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Introduction

RocSlope?2 is an engineering analysis program for 3D stability assessments of rock slopes susceptible to
wedge, planar, and toppling failure, produced by Rocscience Inc. of Toronto, Canada. This document
presents several examples, which have been used as verification problems for RocSlope?2.
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1. RocSlope2 Wedge Geometry Verification

The wedge analysis examples presented here are based on examples and case studies presented in
Kumsar, Aydan, and Ulusay [1]. The results of these lab tests performed by Kumsar et al. [1] were used
to confirm the validity of a limit equilibrium analysis method presented in Kovari and Fritz [2]. Two wedge
examples presented by Priest [3] are also verified here.

The results produced by RocSlope2 are consistent with the documented examples and confirm the
reliability of RocSlope?2 results.

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



1.1. RocSlope2 Wedge Geometry Verification Problem #1

[RocSlope2 Build 1.005]

1.1.1. Problem Description

In this verification example, a static stability assessment (SSA) is presented to verify that RocSlope2
computes values using the correct equations. The equations used to verify the results produced by
RocSlope2 were originally presented by Kovari and Fritz [2]. These equations were later shown to be
valid by laboratory tests of wedge models [1]. In the following verification problem, a wedge with joints
having the same dip is examined. A tension crack is not present in this example.

1.1.2. Analytical Solution
Equations

The following equations, developed by Kovari and Fritz [2], were verified against lab tests [1]:

io t
py =y Qslatin? 1.9
sini,
_ COosw; + COsSw, (1.1.2)

sin(w; + w,)

W+ w,; = 2w (1.1.3)
Where:
¢ is the friction angle
A is the wedge factor derived by Kovari and Fritz [2]
w is the half wedge angle
w1 is the angle between the surface of joint 1 and the vertical
W, is the angle between the surface of joint 2 and the vertical
iq is the inclination angle (or intersection angle)

Notice that w; = w, = w.

| Geotechnical tools, inspired by you. 9 rocscience.com
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Figure 1.1.1: Front and Side Cross-Sectional Views of a Wedge Without a Tension Crack
Sample Calculation

Using Equations 1.1.1 - 1.1.3, which have been validated by experimental results [1], the calculation
process for an example wedge is outlined below. From the plot of half wedge angle vs. wedge
intersection angle (graphed using Equation 1.1.1, with a Factor of Safety FS = 1), the intersection angle
for the example wedge is obtained.

tan ¢ )

FSsinw

i, =tan™! (

70 o
5 60 80
- [
< =
i 50 %ﬂ 50
g <
E 40 6§ 4 [
Q =
5 30 E 30 F
= £ ——p=33"
z g
20 |
g2 3 —
a =
Lo F i
= 10 10r ©=37°
q) O [ L L L L 1 L L L L 1 L I L I 1 I L I I 1 I L
10 20 30 40 50 60 70 (?0 90 0 20 40 60 20
HALF WEDGE ANGLE o, () Half Wedge Angle w (°)
Figure 1.1.2: Comparison of Dry-Static Model Figure 1.1.3: Graph of Equation 1
Test Results with Theoretical Solution [1] (p=33°,35° 37°,FS=1)

Note: 4 simplified to 4 = .

sinw

In order to verify the RocSlope?2 results, the inclination angle (plunge) calculated by RocSlope?2 is
compared to the inclination angle obtained using the analytical solution (from the graph).

Table 1.1.1 shows a set of joint dip and dip direction values for a sample wedge, for which w; = w, = w.
When the dip and dip direction values from Table 1.1.1 are input into RocSlopeZ2 the resulting Factor of

| Geotechnical tools, inspired by you. 10 rocscience.com



Safety FS = 1. When w is calculated, and ¢ is chosen, the corresponding intersection angle can be found
using Figure 1.1.2.

Normal vectors to the joint planes have the following components:
[ = sin(dip) % cos(dip direction)
m = sin(dip) X sin(dip direction)
n = cos(dip)
Geometry
Table 1.1.1: Model Geometry for Sample Wedge

Dip (°) Dip Direction (°) ¢ (°)

Slope 70 180

Upper Slope 0 180
Joint 1 45 141 35 -0.5495 0.4450 0.7071
Joint 2 45 219 35 -0.5495 -0.4450 0.7071

Referring to Figure 1.1.1, the normal vectors to the planes of joints 1 and 2 intersect. 2w is equal to their
obtuse angle of intersection.

The half wedge angle, w, is calculated as follows:

cosa = = (0.5495)? — (0.4450)% + (0.7071)? = 0.6039

ae
llall > {Ibll

a = 52.8491°

180 —a 180 —52.8491
W= > = > = 63.58°

Now that the half wedge angle (w = 63.58°) is known, an intersection angle can be traced out using
Figure 1.1.2. Let us choose the line plotted for ¢ = 35°. The intersection angle (if approximately traced
using a pencil) is i, = 38°.

1.1.3. RocSlope2 Analysis

Now verify that RocSlope?2 calculates the same intersection angle.

| Geotechnical tools, inspired by you. 11 rocscience.com
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Figure 1.1.4: Input Data and Results

The values from Table 1.1.1 are input into RocSlope2, and the resulting plunge, or i, = 37.85°. This is
essentially the same value that was obtained from Figure 1.1.2.

Notice that the plunge is not affected by changing the slope height, unit weight, or values for the upper
face and slope face. Such values are not included in the equations used and therefore should not affect

the plunge.

1.1.4. Results
In the previous section, RocSlope2 was verified to work for the example problem.

More tests were done, as shown in Figure 1.1.5; RocSlope?2 results were plotted against the theoretical
solution. Models were made for three friction angles, and RocSlope2 results are shown as series T33, T35,
and T37.

It should be noted that the wedges created in this exercise were symmetrical not only due to the dip but
also in terms of dip direction. When looking at the Front view in 3D Wedge View in RocSlope2, the wedge
is symmetrical. To achieve this symmetry, use dip directions with a sum of 360°. Symmetry is maintained
in order to reproduce the conditions for the model wedges described in [1].
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Table 1.1.2: Model Geometry for Sample Wedge T33

Dip (°) Dip Direction (°) ¢ (°)
Slope 70 180
Upper Slope 0 180
Joint 1 42.7 141 33 | -0.5270 | 0.4268 | 0.7349 | 50.5267 | 64.7366
Joint 2 42.7 219 33 | -0.5270 | -0.4268 | 0.7349 | 50.5267 | 64.7366

Table 1.1.3: Model Geometry for Sample Wedge T35

Dip () Dip Direction () ¢ (°)

Slope 70 180
Upper Slope 0 180

Joint 1 45 141 35 | -0.5495 | 0.4450 | 0.7071 | 52.8463 | 63.5769
Joint 2 45 219 35 | -0.5495 | -0.4450 | 0.7071 | 52.8463 | 63.5769

Table 1.1.4: Model Geometry for Sample Wedge T37

Dip (°) ‘ Dip Direction (°) ¢ (°)

Slope 70 180
Upper Slope 0 180
Joint 1 47.5 141 37 | -0.5730 | 0.4640 | 0.6756 | 55.2889 | 62.3555
Joint 2 47.5 219 37 | -0.5730 | -0.4640 | 0.6756 | 55.2889 | 62.3555
70
60 |
E,,so R
3
g
Tao0 |
=]
g
830 |
=
@
%nzo
=
10

10

20

40

50

60

Half Wedge Angle w (°)

70

Figure 1.1.5: RocSlope2 Results Compared to Theoretical Solution for FS = 1

90
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Table 1.1.5: RocSlope2 Sample Data

RocSlope2 Sample w (°) iz (°)
T33 64.737 35.65
T35 63.577 37.85
T37 62.356 40.30
| Geotechnical tools, inspired by you. 14 rocscience.com



1.2. RocSlope2 Wedge Geometry Verification Problem #2

[RocSlope2 Build 1.005]

1.2.1. Problem Description

In RocSlope2 Wedge Geometry Verification Problem #1, RocSlope2 was verified for static stability. In this
problem, the program will be verified for dynamic stability assessment (DSA). In this experiment, the
intersection angles are set at certain values yielding FS > 1. The dips will once again be identical for both
joints and the dip directions will sum up to 360" for symmetry. If a seismic co-efficient is included in the
analysis within RocSlope2, a Factor of Safety FS = 1 will be generated. Wedge acceleration will be
calculated from this seismic coefficient and compared to a graph of the analytical solution.

The equations used to verify those used within RocSlope2 have been validated by experimental results
[1]. There is no tension crack in any of the analyses in this verification.

1.2.2. Analytical Solution
The following is a derivation of seismicity coefficient, . The equations were all verified by lab tests [1]:

_ Alcosi, —nsin(i, + f)] tan ¢ (1.2.1)

ES sinig +ncos(iy + )
B = 0 (seismic forces have a horizontal trend — refer to Figure 1.2.1) (1.2.2)
W+ w,; = 2w (1.2.3)
_cosw; +cosw, 1 (1.2.4)
" sin(w;, +w,)  sinw
s — )t(cos.ia '— 7 sin ia). tan ¢ 1 (1.2.5)
sini, + ncosi,
Acosigtan¢ —sini, (1.2.6)
U]

- cos(iy + B) + Asin(i, + ) tan¢

_ Cosig tan ¢ —sini, sinw (1.2.7)

K cosiysinw + sini, tan ¢

| Geotechnical tools, inspired by you. 15 rocscience.com



(1.2.8)

n=-
Where:

A is the wedge factor from Kovari and Fritz [2]

w is the half wedge angle

W is the angle between the surface of joint 1 and the vertical

ap is the angle between the surface of joint 2 and the vertical

iq is the inclination angle (or intersection angle)

n is the seismicity coefficient

¢ is the friction angle

B is the inclination of the dynamic force (labeled “E” in Figure 1.2.1)
a is acceleration

g is acceleration (981 cm/s?)

Note that w; = w, = w.

x,
Ji)

2m

Figure 1.2.1: Front and Side Cross-Sectional Views of a Wedge Without a Tension Crack (dynamic force
“E” has an inclination of B)

Sample Calculation

It is now assumed (based on Verification Problem #1) that the inclination angle function in RocSlope?2 is
accurate. The dynamic stability assessment calculation for a specific wedge (using the equations shown
above) is performed. The RocSlopeZ2 results are then verified against the analytical solution, which is
plotted in Figure 1.2.3, based on FS = 1, for four different inclination angles.

| Geotechnical tools, inspired by you. 16 rocscience.com
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Derive w, using the same procedure as was used Verification Problem #1.
Normal vectors to the joint planes have components:
l = sin(dip) % cos(dip direction)
m = sin(dip) X sin(dip direction)
n = cos(dip)
Table 1.2.1: Model Geometry for Sample Wedge

Dip (°) Dip Direction (°)
Slope 70 180
Upper Slope 0 180
Joint 1 50 119 -0.3714 0.6700 0.6428
Joint 2 50 241 -0.3714 -0.6700 0.6428

Enter the above values for joint dip and dip directions into RocSlope2. FS = 1.632 is computed which
suggests that the wedge is statically stable. This is an expected result because the values in Table 1.2.1
are chosen specifically to get i, = 30.0182 = 30. Remember that the plots in Figure 1.2.3 are based on 4
different inclination angles.

Now, suppose there is a seismic force acting on the wedge. Using Equation 1.2.7, the seismic coefficient
lowers the Factor of Safety to FS = 1. The inclination angle (i, = 30.0182°) and the friction angle (¢ = 35°)
are known. Solve for the wedge angle and the seismic coefficient (n).
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aeb
[lall < ||l

cosa =

w =

cosi,tan ¢ — sini, sinw

n

= c0s(30.0182) sin(47.93) + sin(30.0182) tan( 35)

" cos i, Sinw + sin i, tan ¢
_ €0s(:30.0182) tan(35) — sin(:30.0182) sin(47.93)

180 -«

= 47.9300

= (0.3714)2 — (0.6700)2 + (0.6428)2

= 0.2365

1.2.3. RocSlope2 Analysis

Enter n = 0.2365 into RocSlope?2 (Figure 1.2.4). Notice that the plunge (or i,) in Figure 1.2.5 is not
affected by changing the slope height, unit weight, or values for upper face and slope face. Such values
are not factors in the equations used, and they do not affect the plunge.
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Figure 1.2.4: Seismic Force Specified in RocSlopeZ2 Input
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Since the Factor of Safety has changed to FS = 1, the analysis functions for RocSlopeZ2 in DSA are
functioning correctly. To further verify this, see if the acceleration (derived from Equation 8) using the
seismic coefficient in RocSlopeZ2 is equal to the acceleration range of the graph in Figure 1.2.3. The
acceleration (if approximately traced using a pencil) is about 235 cm/s2. By using Equation 8, the
acceleration from the seismic coefficient (shown in Figure 1.2.4) is 232 cm/s?.

1.2.4. Results

In the previous section, RocSlope? is verified for the specific example discussed.

More tests were done, as shown in Figure 1.2.6. A number of RocSlopeZ2 results for each i, value was
plotted against the analytical solution. RocSlope2 results for i, = 27°, i, = 29°, i, = 30°, and i, = 31° are

shown as series T27, T29, T30, and T31, respectively.

