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Introduction

This document contains a series of verification slope stability problems that have been analyzed
using SLIDE version 5.0. These verification tests come from:

o A set of 5 basic slope stability problems, together with 5 variants, was distributed in the
Australian Geomechanics profession and overseas as part of a survey sponsored by ACADS
(Association for Computer Aided Design), in 1988. The SLIDE verification problems #1 to
#10 are based on these ACADS example problems (Giam & Donald (1989)).

o Published examples found in reference material such as journal and conference proceedings.

For all examples, a short statement of the problem is given first, followed by a presentation of the
analysis results, using various limit equilibrium analysis methods. Full references cited in the
verification tests are found at the end of this document.

The SLIDE verification files can be found in the Examples > Verification folder in your SLIDE
installation folder. The file names are verification#1.di, verification#2.dli etc, corresponding to
the verification problem numbers in this document.

All verification files run with the Slide Demo, so if you want details which are not presented in
this document, then download the demo to view all the input parameters and results.



SLIDE Verification Problem #1

1.1 Introduction

In 1988 a set of 5 basic slope stability problems, together with 5 variants, was distributed
both in the Australian Geomechanics profession and overseas as part of a survey sponsored

by ACADS (Giam & Donald (1989)). This is the ACADS 1(a) problem.

1.2 Problem Description

This problem as shown in Figure 1 is the simple case of a total stress analysis without
considering pore water pressures. It represents a homogenous slope with soil properties given
in Table 1.1. The factor of safety and its corresponding critical circular failure is required.

A slip center search grid of 20 x 20 intervals was used, with 11 circles per gridpoint,
generating a total of 4851 circular slip surfaces. Grid is located at (22.8, 62.6), (22.8,42.3),

(43.7,62.6), (43.7,42.3). Tolerance is 0.0001.
1.3 Geometry and Properties

Tablel.1: Material Properties

¢’ (kN/m’) | ¢ (deg.) | y (KN/m>)

3.0 19.6 20.0

(50,35) (70,35

v-'”;fﬂ
-
fﬂf‘-ﬂ’ﬂlﬂ;
_’,..f“’ﬂ
025y
' (30,25)
(20,20) (70,20)
Figurel



1.4 Results

Method Factor of Safety
Bishop 0.987
Spencer 0.986
GLE 0.986
Janbu Corrected 0.990

Note : Referee Factor of Safety = 1.00 [Giam]
Mean Bishop FOS (18 samples) = 0.993
Mean FOS (33 samples) = 0.991

Safewy Factor
0.0co

tetzshad: hishop simgilizd

Facior of Safety: 0907

Certer 20,104, 55527

Radies: 30527

Lefl Slp Surface Endpoint 30027, 25014
Right Slig Surlace Endpont. 51700, 35,000

Figure 1.4.1 — Solution Using the Bishop Method



Safmry Fachor
\ 000
o, 500
L.000 i
1. 500
2,000
téizshnd: spancar
+.800 Faclor of Safety” 05965
3,000 Cepter 22104, 85527
' Radies: 30.527
3,500 Lefl Slp Surface Endpoint 30027, 25014
Right Slig Surlece Endpont. 51700, 35,000
4. 000
4, 500
5,000
5, 500
G000 N

Figure 1.4.2 — Solution Using the Spencer Method

SafeTy Factor
0,000
i, o0
| L.000
1. 500
&, 000
Mizthad: glefmoeganstam-price
L.500 Faclor of Safety: 0955
3,000 Certer 23,104, 55.527
Riadies: 30,627
3,500 Lefl Slp Surface Endpaint 30 027, 25014
- Fight Slig Surtace Endpont: 51700, 35,000
4, 500
5000
£, foo
G000 N

Figure 1.4.3 — Solution Using the GLE Method



Safmry Fachor
000
o, 500
L.000
1. 500
2,000
2. 500 Iieshnd: janbu cormelad
: Facior of Safety: 0920
4,000 Certer. 30.149, 51471
! Radies: 26,407
3,500 Lefl Slp Surface Endpaint 30,129, 25085
Right Slig Surlace Endpont. 00783, 35,000
4. 000
4, 500
5,000
5, 500
5,000 N

Figure 1.4.4 — Solution Using the Janbu Corrected M ethod



SLIDE Verification Problem #2

2.1 Introduction
In 1988 a set of 5 basic slope stability problems, together with 5 variants, was distributed
both in the Australian Geomechanics profession and overseas as part of a survey sponsored
by ACADS (Giam & Donald (1989)). This is the ACADS 1(b) problem.

2.2 Problem description
Problem #2 has the same slope geometry as verification problem #1, with the addition of a
tension crack zone, as shown in Figure 2. For this problem, a suitable tension crack depth is
required and water is assumed to have filled the tension crack. The tension crack depth can be
estimated from the following equations [Craig (1997)] :

2C _l-sing
7K, T l+sing
In order to locate the critical slip surfaces, a slip center search grid of 20 x 20 intervals was

used, with 11 circles per gridpoint, generating a total of 4851 slip surfaces. Grid located at
(31,49), (47,49), (31,34), (47,34). Tolerance is 0.0001.

Depth =

2.3 Geometry and Properties

Table2.1: Material Properties

¢ (kN/m’) | ¢ (deg.) | y (kN/m)

32.0 10.0 20.0
&0, 36) N
i 311250 | 0. 311280
[
00,25
{20, 211253 . 30, 21,1287
. @0, 20

Figure2
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2.4 Results

Method Factor of Safety
Bishop 1.596
Spencer 1.592
GLE 1.592
Janbu Corrected 1.489

Note : Referee Factor of Safety = 1.65 [Giam]

Melhod. bishep simpliied

Factor of Safely: 1,856

Conler: 37 562, 43323

Raliug. 20228

Lef Slip Suface Endpoint: 25,732, 25.000
Right Sip Surface Endpnind; 53776, 31 130
Lk Slope krencept: 28 732 25000

Right Shepe Imercept: 53.77E 35.000

—_—

A

pd

.,

Figure 2.4.1 — Solution Using the Bishop Method
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Safewy Factor
0.0co

L5
e Muibad. spencer
. 500 Factor of Safety: 1,852
Canler: 37 562, 43023
000 Radius: 20228
500 Let Slip Surface Endpoint: 26732, 25.000
: Right Sip Surface Endpaint: 53776, 311120
] Let Slope ktecept: 28 742 25000
i Right Fhoge Intercept: 53,776 35.000
500 i
000 o
e M
 Soo :
it
Ao
5, 1000 ///
-~
» o
Figure 2.4.2 — Solution Using the Spencer M ethod
Satety Factor
0,000
0, 500
Lo Melbod. gledmongensterrprice
1. E00 Factor of Safety: 1,852
Canler: 37 562, 43,273
000 Radius: 20225
2500 Let Slip Surface Endpoint: 25 732, 25.000
Right Sip Surface Endpaint: 53776, 31120
3,000 Let Slape ke rcept: 28 792 25000
Right Fhogee Intercept: 53,776 35.000
3,500
{ 4,000 ,‘

5.000

Figure 2.4.3 — Solution Using the GLE Method
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Safewy Factor
0.0co
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« 000
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fg-te]
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L 000
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300
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G, 000

Meibad. janku comected

Factor of Safety: 1.468

Canter; 37562, 33102

Radius: 15124

Let Slip Surface Endpoint: 300004, 25.002
Right Sip Sufaca Endpaint: 50,862, 31130
Let Slope ke rcept 0004 25002

Right Fhoge Intercept: 50262 35.000
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-

/
il
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e

Figure 2.4.4 — Solution Using the Janbu Corrected Method
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SLIDE Verification Problem #3

3.1 Introduction

In 1988 a set of 5 basic slope stability problems, together with 5 variants, was distributed
both in the Australian Geomechanics profession and overseas as part of a survey sponsored
by ACADS (Giam & Donald (1989)). This is the ACADS 1(c) problem.

3.2 Problem description

Problem #3 is a non-homogeneous, three layer slope with material properties given in Table
3.1. The factor of safety and its corresponding critical circular failure surface is required.

A slip center search grid of 20 x 20 intervals was used, with 11 circles per gridpoint,

generating a total of 4851 slip surfaces.

3.3 Geometry and Properties

Table3.1: Material Properties

¢ (kN/m’) | ¢ (deg) | y(KN/m’)
Soil #1 0.0 38.0 19.5
Soil #2 5.3 23.0 19.5
Soil #3 7.2 20.0 19.5
(50,35)
(54,31) soil #1
(50,29)
(20,25) .
g , (40,27)
(30,25) (52,24)
(20,20)
Figure3
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3.4 Reaults

Method Factor of Safety
Bishop 1.405
Spencer 1.375
GLE 1.374
Janbu Corrected 1.357

Note : Referee Factor of Safety = 1.39 [Giam]

Mean
Mean

Satecy Factor
0,000

o, 500
L.00o
L. 500
&, 000
2,500

1,000

F
DRRRRENNANEE

J3..500

4. 000

4, 500

5.000

&, 400

B

G, 000

Bishop FOS (16 samples) = 1.406
FOS (31 samples) = 1.381

Mathiad: bishop simpldad

Factor of Salety: 1.405

Center. 24121, £3.254

Radius: 10781

Lef Stip Sudace Endpoint: 23702, 25000
Right Shp Suiface Endpainl: 30.581, 35.000

Figure 3.4.1 — Solution Using the Bishop M ethod
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Safewy Factor
0.0co
o, 500

L.0o0
L. 500
2,000
2,500
.000
3, 500
4.000

4, 500

5.000

&, 400

G, 000

Safety Fachor
0.000

0, 00
L.000
L. 500
2,000
2. 500
4,000
3,500
4. 000

4, 500

5. 000

B, 400

G, 000

Mallod: spencer

Factor of Salsly: 1.375

Center: 34121, 43254

Radius: 18781

Lef Slip Sudace Endpoing; 29 702, 25.000
Right Sip Suface Endpoinl: 30.581, 35.000

Figure 3.4.2 — Solution Using the Spencer M ethod

Matkod: gladmongsnstam-pice

Factor of Salely: 1.374

Cenler: 34121, £3.284

Radius: 18781

Le®t Slip Sudace Endpoint: 23 702, 25.000
Right Shp Suface Endpoinl. 30.581, 35.000

Figure 3.4.3 - Solution Using the GLE Method
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Safewy Factor
0.0co

0, 500

L.0o0

L. 500
2,000
2,500
.000

3, 500

- 4.000

Mallod: janbi comeciad

Factor of Salety: 1357

Cenler: 35103, 40,222

Radius: 16 305

Lef Slip Sudace Endpoint; 290036, 25000
Right Shp Suface Endpoinl: 30.643, 35.000

Figure 3.4.4 — Solution Using the Janbu Corrected Method
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SLIDE Verification Problem #4

4.1 Introduction

In 1988 a set of 5 basic slope stability problems, together with 5 variants, was distributed
both in the Australian Geomechanics profession and overseas as part of a survey sponsored
by ACADS (Giam & Donald (1989)). This is the ACADS 1(d) problem.

4.2 Problem description

Problem #4 is a non-homogeneous, three layer slope with material properties given in Table
4.1 and geometry as shown in Figure 4. This problem is identical to #3, but with a horizontal

seismically induced acceleration of 0.15g included in the analysis. The factor of safety and

its corresponding critical circular failure surface is required.

4.3 Geometry and Properties

Table4.1: Material Properties

¢ (kN/m’) | ¢ (deg) | y(KN/m’)
Soil #1 0.0 38.0 19.5
Soil #2 53 23.0 19.5
Soil #3 7.2 20.0 19.5
(50,35)
(54,31) soil #1
(50,29)
(20,25) .
g , (40,27)
(30,25) (52,24)
(20,20)
Figure4

19



4.4 Results

Method Factor of Safety
Bishop 1.015
Spencer 0.991
GLE 0.989
Janbu Corrected 0.965

Note : Referee Factor of Safety = 1.00 [Giam]
Mean FOS (15 samples) = 0.973

safety Factor
0.0co

o, 500
{ o000
o
2,000
| 2. 500
a.000
3,500
4,000
4, 500
5,000

5, 500

G, 000

>>>>>

Metbod: bishop simpliied

Factor of Safety; 1015

Center 121, 43,254

Radius: 16731

Lot Slip Sudace Endpoint: 28707, 25.000
Right Sip Surdace Endpaint: 50950, 35 000

-

Figure 4.4.1 — Solution Using the Bishop Method
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Safmry Fachor
0.0co

e -

L.0o0

L. 500

2,000
Melbod: spencer

Factor of Salety; 0991

Cenler 312143254

Radius: 18731

Lot Slip Sudace Erdpoirt: 20702, 25.000
Right Sip Surface Endpaint: 50981, 35000

] 2. 500
3,000
3. 500
4,000
4, 500
5.000

5, 500

G, 000

Figure 4.4.2 — Solution Using the Spencer Method

Safezy Factor
0.000

, s

o

L.ono
L. Eod

2,000
1 Melkod: glefmongenistem-price
1 2. 500 Factor of Safely: 1 988

Conter 312 48265

Radius: 19637

Lot Slip Sudace Erdpoind: 20003 |, 25.046

Right Sip Surface Endpaint: 51,435, 35000

2,000
3. 500
4,000
4, 500
5,000
4,800

G, 000

Figure 4.4.3 — Solution Using the GLE Method
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Safmry Fachor
0.0co

o, 500
L.000
1. 500
2,000
] 2. 500
3,000
3. 500
4,000
4, 500
5.000
$, 500

G, 000

Melbod. janbu comected

Factor of Safety: 0985

Cenler: 35009, 41.233

Radius: 17 2015

Lot Slip Sudace Endpoirt: 20407, 25.000
Right Sip Surface Endpoint: 51,145, 35000

Figure 4.4.4 — Solution Using the Janbu Corrected M ethod

-
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SLIDE Verification Problem #5

5.1 Introduction
In 1988 a set of 5 basic slope stability problems, together with 5 variants, was distributed

both in the Australian Geomechanics profession and overseas as part of a survey sponsored
by ACADS (Giam & Donald (1989)). This is the ACADS 2(a) problem.

