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1. RocPlane Geometry Verification

This document presents several examples which have been used as verification problems for RocPlane.
RocPlane is an engineering analysis program, produced by Rocscience Inc. of Toronto, Canada, for
assessing the stability of rock slopes.

The examples presented in this section, are taken from articles, technical notes and papers written in the
field of Geotechnical Engineering. The results produced by RocPlane, as documented in this section,
agree very well with the examples from these sources, and confirm the reliability of results produced by
RocPlane.
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1.1. RocPlane Verification Problem #1
[RocPlane Build 4.001]

1.1.1. Problem Description

A stability assessment is conducted to verify that RocPlane computes values using the correct equations.
The equations used to verify the results produced by RocPlane were originally presented by Dr. Evert
Hoek [1].

In this verification example, a rock slope on Sau Mau Ping Road in Kowloon, Hong Kong is analyzed. The
geometry of the slope is illustrated in Figure 1-1.

Geometry and Properties

The overall slope angle is 50° and the individual bench faces are inclined at 70° to the horizontal. A failure
plane dips at 35°. Tension cracks are observed behind the crests of slopes. In this case, it cannot be
determined if tension cracks are present. Therefore, two sets of analysis are carried out for both cases:
with tension cracks and without tension cracks.

Table 1.1.1: Slope and Plane Geometry

Geometry Parameter Value

Height (H) 60 m
Slope Angle (B) 50°
Failure Plane Angle (a) 35°
Upper Face Angle () 0°

Figure 1.1.1: Geometry Assumed for the Two-Dimensional Analysis of the Sau Mau Ping Road Slope [1]
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Table 1.1.2: Material Properties

Parameter Value
Unit Weight of Water (y,,) 0.01 MN/m?3
Unit Weight of Rock (y;.) 0.027 MN/m3
Cohesion (c) 0.10 MN/m?
Friction Angle (¢) 35°
Table 1.1.3: Force Parameters
Parameter Value
Seismic Coefficient (s.) 0.08g
Bolt Force (T) 0 MN
Bolt Plunge (6) 0°
Depth of Water in TC (z,,) 90% z *

* Applicable only to case with tension crack only

1.1.2. Analytical Solution

Water pressure

Water pressure
o distribution

distribution

Figure 1.1.2: Slope without Tension Crack [1] Figure 1.1.3: Slope with Tension Crack [1]

Equations
Without Tension Crack (Figure 1.1.2):

FS_cA+[W(cosa—scsina)—U+Tc050]tan¢ (1.1.1)
B W(sina + s, cosa) — Tsin 6
H
A= (1.1.2)
sina
6 rocscience.com
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With Tension Crack (Figure 1.1.3):

_1H?

2

(cota — cotf)

_ YwH?
" 4sina

_cA+[W(cosa —s.sina) —U—Vsina + T cos 0] tan ¢

FS
W(sina + s.cosa) +V cosa — Tsin 8
z=H(1-/cotBtana)
_ H—-z
"~ sina
W_yer{[l (Z)z] ¢ ¢ }
== I cota —cotf
YwZwA
U=-"—
2
_ YwZy
2
Where:
H is the slope height
a is slope angle
B is the failure plane angle
Yr is the unit weight of rock
Yw is the unit weight of water
z is the depth of tension crack
Zy is the depth of water in tension crack or on failure surface
S¢ is the horizontal seismic coefficient
w is the weight of rock wedge resting on failure surface
A is the base area of wedge
| Geotechnical tools, inspired by you. 7

(1.1.3)

(1.1.4)

(1.2.1)

(1.2.2)

(1.2.3)

(1.2.4)

(1.2.5)

(1.2.6)
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U is the uplift force due to water failure plane pressure
%4 is the horizontal force due to water tension crack pressure
c is the cohesive strength
is the friction angle of the Mohr Coulomb Shear Strength Model
T is the magnitude of any added bolt and 0 is the plunge angle of the added bolt
FS is the factor of safety
Sample Calculation

The factors of safety for both cases—without tension crack and with tension crack—are calculated using
the equations and data provided by Dr. Evert Hoek.

Without Tension Crack:

Weight of Rock Wedge (W):

H? 0.027 x 602
yrz (cota —cotp) = f(cotBS — cot50) = 28.6278 MN

Base Area of Wedge (4):

W =

H 60
A=— =— = 104.6068 m?
sina sin35

Water FP Pressure Force (U):

ywH?  0.01 x 607

4sina 4sin35 = 156910 MN

Factor of Safety (FS)

Fo = cA+ [W(cosa —s.sina) — U + T cos 8] tan ¢

W(sina + s, cosa) — T sinf
_ 0.1 x 104.6068 + [28.6278(cos 35 — 0.08 sin 35) — 15.6910 + 0] tan 35

= (0.8184254
28.6278(sin 35 + 0.08 cos 35) — 0 0818425

The factor of safety calculated using the input data and equations supplied by Dr. Evert Hoek [1] is
0.8184254.

With Tension Crack:

Depth of Tension Crack (z):

z=H(1-/cotBtana) = 60(1 — Vcot50tan35) = 14.0092 m
Weight of Rock Wedge (W):

W_yer{[l (z)z] . . }_0.027><602 ) (14.0092)2 (35 c50) = 24.8439 MN
= T cota —cotfi; = > 60 co co = 24.

Base Area of Wedge (4):

H—-—z 60—14.0092
A=— = - = 80.1826 m?
sina sin 35

| Geotechnical tools, inspired by you. 8 rocscience.com



Depth of Water in TC (z,,):
Zy =09z = 0.9 X 14.0092 = 16.6082 m
Water FP Pressure Force (U):

_ YwZeA _0.01x 16.6082 x 80.1826

U
2 2

= 4.4932 MN

Water TC Pressure Force (V):

_ YwZ _ 0.01x 16.60822

v 2 2

= 0.6280 MN

Factor of Safety (FS)

Fs = cA+ [W(cosa —s,sina) — U —Vsina + T cos 8] tan ¢

W(sina + s,cosa) + V cosa — Tsin 8
_ 0.01 x 80.1826 + [24.8439(cos 35 — 0.08 sin 35) — 4.4932 — 0.6280 sin 35 + 0] tan 35
- 24.8439(sin 35 + 0.08 cos 35) + 0.6280 cos 35 — 0

= 1.0654738

The factor of safety calculated using the input data and equations supplied by Dr. Evert Hoek [2] is
1.0654738.

1.1.3. RocPlane Analysis
Identical input data are entered in the RocPlane program to verify against the sample calculations.
Deterministic Analysis

Without Tension Crack:

Enter the RocPlane parameters as shown in Figure 1.1.4 through Figure 1.1.7:
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Deterministic Input Data

Geometry Strength Forces  Water

Slope

Angle (deg): Angle (deg): N
Height m): m

Waviness (deg): Ijl
Unit Weight (MN/m3):

* Waviness = [Avg. Angle] - [Min. Angle]
[] Tension Crack

Failure Plane

Upper Face

worer 1 il
Minimum FS Location _ﬂ [1Bench Width

Specify Location

Angle [deg]: 50

Width [m]: | 39.3429

Distance from Crest [m]: 0
Safety Factor = 0.818425
Wedge Weight = 28.6278 MN/m
Momal Force = 6. 44584 MN/m
Distance in m
Farce in MN

Resisting = 14.9741 MN/m
Driving = 18.2962 MN/m

| sy [ ok ][ Cancel |
Figure 1.1.4: RocPlane Geometry Input Data for Slope with No Tension Crack

Deterministic Input Data

? a X
Geometry Strength  Forces  Water

Shear Strength Model:

Mohr-Coulomb - |

T=c+a,tan ¢

Friction Angle (deg):
Cohesion (MPa):

Safety Factor = 0.818425
Wedge Weight = 28.6278 MN/m
Momal Force = 6.44584 MN/m
Distance in m Resisting = 14.5741 MN/m
Force in MN Driving = 18.2962 MN/m

| omey [ [ ok ][ cancel |
Figure 1.1.5: RocPlane Strength Input Data for Slope with No Tension Crack

| Geotechnical tools, inspired by you.
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Deterministic Input Data

Geometry Strength Forces  Water

[+] Seismic
Seismic Coefficient:
Direction:
Horizortal v

—A

Extemal Forces

EElr_

Mumber of Forces:
H Angle”

Force (MM./m)

Safety Factor = 0.818425
Wedge Weight = 28,6278 MN/m
Mormal Force = 6.44584 MN/m
Resisting = 14.5741 MN/m
Driving = 18.2962 MN/m

| Aoply 0K

Cancel

Figure 1.1.6: RocPlane Forces

Input Data for Slope with No Tension Crack

Peak plane water pressure is assumed at mid height of the slope.

Deterministic Input Data ? & X
Geometry Strength Forces Water
[]Ponded Water Pressure [+] Plane Water Pressure
Uit weight (MM /m3]: 0.00981 Unit Weight (MN/m3):
Slope Face Type: Pressure Distribution Model: ‘zT
Impervious v Peak Pressure - Mid Height |
Ponded water Depth [m]: 0 Percert Filled (%): 1Dﬂ|i|
) fre e ; Safety Factor = 0.818425
Mote: Pressure Distribution Model is -
unavailable when Pervious Slope Wedge Weight = 28.6278 MN/m
S ] Mormal Force = 6. 44584 MN/m
Resisting = 14.9741 MN/m
Driving = 18.2962 MN/m
| omey [ [ ok ][ cancel |

Figure 1.1.7: RocPlane Water |

The RocPlane model looks like this:

nput Data for Slope with No Tension Crack

| Geotechnical tools, inspired by you.
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® RocPlane - [RocPlane_Geometry_Verification_#1_withTC.plnd - FS:
W File Edt View Analysis Support Statistics Window Help _ax

DE-AeEo-c- 0ErREBECR[MIaans7yy 2Kl o

Factor of Safety: 0.818425 Wedge Information: Flter List

5 - Registered to Rocscience Inc, Toronto Office]

Deterministic Analysis
Factor of Safety: 0.818425
Normal Force: 6.44584 MN/m
Normal Stress: 0.0616197 MPa
Shear Strength: 0.143147 MPa.
Driving Force: 18.2962 MN/m
Resisting Force: 14.9741 MN/m

Geometry
Slope Height: 60 m

[Wedge Weight: 28 6278 MN/m
[Wedge Volume: 1060.29 m3/m
[Wedge Height: 60 m

Unit Weight: 0.027 MN/m3
Slope Angle 50 deg

Failure Plane Angle” 35 deg
Upper Face Angle- 0 deg

[Bench Width: Not Present
[Waviness: 0 deg

Failure Plane Length: 104.607 m
Slope Length 78.3244 m

Strength
Shear Strength Model: Mohr-Caulomb
Fiiction Angle: 35 deg

Cohesion: 0.1 MPa

| |shear Strength: 0.143147 MPa

*| [Shear Resistance: 14.9741 MN/m

D

\Water Pressure: Present

»| [Prane Water Unit Weight: 0.01 MN/m3
Pressure Distribution Model: Peak
Pressure - Mid Height

Percent Filled: 100 %

[Water Force on Failure Plane: 15.691

Top Perspective *

[Water Force on Failure Plane: 15.691
MN/m

Seismic Force: Present
Direction: Horizontal

Seismic Coefficient: 0.08
Seismic Force: 2.29022 MN/m

Front side
Ready 63.858, 87.467

Figure 1.1.8: RocPlane Seismic Model without Tension Crack

With Tension Crack:

The distance from the tension crack to the crest of the slope must first be calculated. This can be done
using simple geometry (Figure 1.1.9).

e

Figure 1.1.9: Geometry of the Slope with Tension Crack

| Geotechnical tools, inspired by you. 12 rocscience.com



b=60—-2z=60-—14.0092 = 45.9908 m

__b _459%8_

X = @n35 07002  -0reHm
60 60

— 50.3460 m

Y T @ns50 11918

a=x—y=0656817m —50.3460 m = 15.3357 m

Therefore, distance from crest is 15.3357 m.