Table 1.2.2: Model Geometry for Sample Wedge T27

Dip (°) Dip Direction (°) ¢ (°)
Slope 70 180
Upper Slope 0 180
Joint 1 46.4 119 35 |-0.3511 ] 0.6334 | 0.6896 | 78.5991 | 50.7004
Joint 2 46.4 241 35 |-0.3511 ] -0.6334 | 0.6896 | 78.5991 | 50.7004

Table 1.2.3: Model Geometry for Sample Wedge T29

Dip () Dip Direction (°) ¢ (°)

Slope 70 180
Upper Slope 0 180

Joint 1 48.8 119 35 | -0.3648 | 0.6581 | 0.6587 | 82.3067 | 48.8466
Joint 2 48.8 241 35 | -0.3648 | -0.6581 | 0.6587 | 82.3067 | 48.8466

Table 1.2.4: Model Geometry for Sample Wedge T30

Dip (°) ‘ Dip Direction (°) ¢ (°)

Slope 70 180
Upper Slope 0 180

Joint 1 50 119 35 | -0.3714 | 0.6700 | 0.6428 | 84.1338 | 47.9331
Joint 2 50 241 35 | -0.3714 | -0.6700 | 0.6428 | 84.1338 | 47.9331

Table 1.2.5: Model Geometry for Sample Wedge T31

Dip () Dip Direction (°) ¢ (°)

Slope 70 180
Upper Slope 0 180
Joint 1 511 119 35 -0.3773 | 0.6807 | 0.6280 | 85.7915 | 47.1042
Joint 2 51.1 241 35 -0.3773 | -0.6807 | 0.6280 | 85.7915 | 47.1042
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Figure 1.2.6: RocSlope2 Results Compared to Analytical Solution

w (°)
50.7004

Table 1.2.6: RocSlope2 Sample Data

iq (°)
26.981

n
0.2709

Acceleration (cm/s?)
265.7803491

T29

48.8466

28.977

0.2483

243.5786091

T30

47.9331

30.018

0.2365

232.0457605

T31

47.1042

30.999

0.2255

221.1887897
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1.3. RocSlope2 Wedge Geometry Verification Problem #3

[RocSlope2 Build 1.005]

1.3.1. Problem Description

This verification problem is based on the case study presented as Case 3 on page 43 of [1]. A rock mass
near Ankara Castle in Bent Deresi region of Ankara City had a wedge failure. Kumsar et al. [1] studied
this wedge and found that the wedge block was unstable.

During their analysis, they found that the friction angle was ¢ = 30°. A stability assessment of the block
was carried out under dry-static conditions, and the test yielded a Factor of Safety of FS = 0.73.
RocSlope? is verified to calculate approximately the same Factor of Safety.

Geometry
Table 1.3.1: Joint Dip and Dip Direction [1]
Plane Dip (°) Dip Direction (°)
Joint #1 45 195
Joint #2 70 105
Upper Slope 0 180
Slope 70 160

Table 1.3.2: Wedge Geometry [1]

Parameter Value

w; (%) 7
w; (%) 28
ig (°) 42
¢ () 30

1.3.2. RocSlope2 Analysis

The wedge geometry is summarized in Table 1.3.1 and Table 1.3.2. The dip and dip directions were
derived from a stereonet presented in [1]. The values from Table 1.3.1 were used in RocSlope2. Note that
the Upper Slope is assumed to be a horizontal plane.
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The RocSlope2 model looks like this:

- Home | Loading  Support  Results  Help
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[ save As
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@ Wedge Analysis v

Q Wedge Analysis FS: 0.712 B
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() - < |-
s 8
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z
17
X
Block ID: 1
[ Manage columns 7 Filter options ~ [£] Exportto CSV... v Wedge Analysis Results
[ Block ID Factor of Safety Wedge Volume (m3) Wedge Weight (kN) [ Driving Force (kN) Resisting Force (kN) Joint 1 Info Joint 2 Info ]
’ 1 0712 527.76 1372165 939646 6692.78 Joint 1 Joint 2 2
Ready MinFs: @ 0.712 ‘ Viewing: Wedge Block 1 | Data tips: Max v

Figure 1.3.1: RocSlope2 Results

1.3.3. Resuults

Looking at Figure 1.3.1, the Factor of Safety calculated by RocSlope2 is FS = 0.712. The Factor of Safety
calculated by RocSlope?2 agrees well with the experimental results (Table 1.3.3).

Table 1.3.3: RocSlope2 Analysis Results

RocSlope2 Kumsar et al. [1]

Factor of Safety 0.712 0.73
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1.4. RocSlope2 Wedge Geometry Verification Problem #4

[RocSlope2 Build 1.005]

1.4.1. Problem Description

This verification problem is based on the case study presented as Case 4 on page 45 of Kumsar et al. [1].
This verification, using data from Dinar in western Turkey, includes both a static and dynamic analysis.

Kumsar et al. [1] carried out a wedge analysis and determined the wedge friction angle was ¢ = 40.8°.
Under static conditions, the wedge Factor of Safety was found to be FS = 2.02; the dynamic assessment
yielded FS = 0.99.

In the following analysis using RocSlope2, it is verified that RocSlopeZ2 gives approximately the same
results as the experiment.

Geometry and Material Properties

Table 1.4.1: Joint Dip and Dip Direction [1]

Dip Dip Direction
(deg.) (deg.)
Joint #1 75 33.5
Joint #2 75 248
Upper Slope 0 180
Slope 75 337.5

Table 1.4.2: Wedge Geometry and Material Properties [1]

Parameter Value

w; (°) 17
w; (°) 25
iz (°) 50
o (°) 40.8

Seismic Properties

Looking at the acceleration data presented in Table 1.4.3, the maximum acceleration is in the east-west
direction. Assume that this acceleration is in the same direction as the intersection angle of the wedge
being considered, as this is dynamically the worst condition for stability. Based on this, the seismic
coefficient used in the RocSlope?2 analysis is:

a
n=-
g
(where g = 981 cm/s?)
= 4 = 0.3303
T=9g1~ "
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Table 1.4.3: Seismic Accelerations [1]

Parameter Value
B () 0
Q4. iN NS direction (cm/s?) 282
@max iN EW direction (cm/s?) 324

1.4.2. RocSlope2 Analysis

The wedge geometry, material properties, and accelerations are summarized in Table 1.4.1, Table 1.4.2,
and Table 1.4.3. The data from Table 1.4.1 (derived from a stereonet), and the friction angle from Table
1.4.2, is input into RocSlope?2 as is. Note that the Upper Slope is assumed to be a horizontal plane.

The RocSlope2 models are shown below:

- Home | Loading  Support  Results  Help
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[ save As & Planar
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X
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Figure 1.4.1: RocSlope2 Static Stability Analysis
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Figure 1.4.2: RocSlope2 Dynamic Stability Analysis

1.4.3. Results

For the static analysis, RocSlopeZ2 calculates FS = 2.02 (see Figure 1.4.1). With the seismic load, the
Factor of Safety drops to FS = 0.987, as shown in Figure 1.4.2. Since the Factors of Safety calculated by
RocSlope2 match the experimental results closely, RocSlope? is verified for Factor of Safety calculations

for dynamic stability assessments.

Table 1.4.4: RocSlope2 Analysis Results

Factor of Safety
Static

RocSlope2
2.02

Kumsar et al. [1]
2.02

Seismic n = 0.3303 EW

0.987

0.99
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1.5. RocSlope2 Wedge Geometry Verification Problem #5

[RocSlope2 Build 1.005]

1.5.1. Problem Description

This example is based on Case 5, presented on p.46 of [1]. In this verification problem, a wedge failure at
Mt. Mayuyama (Japan), is examined. This failure occurred in 1792 after an earthquake. Kumsar et al. [1]
carried out a number of tests to determine the possible wedge failure mechanisms, considering four
different conditions.

In this verification, four different cases are analyzed, using Joint 1 and Joint 2 geometry discussed in [1].

1.5.2. Analytical Solution and RocSlope2 Analysis
The wedge geometry is summarized in Table 1.5.1.

Table 1.5.1: Wedge Geometry

Parameter ‘ Value ‘
w; (°) 54
w, (°) 54
i () 23

The following equations, which were all verified from lab samples in [1], are the basis of Figure 1.5.2,
which illustrates the four different conditions.

Fo = {A[W (cosi, —nsin(iy + B)) + Ugsiniy + U, cosi,] — aUy}tan ¢ + c(4, + 4,) (1.5.1)
W (sini, +ncos(iy + B)] — Uscos iy + U, sini,
_ Ccosw; + COS W, (1.5.2)
~ sin(w; + w,)
Up = Ups + Upe = (¥s + v IW (1.5.3)
Uy, = Upq sinw, + Uy, sinw, (1.5.4)
Where:
A is the wedge factor from Kovari and Fritz [2]
iq is the inclination angle
B is the inclination angle of the dynamic force
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w,, w, are the half wedge angles
Us, U, are the water forces acting on the face and the upper part of the slope

A,, A, are the joint surface areas

U, is a force caused by fluid pressure with components normal to each joint
Vs is the static fluid pressure coefficient

Ye is the excess fluid pressure coefficient

w is the weight of the wedge

Both w, and w, are equal to 54° since w,; = w, = w, the half wedge angle. U, itself is the force, which
points vertically, hence the trigonometric system shown in Equation 1.5.4. All these components are
shown below in Figure 1.5.1.

n

A

Figure 1.5.1: Front and Side Cross-Sectional Views of a Wedge Without a Tension Crack
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Figure 1.5.2: Case Results for Wedge Failure at Mt. Mayuyama

Case 1:

(assumed ¢ = 35°)

A mass of dry rock with an earthquake is present. The seismic coefficient () is constantly increasing from
0.0 to 0.4 as shown in Figure 1.5.2. On p.49 [1] the following are given for Condition 1:

c=0U;=0,U;=0;Up,=0;,a=1,=0

Based on the parameters defined for Condition 1, and the equations defined above, the Factor of Safety

can be determined:

| Geotechnical tools, inspired by you.

A(cosi, —nsiniy)tan g

FS = — -
sini, +ncosi,
_2cos54 1
" sin(2-54)  sin54
g =23°
_ (tan 35)(cos 23 — 1 sin 23) (1.5.5)

"~ (sin54)(sin 23 + n cos 23)
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Equation 1.5.5 is used to plot the line in Figure 1.5.2 for Case 1. Notice in Figure 1.5.2 that when the
seismic coefficient is n = 0.325, the Factor of Safety is FS = 1. By inserting this seismic coefficient into an
RocSlope?2 analysis, FS = 1 at that point as well. The slope and joint inputs are found in Table 1.5.2 and
are the same for all the cases. The dip and dip direction values for the joints were determined from a
stereonet presented in [1].

Table 1.5.2: Slope and Joint Inputs

Slope Dip (°) 35

Slope Dip Direction (°) 91

Slope Height (m) 300
Upper Slope Dip (°) 0
Upper Slope Dip Direction (°) 91
Joint 1 Dip (°) 41

Joint 1 Dip Direction (°) 30
Joint 2 Dip (°) 41

Joint 2 Dip Direction (°) 150

The Factor of Safety without the earthquake load is FS = 1.958. Once the seismic coefficient is introduced
the Factor of Safety reduces to FS = 1.078 = 1. This verifies RocSlope2 results.

The RocSlope2 models are pictured below:
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Figure 1.5.3: RocSlope2 Results for Static Case

| Geotechnical tools, inspired by you. 29 rocscience.com



- Home  loading  Support  Results  Help

i oCcEBL BB RN B 0 & 8 & %550 0 004

Selection | 3D 2D
Vertically~ ~ Filter

& save As. @ Planar

Undo Fedo | Options Dark CopyTo | Report Project  Project Sensitiity Scale " Geometry Properties Orientations Properties | Add D cdit | Open Tile
B open v~ Mode Clipboard | Generator Summary  Settings Analysis Block 5 Analyses & Toppling
File Display Information Analysis Analysis Window Slope Joints Phreatic Surface Stereonet

@ Wedge Analysis

Wedge Analysis Fs: 1.078

Window

Views

Result details >>

Q
eﬁ!}) == Name Data ]
A ! Factor of Safety 1078
@ = Wedge Volume (m3) 3954837.93
& @
P Wedge Weight (MN) 98870.95
Wedge Height (m) 300
Area (Joint 1) (m2) 68404.64
Area (Joint 2) (m2) 69797.39
Area (Slope Face) (m2) 7905006
Area (Upper Face) (m2) 39548.38
Bench Width (m) 26167
Force (Joint 1) (MN) 55093.85
Force (Joint 2) (MN) 55093.85
Force (Basal) (MN) 0
z Stress (Joint 1) (MPa) 081
t Stress (loint 2) (MPa) 079
! Stress (Basal) (MPa) 0
Block ID: 1 Strength (Joint 1) (MPa) 056
[ Manage columns 7 Filter options 4] Exportto CSV... v Wedge Analysis Results
I Block ID. Factor of Safety Wedge Volume (m3) Wedge Weight (MN) Driving Force (MN) Resisting Force (MN) Joint 1 Info Joint 2 Info [ &
» 1 1.078 3954837.93 98870.95 71544.87 77154.25 Joint 1 Joint 2 a
Ready Minfs: & 1.078 | Viewing: Wedge Block 1 | Datatips: | Max v | 27553 2745,-19301
Figure 1.5.4: RocSlope2 Results for Case with Earthquake Load
Case 2:

In this case, the excess fluid pressure (y,) is changing as the domain in Figure 1.5.2 from 0.0 to 0.4. The
static fluid pressure is constant at y, = 0.4. The following are defined for Condition 2 [1]:

c=0U;=0U,=0Up=0a=1=0n=0

Static fluid pressure: Ups = YW
Excess fluid pressure: Upe = YW

_ (Acosiy — 04—y, ) tang

FS —
sini,

_2cos54 1
 sin(2-54) sin54

iy = 23°

_ (tan35)(cos23 — 0.4 —y,)
- (sin 23)(sin 54)

(1.5.6)
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Equation 1.5.6 is used to plot the line in Figure 1.5.2 for Case 2. Notice in Figure 1.5.2 that when the
excess fluid pressure coefficient is y, = 0.06, the Factor of Safety is FS = 1. By inserting this into a
RocSlope?2 analysis, FS = 1 there as well. The slope and joint inputs are found in Table 1.5.2 and are the
same for all the cases.