5.2 Problem description
Problem #5 is Talbingo Dam as shown in Figure 5. The material properties for the end of
construction stage are given in Table 5.1 while the geometrical data are given in Table 5.2.
The factor of safety and its corresponding critical circular failure surface is required.

5.3 Geometry and Properties
Table5.1: Material Properties

¢ (kN/m’) | ¢ (deg) | y (kKN/m®)
Rockfill 0 45 20.4
Transitions 0 45 204
Filter 0 45 204
Core 85 23 18.1
Table5.2: Geometry Data
Pt.# Xc(m) Yc(m) Pt.# Xc(m) Yc(m) Pt.# Xc(m) Yc(m)
1 0 0 10 515 65.3 19 307.1 0
2 315.5 162 11 521.1 65.3 20 331.3 130.6
3 319.5 162 12 577.9 314 21 328.8 146.1
4 321.6 162 13 585.1 314 22 310.7 0
5 327.6 162 14 648 0 23 333.7 130.6
6 386.9 130.6 15 168.1 0 24 331.3 146.1
7 394.1 130.6 16 302.2 130.6 25 372.4 0
8 4534 97.9 17 200.7 0 26 347 130.6
9 460.6 97.9 18 311.9 130.6 - - -
2345
24424
16+ +18 2QH_23 +26
Rockfill Core
7 Filter (very thin
seam)
Transitions
1
’| 15 17 19,22 _

Figure5
23




5.4 Results

Method Factor of Safety
Bishop 1.948
Spencer 1.948
GLE 1.948
Janbu Corrected 1.949

Note : Referee Factor of Safety = 1.95 [Giam]
Mean FOS (24 samples) = 2.0

NOTE: the minimum safety factor surfaces in this case, correspond to shallow, translational
slides parallel to the slope surface.

Safety Fachor
0.000

i, i
L.o0o
L. Eod
&, 000
2. 500

A, 000

F
DRRRRRIIANEE |

3, 500

4. 000

4, 500

5. 000

B, 400

B

G, 000

hfethod: bishop simplifed
Factar of Safaly 1.548
Cantar -75.000, 150000
Radiug. 167 B99

/

Lefl Zhp Sufface Endpoint: 0.854, 0.357
Right Slip Surface Endpeint 2504, 1255

Figure5.4.1 — Solution Using the Bishop M ethod
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Safewy Factor
0.0co

0, 500
L.0o0
L. 500

&, 000
2. 500 A
hathod: spencer

4, 100 Factar of Safaty 1.548
Cenbar 75000, 1500000
3,500 Radiug, 167,703
Lefl Skp Suface Endpoint: 0.156, 0,101

Right Slip Surface Endpeint 3002, 1542

Figure 5.4.2 — Solution Using the Spencer M ethod

hfethod: gls‘margenslern-price
Factar of Safaly: 1.548

Cantar -75.000, 150000

Radiys. 167 706

Lefl Zhp Surface Endpaint: 0.156, 0101
Right Slip Surface Endpeint 3002, 1 542

Figure 5.4.3 — Solution Using the GLE Method
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Safewy Factor

tethod: priu careclad

Factar of Safaty 1,549

Cenbar 75000, 1500000

Radiug, 167,703

Lefl Skp Suface Endpoint: 0.156, 0,101
Right Slip Surface Endpeint 3 002, 1542

Figure 5.4.4 — Solution Using the Janbu Corrected Method
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SLIDE Verification Problem #6

6.1 Introduction
In 1988 a set of 5 basic slope stability problems, together with 5 variants, was distributed
both in the Australian Geomechanics profession and overseas as part of a survey sponsored
by ACADS (Giam & Donald (1989)). This is the ACADS 2(b) problem.

6.2 Problem description
Problem #6 is identical to verification problem #5, except a single circular slip surface of
known center and radius, is analyzed. See problem #5 for material properties and boundary
coordinates.

6.3 Geometry

2345

2]_H_ 24

16+ +18 29|+23 -F’Zfi

e/
//// A4 D‘\?T\'i
/ 8

- N\
//\ PNT]
g 15, 17 19,22 25 ir

Figure6

Table 6.3: Data for dlip circle

Xc (m) Yc (m) Radius (m)
100.3 291.0 278.8




6.4 Results

Method Factor of Safety
Bishop 2.208
Spencer 2.292
GLE 2.301
Janbu Corrected 2.073

Note : Referee Factor of Safety = 2.29 [Giam]
Mean Bishop FOS (11 samples) = 2.204
Mean FOS (24 samples) = 2.239

| e Iicthod: bishop simpdficd
! e Faclor of Safety: 2208
o Ceeter 100,30, 251000
S Readuss. I7E.E00
i — Laft Slip Surface Endpeint 37.648, 19331
b Right Slip Surfacs Encdpont: 2430023, 153 833

/ f]\ ™~
e

Figure 6.4.1 — Solution Using the Bishop M ethod
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. e Methad: spencer
l|' S Factor of Safaty: 2 292
{ e Cerer 100,300, 280000
[ T Raduz 2FEE00
|Il "“-,__ Loft Slip Surface Endpeint 37648, 19331
e Right Slip Surface Endpornt: 243003 153 B33

Figure 6.4.2 — Solution Using the Spencer M ethod

! o tethod: glefimoegenstem price
) s Faclor of Safaty: 2301
J e Cerner 100,30, 2821000
! . Rtz I7E.800
|Il "‘*-,_. Laft Slip Surface Endpeint 37.648, 19331
T Right Slip Surface Endpont: 243023, 153 633

Figure 6.4.3 — Solution Using the GLE Method

29



. e Methad: janbu cormected
l|' S Factor of Safaty: 2073
s Certer 100,300, 261 000
T Raduz 2FEE00
"“-,__ Loft Slip Surface Endpeint 37648, 19331
e Right Slip Surface Endpornt: 243003 153 B33

Figure 6.4.4 — Solution Using the Janbu Corrected Method

30



SLIDE Verification Problem #7

7.1 Introduction
In 1988 a set of 5 basic slope stability problems, together with 5 variants, was distributed

both in the Australian Geomechanics profession and overseas as part of a survey sponsored
by ACADS (Giam & Donald (1989)). This is the ACADS 3(a) problem.

7.2 Problem description
This problem has material properties given in Table 7.1, and is shown in Figure 7. The water
table is assumed to coincide with the base of the weak layer. The effect of negative pore
water pressure above the water table is to be ignored. (i.e. u=0 above water table). The effect
of the tension crack is also to be ignored in this problem. The factor of safety and its
corresponding critical non-circular failure surface is required.
Note: Default values of 35,65,135, and 155 degrees are used for block search line projection
angles. Line should be in the middle of the seam.

7.3 Geometry and Properties

Table7.1: Material Properties

¢ (kN/m’) | ¢ (deg) | y(KN/m’)

Soil #1 28.5 20.0 18.84
Soil #2 0 10.0 18.84
(67.5,40) (84,40) k
Soil #2 (seam)
Soil #1
M (20,27.75) v 43,27.75) (84,27)
(20,27)
(20,26.5) Soil #1 (84,26.5)
(20,20) (84,20)

Figure?7
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7.4 Results

Method Factor of Safety
Spencer 1.258
GLE 1.246
Janbu Corrected 1.275

Note : Referee Factor of Safety = 1.24 — 1.27 [Giam]
Mean Non-circular FOS (19 samples) = 1.293

.28
[
f ~,
| ", Fethod: spencer
| 3 Factor of Safely: 1.255
II ™. 2xis Locaion: 44 871,67 007
Left Zhp Zudace Endpoint: 20,520, 27 740
| \\ Righl Slp Suface Endpeinl. 73722, 400000

Figure 7.4.1 — Solution Using the Spencer Method
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i

tethod: glemargensiéneprice
Factar of Safely: 1.246

Acis Location: 45805 65 415

Lefl Shp Zudace Endpoint. 41786, 27 740
Righl Slp Suface Endpainl. 74.326, 400000

b

Kethod: @i corecled

Factar of Safely: 1.275

Actis Lecation; 45806 65 415

Lefl Shp Surace Sndpoinl; 41,786, 27,750
Righl Slp Surface Endpainl: 74.325, 400000

Figure 7.4.3 — Solution Using the Janbu Corrected Method
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SLIDE Verification Problem #8

8.1 Introduction
In 1988 a set of 5 basic slope stability problems, together with 5 variants, was distributed
both in the Australian Geomechanics profession and overseas as part of a survey sponsored
by ACADS (Giam & Donald (1989)). This is the ACADS 3(b) problem.

8.2 Problem description
Problem #8 is identical to verification problem #7, except a single non-circular slip surface of
known coordinates is analyzed.

8.3 Geometry and Properties

Table8.1: Material Properties

¢ (kKN/m”) | ¢ (deg) | y(KN/m®)

Soil #1 28.5 20.0 18.84
Soil #2 0 10.0 18.84
(67.5,40) (84,40) k¢
Soil #1
» (20,27.75) 43,27.75) (84,27)
(20,27)
(20,26.5) Soil #2 (84,26.5)
(20,20) (84,20)
Figure8

Table 8.2;: Failure Surface Coordinates

X (m) Y (m)
41.85 27.75
44.00 26.50
63.50 27.00
73.31 40.00

Axis of Rotation: (53.3, 45)
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8.4 Results

Method Factor of Safety
Spencer 1.277
GLE 1.262
Janbu Corrected 1.294

Note : Referee Factor of Safety = 1.34 [Giam]
Mean FOS (30 samples) = 1.29

Mzthod: spencer —
Facler af Safely: 1277 T
donis Localion: 53,300, 45 000 r -

Left Sl Surface Endpoint 41,850, 27 750 ;
Right Sligp Surfate Endpent. 73310, 40000 7

Figure 8.4.1 — Solution Using the Spencer M ethod



Mathod: glesmagenstam-pocs Iy —
Facler of Safety: 1.2352 .-"I —
Airis Location: 53,300, 45 000 s —

Left Sl Surface Endpoint 41,850, 27 750 ;
Right Sligp Surface Endpont. 73310, 40.000 ‘

Figure 8.4.2 — Solution Using the GLE Method

; —
Mathod: janbu corectad Iy —
Facler of Safety: 1294 .-"I —
Airis Location: 53,300, 45 000 s —

Left Sl Surface Endpoint 41,850, 27 750 ;
Right Sligp Surface Endpont. 73310, 40.000 ‘

Figure 8.4.3 — Solution Using the Janbu Corrected Method
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SLIDE Verification Problem #9

9.1 Introduction
In 1988 a set of 5 basic slope stability problems, together with 5 variants, was distributed
both in the Australian Geomechanics profession and overseas as part of a survey sponsored
by ACADS (Giam & Donald (1989)). This is the ACADS 4 problem.

9.2 Problem description
Problem #9 is shown in Figure 9. The soil parameters, external loadings and piezometric
surface are shown in Table 9.1, Table 9.2 and Table 9.3 respectively. The effect of a tension
crack is to be ignored. The noncircular critical slip surface and corresponding factor of safety
are required.

A block search for the critical non-circular failure surface was carried out by defining two
line search objects within the weak layer, and variable projection angles from the weak layer
to the slope surface. A total of 1000 random surfaces were generated by the search. 5000

iterations were done. The results are compared with optimization results.

9.3 Geometry and Properties

Table9.1: Material Properties

¢’ (kN/m’) | ¢ (deg) | y(KN/m’)
Soil #1 28.5 20.0 18.84
Soil #2 0 10.0 18.84
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Table9.2: External Loadings

Xc (m) Yc (m) Normal Stress (kN/m?)
23.00 27.75 20.00
43.00 27.75 20.00
70.00 40.00 20.00
80.00 40.00 40.00

Table 9.3: Datafor Piezometric surface

Pt.# Xc (m) Yc (m)
1 20.0 27.75
2 43.0 27.75
3 49.0 29.8
4 60.0 34.0
5 66.0 35.8
6 74.0 37.6
7 80.0 38.4
8 84.0 384

Pt.# : Refer to Figure 9

34, 40

| B
B4, 55

\ \
-
[21.27.75) 3 X

3, 27 T

.
=il 1
0, 16.58) -
[23,18.38) =l 2
[0, 15)

=, 15

Figure9
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9.4 Results—no optimization

Method Factor of Safety
Spencer 0.760
GLE 0.721
Janbu Corrected 0.734

Note: Referee Factor of Safety = 0.78 [Giam]
Mean Non-circular FOS (20 samples) = 0.808
Referee GLE Factor of Safety = 0.6878 [Slope 2000]

Method: spencer
Factor of Safely: 0.760 | .,
Axis Location: 490772, 72 066 | ™
Left Shp Sudace Endpoint, £2.217 27 740 !
Right Slp Sufface Endpaini: 30425, 400031 |

|

Figure 9.4.1 — Solution Using the Spencer M ethod
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Method: glefmargenslenrprice
Factor of Safely: 0.721
Axis Location: 49735, 70 B9 |
Left Zhp Zudace Endpoint. £3 402, 27 851
Righl Slp Suface Endpainl: 30255, 400001
i

Figure 9.4.2 — Solution Using the GLE Method

Hethod: |art-.| corecled
Factor of Safely: 0.734
Auxis Location: 49735, 70 B89 |
Lef Shp Surace Endpoint; £3.402, 27951
Righl Slp Suface Endpainl: 30255, 400001

|

Figure 9.4.3 — Solution Using the Janbu Corrected Method
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9.5 Results— Block search with optimization

Method Factor of Safety
Spencer 0.707
GLE 0.683
Janbu Corrected 0.699

Note: Referee Factor of Safety = 0.78 [Giam]
Mean Non-circular FOS (20 samples) = 0.808
Referee GLE Factor of Safety = 0.6878 [Slope 2000]



SLIDE Verification Problem #10

10.1 Introduction

In 1988 a set of 5 basic slope stability problems, together with 5 variants, was distributed
both in the Australian Geomechanics profession and overseas as part of a survey sponsored
by ACADS (Giam & Donald (1989)). This is the ACADS 5 problem.

