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* Creep —slow, most active at the surface

Youl:lge-rwwuaenl and
grave- broken
wall
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Types of Mass Wasting

<1cmlyear

Partially

* Creep —slow, most active at the surface
rotation
* Flows — material moves chaotically and in a

disorganized fashion

material involvement: trees, soil, and rock

Flow
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Types of Mass Wasting
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* Slumps — material moves downslope accompanied by  <skm/hr

« Avalanches or debris flow — involve a wide range of

Griginal posilion
of mass

Moving mass
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Types of Mass Wasting

Creep — slow, most active at the surface <1cmlyear

Slumps — material moves downslope accompanied by
rotation

Flows — material moves chaotically and in a
disorganized fashion

Avalanches or debris flow — involve a wide range of
material involvement: trees, soil, and rock

<5km/hr

Slides — material moves as cohesive unit along a
clearly define surface

Falls — material free falls upon failure or
undercutting, motion is rapid

— Rockfalls are the most common form

>5km/hr
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Slide, Flow, Fall

Fall Slide
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Failure mode

Toppling Failure
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Wedge Failure (3D)
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Plane Failure

Release
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Slide of Jointed Rock in Slope Slide of Jointed Rock in Slope
Stable - o Dry cracks
y<o
c
§ water in cracks
= Limiting Equilibrium: W.Sin y = R = c.A + W.Cos y.tan ¢ Water-filled tension crack
Unstable "
v>e

‘Normal Stress (a)

Limiting Equilibrium:
W.Siny +V =R =c.A + (W.Cos y - U).tan ¢

Effect of water in tension crack

Safety Factor

Tension

Tension crack

v/

i/

(a) Tension
crack at head

Rock slope

Sliding plane

Failure
plane a)

2

¥, = unit weight of water
= unit weight of rock

Tension
crack

Geometry Free body diagram
- the rock mass is impermeable,
- the sliding block is rigid,
- the strength of the sliding plane is given by the Mohr-Coulomb criterion
- all forces pass through the centroid of the sliding block

(b) tension crack
on slope face

Fa‘ilure b) F=r’u-1 - z)cosecy, +(Weosy,, ~U ~Vsiny, Jtang
plane Vicosy, +Wsiny
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Effect of water in sliding Forces acting on slope

Gravity Water

Vodical
sope  Fams of water
| Sang

Sheat e

Forces acting on a
planar slide surface

Wt Weight of block
N: Normal force on A8

R: Resistant force (R + R
U: Force of water

permeable

rock
Forces exerted by a

resistant external
element (anchor)
applied to the slope

K.N. Toosi Technical University 3
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Types of failure in rock slope
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Tpeotfalen | e W Description
0
- . : ¥
\ _og) A Plane failure
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Strength curve for the rock mass and relationship between slope height and angle
(modified from Hoek and Bray, 1981)

Toppling failure

Toppling Failure

= When a block of rock resting on an inclined planes
moving downward from the face of the slope.

Toppling failure

Strata toppling

Sliding and Toppling failure

Stable block

<l
N TN N

i Sliding only
] b b
3 L bih > tan & block
\Q\ toppling
1S Shiding & wppling
bih :w- &

Toppling only
| 1L !
0 10 20 30 40 50 60 70 80 90
Base plane angle y-degrees

(a) no sliding and no toppling: y < ¢ and blh > tan y;
(b) sliding but no toppling: > ¢ and b/h > tan §;
(c
(d

) no sliding but toppling: y < ¢ and blh < tan y;
) sliding and toppling: ¢ > ¢ and blh < tan ¢.
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\-\\.\ i il flexural
. AR rH‘-lIl .
block toppling g L toppiing
Buckling of vertical
strata with bending and
fracturing of strata
Toppling failure
Discontinuity
nnrrnll‘__-u
W
(a) {b)
for inter-layer slip to take place w290+ ¢-f F =Iim¢?:‘ﬁ
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Slide, Fall

