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Influence of geological conditions
on stability of rock cuts
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The distribution of
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MOdQ' Setting Mohr-Coulomb model

Material properties Value Material properties Value
Dry density 18000 (% Fluid modulus, Ky 10 (kPa)
Young’s modulus, E | 200 (MPa) porosity, n 0.33
Poison ratio, v 0.33 (Msljilrir:c?/epaekr)::?al’b]i{lity) Pan:—iec
Friction angle, ¢ 32° saturation,S 1
cohesion, ¢ 31.4 (kPa)
Stress ratio, K 1.1

(CECI, 2021)(Chen C. C.& Yu C. W., 1994)
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Methodology

v
Continuum approach



Continuum approachodssss)

Darcy’s law

— 7 the gradient of — ¢ ¢
U = li]J total hydraulic head Vi = Vj Vi av (Od )
e Oda, 1985

volume

permeability

crack volume :
local velocity

(the fluid flow through the crack) 9



Fracture orientation(7) Fracture length Fracture aperture(t)

/
— / - — g

- |

T /)

Volume density(p)

T tm Tm
Crack tensor PU — _,0 j J D2t3ﬁ\lﬁ}E(ﬁ, , t)d.Q dt
Pij 4Jo Jo Ja
\
/ 1 - . W
By (i ki = ZE(PRRSU —P)) Equivalent perkmeablllty tensor
ij |
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Parameter sensitivity analysis (creng 200

{] T T T T
Orientation l | | I
E(A) * The inherent distribution of dis@@ﬂ‘ﬂ&lj{ﬂ}?’s -
8 — —
Length * Lognjormal distribution (Barton,1977)
f(r) * Fix shre average length and standard deviatign
'Equivalent permeability tensor e -
Aperture * The2stress would lead to the changing of apgrture
g(t) * The @ress=ind@cedanis&ropy —© ]
VOIume ﬂﬁ I ; | llﬂ | ]|2 14
density e Fix the value of voffatdeasi(any
p * Lognormal distribution (Barton,1977)
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The inherent
distribution of *The orientation of discontinuities, E(71)
discontinuities

The stress-induced
anisotropy

"The aperture of discontinuities, g(t)
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Directional density function,E(11) (kanatan;1984

j E()dQ =1 ® The vector 11 accounts for the total proportion of all vectors

E(h) = an (1+ Djjnjn;) @ Use the fabric tensor (D;j) as the coefficient to approximate the vector distribution
® The value of Dj; can represent the anisotropic degree

Z(3)

¥(2) ® 1 The normal vector of discontinuity
/ ® D,; =D,, = D33 =0, it has same number of discontinuities in all directions.

> » X(1
(1) 13
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Directional density function,E(11) (kanatan;1984

j E(7)dQ = 1

A

Z(3)

1
n) = yp= (1 + Dijnin;)

Y(2)

— X(1)

® The vector 11 accounts for the total proportion of all vectors

® Use the fabric tensor (D) as the coefficient to approximate the vector distribution
® The value of Dj; can represent the anisotropic degree

® 1 The normal vector of discontinuity
® D,; =D,, = D33 =0, it has same number of discontinuities in all directions.

® D;; > Dy = D,,, the number of normal vector in the vertical direction is more than the

number of normal vector in the horizontal direction
14



The inherent
distribution of *The orientation of discontinuities, E(71)
discontinuities

The stress-induced
anisotropy

"The aperture of discontinuities, g(t)

15



The function of aperture,g(t) (ods,19s6)

* Assume each fracture are two plates connected by springs

normal
stiffness

Normal
closure

Aperture
change

Il

Shear Shear

dilation _: stiffness
to = initial aperture, o, al’stress, K,, = average al stiffnes:

P _
* t=1ty— (K:Z) Normal closure, K,, T At |

- K, (—fuw—)is depend on strength of material

90 = e = 1o - ()
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Result

v
The inherent distribution of discontinuities

Continuum approach Equivalent Pore water pressure
(crack tensor) permeability tensor distribution




Continuum approach

(crack tensor)

(Assume the rock massunder uniform stress o,, = 0.25MPa)

( A ( A ( A

orientation -
(Kanatani,1984) (transversely isotropic material)

=E([®)f(r)g(t) standard deviation

\ J
4 ) 4 ) 4
E(f,r,t) _
lengths average and L=6(m);0=4
\ J \ J \
.