10.2 Problem description

Problem #10 is shown in Figure 10(a) . The soil properties are given in Table 10.1. This

slope has been excavated at a slope of 1:2 (3=26.56°) below an initially horizontal ground
surface. The position of the critical slip surface and the corresponding factor of safety are
required for the long term condition, i.e. after the ground water conditions have stabilized.

Pore water pressures may be derived from the given boundary conditions or from the
approximate flow net provided in Figure 10(b). If information is required beyond the
geometrical limits of Figure 10(b), the flow net may be extended by the user. Grid
interpolation is done with TIN triangulation. The critical slip surface (circular) and the
corresponding factor of safety are required.

10.3 Geometry and Properties
Table 10.1: Material Properties

¢’ (kN/m’) | ¢ (deg) | y(KN/m’)

11.0 28.0 20.00
Excavation
(15,35) Initial Ground Level (50,35) (95,35),
(1533) | Initial W.T. Level _—
v -
. " Final Ground Profile
(15,26) - L4 32,26)
(15,25) | ' 30,25)
}}final External Water level

(15,20) (95,20)

Figure 10(a)

Grid used to draw waterline (which comes from Figure 10(b)) is identical to the data used in
tutorial 5 (tutorial5.sli). The data can be imported from tutorial5.sli or verification#10.sli.
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Figure 10(b)

10.4 Results
Method Factor of Safety
Bishop 1.498
Spencer 1.501
GLE 1.500
Janbu Corrected 1.457

Note: Referee Factor of Safety = 1.53 [Giam]
Mean FOS (23 samples) = 1.464

SnfEmty Fachar

0, noo

a, 500

L.god

L. 500 g
2000 r.'l.—ﬂl--\._\x

4
o)
=
(=1

3,000

3,500 L

4,000 {

4. 500 ."l

5000 /

Fo 500

MR [ [ T[T

5, 000
LL)
¥ N
T L.
AP . o
. R Sl
i
i a &
i & &
i 4 . . i
T T e |

Mathod: bishop simplidad

Faotorof Safely 1,458

Conter 505, 43,14

Radiue; 19352

LeR Ship Suface Eadpoint: 23,014, 25.000
Righl Skp Surface Endpoinl: 52.141, 35000
Left Slope Imtercept: 26,014 26,000

Righl Shope Infercept: 52,141 35.000

Figure 10.4.1 — Solution Using the Bishop M ethod




Melhod: spancer

Factor of Salely: 1.501

Canter: 34 508, 43,751

Radiug: 198503

Leht Slip Suface Endpoint. 25,240, 25.000
Right Skp Suface Endpoint: 52373, 25000
e T Left Stops Inarcept: 28 240 26000

- Right Shage lnlercepl: 52,273 35.000

Figure 10.4.2 — Solution Using the Spencer Method

Melnod: glefmongengem-pice

Factor of Salely: 1.500

Canter; 34 508 &3 761

Radiug: 198503

Left Sip Suface Endpuint, 29,240, 25,000
! oy, Right Skp Sufface Endpoint: 52373, 25000
/ Bt Left Stops Intarcept: 28 240 26 000

J i Hight Shope llercepl: 52293 35.000

Figure 10.4.3 — Solution Using the GLE M ethod
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Safewy Factor

0.0co
o, 500 Malhod: j@nkay coracied
Factor of Salely. 1.457
= | L.000 Canter: 35788, 73 EE3
S - Radiug: 16786
- LeRt Slip Suface Endpoin. 27 568, 25.000
l— s.000 Righl Skp Sufface Endpaint: 51,657, 25000
— Lefi Slope Intarcaen: 27 958 26 D00
2, 500 Right Shope Inlercepl: 51,859 35.000
H I

Figure 10.4.4 — Solution Using the Janbu Corrected M ethod



SLIDE Verification Problem #11

11.1 Introduction
This problem is an analysis of the Saint-Alban embankment (in Quebec) which was built and
induced to failure for testing and research purposes in 1972 (Pilot et.al, 1982).

11.2 Problem description
Problem #11 is shown in Figure 11. The material properties are given in Table 11.1. The
position of the critical slip surface and the corresponding factor of safety are required. Pore
water pressures were derived from the given equal pore pressure lines on Figure 11. using the
Thin-Plate Spline interpolation method.

11.3 Geometry and Properties

Table11.1: Material Properties

¢ (kN/m”) | ¢ (deg) | y (KN/m’)

Embankment 0 44.0 18.8
Clay Foundation 2 28.0 16.68
"(0,12) (8,12
Material Barrier (0,8), (14,8)
Embankment
(0,8), w 14,8) (22,8)
t=0kPa =
(0,7.5); . +(9,6.75) (22,7.5)
(0,6.5) u=30kPa (4,6.5) + (15.25,6) (18,5.75) |
0,5.5) u=60kPa (4,5.5) (9,6) (22,5.5)
r + (995) "
(0,425)  u=90kPa (4,4.25) (14.75,4) .
(18,3.25)
(14.5,2) (22,3)
Clay Foundation
(18,0.75) (22,0.5)
(22,0)
Figure1l
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11.4 Results

Method Factor of Safety
Bishop 1.037
Spencer 1.065
GLE 1.059
Janbu Corrected 1.077

Note: Referee Factor of Safety = 1.04 [Pilot]

Satecy Factor
0,000

o, 500

-

fueel

-

L E00

o

funel

b

B0

J3..500
4. 000

—| 4,500
§.000

&, 400

G, 000

elfiod: ek simplifed

Factor of Safely: 1.057

Cantee 12163, 12 814

Radius: 8.400

Left Sip Surface Endpeint: 3.506, 12.000
Righl Slp Suface Endpaint: 19.053, 5000

|
lI.
"-__
& i
. .
& &

Figure 11.4.1 — Solution Using the Bishop M ethod
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Safewy Factor

Safety Fachor
0.000

T
Lo
L5
2,000
2,500
4,000
2.500
{ 4.000
4,500

5. 000

Method. spencer

Factor of Salely: 1.065

Canter: 12,435, 13600

Radigs: 9348

Left Sip Surface Endpoin: 3.30%, 12.000
Right Zip Suface Endpaint: 13,995, B 000

H
|
"
- & a
. Y & a
L & a
-
&
N
o . "
Figure 11.4.2 — Solution Using the Spencer Method
Methiod: gefmargenstierrprce
Factor of Salely: 1.089
Canter; 12,435 13,601
Rads: 9.346
Left Sip Surface Endpoin: 3.20%, 12.000
o Righl Sip Suface Endpaint: 19,995, B 000
|
[
- & &
Iy i i '
. & C
-
&
&
o & "

Figure 11.4.3 — Solution Using the GLE Method
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Safewy Factor
0.0co

LS00
« 000
-t s]
Bl
fg-te]
B
« 500
L 000
500
300
Ao

G, 000

Wethod. janky corecied

Factor of Safely 1.007

Canter 12 435, 12814

Radigs: 8285

Left Sip Surface Endpoin: £151, 12.000
Right Zip Suface Endpaint: 13,179, 000

H
“
. & &
v " i & &
v & & >
" "
" = r
i
&
‘. & £ 3

Figure 11.4.4 — Solution Using the Janbu Corrected M ethod
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SLIDE Verification Problem #12

12.1 Introduction

This problem is an analysis of the Lanester embankment (in France) which was built and

induced to failure for testing and research purposes in 1969 (Pilot et.al, 1982).

12.2 Problem description

Problem #12 is shown in Figure 12. The material properties are given in Table 12.1. The
entire embankment is assumed to represent a dry tension crack zone. The position of the
critical slip surface and the corresponding factor of safety are required. Pore water pressure
was derived from the data in Table 12.2 using the Thin-Plate Spline interpolation method.

Note: 30 slices used.
12.3 Geometry and Properties

Table12.1: Material Properties

¢ (kN/m’) | ¢ (deg) | v (kN/m’)
Embankment 30 31 18.2
Soft Clay 4 37 14
Silty Clay 7.5 33 13.2
Sandy Clay 8.5 35 13.7

Table 12.2: Water Pressure Points

Pt# | Xc(m) | Yc(m) | u(kPa) | Pt# | Xc(m) | Yc(m) | U(kPa) | Pt.# | Xc(m) | Yc (m) | u(kPa)
1 26.5 9 20 9 16 8.5 60 17 31.5 3 80
2 31.5 8.5 20 10 21 8.2 60 18 10.5 6 100
3 10.5 9.3 40 11 26.5 6 60 19 16 5 100
4 16 9.3 40 12 31.5 5 60 20 21 4.5 100
5 21 9.3 40 13 10.5 7.5 80 21 26 2.5 100
6 26.5 7.5 40 14 16 7.5 80 22 31.5 1.3 100
7 31.5 6.8 40 15 21 5.6 80 23 - - -
8 10.5 8.5 60 16 26 4.2 80 24 - - -
Note: Tension crack depth (hatched region in diagram) is 4 m.

(0,14) (20,14)
L
Embankment .
(0,10) w (26,10) w £40,10)
B o s ! s :
Soft Clay 8 . 9 10 . .2
(0,6) 13 » 14 L6 L7 (40,0)
) 18 « 15 S 11 i
(0,4)  Silty Clay 19 + 20 , 16 L 12 . (40,4)
Sandy Clay "1 Y7
_______________________ ) iy .
(0,1.3) (10,1) (26,1)  (31.5,1.3) (40,1.3)

Figure12.1 - Geometry
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12.4 Results

Method Factor of Safety
Bishop 1.069
Spencer 1.079
GLE 1.077
Janbu Corrected 1.138

Note: Author’s Factor of Safety (by Bishop method) = 1.13 [Pilot]

tidethind” bizhop simgsifizd
Factar ol Ssfaly 1063

Certer 25193, 15.2383 |
Raciuz: 7.715 l
Lail Sip Suiface Endpaini 13570, 100000 1
Right Sha Stertece Encport 30§05, 10,000 |
Left Slape Intercepl: 19,570 14,000 1
Right Slope Intercapl 30 86 10000 |
1
|
| —
" | o
- Ny
[ J__T.I
IR
(%] ¥ T B, -\\ W I
HETHIE ORI TR S 1HEHI e : v M
= = 7 \\5‘1 = o =
o = L H""\-\_\_ 25 5 i
i & tEl
Y
& o &
& Y
. .
i
&
A

Figure 12.4.1 — Solution Using the Bishop M ethod
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tiazhod: spencar
Facior of Ssfety 1079
Certer 25,153, 15.253
Radius: 7.718

Lafl Skp Surface Endpoinl: 19570, 10000
Right Sha Surtsca Endpont: 30816, 100000
Lefl Slope Inlercepl: 19.570 14.000
Right Slopa Intercapt 30816 10000

Figure 12.4.2 — Solution Using the Spencer M ethod

tviazhod: glefmorgenstern-prics
Factor of Ssfety 1077
Certen 25,153, 15253
Radius: 7.715

Lafl Skp Suface Endpoint: 19,570, 10000
Right Sl Surssa Endpont 300816, 10,000
Lefl Slape Intercepl: 13,570 14.000
Right Slopa Intercapt 30E1E 10000

Figure 12.4.3 — Solution Using the GLE Method
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tiazhod: janbu cormcted
Factor of Safaty 1,138
Certer 25,153, 15.253
Radius: 7.718

Lafl Skp Surface Endpoinl: 19570, 10000
Right Sha Surtsca Endpont: 30816, 100000
Lefl Slope Inlercepl: 19.570 14.000
Right Slopa Intercapt 30816 10000

Figure 12.4.4 — Solution Using the Janbu Corrected Method
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SLIDE Verification Problem #13

13.1 Introduction
This problem is an analysis of the Cubzac-les-Ponts embankment (in France) which was built
and induced to failure for testing and research purposes in 1974 (Pilot et.al, 1982).

13.2 Problem description
Problem #13 is shown in Figure 13. The material properties are given in Table 13.1. The
position of the critical slip surface and the corresponding factor of safety are required. Pore
water pressure was derived from the data in Table 13.2 using the Thin Plate Spline
interpolation method.