5= [{(W —ub)tang + bc]sec a
H1+(tanatang)/F)

slip surface is non-circular

_ Z(FSsec @) [-b*'
Y (Wtana)+ ¥ (Sseca - Wtan ) ,q l_ -
a =, X
e \'\5‘

slip surface is truly circular

. S(FS)
E(Wsina)+ Hz/R

Dr. Hasan Ghas
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Wedge failure

Line of intersection

Slope face Joints

Wedge Bedding

Wedge i joints i US60, Globe, AZ)
Dr. Hasan Ghasemzadeh 2
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Slide, Fall

Line of imtersection

Forces on wedge A&
View perpendicular ~ s
w line of intersection A4 V
W cos Vg
View along line —  Section A=A
Wing ™ o of intersection

View along
line of intersection

Slide, Fall

(Ry +Ry)tang
W siny;

FS =

_ Weosy,sinf

B+ R sinl§

F=kwxFp

wedge factor of safety = wedge factor x plane factor of safety

Dr. Hasan Ghasemzadeh 27

o5 Solwmb

/B chart—dip difference 0°

Note: The flstier of the fwo planes is
e A

mmai e
E

Factor of satety
FS=Atnéye Bl

Ratio Aor B

T Camics 33 Al 3 Slseb! g po

s

FS =Atang, +B tang, B s
W0 oty b BI 51l 0s et A

3¢8 o0 ool Plan A jios™ ud b o3y o HEH

0 20 40 60 80 100 120 140 160 19
360 340 320 300 280 260 240 220 200
Difference in dip direction—degrees.
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R,
o R,
Wocos s,
Direction
Dr. Hasan Ghasemzadeh of Shdlng 26
Slide, Fall
Wedge verticality
7 (measured [rom
Thin, the horizontal)
upright B
6 wedges
ocoo90°
5)- Note: drawn for angle of friction 5 g°
of 30° and plunge of Imc of A 700
intersection of 4537 throughout x  60°
a 50°
— o 40°
£ Fos =1 + a0
2 == FoS=1
= | Thin,
| mclined Thick, upright wedges
wedgés
I ====e=fe=-d e e e
)
Thick, inclined wedges
S R i 1 i I |
0 10 20 30 a0 50 60 70 80 9
Included wedge angle (8)
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o085 Sslk
A chari—dip differanca 10° Bchan—dipdifierence 10°
50
e
45

s

0 ©0 100 120 140 160 180
B0 W0 260 260 240 220 200
Difference in dip diecton—degrees

0 M 40 60 B0 100 120 140 160 180
30 0 O W0 280 260 240 220 200
Diffarence in dip directon—dagreas.

7.9 Wedge stability charts for friction only: A and B charts for a dip difference of 10%,

Rock Slope Engineering Duncan C. Wyllie and Christopher W. Mah




Rock Mechanics 11/26/2015

085 Solwb Jl 055 Solwl Jlo
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e, T o diection | Fctonangiesd |
Plane A 450 1150 34.50
Plane B 75° 2250 370

Ratio A
Ratio 8

T T T

02397 (0 Sy ) b D900 3T 9 b L o5 )

Dip of plane 8

N SESES ob
Al 095 Dilrho b D9 iy BT b DI & @i 0 DBII ) 211 Y 05 —
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Difference in dip direction (degrees) Difference in dip direction (degrees)

Charts for dip difference between planes forming the wedge of 30°

FS =Atang, +B tan
P e FS =Atang, +B tang, =1.1tan34.5+0.45tan37 =1.09

35S lodd 9 (5o g b (Slsby 3 Ol g (Ko g b (SIb

" A d hi = height of zone i
|—Factor of safety: F = N, & |
10l Py ] i = central angle of arc, measured around the center
p Ha-v, of the estimated critical circle, within zone i
B Mo H By Slope circle
9 .