~ G_l’l
aperture t(n) =1ty — (K—) Koy = % = 360 (stiffness constant, MPa)
n

. J . J . J

mv
[ volume density ]—» p=—=01
(number/m?)
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Equivalent
permeability tensor

(Assume the rock mass under uniform stress o,, = 0.25MPa)
8.00

7.00
6.00
5.00

4.00
3.00 2(3)

Y(z) 2.00 Y(z)

0.00

kll/k33

Z(3)

0 1 2 3 4
/ D33 =0 D33 > ( %
> > X(1) isotropy > anisotropy

i The discontinuities distributed same number at direction 1,2,3
| = isotropic permeability

The normal vector of discontinuities account for a large proportion in direction 3
= anisotropic permeability
2
)

it of k =
(unit of Pa* sec
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Pore water pressure

distribution
(3) 2
(Assume the direction of maximum principal permeability parallel the slope surface) R IY " -
X
Isotropic permeability anisotropic permeability(D;; = 4)
ki; = kyy = k33 = 12310710 ki = kyp = 1.72 % 10710; gy = 2.45 % 10711

Pore pressure (Pa)
Cut Plane: on
1.50r"

1 D11 — D22 = -2< D33 = 4

1
1.3
] e The normal vector of discontinuities
o0 The discontinuities distributed same o
B L account for a large proportion in
so. number at direction 1,2,3 . .
54\ _direction 3
IS:SSSSE:‘O'Z lEses=ccc ocampmERRREs-——
1.0000E+04
0.0000E+00 Zone Specific Discharge Vectors (m/s) Zone Specific Discharge Vectors (m/s)
Head (m) Cut Plane: on Cut Plane.: on
Cut Plane: on Maximum: 6.2508e-07 _ Maximum: 7.972e-07
I1.5000E+01 Scale: 6e+06 1 Scale: 6e+06 :
1.4000E+01 - o= - Y
1.3000E+01 -~ -
1.2000E+01 o ]
1.1000E+01 o ’
+ et r
B 55000500 S
S oE 1] 29
Bl a it of k2T

Pa *'sec



Pore pressure variation (%)
Cut Plane: on
1.0000E+02
9.5000E+01
9.0000E+01
8.5000E+01
8.0000E+01
7.5000E+01
7.0000E+01
6.5000E+01
6.0000E+01
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5.0000E+01
4.5000E+01
4.0000E+01
3.5000E+01
3.0000E+01
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2.0000E+01

1.5000E+01 .
1.0000E+01 D33 /', variation /!

14_1_. 0° Relative variation

|P(D33 = 1) = P(D33=0)] |:>

P(D353 = 0)

|P(D33 ='2) — P(D33 = 0)|
P(Dy5 = 0) E> L

5.0000E+00
0.0000E+00

Maximum variation:44%

|P(D33 = 3) — P(D33 = 0)| .
P(Ds3 = 0) E> &

I
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Result

v
Stress-induced anisotropy

Continuum approach Equivalent Pore water pressure
(crack tensor) permeability tensor distribution




Continuum approach

(crack tensor)

4 ) 4 ) 4 )
E(fi) = 1 + Djinjn;
orientation e D11 =Dpp =D33
(Kanatani,1984)
\
4
E(Q,rt _
A( ) lengths average apd. [=6(m);0=4
=E(M)f(r)g(t) standard deviation
\
4
R Op
aperture t(n) =1ty — (K—n) Koy = % = 360 (stiffness constant, MPa)
n
\ J \ J \ J

(According to the stress tensor of model)
(nonuniform stress case)

m‘U
[ volume density ]—» p=—=01
(number/m?3)
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Equivalent
permeability tensor

Material properties Boundary condition
Mohr-Coulomb criterion (Chugh et al.,2003)