13.3 Geometry and Properties

Table 13.1: Material Properties

o’ (kN/m") | ¢ (deg) | y(KN/m’)
Embankment 0 35 21.2
Upper Clay 10 24 15.5
Lower Clay 10 28.4 15.5

Table 13.2: Water Pressure Points

Pt# | Xc(m) | Yc(m) | u(kPa) | Pt# [ Xc(m) | Yc(m) | u(kPa) | Pt.# | Xc(m) | Yc (m) | u(kPa)
1 11.5 4.5 125 16 16 7.2 25 31 24.5 7.2 25
2 11.5 5.3 100 17 18 23 125 32 27 3.1 100
3 11.5 6.8 50 18 18 5.3 100 33 27 6.1 50
4 11.5 7.2 25 19 18 6.8 50 34 27 7.2 25
5 12.75 3.35 125 20 18 7.2 25 35 | 29.95 1.55 100
6 12.75 52 100 21 20 1.15 125 36 | 29.75 5.55 50
7 12.75 6.8 50 22 20 4.85 100 37 | 29.75 7.2 25
8 12.75 7.2 25 23 20 6.8 50 38 32.5 0 100
9 14 2.3 125 24 20 7.2 25 39 32.5 5 50
10 14 5.1 100 25 22 0 125 40 32.5 7.2 25
11 14 6.8 50 26 22 4.4 100 41 37.25 4.7 50
12 14 7.2 25 27 22 6.8 50 42 | 37.25 6.85 25
13 16 2.3 125 28 22 7.2 25 43 42 4.4 50
14 16 5.2 100 29 24.5 3.75 100 44 42 6.5 25
15 16 6.8 50 30 24.5 6.45 50 45 - - -
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(0413.5) « (20,135

Embankment \
(0, _9) . .(26q’9) |<l (44.9)
(O’ ) 4 181 lhl lp Z.LU 44 ;al-& i jl. N i : (44,8)
(0,6)  UpperClay 3 711715 19 23 27 + .34 37 40 ° 42 * | 44
2 16*10 14 18 + 30 33 36 R . (44.6)
1 N 22 26 * . 39 41 43
Lower Clay 5 *+ ¢ . 29 32,
9 13 17 . .
21 25 35 38
Figure 13
13.4 Results
Method Factor of Safety
Bishop 1.314
Spencer 1.334
GLE 1.336
Janbu Corrected 1.306

Note: Author’s Factor of Safety (by Bishop method) = 1.24 [Pilot]
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Safewy Factor

o, 000
] [ Methad: bishop Sirgified

L. 500 Faclor of Safety: 1.314

Candar 26, 740, 14 550

2,000 Radis 3.960

Lefl Slip Surface Endpeinl 15,833, 13500
Right Slip Surface Endpoirt: 53953, 9.000

L]
o
iid i
La .
&
&
Figure 13.4.1 — Solution Using the Bishop M ethod
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0,000
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Figure 13.4.2 — Solution Using the Spencer Method



Safewy Factor

Safewy Factor

0, G000

0, 500

L.0o0

L. 500

2,000

0, G000

0, 500

L.0o0

L. 500

2,000

Mathad. glefmamenalam-grice

Faclor of Safety: 1.335

Candar 25 740, 15 &35

Radirs 10622

Lefl Slip Surface Endpeinl 15296, 13.500
Right Slip Surface Endpoirt: 34191, 9.000
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Figure 13.4.3 — Solution Using the GLE Method

Mlathad janbu cormcled

Faclor of Safety: 1.306

Candar 26, 740, 14 550

Radis 3.960

Lefl Slip Surface Endpeinl 15,833, 13500
Right Slip Surface Endpoirt: 53953, 9.000

Figure 13.4.4 — Solution Using the Janbu Corrected M ethod
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SLIDE Verification Problem #14

14.1 Introduction
This model is taken from Arai and Tagyo (1985) example#1 and consists of a simple slope of
homogeneous soil with zero pore pressure.

14.2 Problem description
Verification problem #14 is shown in Figure 14.1. The material properties are given in Table
14.1. The position of the critical slip surface and the corresponding factor of safety are
calculated for both a circular and noncircular slip surface. There are no pore pressures in this
problem.

14.3 Geometry and Properties

Table 14.1: Material Properties

¢ (kN/m>) | ¢ (deg) | y (KN/m’)
soil 41.65 15 18.82
(4, 15 s 15
-
-~
R- ,—"J
,«-’/
o~
-

1 L _[0.1'51 ___-!'31::1
2 L] (881

o

..,_
H

Figure 14.1 - Geometry
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14.4 Circular Results—using auto refine search

Method Factor of Safety

Bishop 1.409
Janbu Simplified 1.319
Janbu Corrected 1.414

Spencer 1.406

Arai and Tagyo (1985) Bishops Simplified Factor of Safety = 1.451

) o -
d "--.__h
|I s
tlathod: hishop sirailiad | .
Faclor of Safety: 1403 i o
Ceerder. 24,490, 0273 | T
R 359065 | "--.__1_
Lefl Sl Sursce Endpoint 17,8148, 15000 ! .
Right Slip Surface Endport. 56233, 35,000 Vo s, Z':;f. ........
I|I .-"I
f
|I A
/ /
I
/ ra
-
~

Figure 14.2 — Circular failure surface using Bishop simplified method
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14.5 Noncircular Results — using Path search with Optimization

Method Factor of Safety
Janbu Simplified 1.253
Janbu Corrected 1.346

Spencer 1.388

Arai and Tagyo (1985) Janbu Simplified Factor of Safety = 1.265
Arai and Tagyo (1985) Janbu Corrected Factor of Safety = 1.357

Malkd: janbio simplfied
. Factor of Salely: 1.353
Axis Location: 17,671, 5857 |
o Lef Slip Sudace Endpning: 17 237 15,000 |
s ) i Shp Sudace Endpoint: 53.1065, 35000

Figure 14.3 — Noncircular failure surface using janbu simplified method
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SLIDE Verification Problem #15

15.1 Introduction
This model is taken from Arai and Tagyo (1985) example#2 and consists of a layered slope
where a layer of low resistance is interposed between two layers of higher strength. A number
of other authors have also analyzed this problem, notably Kim et al. (2002), Malkawi et al.
(2001), and Greco (1996).

15.2 Problem description
Verification problem #15 is shown in Figure 15.1. The material properties are given in Table
15.1. The position of the critical slip surface and the corresponding factor of safety are
calculated for both a circular and noncircular slip surface. There are no pore pressures in this
problem.

15.3 Geometry and Properties

Table 15.1: Material Properties

¢ (kN/m’) | ¢ (deg) | v (kN/m’)
Upper Layer 29.4 12 18.82
Middle Layer 9.8 5 18.82
Lower Layer 294 40 18.82
2
7
48, 25 T2, 36} :“35 35)
] fff_,.-"frfl.lpp:r Layer
f,f
-~ Middbe Leyer
2 (2415
- _,-"X
=, 1A 1B, 15)
-
Lotwer Layer
i, 31 ‘-:t:-s- k1]

Figure 15.1 — Geometr
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15.4 Circular Results—using auto refine search

Method Factor of Safety

Bishop 0.421
Janbu Simplified 0.410
Janbu Corrected 0.437

Spencer 0.424

Arai and Tagyo (1985) Bishops Simplified Factor of Safety = 0.417
Kim et al. (2002) Bishops Simplified Factor of Safety = 0.43

Method bishap s=mphlied
Factor of Safety: 0.421
Caniar 75373, 40153
[ozz1] Radks: 34458
i e L= Slip Surfsce Endpont. 16994 15,000
i T Right Elip Surdface Endpoint: 58 218, 35.000

Figure 15.2 — Circular failure surface using Bishop simplified method



15.5 Noncircular Results—using Random sear ch with Optimization (1000 surfaces)

Method Factor of Safety
Janbu Simplified 0.394
Janbu Corrected 0.419

Spencer 0.412

Greco (1996) Spencers method using monte carlo searching = 0.39
Kim et al. (2002) Spencers method using random search = 0.44
Kim et al. (2002) Spencers method using pattern search = 0.39
Arai and Tagyo (1985) Janbu Simplified Factor of Safety = 0.405
Arai and Tagyo (1985) Janbu Corrected Factor of Safety = 0.430

12| tethod: spancer
. Facior of Satety: 0412
e Axig Localion: 19,354, 65.005

) Laft Slip Surface Endpeint- 17.852, 15000
S Right Slip Surface Endport: B0857 35000

Figure 15.3 — Noncircular failure surface using Spencers method and random sear ch
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SLIDE Verification Problem #16

16.1 Introduction

This model is taken from Arai and Tagyo (1985) example#3 and consists of a simple slope of
homogeneous soil with pore pressure.

16.2 Problem description
Verification problem #16 is shown in Figure 16.1. The material properties are given in Table
16.1. The location for the water table is shown in Figure 16.1. The position of the critical slip

surface and the corresponding factor of safety are calculated for both a circular and

noncircular slip surface. Pore pressures are calculated assuming hydrostatic conditions. The

pore pressure at any point below the water table is calculated by measuring the vertical

distance to the water table and multiplying by the unit weight of water. There is zero pore
pressure above the water table.

16.3 Geometry and Properties

Table 16.1: Material Properties

¢’ (kN/m?)

¢’ (deg.)

y (kKN/m?)

soil

41.65

15

18.82

?.‘U

0
L

{0, 15)

|- =

10
AR

0,0

(30, 23y

(18,15)

(48, 35)

(6B, 35)

(4&29)/

[ =

(66, 32)
-

(66, 0)

0

Figure 16.1 - Geometry
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16.4 Circular Results—using auto refine search

Method Factor of Safety

Bishop 1.117
Janbu Simplified 1.046
Janbu Corrected 1.131

Spencer 1.118

Arai and Tagyo (1985) Bishops Simplified Factor of Safety = 1.138

LN
|'.. - —
! T .
Mathod: bishop simplifad ! T
Factor of Salely: 1,117 I ---h____q_
Cenler: 27 321 L5270
Radius: 31 533 i )
Lef Slip Sudace Endpoint: 17 38415000 f ,-"'"l

Right Skp Surface Endpoinl 57253, 25.000 I."

|4 =

Figure 16.2 - Failure surface using Bishop simplified method
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16.5 Noncircular Results —using Random sear ch with Monte-Carlo optimization

Method Factor of Safety
Janbu Simplified 0.968
Janbu Corrected 1.050

Spencer 1.094

Arai and Tagyo (1985) Janbu Simplified Factor of Safety = 0.995
Arai and Tagyo (1985) Janbu Corrected Factor of Safety = 1.071

||""¥"|' sathoel janbu seplfiad
., Factor of Safely: 0568
Axis Location: 17.473, 71.258
Let Slip Sudace Erdpoirg: 14 343 15,000

™ ) Right Sap Sudace Endpoin: BLEIF, 35000

Figure 16.3 — Noncircular failure surface using janbu simplified method
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SLIDE Verification Problem #17

17.1 Introduction

This model is taken from Yamagami and Ueta (1988) and consists of a simple slope of
homogeneous soil with zero pore pressure. Greco (1996) has also analyzed this slope.

17.2 Problem description

Verification problem #17 is shown in Figure 17.1. The material properties are given in Table
17.1. The position of the critical slip surface and the corresponding factor of safety are
calculated for both a circular and noncircular slip surface. There are no pore pressures in this
problem.

17.3 Geometry and Properties

Table 17.1: Material Properties
¢ (kN/m>) | ¢ (deg) | y (KN/m’)
soil 9.8 10 17.64

1.”

248
1

128
1

f51m s D

® 5 15,5

LR (5 0

L B e e e T B e e e e b e e Lt ) N oo o i BB AL RSB e s i e i |
0 22 =] Ta A 135 17 8 El bt =

Figure 17.1 - Geometry
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17.4 Circular Results—using auto refine search

Method Factor of Safety
Bishop 1.344
Ordinary 1.278

Yamagami and Ueta (1988) Bishops Simplified Factor of Safety = 1.348
Yamagami and Ueta (1988) Fellenius/Ordinary Factor of Safety = 1.282

tieshad: hishop simglifizd
Faglor of Safety: 1284
Certer. 8.672, 13938

Fadies 9685
Left Slip Suface Endpeint 4,906, 5000
! Fight Slip Surface Endpont 17 533, 10,000
-
/
E
A

17.2 - Failure surface using Bishop simplified method
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17.5 Noncircular Results—using Random sear ch with Monte-Carlo optimization

Method Factor of Safety
Janbu Simplified 1.178
Spencer 1.324

Yamagami and Ueta (1988) Janbu Simplified Factor of Safety = 1.185

Yamagami and Ueta (1988) Spencer Factor of Safety = 1.339
Greco (1996) Spencer Factor of Safety = 1.33

|
| ™ Fleihodh apencer
h Faclor of Safety: 1.324
Awis Localion 6,474, 21192

|
.,
Lett Sl Surdzcs Endpont: 4623, 5000

"
Rkt Slip Sueface Erdpoit: 18320, 10.000

Figure 17.3 —Noncircular failure surface using spencer method
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SLIDE Verification Problem #18

18.1 Introduction

This model is taken from Baker (1980) and was originally published by Spencer (1969). It

consists of a simple slope of homogeneous soil with pore pressure.

18.2 Problem description

Verification problem #18 is shown in Figure 18.1. The material properties are given in Table
18.1. The position of the critical slip surface and the corresponding factor of safety are
calculated for a noncircular slip surface. The pore pressure within the slope is modeled using

an Ru value of 0.5.
18.3 Geometry and Properties

Table 18.1: Material Properties

¢ (kN/m>) | ¢ (deg) | y (KN/m’) Ru

soil 10.8 40 18 0.5

3_
i, 40 T, 4m

7
& H"E.E_M_
- _[EJ.I'-I:-
-] LN =00

Figure 18.1 - Geometry
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18.4 Noncircular Results—using Random sear ch with Monte-Carlo optimization

Method Factor of Safety

Spencer 1.01

Baker (1980) Spencer Factor of Safety = 1.02
Spencer (1969) Spencer Factor of Safety = 1.08

Melhod spercar
Factar of Safety: 1.010
Axiz Locater 58821, BT 357
Lt Slip Suetace Endpor: 7 6a3, 40,000
Rigit Slip Suface Endpoint: 70,000, 10.000 . ‘
=
-

Figure 18.2 — Noncircular failure surface using spencer method
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SLIDE Verification Problem #19

19.1 Introduction
This model is taken from Greco (1996) example #4 and was originally published by
Yamagami and Ueta (1988). It consists of a layered slope without pore pressure.