Enter the RocPlane parameters as shown in Figure 1.1.10 through Figure 1.1.13:

Deterministic Input Data

Geometry  Stremgth  Forces  Water
Slope
e ) >
Hegh
Unit Weight (MN/m3): 0.027

Tension Crack

Angle (deg):

() Minimum F5 Location _a

(®) Specify Location
Distance from Crest fm): | 15.3357

Distance in m
Force in MN

Failure Plane

b e _
Waviness (deg): Ijl

* Waviness = [fwvg. Angle] - [Min. Angle]

Upper Face
Angle (degl: [ 0] i
[1Bench Width
Wwidth [m]: | 35.3429

Safety Factor = 1.06547

Wedge Weight = 24.8439 MN/m
Momal Force = 13.7002 MN/m
Resisting = 17,6113 MN/m
Driving = 16.5291 MN./m

Aoply Cancel

Figure 1.1.10: RocPlane Geometry Input Data for Slope with Tension Crack

| Geotechnical tools, inspired by you.
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Deterministic Input Data 7 a X
Geometry Strength  Forces  Water
Shear Strength Model:
| Mohr-Coulomb v t=c+o,tang
Friction Angle (deg):
Cohesion (MPa):
Safety Factor = 1.06547
Wedge Weight = 24.8439 MN/m
Momal Force = 13.7002 MN/m
Distance in m Resisting = 17.6113 MN/m
Force in MN Driving = 16.5231 MN/m
Loy [ [0k ][ Caned |
Figure 1.1.11: RocPlane Strength Input Data for Slope with Tension Crack
X

Deterministic Input Data ? a

Geometry Strength Forces  Water

[+#] Seismic Extemnal Forces
o — 0.08 ..
Sé'wfc Coefficient: Mumber of Forces:
Direction: # Angle® Force (MN./m)
Horizortal v]

—A

Safety Factor = 1.06547

Wedge Weight = 24.8439 MN/m
Momal Force = 13.7002 MN/m
Resisting = 17.6113 MN/m
Driving = 16.52%1 MN/m

|\ aoy [ [ ok ]| cancel

Figure 1.1.12: RocPlane Forces Input Data for Slope with Tension Crack
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Peak plane water pressure is assumed at the base of the tension crack.

Deterministic Input Data 7 a X

Geometry Strength  Forces  Water

[ Ponded Water Pressure Flane Water Pressure
Urit weight [MN/ma): 0.00581 Unit Weight (MN/m3):

1
3
Slope Face Type: Pressure Distribution Model: i

Impervious Peak Pressure - TC Baze w

(=]

Paonded ' ater Depth [ Percent Filled TC (%) 90

[] Mo Failure Plane Pressure

_ o . Safety Factor = 1.06547

Nete: Pressure Distribution Model is :

unavailable when Pervious Slope Wedge Weight = 24.8433 MN/m
. ] Mormal Force = 13.7002 MN/m

Resisting = 17,6113 MN/m
Driving = 16.5291 MN/m

Aoly Cancel

Figure 1.1.13: RocPlane Water Input Data for Slope with No Tension Crack

The RocPlane model looks like this:

® RocPlane - [RocPlane_Geomety_Verfication #1_withTC,pin - FS=1.06547 - Registered to Rocscience In, Toronto Offce]
W Fic Edt View Anabsis Support Sietisics Window Help

DE-HeEo-c-0EERBE[CRD

Na’%z2yy vK il

Factor of Safety: 1.065647 Wedge Information: Filter List.

Deterministic Analysis
Factor of Safety: 1.06547
Normal Force: 13.7002 MN/m
Normal Stress: 0.170863 MPa
Shear Strength: 0.21964 MPa.
Driving Force: 16.5291 MN/m
Resisting Force: 17.6113 MN/m

Geometry

Slope Height: 60 m

[Wedge Weight: 24.8439 MN/m
[Wedge Volume: 920 145 m3/m
[Wedge Height: 60 m

Unit Weight: 0.027 MN/m3
Slope Angle: 50 deg

Failure Plane Angle: 35 deg
Upper Face Angle: 0 deg

Bench Width: Not Present
[Waviness: 0 deg

Slope Length: 78.3244 m
[Tension Crack Length: 14.0092 m
Failure Plane Length: 80.1825 m

Tension Crack: Present
[Tension Crack Angle: 90 deg
Distance From Crest: 153357 m
| [Tension Crack Length: 14.0082 m

Strength
Shear Strength Model: Mohr-Caulomb
»| [Friction Angle: 35 deg
Cohesion: 0.1 MPa
Shear Strength: 0.21964 MPa

Shear Resistance: 17.6113 MN/im
Top ) Perspective * »

|Water Pressure: Present
[Plane Water Unit Weight: 0.01 MN/m3
Pressure Distribution Model: TC Base
Percent Filled TC: 90 %

Ilgnore Failure Plane Pressure: NO
[Water Force on Failure Plane: 5.05482
MN/m

(Water Force on Tension Grack Plane:
0.794843 MN/m.

Factored Water Force on Tension Crack
Plane: 0.794843 MN/m

Seismic Force: Present
Direction: Horizontal

Seismic Coefficient: 0.08
Seismic Force: 1.98751 MN/m

Front side '

Ready 62.457,53.181

Figure 1.1.14: RocPlane Seismic Model with Tension Crack
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Sensitivity Analysis

A sensitivity analysis is conducted in RocPlane to reproduce the results provided by Dr. Hoek.

Without Tension Crack:

Keeping all else the same, in the Sensitivity Input dialog, enter the RocPlane values as shown:

Sensitivity Input ? hd
Slope Angle ~| From: | 50 | To: | 3s| e
Slope Height | From: | 60| Tor | 5| G
Water PercentFiled | From: | 100 | To: | o 100
O 0 0 |—
0 0 |—
0 0 |—
0 0 |—
0 0 |—
Cancel

Figure 1.1.15: RocPlane Sensitivity Input without Tension Crack.

The RocPlane sensitivity plot looks like this:

Factor of Safety vs. Percentage Change

Factor of Safety
A

-

“!llllll!!!!iAAAAAA

n
I...
n
n-=
FYYYYYYYYVYITYYY
T AR ARG

20 30 40 50 60 70 80 S0 100
Percentage Change

Figure 1.1.16: RocPlane Sensitivity Plot of Slope without Tension Crack

& Slope Angle from 50 to 36
Slope Height from 60 to 5
¥ Water Percent Filled from 100 to 0
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With Tension Crack:

Keeping all else the same, in the Sensitivity Input dialog, enter the RocPlane values as shown:

Sensitivity Input ? hd
Slope Angle ~ | From: | 50 | To: | 36 | IMean: I—EU
Slope Height ~ | From: | 60 | To: | 5 | Mean: I—GU
Water PercentFilled T ~ | From: | 90 | To: | 0 | fean: I 90
O Frarm: 0 Ta: 0 Mean: I

Fraom; 0 1o 0| Mean: I

Frarm: 0 Ta: 0| Mean: I

Fraom; 0 1o 0| Mean: I

Frarm: 0 Ta: 0| Mean: I

Cancel

Figure 1.1.17: RocPlane Sensitivity Input with Tension Crack.

The RocPlane sensitivity plot looks like this:

Factor of Safety vs. Percentage Change

2.2

2.1

2.0 [ | i

Al

1.8 o A

-
o

|
e,

-
[
|

Factor of Safety
|

"
in
=

1.4
al.s
1.2
1.1
%

1.0

i
u
¥

20 30 40 50

Percentage Change

60

70

80 a0 100

Slope Angle from 50 to 36
Slope Height from 60 to 5
Water Percent Filled TC from 90 to 0

Figure 1.1.18: RocPlane Sensitivity Plot of Slope with Tension Crack
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1.1.4. Results

In the case with no tension crack, the calculated factor of safety from the RocPlane program is 0.818425.
This is the same value as what was calculated before.

In the case with tension crack, the calculated factor of safety from the RocPlane program is 1.06547. This
is the same value as what was calculated before.

The two sensitivity plots from the RocPlane program have exactly the same shape as the diagram
provided by Dr. Hoek (Figure 1.1.19).

25
3
7
20 8
1
2
1.5

Factor of Safety

1.0

0.5

0.0

6

Factor of Safety of 1.5
required for long term
stability of slope

40 50 60 70 80

Percentage change

20

100

Legend:

—_

Reduction in slope height H

for slope with tension crack

Reduction in slope height H

for slope with no tension

crack

3. Reduction of slope face angle
i for slope with tension
crack

4. Reduction in slope face angle
yifor slope with no tension
crack

5. Drainage of slope with
tension crack

6. Drainage of slope with no
tension crack

7. Reinforcement of slope with
tension crack

8. Reinforcement of slope with

Al

Figure 1.1.19: Evaluation of Remedial Options to Increase the Stability of the Slope by Hoek [1]
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1.2. RocPlane Verification Problem #2

[RocPlane Build 4.001]
1.2.1. Problem Description

This example verification is based on the technical note by S. Sharma [2]. A hypothetical example was
considered in the paper. The authors designed the slope so that the bench dip will vary from 0° to 30° and
the tension crack dip will vary from vertical (90°) to 70°.

Geometry and Properties

Table 1.2.1: Slope and Plane Geometry [2]

Parameter Value

Slope Height (H) 60 m
Failure Plane Angle (a) 35°
Slope Angle (B) 50°
Upper Face (Bench) Angle () 0° > 30°
Tension Crack Angle (6) 90° > 70°
Height of Water Column in the Tension Crack (z,,) 14 m

Table 1.2.2: Material Properties

Parameter Value

Slope Height (H) 60 m
Cohesion (c) 12 t/m?
Friction Angle (¢) 45°
Unit Weight of Rock 2.6 t/m3
Unit Weight of Water 1.0 t/m?

1.2.2. RocPlane Analysis
Deterministic Analysis
Enter the RocPlane geometry and material parameters from Table 1.2.1 and Table 1.2.2.

The distance from the tension crack to the crest and the water percent filled in the tension crack must be
calculated. Using the provided equations:

TC distance = H(,/cotﬁ cota — cotﬂ)
. ZW
percent filled = -

. cotfs cotfs cota
Hsin® (1 ~cota T\ cota X coty — 1)

z= -
sinf — tan a cos @

The distance from tension crack to the crest is 15.33576 m. The water percent filled value depends on the
tension crack length in each case. Peak plane water pressure is assumed at the base of the tension
crack.

