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Complexity of failure mechanisms

I: Kinematic & >/
______Limit Equilibrium Analysis _

II: Continuum & Discontinuum >|
_.___Numerical Methods
III: Hybrid Finite-/Discrete >|
__._._Element with Fracture
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Shear involving release
on smooth basal, rear
and lateral surfaces.

l

Step-path failure involving
degradation & failure of
intact rock bridges along

basal, rear & lateral
release surfaces.

Reguires internal yielding,
& shearing with dilation
of fractures (in addition
to strength degradation
along release surfaces).

v

Damage Mechanisms:
Asperity breakdown,
progressive
failure.

v
Damage Mechanisms:
Asperity breakdown,
progressive failure,
brittle intact
rock fracture.

Damage Mechanisms:
Brittle fracture damage,
progressive strength
degradation,
yield & shear.

IIE===>> Increasing Complexity WE==>

Failure Mechanism

planar
failure

persistent =

discontinuity

Failure Mechanism

multiple step-path
failure

intact rock

bridges

Failure Mechanism

deep-seated
multi-block failure
with internal shearing

transition
(i.e. Prandtl prism)

Stead, Eberhardt & Coggan 2006 Developments in the characterization of complex rock slope
deformation and failure using numerical modelling techniques. Engineering Geology 83 (2006) 217i 235

il LI s0ft| - TSLOPE




Who we are

TSLOPE development by small team led by Peter Wood,
Wellington (New Zealand)

Technical direction from Dr lan Brown (Wellington) and
Professor Nicholas Sitar (University of California,
Berkeley)

Web based delivery of software and support

Web site www.tagasoft.com
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http://www.tagasoft.com/

TSLOPE history

A 1989 first 3D analysis program developed for design of
Puente Hills landfill (Southern California), using LA
County method of force equilibrium.

A20009 Spencer s met hod exter

A 2016 fully integrated 2D and 3D analysis using the same
geotechnical model.
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Why have we developed yet another slope stability
program?

A The world is 3D and so is TSLOPE
A Our integration of 3D and 2D analysis is unique
A We can provide a cost effective solution using SaaS

A We have no defaults or artificially imposed restrictions on
slide surface geometry

Afiyou must al ways checko agtae v
Wright (2013 Seed Lecture)
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Why do we carry out slope stability analyses ?

A To get a numerical value that we can assign to the
stability (or otherwise) of a slope 1 the factor of safety.

A To confirm something we already know i the slope is

stable, or it

IS unstable.

A To back calculate the material strength following

observed s

lope fallure.

A To satisfy a regulatory requirement eg. factor of safety

greater tha
A To provide

A To assist wi

n 1.5.
iInsight into s

th slope desi
drainage, reinforcement

ope behaviour.
gn 1 excavation geometry,
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Why do we continue to use 2D limit equilibrium slope
stability analysis ?

A There is a long history of use.

A Slope geometry does not vary in the direction
perpendicular to the cross section analysed.

A Few acceptable 3D programs; they g?_enerally use
simplified assumptions that limit applicability to real
problems.

A Alternative numerical methods are complex and require
material properties that are difficult to measure or
estimate.

bt LEXSYNsof t| - TSLOPE



Why we should carry out 3D slope stability analyses

A We now work in a 3D world with most other computer
applications (GIS, CAD, geological modelling, mine
planning).

A 3D geometry often has significant influence on slope
stability, e.g. wedge like geometry or bottle mouth
canyons.

A 3D slope data becoming increasingly easy to acquire
(e.g. laser scanning) and use.

A All this leads to a better understanding of the nature of
slope failure mechanisms.
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TSLOPE highlights

A TSLOPE - a program for 2D and 3D slope stability
analysis; from wedge failures in open pit mines defined
by rock structure, to landfills where failure is possible
along a geofabric liner.

A Ordinary Method of Columns allows for evaluation of 3D
effects, provides for calculation of local factors of safety
which indicate the possibility of progressive failure.

A Implementatonof Spencer 6s pravilédsh o d
way of checking and comparing with previous results
using methods that fully satisfy equilibrium.
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3D Ordinary Method of Columns

A Calculates overall factor of safety as ratio of sum of
resisting forces over sum of driving forces.

A Always get a solution i there are no iteration or
convergence ISsues.

AUsedas starting point for Spe

A Automatically get local factors of safety for individual
columns.