- Slope circles

-Center of
Critical circle
5

8], ——— Toecinles

£
2
b —— Deepai
g oep circles Toe circle 3 -
2 7 o = =4
=z ki) N = -
H 52 5
3 6 = €
o =w g 83
Deep circle B 4 s
& 1 =DH 3 LA E}
| < 2o
2 2 1
| b=cotp = b=cotp
T 702570507075 10 [~ 1.5 20 3 4 610 ® e T
L Il IS VI T | L 0 L
80 8 7 60 50 40 I 2 W 0 Slope angle - [ - degrees Slope angle - [ - degrees
Slope angle - f - degrees 5 5 | Lot
Slope stability charts for ¢ = 0 soils (after Janbu 1968) A e 5

3 & . ry o . -
3 Sluadd 9 (5od g b (Syll 3 Sluas g Kod  J19 b (SoInl
. . B=05 ) Surcharge, g
Sl &S TR T Slope circle phibL
e ) ;
[ 0 | -
100 A 8. Toe and ™ o
2 = .20 slope circles
z M s Fe =
5 3 01 02 03 04 05
1 - 14
£ e 5 Ratio giH _ Surcharge,
H e A 1o Tae circle "
s 0 £ 10 o
o8 ]
H — P I N 4N R N [ S
4 s E
3 - 4 d=m—
2 H ] " ==L ] o
i H s N e ————
0 ! Stapn ralob = aot§ Zo =05 = Desp circle sﬁTIgff
pe ratio b = cot | 3 *—Jrll‘_i d=DH "
10 & 0.8 Deep circles -2
F:Na,f F'r"H:l:;:,"H"' Y dpemion T f [ [ 1
s ity 01 02 03 04 05
5 —Petand p. = tHeq-1H, Stabilty numbers and center coordinates for Ratio qiyH
d c N o circles passing through the toe of the slope.
Slope stability charts for ¢ > 0 soils (after Janbu 1968) )L.)“ e Bl —of
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1, = submergence factor, depends on H,
W', = seepage factor, depends on H,,
Sl e
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3 Sl g 5od  Jg el (Sylly
Jbe
Figure E-9 shows a slope in 0 = 0 soil. strengths. There i
the slope
+20
- +10 12f
§ o
H 121t
4
-10
12f
-20
P — -0
B2 4y
0 elevation -20 8 H M :
PO — i hechts i1 = 5 4=
Fo this circle: x=038amdy. =14
4 » X = (H)() = (4Y035) =840
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& 420
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The factor of safety for a toe
circle is calculated as follows:

L LZrh _Q1500)+01000) o
R

Since there is 0o surcharge, g = 1

Since there i+ 00 external water sbove toe, iy = 1
Since there is no seepage, 1,"= |

Since there are 5o teasion cracks, = |

Calculate the driving force temm Py 2 follows:

poBLEL QR0
I

mum

K.N. Toosi Technical University

10 mlterporack D200 Crack fled with water b0
o Iy e L E) Sumiidh
5 081 Toe and =116 | £08|10eand 600 o
2 07 | siope circles 785 5 07| slope circles i
0.6 | No water in £ 6] Crack filed @
0.5 LAk with water
. 01 02 03 04 o5 05 51 0z 03
Ratio H/H Ratio H/H
10 e waterincrack __d=co Crack filled with water
| 10 10 i
09 =05 7 09 =
Fos ! ! ! ! T 0 =gl | [ [ [T
3 0.7|- Deep circles S o7 D‘aep‘ cities
W g5 Nowaterin W 6| Crack filled
05 Lok o it ater
01 0z 03 04 05 01 02 03 04 05
Ratio H/H Ratio H/H
L o s PO
SIS S S e
. . -
3 Sluasd g 5Kod J19 b (SoInl
Jbe dals!
2 5
. 22(600) + (62)(400) Z’xm):452psl'
From Figuee E-3, with = 50° and % =033, find 1, = 093
b +
- 2102000000000,
) 10+10
Calculate the driving force term P as follows:
Hea-rH _Q1009+0-6290) 0
LK, MO o
From Figure E-1, wath d = 0 and § = 50°, find N,
Calculate the factor of safety wsing Equation E
. . N
3 Sluon 9 (Ko (19 mw SII0L
Jtia 4ol
Caue Pyl e - L8000 ¢ G16)  (4900) g0,
i) Wi 8