The RocPlane models look like this:
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“® RocPlane - [RocPlane_Geometry_Verification_#2.pInd* - FS=1.58612 - Registered to Rocscience Inc, Toronto Office] - X

W File Edit View Analysis Support Statistics Window Help I
ODE-HeEs-°-0EERBEOR Mo aws iy A ]
Factor of Safety: 1.58612 Wedge Information: Filter List.
Deterministic Analysis
Fact Safety: 1.58612
Norr rce: 1341.79 t/m
Norr 16.7342 t/m2
|She: 28.7342 t/m2
iving Force: 1452 59 t/m

Driing
Resisting Force: 2303.99 tm

[Wedge Weight: 2392 38 tim
[Wed 920,146 m3/m

Distance From Crest: 15.3358 m

o [Tension Crack Length: 14.0091 m

strength
|Shear Strength Model: Mohr-Coulomb
Fricti

Top Perspective *
Fact  Force on Tension Crack
Plane: 98.1278 tm

Front side

Ready -99.057,25.148

Figure 1.2.1: RocPlane Model with Tension Crack (3 = 0°, 8 = 90°, 100% Filled Plane Water)

1.2.3. Results
Analysis results provided by Sharma [2] are shown in Table 1.2.3.
Table 1.2.3: Stability Analysis Provided by Sharma [2]

Bench Angle Tension Crack Angle

(0) (0) Factor of safety
0 70 2267.68 1.60
10 70 3317.43 1.54
15 70 4433.85 1.51
20 70 6715.23 1.48
25 70 12998.24 1.45
30 70 71425.55 143
0 80 2340.37 1.58
10 80 3456.77 1.53
15 80 4636.49 1.50
20 80 7032.68 1.48
25 80 13465.16 1.45
30 80 46627.40 143
0 90 2391.03 1.58
10 90 3558.34 1.53
15 90 4785.03 1.50
20 90 7254.02 1.48
25 90 13932.64 1.45
30 90 47526.01 143

Analysis results obtained from RocPlane are listed in Table 1.2.4.
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Table 1.2.4: Factor of Safety using RocPlane

Bench Angle Tension Crack Angle Weight Percent Filled Factor of Safety
(°) () (t) (%)

0 70 2267.76 74 1.57049
10 70 2268.91 62 1.56472
15 70 2265.85 58 1.55308
20 70 2259.95 53 1.55761
25 70 2250.62 49 1.55549
30 70 2236.97 46 1.54370

0 80 2341.05 87 1.58310
10 80 2373.24 73 1.57812
15 80 2388.45 68 1.56995
20 80 2403.29 63 1.56679
25 80 2417.85 58 1.56812
30 80 2432.20 54 1.56231

0 90 2392.38 100 1.58612
10 90 2446.29 84 1.58148
15 90 2474.30 77 1.58373
20 90 2503.66 71 1.58382
25 90 2534.95 66 1.57957
30 90 2568.90 61 1.57849

By comparing the factors of safety, we observe that only the values at 0° bench dip are the same. The
program is studied, and we found that the equation provided in ref. [2] for calculating the wedge weights

is incorrect in the paper.

For reference, the equation is supplied below:

Where:

Y is the unit weight of rock
is the slope height

a is the bench height

X is the whole bench length

is the distance from the top of the bench to the tension crack

1
w =§y[(H+a)X—D X z; |

z, is the vertical depth of the tension crack

This formula is incorrect except when the bench dip is 0°. Since the weights are wrong, the

factor of safety provided by the paper is not dependable.
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1.3. RocPlane Verification Problem #3

[RocPlane Build 4.001]

1.3.1. Problem Description

In this verification example, RocPlane is tested against the Hoek & Bray’s formulae for the stability
assessment of plane failures. The accuracy of RocPlane is verified against the plot of tension crack depth
versus factor of safety (Figure 1.3.3), provided by Froldi P. [3].

Geometry and Properties

The geometry for the unstable slope is shown in Figure 1.3.1. The information we have now is listed in
Table 1.3.1.

Table 1.3.1: Slope and Plane Geometry

Parameter Value
Slope Height (H) 1m
Slope Angle (B) 70°
Failure Plane Angle (a) 35°
Upper Face (Bench) Angle (y) 0°
Tension Crack Angle 90°
Water Percent Filled TC 100%

Peak plane water pressure is assumed at the base of the tension crack.

Figure 1.3.1: Plane Geometry of the Unstable Slope

Table 1.3.2: Material Properties

Parameter Value
Unit Weight of Slope (y) 2.6 t/m®
Unit Weight of Water (y,,) 1.0t/m3
Cohesion (c) 0t/m? > 1.0t/m?
Friction Angle (¢) 30°

1.3.2. RocPlane Analysis

Deterministic Analysis

Enter the RocPlane geometry and material parameters from Table 1.3.1 and Table 1.3.3.
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The distance from the tension crack to the crest of the slope (b) is calculated using the following formula:

_(-@)H_ n
~ tana _tanﬁ

The RocPlane models look like this:

“® RocPlane - [RocPlanel” - FS=1.18595 - Registered to Rocscience Inc, Toronto Office] - X
® File Edit View Analysis Support Statistics Window Help NEIR

DE-MeAo-c-DHERBECR Daa sy ? 2Kuwla

Factor of Safety: 1.18595 Wedge Information: Filter List ...

Deterministic Analysis
[Factor of Safety: 1.18595
INormal Force: 0.0644385 t/m
Normal Stress: 0.123203 t/m2
Shear Strength: 1.07113 tym2
Driving Force: 0.472393 t/m
Resisting Force: 0.560233 t/m

Geometry
Slope Height: 1m

(Wedge Weight: 0.473693 tm
[Wedge Volume: 0.18219 m3/m
[Wedge Height: 1 m

Unit Weight: 2.6 t/m3

Slope Angle: 70 deg

Failure Plane Angle: 35 deg

Upper Face Angle: 0 deg

Bench Width: Not Present
[Waviness: 0 deg

Slope Length: 1.06418 m

ITension Crack Length: 0.700003 m
Failure Plane Length: 0.523029 m

Tension Crack: Present
[Tension Crack Angle: 90 deg
Distance From Crest: 0.06447 m
| [Tension Crack Length: 0.700003 m

Strength

Shear Strength Model: Mohr-Coulomb
»| [Fiiction Angle: 30 deg

Cohesion: 1t/m2

Shear Strength: 1.07113 t/m2

Shear Resistance: 0.560233 t/m

Top Perspective *

|Water Pressure: Present

Plane Water Unit Weight: 1 t/m3
Pressure Distribution Model: TC Base
Percent Filled TC: 100 %

lgnore Failure Plane Pressure: NO
[Water Force on Failure Plane: 0.183061

m
(Water Force on Tension Crack Plane:
0.245002 t/m

Factored Water Force on Tension Crack
Plane: 0.245002 t/m

Front Side
Ready 1.293,0971

Figure 1.3.2: RocPlane Model with Tension Crack (b = 0.06447 m, ¢ = 1 t/m?)
1.3.3. Results

RocPlane results are listed in Table 1.3.3, and the plot created by Microsoft Excel in Figure 3-4.
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Table 1.3.3: Calculated Factor of Safety for the Slope at Different Cohesion Using RocPlane

Factor of Safety

c=1tm?2 | ¢c=08tm?2 | c=06tm2| c=04tm?2 | c=02t/m2 | ¢c=0t/m?

0 1.06418 3.02169 2.58226 2.14283 1.7034 1.26397 0.824542
0.05 0.99277 2.88437 2.46605 2.04773 1.62941 1.21109 0.792763
0.1 0.92136 2.75449 2.35571 1.95693 1.55815 1.15937 0.760587
0.15 0.84996 2.63054 2.24995 1.86936 1.48878 1.10819 0.727601
0.2 0.77855 2.51112 2.14757 1.78402 1.42046 1.05691 0.693355
0.25 0.70714 2.39489 2.04738 1.69988 1.35237 1.00486 0.657346
0.3 0.63573 2.28048 1.94818 1.61588 1.28358 0.951284 | 0.618984
0.35 0.56433 2.16646 1.84868 1.5309 1.21312 0.895342 | 0.577563
0.4 0.49292 2.05122 1.74741 1.44361 1.13981 0.83601 0.532208
0.45 0.42151 1.93292 1.64269 1.35247 1.06225 0.772028 | 0.481805
0.5 0.35010 1.8093 1.53242 1.25554 0.97866 0.701779 | 0.424898
0.55 0.27870 1.6775 1.41391 1.15031 0.886717 0.623121 0.359526
0.6 0.20729 1.53368 1.28354 1.03339 0.783252 0.533111 0.28297
0.65 0.13588 1.37245 1.13623 0.900003 0.663777 0.427551 0.191326
0.7 0.06447 1.18595 0.964518 0.743079 0.521641 0.300202 | 0.078763

INFLUENCE OF TENSION CRACK DEPTH

ON THE FACTOR OF SAFETY OF A SLOPE

£ 1.2 A

O

< 1.0 A

= 0. -
0.6 ~
0.4
0.2

0.0

R OF S

= -z B

&~ O [+ (=]
MWSTLNE

TENSION CRACK IN THE
UPPER SLOPE SURFACE

TENSIOP#H CRACK
SLOPE FACE

C=0.010 MPg
C=0.008 MPa
C=0.006 MPa
C=0.004 MPa
C=0.002 MPo
:a-mmr:—ZG KN/mc

phi=30 de.
psi(f)=70 deg p3i(p)=35 deg.

X

0 0.1 02 03 04 OS 06 07 08 09 1.0

TENSION CRACK DEPTH Z/H

Figure 1.3.3: F.S. vs. Z/H from Froldi [3].

Factor of Safety vs. z/H

Factor of Safety

0 0.1 0.2 0.3 0.4 05 06 07
Tension Crack Depth z/H

€ =0.010 MPa

=+ € = 0.008 MPa

=c=0.006 MPa

= = = c=0.004 MPa

— —c=0.002 MPa

—--c=0MPa

Figure 1.3.4: Factor of Safety vs. Z/H with Values

Calculated Using RocPlane

The plots provided by Froldi P. [3] and generated by RocPlane results have the same shape and similar
data points, with slight discrepancies as the tension crack depth (Z/H) values get closer to 0.7 (the
tension crack is in the slope face if Z/H exceeds 0.7). Hence, RocPlane is verified for this example.
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1.4. RocPlane Verification Problem #4

[RocPlane Build 4.001]

1.4.1. Problem Description

In this verification example, the slope stability along the side of the River Yamun in Garhwal Himalaya,
India, where the Lakhwar Dam is located, is analyzed. The results produced by RocPlane are compared
against the data provided S. Sharma [4]. A series of sensitivity analysis is also conducted with various

heights to the release joint.

Geometry and Properties

Table 1.4.1: Geometry Parameters for the Slope

Parameter Value

Slope Angle 58°
Failure Plane Angle 53°
Tension Crack Angle 134°
Distance from TC to Crest Om
Slope Height 20m > 160 m
Table 1.4.2: Material Properties
Parameter Value
Unit Weight of Slope 2.75 t/m?
Unit Weight of Water 1.0 t/m?3
Cohesion 10 t/m?
Friction Angle 40°
Table 1.4.3: Force Parameters
Parameter Value
Water Percent Filled TC 0%, 50%), 100%
Seismic Coefficient 0or0.15

Peak plane water pressure is assumed at the base of the tension crack.

1&0m

Figure 1.4.1: Geometry of Slope
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1.4.2. RocPlane Analysis

Enter the RocPlane geometry, material, and force parameters from Table 1.4.1 through Table 1.4.3.

The RocPlane model looks like this:

W RocPlane - [RocPlane_Geometry_Verification_#4pin4* - F=0.878106 - Registered to Rocscience Inc,, Toronto Office]

W File Edt View Anolysis Support Statsics Window Help

Dh-MeES-

D EERBEEORN D

Haa%7ry P KL e

Factor of Safety: 0.878106

Wedge Information: Fter List

Deterministic Analysis
Factor of Safety: 0.878106
Normal Force: 1396.56 tm
Normal Stress: 753485 tm2
Shear Strength: 16,3225 Um2
Driing Force: 3445.27 tim
Resisting Force: 3025.31 Um

Geometry

Slope Height: 160 m

[Wedge Weight: 4190.65 tm
[Wedge Volume: 1523.87 m3/m
[Wedge Height: 160 m

Unit Weight: 275 tm3

Slope Angle: 58 deg

Failure Plane Angle: 53 deg
Upper Face Angle: 53 deg
[Bench Width: Not Present
[Waviness: 0 deg

Slope Length: 133.669 m
[Tension Crack Length: 16.6485 m
Failure Plane Length: 185.346 m

Tension Crack: Present
[Tension Crack Angle: 134 deg
Distance From Crest: 0 m
[Tension Crack Length: 11.9759 m

strength
Shear Strength Model: Mohr-Coulomb

»| [Friction Angle: 40 deg

Cohesion: 10 t/m2
Shear Strength: 16.3225 t/m2
Shear Resistance: 3025.31 t/m

|Water Pressure: Present

Plane Water Unit Weight: 1 t/m3
Pressure Distribution Model: TC Base
Percent Filled TC: 100 %

Ignore Failure Plane Pressure: NO

Water Force on Failure Plane: 1109.85 t/m
(Water Force on Tension Crack Plane:
99.6908 t/m

Factored Water Force on Tension Crack
Plane: 99.6908 t/m

Top Perspective *
Front side

“ FocPlane_ Geomety Vefcation #3pind -FS=1.18595 %) RocPlane_Geomety_Vrficaton_#4ph" - FS-0878106

Ready 166.553, 180.203

Figure 1.4.2: RocPlane Model with Tension Crack (c

Sensitivity Analysis

=10 t/m?, H = 160 m, 100% Filled TC)

A series of sensitivity analysis is also carried out with varying slope height, cohesion, friction angle, water
pressure, tension crack dip, and failure plane dip. The plots generated with the sensitivity data in
Microsoft Excel is shown in Figure 1.4.4 and Figure 1.4.5. The parameters for the sensitivity analysis are

listed in Table 1.4.4.

