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A. INTRODUCTION

This document contains a series of verification slope stability problems that have been analyzed
using DeepXCav 2010. These verification tests come from:

¢ 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 DeepXCav verification problems #1 to
#10 are based on these ACADS example problems (Giam & Donald (1989)).

¢ 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.

All examples are analysed not only in the original, but also in the reversed form, so that the DeepXCav
can be better veriffied.
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B. Slope verification problem#1
Simple Slope

B.1 Problem Description
The first problem is the simple case of a total stress analysis without

considering pore water pressures. The soil properties are presented in Table 1 and the model of the

problem is shown in Figure 1. The factor of safety and its corresponding critical circular failure is
required.

Table B.1: Material Properties

¢ (kN/m?) | ¢ (deg) | v(kN/m)
3.0 19.6 20.0

I (70,35)
{50,35)

(20,25)

(30,25)

(20,20) (70,20)

Figure B.1- Model of the problem
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B.2 Results

Method: Bishop

Factor of Safety

Normal model

0.978

Reversed model

0.994

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

Base model

=D. Bishop
XFS 0.978 Circular surface x=-30.3m, y=33m, R=28.004m
{Left xcit pt: -51.353m, 35m)
(Right exit pt: -30m. 25m)

KaH=Wadge KaH=0.458
Kph=Wedge KpH=Z2.002
B Zm EL24m_
E
=20 kN/m3
c=3kPs 4m
Fre12.5deg
Baring 1
Figure B.2 — Normal model solution
Reversed
Bizhop
«F8=0.994 Circulzr surface x=30.3m, y= 52m, R=27.005m
[Lsft =t pt: 20m, 25m)
(Right exat pt: 51.482m. 35m)
KaH=0.499 KaH=Wadgs
KpH=2.002 KpH=Wedge
Blam fEm
;
£
g=20kN/m3
1am =2kPs

Fr=19.5deg

Boring 1

Figure B.3 — Reversed model solution
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C. Slope verification problem#2
Tension crack

C.1 Problem Description

This problem has the exact slope geometry as the Verification problem #2, with the addition of a

tension crack zone. A suitable tension crack depth D is required and it can be estimated from the
following equations [Craig (1997)]:

D= 2*c/(y \/Ka) , Ko= (1 -sind)/( 1 +sind)

Table C.1: Material Properties

¢ (kN/m?) | ¢ (deg.) | v (kN/m’)

3.0 10.0 20.0
(50,35) (70,35)
{70,31.1297]
{50,31.1297)
(20,25) (30,25)
{30,21.1297)

Figure C.1- Model of the problem
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C.2 Results

Method: Bishop Factor of Safety Method: MP Factor of Safety

Normal model 1.618 Normal model 1.555

Reversed model 1.614 Reversed model 1.536

Note : Referee Factor of Safety = 1.65 [Giam]

BISHOP
Bishop
Tension crack: Auto depth, filled with watar
><FS= 1.618 Circular surface x=-37.138m. y= 43.152m. R=21.388m

{Left exit pt: -52.531m, 35m)
[Right exct pt: -20m, 25m)

KaH=0.704
KpH=1.42

El 44m|

14m

Boring 1
Figure C.2 — BISHOP - Normal model solution
BISHOP reversed
F§=1.614
KaH=0.704
KpH=1.42
ElL 24m,nl
14 m

Boring 1

Figure C.3 — BISHOP - Reversed model solution
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MP

ll=d with water
. y=42.028m, R=18.472m

FS=1555

EL24m

14m

Boring 1
Figure C.4 — MP - Normal model solution
MP reversed
F§=1536
KaH=0.704
KpH=1.42
El 24m .
14 m

Boring 1

Figure C.5 — MP — Reversed model solution
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D. Slope verification problem#3
Non-homogeneous

D.1 Problem Description

This problem is @ non-homogeneous, three layer slope. The factor of safety and its corresponding critical
circular failure surface is required.