19.2 Problem description
Verification problem #19 is shown in Figure 19.1. The material properties are given in Table
19.1. The position of the critical slip surface and the corresponding factor of safety are
calculated for a noncircular slip surface.

19.3 Geometry and Properties

Table 19.1: Material Properties

¢’ (kN/m’) | ¢ (deg) | v (kN/m’)
Upper Layer 49 29 20.38
Layer 2 0 30 17.64
Layer 3 7.84 20 20.38
Bottom Layer 0 30 17.64

E_
"
%
. "l o, 100; (2o, 100
B —
¥ - e
- .
.-'-P-' H\-"'\.
_-"F. H"\-\.
- -
o~ .
- -
o - e,
- e [260,70)
’ Upper Layer
=2 ] =
Flm, 4o (E0, 4} (360, &M
10, 351 M Layer 2 [260, 35]
{0, %) Layer 3 [260, 26}
_’:_
Battom Layer
n, o (260, 0
=] }
e e S s e o T T e T R e o o o o e et
=] in &0 T G0 135 150 WS ) e 150 ars

Figure 19.1 - Geometry
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19.4 Noncircular Results—using Random search with Monte-Carlo optimization, convex

surfacesonly.
Method Factor of Safety
Spencer 1.398

Greco (1996) Spencer Factor of Safety =1.40 - 1.42
Spencer (1969) Spencer Factor of Safety = 1.40 - 1.42

.
! . Mafloet spencas
- Factor of Safay: 1328
Axiz Locator: 55,475, 221 239
Lat Slip Surface Encport: 290831, 40,000

Rl Ship Suace Endpoint 191120, 100000

Figure 19.2 — Noncircular failure surface using spencer method
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SLIDE Verification Problem #20

20.1 Introduction
This model is taken from Greco (1996) example #5 and was originally published by Chen and
Shao (1988). It consists of a layered slope with pore pressure and a weak seam.

20.2 Problem description
Verification problem #20 is shown in Figure 20.1. The material properties are given in Table
20.1. The position of the critical slip surface and the corresponding factor of safety are
calculated for a circular and noncircular slip surface. The weak seam is modeled as a 0.5m
thick material layer at the base of the model.

20.3 Geometry and Properties

Table 20.1: Material Properties

¢ (kN/m>) | ¢ (deg) | y (KN/m’)
Layer 1 9.8 35 20
Layer 2 58.8 25 19
Layer 3 19.8 30 21.5
Layer 4 9.8 16 21.5
=
] {145,700}
(240,700
Layari W
v -
-] T e
Layar 2
w 240,20
| 0.2 I Layer 3 -
'h [240,15]
moE i Layerd
=y mﬂf—

Figure 20.1 - Geometry
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20.4 Circular Results—using grid search and a focus abject at the toe (40x40 grid)

Method Factor of Safety
Bishop 1.087
Spencer 1.093

Greco (1996) Spencer factor of safety for nearly circular local critical surface = 1.08

safety Factor
0,000

0., 500
L.000
L. 500
&, 000
{ 2.500
.000
2,500
— 4,000
4,500
5.000

5,500

safety Factor

tlethad: bishop simpkfied

Faclor af Safety: 1.037

Caniar 70 702, 106 675

Rt 8887

Lefl Slip Surfscs Endpainl. 55.000, 20000
Right Slip Sudface Erdpore: 150,730, 70.000

Ilgthad spencer

Faclor af Safety: 1.093

Cantar 53 356, 111 353

Raties: 5233

Lefl Slip Surfscs Endpainl. 55.000, 20000
Right Elip Suface Endpoire: 150310, 70.000

20.3 - Circular failure surface using Spencer’s method
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20.5 Noncircular Results—using Block search polylinein the weak seam and Monte-Carlo

optimization

Method Factor of Safety
Spencer 1. 007
Chen and Shao (1988) Spencer Factor of Safety =1.01 - 1.03

Greco (1996) Spencer Factor of Safety = 0.973 - 1.1

]
)
I Y
|
Y tisthod: spencer
) . Factor af Safaty: 1,007
| sris Location: 4T 5599, 187 262
,' ., Lefl Shp Suface Endpainl 25,463, 200000
., Right Slip Surfzce Endpont: 1686 729, 70,000

Figure 20.4 — Noncircular failure surface using spencer method and block search
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SLIDE Verification Problem #21

21.1 Introduction
This model is taken from Fredlund and Krahn (1977). It consists of a homogeneous slope
with three separate water conditions, 1) dry, 2) Ru defined pore pressure, 3) pore pressures
defined using a water table. The model is done in imperial units to be consistent with the
original paper. Quite a few other authors, such as Baker (1980), Greco (1996), and Malkawi
(2001) have also analyzed this slope.

21.2 Problem description
Verification problem #21 is shown in Figure 21.1. The material properties are given in Table
21.1. The position of the circular slip surface is given in Fredlund and Krahn as being
xc=120,yc=90,radius=80. The GLE/Discrete Morgenstern and Price method was run with the
half sine interslice force function.

Table21.1: Material Properties

¢’ (psf) ¢’ (deg.) v (pcf) Ru (case2)
soil 600 20 120 0.25
_;"::. (120,500
-~ /l-'
-~ {-"'z

-

P
=] 50 B -

: 0
P
e T
’(" e

D401

Matenal: Sail
Srrgngth Typs: MoheCoulomb

Lol Weight: 120 b= = (1ED0,20}
Cohesion: B00 psf
Frctiom Angle: 20 degrass
oo 30,0y
Figure21.1 - Geometry
21.3 Circular Results
Case Ordinary | Ordinary | Bishop | Bishop | Spencer | Spencer | M-P M-P
(F&K) (Slide) (F&K) | (Slide) (F&K) (Slide) | (F&K) | (Slide)
1-Dry 1.928 1.931 2.080 2.079 2.073 2.075 | 2.076 2.075
2-Ru 1.607 1.609 1.766 1.763 1.761 1.760 | 1.764 1.760
3-WT 1.693 1.697 1.834 1.833 1.830 1.831 1.832 1.831
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SLIDE Verification Problem #22

22.1 Introduction
This model is taken from Fredlund and Krahn (1977). It consists of a slope with a weak layer
and three separate water conditions, 1) dry, 2) Ru defined pore pressure, 3) pore pressures
defined using a water table. The model is done in imperial units to be consistent with the
original paper. Quite a few other authors, such as Kim and Salgado (2002), Baker (1980), and
Zhu, Lee, and Jiang (2003) have also analyzed this slope. Unfortunately, the location of the
weak layer is slightly different in all the above references. Since the results are quite sensitive
to this location, results routinely vary in the second decimal place.

22.2 Problem description
Verification problem #22 is shown in Figure 22.1. The material properties are given in Table
22.1. The position of the composite circular slip surface is given in Fredlund and Krahn as
being xc=120,yc=90,radius=80. The GLE/Discrete Morgenstern and Price method was run
with the half sine interslice force function.

Table 22.1: Material Properties

¢’ (psf) ¢’ (deg.) v (pch) Ru (case2)
Upper soil 600 20 120 0.25
Weak layer 0 10 120 0.25
= (120 800
L -
/Hz
.o"-,-’ ’
50 0 £0) e =
e
Upper Sl ! .{__/'f H""n.ﬁ_‘.
¥ (180,20}
- 120,18
[180,15)
"'-“."Ei-k layer

Figure 22.1 — Geometry
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22.3 Composite Circular Results- SLIDE

Method Case 1: | Case 2: | Case 3:

Dry Ru WT

Ordinary 1.300 1.039 1.174

Bishop Simplified 1.382 1.124 1.243
Spencer 1.382 1.124 1.244
GLE/Morgenstern-Price | 1.372 1.114 1.237

Composite Circular Results—Fredlund & Krahn
Method Case 1: | Case 2: | Case 3:

Dry Ru WT

Ordinary 1.288 1.029 1.171
Bishop Simplified 1.377 1.124 1.248
Spencer 1.373 1.118 1.245
GLE/Morgenstern-Price | 1.370 1.118 1.245

Composite Circular Results—Zhu, Lee, and Jiang

Method Case 1: | Case 2: | Case 3:
Dry Ru WT
Ordinary 1.300 | 1.038 1.192
Bishop Simplified 1.380 1.118 1.260
Spencer 1.381 1.119 1.261
GLE/Morgenstern-Price | 1.371 1.109 1.254
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SLIDE Verification Problem #23

23.1 Introduction
This model is taken from Low (1989). It consists of a slope overlaying two soil layers.

23.2 Problem description
Verification problem #23 is shown in Figure 23.1. The material properties are given in Table
23.1. The middle and lower soils have constant and linearly varying undrained shear strength.
The position of the critical slip surface and the corresponding factor of safety are calculated
for a circular slip surface using both the bishop and ordinary/fellenius methods.

Table 23.1: Material Properties

Cutop (KN/ m2) Cubottom (KN/ m2) (|) (deg) Y (KN/ Il’l3)
Upper Soil 95 95 15 20
Middle Soil 15 15 0 20
Lower Soil 15 30 0 20
(25,16
(40,18
Upper Sail
Unit Waight 20 ki
- Cohesion: 95 KPa
e Frittion Asglel 15 dapgiess
(108 15 kMY
el 5 g
Kiddla Sod
A 404 Gy
Lower il
B (2.0 30 kW2

Figure 23.1 — Geometry
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22.3 Circular Results— Auto refine search

Method Factor of Safety
Ordinary 1.370
Bishop 1.192

Pelethod: ondinary/ielienizs
Factoe of Satety: 1370

Low (1989) Ordinary Factor of Safety=1.36
Low (1989) Bishop Factor of Safety=1.14
Kim (2002) Factor of Safety=1.17

Canter. 17.201, 21770

Radiss 21.493 - ——
Left Slip Surdacs Endpoint 0BS5S, 6 000 z e S
Right Shp Sudace Endaorn: 37 308, 16.000 y -~ e
-~ T
- - -
- R
-
-~
-
-
._’.f’
-
/
- _,'r
-~ f‘f )"{
LI r

23.2—Circular failuresurface using Ordinary/Fellenius method

Pelethod: hishop simpkfied

Faitor of Satsty: 1192

Center 15.001, 16030

Radiss 15.555

Left Slip Surfzce Endpoint: 4653, 8000
Right Shp Sudace Endaorn: 33557, 16.000

23.3-Circular failuresurface using Bishops method



SLIDE Verification Problem #24

24.1 Introduction

This model is taken from Low (1989). It consists of a slope with three layers with different

undrained shear strengths.

24.2 Problem description

Verification problem #24 is shown in Figure 24.1. The material properties are given in Table

24.1. The position of the critical slip surface and the corresponding factor of safety are
calculated for a circular slip surface using both the bishop and ordinary/fellenius methods.

Table 24.1: Material Properties

Cu (KN/m2) | v (KN/m3)
Upper Layer 30 18
Middle Layer 20 18
Bottom Layer 150 18
0135 2139
Upgpar Layar T —
pe N Tr'l 675
Widdla Layar ——  [EDF.E)
04.5) 4 0,45
Bottom Layer
n o+ bevin]

Figure 24.1 — Geometry
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24.3 Circular Results—auto refine search

Method Factor of Safety | Low (1989) Ordinary Factor of Safety=1.44
Ordinary 1.439 Low (1989) Bishop Factor of Safety=1.44
Bishop 1.439

Mathod; bishom simplifigd
Fator of Salely: 1.439
Cenler: 29044, 22,544

Radiuz: 18445 r
Lef Sip Surdace Endpoint: 13155, 13,800 ,-"#E
Righl Skp Surface Endpainl. 33,936, 7.500 - hY

. . .‘-\.
, T *,
™, xh“"'\-u_ N,
s N
. T
— -
— e

24.2 —Circular failure surface using Bishops method
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SLIDE Verification Problem #25

25.1 Introduction
This model is taken from Chen and Shao (1988). It analyses the classical problem in the
theory of plasticity of a weightless, frictionless slope subjected to a vertical load. This
problem was first solved by Prandtl (1921)

25.2 Problem description
Verification problem #25 is shown in Figure 25.1. The slope geometry, equation for the
critical load, and position of the critical slip surface is defined by Prandtl and shown in
Figure 25.1. The critical failure surface has a theoretical factor of safety of 1.0. The analysis
uses the input data of Chen and Shao and is shown in table 25.1. The geometry, shown in
figure 25.2, is generated assuming a 10m high slope with a slope angle of 60 degrees. The
critical uniformly distributed load for failure is calculated to be 149.31 kN/m, with a length
equal to the slope height, 10m.
Note: The GLE/discrete Morgenstern-Price results used the following custom interslice force
function. This function was chosen to approximate the theoretical force distribution shown in
Chen and Shao.