Table 1.4.4: Parameters for Sensitivity Analysis

Parameter Value

Slope Height

20> 160m

Cohesion

0 > 20 t/m?

Friction Angle

30° > 50°

Tension Crack Angle

128° > 140°

Failure Plane Angle

49° > 57°

Water Percent Filled TC

0% > 100%

1.4.3. Results

The analysis by S. Sharma [4] is listed in Table 1.4.5, and the results calculated by RocPlane are

displayed in Table 1.4.6.
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Table 1.4.5: Stability Analysis for Plane Failure from S. Sharma [4]

Slope : - : Factor of Safety : - :
Height (m) Without Seismic Loading With Seismic Loading
100% Filled  50% Filled 0% Filled 100% Filled  50% Filled 0% Filled
20 4.81 4.95 5.06 4.21 4.33 4.43
40 2.62 2.74 2.84 2.24 2.35 2.44
60 1.89 2.00 2.1 1.58 1.68 1.78
80 1.52 1.63 1.74 1.25 1.35 1.45
100 1.30 1.41 1.52 1.06 1.15 1.25
120 1.15 1.26 1.37 0.93 1.02 1.12
140 1.05 1.16 1.26 0.83 0.93 1.02
160 0.97 1.08 1.18 0.76 0.86 0.95

Table 1.4.6: Stability Analysis for Plane Failure with RocPlane

Slope Height . s . Factor of Safety . . .

(m) Without Seismic Loading With Seismic Loading

100% Filled 50% Filled | 0% Filled 100% Filled 50% Filled 0% Filled
20 4.64392 4.88666 5.06271 4.07428 4.28132 | 4.43549
40 2.49203 2.68763 2.84751 2.1353 2.30415 | 2.44525
60 1.77473 1.95463 2.10911 1.48897 1.64509 1.78184
80 1.41608 1.58812 1.73991 1.1658 1.31556 1.45013
100 1.20089 1.36822 1.51839 0.971904 1.11784 1.25111
120 1.05743 1.22162 1.37071 0.842639 0.98603 1.11842
140 0.954959 1.1169 1.26522 0.750306 0.891879 | 1.02365
160 0.878106 1.03836 1.18611 0.681056 0.821266 | 0.95257

By comparing the calculated and supplied factor of safety, it can be concluded that with no water force,
the results are the same. With 50% and 100% water filled tension crack, there are slight differences in the
calculated data. The discrepancies may come from the different equations Sharma [4] used for the factor
of safety calculations.

The equations Sharma [4] used are:
With tension crack dip between 10° and 60°:

(Wcosa —U)tan¢

FS=cA+
¢ Wsina +V

With tension crack dip between 61° and 90°:

(Wcosa—U —Vsina)tan ¢
Wsina +Vcosa

FS=cA+

The above equations are quite different from the standard Hoek & Bray equations.

On the other hand, RocPlane produced the same sensitivity plots as Sharma’s [4] (Figure 1.4.3).
RocPlane verifies this example.
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Figure 1.4.3: Sensitivity of FS to Various Factors Causing Instability of the Failure Plane by Sharma [4]
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Figure 1.4.5: RocPlane Sensitivity Analysis with Slope Height Varied From 20 m to 160 m
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1.5. RocPlane Verification Problem #5

[RocPlane Build 4.001]

1.5.1. Problem Description

This verification example is based on the reference article on modeling shear strength by S.M. Miller [5].
In this example, both linear and curved relationships between the shear strength and normal stress for
rock failure planes are analyzed. Two types of shear strength models are examined:

1. The Barton-Bandis Model, which is based on JRC (joint roughness coefficient), friction angle, and

JCS (joint-wall compressive strength

); and,

2. The Power Curve Model, for which both linear and curved models are used:

e A power curve model that

e Alinear model (Linear 2) that is fitted to three data points; and,

is fitted to three data points;

e Alinear model (Linear 3) that is fitted to five shear data points.

Shear Model Equations

JRC Model:

Power Curve Model:
Linear 2:
Linear 3:

Geometry and Properties

T =0, X tan []RC X logyg (]Jﬁ) + qbb]
7 =0.017 + 1.3400,,°83¢

7 =0.938+0.7830,
T =2978+ 0.6240,

Table 1.5.1: Slope and Plane Geometry
Slope Angle 64°
Slope Height 30,15,6and 3 m
Upper Face (Bench) Angle 14°
Failure Plane Angle 35° and 50°

Table 1.5.2: Material Shear Strength Properties

Parameter Value

Unit Weight of Slope 2.7 t/m®
JCS* 10000 t/m?
Friction Angle* 32°
JRC* 3,7 and 11
Waviness** 3°, 11° and 20°

* JRC model only.
** Power Curve, Linear 2 and Linear 3 model.

1.5.2. RocPlane Analysis

Enter the RocPlane geometry and shear strength parameters from Table 1.5.1 through Table 1.5.2.

The RocPlane model looks like this:
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 RocPl IR 6 ered to Rocscience Inc., Toronto Office] - X
§ File Edit =
DE-MeAo-c-DHERBECR Daa %z y? 2Kuwlal

Factor of Safety: 1.20867 Wedge Informaton:

Deterministic Analysis
Factor of Safety: 1.20867
N e 12]

Geometry
Slope Height: 30 m
o W

strength
Shear Strength Model: Barton-Bandis.

RC: 3
1S 10000 tm2
| [Residual Friction Angle (phir) 32 deg

*| |Shear Strength: 15.1448 t/m2
Sh

iear Resistance: 1080.56 t/m

Perspective *

Front side

A RocPlane_Geomety_Veicaon_#5_Powsrpind-FS=1.41354 4 RocPlane_GeometyVericaon_#5ié - FS=1.20867
Ready 32205, 62000

Figure 1.5.1: RocPlane Model

1.5.3. Results

Different cases are considered, with varying slope height, failure plane dip, JRC and waviness values.
The computed values by M. Miller [5] are listed in Table 1.5.3, and the results produced by RocPlane are
listed in Table 1.5.4.

Table 1.5.3: Safety Factor Values Computed by M. Miller [5] for Plane-Shear Failure

Failure Safety Factor Values
Height (m) -
Case A: 30 1.27 0.587 1.27 0.82 1.21 093 1.21 0.74
JRC =13 15 1.42 0.97 1.35 0.93 1.45 1.29 1.25 0.76
Wav.=3® 6§ 164 1.12 1.57 1.27 217 138 1.3¢ 0.80
3 1.83 126 1.95 1.84 3.38 4.19 1.34 0.82
Cass B: 0 1.47 098 147 0.93 1.41 1.0% 1.78 1.16
JRC=7 15 1.62 109 1.55 105 1.65 141 1.92 1.26
Wav. =112 6 1.4 1.24 1.78 1.39 238 250 113 140
K 204 138 216 196  3.58 431 2.31 1.52
Case C: k] 1.72 113 .71 L.0&8 165 1.19 272 195
JRC = 11 15 1.86 1.23 1.79 1.19 1.89 1.55 315 232
Wav. =200 6 1.08 138 202 1.53 2.62 2.64 192 302
3 228 1.52 240 210 3.82 4.45 476 3.87

The left column shows data with failure plane dip of 35° and the right column shows data with failure
plane dip of 50°.
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Table 1.5.4: Factor of Safety Computed by RocPlane for Plane-Shear Failure with Failure Plane Angles at

35° and 50°
Factor of Safety
Failure Power Linear 2 Linear 3 JRC

Height Failure Plane Failure Plane Failure Plane Failure Plane

(m) Angle Angle Angle Angle
35° 50° 35° 50° 35° 50° 35° 50°
30 1.269 0.863 1.268 0.813 1.204 0.924 1.209 0.741
JRC =3 15 1.414 0.963 1.343 0.926 1.441 1.281 1.248 0.765
Waviness =3°| 6 1.634 1.118 1.567 1.263 2.154 2.351 1.301 0.798
3 1.828 1.256 1.942 1.824 3.343 4134 1.343 0.824
30 1.471 0.982 1.471 0.932 1.406 1.043 1.778 1.158
JRC =7 15 1.616 1.083 1.546 1.045 1.644 1.400 1.919 1.253
Waviness = 11°| 6 1.837 1.237 1.770 1.382 2.357 2.470 2127 1.395
3 2.031 1.375 2.144 1.943 3.545 4.253 2.306 1.519
30 1.714 1.125 1.713 1.075 1.649 1.186 2711 1.948
JRC =11 15 1.858 1.225 1.788 1.187 1.886 1.542 3.138 2.307
Waviness = 20°| 6 2.079 1.379 2.012 1.524 2.599 2,612 3.904 3.003
3 2.273 1.518 2.387 2.086 3.788 4395 | 4.736 3.848

The sensitivity plot of factor of safety with varying slope height for failure plane dip at 50° and JRC =7
and waviness = 11° is shown in Figure 1.5.2. A similar graph generated with Microsoft Excel with factor of

safety data generated by RocPlane is shown in Figure 1.5.3.

Flane=5hear Dip = 50 deg.
5.0
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4.0 -
35
3.0 -
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2049 2
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Figure 1.5.2: Sensitivity Plot of FS vs. Slope Height by Miller
(1 — Power Curve Model, 2 — Linear 2, 3 — Linear 3, 4 — JRC)

Factor of Safety for Failure Plane Dip at 50°

4.5 4

w
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-
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~ Power
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-
[}
1
I

----- Linear 3

0 5 1.0 1.5 2.0 2.5 30
Slope Height (m)

Figure 1.5.3: Sensitivity Plot of FS vs. Slope Height by RocPlane

By comparison of the data in Table 1.5.3 with Table 1.5.4 and Figure 1.5.2 with Figure 1.5.3, the results
are either the same or within a difference of 1.5%. Therefore, RocPlane verifies the results provided by
Miller [5].
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1.6. RocPlane Verification Problem #6

[RocPlane Build 4.001]

1.6.1. Problem Description

This problem was taken from Priest (1993) and involves the analysis of rigid blocks, and the sensitivity of
various parameters.