A i surface
gravitational equilibrium

& k
The stress tensor of all zones . '
{ } ( No»dlsplacement No displacement /

4 Zone 3416

011 012 013
0;jj = [0921 022 023

50m 40m

031 032 033 Zone T S
L 5 e aTT
o~ gz?;?:l;\fga%er " ol R 10 8 A [
~ onnin; ntermediate - ;
[g(t)zt(n) == tO_( TlK_l ]>J :\/I?nimurit /{ sgg i;;;;;iii;j\f_
n Maximum X £
; 2 EE AR
[Crack tensor, Pij] aEnEs i;’;f:ﬁ? %% XXX X %é%%%%%x
JE 4: ;\—’\; ):\\’; 501X ;Z ggg >< >< XXX%%AX’
. - B SECSEP AR
[ Equivalent permeability tensor , k;; % 24




Ve

\_

aperture closure ]

Equivalent

permeability tensor

r

\_

Depth T, the value of permeability l]

r

e average value of k11/k33=1.2

.

:

(unit of k =

2

Pa * sec

)

3.1400E-10
3.0000E-10
2.7500E-10
2.5000E-10
2.2500E-10
2.0000E-10
1.7500E-10
1.5000E-10
1.2500E-10
1.0000E-10
7.5000E-11
5.0000E-11
2.5000E-11
1.1000E-12

Zone Fluid Property permeability-1
Cut Plane: on
Calculated by: Constant

-

(The maximum principal permeability of each zone)
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Pore water pressure
distribution

The distribution of pore water pressure The distribution of water head

-

v
Pore pressure (Pa) Head(m)
Cut Plane: on Cut Plane: on

1.5000E+05 1.5000E+01
1.4000E+05 I 1.4000E+01
1.3000E+05 1.3000E+01
1.2000E+05 1.2000E+01
1.1000E+05 1.1000E+01
1.0000E+05 1.0000E+01
9.0000E+04 9.0000E+00
8.0000E+04 8.0000E+00
7.0000E+04 g-ggggg:gg
e S dia 5.0000E+00
238385:82 Zone Specific Discharge Vectors
3.0000E+04 Cut Plane: on _

A Maximum: 1.12284e-06 =
cDReEY Scale: 6e+06 -
1.0000E+04 - ’/, —
0.0000E+00 = P

///
BB
z z
|-
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Conclusion




Uniform stress e Nonuniform stress

The inherent distribution of » Stress-induced anisotropy
discontinuities (D44, D,5, D33) e Dy1,DyyDys = 0

Equivalent permeability tensor

e When D55 7, pore pressure * \When depth T, the principal

variation 1 permeability

28



* Uniform stress e Nonuniform stress

* The inherent distribution of » Stress-induced anisotropy
discontinuities (D44, D,5, D33) e Dy1,DyyDys = 0

Equivalent permeability tensor

Future work

e Nonuniform stress
+ Slope stability

* The inherent distribution of analysis /)
discontinuities (D;1, D55, D33) \_//

29

Pore pressure distribution



Thank you for your attention.




Case study
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The function of aperture,g(t) (ods,19s6)

t, = initial aperture, d,, = normal stress, K,, = average normal stiffness

to _
. R
At JAY « t=ty— (=) Normalclosure, K, T At |
o WP UV 4 o o~(2) '

- K, (JU\[U-)is depend on strength of material

g =t@) =ty — (&) = r - 20N
g 0 \kx, (c h ) large t,
normal stiffness coefficient, h Small t,
 h = K, * r,where K, = initial normal stiffness, r = fracture length,r T K, { !ﬁ i\ long r
aspect ratio,\c
; o short r
s ¢ = t—,where r = fracture length, t, = initial aperture,r T ¢, T
0

32



The density function of aperture,g(t) (oda,1986)

0, = normal stress, K,, = average stiffness

—
c t=1ty— (f{é) Normal closure §

n

. K = On_ ltboy _ 1HDTGRA; —
n ) a a x

experimentally determined

- 1 . .
0,=0a= P K, initial stiffness
0

* 0, b= , o initial aperture

toKo

aspect ratio, ¢

c c= ti, where r = crack length, t, = initial aperture,r T t, T
0

normal stiffness coefficient, h

h
e K, = ;,Wherer TKy!l
h+cogning _ h
T

© K= [, KnE(@dQ =——"— =

« g(®) = t(R) = to—(%> =:



The density function of aperture,g(t) (oda,1986)

4 N
g J
: A h K locity through rock |
aspect ratio, ¢ Cheng & T(? s0z(1979) was used wave velocity through rock mass to determine
i the aspect ratio.
C = T rTiegl * The rock has smaller value of porosity, it would has smaller wave velocity, then
v the aspect ratio would has smaller value
\- ~/ * The aspect ratio of Navajo sandstone roughly equal to 1000
4 _ o N . Using the experimental results of uniaxial test, it can access the value of initial
normal stiffness coefficient, h . L . .
normal stiffness by the uniaxial strength of different material.

K. = ﬁ e * The initial normal stiffness of fresh sandstone to medium-weathering sandstone
) ' ) is between the range 3.6~25.6MPa/mm, so the range of h equal to 360~2560MPa.

- J

34
(where r = crack length, t, = initial aperture, K, = initial normal stiffness)



The density function of aperture,g(t) (oda.195)

g(t)

-

aspect ratio, ¢

r
c=—,r Tty 1
Lo

J

s

-

normal stiffness coefficient, h

K, —h TKyl
o—r»r 0

~

J

* Fortin(2005) defined aspect ratio in the range 10%~10* approximately.

* The initial normal stiffness of fresh sandstone to medium-weathering sandstone
is between the range 3.6~25.6MPa/mm, so the range of h equal to 360~2560MPa.
(Chen,2005)

(where r = crack length, t, = initial aperture, K, = initial normal stiffness) 35



Equivalent
permeability tensor

(Assume the rock mass under uniform stress o,, = 0.25MPa)

2.00E-10 8.00
7.00
1.80E-10 1.72E-10 5.00
/'\u .
Qv
Ly 1.59E-10
& 160E-10 o 500
~ 1.47E-10 S
N ~ 400
= 140E-10 1.356-10 &
3.00
I 1.23F-
i
' 1.20E-10 2.00
1.00
1.00E-10
0 0.00
0 1 2 3 4
1.40E-10 D33
1.23E-10 D33 =0 D33 >0
1.20E-10 : . :
isotropy > anisotropy
T 1.00E-10 I The discontinuities distributed same amount at direction 1,2,3
~ ©n ] . . g
K I = isotropic permeabilit
EES.OOE—ll _ 7 1S0tropic permeabilit Y .
m . . . . . . . .
b >’ 6.00E-11 The normal vector of discontinuities account for a large proportion in direction 3
(3) = anisotropic permeability
4.00E-11
2.00E-11 36
Y(2)

X(1)




Pore water pressure

distribution
Z(3)
(Assume the direction of maximum principal permeability parallel horizontal)
sy O°
Isotropic permeability anisotropic permeability(D;; = 4)
ki; = kyy = k33 = 12310710 ki = kyp = 1.72 % 10710; gy = 2.45 % 10711

Pore pressure (Pa)
Cut Plane: on

1 D11 — D22 = -2< D33 = 4

g
1.3
12 Dii =Dy = Dan =0
. 11 22 33 . . ey
iy : . e The normal vector of discontinuities
20 The discontinuities distributed same i T
7.0 . o
B number at direction 1,2,3 . .
54| _direction 3
B.OOOUI_-U—r :
'0000E+ e e e e R R R | e e
I 2000e04 | T
0.0000E+00 A
Zone Specific Discharge Vectors (m/s) Zone Specific Discharge Vectors(m/s)
Head (m) Cut Plane: on Cut Plane: on
Cut Plane: on Maximum: 6.2508e-07 Maximum: 8.16535e-07 .
fismes  seleloes p Seale o106 2
1.3000E+01 ;// - ;:L":
1.2000E+01 e e
1.1000E+01 g et L
N 5.0000E+00 S S —
8.0000E+00 =TT —
7.0000E+00 z - L 37
I6.0000E+OO L ] — _ S m?
5.0000E+00 X X (unit of K =5—>)