Add the water forces to the wedge in RocSlope2. The following is a derivation of how much pressure is
put on the surface of each joint (a few assumptions are made):

Uy = Uy, sinw, + Uy, sin w,
U, = P{A; sinw; + P,A; sin w,
(P is pressure (MN/m?2) and A is surface area of each joint)
The wedge weight and the two joint areas are provided in the Result Details:
Wedge Weight = 98870.95 MN
Area (Joint 1) = 68404.636 m?
Area (Joint 2) = 69797.393 m?

The following assumptions are made in determining the water pressure. These assumptions are
considered valid due to the similarity of the wedge areas, so the assumption will not have an
overwhelming effect on the results:

W =W, 2w

Based on the assumptions above and the wedge geometry, the water pressure to be applied in
RocSlope?2 is calculated:

T 2Asinw

Agverage = 69101 m?
W = 98870.95 MN
Given y, = 0.06, U, = (0.4 + 0.06)(98870.95) = 45480.64 MN

po 45480.64 0406 MN
T 2(69101)sin54 m?

Below, the Factor of Safety is FS = 1.
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The RocSlope2 model looks like this:
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Figure 1.5.5: RocSlope2 Analysis with Custom Water Pressure

Stereonet

Window

Result details >>

Name Data
Factor of Safety 0961
Wedge Volume (m3) 3954837.93
Wedge Weight (MN) 98870.95
Wedge Height (m) 300
Area (Joint 1) (m2) 68404.64
Area (Joint 2) (m2) 69797.39
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Force (Joint 1) (MN) 273222
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Joint 2 Info &
Joint 2 3

MinFs: @' 0.961 ‘viewmg, Wedge Block 1 |Data tips: Max v

Looking at Figure 1.5.5, RocSlope2 calculates FS = 0.961 = 1. RocSlopeZ2 is now verified for Case 2.

Case 3:

A mass of rock is present with an earthquake of increasing seismicity.

The seismic coefficient (n) is constantly increasing from 0.0 to 0.4 as described in Figure 1.5.2. The

following information is given for Condition 3 [1]:

c=00,=0,0,=0;a=1;

The fluid pressure was kept constant during the earthquake, at y, = 0.4. The equation for Factor of Safety

is developed below:

_ M[W(cosi, —nsini,) — U,]tan¢

FS

Uy, = (0.4 +y )W

Giveny, =0, U, = 0.4W

_ (cos 23 — nsin 23 — 0.4)(tan 35)

W(sini, + ncosiy)

(sin 23 + 1 cos 23)(sin 54)

(1.5.7)
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Equation 1.5.7 is used to plot the line in Figure 1.5.2 for Case 3. Notice in Figure 1.5.2 that when the
seismic coefficient is n = 0.05, the Factor of Safety is FS = 1. Remember that the equation used for this
plot is based on a constant fluid pressure. By applying this seismic coefficient, along with water pressure,

the FS = 1 in RocSlope?2 as well.

RocSlope?2 is utilized for an analysis of the constant water and seismic forces. The following is a
derivation of how much pressure is put on the surface of each joint. Note that the same assumption is

made in terms of wedge area as was

The RocSlope2 model looks like this:

made in Case 2.

U, = 0.4W

W =98870.95 MN

U, = 39548.38 MN

p=_
" 24sinw

MN
0.3537 —
m

B, [o = B oo © 'y
New Undo Dark Copy To Open 3D 20
Wopen v | ~ Mode Clipboard Analyses & Toppling
File Display Information Analysis Analysis Window Slope Joints Phreatic Surface Stereonet Window Views &
@ Wedge Analysis v
©13 Wedge Analysis FS: 0.968 Result details >>
& Define Joint Properties ? - a X r D Ll
y F Factor of Safety 0.968
[l Joint Property 1 Name: Joint Property 1 I Ny 22 Wedge Volume (m3) ~ 3954837.93
Wedge Weight (MN) 98870.95
Strength ~ Water Parameters
Wedge Height (m) 300
reaeint 1 m2)  Gadoacs
Apply groundwater Area (Joint 2) (m2) 69797.39
Joint pressure (MPa) 03537 Area (Slope Face) (m2)  79050.06
Area (Upper Face) (m2)  39548.38
+ o Y & | & OK Cancel Bench Width (m) 261.67
Force (Joint 1) (MN) 30899.66
k,i‘v Force (Joint 2) (MN) 30407.04
Block ID: 1 Force (Basal) (MN) 0
[} Manage columns  #7 Filter options  [£] Export to CSV. v Wedge Analysis Results
Block ID Factor of Safety Wedge Volume (m3) Wedge Weight (MN) Driving Force (MN) Resisting Force (MN) Joint 1 Info Joint 2 Info ‘r.:—
» 1 0.968 3954837.93 98870.95 44355.36 4292742 Joint 1 Joint 2 2
Define Joint Properties MinFs: ' 0.968 ‘ Viewing: Wedge Block 1 IDala tips: Max e ‘

Figure 1.5.6: RocSlope?2 Analysis with Custom Water Pressure and Seismic Force Defined
Looking at Figure 1.5.6, RocSlope2 calculates FS = 0.968 = 1. RocSlopeZ2 is now verified for Case 3.
Case 4:

A mass of rock is present with an earthquake. Both the seismic coefficient (n) and the excess fluid
pressure (y,) are constantly increasing (at the same time) from 0.0 to 0.4 as described in Figure 1.5.2.
The following are defined for Condition 4 [1]:
33 rocscience.com
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c=0U0,=0,U0,=0;aa=1
The Factor of Safety equation is developed below:

_ A[W(cosig —nsiniy) — Up] tan ¢

FS =
W(sini, + ncosiy)
Up = (0.4 +y)W
_ (cos23 —7nsin23 — 0.4 —y,) tan 35 (1.5.8)

(sin 54)(sin 23 + 1 cos 23)

Equation 1.5.8 is used to plot the line in Figure 1.5.2 for Case 4. Notice in Figure 1.5.2 that whenn =y, =
0.02, the Factor of Safety is FS = 1. Now verify this with RocSlope2.

Calculate the water pressure to be applied (the same assumptions regarding wedge area and water
pressure as in Case 2 and 3 are used):

Up = Ups + Upe = (0.4 + 0.02)W
W =98870.95 MN
= Uy, = 41525.799 MN
— Ub
2Asinw
41525.799

=T 2
P =910 sn5s - *-3414 MN/m

Enter the values for seismicity and pressure into RocSlope2 as shown in Figure 1.5.7 below. The
resulting Factor of Safety is FS = 1.066 = 1. This result verifies RocSlope2 for this example.
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The RocSlope2 model is pictured below:

- Home  Loading  Support  Results  Help
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New Undo Dark  Copy To

= z:dg y = E =0 QM4
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Q Wedge Analysis FS: 1.066 Result details >>
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& Define Joint Properties ? - o X A
1 F Factor of Safety 1.066
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| Wedge Height (m) 300
|
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Block ID Factor of Safety Wedge Volume (m3) Wedge Weight (MN) Driving Force (MN) Resisting Force (MN) Joint 1 Info Joint 2 Info 3
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Figure 1.5.7: RocSlope2 Analysis with Custom Water Pressure and Seismic Force Defined (Pressure and
Seismicity are Changing at the Same Rate)

The summary of results is below.
Table 1.5.3: RocSlope2 Analysis Results

Case RocSlope2
K ¥s Ye Factor of Safety
1 0.3225 0 0 1.078

0 0.4 0.06 0.961
0.05 0.4 0 0.968
0.02 0.4 0.02 1.066

BAlWIN
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Case 1
Case 2
Case 3
2 Case 4
—F5=1
Case 1(FS=1)
¢ C(Case2(FS=1)
E‘ 15 W Case3(FS=1)
= A Case4(FS=1)
v
6
S
8 1
[
(T8
0.5
0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Earthquake Loading Coefficient (Case 1, 3)
Excess Water Loading Coefficient (Case 2)
Earthquake & Excess Loading Coefficient (Case 4)

Figure 1.5.8: RocSlopeZ2 Results Compared to Analytical Solution

Note that slight discrepancies between theoretical and RocSlope2 computed results are due to
estimations of friction angle. Based on the stereonet [1], the friction angle is simply within the range of 35
and 40 degrees. By changing it to a friction angle of ¢ = 36°, better accuracy may be achieved.
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1.6. RocSlope2 Wedge Geometry Verification Problem #6

[RocSlope2 Build 1.005]

1.6.1. Problem Description

This problem was taken from Priest [3]. It is his first example on 3-D plane sliding of tetrahedral blocks,
and it demonstrates the double plane sliding mechanism. The fictitious example also includes an external
force on the block due to infrastructure. In this verification, the Factor of Safety for the block is
determined.

1.6.2. RocSlope2 Analysis

Wedge Geometry Verification Problem #6 models a non-overhanging rock slope with two planar
discontinuities (orientations given in Table 1.6.1).

Geometry and Material Properties

A water table exists in this example and is modeled by defining mean water pressure in each of the
discontinuities equal to 5 kPa (joint 1) and 15 kPa (joint 2). A wedge volume of 45.20 m3 is specified,
which is equivalent to a wedge height of 6.7978 m. There is no tension crack. The unit weight of rock is
26 kN/m3. The foundations of a pylon to be sited on the block will exert a force of 180 kN along a line of
trend/plunge 168/70.

Table 1.6.1: Slope and Joint Geometry

Plane Dip (°) Dip Direction (°)

Joint 1 47 203

Joint 2 52 287
Upper Slope (Bench) 5 225

Slope 60 230

Table 1.6.2: Material Properties

Cohesion Friction Angle
(MPa) (°)
1 0.01 40
2 0.02 35

Water Pressure

Table 1.6.3: Water Pressure

Joint Mean Water
Pressure (MPa)
1 0.005
2 0.015

Enter the values from Table 1.6.1, 1.6.2 and Table 1.6.3 into RocSlope2.
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The RocSlope2 model is pictured below:

(G save 43

= Save As
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File
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Block ID. [ Factor of Safety [ Wedge Volume (m3) Wedge Weight (MN) Driving Force (MN) Resisting Force (MN) Joint 1 Info Joint 2 Info []a
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Figure 1.6.1: RocSlope2 Results
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Figure 1.6.3: RocSlopeZ2 Stereonet
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1.6.3. Results
The RocSlope?2 analysis results are summarized in this section.
RocSlope2 Analysis Results:
Factor of Safety=1.497
Volume: 45.20 m3
Weight: 1.18 MN
Area (joint1): 41.15 m2
Area (joint2): 20.43 m2
Area (slope face): 38.96 m2
Area (upper face): 21.24 m2
Normal Force (joint1): 0.41 MN
Normal Force (joint2): 0.25 MN
Normal Stress (joint1): 0.01 MPa
Normal Stress (joint2): 0.01 MPa
Shear Strength (joint1): 0.02 MPa
Shear Strength (joint2): 0.03 MPa
Driving Force: 0.89 MN
Resisting Force: 1.34 MN
Mode: Sliding on Joints 1&2

Priest’s Factor of Safety is FS = 1.5, which verifies that the results obtained from RocSlopeZ2 are correct.
The failure mode also agrees with Priest’s double plane sliding mechanism.
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1.7. RocSlope2 Wedge Geometry Verification Problem #7

[RocSlope2 Build 1.005]

1.7.1. Problem Description

This problem was taken from Priest [3]. It is his second example on 3-D plane sliding of tetrahedral
blocks, and it demonstrates the single plane sliding mechanism, due to geometry and increased water
pressure in one of the joint sets. In this verification, the Factor of Safety for the block is determined.

1.7.2. RocSlope2 Analysis

Verification Problem #7 analyzes a non-overhanging planar rock slope with two joint sets, or
discontinuities (Table 1.7.1). A water table exists in this example and is modeled by defining mean water
pressure in each of the discontinuities equal to 25 kPa (joint 1) and 15 kPa (joint 2). A wedge volume of
81.74 m3 is specified, which is equivalent to a wedge height of 6.8471 m. There is no tension crack in this
problem. The unit weight of rock is 25 kN/m3.

