)

B-1 B-2 B-4

(AI-01~06 AW01-04)

4- 15  

4- 1

4- 16

6( ) 5( )

5 6

 

FLAC

6 7(

) 8( )

6 8

7 8

7

6~8 5

 

  



 

42 
 

4- 1 ( ) 

   

   

SS/SH 8  

SS 7  

SS/SH 6  

SH 5  

SS-f 4  

SS/SH 3  

SH 2  

SS-m 1  

 
  



 

43 
 

 

4- 1 3 3.1K ( ) 
 

 

4- 2 68 3 3.1K -  
 
 



 

44 
 

 

4- 3 83 3 3.1K -  
 

 

4- 4 95 3 3.1K -  
 



 

45 
 

 

4- 5  
 

 

4- 6 ( , 2011) 
 



 

46 
 

 
4- 7 ( , 2011) 

 

 
4- 8 ( ) ( , 2011)



47 

 
4-

 9
 

3.
1K

A
A’

(
, 2

01
1)

 



 

48 
 

 

4- 10 ( , 2011) 
 

 
4- 11 ( , 2011) 

 



 

49 
 

 

4- 12 ( , 2011) 
 

 
4- 13 -(a) (b)  

 



 

50 
 

 
4- 14  

 

 
4- 15  



51 

 
4-

 1
6 

 



 

52 
 

-STABL 

STABL

:

 

5.1  

5-1 A B

5- 1 ( 5- 2)

E

F( 5- 1) E

E

E

( 5- 1)  

5- 2

5- 3 2cmkg0c 14

 

 

Janbu 10 (



 

53 
 

5- 3) 60T

STABL

( 5- 4)  

5.2  

( 3- 18) STABL

 

F.S. 1.39 STABL F.S. 1.41( 5- 5)

 

5.2.1  

 

 

1.35 1.33( 5- 6) 

 

1.35 1.22( 5- 7) 

(F.S. 1.2)

 

 



 

54 
 

A B

E (

1 A 1.5 )

1.65 1.51

1.54

( 5- 8 5- 9 5- 10) 

5.2.2  

( 5- 4)

 

 (daylight)

 

 

87 10 1400mm

111.83m  

kpa 0cr 14r ( 5- 3)



 

55 
 

1.54 1.05( 5- 11) 0.96

0.63( 5- 12)

 

1.35 0.94( 5- 13)

5- 5  

5.2.3  

 

( kpa 0c 32 )

0.97( 5- 14)  

0% 20% 50%

20% 50% 1.05 1.00 0.92

 

  



 

56 
 

5.3  

1.05 ( 1.S.F )

50%

1.05 0.97 0.92

( 1.S.F )

FLAC

  



 

57 
 

5- 1 ( , 2011) 

 3
t mt  2mtc  

 

A  B  
 2.1 3.0 32 32 
 

( ) 
2.1 1.0 20 20 

 2.1 3.0 32 28 
 
 
 

5- 2 ( , 2011) 
   

A 
(3K+405) 

( 1.5) 1.54 
( 1.1) 1.10 
( 1.2) 1.42 

B 
(3K+380) 

( 1.5) 1.61 
( 1.1) 1.12 
( 1.2) 1.41 
 
 
 

5- 3 ( , 2011) 

 
 

  
  

2
p cmkgc  p  2

r cmkgc  r  

 
 

RDS(D)-4 B-6 0.28 22.5 0.0 19.8 
RDS(D)-5 B-7 3.2 28.5 0.0 22.7 

 
 

RDS(W)-3 B-3 0.9 27.7 0.0 23.2 
RDS(W)-4 B-5 1.1 26.2 0.0 14.1 
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5- 4  
   

E 
( ) 

( 1.5) 1.55 
( 1.1) 0.96 
( 1.2) 1.39 

E 
( ) 

( 1.5) 1.54 
( 1.1) 0.96 
( 1.2) 1.38 
 
 
 

5- 5  
   

E 
(  

) 

( 1.5) 1.54 
( 1.1) 0.96 
( 1.2) 1.38 

E 
(  

) 

( 1.5) 1.05 
( 1.1) 0.63 
( 1.2) 0.94 
 
 
  



 

59 
 

 
5- 1  

 

 
5- 2 E  
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5- 3  

 

 
5- 4  

 



 

61 
 

 
5- 5 -  

 

 

5- 6  
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5- 7  

 

 
5- 8 1 A  
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5- 9 1.5 A  

 

 

5- 10  
 



 

64 
 

 

5- 11  

 

 
5- 12  
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5- 13  

 