Pore pressure variation (%)
: L Cut Plane: on
3 ,
a f i [ 1.0000E+02
14_1_, 0° Relative variation 9 5000E+01
9.0000E+01
8.5000E+01
8.0000E+01
7.5000E+01
7.0000E+01
6.5000E+01
6.0000E+01
5.5000E+01
5.0000E+01
4.5000E+01
4.0000E+01
3.5000E+01
3.0000E+01
2.5000E+01
2.0000E+01
1.5000E+01 1a+i
1-5000E +01 D35 /, variation /
5.0000E+00

|P(D33 = 1) = P(D33=0)|
P(D33 =0)

|P(D33 =2) = P(D33/=0)|
P(D33 =0)

0.0000E+00 Maximum variation:26%

[ARYA
[V

|

|

\
|

|P(D33 = 3) — P(D33 = 0)| |:>
P(Dys = 0) L

|P(D33 =4)— P(D33 =0)|
P(D33 =0)
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Pore pressure (Pa)

Cut Plane: on

Z(3)

Y(2)

1.5000E+05
1.4000E+05
1.3000E+05
1.2000E+05
1.1000E+05
1.0000E+05
9.0000E+04
8.0000E+04
7.0000E+04
6.0000E+04
5.0000E+04
4.0000E+04
3.0000E+04
2.0000E+04
1.0000E+04
0.0000E+00

Di; =Dy =D335=0
k11 = k33 = 123 * 10_10

=5

Di{ = D3y = —1; D33 = 2

kll == 14‘7 * 10_10
k33 == 736 * 10_11

|

Diy =Dy = —2;D33 =4

kll = 172 * 10_10
kas = 2.45 % 10711

L

X(1) 033 = 0.25MPa; Unit of k = m?/(Pa * sec)

Zone Specific Discharge Vectors (m/s)
Cut Plane: on
Maximum: 6.2508e-07
Scale: 6e+06

L

Zone Specific Discharge Vectors (m/s)
Cut Plane: on
Maximum: 7.1733e-07
Scale: 6e+06

X

Zone Specific Discharge Vectors (m/s)

Cut Plane: on

Maximum: 8.16535e-07

Scale: 6e+06

AN
A LAY
T

\

Ty
Y AN
LA

|
\

LR

1
\ 1\ X
]

|

|
\

|

\

|

|
l

Head (m)
Cut Plane: on

1.5000E+01
1.4000E+01
1.3000E+01
1.2000E+01
1.1000E+01
1.0000E+01
9.0000E+00
8.0000E+00
7.0000E+00
6.0000E+00
5.0000E+00

39



3
1 0°
<_I+ P(D33 = 1) — P(D33 = 0)
Absolute variation

Relative variation

L

[

Pore pressure variation(Pa)

|
|

Pore pressure variation (%)

Cut Plane: on L Cut Plane:
6.0000E+03 z .  0000EA02
5.0000E+03 Lx 9.5000E+01
4.0000E+03 9.0000E+01
3.0000E+03 8.5000E+01
2.0000E+03 P(D33 = 2) — P(D33 = 0) L 8.0000E+01
1.0000E+03 7.5000E+01
0.0000E+00 7.0000E+01
-1.0000E+03 6.5000E+01
-2.0000E+03 6.0000E+01
-3 0000E+03 ;: 5.5000E+01
-4 0000E+03 , - 5.0000E+01
-5.0000E+03 L ] ] 4.5000E+01
x ‘oo o

P(D33 =1) — P(D33 =0) 3.0000E+01
P(D33 =3) — P(D33 = 0) o gggggg:g]
1.5000E+01
1.0000E+01
5.0000E+00
- 0.0000E+00
|
7 |P(D33 = 1) — P(D33 = 0)|
b N P(D33 = 0)
P(D33 = 4) — P(D33 = 0) D33 /S variation /*