Geometry and Material Properties

Table 1.7.1: Plane Orientation

Plane Dip (°) Dip direction (°)

Joint 1 74 65

Joint 2 41 186
Upper Slope (Bench) 11 122

Slope 65 134

Table 1.7.2: Material Properties

Cohesion Friction Angle
(MPa) (deg.)
1 0.015 32
2 0.005 40

Water Pressure

Table 1.7.3: Water Pressure

Joint Mean Water
Pressure (MPa)
1 0.025
2 0.015

Enter the values from Table 1.7.1, Table 1.7.2 and Table 1.7.3 into RocSlope?2.

The RocSlope2 model is pictured below:
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1.7.3. Results
The RocSlope?2 analysis results are summarized in this section.
RocSlope2 Analysis Results:
Factor of Safety=0.849
Volume: 81.74 m3
Weight: 2.04 MN
Area (joint1): 34.39 m2
Area (joint2): 56.61 m2
Area (slope face): 30.01 m2
Area (upper face): 40.26 m2
Normal Force (joint1): 0.000 MN
Normal Force (joint2): 0.79 MN
Normal Stress (joint1): 0.00 MPa
Normal Stress (joint2): 0.01 MPa
Shear Strength (joint1): 0.00 MPa
Shear Strength (joint2): 0.02 MPa
Driving Force: 1.12 MN
Resisting Force: 0.95 MN
Mode: Sliding on Joint2

Priest states that the Factor of Safety for this example is “approximately” = 0.9. The actual value is FS =
0.864, if the force values which he has calculated into the specified Factor of Safety equation (Equation
8.15in [3]) are entered. This compares well with the RocSlope2 calculated FS = 0.85. The small
difference in Factor of Safeties can be attributed to the fact that Priest used a graphical method of
decomposing forces on the stereonet, rather than an exact algebraic method, for this example. Therefore,
RocSlopeZ2’s results have been verified with Priest’s results; the failure modes are also in agreement.
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2. RocSlope2 Planar Geometry Verification

The planar analysis examples presented here are taken from articles, technical notes and papers written
in the field of Geotechnical Engineering. The results produced by RocSlope2, as documented in this
section, are consistent with the examples from these sources, and confirm the reliability of results
produced by RocSlope?2.

The results produced by RocSlope2 agree with the documented examples and confirm the reliability of
RocSlope?2 results.
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2.1. RocSlope2 Planar Geometry Verification Problem #1

[RocSlope2 Build 1.005]

2.1.1. 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:

—_—

JCS (joint-wall compressive strength); and,

N

e A power curve model that is fitted to three data points;

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

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

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

Shear Model Equations

JRC Model: 7 =0, x tan [JRC xlog;o (22) + ]
Power Curve Model: 7= 0.017 + 1.3400, 0836

Linear 2: T =0.938 + 0.7830,

Linear 3: T =2.978 + 0.6240,

Geometry and Properties

Table 2.1.1: Slope and Plane Geometry

Parameter Value

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

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

Table 2.1.2: Material Shear Strength Properties

Parameter Value

Unit Weight of Slope 2.7 t/m3
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.
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2.1.2. RocSlope2 Analysis
Enter the RocSlope2 geometry and shear strength parameters from Table 2.1.1 and Table 2.1.2.

The RocSlope2 model looks like this:
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Figure 2.1.1: RocPlane Model

2.1.3. Results

In this example, a total of 96 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 2.1.3, and the results
produced by RocSlope?2 are listed in Table 2.1.4.

Table 2.1.3: Safety Factor Values Computed by M. Miller [5] for Plane-Shear Failure

Failure Safety Factor Values
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Case A: 30 1.27
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The left column shows data with failure plane dip of 35° and the right column shows data with failure

plane dip of 50°.

Table 2.1.4: Factor of Safety Computed by RocSlopeZ2 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 4.134 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 2470 2.127 1.395
3 2.031 1.375 2.144 1.943 3.545 | 4.253 2.306 1.519
30 1.714 1.124 1.713 1.075 1.649 1.186 2.711 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 4.395 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 2.1.2. A similar graph generated with Microsoft Excel with factor of

safety data generated by RocSlopeZ2 is shown in Figure 2.1.3.

Flane=5hear Dip = 50 deq.
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Calculated F.5.
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Ht of Polentiol Failure {m)

Figure 2.1.2: Sensitivity Plot of FS vs. Slope Height by Miller

(1 — Power Curve Model, 2 — Linear 2, 3 — Linear 3, 4 — JRC)

u::l (%] hr:
24 27 30

| Geotechnical tools, inspired by you. 47

rocscience.com



Factor of Safety for Failure Plane Dip - 50°

3.5 A1

Power Curve

Linear 2

Linear 3

& —IRC
1.5 -

0.5 A

Factor of Safety

0 T T T T T

0 5 10 15 20 25 30
Slope Height (m)

Figure 2.1.3: Sensitivity Plot of FS vs. Slope Height by RocSlope2

By comparison of the data in Table 2.1.3 with Table 2.1.4 and Figure 2.1.2 with Figure 2.1.3, the results
are either the same or within a difference of 1.5%. Therefore, RocSlope?2 verifies the results provided by
Miller [5].
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2.2. RocSlope2 Planar Geometry Verification Problem #2
[RocSlope2 Build 1.005]

2.2.1. 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. RocSlope2 must do the analysis in imperial units in order to use the
parameters quoted by the authors.

This verification problem analyzes a simple slope, which slope and failure plane geometries are provided
in Table 2.2.1, using three different joint shear strength properties (Table 2.2.2). There is no tension crack
present, and the failure surface is dry. The upper slope is horizontal. The planar block geometry is also
given in Figure 2.2.1.

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

Table 2.2.1: Slope and Failure Plane Geometry

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

Slope Height
95.000 ft

Slope Angle 85.0
ure Flane Angle 45.0 °

Figure 2.2.1: Geometry of Slope

Table 2.2.2: Joint Properties

Cohesion Friction Angle Unit Weight of Slope
c’ (t/ft?) ¢’ (deg.) y (tIft3)
1 0 20 0.18192
2 1.1025 20 0.18192
3 2.2051 35 0.18192
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2.2.2. RocSlope2 Analysis

Enter the values from Table 2.2.1 and Table 2.2.2 into RocSlope2.

The RocSlope2 models are pictured below:

Case 1.

- Home | loading  Support  Results  Help

] save 43 !m E S o7 ®] @ Wedge 9. S\\ Y (5] options =1
[ save As = EJ xx M "" P @ Planar 2 ’” = o = E
- Undo Options Dark CopyTo | Report  Project = Project Sensitivity Scale All Geometry Properties Orientations Properties ~ Add Open Tile  Selection = 3D 2D
[ open v - Mode Clipboard | Generator Summary = Settings Analysis Block Analyses & Toppling Vertically~ _ Filter
File Display. Information Analysis Analysis Window Slope Joints Phreatic Surface Stereonet Window Views D
‘ Planar Analysis v
Q Planar Analysis FS: 0.364 Result details >>
% Name Data
- Factor of Safety 0.364 |
O —
o™ Wedge Volume (ft3) 411770.74
"R
29 Wedge Weight (tons) 7490933
Wedge Height (ft) 95
Slope Height (ft) 95
Area (Slope Face) (ft2)  9536.29
Area (Upper Face) (ft2)  8668.86
Unit Weight (tons/ft3)  0.18
Slope Angle (°) 85
Z
, Failure Plane Angle (%) 45
X Upper Face Angle ) 0
Block ID: 1 Tension Crack Angle (°) 0
[l Manage columns 7 Filter options ~ [£] Exportto CSV... v Planar Analysis Results
Block ID Factor of Safety Wedge Volume (ft3) Wedge Height (ft) Driving Force (tons) [ Resisting Force (tons) Joint Info ~§
> 1 0.364 41177074 95 52968.9 19279.1 Joint 1 E
Ready MinFs: § 0.364 | Viewing: Planar Block 1 | Data tips: Max =
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Case 2:
- Home Loading Support Results. Help

e S EHBE BB RKE BT 08 & $ 530 0 Fea
([ save As E—I x X 4 & Planar Al Fr =0 =5
New ndo Redo  Options Dark CopyTo = Report  Project  Project Sensitivity Scale Geometry Properties Orientations Properties Add D Edit | Open Tile  Selecion 3D 2D
[ open v Mode Clipboard = Generator Summary Settings Analysis Block Analyses & Toppling Vertically~ ~ Filter
File Display Information Analysis Analysis Window Slope Joints Phreatic Surface Stereonet Window Views 2
‘ Planar Analysis v
Q Planar Analysis FS: 0.644 Result details >>
e%e Name Data
Factor of Safety 0.644
«
@ Wedge Volume (ft3) 41177074
3@
pogpes Wedge Weight (tons) 74909.33
Wedge Height (ft) 95
Slope Height (ft 95
Area (Slope Face) (ft2) 9536.29
Area (Upper Face) (ft2) 8668.86
Unit Weight (tons/ft3) 018
Slope Angle (°) 85
Failure Plane Angle (* 45
Upper Face Angle (°) 0
Block ID: 1 Tension Crack Angle (°) 0
[l Manage columns  #7 Filter options  [£] Exportto CSV.. v Planar Analysis Results
Block ID [ Factor of Safety Wedge Volume (ft3) Wedge Height (ft) Driving Force (tons) Resisting Force (tons) Joint Info. [la
» 1 0.644 411770.74 95 52968.9 34091.22 Joint 1 3
Ready Min fs: @ 04644|V\ewing. Planar Block 1 | Datatips:  Max v
- Home | Loading  Support  Results  Help
- DCEBQ BB RN Hi 8 8 8 & 5550 [0 08
Csave s * Pl B g ’ s B
ew Undo FRedo | Options Dark CopyTo = Report  Project = Project Sensitivity Scale Al " Geometry Properties Orientations Properties Add D ¢ Open Tile  Selecion = 3D 2D
B open v~ Mode Clipboard | Generator Summary  Settings Analysis Block Analyses & Toppling Vertically~  Filter
File Display Information Analysis Analysis Window Slope Joints Phreatic Surface Stereonet Window Views A
‘ Planar Analysis M
Q Planar Analysis FS: 1.26 Result details >>
SE Name Data
4 J Factor of Safety 126
O S=2==2
Wedge Volume (ft3) 411770.74
) )
e Wedge Weight (tons) 7490933
Wedge Height (ft) 95
Slope Height (ft) 95
Area (Slope Face) (ft2) 9536.29
Area (Upper Face) (ft2) 8668.86
Unit Weight (tons/ft3) 0.18
Slope Angle (°) 85
Failure Plane Angle (%) 45
Upper Face Angle (%) 0
Block ID: 1 Tension Crack Angle (*) 0
[} Manage columns 7 Filter options Exportto CSV.. v Planar Analysis Results
Block ID Factor of Safety Wedge Volume (ft3) Wedge Height (f) Driving Force (tons) Resisting Force (tons) Joint Info [la
L 1 1.26 411770.74 95 52968.9 66714.8 Joint 1 3
Ready MinFs: § I.ZSlVlewmg' Planar Block 1 | Datatips: ~ Max v
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2.2.3. Results
Table 2.2.3: Factor of Safety Comparison

Case RocSlope2 Watts and West
Factor of Safety Factor of Safety
1 0.364 0.364
2 0.644 0.644
3 1.260 1.260
Dist. to Crest 8.3ft Bench Width 86.7ft »

A |Slope Angle 85.0°

Result details >>

Name Data
Factor of Safety 1.26
Wedge Volume (ft3) 411770.74

Wedge Weight (tons)  74909.33
Wedge Height (ft) 95

Slope Height (ft) 95

Area (Slope Face) (ft2)  9536.29

Area (Upper Face) (ft2)  8668.86

" Unit Weight (tons/ft3)  0.18
Slope Height 95.0ft|95.0ft

Slope Angle (%) 85
Failure Plane Angle (°) 45
Upper Face Angle (°) 0
Tension Crack Angle () 0
sliding Direction (Trend, 185
Sliding Direction (Plung: = 45
Waviness (°) 0
Bench Width (ft) 86.69
Failure Plane Length (ft) 167.48
Slope Length (ft) 95

Tension Crack Length (ft 0

Normal Force (tons) 52968.9

Failure PIan!AngIe 45.0

S| Normal Stress (tons/ft2) 3.94

Figure 2.2.5: RocSlopeZ2 Planar Block Analysis (Case 3)

GENERAL SLOPE GEOMETRY

Height = 95 ANGLES: Slope = 85 , Upper Slope = 0 , Fail.Sfc. = 45
Cohesion = 2000 Friction = 35 Unit Wt. Rk. = 163 Wtr. = 62.4
Horizontal Accl. = O Rockbolt Tension = 0O Inclination = O
Weight of Block = 679422 CONTACT AREA = 134.35

TENSION CRACK (None)
Horizontal Distance, Crest to Failure Surface = 86.6886
Failure Surface is #* DRY %,

FACTOR OF SAFETY = 1.260

Figure 28. Sample printout from the safety factor program for plane failure analyses.

Figure 2.2.6: Case 3 Using the Author’s Electronic Filed Notebook System

The factor of safety values computed by RocSlope2 match those provided by Watts and West in all three
cases. Therefore, RocSlope?2 verifies this example.
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3. RocSlope2 Block Toppling Verification

RocSlope?2 block toppling analyses are verified against published examples and against results produced
by RocTopple, RS2 and UDEC.