X F(x)
0 1
0.3 1
0.6 0
1.0 0

25.3 Geometry and Properties

Table 25.1: Material Properties
¢ (kN/m*) | ¢(deg) | v (kN/m’)
soil 49 0 le-6

| q =201 +®m73— 4,

Y

25.1 — Closed-form solution (from Chen and Shao (1988))
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0773503397

|5.3"-'35.1:I:|J

140 31 wxdn

1B €738 3 &7 1)

(157735100

]
25.2 — Geometry modeled using Slide
25.4 Results
Method Factor of Safety
Spencer 1. 051
GLE/M-P 1. 009

Chen and Shao (1988) Spencer Factor of Safety = 1.05




SLIDE Verification Problem #26

26.1 Introduction
This verification test models the well-known Prandtl solution of bearing capacity:

q=2C(1+mr/2)

26.2 Problem description
Verification problem #26 is shown in Figure 26.1. The material properties are given in Table
26.1. With cohesion of 20kN/m2, q. is calculated to be 102.83 kN/m. A uniformly distributed
load of 102.83kN/m was applied over a width of 10m as shown in the below figure. The
theoretical noncircular critical failure surface was used.

26.3 Geometry and Properties

Table 26.1: Material Properties

c(kN/m’) | ¢(deg) | y(KN/m?)
0

soil 20 le-6
1102 131 KR
. 20,10 F5.10) ¥ Lﬁ.m 15,1} 20,300
=] ! L ™ |
[+57] [+=] 15 12
&
. nE (i 5)
R T 200
. £ S F T D T D A A T
26.1 — Geometry modeled using Slide
26.4 Results
Method Factor of Safety
Spencer 0.941

Theoretical factor of safety=1.0
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SLIDE Verification Problem #27

27.1 Introduction

This model was taken from Malkawi, Hassan and Sarma (2001) who took it from the
XSTABL version 5 reference manual (Sharma 1996). It consists of a 2 material slope
overlaying undulating bedrock. There is a water table and moist and saturated unit weights
for one of the materials. The other material has zero strength. The model is done with
imperial units (feet,psf,pcf) to be consistent with the original XSTABL analysis.

27.2 Problem description
Verification problem #27 is shown in Figure 27.1. The material properties are given in Table
27.1. One of the interesting features of this model is the different unit weights of soil 1 below

and above the water table. Another factor is the method of pore-pressure calculation. The

pore pressures are calculated using a correction for the inclination of the phreatic surface and

steady state seepage. Both Slide and XSTABL allow you to apply this correction. The pore

pressures tend to be smaller than if a static head of water is assumed (measured straight up to
the phreatic surface from the center of the base of a slice). The first analysis uses a single slip

surface with x,=59.52, y.=219.21, and radius=157.68. The second analysis does a search

with the restriction that the circular surface must exit the slope between 38<=x<=70 at the toe

and 120<=x<=180 at the crest of the slope. The third analysis uses the same single slip

surface as the first analysis but replaces soil 2 with an 11 foot deep tension crack zone instead

of a zero strength material. The fourth analysis takes the third analysis and adds 6 feet of
water in the tension crack.

27.3 Geometry and Properties

Table27.1: Material Properties

c (psf) ¢ (deg.) | ymoist (pcf) | 7 saturated (pcf)
Soil 1 500 14 116.4 124.2
Soil 2 0 0 116.4 116.4
E—. R
E: R
H___,.,-'FF Snoil 2 1 "_',:I:‘-:I'EI_:
o . e (14D A7)
(104 A2) 0 __..-f”'J 2007E)
o5 UL —
=z P ~_ -
/"I:-';.szj nasE (1B 53
/
/
_r_/
B ,---E’?;_ EE]

0,15

27.1 - Geometry
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27.4 Analysis 1 Circular Results—single center @ xc=59.52,yc=219.21,radius=157.68

Method SLIDE XSTABL
Bishop 1.396 1.397
Janbu Corrected 1.391 1.392
Corp. Engineers 1 1.411 1.413
Corp. Engineers 2 1.414 1.416
Lowe & Karafiath 1.411 1.413
Spencer 1.402 1.403
GLE/M-P (half-sine) 1.398 1.399

27.5 Analysis 2 Circular Results—auto search

Method SLIDE
Bishop 1.376

Janbu Corrected 1.345
Corp. Engineers 1 1.394
Corp. Engineers 2 1.396
Lowe & Karafiath 1.392
Spencer 1.382
GLE/M-P (half-sine) 1.378

Malkawi, Hassan and Sarma (2001), in comparing with XSTABL, quote a minimum Janbu factor of safety
of 1.255 with the center and radius equal to x,y,r=62.63,160.96,101.02. However it is questionable whether
this is the corrected Janbu or the uncorrected. It is also questionable whether they used the correct pore
pressure distribution. If in Slide, you use a static pore pressure distribution and uncorrected simplified
Janbu, you get a factor of safety of 1.254 (x,y,1=62.53,161.79,101.78) which is almost exactly what
Malkawi, Hassan and Sarma calculated.

27.6 Analysis 3 Circular Results—single center @ xc=59.52,yc=219.21,radius=157.68

A 11 foot tension crack is added to the analysis, replacing soil 2. The tension crack is dry. The
Spencer results are shown in figure 27.2.

Method SLIDE XSTABL
Bishop 1.532 1.536
Janbu Corrected 1.544 1.569
Corp. Engineers 1 1.555 1.559
Corp. Engineers 2 1.562 1.566
Lowe & Karafiath 1.545 1.549
Spencer 1.532 1.535
GLE/M-P (half-sine) 1.532 1.535
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Le® Stip Sudare Erclpors: Z80101, 53,004
Right Shp Suface Endpoint: 155422, 34.0463
Lef Slope Intercept: 360101 63004
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27.7 Analysis 4 Circular Results—single center @ xc=59.52,yc=219.21,radius=157.68

The 11 foot tension crack added in analysis 3 is now partially filled with 6 feet of water.

27.2 —Anélysis 3resul

tsfor Spencers method |

Method SLIDE XSTABL
Bishop 1.511 1.509
Janbu Corrected 1.520 1.543
Corp. Engineers 1 1.532 1.536
Corp. Engineers 2 1.538 1.542
Lowe & Karafiath 1.522 1.526
Spencer 1.510 1.513
GLE/M-P (half-sine) 1.510 1.513
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SLIDE Verification Problem #28

28.1 Introduction
The set of models in this verification problem were taken from Chowdhury and Xu (1995).
The geometry for the first four examples comes from the well-known Congress St. Cut
model, first analyzed by Ireland (1954). All the examples in this verification evaluate the
probability of failure of slopes given the means and standard deviations of some specified
input parameters.

28.2 Problem description
The geometry of Examples 1 to 4 in Verification #28 is shown in Figure 28.1. In each
example two sets of circular slip surfaces are considered. The first set consists of potential
failure surfaces tangential to the lower boundary of the Clay 2 layer, while the second
considers slip surfaces tangential to the lower boundary of Clay 3. Both clays have constant
undrained shear strength.
Chowdury and Xu do not consider the strength of the upper sand layer in Examples 1 to 4.
They use the Bishop simplified method for all their analyses.
In their paper, Chowdury and Xu do not state the unit weights of the slope materials in
Examples 1 to 4. They also do not provide information on the geometry (radii and
coordinates of the centers) of the critical surfaces. As a result, for each of these examples, we
use material unit weights that enable us to obtain deterministic factor of safety values similar
to those indicated in the paper. We then compare probability of failure values determined
from Slide with the Chowdhury and Xu values.
In Example 5, Chowdhury and Xu examine the stability of an embankment on a soft clay
foundation. Again they consider two sets of circular slip surfaces; one set is tangent to the
interface of the embankment and the foundation, while the other is tangent to the lower
boundary of the soft clay foundation.
The Chowdhury and Xu probabilities of failure quoted in this verification problem are
calculated using a commonly used definition of reliability index, and an assumption that
factors of safety are normally distributed. Slide uses Monte Carlo analysis, with a minimum
of five thousand samples to estimate probabilities of failure. The random variables in all Slide
analyses were assumed to come from normal distributions.

28.3 Geometry and Properties
Table20.1: Material Properties

c (kN/m’) | ¢(deg) | y(KN/m’)
Sand 0 0 21
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(-56.5247, 4.579) o, (-3551,458)
W Sdia
(-56.5247,2.449) ¥ Sand (-32.6173, 2.45)
= (-30.9605, 1.23)
(-56.5247, 1.229) Clay 1
Clay 1
(-28.19,-0.81)
(-21.5329,-3.04)

(-56.5247, -3.041) Clay 2

3

W
hJ
(-56.5247,-9.141) e (7.16,-988) = G968
(-56.5247, -12.19) (5,-12.19)
(-56.5247, -14.9927) (5.-14.9917)
28.1 — Geometry for Examples1- 4
(60, 25)

(0, 15) (30, 15) (80, 15) (90, 15)
(0.5) (90, 5)
0,0 (90, 0)

28.2 — Geometry for Example 5 (an embankment on a soft clay foundation)

28.4 Example 1
Input Data
(The three clay layers are assumed frictionless.)
Soil Layer
Clayl | Clay2 | Clay3

%1 C2 %]
Mean (kPa)] 55 43 56
Stdv. (kPa)| 20.4 8.2 13.2
7 (KN/m®) 21 22 22

*The unit weight y was not stated in the paper so we selected values that give us deterministic factors of
safety close to those in the paper.
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Results (Maximum iterations: 100)

Chowdhury & Xu Slide
FailureMode | Factor of |Probability off Factor of |Probability of
(Layer) Safety Failure Safety Failure
(Bishop (Bishop
simplified) simplified)
Layer 2 (Clay 1) 1.128 0.26592 1.128 0.2461
Layer 3 (Clay 2) 1.109 0.27389 1.109 0.2789

Fadeny Paotor
o.oon
0.50n
1.000
1.500
Z.000
z.son
o =-D00
3.500
4.000
4.500
=.00oo
E.500
s. 000

1=

=
=

i||=

Figure 28.3 — Critical dlip circle tangential to lower boundary of clay layer 2
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Figure 28.4—Critical dlip circletangentiéj to lower boundary of clay layer 3

28.5 Example 2
Input Data
(The three clay layers are assumed frictionless.)
Soil Layer
Clayl | Clay2 | Clay3

C1 Co C3
Mean (kPa) 68.1 39.3 50.8
Stdv. (kPa) 6.6 1.4 1.5
7 (KN/m°) 21 22 22

*The unit weight y was not stated in the paper so we selected values that give us deterministic factors of
safety close to those in the paper.

Results
Chowdhury & Xu Slide
FailureMode | Factor of |Probability off Factor of |Probability of
(Layer) Safety Failure Safety Failure
(Bishop (Bishop
simplified) simplified)

Layer 2 (Clay 1) 1.1096 0.0048 1.108 0.0037
Layer 3 (Clay 2)  1.0639 0.01305 1.058 0.0175
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Figure 28.5 - Critical dip circletangential to lower boundary of clay layer 2
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Figure 28.6 — Critical dip circletangential to lower boundary of clay layer 3
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28.5 Example 3

Input Data
(The three clay layers are assumed frictionless.)
Soil Layer
Clayl | Clay2 | Clay3

C1 Co C3
Mean (kPa)| 136 80 102
Stdv. (kPa) 50 15 24
7 (KN/m°) 21 22 22

*The unit weight y was not stated in the paper so we selected values that give us deterministic factors of
safety close to those in the paper.

Results
Chowdhury & Xu Slide
FailureMode | Factor of |Probability off Factor of |Probability of
(Layer) Safety Failure Safety Failure
(Bishop (Bishop
simplified) simplified)

Layer 2 (Clay 1)]  2.2343 0.01151 2.245 0.00044
Layer 3 (Clay 2)  2.1396 0.00242 2.128 0.0007

¥ Sand
" .\.:
‘ ™~ . Clay 1
Clayh'zw-.

L5}

. v X

I5] | Clay 3 =

lm i }'n ' 10 ' o

Figure 28.7 — Critical dlip circle tangential to lower boundary of clay layer 2
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Figure 28.8 — Critical dlip circle tangential to lower boundary of clay layer 3
28.6 Example 4
Input Data

Soil Layer
Clay 1 Clay 2 Clay 3
ci(kPa) #() Cp (kPa) ¢ () cs (kPa) ¢:()

Mean 55 5 43 7 56 8
Stdv. 204 1 8.7 1.5 13.2 1.7
7 (KN/m® 17 22 22

*The unit weight y was not stated in the paper so we selected values that give us deterministic factors of
safety close to those in the paper.

Results
Chowdhury & Xu Slide
FailureMode | Factor of |Probability off Factor of |Probability of
(Layer) Safety Failure Safety Failure
(Bishop (Bishop
simplified) simplified)

Layer 2 (Clay 1)) 1.4239 0.01559 1.422 0.0211
Layer 3 (Clay 2)]  1.5075 0.00468 1.503 0.0035
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28.7 Example 5

Input Data
Soil Layer
Layer 1 Layer 2
akPa) | ¢1(°) | cakPa) | ¢ ()
Mean 10 12 40 0
Stdv. 2 3 8 0
v (KN/m®) 20 18
Results
Chowdhury & Xu Slide
FailureMode| Factor of |[Probability of| Factor of |Probability of
(Layer) Safety Failure Safety Failure
(Bishop (Bishop
simplified) simplified)
Layer 1 1.1625 0.20225 1.16 0.2117
Layer 2 1.1479 0.19733 1.185 0.1992
o500
aon
Bl= e ,s:\
oon !
o000
i Ui J
= - ol ~Layer 1
i o (Embankment)
|= Layer 2 (Soft clay foundation)
T T R M M M M TR MR

Figure 28.11 —Critical sI| p circletangential to interface of embankmént and foﬁndation .
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SLIDE Verification Problem #29

29.1 Introduction

This model is taken from Duncan (2000). It looks at the failure of the 100 ft high underwater
slope at the Lighter Aboard Ship (LASH) terminal at the Port of San Francisco.