p Ao QR0
[ o 5 _Bmo_ (350000069
- < 35

Estimste ¢, ., = 700 paf snd 6,,, = 7, and calculate 1, a5 follows

‘From Figure E-5, with b= 15 and &, = 0.4

Pamd _ (4500%0.122)

e %=065mdy, =145
From Figure E-5, with b= 15 and by = 0.8: X, = (H)x) = (0)065) = 268
Yo (H)y) = (40)1 45) = 588

%=06mdy =15
This circle i close o the previous feration, 50 keep by =0.4 1 g = T35 paf

K= () = (0X0.6) = 24 &
o =L -0 From Figuwe E-5, with b 15 and by =04
Flot the citical cisle on the givenslope. a5 shown wFigwe E-AL 0 ©
. Calcalate the factor of safety 2 follows:
Calculate g, t2m ey, 204 Doy 29 Fllores:
F -6025
3500

- (20HE00) + GINGO0)+ (S5YB00) o
043044
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Seepage parallel to slope
7 = total unit weight of soil Ay

=2 cos'p
Ty

=
—%B

Seepage emerging from slope
PR
¢ 1+tanptand

7, = unit weight of water

¢' = cohesion intercept

§" = friction angle

r, = pore pressure ratio = ufyH

u = pore pressure at depth H

r=

11/26/2015
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T gel
Seepage emerging from slope

-

Determine r, from measured pore
pressure or formulas at right.

1
2. Determine A and B from charts r= P
below. v 1+tanptané
3. Calculate F:Atan¢ + c
tanp vH
Y =0
01—
0.8} 0y —— 8
0y ——
< o e — 3°
§ 0.4 02 gt!
;-,3 | &
02 / 2
0. 0
1 2 3 4 5 1 2 3 4 5

Slope ratic b = cot Slope ratio b = cot

85k g (yKod (9 Sl

Surface of seepage

Jigb Flomd Jbo

=120 pet

©' =300 psf tan = 0.364
o =300 ol p=275
tang' =0.577

For seepage parallel to slope For horizontal seepage emerging from slope, 8 = 0°

X=8ftandT=113ft 1 624 1

= =0 L g5
¥ 1+ tnpran® 120 1+(0.364)0)

8 624

113120

(094)' =0.325
From Figure E-7, with r, = 0.52 and cot p = 2.75
From Figure E-7, with 1, = 0,325 and cot § = 2.75 A=0dlandB=31

A=062amdB=3.1

the factor of safety, as follows:

Calculate the factor of safety, as follows L ps 0577 .3
+BE =0 31—
H 0361 T (120K12)