 
5- 14 --  
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5- 15 --  
 

 
5- 16 -- 20% 
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5- 17 -- 50% 
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-  

-

FLAC

FLAC  

6.1  

6.1.1  

FLAC

( ) FLAC m1m1

( 6- 1) 272 13

4m

4- 16 OW4 OW3 ( )

FLAC

0.25 1000(kg/m3)

( 6- 2)

6- 3  
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6.1.2  

Rocscience.Inc

RocLab GIS mi D MR

 

( 3- 16)

RocLab 6- 1

(GSI) B C G

GSI ( 6- 4) (D) 0 (MR)

( 3- 17)

6- 1

RocLab

( 6- 5)

6- 2  

6.1.3  

6- 6  
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 10 20

( 6- 3) ( 6- 4) 

 ( 6- 2)

 

 

6.2  

( )

GSI

 

6.2.1  

GSI

(D)

(D)  

( 6- 7)



 

71 
 

1 2

1 2 ( 6- 8)  

1

GSI D 2 GSI

1

D

2   

( 6- 9) LC4

LC3

6- 6 LC4

LC3  

( 6- 10 6- 11)

( 2- 2-a)

( 6- 12 6- 13)

1

( )
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6.2.2  

18 60T

3- 1

10 20

GSI 6- 7  

( 6- 14)

( 6- 15)

( 6- 16 6- 17)  

6.3  

LC4

( 6- 8)

LC4
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6- 1 (GSI ) 

 
 

MPac  

 

MPac  

 

3
t m/t  

 

3
t m/t  

 17.34 5.836 2.16 0.095 

 
( ) 

7.37 - 2.55 - 

 8.34 6.357 2.44 0.115 

 
6- 2  

   
 

( ) 
 

 

 

 

 

MPaci  17.34 7.37 8.34 

(MR) 300 300 300 

GSI  50 40 25 

im  17 11.5 6 

D  0 0 0 

3
t mt  2160 2550 2440 

(m) 10 17 40 

 
 
 
 

kPa c  158 108 103 

degree  58.74 42.69 27.15 

MPat  0.024 0.007 0.005 

MPaErm  1597.98 353 149.76 

 
( 3- 17) 

ratio poission  0.35 0.38 0.40 
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6- 3  

   

PaE  11102  11102  
mSpacing  2.6 2.6 

2mA  4104.1  4104.1  

NtYield  61033.1  61033.1  

2
bond mNtK  - 9106  

NtSbond  - 51078.9  

NtTension 45277 - 
 
 
 

6- 4  

  
 

(T) 
 

(m) 
 

(m) 
 

(m) 

 

 60 20  2.6 24 10 
 60 20  2.6 22 10 
 60 20  2.6 20 10 
 60 20  2.6 18 10 
 60 20  2.6 14 10 

 

 60 20  2.6 14 10 
 60 20  2.6 12 10 
 60 20  2.6 10 10 
 60 20  2.6 8 10 
 60 20  2.6 4 10 
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6- 5 ( ) 

    

1 

 
GSI=40 

D=0 
GSI=15 
D=0.7 

GSI=15 
D=0.7 

MpaErm  353 53.4139 53.4139 
kpa c  108 26.668 26.668 

degree  42.69 19.4868 19.4868 

Mpat  0.008 0.000306 0.000306 

2 

 
GSI=40 

D=0 
GSI=15 

D=0 
GSI=15 
D=0.6 

MPaErm  353 80.5886 55.5571 
kpa c  108 54.063 31.0 

degree  42.69 33.4139 22.003 

MPat  0.008 0.001056 0.000366 

 
 
 

6- 6  

 
(tons) 

  

 FLAC  FLAC 

LC4 1.15  51.17  8.2  60.4  

LC3 3.4  95.1  1.6  25.5  

LC2 9.1  6.0  6.7  77.1  

LC1 4.1  51.0  7.4  65.0  
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6- 7  

  
 

( ) 
 

 GSI(50 5) GSI(40 5) GSI(25 5) 

MpaErm  138.856 59.0179 66.7855 

kpa c  30.618 31.214 40.379 

degree  39.8297 26.8722 17.8069 

Mpat  0.00079 0.0005 0.00108 
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 F
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6- 2  

 

 
6- 3  
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6- 4 GSI  

 

 
6- 5 ( , 2011) 
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6- 6  

 

 
6- 7  
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6- 8  

 

 
6- 9  
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6- 10 ( ) 
 

 
6- 11 ( ) 
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6- 12 ( ) 

 

 
6- 13 ( ) 
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6- 14  

 