This verification problem analyzes a slope undergoing planar failure (Figure 1.6.1). The slope has a
tension crack at the crest 15 m deep. A water table is also present, filling the tension crack 25% at the
line of failure. No seismic forces are present. The factor of safety for the block is required. A sensitivity
analysis is performed varying cohesion, friction angle, failure plane angle, and percent TC filled (Figure

1.6.3).
Geometry and Properties
}—71?.321 fri | & BE0 M |
a0.0 k
15,000 m
30,000 —

g0.0 "

aoo®

Figure 1.6.1: Slope Geometry
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Table 1.6.1: Slope and Failure Plane Geometry

Parameter \ Mean Value Range
Failure Plane Angle (deg.) 30 28 to 36
Slope Height (m) 30 -
Slope Angle (deg.) 60 -
Upper Face Angle (deg.) 0 -
Tension Crack Angle (deg.) 90 -
Tension Crack Distance from 8.660 )
Crest (m) '
Table 1.6.2: Material Properties
Parameter \ Mean Value Range
Cohesion (t/m?) 2 Oto4
Friction Angle (deg.) 30 28 to 36
Unit Weight of Slope (t/m3) 2.5 -
Unit Weight of Water (tm3) 0.981 -
Table 1.6.3: Force Parameters
Parameter \ Mean Value Range
Peak Pressure TC Base -
Percent filled TC (%) 25 0to 100

1.6.2. RocPlane Analysis

Deterministic Analysis

Enter the mean values in Table 1.6.1 through Table 1.6.3 into RocPlane Deterministic Input Data.
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The RocPlane model looks like this:

Q RocPlane - [RocPlane_Geometry Verification_#
W File Edit View Analysis Support _Stati
lysis_Supp

DE-A@Eo-¢-0ExREB[OR|M

Registered to Rocscience Inc,, Toronto Office]

Nindow

Haa% 27y ¥l
Factor of Safety: 1.04898 Wedge Information: Filter List.

Deterministic Analysis
Factor of Safety: 1.04398
Normal Force: 644.487 tm
Normal Stress: 21.4831 tm2
Shear Strength: 14.4033 tm2
Driing Force: 411.918 tm
Resisting Force: 432.094 tm

Geometry
Slope Height: 30 m

[Wedge Weight: 811889 tim
[Wedge Volume: 324.756 m3/m
[Wedge Height: 30 m

Unit Weight' 2.5 t/m3

Slope Angle: 60 deg

Failure Plane Angle” 30 deg
Upper Face Angle: 0 deg

[Bench Width: Not Present
[Waviness: 0 deg

Slope Length 34 641 m

[Tension Crack Length- 150001 m
Failure Plane Length: 29,9997 m

Tension Crack: Present
[Tension Crack Angle: 90 deg
Distance From Crest: 866 m

| [Tension Crack Length: 15.0001 m

Strength

Shear Strength Model: Mohr-Caulomb
»| [Friction Angle: 30 deg
(Cohesian: 2 Ym2

Shear Strength: 14.4033 Um2

Shear Resistance: 432.094 t/m

Top Perspective *

\Water Pressure: Present

Plane Water Unit Weight: 0.981 tm3
Pressure Distribution Model: TC Base
Percent Filled TC: 25 %

lgnore Failure Plane Pressure: NO

[Water Force on Failure Plane: 55 1812 t/m
[Water Force on Tension Crack Plane
6.89779 tm

Factored Water Force on Tension Crack
Plane: 6.89779 tUm

Front side
Ready +33.422,-0355

Figure 1.6.2: RocPlane Model with Tension Crack
Sensitivity Analysis

Enter the range of values in Table 1.6.1 through Table 1.6.3 into RocPlane Sensitivity Input.

=
e

Sensitivity Input

&l

Failure Flane Angle | From: | 23| To: | 35‘ Mear:

Cohesion ~ | From: | o | To: | 4 ‘ Mean:
Water Percent Filled T ~ | From: | a | To: | 100 ‘ Mean:
Friction Angle ~ | From: | 28 | To: | e ‘ Mean:

L] = From: 0 Ta 0| Mean:
| From: 0 Ta 0| Mean:
= From: 0 Tas 0| Mean:
| From: 0 Ta 0| Mean:

1111

Cancel

Figure 1.6.3: Sensitivity Analysis Parameters
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1.6.3. Results

The deterministic analysis using RocPlane produced a factor of safety of 1.04898, matching the factor of
safety provided by Priest (FS = 1.049) [6].

The sensitivity analysis plot generated by RocPlane (Figure 1.6.5) also match the plot provided by Priest
(Figure 1.6.4). Therefore, RocPlane verifies this example.

1.3r
i
e
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Figure 1.6.4: Sensitivity Analyses by Priest [6]
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Factor of Safety vs. Percent of Range

Failure Flane Angle from 28 to 36
Cohesion from 0 to 4

Water Percent Filled TC from 0 to 100
Friction Angle from 28 to 36

Figure 1.6.5: RocPlane Sensitivity Plot
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1.7. RocPlane Verification Problem #7

[RocPlane Build 4.001]

1.7.1. Problem Description

This problem is taken from Rock Slope Stability by Kliche [7]. It is his example problem on kinematic

slope stability analysis of planar failure, and it includes reinforcement requirements.

This verification problem models planar failure with a tension crack. The tension crack is 51% filled with
water, and water is also observed to be leaking out of the failure plane at the slope interface. The
properties of the slope are listed in Table 1.7.1. The safety factor of the unreinforced slope is required.
Using the parameters for reinforcement given in Table 1.7.1, the slope is stabilized so that it has a
reinforced safety factor of 1.5. The capacity of the rock bolt is then determined.

Geometry and Properties

Table 1.7.1: Slope and Plane Geometry

Parameter Value

Slope Angle (deg.) 50

Slope Height (m) 30

Failure Plane Angle (deg.) 35
Upper Slope Angle (deg.) 0
Tension Crack Angle (deg.) 90
Tension Crack Distance from Crest (m) 9

30,000 m

25173 m | 9.000 rm

Figure 1.7.1: Slope Geometry

B.072m
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Table 1.7.2: Material Properties

Parameter

Cohesion (t/m?)

Value

7

Friction Angle (deg.)

30

Unit Weight of Slope (t/m?)

2.79

Unit Weight of Water (t/m3)

0.981

External Force (t/m)

Table 1.7.3: Force Parameters

Parameter Value

37

External Force Angle (deg.)

90

Seismic Acceleration

0.10g

Peak Pressure

TC Base

Percent Filled TC (%)

51

Bolt Type

Table 1.7.4: Bolt Parameters

Parameter Value

Active

Rock-Bolt Angle (deg.)

30

Rock-Bolt Capacity (t/m)

111

1.7.2. RocPlane Analysis

Deterministic Analysis

Enter the values in Table 1.7.1 through Table 1.7.3 into RocPlane Deterministic Input Data.

The RocPlane model looks like this:

Q RocPlane - [RocPlane_Geometry_Verfication_#7.pind - F5=122233 - Registereto Rocscience nc, Toonto Office]
W File Edt View Anolysis Support Statsics Window Help

DE-AeES-¢-0ExREB[OnM

Haawzry vkl @)

R

Top* Perspective

Factor of Safety: 1.22233

Front side

>

22.074,48905

Wedge Information Fiter List

Deterministic Analysis
Factor of Safety: 1.22233
Normal Force: 471679 tm
Normal Stress: 11.3065 t/m2
Shear Strength: 13,5278 t/m2
Driving Force: 461.699 t/m
Resisting Force: 564.346 tm

Geometry

Slope Height: 30 m

[Wedge Weight: 666.101 t/m
[Wedge Volume: 233.746 m3/m
[Wedge Height: 30 m

Unit Weight: 2.79 tm3

Slope Angle: 50 deg

Failure Plane Angle: 35 deg
Upper Face Angle: 0 deg

Bench Width: Not Present
[Waviness: 0 deg

Slope Length: 39.1622 m
ITension Crack Length: 6.07162 m
Failure Plane Length: 41.7175 m

Tension Crack: Present
Tension Crack Angle: 90 deg
Distance From Crest: 9 m
|Tension Crack Length: 6.07182 m

Strength

Shear Strength Model: Mohr-Coulomb

»| |Friction Angle: 30 deg

(Cohesion: 7 t/m2
Shear Strength: 135278 t/m2
Shear Resistance: 564.346 m

|Water Pressure: Present

Plane Water Unit Weight: 0.981 t/m3
Pressure Distribution Model: TC Base

Percent Filled TC: 51 %

lgnore Failure Plane Pressure: NO

[Water Force on Failure Plane: 63.3645 t/m
[Water Force on Tension Crack Plane: 4.70345 t/m
[Factored Water Force on Tension Crack Plane: 4.70345 ym

Seismic Force: Present
Direction: Horizontal

Seismic Coefficient: 0.1
Seismic Force: 66.6101t/m

External Forces
[#1 Force: 37 tm, Angle: 90 deg
Resultant External Force: 37 tm

Resultant Exteral Force Angle: 90 deg

Figure 1.7.2: RocPlane Model with Tension Crack and No Bolt Reinforcement
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Add a spot bolt reinforcement and enter the values in Table 1.7.4 into RocPlane Add Spot Bolt and Bolt

Properties.

Add Spot Bolt

Crientation

Trend / Plunge

Trend: 02

Plunge 30 =

Bolt Length

>

¥ ‘\/? Length: E: m

Bolt Properties

| B Bolt Property 1

0K

Cancel

Figure 1.7.3: RocPlane Add Spot Bolt

Bolt Properties
Bolt Property 1
Mame:
Type: | Simple Bolt Force ~
Force: tonnes/m
a9 X & [

Color:

I

Bolt Model: (@) Active

O Passive

Cancel

Figure 1.7.4: RocPlane Bolt Properties

The RocPlane model looks like this:

| Geotechnical tools, inspired by you.

42

rocscience.com



“® RocPlane - [RocPlane_Geometry_Verification_#7.pInd* - FS=1.50059 - Registered to Rocscience Inc, Toronto Office] - X
N File Edit View Analysis Support Statistics Window Help NEIF

DE-A@Es-¢-0FxREBORM

a2y 2Kl
Factor of Safety: 1.50059 Wedge Informaton: Fitter List

Deterministic Analysis ~
Factor of Safety: 1.60059

Normal Force: 572.279 tim

Normal Stress: 13.718 t/m2

Shear Strength: 14.9201 t/m2

Driving Force: 414.788 t/m

Resisting Force: 622.428 /m

Geometry
Slope Height: 30 m

[Wedge Weight- 666 101 t/m
[Wedge Volume: 238 746 m3/m
[Wedge Height: 30 m

Unit Weight' 2.79 Ym3

Slope Angle 50 deg

Failure Plane Angle” 35 deg
Upper Face Angle: 0 deg

Bench Width: Not Present
[Waviness: 0 deg

Slope Length- 39.1622 m
[Tension Crack Length: 6.07182 m
Failure Plane Length: 417175 m

Tension Crack: Present
[Tension Crack Angle: 90 deg
Distance From Crest- 9 m

| [Tension Crack Length: 6.07182 m

Strength
Shear Strength Model: Mohr-Coulomb
Friction Angle: 30 deg

(Cohesion: 7 tm2

Shear Strength: 14.9201 tm2

Shear Resistance: 622426 tm

v

Top Perspective *

|Water Pressure: Present

Plane Water Unit Weight: 0.981 t/m3

Pressure Distribution Model: TC Base

Percent Filled TC: 51 %

lgnore Failure Plane Pressure: N

[Water Force on Failure Plane: 63.3645 t/m

|Water Force on Tension Crack Plane: 4.70345 t/m
Factored Water Force on Tension Crack Plane: 4.70345
lm

Seismic Force: Present
Direction: Horizontal

Seismic Coeffcient: 0.1
Seismic Force: 66.6101 t/m

External Forces

[#1 Force: 37 tm, Angle: 90 deg
Resultant Exteral Force: 37 tm
Resultant External Force Angle 90 deg

Bolt Force
Resultant Active Bolt Force: 111 /m
|Active Bolt Angle: 30 deg
Resultant Passive Bolt Force: 0 tm
Passive Bokt Angle: 0 deg
. [#1 Bolt Property: Bolt Property 1 Capacity: 111 t/m, Angle:
30 deg, Length” 30 m, Anchored Length: 24.0667 m, Active