A Local factors of safety provide an indication of the
potential for progressive failure.
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3D Spencer 0o0s anal ysi s met hoc

A Use minimization to determine best estimate for global
equilibrium, including sliding direction.

AFor symmetric problems, ach
equilibrium iIs often possible.

A For asymmetric problems, typically get within a few

percent of nexacto gl obal e
A Method is robust. It also calculates out of balance forces

and moments, thus providilng
result.

A Always get a solutioni we dondét have an
hnal gorithm failed to conver
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Slope model definition

A Multiple surfaces can be input.

A Complex slope geology accommodated with layers or
Zones.

A Geology independent of topography and excavation
surfaces.

A Slope failure surfaces pre-defined, arbitrary 3D shapes,
or complex surfaces developed constrained by layers.

A Groundwater as phreatic surfaces, or pore pressure
surfaces.

A 2D sections automatically extruded to 3D.
A Import and drape geo-referenced images.
A Tension crack outlines to constrain failure.

A Rock reinforcement i anchors.
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Example 1 Open pit mine slope failure

)" {

a3 345005
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orth (Y)

N

Geological model developed using Leapfrog3D

&+70250
\ East (X)

Field geology sketch draped on open pit topography; surface trace
of faults located in x,y,z with structural markers
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Geological model exported from Leapfrog3D

Elev (Z)

|East ()

70200

/'}-70150
+

+70250
East (X)

|

Fault planes modelled, then combined to give a continuous failure surface
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514.2

702748

70141.1

\/

Individual surfaces imported to TSLOPE in .obj format
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FS=1.00
@ 189.4 deg.

TSLOPE model T purple columns included in 3D stability analysis
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OMC Local FS

I2. 00

1.00

0.000

FS=1.00

\Pe @ 189.4 deg. .

-1.00

\

View of base of composite failure surface, with colour coded local factors of safety

il LI s0ft| - TSLOPE



Why we carry out back analysis

A The process of determining the conditions and
establishing a suitable model of the slope from a failure Is
known as back-analysis (or back-calculation)

A When a slope fails by sliding it can provide a useful
source of information on the conditions in the slope at the
time of failure

A A slope failure provides an opportunity to validate stability
analysis methods

A Factor of safety at time of failure is 1.0
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Roundhill example - 3D with groundwater
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2D or not 2D T thatis, 3D

A Traditionally slope stability analyses have been
conducted using two dimensional cross sections, If only
because in the early days of geotechnical engineering
such analyses were done by hand and three dimensional
analyses were unthinkable.

A With modern computers, anything is possible. The big
guestion Is does it make a difference?

A The answer is YES, it can. The factor of safety for a
three dimensional sliding surface can be less than or
greater than a two dimensional one by up to 50 percent.
| f you donot check the eff e
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Example 3 Quarry bench failure i workingwithMa pt e k
PointStudio software
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PointStudioT Geotechnical Tools
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PointStudio T used to prepare model for TSLOPE
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Apply vegetation filter

4 File Edit Register Query CAD Create Model Filter Colour Geotechnical Geological Report Window Workflow Labs |-Site In-House Help

dr440 v B S mBXxH D SROHEX Bvead o Ao 2Ty UUMBU
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3 Tagasoft demo
® scans
B slip 2 ALL
® images

® survey

® cad

® surfaces

© contours

© legends

© geotechnical

® scrapbook
Recycle bin

d

Preview and confirm vegetation filter

Distance from ground 0.227 5 m
D Keep vegetation

Finish
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f slope failure
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Remove slip debris, model failure surface
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Comparison of surfaces i post and pre-failure

4 [surfaces/post failure 0.1m facets, ... | 4 /Colour by distance from objects histogram .,
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TSLOPE model showing active columns

R

5440818.9

- —

T
il LI s0ft| - TSLOPE



Belmont quarry - Slope 1
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4. TSLOPE
ﬁ Title & Description

ﬁ Preferences

..E Materials

Lt Default

. Drillholes
[ ﬁ Loads
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ﬂ Title & Description
ﬂ Preferences
p I=) Materials

_ [ ﬁ PointStudio 8.1 [belmont_quarry.maptekdb]
ﬁ Drillholes
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YL REREB L A& A S PointStudio 8.1 - belmont_quarry.maptekdb
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i TSLOPE "
File Edit View Data Help
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