(20,25)

(20,20)

Table D.1: Material Properties

¢’ (kN/m?) ¢’ (deg.) | v (kN/m?)
Soil 1 0.0 38.0 10.5
Soil 2 5.3 23.0 195
Soil 3 72 20.0 19.5
(50,35) (70,35)
5431) P11 (7931
Soil 2
(30,25)
52,24) (70,24)
Soil 3
(70,20)

Figure D.1- Model of the problem
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D.2 Results

Method: GLE Factor of Safety
Normal model 1.378
Reversed model 1.384

Note : Referee Factor of Safety = 1.39 [Giam]
Mean Bishop FOS (16 samples) = 1.406
Mean FOS (31 samples) = 1.381

GLE
Morgenstem-Frice
Circul =32.83m, y=45.814m, A= 21.012m
(Left exit pt: -30.896m, 35m)
«F8=1.378 [Right 2xct pt: -20m. 28m)
& L &
KaH=Weardge KaH=0.238
& & KpH=Wedge KpH=4.204
o
ELZ5m EL243m
L = KzH=Wedgs KaH=0.45
KpH=Wesge KpH=204
49m
Figure D.2 — GLE - Normal model solution
GLE reversed
+F§=1.384
& 1Y &
KaH=0.238 KaH=Wsdge
KoH=4 204 KoH=Wedze " "
&
. El25m &
y El2m o - —
TEA= 09T KzH=Wedge = B
KoH=2.04 KpH=Wedge
4m

Figure D.3 — GLE — Reversed model solution
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E. Slope verification problem#4
Non-homogeneous with seismic load

E.1 Problem Description

Verification problem #4 is identical to problem #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.

Table E.1: Material Properties

¢’ (kN/m?) ¢’ (deg.) | v (kN/m?)
Soil 1 0.0 38.0 19.5
Soil 2 5.3 23.0 195
Soil 3 7.2 20.0 195
(50,35) (7035
5431y 11 (7p31)
Soil 2
(20,25) (30,25)
52,24) (70,24)
Soil 3
(20,20) 70,20

Figure E.1- Model of the problem
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E.2 Results

Method: GLE

Factor of Safety

Method: BISHOP

Factor of Safety

Normal model

0.985

Normal model

0.984

Reversed model

0.993

Reversed model

1.015

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

GLE

+F§=0.985

Margenstem Price

Circular surface x=-32.88m. y=43.814m. R=21.012m

{Left exit pt: -50.856m, 35m)
{Right exct pt: -20m, 25m)

Sl
gt=19.5kN/m3 & KaH=Wadge an KaH=0.228 &
L E=Sen. . 3 " KpH=Wedge KoH=3.33
gt=18.5kN/m3 F
c=3kPz EL 25 —an
= Z5m EL é-.t_.‘:m n
TSN FONY EP a KaH=Wedge KeH=0.49
KpH=Wedge KpH=1.824
49m
53
gt=18.5 kN/m32
c=TkPz
Fr=20 deg
Boring 1
Figure E.2 — GLE - Normal model solution
GLE reversed
Margenstern-Prize
Circular surface x=34.187Tm. y=43.814m. R=21.231m
{Left excit pt: 30m, 25m)
+F§=0.993 {Right =t pt- 52 457m, 35m)
iy
KzH=0.238 KzH=Wedgs
KpH=3.93 KpH=Wedge A A
L
El 2415 m EL25m F
Katl=0.49 3 KaH=Wedge 3 2
KpH=1.824 KpH=Wedg=
143 m

Figure E.3 — GLE — Reversed model solution
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BISHOP

FS=0.084

ce x=-34.121m, y= 43.234m, R=18.781m
(Left exit pt: -50.881m, 25m)

& fRight exi 7o smy
{Right exit pré&v23.703m. Z‘TRéH=Wa:;a ffy Kae0.222 &
3 ® KpH=Wedge KpH=2.83
L
& EL.25m EL245m