29.2 Problem description

Verification problem #29 is shown in Figure 29.1. All geoemetry and property values are
determined using the figures and published data in Duncan (2000). The cohesion is taken to be
100 psf at an elevation of -20 ft and increase linearly with depth at a rate of 9.8 psf/ft. A
probabilistic analysis using the latin-hypercube simulation technique is performed using
10000 samples to compute both the probability of failure and reliability index of the
estimated failure surface defined in Duncan (2000). These values are determined using the

Janbu, Spencer, and GLE methods.

29.3 Geometry and Properties

Table 29.1: Deterministic Material Properties

cohesion Datum Rate of Unit
(datum) (ft) change Weight
(pst) (pst/ft) (pef)
San Francisco Bay Mud 100 -20 9.8 100
Table 29.2: Probabilistic Material Properties
San Francisco Bay Standard Absolute Absolute
Mud deviation | Minumum | Maximum
Unit Weight 33 99.1 109.9
Rate of change 1.2 5.8 13.8
=20, 23) AR, 20
W I
=29, 0 - s .(15-1. m
,.:!:. e t:t:t@t.t:‘ e e (on, -1}
G 1 1
F28,-143) (461, -143

Figure 29.1 - Geometry
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29.4 Results

Method Deterministic Probability of | Reliability Index
Factor of Safety Failure (%) (lognormal)
Janbu Simplified 1.13 18 1.086
Janbu Corrected 1.17 15 1.0
Spencer 1.15 14 1.1
GLE 1.16 13 1.2

Duncan (2000) quotes a deterministic factor of safety of 1.17 and a probability of failure of 18%.
The probability of failure is calculated using the Taylor series technique.

FS (deterministic) = 1.150
F& (maan)= 1,184

F =14 240%

Rl (nommah = 1055

R (hog-nomaal) = 1,075
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Figure29.2

Malhod” speaiar

Factor of Salely: 1.150

Axizs Location: 131,434, 143,380
Led Slip Sudace Erlpoint: 137 767, 120 245
Hight Shp Sudace Endpoint. 350168, -7 7g1
Lok Slope Intercept. 137 757 017
Right Slope Infercept: 350 166 0,017
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SLIDE Verification Problem #30

30.1 Introduction

This model is taken from Borges and Cardoso (2002), their case 1 example. It looks at the
stability of a geosynthetic-reinforced embankment on soft soil.

30.2 Problem description
Verification problem #30 is shown in Figure 30.1. The sand embankment is modeled as a
Mohr-Coulomb material while the foundation material is a soft clay with varying undrained
shear strength. The geosynthetic is not anchored, has no adhesion, has a tensile strength of
200 KN/m, and frictional resistance against slip of 33.7 degrees. The reinforcement force is
assumed to be parallel with the reinforcement. The Bishop simplified analysis method is used
since this best simulates the moment based limit-equilibrium method the authors use. The
reinforcement is modeled as a passive force since this corresponds to how the authors
implement the reinforcement force in their limit-equilibrium implementation.

30.3 Geometry and Properties

Table 30.1: Material Properties

¢ (kN/m’) | ¢ (deg) | v (kN/m’)
Embankment 0 35 20
Cu top Cu bottom Y
(kN/m?) (kN/m®) | (kN/m®)
Upper Clay 8.49 8.49 17
Middle Clay 8.49 4.725 17
Lower Clay 4.725 13.125 17

geasynthelic
ra

s
pan (0B, 7
g~ / h
J{?f i I ambankmmeni \\"‘\ ol
Rl ¥ Ny .44
- . v 7368 |
n.E L ETERY uppes clay e IE”EI
0.4 W “‘H i P clay s A
0,32 M ke B * ‘ (35,34 ..'Mﬁ -
R=524 *, J \
., h‘ .I‘
! Fircie A lerweer clay Y
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" R=574 \
—_— 15
e [F36, O

Figure 30.1 - Geometry
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30.4 Results

Factor of Overturning Resisting

Safety Moment Moment

(kKN/m/m) (kKN/m/m)
Circle A (Slide) 1.69 633 1071
Circle A (Borges) 1.77 631 1115
Circle B (Slide) 1.66 523 868
Circle B (Borges) 1.74 521 907

Note: Both circle A and B have reverse curvature. Since Slide automatically creates a tension crack in the
portion of the circle with reverse curvature, the shear strength contribution in this region is removed. This is

most likely the reason for the smaller factors of safety in Slide.
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SLIDE Verification Problem #31

31.1 Introduction

This model is taken from Borges and Cardoso (2002), their case 2 example. It looks at the
stability of a geosynthetic-reinforced embankment on soft soil.

31.2 Problem description
Verification problem #31 is shown in Figure 31.1. The sand embankment is modeled as a
Mohr-Coulomb material while the foundation material is a soft clay with varying undrained
shear strength. The geosynthetic is not anchored, has no adhesion, has a tensile strength of
200 KN/m, and frictional resistance against slip of 33.7 degrees. The reinforcement force is
assumed to be parallel with the reinforcement. The Bishop simplified analysis method is used
since this best simulates the moment based limit-equilibrium method the authors use. The
reinforcement is modeled as a passive force since this corresponds to how the authors
implement the reinforcement force in their limit-equilibrium implementation.

31.3 Geometry and Properties

Table 31.1: Material Properties

¢ (kN/m’) | ¢ (deg) | v (kN/m’)
Embankment 0 35 20
Cu top Cu bottom Y
(kKN/m?) (kKN/m*) | (kN/m®)

Clayl 33 33 17

Clay2 16 16 17

Clay3 16 18.375 17

Clay4 18.375 55.125 17

°2 _ gt
A —— a4, B
(30,0 lr:.';"‘if ,-f/'/'-'F I“'IJ ibankre \\\\l":lile.‘%,lé?l
e e o &y
A5 clavd {48, -4.5]
3.7} — 48, .71
dapd

VL2l {5, 21)

Figure31l.1

cu (xPa}
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31.4 Results

Factor of Overturning Resisting

Safety Moment Moment

(kKN/m/m) (kKN/m/m)
Circle A (Slide) 1.18 7521 8847
Circle A (Borges) 1.19 7667 9133
Circle B (Slide) 1.16 9463 11002
Circle B (Borges) 1.15 9540 10972
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SLIDE Verification Problem #32

32.1 Introduction
This model is taken from Borges and Cardoso (2002), their case 3 example. It looks at the
stability of a geosynthetic-reinforced embankment on soft soil.

32.2 Problem description
Verification problem #32 is shown in Figures 32.1 and 32.2. The sand embankment is
modeled as a Mohr-Coulomb material while the foundation material is a soft clay with
varying undrained shear strength. The geosynthetic has a tensile strength of 200 KN/m, and
frictional resistance against slip of 30.96 degrees. The reinforcement force is assumed to be
parallel with the reinforcement. The Bishop simplified analysis method is used since this best
simulates the moment based limit-equilibrium method the authors use. The reinforcement is
modeled as a passive force since this corresponds to how the authors implement the
reinforcement force in their limit-equilibrium implementation. There are two embankment
materials, the lower embankment material is from elevation O to 1 while the upper
embankment material is from elevation 1 to either 7 (Case 1) or 8.75m (Case 2). The
geosynthetic is at elevation 0.9, just inside the lower embankment material.

32.3 Geometry and Properties

Table 32.1: Material Properties

¢’ (kN/m”) | ¢ (deg.) | v (kKN/m’)

Upper Embankment 0 35 21.9
Lower Embankment 0 33 17.2
Cu (kN/m%) v
(kN/m”)
Clayl 43 18
Clay2 31 16.6
Clay3 30 13.5
Clay4 32 17
Clay5 32 17.5
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Figure 32.2— Case 2 — Embankment height = 8.75m
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32.4 Results— Case 1 — Embankment height = 7m

Factor of Overturning Resisting

Safety Moment Moment

(kKN/m/m) (kKN/m/m)
Circle A (Slide) 1.23 32832 40231
Circle A (Borges) 1.25 34166 42695
Circle B (Slide) 1.22 61765 75300
Circle B (Borges) 1.19 63870 75754

32.4 Results— Case 2 — Embankment height = 8.75m

Factor of Overturning Resisting

Safety Moment Moment

(kKN/m/m) (kKN/m/m)
Circle C (Slide) 0.98 64873 63846
Circle C (Borges) 0.99 65116 64784
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SLIDE Verification Problem #33

33.1 Introduction

Verification #33 comes from El-Ramly et al (2003). It looks at the assessment of the
probability of unsatisfactory performance (probability of failure) of a Syncrude tailings dyke
in Canada. This example does not consider the spatial variation of soil properties and is
described in the paper as the simplified probabilistic analysis.

33.2 Problem description

The original model from the El-Ramly et al paper is shown in Figure 33.1. The input
parameters for the Side model are provided in Table 33.1. El-Ramly et al considered five
probabilistic parameters: the friction angle of the Kca clay-shale, the pore pressure ratio in the
same layer, the friction angle of the Pgs sandy till layer, and the pore pressure ratios in this
layer at the middle and at the toe of the dyke.

In our model we only consider the friction angles of the Kca clay-shale and Pgs sandy till as
probabilistic parameters, and we use the phreatic surfaces indicated on Figure 33.1 in place of
pore pressure ratios. We tested the influence of the phreatic surfaces (included them as
piezometric lines with levels that are normal variables of unit standard deviation) and
established that they had minimal impact on the probability of failure for this model. The
Side model is shown on Figure 33.2.

As in the El-Ramly et al paper, the Bishop simplified analysis method is used. Side uses
Monte Carlo analysis to calculate the probability of failure. It is assumed in the Side model
that all the probabilistic input variables are normally distributed.

- | —— Deserministic critical slip surface
~— Dybecren Phreatic surface I ~=— The Hassan and Wolff {1999)
_ sk in Pi4 in TS eritical slip surface
= L Tailing sand (TS) 83K [y
S L Glacio-fluvial
8 [T sand {Pi4)
3 [ i i ‘_‘H ] T
= 00 [ Organic d-:poslls' o] J,{}F Sk il e
Clavey tll (Fge) — 3 e
- C!a.y—.shak {Bow) . . . . . h IDi.smrt-cd clay—shalLe (Kea) )
125 175 225 s 325 L 425 47,
Dristance (m)
Figure33.1
Table 33.1: Material Properties
Material ¢’ (kN/m’) | ¢ (deg) | Standard | vy (kN/m’)
deviation
of ¢" (deg.)

Tailing sand (TS) 0 34 - 20

Glacio-fluvial sand (Pf4) 0 34 - 17

Sandy till (Pgs) 0 34 2 17

Disturbed clay-shale (Kca) 0 7.5 2.1 17
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33.3 Geometry and Properties

Phreatic surface in TS

Phreatic surface in Pf4

Critical surfaces analyzed

Tailing sand (TS) Glacio-fluvial sand (Pf4)

=]

E |

e T
Sandy till (Pgs)

Disturbed clay-shale (Kca)

Figure 33.2a

*(327.934, 394.281)
*(327.63, 386.405)

* (125, 348.204)

(360.008, 318.063)
(372.244, 318.063)

1

(124 257,

3
: y (475,300
(125, 302.611) =
(125, 299.722) (249.262,295. (475, 306.164)
(125, 295.033) - (475, 295.748)
(125, 288.558) (233.679, 288.999) (475, 289.978)
(394.557, 309)

(394.557, 308.346)

Note: Phreatic Surfaces do not
intersect at toe

33.4 Results
Factor of Probability of
Safety Failure
Side 1.305 1.54x 10~
El-Ramly et al 1.31 1.6 x 10
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SLIDE Verification Problem #34

34.1 Introduction
This model is taken from Wolff and Harr (1987). It is a model of the Clarence Cannon Dam
in northeastern Missouri, USA. This verification compares probabilistic results from Slide to
those determined by Wolff and Harr for a non-circular critical surface.

34.2 Problem description
Wolff and Harr used the point estimate method to evaluate the probability of failure of the
Cannon Dam along the specified non-circular critical surface shown on Figure 34.1 (taken
from their paper). From the probability concentrations provided in the paper, we calculated
the probabilistic input parameters (cohesion, friction angle, and coefficient of correlation for
the Phase I and Phase II fills) shown in Table 34.1. In the table we also provide the unit
weights of the fills we had to use to match the factor of safety obtained by Wollf and Harr.
Since Wolff and Harr use an analysis method that satisfies force equilibrium only, we
compare their results to those obtained from the GLE. We also show results for non-circular
Spencer analysis. The Side model is shown on Figure 34.2.
As in the El-Ramly et al paper, the Bishop simplified analysis method is used. Side uses
Monte Carlo analysis to calculate the probability of failure. It is assumed in the Side model
that all the probabilistic input variables are normally distributed.