The results produced by RocSlope2 are consistent with the documented examples and confirm the
reliability of RocSlope?2 results.
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3.1. RocSlope2 Block Toppling Verification Problem #1

[RocSlope2 Build 1.005]

3.1.1. Problem Description
This verification looks at Example 1 in the paper:

Goodman, R. E., & Bray, J. W. (1976). Toppling of Rock Slopes. Rock Engineering for
Foundations and Slopes (pp. 201 - 234). New York: American Society of Civil Engineers.

Four analyses of block toppling were performed in RocSlope2 and verified using RocTopple, RS2 and
UDEC. The analyses comprised of computing the factor of safety for examples 1a and 1b and the same
examples with higher friction (page 222 of the paper), named examples 1c and 1d here. All examples
include a stabilizing force on the toe of the slope. In the case of examples 1a and 1b, this force
establishes limit equilibrium (FS = 1) as computed by the Goodman and Bray method.

Geometry and Material Properties

Table 3.1.1: Material Properties

Force on Toe Block

Analysis

(kN)
Example 1a 38.15 50 25.0
Example 1b 33.02 201300 25.0
Example 1c 38.66 50 25.0
Example 1d 38.66 201300 25.0

Figure 3.1.1: Geometry with 16 Blocks (Goodman and Bray, 1976)
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3.1.2. RocSlope2 Analysis

- Home Loading Support Results. Help
‘
S e

Pressure Seismic Point Point of Force
Application

Define Loads

@ Toppling Analysis v

Q Toppling Analysis FS: 1
g ==
e =
(o =
5]
B9
z
Lrv
Block ID: 1
ff] Manage columns  ®7 Filter options  [£] Exportto CSV.. v Toppling Analysis Results Toppling block details... Legend >>
| Block ID Factor of Safety Joint Info | All ¥
v 1 1 Joint 1 — -
Toppling
[ stable
[ Toppling
[sliding
Ready Min Fs: & ||Viewing. Toppling Block 1 |Da(a tips: Max v ‘

Figure 3.1.2: RocSlope2 Model using Goodman and Bray Input Geometry (16 Blocks)

3.1.3. RocTopple Analysis

Factor of Safety: 1

[ stabie
[ Toppling
[ stiding

Upper Slope Angle 4 *

Slope Angle 56.6 *

Block Base Angle 30 *

Slope Height 92.5 m

Overall Base Inclination 35.8 *

0.5 kN/m y

Figure 3.1.3: RocTopple Model using Goodman and Bray Input Geometry (16 Blocks)
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3.1.4. Building a Compatible RS2 Model

A

Joint Name |Color | S Criterion Tensile Strength | Peak Cohesion |Peak Friction | Normal Stiffness | Shear Stiffness
? (MPa) (MPa) Angle (deg) (MPa/m) (MPa/m)
Joints | [ [Mehr_Coulomb 0 0 38.15 100000 10000
o =]
a a o =] a o
PR p g L e ®@ ;
g a s
=] e}
o =
b =
[ o %
7 o ;
o @ e}
g =
o o o
i o ]
= @ ::
B b} S
o e}
b= =
3 =
o =] *
Ry -
o o o
o8 :
" 0.0005 MNIM sl >
= -
= -
= =
= =
= =
= =
Unsaturated
. .| Initial Unit . . Young's . Pealk F.‘ea.k Peak Shear Air .. |Static
Material | Material . Elastic | Poisson's - ... _[Material | Tensile | Friction . Material Ru
Name | Color Element | Weight T Ratio Modulus |Failure Criterion T Streneth| Angle Cohesion | Strength |Entry Behaviour [Water \alue
Loading [MN/m3)| 'TPC (MPa) P et e (MPa) Angle  |Value Mode
(MPa) |(degrees)
degrees!
Field
Material stress
1 |:| and 0.025 |sotropic| 0.3 20000 Mohr-Coulomb| Elastic 0 38.15 0 0 0 DCrained Ru 0
Body
Force

Figure 3.1.4: RS2 Model of Example 1a (Geometry Exported from RocTopple)

Critical SRF: 1.001

0.0005 MM/im

Figure 3.1.5: RS2 Results of Example 1a at Critical SRF (Total Displacement Contours)
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3.1.5. UDEC Analysis

—

Figure 3.1.6: Deformation in UDEC

| Geotechnical tools, inspired by you.

3.1.6. Results
Table 3.1.2: Factors of Safety

Goodman

RocSlope2 RocTopple RS2 UDEC and Bray
Example 1a 1.00 1.00 1.00 0.99 1.0
Example 1b 1.00 1.00 0.98 1.00 1.0
Example 1c 1.02 1.02 1.01 1.00 1.02
Example 1d 1.23 1.23 1.21 1.24 1.23
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3.2. RocSlope2 Block Toppling Verification Problem #2

[RocSlope2 Build 1.005]

3.2.1. Problem Description
This verification looks at Example 2 in the paper:

Goodman, R. E., & Bray, J. W. (1976). Toppling of Rock Slopes. Rock Engineering for
Foundations and Slopes (pp. 201 - 234). New York: American Society of Civil Engineers.

RocSlope2 was used to analyze a slope with geometry given in the article. The slope is subject to block
toppling. The analysis comprised of computing the factor of safety in RocSlope2 and verifying it using
RocTopple. Then the RocTopple geometry was exported to RS2 to find an equivalent shear strength
reduction factor. RocSlope?2 results were also verified using rigid blocks in UDEC.

Geometry and Material Properties

Note that the geometry in RocSlope2 has been modified. As a result, the model has different block
heights than those calculated in the original publication. The key difference is that block 1 now stands
alone (height does not exceed step) with a total of 14 blocks, and the failure of the slope depends on the
equilibrium of block 2. We also performed analyses with only 13 blocks to observe the differences
although the first block was still separate from the rest of the blocks. The 13 blocks RocSlope2 model can
be created by modifying the Joint Spacing to 10.4m.

Table 3.2.1: Material Properties

r

; Y
Analysis (deg.) (kN/m?)

Example 2 21.455 25.0

Figure 3.2.1: Goodman and Bray Example 2 Geometry (13 Blocks)
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3.2.2. RocSlope2 Analysis

R_72 v v 8] Opti =
= [ B [aal B K FH i 3 B 8§ = :| @ = [T Y |
[ Save As = < % = & Planar 4 . ’ el s i
New Options Dark CopyTo = Report  Project  Project Sensitivity Sc All Geometry Properties Orientations Properties = Add Delet Open Tile  Selection = 3D
[ open v Mode Clipboard | Generator Summary = Settings Analysis Analyses & Toppling Vertically~ ~ Filter
File Display Information Analysis Analysis Window Slope Joints Phreatic Surface Stereonet Window Views

@ Toppling Analysis

CE e

Toppling Analysis FS: 0.785

B8
[ RS]
Z
&
Block ID: 1
[Tl Manage columns  ®7 Filteroptions  [£] ExporttoCSV... v Toppling Analysis Results Toppling block details. Legend >>
[T Block ID Factor of Safety T Joint Info [ A
» 1 0.785 Joint 1 .
Toppling
[ stable
[ Toppling
[sliding
Ready MinFs: & 0.785 ‘ Viewing: Toppling Block 1 |Data tips: Max v ‘
Figure 3.2.2: RocSlope2 Geometry (14 Blocks, Separate First Block)
3.2.3. RocTopple Analysis
Factor of Safety: 0.785
[ stabie
B Toppiing
1 stiding
Slope Angle 60 ° \
Block Base Angle 20 °
Slope Height 1056 m
Overall Base Inclination 45 ©
Figure 3.2.3: RocTopple Geometry (14 Blocks, Separate First Block)
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3.2.4. Building a Compatible RS2 Model

Tensile

Apply Peak
- - N 1 | Sh .. P fi . Peak . . I
Joint | loint SR Prma Iear Initial ressure tom Additional SEEET - Friction | Residual Apply
Slip Critirion  |Stiffness |Stiffness . ‘Groundwater (MPa Cohesion Stage
flame |Color Deformation . Pressure . Angle (Strength
(MPa/m) (MPafm) Analysis . . | <tension | (MPa) Factors
nside Joint | (degrees)
itive>)
Joint D Mohr-Coulomb| 1e+06 | 100000 No Mo Mot 0 0 21455 Mo Mo
N Included
o
e %& o
i)
& o]
a i o
o &
& @
. o
5 fi}
3 %
N
o
o
2
G
L= % o
e
@
ot
L=}
a o
Unsaturated
. .| Initial Unit . . Young's . Pealk l?eék Peak Shear Air . Litatic
Material | Material . Elastic |Poisson's . ... _|Material | Tensile | Friction . Material Ru
Name | Color Element | Weight T Ratio Modulus [Failure Criterion T Strength| Angle Cohesion | Strength | Entry Behaviour ater \alue
Loading [MM/m3)| ' TPC (MPa) = wiPa) |(a fml (MPa) Angle  |Value Mode
= {degrees)
Material Body
1 l:‘ Force 0.025 [sotropic| o le+10 Mohr-Coulomb| Elastic o 35 10.5 0 o Drained Ru ]
Only
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Figure 3.2.4: RS2 Geometry and Properties (14 Blocks)

Critical SRF: 0.75

Figure 3.2.5: RS2 Total Displacement Contours and Deformed Shape
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3.2.5. UDEC Analysis

Figure 3.2.6: Deformation in UDEC

3.2.6. Results
Table 3.2.2: Factors of Safety
Goodman
RocSlope2 RocTopple RS2 ‘ UDEC and Bray
14 Blocks 0.79 0.79 0.75 0.69 N/A
13 Blocks 0.99 0.99 0.74 N/A 1.0
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3.3. RocSlope2 Block Toppling Verification Problem #3

[RocSlope2 Build 1.005]

3.3.1. Problem Description
This verification looks at the block toppling example from:

Alejano, L. R., & Alonso, E. (2005). Application of the 'Shear and Tensile Strength Reduction
Technique' to Obtain Factors of Safety of Toppling and Footwall Rock slopes. Eurock: Impact of
Human Activity on the Geological Environment.

A block toppling model was constructed and analyzed in RocSlope?2 using geometric data given in the
article. The model was then verified in RocTopple and exported to RS2, in which shear strength reduction
analysis was used to verify factor of safety results. Results were also verified using rigid block UDEC
analysis.

Note that the article does not specify a width for the blocks. Block width of 1.75m was used in the
RocSlope2 model to achieve the eleven blocks as seen in the article.

Geometry and Material Properties

Table 3.3.1: Geometry and Material Properties

Overall Base

(m) (deg) (deg) 'nC(';r;agt)ion

9.85 58.65 64 30 31 25.0

Slope Height Slope Angle Joint Angle

H=9.85m

Figure 3.3.1: Goodman & Bray Geometry (Alejano & Alonso, 2005)
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3.3.2. RocSlope2 Analysis
- Home Loading Support Results. Help

2] save m ST [B8] @ wedge vy v ions e
D HE W BB G K e P B 8 ©C EFZ0"" 0 & @M
New Undo Redo | Options Dark CopyTo | Report  Project  Project Sensitivity Geometry Properties Orientations Properties ~ Add Delet | Open Tile  Selection | 3D 2D
B open v v Mode Clipboard | Generator Summary  Settings Analysis &/ock Analyses & Toppling Vertically~  Filter
File Display Information Analysis Analysis Window Slope Joints Phreatic Surface Stereonet Window Views &
@ Toppling Analysis v
Q Toppling Analysis FS: 0.912
& . &
) $ 2
ISE2)
[N
g
Y
X
Block ID: 1
[l Manage columns 7 Filter options  [£] ExporttoCSV... v Toppling Analysis Results Toppling block details... Legend >>
| Block ID Factor of Safety | Joint Info | Al v
> 1 0912 Joint 1 '
Toppling
[ stable
[ Toppling
[ sliding
Ready MinFs: & 0.9|Z|Vi=wing.ToppIing Block 1 | Data tips: Max. v ‘
Figure 3.3.2: RocSlope2 Geometry
3.3.3. RocTopple Analysis
Factor of Safety: 0.912
[ stable
- Toppling
l:l Sliding
Slope Angle 58.65°
Slope Height 9.85 m Block Base Angle 26 °
Overall Base Inclination 30 ®
Figure 3.3.3: RocTopple Geometry
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3.3.4. Building a Compatible RS2 Model

Apply Tensile Peak
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Joint1 | [T fhr-Coulor| 1e+06 | 100000 Yes No Included 0 0 31 No No
5] e & e i &
it o o o o o o
(=
o
o &
2
{u}
p 2]
L=
o
. o
2
(u}
P 2]
Gy
i
- &
o
Unsaturated
. . Initial Unit . . Young's . Pealk F.'EE.k Peak Shear Air .
Material | Material - Elastic | Poisson's - .. |Material | Tensile | Friction - Material
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Figure 3.3.4: RS2 Geometry and Properties

Critical S5EF:

.86

Figure 3.3.5: RS2 Displacement Contours
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3.3.5. UDEC Analysis

N

- \\ \_\ \/
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Figure 3.3.6: Deformation in UDEC

3.3.6. Results
Table 3.3.2: Factors of Safety

Alejano and
Alonso
0.91 0.91 0.86 0.88 0.76

RocSlope2 RocTopple
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3.4. RocSlope2 Block Toppling Verification Problem #4

[RocSlope2 Build 1.005]

3.4.1. Problem Description
This verification problem examines the case of block toppling in a steep slope.

A block toppling model was constructed and analyzed in RocSlopeZ2 using geometric data given in the
Table 3.4.1. The model was then verified in RocTopple and exported to RS2, in which shear strength
reduction analysis was used to verify factor of safety results. Results were also verified using rigid block
UDEC analysis. Both RS2 and UDEC programs also predict that blocks are toppling from the 7t block
from the top all the way to the toe block. These programs also generated comparable factors of safety.