Front side
Ready 14.981,39.241

Figure 1.7.5: RocPlane Model with Tension Crack and with Bolt Reinforcement

1.7.3. Results

With no reinforcement, the factor of safety is 1.22233. With a rock bolt reinforcement, the factor of safety
increases to 1.50059.
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I Dist. to Slope Crest Upper Face Width
I 25173 m | 9.000 m

Tension Crack Angle 90.0 &
Tension Crack
5072 m
Peak Water Pressure 3.038 ¥m2
Slope Height
30000 m
Driving Force 414 79 tm
) Factor of Safety 150
Driving Force 41479 tm
Resisting Force 62243 tm
Resultant External Force 37 00 tm! Wedgs Weight 566,10
‘Wedge Volume 23875m'3'm
Normal Force 572.28 t/m Shear Strength 14.92tim2
Shear Resistance 622.43tm
Normal Force 572.28tm
Seismic Force 66.61tm
Plans Waviness 00
Active Bolt Force 1100 Um
Active Bolt Angle 3007
Fassive Boll Force 0.00tm
Fassive Boll Angle 00
Edemal Force 37.000m
- External Force Angle 900°
oit Defintions
Water F Failure PI 5336 4
#] Angle | Capacity | Lengih | AnchLength | BortProperties | Erficiency Factor | oL dl
Soirrepery 1 | o] Water Force an Tension Crack| 470 im

[1] 300" hi1100tonnesim| 30000 m | 24067 m

Figure 1.7.6: RocPlane Reinforced Planar Wedge Analysis

These results agree with Kliche’s required rock bolt capacity of 111 t/m, in order to achieve a factor of
safety of 1.5.
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1.8. RocPlane Verification Problem #8

[RocPlane Build 4.001]
1.8.1. Problem Description

This problem is taken from Watts and West (1985). It looks at slope stability analysis problems done by
notebook computers in the early 80s. RocPlane must do the analysis in imperial units in order to use the
parameters quoted by the authors.

This verification problem analyzes a simple slope with three different definitions of material properties
(Table 1.8.2). There is no tension crack present, and the failure surface is dry. The upper slope is
horizontal. The geometry is given in Figure 1.8.1.

Note: Parameters are given in kg/ft3. In order to change them into t/ft?, divide by 907 (short tons).

Table 1.8.1: Slope and Plane Geometry

Parameter Value
Slope Angle (deg.) 85
Slope Height (ft.) 95
Failure Plane Angle (deg.) 45
Upper Face Angle (deg.) 0
Slope Height
85.000

Slope Angle 85,0 °

ure Plane Angle 45.0°

Figure 1.8.1: Geometry of Slope
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Table 1.8.2: Material Properties

Cohesion Friction Angle Unit Weight of Slope

¢ (tft2) ¢’ (deg.) y (HFt3)
1 20 0.18192
2 1.1025 20 0.18192
3 2.2051 35 0.18192

1.8.2. RocPlane Analysis

Deterministic Analysis

Enter the values from Table 1.8.1 and Table 1.8.2 into RocPlane.
The RocPlane models look like these:

Case 1:

B RocPlane - R ometry_Verification,_#8,pind - FS=0.36397 - Registered to Ro - x
B File Edit lysis Support  Statistics Window  Help B
DE-A@ES-¢- 0ExRBECRMIIaan 7YY ¥ Kul =@

Factor of Safety: 0.36397 Wedge Information: Filter Lst ...

Deterministic Analysis

Shear Strength: 143499 U2
Driving Force: 529.689 U
Resisting Force: 192.791 R

Geometry

Slope Height: 95 f

[Wedge Weight: 749.093 Ut
[Wedge Volume: 4117.71 A3
[Wedge Height: 95 &

Unit Weight: 018192 UA3

9
ne Length: 134.35
Slops Length: 95.3629 f

strength
Shear Strength Model: Mohr-Covlomb.
gle: 20 deg
vR2

1.43499 UR2
e 192791t

Top Perspective * o
Front Side
Ready -156.679,97.431

Figure 1.8.2: RocPlane Model (Case 1)
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Case 2:

Q RocPlne - [RocPlne,Geometry Verfiction #8plnd - FS=D543608 - Registered toRocscience Inc, Toronto Ofice]
W Fle Edt View Amisis Support Statisics Window Help

DE-A®ES - 0FxRAE ez ¥ Kulm

loR|M

Factor of Safety: 0.643608

Top Perspective *

Front Side

77.822,119.056

Figure 1.8.3: RocPlane Model (Case 2)

Case 3:

® RocPlane - [RocPlane_Geometry Veriicaton_#6.piné - FS=1.25951 - Registered to Rocscience nc, Toonto Offce]
W Fie Edt View Ansbsis Suppont Statisics Window Help

DE-A@ES-¢- 0ExRBECR DI 72y ¥ Kul =@

Wedge Informaton: | Fiter st

[Deterministic Analysis
[Factor of Safety: 0.643608
INormal Force: 529.689 tt
INormal Stress: 3.9426 2
'Shear Strength: 2.53749 U2
Driving Force: 529689 Ut
Resisting Force: 340.912 U

Geometry

Siope Height: 95 f

[Wedge Weight: 749.093 Ut
[Wedge Volume: 4117.71 A3
[Wedge Height: 95 &

Unit Weight: 018192 U3
Siope Angle: 85 deg

Failurs Plane Angle: 45 deg

(Waviness: 0 deg
[Failure Plane Length: 134.35
Slope Length: 95.3629 f

strength
Shear Strength Model: Mohr-Coulomb.

iShear Strength: 2 53749 U2
Shear Resistance: 340,912 UR

-8 x

Factor of Safety: 1.25051

Top Perspective *

Front side

93.664,57.274

Wedge Informaton: | Fiter Lt ..

Deterministic Analysis
Factor of Safety: 126951
INormal Force: 529.689 t
INormal Stress: 3.9426 2
Shear Strength: 4.96574 U2
IDriving Force: 529.689 tt
Resisting Force: 667.143 Ut

Geomet

Slope Height: 95 f

Wedge Weight: 749.093
Wedge Volume: 411771 i3t
Wedge Height: 95 f

Unit Weight" 0.18192 tR3
Slope Angle: 85 deg

Failure Plane Angle: 45 deg

leg
Failure Plane Length: 134 35 f
Slope Length 95.3629 f

Strength

|Shear Strength Model: Mohr-Coulomb
Friction Angle: 35 deg

(Cohesion: 2.2051 2

Shear Strength: 4.96574 12

Shear Resistance: 667.148 Ut

Figure 1.8.4: RocPlane Model (Case 3)
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1.8.3. Results

Table 1.8.3: Factor of Safety Comparison

RocPlane Watts and West
Factor of Safety Factor of Safety
1 0.36397 0.364
2 0.64361 0.644
3 1.25951 1.260
Dist to Slope [Crest Upper Face Width
8311 ft | B86.689 ft
Upper Face Height
0.000 ft
Driving Force 529 69 t/ft
Slope Height
95.000 ft
MNormal Force 529.69 t/t
Factor of Safety 1.26
Driving Force 520.69
Resisting Force G67.15 Uit
Wedge Weight 749.09 tH
Wedge Volume | 4117.71 "3/ #t
Slope Angle 85.0 ° Shear Strength 497 iz
Shear Resistance | 667.15tft
Faiure Plane Angle 45.0 * Normal Force 520.69 tht
Plane Waviness 0.0°

Figure 1.8.5: RocPlane Planar Wedge Analysis (Case 3)
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GENERAL SLOPE GEOMETRY
Height = 95 ANGLES: Slope = 85 , Upper Sleope = 0 , Fail.Sfc. = 43
Cohesion = 2000 Friction = 35 Unit Wt. Rk. = 163 Wtr. = 62.4
Horizontal Accl. = 0 Rockbolt Tension = O Inclination = O
Weight of Block = 479422 CONTACT AREA = 134.35

TENSION CRACK (None)
Horizontal Distance, Crest to Failure Surface = Bé&.6886
Failure Surface is # DRY %,

FACTOR OF SAFETY = 1.24&0

Figure 28. Sample printout from the safety factor program for plane failure analyses.
Figure 1.8.6: Case 3 Using the Author’s Electronic Filed Notebook System

The factors of safety computed by RocPlane match those provided by Watts and West in all three cases.
Therefore, RocPlane verifies this example.
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2. RocPlane Bolt Model Verification

This section presents several verification examples for the UnWedge bolt model in RocPlane.

The users can select from a list of pre-defined different types of bolts, choose to use bolt shear strength
instead of tensile and select to apply bolt orientation efficiency factor. Bolts in RocPlane can still be
defined as either Active or Passive. The option is now included in the Bolt Properties dialog. Analyses of
the new bolt model were performed in RocPlane and verified against SWedge, which also has the same
UnWedge bolt model. FS was compared. The results produced by RocPlane agree very well with
SWedge, which confirms the reliability of RocPlane results.
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21.
[RocPlane Build 4.001]

2.1.1. RocPlane Analysis

Analysis in RocPlane Version 4.000

RocPlane Verification Problem #1

First, verify the RocPlane results against the results from the previous version. Use the default slope
when opening a new file. Specify a bolt of Type Simple Bolt Force with a Force of 0.2 MN. The results

of both Active and Passive bolt models are compared.

Bolt Properties
Bolt Property 1
Name: | Bolt Property 1 color: | [N -
Type: | Simple Bolt Force ~ Bolt Model: (@) Active!
Force: MN
o =

O Passive

Cancel

Figure 2.1.1: RocPlane Bolt Property [v4.000]

Add a bolt on the slope face. Specify a plunge angle of 40°, normal to the slope surface, and enter a bolt

length of 36 m.

Add Spot Bolt

Orientation

Trend / Plunge ~

Trend: 0=

Bolt Length

\{(\' Length: B m

Bolt Properties

| W EBolt Property 1

QK

Cancel

Figure 2.1.2: RocPlane Add Spot Bolt [v4.000]
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The RocPlane model looks like this:

A RocPlone - RocPla Registerd to Rocscience nc, Toronto Offce]
W Fie Edt View An Hep _ex

DE-H®E - EREBOR[DIaa%s sy P Kul @
Factor of Safety: 1.01042 Wedge Information: Fitter List ...

Deterministic Analysis
Factor of Safety: 1.01042
INormal Force: 25.91 MN/m
INormal Stress: 0.217496 MPa
Shear Strength: 0.162292 MPa
Driving Force: 17.9554 MN/m
Resisting Force: 18.1424 MN/m

Geometry
Slope Height: 60 m

[Wedge Weight: 31.3945 MN/m
[Wedge Volume: 1207.48 m3/m
[Wedge Height: 60 m

Unit Weight: 0.026 MN/m3
Slope Angle: 50 deg

Failure Plane Angle: 35 deg
Upper Face Angle: 10 deg
[Bench Width: Not Present

5: 0 deg
Failure Plane Length: 119.129 m
Slope Length: 78.3244 m

Strength
Shear Strength Model: Mohr-Coulomb
Friction Angle: 35 deg

Cohesion: 0 MPa

| [Shear Strength: 0.152292 MPa

*| [Shear Resistance: 18.1424 MN/m

Bolt Force

*| |Resultant Active Bolt Force: 0.2 MN/m

|Active Bolt Angle: 40 deg

Resultant Passive Bolt Force: 0 MN/m

_ | [Passive Bolt Angle: 0 deg

T Perspective *1 [ Bolt Property: Bolt Property 1 Capacity: 0.2 MN/m, Angle:
140 deg, Length: 36 m, Anchored Length: 23.4664 m, Active
ltype Eficiency Factor.