Upstream % Downstream

— =] I'-' A Crown

— EL 6l
’ R -
4.2 e - — EL5TH
[ L'F----FF‘hr:u.sa . ~ P 52 ,--"f
i Sard LT e
Fh Dr aln —1! 50 7 e
________ - e
Y B ~—__ SpaliFll
i Phasa | o
] Sand e
Fin g ; :
ElL 460 Critical Surface - EL 515
Limastone
Figure34.1

111



34.3 Geometry and Properties

Sand drain
\ Critical failure surface
Phase Il fill e »
+ T — +
S |
[ Phase I fill
Figure 34.2
Table34.1: Material Properties*
Material ¢’ (Ib/ft) Standard ¢ (deg.) Standard Correlation y (Ib/ft)
deviation of deviation of | coefficient for
¢’ (Ib/ft%) o (deg.) ¢ and ¢’
Phase I fill 2,230 1,150 6.34 7.87 0.11 150
Phase II fill 2,901.6 1,079.8 14.8 9.44 -0.51 150
Sand drain 0 - 30 - 120

*Information on the non-labeled soil layers in the model shown on Figure 34.2 is omitted because it has no
influence on the factor of safety of the given critical surface.

34.4 Results

Deterministic Probability of
Factor of Safety Failure
Side (GLE method) 2.333 3.55x 107
Side (Spencer method) 2.383 3.55x 107
Wolff and Harr 2.36 4.55x 107
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SLIDE Verification Problem #35

35.1 Introduction

This model is taken from Hassan and Wolff (1999). It is a model of the Clarence Cannon
Dam in Missouri, USA. This verification problem looks at duplicating reliability index results
for several circular failure surfaces specified in the Hassan and Wolff paper.

35.2 Problem description

Hassan and Wolff applied a new reliability based approach they had formulated to calculate
reliability indices for slopes. The cross-section of the Cannon Dam they used is shown on
Figure 35.1.

The Bishop simplified method of slices is used in all the cases discussed in this verification
problem. We analyze two sets of slip circles, those shown on Figure 7 of the Hassan and
Wolff paper and those on Figure 8. (Figures 7 and 8 from the paper are shown on Figure 35.2
below.) Input parameters for the model are given in Table 35.1. Since the paper does not
provide all the required input parameters, we selected values for the missing parameters that
allowed us to match factors of safety for a few of the circles in Figure 7.

We assume all the probabilistic input variables to be normally distributed in performing
Monte Carlo simulations. Side calculates reliability indices based on the mean and standard
deviation of the factor of safety values calculated in the simulations. The reliability indices
shown in the results section are calculated with the assumption that factors of safety values
are lognormally distributed (Hassan and Wolff (1999). Results obtained from Side are
compared to those from the Hassan and Wolff paper in Table 35.2.

O 1524 J048 m

r213.3E fEAM SCALE
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Figure 35.1 — Author’s Geometry
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FIG. 7. Cannon Dam, Simplified Bishop Method (Failure Sur-
faces Obtained by Proposed Search Process)
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Figure 35.2. Figures 7 and 8 from the Hassan and Wolff (1999) paper.

35.3 Geometry and Properties
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Table 35.1: Material Properties*

Material

¢’ (kN/m%)

Standard

Standard

Correlation

¢ (deg.) Y
deviation of deviation of | coefficient for (kN/m3)
¢’ (kN/m?) o’ (deg.) ¢’ and ¢’
Phase I clay fill 117.79 58.89 8.5 8.5 0.1 22
Phase II clay fill 143.64 79 15 9 -0.55 22
Sand filter 0 - 35 - - 22
Foundation sand 5 - 18 - - 20
Spoil fill 5 - 35 - - 25

*Properties of the limestone layer in the models shown on Figure 35.3 and 35.4 are omitted because they
do not influence calculated factors of safety.

35.4 Results

Side Results Hassan and Wolff Results

Surface Deterministic Reliability Deterministic Reliability
Factor of Safety Index Factor of Safety Index

(lognormal) (lognormal)
Fig. 7 Surface A 2.551 10.953 2.753 10.356
Fig. 7 Surface B 2.820 4.351 2.352 3.987
Fig. 7 Surface C 2.777 4.263 2.523 4.606
Fig. 7 Surface D 2.583 11.092 2.457 8.468
Fig. 7 Surface E 2.692 10.281 2.602 10.037
Fig. 8 Surface B 2.672 4.858 2.995 3.987
Fig. 8 Surface F 3.598 5.485 3.916 4.950
Fig. 8 Surface G 6.074 5.563 10.576 5.544
Fig. 8 Surface H 11.230 6.394 6.293 4.838
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SLIDE Verification Problem #36

36.1 Introduction
This model is taken from Li and Lumb (1987) and Hassan and Wolff (1999). It analyzes
reliability indices of a simple homogeneous slope. This verification looks at comparing the
reliability index of the deterministic global circular failure surface and the minimum
reliability index value obtained from analysis of several failure surfaces.

36.2 Problem description
The geometry of the homogeneous slope is shown in Figure 36.1 and material parameters are
provided in Table 36.1. The Bishop simplified method of analysis is used. Using Monte Carlo
analysis that assumes all probabilistic variables to be normally distributed, reliability indices
are calculated on the assumption that factors of safety values are distributed lognormally.
This is consistent with the reliability index measures used by Hassan and Wolff (1999).
The reliability index calculated for the deterministic minimum factor of safety surface
(critical deterministic surface), the minimum reliability index (critical probabilistic surface),
and the overall reliability index of the slope are compared with reliability indices calculated
by Hassan and Wolff in Table 36.2. Figure 36.2 shows the locations of the critical
deterministic and probabilistic surfaces calculated by Side.

36.3 Geometry and Properties

(15, 18) (20, 15)

14
!

1
I

0.5 (5.5

Material 1

am
!

(0.0) (20,0)

T T T T T T
zm 0 2 L & ]

Figure 36.1
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Table 36.1: Material Properties

Property Mean value Standard
deviation
¢’ (kN/m) 18 3.6
¢’ (deg.) 30 3
y (kKN/m”) 18 0.9
Iy 0.2 0.02
36.4 Results
Table 365.2: Results
Side Results Hasssan and Wolf Results
Surface Factor of Reliability Factor of Reliability
Safety Index Safety Index
(lognormal) (lognormal)
Deterministic minimum 1.339 2.471 1.334 2.336
factor of safety surface
Minimum reliability 1.367 2.395 1.190 2.293
index surface
Overall slope (no 1.349 2.382
particular surface)

Figure 36.2. Slide critical deterministic and critical probabilistic surfaces.
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SLIDE Verification Problem #37

37.1 Introduction
Verification #37 models a slope reinforcement example described in the Reference Manual of
the slope stability program XSTABL (1999). It illustrates the use of back analysis to
determine the amount of reinforcement required to stabilize a slope to a specified factor of
safety level.

37.2 Problem description
The solution for this example of a simple slope, consisting solely of non-cohesive soil
material, involved two steps:
a) Determining the reinforcement force needed to stabilize a slope to a factor of safety value
of 1.5, and
b) Establishing the minimum required length of reinforced zone.

Figure 37.1 describes the slope model. The solution in XSTABL examines failure surfaces
that pass through the toe of the slope. To duplicate that in Slide, we placed a search focus
point at the toe. In addition, to eliminate very small shallow failure surfaces of the slope face
(slip circles that do not intersect the crest), only failure surfaces with a minimum depth of 2m
were considered. Since the XSTABL solution considers a triangularly distributed
reinforcement load along the slope height, the Slide model applies a concentrated force at a
point above the toe that is a third of the slope height.

Next we remodelled the slope, but this time included a reinforced zone with a higher friction
angle calculated from the formula (XSTABL Reference Manual (1999))

¢reinf = ta'n_l[Fr tan(¢)]

where F, = Fiin

crit
We varied the length of the reinforced zone manually until we obtain a factor of safety value
very close to 1.5. Again we required all failure surfaces analyzed to pass through the toe and
included a minimum slope depth to eliminate shallow, face failures.
All our results are provided in Table 37.1
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37.3 Geometry and Properties
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Figure 37.1

37.4 Results
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Figure 37.2
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Table 37.1: Results
Side XSTABL

Required reinforcement 350 345
force (kN)
F, 1.961 2.044
Breing () 54.93 56.04
Length of reinforcement 7.6 7.5
zone (m)
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SLIDE Verification Problem #38

38.1 Introduction
Verification #38 models a typical steep cut slope in Hong Kong. The example is taken from
Ng and Shi (1998). It illustrates the use of finite element groundwater analysis and
conventional limit equilibrium slope stability in the assessment of the stability of the cut.

38.2 Problem description

The cut has a slope face angle of 28" and consists of a 24m thick soil layer, underlain by a 6m
thick bedrock layer. Figure 37.1 describes the slope model.

Fim

1 iz
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s X
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Figure 38.1 Model geometry

Steady-state groundwater analysis is conducted using the finite element module in Slide.
Initial conditions of constant total head are applied to both sides of the slope. Three different
initial hydraulic boundary conditions (H=61m, H=62m, H=63m) for the right side of the
slope are considered for the analyses in this section, Figure 38.1. Constant hydraulic
boundary head of 6m is applied on the left side of the slope. A mesh of 1621 six-noded
triangular elements was used to model the problem. Figure 37.3 shows the soil permeability
function used to model the hydraulic conductivity of the soil, Ng (1998).
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Figure 38.2 Hydraulic conductivity function

The negative pore water pressure, which is commonly refereed to as the matrix suction of
soil, above the water table influences the soil shear strength and hence the factor of safety. Ng
and Shi used the modified Mohr-Coulomb failure criterion for the unsaturated soils, which
can be written as

r=C +(0,—U,)tang +(U, —U,)tang,
where o is the normal stress, ¢, is an angle defining the increase in shear strength for an

increase in matrix suction of the soil. Table 38.1 shows the material properties for the soil.
*The raw data for Figure 38.2 can be found in verification#38.sli.

Table 38.1 Material properties

C (kPa) ¢ (deg.) Py (deg.) Y (kN/m?)
10 38 15 16

Both positive and negative pore water pressures predicted from groundwater analysis engine
were used in the stability analysis. The Bishop simplified method is used in this analysis.
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38.3 Results (tolerance = 0.0001)

Critical slip

surface

Pressure head
contours

Figure 38.3 Slide groundwater and slope stability resultsfor H=63m

Table 38.2: Factor of Safety results

H Slide
(total head at right side of slope)

Ng. & Shi (1998)

61lm 1.616 1.636
62m 1.535 1.527
63m 1.399 1.436
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SLIDE Verification Problem #39

39.1 Introduction
This model is taken from Tandjiria (2002), their problem 1 example. It looks at the stability
of a geosynthetic-reinforced embankment on soft soil. The problem looks at the stability of
the embankment if it consists of either a sand fill or an undrained clayey fill. Both are
analyzed.

39.2 Problem description
Verification problem #39 is shown in Figures 39.1 and 39.2. The purpose of this example is
to compute the required reinforcement force to yield a factor of safety of 1.35. Both circular
and non-circular surfaces are looked at. In each case, the embankment is modeled without the
reinforcement; the critical slip surface is located, and then used in the reinforced model to
determine the reinforcement force to achieve a factor of safety of 1.35. This is done for a sand
or clay embankment, circular and non-circular critical slip surfaces. Both cases incorporate a
tension crack in the embankment. In the case of the clay embankment, a water-filled tension
crack is incorporated into the analysis. The reinforcement is located at the base of the
embankment. The model was analyzed with both Spencer and GLE (half-sine interslice
function) but Spencer was used for the force computation. The reinforcement is modeled as
an active force since this is how Tandjiria et.al. modeled the force.

39.3 Geometry and Properties

Table 39.1: Material Properties

Cu/c’ (kKN/m’) | ¢ (deg.) | v (KN/m’)
Clay Fill Embankment 20 0 19.4
Sand Fill Embankment 0 37 17
Soft Clay Foundation 20 0 19.4
[ (0.=
0,3
LR .
1.6.34) ““x\
~_
Clay Fill ‘“-x&_
M"\-\. -
S, [ALEEZE 3
i, = 7 3,3
S0t Clay
.0y (300

Figure 39.1 - Clay Fill Embankment
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39.4 Circular Results— Clay embankment with no reinfor cement

Sand Fill

Soff Clay

Figure 39.2 - Sand Fill Embankment

Method Factor of Safety
Spencer 0.975
GLE/M-P 0.975

Tandjiria (2002) Spencer Factor of Safety = 0.981

39.5 Noncircular Results— Clay embankment with no reinforcement

Method Factor of Safety
Spencer 0.932
GLE/M-P 0.941

Tandjiria (2002) Spencer Factor of Safety = 0.941

39.6 Circular Results— Sand embankment with no reinfor cement

Method Factor of Safety
Spencer 1.209
GLE/M-P 1.218

Tandjiria (2002) Spencer Factor of Safety = 1.219

39.7 Noncircular Results— Sand embankment with no reinforcement

Method Factor of Safety
Spencer 1.189
GLE/M-P 1.196

Tandjiria (2002) Spencer Factor of Safety = 1.192
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39.8 Circular Results— Clay embankment with reinfor cement

Method Reinforcement Factor of Safety
Force (KN/m)
Spencer 169 1.35

Tandjiria (2002) Reinforcement Force = 170 KN/m

39.9 Noncircular Results— Clay embankment with reinfor cement

Method Reinforcement Factor of Safety
Force (KN/m)
Spencer 184 1.35

Tandjiria (2002) Reinforcement Force = 190 KN/m

39.10 Circular Results — Sand embankment with reinfor cement

Method Reinforcement Factor of Safety
Force (KN/m)
Spencer 44 1.35

Tandjiria (2002) Reinforcement Force = 45 KN/m

39.11 Noncircular Results— Sand embankment with reinfor cement

Method Reinforcement Factor of Safety
Force (KN/m)
Spencer 56 1.35

Tandjiria (2002) Reinforcement Force = 56 KN/m
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