Note that block width (joint spacing) of 6.0m was used in the RocSlope2 model.
Geometry and Material Properties

Table 3.4.1: Geometry and Material Properties

Overall Base

(m) (deg) ) |nc(|:ir;agt)ion

92.5 80 80 45 38.15 25.0

Slope Height Slope Angle Joint Angle

3.4.2. RocSlope2 Analysis

e Lo
D ] save m @ D $< [8]8] @ Wedge @ P‘ N /\‘ 53 @ (8] options m ‘ ﬂ
(& save As o = x =] @ planar ’ > ’ o
lew ions Dark CopyTo = Report  Project | Project Sensitivity All Geometry Properties Orientations Properties = Add Open Ti Selection | 3D | 2D
en

ile
ode Clipboard | Generator Summary | Settings Analysis Analyses & Toppling Vertically~ ~ Filter

isplay Information Analysis Analysis Window Slope Joints Phreatic Surface Stereonet Window Views

Q Toppling Analysis FS: 0.586

z

1

Block ID: 1
[ Manage columns ®2 Filter options [£] ExporttoCsV.. v Toppling Analysis Results Toppling block details... Legend >>
Block ID Factor of Safety Joint Info B Al v

» 1 0586 Joint 1 5
Toppling
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[ Toppling
[ sliding

Ready Min FS: & 0.586 ‘ Viewing: Toppling Block 1 ‘Dala tips: Max v

Figure 3.4.1: RocSlope2 Geometry and Block Failure Modes
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3.4.3. RocTopple Analysis

Factor of Safety: 0.586

[ stable

T voppling
1 siding

m Basein Tension

I

Slope Angle 80 °

Slope Height 9256 m

ock Base Angle 10 *

Owerall Base Inclination 45 ©

1
Figure 3.4.2: RocTopple Geometry and Block Failure Modes

3.4.4. Building a Compatible RS2 Model
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Figure 3.4.3: RS2 Geometry and Properties
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Critical 5RF: 0.55

Figure 3.4.4: RS2 Displacement Contours

3.4.5. Results
Table 3.4.2: Factors of Safety

RocSlope2 RocTopple RS2 UDEC
0.59 0.59 0.55 0.59
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3.5. RocSlope2 Block Toppling Verification Problem #5

[RocSlope2 Build 1.005]

3.5.1. Problem Description

This verification problem examines the case of sliding blocks on a slope.

A block toppling model was constructed and analyzed in RocSlopeZ2 using geometric data given in the
Table 3.5.1. The model was then verified in RocTopple and exported to RS2, in which shear strength
reduction analysis was used to verify factor of safety results. Results were also verified using RocPlane,
which uses the limit equilibrium method to predict the factor of safety for 2D planar failures. The analysis
in RocPlane used a failure plane angle of 20°. Both RS2 and RocPlane programs also generated

comparable factors of safety.

Note that block width (joint spacing) of 20.0m was used in the RocSlope2 model.

Geometry and Material Properties

Table 3.5.1: Geometry and Material Properties

Overall Base

Slope Height Slope Angle Joint Angle s %
(m) (deg) (deg) Inclination (kN/m?)
(deg)
92.5 35 70 26 30 25.0
3.5.2. RocSlope2 Analysis
RocSlope?2 predicts that blocks are sliding critical at the point of failure.
- Home  Loading  Support  Results  Help
D~ oc/EM@ @ B RN B 8 & & © (&40 10 @@
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MinFs: & 1.586 ‘ Viewing: Toppling Block 1 ‘ Data tips:
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Figure 3.5.1: RocSlope2 Geometry and Block Failure Modes
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3.5.3. RocTopple Analysis

Factor of Safety: 1.586

- Stable
- Toppling
[ sliding

Slope Angle 35 °

—_

Block Base Angle 20 °

Slope Height 92.5m

Overall Base Inclination 26 °

Figure 3.5.2: RocTopple Geometry and Block Failure Modes

3.5.4. Building a Compatible RS2 Model

Apply Peak
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Analysi: . N B lFactors
(MPa/m) |MPa/m) lysis bnside Jint (MPa) (d )
Joint | [] Mohr-Coulomb| 100000 | 10000 Yes No Mot 0 30 No | Mo
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Load h
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Figure 3.5.3: RS2 Geometry and Properties
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Critical 5RF: 1.358
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Figure 3.5.4: RS2 Displacement Contours

3.5.5. Results
Table 3.5.2: Factors of Safety

RocSlope2 RocTopple RocPlane

1.59 1.59 1.58 1.59
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3.6. RocSlope2 Block Toppling Verification Problem #6

[RocSlope2 Build 1.005]

3.6.1. Problem Description
This verification problem examines the Barton-Bandis Joint Shear Strength model.

Three different block toppling models were constructed and analyzed in RocSlope2 using geometric data
given in the Table 3.6.1 and joint strength data given in Table 3.6.2. Models were then verified in
RocTopple and exported to RS2, in which shear strength reduction analysis was used to verify factor of
safety results.

The joint strength parameters could not be divided by the factor of safety values in finding a shear
strength reduction factor because the Barton Bandis model is non-linear. Instead, normal and shear
stress data at the given shear strength model had to be exported to Excel from RocData, where the shear
stresses were manually adjusted for different factors of safety (shear stress/FS). The normal stress and
new shear stress values were imported back into RocData, which uses the Levenberg-Marquardt
algorithm to fit the stress values to a set of Barton Bandis parameters. Finally, the slope stability was
evaluated using stress analysis in RS2 given the adjusted parameters. A discrepancy is seen in one of
the factors of safety because the parameters did not give a perfect fit to the stress data. As seen in Table
3.6.3, factors of safety between RocSlope2 and RS2 do not agree when there are large residuals in the
parameter fitting process.

Note that block width (joint spacing) of 10.0m was used in the RocSlope2 model.
Table 3.6.1: Geometry and Material Properties

Upper Slope Overall Base

Slope Height  Slope Angle Nt Joint Angle  °, Jination

14
(m) (deg) (o) (deg) (o} (kN/m?)
92.5 56.6 4 60 35.8 25.0

Table 3.6.2: Joint Strength Properties

Joints |

JRC JCS (kPa) | PhiR |
A 10 10000 30°
B 8 7000 20°
C 5 5000 15°
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3.6.2. RocSlope2 Analysis

e (5 W [l [¢ X
(] save As ! —

New Undo Redo | Options Dark CopyTo | Report  Project = Project Sensitivity Sc
L open ~ Mode Clipboard = Generator Summary = Settings Analysis £lock
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Bl O 8 8 § k%50 0 @A

Al Geometry Properties Orientations Properties  Add Delct it | Open Tile  Selection | 3D 2D
Analyses & Toppling Vertically~ ~ Filter

Analysis Window Slope Joints Phreatic Surface Stereonet Window Views

(CE e

Toppling Analysis FS: 1.343

[SR2)
%29
z
t(v
X
Block ID: 1
[l Manage columns ~~ #7 Filter options  [£] Exportto CSV.. v Toppling Analysis Results Toppling block details... Legend >>
[ Block ID Factor of Safety Joint Info [ ] A ¥
» 1343 Joint 1 ~ "
Toppling
[ stable
[ Toppling
[ sliding
Ready MinFs: & 1.343 | Viewing: Toppling Block 1 |Da(a tips: Max v ‘
Figure 3.6.1: RocSlope2 Geometry of Example 6a and Block Failure Modes
3.6.3. RocTopple Analysis
Factor of Safety: 1.343
- Stable
[ voppling
[ stiding Upper Slope Angle 4 *
Slope Angle 56.6 ©
Block Base Angle 30 ©
Slope Height 92.5m
Overall Base Inclination 35.8 *
Figure 3.6.2: RocTopple Geometry of Example 6a and Block Failure Modes
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3.6.4. Building a Compatible RS2 Model

Apply Residual
. , M. I | Shea . P b pe .
o Joint {doint | oo L e e | mnitial [t O ggitional | Jcs Friction | Residual | 272 |
Slip Critirion . ‘Groundwater Stage
lame [Color . .| Deformation = Pressure |(MPa) Angle |Strength £ rs
R nside Joint (degrees)
oints [i] Earton-Bandis| 100000 | 10000 Yes Mo Mot §7.218|10 30 No No
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L. . N Peak Peak . .
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ing [MN/m3) (MPa) (MPa) |(degreesy| ™P®) Angle ue
Naterial Body
1 |:| Force 0.025 [|isotropic] 0.3 50000 Mohr-Coulomb| Elastic 0 38.15 a 0 0 Drained Ru 0
only

Figure 3.6.3: RS2 Geometry and Properties for Example 6a

Critical SRF: 1.49

3.6.5. Results

Figure 3.6.4: RS2 Displacement Contours for Example 6a

Table 3.6.3: Factors of Safety

RocSlope2

Factors of Safety

RocTopple

RocData
Residuals

(Fit at RS2 FS)

A 1.34 1.34 1.49 17.964
B 0.79 0.79 0.96 0.020
C 0.51 0.51 0.57 4.414
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3.7. RocSlope2 Block Toppling Verification Problem #7

[RocSlope2 Build 1.005]

3.7.1. Problem Description
This verification problem examines the application of bolts and line loads.

Since the formulation for end-anchored bolts consists of having two forces applied at the two ends,
having a bolt that is anchored in the slope bedrock is equivalent to having a point load applied at where
the bolt is installed.

Two equivalent block toppling models (one with bolts and the other with point loads) were constructed
and analyzed in RocSlope?2 using geometric data given in the Table 3.7.1. Models were then verified in
RocTopple and then RocTopple models are exported to RS2, in which shear strength reduction analysis
was used to verify factor of safety results.

Note that block width (joint spacing) of 10.0m was used in the RocSlope2 model.
Geometry and Properties

Table 3.7.1: Geometry and Material Properties

Overall Base

(m) (deg) ) |nc(|Lr;agt)ion

92.5 56.6 60 36 38.15 25.0

Slope Height Slope Angle Joint Angle

3.7.2. RocSlope2 Analysis

ome | Loading  Support  Results  Help

 hr EE W BB QK = T
. urLdu Opti Dark ct itivity Al Geor

Report  Proje

ave
ave As =

ark  CopyTo )
Open Mode Clipboard | Generator Summary | Settings

le Display Information Analysis Analysis Window

i
§ Toppling Analysis
©‘> Toppling Analysis Fs: 1.039

N

Block ID: 1

[Tl Manage columns %7 Filter options [2) Export to CSV. v Toppling Analysis Results Toppling block details. Legend >>

Block ID Factor of Safety Joint Info All »
1 1039 Joint 1

Ready MinFs: & |.D39‘V\ewmg' Toppling Block 1 ‘Dzlalips Max > ‘

Figure 3.7.1: RocSlope2 Geometry with Bolts
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[ Toppling
[ sliding
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Figure 3.7.2: RocSlope2 Geometry with Equivalent Point Loads
3.7.3. RocTopple Analysis
Factor of Safety: 1.038
- Stable
[ Toppiing
[ siiding
Upper Slope Angle 4 ©
Slope Angle 56.6 °
Block Base Angle 30 *
Slope Height 925 m
%LE&MM ion 36 *
Figure 3.7.3: RocTopple Geometry with Bolts
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Factor of Safety: 1.038

- Stable
[ Toppling
Upper Slope Angle 4

[ siiding

Slope Angle 56.6

Block Base Angle 30 ®

Slope Height 925 m

60 kN/m
60 kN/m

60 kN/m

60 kN/m
60 kN/mI Overall Base Inclination 36 *

Figure 3.7.4: RocTopple Geometry with Equivalent Line Loads

3.7.4. Building a Compatible RS2 Model
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Figure 3.7.5: RS2 Geometry and Properties for Bolts
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Critical SRF: 1.22

Figure 3.7.7: RS2 Displacement Contours for Bolts (left) and Equivalent Line Loads (right)

3.7.5. Results

Example
7A with Bolts

60 tonnes/m

60 tonnes/m

60 tonnes/m

60 tonnesim

60 tonnes/m

Figure 3.7.6: RS2 Geometry and Properties for Equivalent Line Loads

Critical SRF: 1.22

Table 3.7.2: Factors of Safety

RocSlope2
1.04

RocTopple

1.04

RS2
1.22

1.22

7B with Equivalent
Point/Line Loads

1.04

1.04
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3.8. RocSlope2 Block Toppling Verification Problem #8

[RocSlope2 Build 1.005]

3.8.1. Problem Description

This verification problem examines the application of distributed loads.

Four different block toppling models were constructed and analyzed in RocSlopeZ2 using geometric data
given in the Table 3.8.1. Models were then verified in RocTopple and exported to RS2, in which shear

strength reduction analysis was used to verify factor of safety results.