Front side
Ready -96.754,70.186

Figure 2.1.3: RocPlane Model with Bolt [v4.000]

Analysis in RocPlane Version 3.001

Add the same bolt in RocPlane v3:

Bolt Properties ? *

BoltModel: (@) Active () Passive

i

Length (m):

Anchored Length {m}):
Q‘ Angle (deg): |40 EI
@ Capacty (MNfm): 0.2 |3

() FEactor of Safety: | 1.0104

Optimize oK | | Cancel

Figure 2.1.4: RocPlane Bolt Properties Dialog in [v3.001]
The results are summarized in Table 2.1.1.
Table 2.1.1: Comparison of RocPlane Factor of Safety
RocPlane v4.000 RocPlane v3.001
FS with Active Bolt 1.01042 1.01042

FS with Passive Bolt 1.01039 1.01039

The two results are identical.
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2.2. RocPlane Verification Problem #2

[RocPlane Build 4.001]

2.2.1. Problem Description

In this verification example, several active and passive bolt types are modelled in RocPlane. RocPlane

FS are then compared to SWedge.

Geometry and Material Properties

Table 2.2.1: Slope and Plane Geometry

Parameter Value
Slope Angle (°) 65
Height (m) 33
Failure Plane Angle (°) 55
Failure Plane Waviness (°) 0
Upper Face Angle (°) 0
Table 2.2.2: Material Properties
Parameter Value
Shear Strength Model Mohr-Coulomb
¢ (°) 35
c (MPa) 0
Unit Weight (MN/m?3) 0.026
Bolt Properties
Table 2.2.3: Material Properties
Parameter Value
Bolt Model Active or Passive
Bolt Plunge (deg.) 25
Bolt Length (m) 36
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2.2.2. RocPlane Analysis

Enter the geometry and strength parameters from Table 2.2.1 and Table 2.2.2 into RocPlane.

The RocPlane model looks like this:

 RocPlane - [RocPlane_Bolt Verfication_#2 plnd - FS=0.450291 - Registred o Rocscience In, Toronto Offce]
W File Edt View Anolysis Support Statsics Window Help

DE-AeE -2 D EENERCR Dilaassyry 2 KL @

Factor of Safety: 0.490291

Fiter List

Analysis
fety: 0.490291
1.8993 MN/m

etry
Slope Height: 33 m

[Wedge Weight: 3.31132 MN/m
[Wedge Volume: 127.358 m3/m
[Wedge Height: 33 m

Unit Weight: 0.026 MN/m3
Slope Angle: 65 deg
F Angle

ngle
Mot Present
deg

Strength
Shear Strength Model: Mohr-Coulomb
Friction 35 deg

Top Perspective *

Front side
Ready

35012, 15.570

Figure 2.2.1: RocPlane Model Geometry
Bolt Properties

Add a single bolt. It doesn’t matter where the bolt is located on the slope. The location of bolts has no
effect on safety factor, since all forces in the slope/wedge stability analysis are assumed to pass through

the centroid of the wedge.

In the Add Spot Bolt dialog, enter a Plunge of 25° and a Bolt Length of 36 m.

Use the default capacity values for each Bolt Type. Run analysis with each Bolt type, Active/Passive bolt
model, with/without Use Shear Strength checked and with/without Use Bolt Orientation Efficiency
checked. When enabling Use Bolt Orientation Efficiency, use the default Cosine Tension/Shear Method.

When testing shear bolts, uncheck the Use Bolt Orientation Efficiency option.

Note: The efficiency factor is not applied to the bolt shear strength. Bolt shear is only
considered when Use Shear Strength is checked and when the bolt is in the
corresponding deformation mode. Therefore, the bolt’s tensile capacity can still be used
when Use Shear Strength is checked. See Bolt Support Force topic in Online Help for
more information.
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Bolt Properties ? *

|| Bolt Property 1 Bolt Property 1 -
Mame: |BoIthperty 1 | Color: I:l

Type: |I'\-'Ied"|ar'|itz:|||\,nI Anchared w | Bolt Model: (@) Active () Passive

[Juse shear Strength

Tensile Capacity: MM hear 0.01 | MM
Plate Capacity: MN
Anchor Capacity: MN [Jise Bolt Crientation Eﬁ’ldenq'?

Method:

Cosine Tension /Shear w

EII}I 7 = @ | 0K || Cancel |

Figure 2.2.2: RocPlane Bolt Properties of Active Bolt Model without Bolt Orientation Efficiency

Bolt Properties ? >

| 1 Bolt Property 1 Bolt Property 1 -
Name: |BcJItF‘rv::|:iert5-I 1 | Color: I:l

Type: | Mechanically Anchored | BoltModel: () Active (@) Passive

[Juse shear Strength

Tensile Capacity: MN hear 0.01 |MH
Plate Capacity: MM
Anchor Capacity: o [~]ise Bolt Orientation Efficency:

Method:

| Cosine Tension/Shear w

ED:' 7~ = = | oK || Cancel |

Figure 2.2.3: RocPlane Bolt Properties of Passive Bolt Model with Bolt Orientation Efficiency
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Bolt Properties

| 1 Balt Property 1

L & By

Bolt Property 1

Mame: | Bolt Property 1

| Cobor: | -

Bolt Model: () Active

Type: |Mechanically Anchored ~

@ Passive

Cancel

Tensile Capacity: MN

Plate Capadty: MN

Anchor Capacity: bl [Juse Bolt Crientation Effidency
Cosine Tension /Shear

Figure 2.2.4: RocPlane Bolt Properties using Shear Strength

2.2.3. Building a Compatible SWedge Model

Enter SWedge geometry as below:
Slope Input Data

Slope Dip Angle (°) 65

Dip Direction (°) 180

Height (m) 33

Upper Face Dip Angle (°) 0

Upper Face Dip Direction (°) 180

Rock Unit Weight (MN/m?3) 0.026

Joint 1 Input Data ‘
Dip Angle (°) 90

Dip Direction (°) 90

Waviness (°) 0

Shear Strength Model

Mohr-Coulomb

Phi (°) 0

c (MPa) 0

Joint 2 Input Data ‘
Dip Angle (°) 90

Dip Direction (°) 90
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Waviness (°) 0

Shear Strength Model

Mohr-Coulomb

Phi (°) 0

c (MPa) 0

Dip Angle (°) 55

Basal Plane ‘

Dip Direction (°) 180

Waviness (°) 0

Shear Strength Model

Mohr-Coulomb

Phi (°) 35

c (MPa) 0

The SWedge model looks like this:

# Swedge - [RocPlane_Bolt_Verification_#2.swd - F$=0.490291 - Registered to Rocscience Inc, Toronto Office]
# File Edit View Analysis Support Statistics Window Help

Dr-AeE|/o-¢-0EHEREBE[®OD

Haawzzrv oK ul @

Factor of Safety: 0.4903

Top Perspective *
Front side
Ready MAXIMUM 215,321

Figure 2.2.5: SWedge Model Geometry

Bolt Properties

Fiter List

Deterministic Analysis ~
Factor of Safety: 0.4903

[Volume: 127.368 m3

[Weight: 3.311 MN

[Wedge Height: 33.000 m

). 127.358 m2

\Avea (joint2): 127.356 m2

|Avea (basal): 40.286 m2

|Avea (slope face): 36.411 m2

|Avea (upper face): 7.719 m2
Normal Force (oint1): 0.000 MN
Normal Force (oint2): 0.000 MN
Normal Force (basal)- 1.899 MN
Normal Stress (oint1): 0.000 MPa
Normal Stress (oint2): 0.000 MPa
Normal Stress (basal)- 0.047 MPa
Shear Strength (joint1): 0.000 MPa
Shear Strength (joint2): 0.000 MPa
Shear Strength (basal): 0.033 MPa

Resisting Force: 1.330 MN
Mode: Sliding on Basal Joint

Sliding Direction
Plunge: 55.000 deg
5| [Trend: 180.000 deg

Slope Input Data
Height: 33.000 m

*| |Length: 1.000 m

Dip: 65.000 deg

Dip Direction: 180.000 deg

*| [upper Face Input Data
Bench Widih: 33.000 m
Dip: 0.000 deg

Dip Direction: 180.000 deg

Joint1 Input Data

Dip: 90.000 deg

Dip Direction: 90.000 deg
[Waviness: 0.000 deg

Phi: 0.000 deg

Joint2 Input Data
Dip: 90.000 deg

Dip Direction: 90.000 deg
[Waviness: 0.000 deg

Phi: 0.000 deg

Basal Joint Input Data
Dip: 55.000 deg

Dip Direction: 180.000 deg
[Waviness: 0.000 deg

Phi- 35.000 deg
[Trace Length

oint1: 36.411 m
\Joint2: 36.411 m v

In the Add Spot Bolt dialog, enter a Trend of 0° (in SWedge only), a Plunge of 25° and a Bolt Length of

36 m.

| Geotechnical tools, inspired by you. 58

rocscience.com



Add Spot Bolt

Orientation

Trend / Plunge

Trend: olzh®
Plunge 25 =] °

Bolt Length
\{‘(\' Length: B m

Bolt Properties

| B Eolt Froperty 1

2.2.4. Results

Figure 2.2.6: SWedge Add Spot Bolt

With no supports, the slopes in SWedge and RocPlane have the same factor of safety of 0.4903.

The FS from both SWedge and RocPlane bolt models are listed below:

Bolt Use Shear U_se Bo_lt
Model  Strength ol o' Spedoe  RocPlane
iciency

Passive 05221 |
Passive No Yes 0.4958 0.4958
Passive Yes No 0.4940 0.4940

Mechanically Anchored
Active No No 0.5190 0.5190
Active No Yes 0.4953 0.4953
Active Yes No 0.4921 0.4921
Passive No No 0.5667 0.5667
Passive No Yes 0.5036 0.5036
Grouted Dowel with 100% Passive Yes No 0.4977 0.4977
Bond Length Active No No 0.5599 0.5599
Active No Yes 0.5022 0.5022
Active Yes No 0.4939 0.4939
Passive No No 0.5221 0.5221
Grouted Dowel with 8m Bond Passive No Yes 0.4958 0.4958
Length Active No No 0.5190 0.5190
Active No Yes 0.4953 0.4953
Cable Bolt Passive No No 0.5539 0.5539
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Passive No Yes 0.5013 0.5013
Passive Yes No 0.4977 0.4977
Active No No 0.5482 0.5482
Active No Yes 0.5002 0.5002
Active Yes No 0.4939 0.4939
Passive No No 0.5221 0.5221
Passive No Yes 0.4958 0.4958
Passive Yes No 0.4940 0.4940
Split Set
Active No No 0.5190 0.5190
Active No Yes 0.4953 0.4953
Active Yes No 0.4921 0.4921
Passive No No 0.5221 0.5221
Passive No Yes 0.4958 0.4958
Passive Yes No 0.4940 0.4940
Swellex
Active No No 0.5190 0.5190
Active No Yes 0.4953 0.4953
Active Yes No 0.4921 0.4921
Passive N/A N/A 0.5221 0.5221
Simple Bolt Force of 0.1MN
Active N/A N/A 0.5190 0.5190

The results produced by RocPlane with SWedge and confirm the reliability of the RocPlane bolt model.
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3. RocPlane Ponded Water Pressure Model
Verification

This section presents several verification examples for the ponded water pressure model in RocPlane.
Two types of water pressures can be modelled in RocPlane:

o Ponded Water Pressure — water pressure which acts on the slope and/or upper face
and

e Plane Water Pressure (formerly Water Pressure) — water pressure which acts on the internal
failure plane and/or tension crack.

The user can specify the unit weight of the ponded water and the ponded water depth, measured from the
base of the slope. When ponded water pressure is modelled in conjunction with plane water pressure, the
user can select from two slope face types:

e Impervious — the plane water pressure distribution is modelled independent of the ponded water,
whereby users can select from a list of pre-defined pressure distribution models.
or

e Pervious — the plane water pressure distribution depends on the elevation of the ponded water
surface. The water table is defined by a combination of plane water surfaces parallel to the upper
face, and the horizontal ponded water surface.