. - KzH=Wedge KaH=0.45
KpH=Wedge KpH=1.824
149m
Figure E.4— BISHOP - Normal model solution
BISHOP reversed
Bishop
Circular suface x=35.483m, y= 42.526m, R= 18.781m
(Left it pt: 28.743m, 25m)
(Right exit pt: 52.7m, 35m)
SFS=1.015
&
KaH=0.238
KeH=3.33 " X
EL 243 m EL25m
KaH=0 43 "7 KaH=Wedge o
KoH=1.824 KoH=Wedze

149 m

Figure E.5— BISHOP — Reversed model solution
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F. Slope verification problem#5
Water table modeled with weak seam

F.1 Problem Description

In this problem, 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 and the effect of the tension crack is to be ignored.
The factor of safety and its corresponding critical non-circular failure surface is required.

Table F.1: Material Properties

c' (kN/m?) | ¢’ (deg.) | vy (kN/m’)
Soil 1 28.5 20.0 18.84
Soil 2 0.0 10.0 18.84
(67.5,40) (84,40}
Soil 2 (seam)
Soil 1
(20,27.75) \ (43,27.75) (84,27.75)
(20,27} Y 1(84,27)
[(20,26.5) Sall 1 (84,26.5)
(20,20)
{84,20)

Figure F.1- Model of the problem
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Method: SPENCER | Factor of Safety
Normal model 1.198
Reversed model 1.195

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

Spencer

F$=1.198

Morgenstem-Frice
sssivewadge: 49,845 deg

{Right exit pt: 40 815m, 27 75m)

F KaH=Wedgs KaH=0.4%
1= 18.84 kN/m3 KeH=Vizazs KeH=2.04
=25 kP=
Fregaes EL27T5m EL2TEm
=== = e —
RN i
E
1= 18.84 KNim3
-28kP=
Fr=20deg
Baring 1
Figure F.2— SPENCER - Normal model solution
Spencer reversed
L FS=1.195
‘dag, passive wedge: 43,845 deg
KaH=0.4% KaH=Wedge F
KeH=2.04 KeH=Vi=ag= gt= 18.84 kN/m3
o=25 kFa
Bl ITEm EL27T5m Fredases
e

bR g bl

Boring 1

Figure F.3— SPENCER - Reversed model solution
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G. Slope verification problem#6
Previous problem with predefined slip surface

G.1 Problem Description

This problem is identical to verification problem #5. The only difference is that a non-circular slip surface
of known coordinates is analysed.

Table G.1: Material Properties

¢ (kN/m?) | ¢ (deg.) | v (kN/m’)
Soil 1 28.5 20.0 18.84
Soil 2 0.0 10.0 18.84
(67.5,40} {84,40)
Soil 1
((20'2)7'75’ < 143,27.75) (84,27.75) o420
20,27 (84,27
(20,26.5) Soil 2 (84,26.5)
(20,20)

{84,20)

Figure G.1- Model of the problem

Table G.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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G.2 Results

Method: SPENCER | Factor of Safety
Normal model 1.314
Reversed model 1.313

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

Spencer

e KeH=0.4:
FiogpmHeg ELITEm
Ed bl §§5—n ~_ .
A=
%EEE..
F
gt=18.84 kNim3
c=28kPa
Fr=20d=g
Boring 1
Figure G.2— SPENCER - Normal model solution
Spencer reverced
FS=1.313
Le - 41 878m, 27.75m)
{Right excit pt: 73,288, 40m)
=
K&pnzz & gt=18 84 kN/m3
ELITEm ~ ‘_B-E'%RE:
KeH=025* =
KeH=2 42

13
@=18.84 kN/im3
c=28kP=

Fr=20 deg

Baring 1

Figure G.3— SPENCER - Reversed model solution
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H. Slope verification problem#7
External loading, pore pressure defined by water table

H.1 Problem Description
The soil parameters of this problem, the external loadings and the piezometric surface are shown in

Tables G.1, G.2 and G.3 respectively. The effect of the tension crack is to be ignored. The factor of safety
and its corresponding critical non-circular failure surface is required.