Maximum variation:26%

40
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Result II: The direction of maximum principle permeability parallel slope surface

l 3
Pore pressure (Pa) Zone Specific Discharge Vectors (m/s) Head (m) AS;V 22°
Cut Plane: on Diy =Dy =D335=0 Cut Plane: on Cut Plane:on 1
1.5000E+05 ~11 Maximum: 6.2508e-07 1.5000E+01
1.4000E+05 k11 = kg3 =1.26 % 10 Scale: 6e+06 , 1.4000E+01
- e 1.3000E+01
o s A,
1‘1000E+05 ;L—g 1.1000E+01
i PR 1.0000E+01
1.0000E+05 S 9.0000E+00
9.0000E+04 SE s 8.0000E+00
8.0000E+04 , , | 7.0000E+00
7.0000E+04 S 6.0000E+00
6.0000E+04 X L - - 5.0000E+00
5.0000E+04 i i
I Dy{=D,, =—1:Dsy =2 Zone Specific Discharge Vectors (m/s)
4.0000E+04 11 22 33 Cut Plane: on
3.0000E+04 ki, =152%10"1 Maximum: 6.29624e-07
2.0000E+04 Scale: 6e+06 .
-12
1.0000E+04 ki3 = 7.58 x 10 e s
0.0000E+00 "
e
T
]
ZE:
|! X - 1

X

L — _ 9. _ Zone Specific Discharge Vectors (M/s)
Dyy =Dy = —2;D33 =4 Cut Plane: on
Maximum: 7.972e-07
Scale: 6e+06

k11 = 1.77 10_11
k33 = 253 * 10_12

Z(3)

LAY
Surg

L

X(1) 033 = 0.25MPa; Unit of k = m?/(Pa * sec)

Y(2) 41



1f5;v 22°

P(D33 = 1) — P(D33 = 0) gB B
Absolute variation A guEs Relative variation
Pore pressure variation(Pa ::”/ RN . .
Cut IF)’Iane: on % B :::: Pgrf Flglresgure variation (%)
1.8000E+04 N : EEEN  0000EA02
1.6000E+04 L= 9.5000E+01
1.4000E+04 9 0000E+01
1.2000E+04 8.5000E+01
1.0000E+04 8.0000E+01
8.0000E+03 - -1 7.5000E+01
6.0000E+03 - -1 7.0000E+01
4.0000E+03 o LT 6.5000E+01
2.0000E+03 T 1T 6.0000E+01
0.0000E+00 ] T 5.5000E+01
-2.0000E+03 ] T 5.0000E+01
-4 0000E+03 ] 4 .5000E+01
-6.0000E+03 4.0000E+01
-8.0000E+03 g-ggggg*g]
-1.0000E+04 > B000E+01
-1.2000E+04 P(D33 = 3) — P(D33 = 0) P L 2 0000E+01
-1.6000E +04 - T 1.0000E+01
-1.8000E+04 s T T 5.0000E+00
P(D3;3 =1) — P(D33 =0) =N if::::: 0.0000E+00
z || e |P(D33 = 1) - P(D33 = 0)'

L= = P(Dys = 0)

P(D33 =4) — P(D33 = 0) B D33 /S variation /*

Maximum variation:44%

LR

|

LA LN

\
|

RN
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Effects of anisotropic of hydraulic conductivity on slope stability.

Isotropic hydraulic conductivity ros=2.0

5%

(b)

/ f //"B':; _f.-".r
fjf — ’i—iD_' 4% --’fr
/".f f’fﬂ £ i_:-_———_L / '/j-? A

) = o, 5%

/
“—"’T,fff///// — 1 \\ —
" |
——— — =

PWP contours

(Dong et al., 2006)

{b} N 2%
Maximum shear strain contours

The currently selected domain for
mechanical analysis may be
insufficiently large to eliminate the
boundary constraint on the
development of the failure surface

(bottom(b)).

the simulated results still revealed
that the effect of the hydraulic
conductivity

anisotropy on the PWP has a
significant influence on effective
normal stress and, thus, shear
strength along the failure surface.
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Boundary effect

Boundary condition » Stress field Slope stability
Flow property

44



Chugh, A. K. (2003). On the boundary conditions in slope stability analysis. Int. J. Numer. Anal. Methods Geomech.

FOS

1.8
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For W =H ratio less than 5, the differences between 2-D and 3-D FoS values are significant.
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Comparison of different boundary condition (fix y vs. fix xyz)
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Directional density function
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