 
6- 15  
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6- 16  

 

 
6- 17  
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-  

(1998)

2010

FLAC

 

7.1  

mi GSI

GSI GSI 7- 1 GSI

Roclab

( 6- 5)  
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( 7- 2)

(

)

GSI

( 7- 1) ( 7- 2)

 

7- 3 7- 4
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7.2  

STABL FLAC

 

7.2.1  

FLAC

(D)

GSI 7- 3 7- 4

 

( 7- 5)

 ( 7- 6)

( 7- 7)  
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7.2.2  

 

 

( 7- 8-a 7- 9-a) 

( 7- 8-b 7- 9-b) 

  



 

90 
 

7.2.3  

( kpa 0cr

14r ) FLAC

( 7- 10) ( 7- 11)

( 7- 12)  

 

7.3  

7- 14 (a)~(f) : (a)

(d)
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7- 13 (a)

(a)

(a) 1 (b)~(f) 7- 5  

(a) (d)

(b) (e)

(b) (c)

7.2.2
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7.4  

7.2.3

( 7- 11)

 

1.05( 5- 15) ( F.S. 1.5) ( 7- 15)

( 7- 16) ( F.S. 1.2

F.S. 1.1)  

STABL

7- 6  

0.96( 7- 15)

1.11( 7- 17) 1.29( 7- 18)

0.63( 7- 16)

1.00( 7- 19) 1.13(

7- 20)  

2.18( 7- 21)

1.03( 7- 22)  
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STABL FLAC

7- 23

7.3 (b)

 

( 7- 24)

( 7- 25)

( 7- 26)
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7- 1 ( ) 
     

  
GSI 50 40 40 30 30 10 10 5 

im  17 16 16 15 15 14 14 13 

MPaci  
17.34

13.34 
13.34 9.34 9.34 3 3 3 

1(D=0.7) 2(D=0.6) 
GSI 15 10 10 9 9 8 8 7 

 

7- 2 ( ) 
     

 

MPaErm  638.928 228.035 27.4535 24.0236 
kPa c  101.87 66.411 20.8995 15.3846 

degree  54.4235 48.4894 30.1932 26.9207 

MPat  0.009044 0.003178 0.000261 0.000179 

1 

MPaErm  50.6094 49.563 49.1003 48.6775 
kPa c  19.128 17.686 16.275 14.899 

degree  16.1272 15.4235 14.7101 13.9876 

MPat  0.000195 0.000178 0.000163 0.000149 

2 

MPaErm 51.4354 50.811 50.2406 48.7192 
kPa c 22.731 21.127 19.547 17.999 

degree 18.6262 17.9075 17.1743 16.4269 

MPat  0.000236 0.000216 0.000198 0.000181 
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7- 3 ( ) 
     

  
GSI 50 40 40 40 30 10 10 5 

im  17 16 16 15 15 14 14 13 

MPaci  
17.34

13.34 
13.34 9.34 9.34 3 3 3 

(D=0) 
GSI 40 30 30 20 20 10 10 5 

 
7- 4 ( ) 

     

 

MPaErm  638.928 228.035 27.4535 24.0236 
kPa c  101.87 66.411 20.8995 15.3846 

degree  54.4235 48.4894 30.1932 26.9207 

Mpat  0.009044 0.003178 0.000261 0.000179 

 

MPaErm  179.938 100.98 67.44 59.0179 
kPa c  85.486 64.907 42.746 31.214 

degree  39.491 35.5446 30.3151 26.8722 

MPat  0.003271 0.001539 0.000724 0.000497 

 
7- 5  

  
 0 

 0.45 
(a) 1 
(b) 0.9 
(c) 0.5 
(d) 0.5 
(e) 0.4 
(f) 0.1 
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7- 6  

 
 

(T) 
 

(m) 
 

(m) 
 

(m) 
 60 20  2.6 26 10 
 60 20  2.6 26 10 
 60 20  2.6 28 10 
 60 20  2.6 30 10 
 60 20  2.6 30 10 
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7- 1 GSI  

 

7- 2   
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7- 3 ( ) 
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7- 4 ( ) 
  



 

100 
 

 

  
  

  
  

  
 

  
 

  
 

  
 

7- 5  
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7- 6  

 
7- 7  
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(a) -  (b) -  

  

(a) -  (b) -  

  

(a) -  (b) -  

  

(a) -  (b) -  

7- 8 -(a) (b)  
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(a) -  (b) -  

  

(a) -  (b) -  

  

(a) -  (b) -  

  