Table H.1: Material Properties

c' (kN/m?) | ¢’ (deg.) | y(kN/m3)
Soil 1 28.5 20.0 18.84
Soil 2 0.0 10.0 18.84

Table H.2: external Loadings

X (m) Y (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 H.3: Data for Piezometric surface

Xc (m) Yc (m)
20.00 27.75
43.00 27.75
49.00 29.8
60.00 34.00
66.00 35.80
74.00 37.60
80.00 38.40
84.00 38.40

Deep Excavation LLC
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A0 kN/m
20 kN/m
(67.5,40) (84,40)

(84,36.8)

(84,36.2)
(20,27.75)
{20,18.88)
(20,18.26)

(20,15) (84,20}

Figure H.1- Model of the problem

H.2 Results

Method: SPENCER | Factor of Safety

Normal model 0.693

Reversed model 0.693

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]
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Spencer
. . +F 570,693 BA 04 “
0. passive wedg e
20
J. =1 1_75 m ELZT5m
= & g 3
e BEE

Figure H.2— SPENCER - Normal model solution

spencer reversed

ELZT5m El ‘1-75 m J. J. J.
£ = # =
e i

Figure H.3— SPENCER - Reversed model solution
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l. Slope verification problem#8
Pore pressure defined by digitized total head grid

1.1 Problem Description

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. Grid interpolation is done

with TIN triangulation. The critical slip surface (circular) and the corresponding factor of safety are
required.

Table I.1: Material Properties

c' (kN/m?) | ¢’ (deg.) | vy (kN/m’)

11.0 28.0 20.00
Excavation
(15,35} Initial Ground Level {50,35} (95,35)
(15,33) Initial W.T. Level /
W
W Final Ground Profile
(15,26) (32,26)
(15,25) (32,25)
Scil 1
(15,20} (95,20)

Figure 1.1- Model of the problem
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1.2 Results

Method: SPENCER | 2T OF | Viathod: GLE | 727 °F | Method: BisHop | Factor of
Safety Safety Safety
Normal model 1.468 Normal model 1.441 Normal model 1.495
Reversed model 1.462 Reversed model 1.439 Reversed model 1.417

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

SPEMCER

8= 1468
Spencer
Circular surface x=34.88m, y=43.154m, A= 13.353m
{Left exit pt: -52.213m, 35m)

(Rt s o 25,0 Sy
\ (Right exit pt: M"&“'h“kHﬂ’\’e:;a KaH=0.351
KpH=Wadg= KpH=277
EL2im
St
e e 4 o
E
gt=20kN/m3
c=11kPa 14 m
Fr=28deg
s
Boring 1

Figure 1.2— SPENCER - Normal model solution

SPEMCER reversed

F8=1.452
Spencer
Circular surfacex=34.65m, y=43.134m, A=13.353m
{Left exit pt: 28.083m, 25m)

=il - 5 1 = y
KaH=0.381 KaH=Wadgz {Right exit pt: 32.213m, 33m} /
KeH=277 KoH=Wedge
o Alaim
mT 5
14 'n‘(

Boring 1

Figure 1.3— SPENCER - Reversed model solution
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GLE
= 35.300m, y= 43.382m, A= 18.4%5m
ext . 534m. 35m)
ight =it pr 28,525, 25m)
LFS=1441
\ KaH=Wedge KzH=0.381
KeH=Weaz= KeH=2.77
DlzEm
———— - = 2
E
=20 kKNim3
== 11kFz l4m
Fr=28deg
o g
Baring 1
Figure |.4— GLE - Normal model solution
GLE reversed
+F§=1.439
KaH=0.261
KeH=277
e <
5
l4m

Boring 1

Figure I.5— GLE - Reversed model solution
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BISHOP