Note that block width (joint spacing) of 10.0m was used in the RocSlope2 model.

Geometry and Properties

Table 3.8.1: Geometry and Material Properties

Slope Height Slope Angle

(m) (CL) (CL)

Joint Angle

Overall Base
Inclination

(deg)

3.8.2. RocSlope2 Analysis
Case 1:
Pressure loads of 11 kPa are assumed to apply on slope face.
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Figure 3.8.1: RocSlope?2 Slope Face Pressure of 11 kPa
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This case is also modelled by applying equivalent point loads on slope face.
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Figure 3.8.2: RocSlope2 Model with Equivalent Point Loads
Case 2:
A similar analysis for a pressure of 90 kPa on the upper slope face is illustrated below.

- Home  Loading  Support  Results  Help
e, DC HE B R K Bl B 8 ® ®& &5is 0 [0 904

([ save As @ Planar

New Undo Options Dark CopyTo = Report  Project  Project Sensitivity All  Geometry Properties Orientations Properties  Add Open Tile  Selection | 3D @ 2D
B open v Mode Clipboard | Generator Summary  Settings ~Analysis Analyses & Toppling Vertically~  Filter
File Display Information Analysis Analysis Window Slope Joints Phreatic Surface Stereonet Window Views B

s Toppling Analysis v

Toppling Analysis FS: 1.014

GH D

"R
29
z
3t
Block ID: 1
[l Manage columns  ®7 Filter options Export to CSV. %7 Toppling Analysis Results Toppling block details. Legend >>
Block ID Factor of Safety Joint Info All v
»: 1 1014 Joint 1 N
Toppling
[ stable
[ Toppling
[ sliding
Ready Minfs: & 1.0|4‘V\ew|ng‘ Toppling Block 1 |Data tips: Max 2 |

Figure 3.8.3: RocSlope2 Upper Slope Face Pressure of 90 kPa
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This case is also modelled by applying equivalent point loads on upper slope face.
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Figure 3.8.4: RocSlope2 Model with Equivalent Point Loads

3.8.3. RocTopple Analysis

Case 1:

Factor of Safety: 1.041
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[ Toppiing
[ siiding

Upper Slope Angle 4 ©

Block Base Angle 30 *

Slope Height 92.5m

Figure 3.8.5: RocTopple Slope Face Distributed Load of 11 kPa
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Factor of Safety: 1.041
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Figure 3.8.6: RocTopple Model with Equivalent Line Loads

Case 2:

Factor of Safety: 1.012
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Figure 3.8.7: RocTopple Upper Slope Face Distributed Load of 90 kPa
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Factor of Safety: 1.012
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Figure 3.8.8: RocTopple Model with Equivalent Line Loads

3.8.4. Building a Compatible RS2 Model

Case 1:
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Figure 3.8.9: RS2 Geometry and Properties for Examples 8a and 8b

Critical SRF: 1.27 Critical SRF: 1.24

Figure 3.8.10: RS2 Displacement Contours for Examples 8a and 8b
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Figure 3.8.11: RS2 Geometry for Examples 8c and 8d

Critical 5RF: 1.03

Fir 3.8.12: RS2 Displacet ontours or

3.8.5. Results

Table 3.8.2: Factors of Safety for Model with Slope Face Pressure

Example Note RocSlope2 RocTopple RS2
8a Pressure/Distributed Load (11 kPa) 1.04 1.04 1.27
8b Equivalent Point/Line Loads 1.04 1.04 1.24

Table 3.8.3: Factors of Safety for Model with Upper Slope Face Pressure

Example Notes RocSlope2 RocTopple RS2
8c Pressure/Distributed Load (90 kPa) 1.01 1.01 1.04
8d Equivalent Point/Line Loads 1.01 1.01 1.03
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3.9. RocSlope2 Block Toppling Verification Problem #9

[RocSlope2 Build 1.005]

3.9.1. Problem Description

This verification problem examines the Mohr-Coulomb Joint Shear Strength model by varying
combinations of friction angle and cohesion.

Five different block toppling models were constructed and analyzed in RocSlope2 using geometric data
given in the Table 3.9.1 and joint strength data given in Table 3.9.2. Models were then verified in
RocTopple and exported to RS2, in which shear strength reduction analysis was used to verify factor of
safety results.

Note that block width (joint spacing) of 15.0m was used in the RocSlope2 model.
Geometry and Properties

Table 3.9.1: Geometry and Material Properties

Slope

: Slope Angle Upper Slope Joint Over.all B.ase .
Height (deg) Angle Angle Inclination (kN/m?)
(m) (deg) (deg) (deg)

92.5 70 -20 70 36 25.0

Table 3.9.2: Joint Strength Properties

Joints
Example Cohesion
(kPa)

a 38.15 0

b 30 10
c 25 25
d 10 40
e 0 50

3.9.2. RocSlope2 Analysis
Results for a series of analyses using Mohr-Coulomb shear strength are shown below.

Example a:
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3.9.3. RocTopple Analysis
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Figure 3.9.6: RocTopple Geometry of Example 9a and Block Failure Modes
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Figure 3.9.7: RocTopple Geometry of Example 9b and Block Failure Modes
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Figure 3.9.8: RocTopple Geometry of Example 9c and Block Failure Modes
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Figure 3.9.9: RocTopple Geometry of Example 9d and Block Failure Modes
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Figure 3.9.10: RocSlope2 Geometry of Example 9e and Block Failure Modes
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3.9.4. Building a Compatible RS2 Model
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Figure 3.9.11: RS2 Geometry and Properties for Example 9a

SRF: 1.02
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Figure 3.9.12: RS2 Deformation and Yielded Joints for Example 9a
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3.9.5. Results

Table 3.9.3: Factor of Safety

Example o (°) Cohesion (kPa) RocSlope2 RocTopple RS2
a 38.15 0 1.259 1.259 1.02
b 30 10 1.118 1.118 0.98
c 25 25 1.123 1.123 1.11
d 10 40 0.618 0.618 0.62
e 0 50 0.167 0.167 0.16
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3.10. RocSlope2 Block Toppling Verification Problem #10

[RocSlope2 Build 1.005]

3.10.1.Problem Description
This verification problem examines the application of seismic loads.

A shallow slope with all sliding critical blocks at the point of failure, is now exhibiting toppling failure under
a large seismic load. The block toppling model was constructed and analyzed in RocSlope?2 using
geometric data given in the Table 3.10.1. The model was then verified in RocTopple and exported to
RS2, in which shear strength reduction analysis was used to verify factor of safety results.

Note that block width (joint spacing) of 20m was used in the RocSlope2 model.
Geometry and Properties

Table 3.10.1: Geometry and Material Properties

Overall Base

Slope Height ~ Slope Angle  Joint Angle Inclination

d d
(m) (deg) (deg) i
92.5 35 70 26 30 25.0

3.10.2.RocSlope2 Analysis

The same slope from Verification Example #5 now exhibits toppling behavior under a horizontal seismic
loading coefficient of 0.4.
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Figure 3.10.1: RocSlope2 Geometry with Seismic Loading
3.10.3.RocTopple Analysis

Factor of Safety: 0.643
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Figure 3.10.2: RocTopple Geometry with Seismic Loading

3.10.4.Building a Compatible RS2 Model
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Figure 3.10.3: RS2 Geometry and Properties
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Critical SRF: 0.63

Figure 3.10.4: RS2 Deformation and Yielded Joints

3.10.5.Results
Table 3.10.2: Factors of Safety

RocSlope2 RocTopple RS2
0.643 0.643 0.63
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3.11. RocSlope2 Block Toppling Verification Problem #11

[RocSlope2 Build 1.005]

3.11.1.Problem Description

This verification problem examines the application of water pressure. The example is modified from the
slope in Verification Example #1.

A slope with joints completely filled with water is modelled in RocSlope2 using a phreatic surface that fully
spans across the joints. The model was then verified in RocTopple by modelling a slope with 100% fill
joints.

Note that block width (joint spacing) of 10m was used in the RocSlope2 model.

Geometry and Properties

Table 3.11.1: Geometry and Material Properties

Overall Base

(m) (deg) ) Inc(l(ijr;agt)ion

92.5 56.6 60 35.8 38.15 25.0
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Figure 3.11.1: RocSlope2 model with Phreatic Surface
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3.11.3.RocTopple Analysis

Factor of Safety: 0.972

- Stable
B voppling
Upper Slope Angle 4 ©

: Sliding

Slope Height 92.5 m

Figure 3.11.2: RocTopple model with 100% Filled Joints

3.11.4.Results
Table 3.11.2: Factors of Safety

RocSlope2 RocTopple
0.972 0.972
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3.12. RocSlope2 Block Toppling Verification Problem #12

[RocSlope2 Build 1.005]

3.12.1.Problem Description
This verification problem examines the case of upslope toppling blocks.

When there are external forces, blocks may topple upslope. Note that RocSlope2 only checks for upslope
stability for group blocks (blocks that are in contact with other blocks), and for only the toppling failure mode
(rotation about the upper base corner).

A block toppling model was constructed and analyzed in RocSlope?2 using geometric data given in the
Table 3.12.1. The model was then verified in RocTopple and exported to RS2, in which stress analysis
was used to verify the upslope toppling.

Note that block width (joint spacing) of 10m was used in the RocSlope2 model.
Geometry and Properties

Table 3.12.1: Geometry and Material Properties

Overall Base

Slope Height ~ Slope Angle  Joint Angle Inclination

Y
(m) (deg) (deg) o (kN/mY)
92 69 77 13 40 25.0

3.12.2.RocSlope2 Analysis

The slope is stable in terms of downslope failure (factor of safety exceeding 25) but is unstable in terms of
toppling upslope.
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Figure 3.12.1: RocSlope2 Geometry with a Pressure of 500kPa Supporting the Slope

3.12.3.RocTopple Analysis
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Figure 3.12.2: RocTopple Geometry with a Pressure of 500kPa Supporting the Slope
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3.12.4.Building a Compatible RS2 Model
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Figure 3.12.3: RS2 Stress Analysis

RS2 stress analysis confirms that the blocks are rotating upslope.
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4. RocSlope2 Block-Flexural Toppling
Verification

Analyses of block-flexure toppling were performed in RocSlope?2 and verified with RocTopple and Finite
Element Analysis using RS2. FS obtained from RocSlope2 was compared to RocTopple FS and the SRF
obtained in RS2.
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4.1. RocSlope2 Block Flexural Toppling Verification Problem #1

[RocSlope2 Build 1.005]

4.1.1. Problem Description

This verification problem examines a linear plane geometry.
Geometry and Material Properties

With the given geometry below:

Table 4.1.1: Geometry

Parameter Value

Face Slope Angle (°) 57
Height (m) 93
Joint Spacing (m) 10
Overall Base Inclination Angle (°) 30
Upper Slope Angle (°) 0
Joint Dip (°) 60
Point of Application (Sliding/Shearing Block Above) Ratio 0.75
Point of Application (Bending Block Above) Ratio 0.9

Examples 1a, 1b, 1c and 1d were investigated using the material properties listed below. The results are
shown below.

Table 4.1.2: Material Properties

Joint . Joint Rock Rock .
. .. Joint . . .. Rock . Unit
Friction . Tensile Friction ; Tensile .
Cohesion Cohesion Weight
Angle (kPa) Strength Angle (kPa) Strength (kN/m?)
()] (kPa) ()] (kPa)
Example 1a 38 100 100 50 1000 50 27
Example 1b 26 50 50 40 1000 100 27
Example 1c 45 200 100 60 4000 100 32
Example 1d 44 160 46 56 2540 82 19

| Geotechnical tools, inspired by you. 103 rocscience.com



4.1.2. RocSlope2 Analysis
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Figure 4.1.1: RocSlope2 Model of Example 1a

4.1.3. RocTopple Analysis

Factor of Safety: 2.012
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Figure 4.1.2: RocTopple Model of Example 1a
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4.1.4. Building a Compatible RS2 Model

RocSlope2 does not account for solids deforming in the toppling process. Therefore, when conducting
RS2 Analysis, the stiffness of the rock was assumed to be high, with a Young’s Modulus of 2000 GPa,
and a Poisson’s ratio of 0.1.

Critical SRF: 2

~N\ s

Figure 4.1.3: RS2 Total Displacement Contours of Example 1a at Critical SRF

4.1.5. Results

Table 4.1.3: Factors of Safety

| RocSlope2 RocTopple RS2 (SRF)
Example 1a 2.01 2.01 2.00
Example 1b 1.27 1.27 1.25
Example 1c 2.78 2.78 2.85
Example 1d 3.01 3.01 3.05
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4.2. RocSlope2 Block Flexural Toppling Verification Problem #2

[RocSlope2 Build 1.005]

4.2.1. Problem Description

This verification problem examines another linear plane geometry.
Geometry and Material Properties

With the given geometry below:

Table 4.2.1: Geometry

Parameter Value ‘
Face Slope Angle (°) 78
Height (m) 85
Joint Spacing (m) 7.6
Upper Slope Angle (°) 0
Joint Dip Angle (°) 39
Overall Base Inclination Angle (°) 51
Point of Application (Sliding/Shearing Block Above) Ratio 0.59
Point of Application (Bending Block Above) Ratio 0.9

5 examples with varying material properties were investigated using the material properties listed below.
The results are shown below.