(a) -  (b) -  

7- 9 -(a) (b)  
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7- 11 -  
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7- 12  

 

 
7- 13 -- (a)  
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7- 14  
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7- 15  

 

 
7- 16  
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7- 17 --  
 

 

7- 18 --  
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7- 19 --  

 

 

7- 20 --  
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7- 21   

 

 

7- 22 ( + )  
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7-

 2
3 

FL
A

C
—
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(a)-  (b)-  

  

(a)-  (b)-  

  
(a)-  (b)-  

  

(a)-  (b)-  

7- 24 -(a) (b)  
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(a)-  (b)-  

  

(a)-  (b)-  

  

(a)-  (b)-  

  

(a)-  (b)-  

7- 25 -(a) (b)  
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7- 26 ( ) 
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8.1  

( )

 

(1) 3.1K

 

(2) 

 

(3) 

1.54 1.05

FLAC GSI
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(4) 

1

FLAC

 

(5) ( 7- 14) ( 7- 5)

 

(6) STABL FLAC
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8.2  

(1) 

 

(2) :

??

 

(3) 

(FLAC-creep )  

(4) 

??  
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A  

Hoek  Bray Rock Slope Engineering

A- 1

A- 1  

cosTcosVsinW
tansinVUsinTcosWcL.S.F ...................................... A- 1 

LZ
2
1U ww  ............................................................................................ A- 2 

2
ww Z

2
1V  .................................................................................................. A- 3 

cossincostan2
DLDW 2  ........................................................ A- 4 

L (m) c (KN/m2) φ α  

β θ W (KN/m)  

D (m) w (KN/m3) γ (KN/m3)  

(m) (KN/m)  

( A-2) ( A-3) ( A-4) ( A-1)  

sincostancos2
DLQ  ................................................................... A- 5 

Z
Z

R w ............................................................................................................. A- 6 

cos2
RD

P w  ........................................................................................................ A- 7 

 

cosTPRDsinDQ
tantanRDLPsinTcosDQcL.S.F ........................... A- 8 
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Rocscience Inc. SLIDE5.0

SLIDE

STABL

Janbu corrected STABL

A- 2 A- 1 60ton

1m End Anchored SLIDE

tension crack property water level use water table

 

2.140 SLIDE 2.209( A- 3)

SLIDE  

1. R=1 0~600(KN/m) L=100m 

2. R=1 phi c 0~20kPa 600(KN/m) L=100m 

3. R=1 c phi 14~30 600(KN/m) L=100m 

4. R=1 600(KN/m) L=50 100 200m 

5. L=100m R 0.1~1 

A-2 A-3 A-4 A-5 A-6

(φ) (R) (c)

(T) (L)

2.140 1.157 12kPa

0.993

 

(L)

(D)  
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A- 1  
  

L(m) 100 
D(m) 10 
α 60 
β 14 
θ 15 

c(kPa) 20 
φ 30 

T(KN/m) 600 
γ(KN/m3) 21 

w (KN/m3) 
10 

R 1 
 

A- 2  

T(KN/m)  SLIDE 

600 2.140 2.209 
500 2.097 2.165 
400 2.055 2.122 
300 2.015 2.08 
200 1.976 2.04 
100 1.938 2.001 
0 1.901 1.963 

 
A- 3  

c(kPa)  SLIDE 

20 2.140 2.209 
16 2.058 2.127 
12 1.976 2.046 
8 1.894 1.964 
4 1.813 1.882 
0 1.731 1.8 
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A- 4  

phi  SLIDE 

30 2.140 2.209 
26 1.871 1.93 
22 1.620 1.669 
18 1.383 1.422 
14 1.157 1.187 

 
A- 5  

L  SLIDE 

50 2.157 2.259 
100 2.140 2.209 
200 2.132 2.182 

 
A- 6  

R  SLIDE 

0.1 3.017 3.024 
0.2 2.939 2.637 
0.3 2.853 2.581 
0.4 2.762 2.526 
0.5 2.666 2.696 
0.6 2.566 2.417 
0.7 2.463 2.364 
0.8 2.356 2.312 
0.9 2.249 2.26 
1 2.140 2.209 
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A- 1 

A- 2 -(a) (b) in SLIDE 

 
A- 3 - 2.209 
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B —  

   
 

 
FLAC

struct element
 

struct element
 

 

 

FLAC
(

)GSI ?? 

2- 5
GSI

GSI  

GSI

 

 

FLAC
??  

??  
GSI

 
strain-softening
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( )  

 

 

?? 

P.28(
5.4)

 
4

??  
p.11   

p.69
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p.72
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