=0.65+065=1.30

T 3529 cdl> 55 oW

aa b~ ww PN

Taylor's Chart

o

oSO € 05T L 300 oo eso1es
Trwanf yH 0364 T (120002) o
ST g9 il 5o
0 0w

0 o oy
3
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Gireslar failn

Hoek & Bray Chart
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To demonstrate the use of the charts consider the case of a slope 10 m
high with a slope of 20 degrees in a clayey soil with properties c. = 20 .
KN/m?®, ¢, = 5%, ¢" = 2 kN/m?2, ¢ = 2 = 16 kN‘m" Inthe long term the JlM)
water table is at the surface for distances greater than 40 m behind the toe Bmax —‘
f the slope. "
ol the slop I Sau Mau Ping slope problem
T 1 Fixed dimensions:
10 Overall slope height H =60m
70..\ Overall slope angle vy
I Tension crack
Failure plane angle y,=35°
When using Hoek and Bray charts it is important that effective strength Upper slape inclination horizontal
parameters ¢ and " are used B
« Determine the appropriate chart from the known position of the water
table. In this example it is Chart 3
leulate —S— = ——2 = 0027 2. Random variables Mean values Standard  Distribution
¢ Caleulate S8 ™ Towioaanzs deviation
e A e Friction angle on joint surface 5° 5 Normal
SEEOPe;RDEte; SRR G ST e Cohesive strength of joint surface ¢ = 10 tonnes/m” 2 Normal
Depth of tension crack z=14m £3 Normal
cither THE - 409 Distance from crest 1o lension b=153m &4 Normal
e oo Depth of water in tension crack G=#2  min=0.max=z  Exponential
or = Ratio of horizontal carthquake
to gravitational acceleration @=008 min=0, max=2e Exponential
* Hence F=09 (The slope would fail)
025
010 1
020
008 _ 18
E Z o015
g 0.08 % 12
° £ 010 10
004
& o
o002 008 8
0.00 0.00 8
20 30 40 50 o 5 10 15 20 4
Friction angle ¢ - degrees Cohesion ¢ - MPa .
014 ] oos o
le ot 000 002 004 006 008 010 012 014 0.6
oor
010 i i
= oo Earthquake acceleration ratio o«
30 008
§om s
o
oo om Monte Carlo method uses random or pseudo-random numbers to sample from
002 o0 probability distributions.
om oo 5 75 ° 125
° ° ° " = = = For this calculation @RISK program is available from www.palisade.com
Tension crack depth 2 - m Water depth in tension crack z, - m

S Jloi! dgw (S48 (Sl e

Distribution of the factor of safety
using program RocPlane

Relative frequency

probability of failureis found to be 6.4%

0.5 10 15 20 25
Factor of Safety
64 out of 1000 similar slopes could be expected to fail at some time during the life

of the slope.
Alternatively, a length of 64 m could be expected to fail in every 1000 m of slope. W50 Jos 8 bt 0565 G o Ol (Shwga b b EKiuw 0395

Stable or Geo Slope program

K.N. Toosi Technical University 9
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Rock fall program (Rocscience) Swedge program (Rocscience)

(Swgnl & b ogs (oW Silw Jo Numerical modeling in rock slope

e

Planar wedge
sliding

Sliding along
5 discontinuities
Rock plane program (Rocscience)

Numerical modeling in rock slope Numerical modeling in rock slope

Rotational type of failure

Step-path

Combined step-
path and rotational

Flac — Plaxis — Ansys - Abaqus

K.N. Toosi Technical University 10
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Numerical modeling in rock slope Numerical modeling in rock slope

Factors of safety — ranged from 0.95 to 2.1

Mine open pit in jointed rock mass

B  Sigsb (&3 Juts B Sigsb (63 Juts

UDEC and 3DEC 3-D discrete fracture network

Rockfall Protection Rockfall Protection

Catles tigntened by
ruts at surtace

K.N. Toosi Technical University 11
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Rockfall Protection Rockfall Protection

debris flow
heading toward
neighborhood

ey
o...

debris trapped
in concrete-lined \=
basin
Rockfall Protection Rockfall Protection
= berme b. rockshed Pl P S
Slope | I
gradient 01 0251 031051 0751 1:11.25:1
u T \ T T T 40
a0 siope anghe, by 1204\ Y 7.62m f !
1

100 - Fao
= 2
E 180 H
T E
c. ditch z 6.1m Eoo T
2 160 - E
g 2
= 152m 3
O 01 s7m Fo?

***** =~ —3.05m
091m”
0 0

layer of gravel to -
absorb the energy Py vy Qverall slope angle y (degrees)
Rock Slope Engineering Duncan C. Wyllie and Christopher W. Mah ~ Depth Width —— -

Exercise

ring net
Determine the factor of safety against sliding of the block DBC.
Assume block ABD is table

=10kN/md__

- c
¢ =30

v = 22kN/m3

system manufactured by Geobrugg of Switzerland

K.N. Toosi Technical University 12