+F8=1.495
Bishop
Circular surface x=-34.68m, y=43.1%4m, R= 15.333m
{Left exit pt: -52.213m, 25m)
(Right exit pt: -28.083m. 23m},

b | KaH=Weadge KaH=0.281
KpH=Wedge KeH=2.77
LL2im
Bt
e e 3
E
=20 kN/m3
o=11kPa 14 m
Fr=28deg
ke

Boring 1

Figure 1.6— BISHOP - Normal model solution

BISHOP reversed

F§=1.417

KaH=0.351
KpH=277

i

14 m

Boring 1

Figure .7- BISHOP - Reversed model solution
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J. Slope verification problem#9
Pore pressure defined by pore pressure grid
J.1 Problem Description
The material properties of this problem are given in Table J.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.

Table J.1: Material Properties

c' (kN/m?) | ¢ (deg.) | y(kN/m’)
Embankment 0.0 44.0 18.8
Clay foundation 2.0 28.0 16.68
{8,12)
{0,12)
Materlal Barrler (0,8}, (14,8)
Embankment
(0,8} (22,8)
e 2275
(0,5.5) (18,5.75) (22,5.5)
{0,4.25]
(15.25,6)
(22,3)
(14.5,2) (18, 3.25}
Clay Foundatlon (18, 0.75) (22,0.5)
(22,0

Figure J.1- Model of the problem
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J.2 Results

Method: SPENCER | Factor of Safety
Normal model 0.907
Reversed model -

Note: Referee Factor of Safety = 1.04 [Pilot]

Base model

Bishop
Circular surface x=11.575m, y=11.285m, R=7.582m
{Left exit pt: 3.993m. 12m)

{Right excit pt: 13.098m, 8m)

5=0.907
#F KaH=Wedge KaH=0.18
F KpH="Wedge KgH=5.55
gt=18.8kN/im3
Fr=44 deg
~ EL&m EL&m
£m 7 =
— = KaH=0.381 =
KeH=2.77
C (DR}
gt=18.82 kN/m3
c=2kPa
Fr=28dag
Baring 1 T

Figure J.2— SPENCER - Normal model solution
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k. Slope verification problem #10
Verification example with soil nails from FHWA soil nailing manual

k.1 Problem Description

The material properties of this problem are given in Table k.1. The position of the critical slip surface and
the corresponding factor of safety are required. A safety factor of 2 is used in the soil nail skin

resistance.

Table k.1: Material Properties

. , gSkin Ult
¢’ (ksf deg. cf .
(f) | &' (deg) | vipch | o
Sand 0.1 32 120 50

All soil nails have Fy= 60 ksi and an area of 1in®. The horizontal spacing is assumed at 5 ft.

&0

50

40

30

20

Vertical Distance (ft)

Sotl unit weight ¥ 120 pef
So1l frichion angle [ 32 degrees
so1l cohesion C 100 psf
Drillhole Diameter Doy 4inch
Bond Ultumate Strength y 30 pai
Pullout Safety Factor FSp 2.0
Nail Bar Length L 30 fi
Nail Bar Cross-Sectional Area Ay 1.0 1n
Steel yield strength ty 0 ks
Critical Facing Capacities R 100 kip

(a) Case 1: Horlzontal

FS =186
backslope
FS=2.18
GOLDNAIL
— = — = — SNAIl
| 1 | 1 | 1 | 1 | 1 | 1 | ! |
20 0 20 40 60 80 100 120

Figure k.1- Model of the problem

Deep Excavation LLC
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k.2 Results
Method: MP Factor of Safety
Normal model 1.92
Reversed model -

(74.81, 162.5)

Maorgenstern-Frice

wF8F 1.9 TFcular surface _BBAfL, y= 157.352ft, R=181.2150
{L=ft exit pr: 53,241, 4071)

[Right st pr: -5, 4071

(316, 132.78)

=120 pof 2k
=100 psf ;
Fr=32 deg L —EL 01t

EL Oft

Boring 1

Figure k.2— Results with DeepXcav
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