Analyses of the Ponded Water Pressure model were performed in RocPlane and verified by analytical
solution, which confirms the reliability of RocPlane results.
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3.1. RocPlane Verification Problem #1
[RocPlane Build 4.001]

3.1.1. Problem Description

In this verification example, the effects of ponded water are presented by comparing the results of a dry
slope and failure plane with a partially ponded slope and filled failure plane in RocPlane. The ponded
water pressure and plane water pressure force computed in RocPlane is then verified with a set of
sample calculations to ensure that water pressure and force values are being computed using the correct
equations.

Geometry and Material Properties

Table 3.1.1: Slope and Plane Geometry

Geometry Parameter Value

Slope Height (H) (m)

Slope Angle (B) (deg.) 50°
Failure Plane Angle (a) (deg.) 35°
Upper Face Angle (y) (deg.) 0°

Table 3.1.2: Material Properties

Parameter Value

Unit Weight of Rock (y,-) (MN/m?3) 0.026
Cohesion (c) (MN/m?) 0.10
Friction Angle (¢) (deg.) 35°

Water Pressure

Table 3.1.3: Ponded Water and Plane Water

Ponded Water

Unit Weight (MN/m?3) 0.00981

Slope Face Type Impervious

Ponded Water Depth (m)

Joint Water

Unit Weight (MN/m3) 0.00981
Pressure Distribution Type N/A
Percent Filled (%) 100
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3.1.2. RocPlane Analysis

Enter the geometry and material values from Table 3.1.1 and Table 3.1.2 into RocPlane.

The RocPlane model looks like this:

® RocPlane - [RocPlane_PondedWate_Verfiation 1. lnd1" - FS=1.66156 - Regsteredto Rocscence nc, Toonto Offce] -
A File Edt View Anolysis Support Statsics Window

DE-MeRo-c-DHERBECR Daa %z P 2wl a

Factor of Safety: 166156 Wedge Information: Filter List.

Deterministic Analysis
Factor of Safety: 1.66156
Normal Force: 22,6819 MN/m
Normal Stress: 0.215875 MPa
Shear Strength: 0.251157 MPa.
Driving Force: 15.812 MN/m
Resisting Force: 26.2727 MN/m

Geometry

Slope Height: 60 m

[Wedge Weight: 27 5675 MN/m
[Wedge Volume: 1060.29 m3/m
[Wedge Height: 60 m

Unit Weight” 0.026 MN/m3
Slope Angle: 50 deg

Failure Plane Angle” 35 deg
Upper Face Angle: 0 deg
Bench Width: Not Present
[Waniness: 0 de

Failure Plane Length: 104 607 m
Slope Length 78 3244 m

Strength

Shear Strength Model: Mohr-Coulomb
Friction Angle: 35 deg

Cohesion: 0.1 MPa

| |Shear Strength: 0.251157 MPa

*| [Shear Resistance: 26.2727 MN/m

Top Perspective *

Front side

W RocPlane_PondedWater_Verfication_#1 pn4:1°-F5=1.66156 [\ RocPlane_PondedWater_Verfication_#1 pn4.2" - 2D View

Ready 66.410,120.365

Figure 3.1.1: RocPlane Model with No Water
Water Pressure
Enter the water parameter values from Table 3.1.3 into RocPlane.

The analysis is run with both Ponded Water Pressure and Plane Water Pressure checked. Use the
default unit weight values for ponded water. Set the Ponded Water Depth to 30 m and the Slope Face
Type to Pervious.

Note: The Slope Face Type has no impact on the water pressure computation in RocPlane when
there is no Plane Water Pressure. See Water Pressure topic in Online Help for more information.
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Deterministic Input Data

Geometry Strength Forces  VWater

Ponded Water Pressure
Unit Weight (MM./m3):

Slope Face Type:

Flane Water Pressure
Unit Weight (MMN./m3):

Frezsure Digtribution bodel:

Pervious

Peak Pressure - Mid Height

Ponded Water Depth (m):

Nete: Pregsure Distribution Model is
unavailable when Pervious Slope
Face is selected.

Percent Filled (%):

Safety Factor = 1.26482

‘Wedge Weight = 27.5675 MN/m
Momal Force = 10.9285 MN/m
Resisting = 18.1129 MN./m
Driving = 14.3205 MN/m

 Aoply 0K

Cancel |

The RocPlane model looks like this:

#1,plnd" - FS=1.26482 - Registered to

Pressure

Figure 3.1.2: RocPlane Water Deterministic Input Data with Ponded Water Pressure and Plane Water

1D ERREB B[O DA

®$

@lr v v Kl Em

Factor of Safety: 1.26482

Perspective *

side

-100.188, 46.173

Figure 3.1.3: RocPlane Model with Partially Ponded Slope

iedge nfrmaton
Deterministic Analysis
Factor of Safety: 1.26482

Normal Force: 10.9285 MN/m
Normal Stress: 0.104472 MPa
Shear Strength: 0.173152 MPa
Driving Force: 14.3205 MN/m
Resisting Force: 18.1129 MN/m

Geometry

Slope Height: 60 m

[Wedge Weight: 27 5675 MN/m
[Wedge Volume: 1060.29 m3/m
[Wedge Height: 60 m

Unit Weight: 0.026 MN/m3
Slope Angle: 50 deg

Failure Plane Angle” 35 deg
Upper Face Angle: 0 deg
Bench Width: Not Present
[Waviness: 0 deg

Failure Plane Length: 104 607 m
Slope Length 78 3244 m

Strength

Shear Strength Model: Mohr-Coulomb
Friction Angle: 35 deg

Cohesion: 0.1 MPa

Shear Strength: 0.173152 MPa
Shear Resistance: 181129 MN/m

|Water Pressure: Present

»| [Plane Water Unit Weight: 0.00981 MN/m3

Pressure Distribution Model: N/A

Percent Filled: 100 %

[Water Force on Failure Plane: 17.2198 MN/m
[Water Force on Failure Plane: 17 2198 MN/m
[Ponded Water Unit Weight: 0.00981 MN/m3
Ponded Water Depth: 30 m

Slope Face Type: Penious
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3.1.3. Analytical Solution

The water table is defined by a combination of the upper face, part of the slope (to the ponded water
surface), and the ponded water surface.

Water pressure is computed as:

U=vy,z
Where:
Y is the unit weight of water (same for ponded water and plane water)
z is the distance from the water table

Sample Calculations

Ponded Water Pressure:

Ponded Water Pressure at the Free Ponded Surface:
MN
P = (0.00981 —3> (0 m) = 0 MPa
m
Ponded Water Pressure at the Bottom of the Slope:
MN
P, = (0.00981 E) (30 m) = 0.2943 MPa

Ponded Water Force (acting into and perpendicular to the slope face):

P, + P, 0 MPa + 0.2943 MPa /30 m
Upondea == L1z = 2 (sin 50

MN
) = 57627 —
m

The resisting force calculations are impacted by the component of the ponded water force acting
perpendicular to the failure plane. This is due to the effect of the normal force on the calculation
of shear resistance.

Upondea L= Upondea Sin B sin @ + Upongeq €OS B COS @

MN MN
= (5'7627F ) sin50sin 35 + (5.7627 F) cos 50 cos 35

MN
= 5.5663 —
m

The active force calculations are impacted by the component of the ponded water force acting
parallel to the failure plane.
Uponded II= Uponded sinff cosa + Uponded cos ffsina
MN MN
=— (5.7627F ) sin 50 cos 35 (5.7627 F) cos 50 sin 35

MN
= —1.4915 —
m

Plane Water Pressure:

The water pressure is computed where a discontinuity occurs.

Plane Water Pressure at the Top of the Failure Plane:
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MN
Py = (0.00981F) (0 m) = 0 MPa

Plane Water Pressure Below the Crest on the Failure Plane:

(60 m) tan 35

P, = (0 00981 MN) 60
T\ m3 m tan 50

> = 0.2428 MPa

Plane Water Pressure Below Ponded Slope on the Failure Plane:

(30 m) tan 35

tan 50 ) = 0.1214 MPa

MN
P = (0.00981 —3> <30 m
m
Plane Water Pressure at the Toe of the Failure Plane:
MN
P = (0.00981 —3) (30 m) = 0.2943 MPa
m
Plane Water Force (acting into and perpendicular to the slope face):

P;+ P, P, + P, Ps + Pg
= 2 34 2 45 2 Lse

_ 0 MPa + 0.2428 MPa ( 60m (60 m)sec 35)

2 sin35 tan 50
0.2428 MPa + 0.1214 MPa /(60 m) sec35 (30 m) sec 35
+ —
2 tan 50 tan 50
0.1214 MPa + 0.2943 MPa /(30 m) sec 35
+
2 tan 50

MN MN MN
= 5.2379—+ 5.5960 — + 6.3873 —
m m m

MN
=17.2212—
m

The resisting force calculations are impacted by plane water force acting on the failure plane.
This is due to the effect of the normal force (V) on the calculation of shear resistance.

The change in resisting force and driving force are:

o MN MN MN
Aresisting force = AN tan¢ = (5.5663 . 17.2212 F) tan35 = —8.1608;

MN
A driving force = —1.4915 o
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3.1.4. Results

Comparing RocPlane results:

Dist. to Slope Crest

Upper Face Width

Upper Face Height
0.000 mi

Slope Height
60.000 m

50.346 m

Faffure Plane A

35343 m

Driving Force 15.81 MN/m

Mormal Force 22,58 MN/m

Factor of Safety 1.66
Driving Force 15.81 MMNIm
Resisting Force 2627 MNim
Wedge Weight 27.57 MNim
Wedge Volume | 1060.29 m"3/m
Shear Strength 0.25 MPa
Shear Resistance | 2627 MNIm
Mormal Force 22 58 MMim
Plane Waviness 0.0°

Figure 3.1.4: RocPlane Planar Wedge Stability Analysis Results with No Water
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| Dist to Slope Crest | Upper Face Width |
[ 50345 m I 35343 m |

Upper Face Height

0.000 MPa

0.000 mi
Driving Force 14.32 MMN/m
Slope Height
60.000 m
0243 MPa
Mormal Force 1093 MN/m
0.121 MPa
Ponded Water Pressure 0.294 MPa
Slope Angle 50.0 °
ure Plane Angle 35.0
1 Ay
Factor of Safety 126
Driving Force 14.32 MN/m
Peak Water Pressure 0.294 MPa Resisting Force 1811 Mhim
Wedge Weight 27 .57 MN/m
‘Wedge Volume 106029 m"3/m
Shear Strength 0.17 MPa
Shear Resistance 18.11 MN/m
Mormal Force 10.93 MN/m
Plane Waviness 0.0°
Ponded Water Force on Slope | 5.76 MMNim
Water Force on Failure Plane | 17 22 MN/m

Figure 3.1.5: RocPlane Planar Wedge Stability Analysis Results with Ponded Water and Plane Water

The ponded water and plane water pressures and forces computed in RocPlane are consistent with the
sample calculations.

Table 3.1.4: RocPlane Force and Factor of Safety Comparisons

Ponded Water

o Resisting Force
Depth Plane \I.Vatero Driving Force Factor of Safety
Percent Filled (%) (MN/m) (MN/m)
(m)
0 0 14.32 18.11 1.26
30 100 15.81 26.27 1.66

The difference in Driving Force computed in RocPlane before and after water is applied is 15.81 MN/m —
14.32 MN/m = 1.49 MN/m. The difference in Resisting Force computed in RocPlane before and after
water is applied is 26.27 MN/m — 18.11 MN/m = 18.16 MN/m. The sample calculation is consistent with
the change in driving and resisting forces computed in RocPlane.
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