Table 4.2.2: Material Properties

Joint Joint Joint Tensile  Rock Rock T':ggi'}e Unit
Friction Cohesion Strength Friction Cohesion Strenath Weight
Angle (°) (kPa) (kPa) Angle (°) (kPa) (kpg’) (kN/m?)
Example 2a 38 100 100 40 1000 100 27
Example 2b 25 50 50 54 1200 85 27
Example 2c 45 250 150 60 4000 100 33
Example 2d 30 60 40 43 800 52 23
Base: 30 Base: 60 Base: 40
Example 2¢ | g 44ing: 50 | Bedding: 100 | Bedding: 100 43 800 52 23
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4.2.2. RocSlope2 Analysis
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Figure 4.2.1: RocSlope2 Model of Example 2a

4.2.3. RocTopple Analysis
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Figure 4.2.2: RocTopple Model of Example 2a
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4.2.4. Building a Compatible RS2 Model

Critical SEF: 1.8l

Figure 4.2.3: RS2 Results of Example 2a at Critical SRF

4.2.5. Results
Table 4.2.3: Factors of Safety
| RocSlope2 RocTopple RS2 (SRF)
Example 2a 1.61 1.61 1.61
Example 2b 0.96 0.96 1.01
Example 2c 2.27 2.27 2.34
Example 2d 1.16 1.16 1.22
Example 2e 1.76 1.76 1.89

| Geotechnical tools, inspired by you. 108 rocscience.com



4.3. RocSlope2 Block Flexural Toppling Verification Problem #3

[RocSlope2 Build 1.005]

4.3.1. Problem Description

This verification problem examines the case where shear failure occurs.

Geometry and Material Properties
With the given geometry below:

Table 4.3.1: Geometry

Parameter Value

Face Slope Angle (°) 41
Height (m) 93
Joint Spacing (m) 13
Upper Slope Angle (°) 0
Joint Dip Angle (°) 60
Overall Base Inclination Angle (°) 30
Point of Application (Sliding/Shearing Block Above) Ratio 0.75
Point of Application (Bending Block Above) Ratio 0.9

3 examples with varying material properties were investigated using the material properties listed in the

table below, followed by the results.

Table 4.3.2: Material Properties

Joint . Joint Rock Rock .
. .. Joint . . .. Rock . Unit
Friction . Tensile Friction . Tensile .
Cohesion Cohesion Weight
(kPa) Strength (kPa) Strength (kN/m?)
(kPa) ((GE)]
Example 3a 30 50 50 34 400 50 40
Example 3b 25 45 40 30 300 60 40
Example 3c 36 85 80 60 600 130 35
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4.3.2. RocSlope2 Analysis
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Figure 4.3.1: RocSlope2 Model of Example 3a

4.3.3. RocTopple Analysis

Factor of Safety: 1.823

[ stabie

[ Toppiing

[ stiding

- Shear

l:l Flexural Bending

Slope Angle 41°

Block Base Angle 30 ©

Slope Height 93 m

Overall Base Inclination 30 °

Figure 4.3.2: RocTopple Model of Example 3a
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4.3.4. Building a Compatible RS2 Model

Critical S5REF: 1.87

Figure 4.3.3: RS2 Results of Example 3a at Critical SRF
4.3.5. Results
Table 4.3.3: Factors of Safety

RocSlope2 RocTopple ‘ RS2 (SRF)
Example 3a 1.82 1.82 1.87
Example 3b 1.47 1.47 1.50
Example 3c 3.45 3.45 3.60
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4.4. RocSlope2 Block Flexural Toppling Verification Problem #4

[RocSlope2 Build 1.005]

4.4.1. Problem Description

This verification problem examines the Barton-Bandis Joint Shear Strength model.

Geometry and Material Properties

The geometry is identical to Block Flexural Toppling Verification Example #1.

3 examples with varying Barton-Bandis (BB) shear strength models were investigated.

Rock
Friction

Angle (°)

45

Example 4a 10 10000 30°
Example 4b 8 7000 20°
Example 4c 5 500 15°

Cohesion

Table 4.4.1: Material Properties

Rock

(kPa) (kPa)

800 50

Rock Tensile
Strength

Unit
Weight
(kN/m?)

32
19
32

Examples with equivalent Mohr-Coulomb (MC) setup were also investigated for comparison.

Table 4.4.2: Mohr-Coulomb Shear Strength Properties

Cohesion (kPa)

Friction Angle (°)

Example 4a 79.5 36.6
Example 4b 39.5 24.7
Example 4c 17.2 12.6
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4.4.2. RocSlope2 Analysis
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L open ~ Mode Clipboard = Generator Summary Settings Analysis K Analyses & Toppling Vertically~ ~ Filter
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@ Toppling Analysis v
Q Toppling Analysis FS: 1.595
) ==
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X
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Block ID: 1
[ Manage columns 7 Filter options ~ [£] Exportto CSV.. v Toppling Analysis Results Toppling block details... Legend >>
| Block ID Factor of Safety Joint Info [ All v
» 1 1595 Joint 1 N
Toppling
[ stable
[ Toppling
[ Jsliding
I shear
[ Flexural
Ready Min Fs: & |.59§|Vxew|ng' Toppling Block 1 | Data tips: Max v ‘

Figure 4.4.1: RocSlope2 Model of Example 4a Barton-Bandis

4.4.3. RocTopple Analysis

Factor of Safety: 1.595

[ stabie
Toppling
Sliding
Shear

il i

Flexural Bending

Slope Angle 57 ° \

Block Base Angle 30 °

Slope Height 83 m

COverall Base Inclination 30 °

Figure 4.4.2: RocTopple Model of Example 4a Barton-Bandis
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4.4.4. Building a Compatible RS2 Model

Critical 3EF: 1.75

Figure 4.4.3: RS2 Results of Example 4a

4.4.5. Results
Table 4.4.3: Factors of Safety

RocSlope2 RocSlope2 RocTopple RocTopple

RS2 (SRF)
Example 4a 1.60 1.67 1.60 1.67 1.75
Example 4b 1.10 1.21 1.10 1.21 1.25
Example 4c 0.52 0.51 0.52 0.51 0.55
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4.5. RocSlope2 Block Flexural Toppling Verification Problem #5
[RocSlope2 Build 1.005]

4.5.1. Problem Description
This verification problem examines the application of bolts and point loads.
Geometry and Material Properties

The geometry and strength properties are given in Example 1a and 1b, Example 5a and 5b; bolts and
point loads are installed, respectively.

4.5.2. RocSlope2 Analysis
Case 5a (Example 1a) — Bolts Model:

Fie absis  Avabsiswindow | Sepe | Joints hreatic Suf Window ws
& rorping anayss
C %7\\ Toppling Analysis Fs: 2.161
P
5) e
<~ =
®a
X
7
d
Block ID: 1
[ Manage columns @@ Fiter options 2 Exportto CSV.. | v Toppling Analysis Results. Toppling block details. Legend >>
[ Block D Factor of Safety Joint o, Al
Toppling
[ sab
[ Toppiing
st
[ she
[ Flewural
Ready & 2161 | Viewing Toppling Block 1 | Datatips:  Max | v

Figure 4.5.1: RocSlope2 Model of Example 5a
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Case 5b (Example 1b) — Point Loads Model:

DEGRS>c EEW 8 B B K

s 2 @ (8] options
L
New Save Swve Open Options Dark CopyTo P sitity add Oper
i Mode Cliphoard | Generator Summary | Settings Anaysis
File Display n Analysis int Phreatic Surface Stereonet. i
& roppiing anaysis
‘Q Toppling Analysis Fs: 1.4
A
ao
z
i,f
Block ID: 1
[ Manage columns 97 Filteroptions  [&] Exportto CSV.. | v Toppling Analysis Results Toppling block details. Legend >>
Block ID Factor of Safety Joint Info. Al a
. 14 Jint 1 z
Toppling
[ stable:
[ ropp
[ siding
[ shear
[ Flexural
Ready MinES: & 1.4 Viewing: Toppling Block 1 | Datatips:  Max

Figure 4.5.2: RocSlope2 Model of Example 5b

4.5.3. RocTopple Analysis
Case 5a (Example 1a) — Bolts Model:

Factor of Safety: 2.161

- Stable

[ Toppling

[ siiding

- Shear

I:I Flexural Bending

Slope Angle 57 * \

Slope Height 93 m Block Base Angle 30 *

Figure 4.5.3: RocTopple Model of Example 5a

| Geotechnical tools, inspired by you. 116

rocscience.com



| Geotechnical tools, inspired by you. 117

Case 5b (Example 1b) — Line Loads Model:

This case is modelled by applying equivalent line loads on slope face in RocTopple.

Factor of Safety: 1.4

[ stapie

|:| Toppling

[ siiding

- Shear

|:| Flexural Bending

18 m

Slope Height 93 m Block Base Angle 30 °

G00 KMim

500 KN/im

GO0 KM/m

L R

F00 KM/m (, Overall Base Inclination 30 °

Figure 4.5.4: RocTopple Model of Example 5b

4.5.4. Building a Compatible RS2 Model
Case 5a (Example 1a) — Bolts Model:

Critical SRF: 2.05

Figure 4.5.5: RS2 Results of Example 5a

rocscience.com



Case 5b (Example 1b) — Line Loads Model:

Critical SRF: 1.4

0.6 MM/im

0.6 MMM

0.6 MMim
0.6 MM/m

Figure 4.5.6: RS2 Results of Example 5b

4.5.5. Results
Results are shown below.

Table 4.5.1: Factors of Safety

RocSlope2 RocTopple RS2 (SRF)
Example 5a 2.16 2.16 2.05
Example 5b 1.40 1.40 1.40
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4.6. RocSlope2 Block Flexural Toppling Verification Problem #6
[RocSlope2 Build 1.005]

4.6.1. Problem Description

This verification problem examines the application of pressure loads.
Geometry and Material Properties

The geometry and strength properties are identical to Example 3b.

Forces

Example 6 is analyzed with 300 kPa pressure load applied on the slope face.

4.6.2. RocSlope2 Analysis

2 @ BB o O 8 & © %510 [ @ea
¥ S o N\ ¢ e - d
e e =l 3 X 3 ; © © = 9]

@ Planar
Options Dark CopyTo = Report  Project = Project Sensitivity Al

Geometry Properties Orientations Properties = Add Open Tile  Selecion = 3D 2D
[ open ~ Mode Clipboard = Generator Summary = Settings Analysis Analyses & Toppling Vertically~ ~ Filter
File Display Information Analysis Analysis Window Slope Joints. Phreatic Surface Stereonet Window Views G
@ Toppling Analysis M
Q Toppling Analysis FS: 1.548
g
O . —
Ra
[RN]
Z
8
Block ID: 1
[ Manage columns 7 Filter options 2] Export to CSV. v Toppling Analysis Results Toppling block details. Legend >>
Block ID Factor of Safety Joint Info Al v
» 1 1.548 Joint 1 .
Toppling
[ stable
[ Toppling
[ sliding
I shear
[ Flexural
Ready MinFs: & 1.54B‘V\ew1ng Toppling Block 1 | Data tips: Max v ‘
Figure 4.6.1: RocSlope2 Model of Example 6
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4.6.3. RocTopple Analysis

Factor of Safety: 1.548

[ stable

I Toppiing

[ stiding

I skear

[ Fiexural Banding

Block Base Angle 51

Slope Height 85 m

Figure 4.6.2: RocTopple Model of Example 6

4.6.4. Building a Compatible RS2 Model

. Critical SRF: 1.3
SSR Search Area

0.3 MMNim2
I 0.3 MMim2
| 0.3 MNim2
I 0.3 MM/m2
+ 3 MMN/m2

0. Mn/m2

Figure 4.6.3: RS2 Results of Example 6
4.6.5. Results
Table 4.6.1: Factors of Safety

RocSlope2 RocTopple RS2 (SRF)
Example 6 1.55 1.55 1.30

| Geotechnical tools, inspired by you. 120 rocscience.com



4.7. RocSlope2 Block Flexural Toppling Verification Problem #7
[RocSlope2 Build 1.005]

4.7.1. Problem Description

This verification problem examines the application of seismic loads.

Geometry and Material Properties

With the geometry and strength properties given in Example 3c, apply the following for Example 7.

Forces

Table 4.7.1: Seismic Coefficient

Seismic Coefficient

Horizontal: 0.3 (to the right)
Vertical: 0.15 (down)

Example 7

4.7.2. RocSlope2 Analysis
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Q Toppling Analysis FS: 2.972
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4
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Z
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Block ID: 1
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Figure 4.7.1: RocSlope2 Model of Example 7
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4.7.3. RocTopple Analysis

Factor of Safety: 2.972 w03
[0 stbie A
[0 toppiing o

[ siiding
I shear
I:| Flexural Bending

Slope Angle 78 *

Block Base Angle 51

Slope Height 85 m

Overall Base Inclination 51 °

Figure 4.7.2: RocTopple Model of Example 7
4.7.4. Building a Compatible RS2 Model

Critical SRF: 2.37

38R Search Area

Figure 4.7.3: RS2 Result of Example 7

4.7.5. Results
Table 4.7.2: Factors of Safety

RocSlope2 RocTopple RS2 (SRF)
Example 7 2.97 297 2.87
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