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CROUND AND NOMENCLATURE

mation behaviour of a rock mass prior to collapse is
 the failure mechanism and the strength of defects
e rock mass. Skempton and Hutchinson (1969)
e terms “first-time slides” and “slides on pre-
p surfaces” to distinguish between slides in
ground and slides on surfaces that have
significant shearing. Hutchinson (1988)
| that slides on pre-existing slip surfaces can be
sub-divided into two distinct categories:
on surfaces which have been pre-sheared due to
cal processes other than landsliding; and

on surfaces that have been pre-sheared by
ious landsliding episodes (reactivated sliding).

cal processes responsible for causing shear along
lude rebound/stress relief, regional faulting and
er tectonic stresses and glaciotectonic influences.
discusses the nature of landslides on pre-existing
and the influence this shearing can have on the
e behaviour of a rock slope.

Sent industry practice of dealing with moving slopes

nvolves establishment of a monitoring system and

.tabilisation measures if appropriate. The critical
at need to be answered include:

ving slope collapse?

the failure be sudden and brittle?

1808 are expected prior to collapse? and

and fast will the slope move before collapse?

e attempt§ to address some of these areas of
Y €xamining a select group of well investigated
tonitored slopes.

> terms have been adopted for describing the
behav}our of a rock mass including rebound,
Ogressive movement, elastic deformation and
f° l'OCk_ slopes will behave in the same manner in
Slomation, due to the variability in rock mass
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Deformation Behaviour of Rock Slopes on
Pre-Existing Shear Surfaces

James Glastonbury
School of Civil and Environmental Engineering, The University of New South Wales

- The deformation behaviour of a rock slope prior to collapse is inherently related to the failure mechanism, strength of
et controlling the failure mechanism, and in some cases is related to the rock mass strength. This paper presents results of
< of 2 selection of rock slopes whose deformation behaviour has been influenced by defects that have experienced significant

The rupture surfaces of these slope failures have experienced large deformation due to either regional folding, stress relief
instability. Examination is made of the relationship between normal effective stress acting on the rupture surface, rock
tion, over-riding of defect asperities and shearing or crushing of asperities. These factors are considered in the context of
rmation behaviour and discussion is presented on their influence.

characteristics. However, the deformation behaviour of a rock
slope can be shown to exhibit certain typical stages, such as
decreasing displacement rate, constant displacement rate or
accelerating displacement rate.

The cases presented in this study are all natural slopes and no
assessment of their elastic response to load variation has been
made or measured. Following the initial elastic response,
plastic deformation associated with stress relief may occur. In
most cases this is observed as shearing along defects and may
occur as steady movement over protracted periods or as
episodic (stick-slip) movement. The rock mass response to
stress relief and other external changes (such as increasing
groundwater level) may be short-lived and rates of
displacement may reduce with time or the response may be
ongoing leading to accelerating rates of displacement and
eventual collapse. The term creep has been adopted in this
study to describe the time-dependent “slow, more or less
continuous deformation or flow of natural and excavated
slopes” (Emery, 1978). Creep is generally recognised to have
three main divisions, as indicated in Figure 1. These terms
will be used to describe the case studies presented in the
following sections of this paper.

AN Collapse

Strain or Displacement
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Time

Figure 1: Diagrammatic representation of creep curves for
moving slopes




Proc. Fourth Australia New Zealand Young Geotechnical Professionals Confe

, House & Watson (eds), February 2000, Perth, Australia

2 DESCRIPTION OF CASE STUDY DATA
2.1 Classification

Ten cases of rock slides on previously sheared surfaces were
examined in this study and their characteristics are
summarised in Table 1. They were categorised according to
whether they were first time slides on pre-sheared surfaces or
reactivated slides. They were also sorted in terms of
geological environment, failure mechanism and displacement-
time behaviour, with comment provided in Table 1.

In all cases, the failure mechanism is broadly described as
translational sliding, using Hutchinsons (1988) classification
system. On a detailed level, cases represent wedge sliding or
block sliding on planar or curved failure surfaces.
Diagrammatic illustration of slide geometry is presented in
Table 2. Information on the cases was obtained from
published literature and unpublished reports. In all cases
displacement monitoring commenced after the slope started
moving. Comparison of data is not straightforward due to
variations in length of monitoring period and intervals
between readings. Eight of the slopes presented in the
database were monitored using surface survey prisms.

Table 2: Diagrammatic Illustration of Slide Geometry.

Basic Slide Geometry
Rupture Surface ~ =~ = Geology Structure
;ntemal Vaiont | La Cantera Colluvium
aults

Kariba
Weathd

Scalate | Revelstoke
Internal
Shear

N
R Stress relief
joints

~{ Dirinei | Glen Douglas
Old slide | Schistosity

The interpreted mechanism shown in Table 2 for Bumper
Gully is based on surface geology and geomorphological
mapping. There is some suggestion that the failure mechanism
at Bumper Gully may be a compound slide involving some
internal shearing. Further assessment of the Bumper Gully
case will likely confirm the failure mechanism.

Comparison of total measured displacements is difficult due
to variations in size of the slope failures. It is expected that,
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all other things being equal, a larger rock mass will exhibjt
greater displacement than a small rock mass. It is suggesteq
that failure limits in terms of strain may be more relevant than
total displacements. Therefore, for the purpose of Comparisop
total displacements for each case have been normaljseq
against the down-slope length of the failed mass, to give ap
indication of strain of the rock mass. It is considered that he
down-slope length is the most appropriate parameter for
normalising, as vector deformation of these sliding failures j
generally in a direction parallel to the slope face.

2.2 Case Study Commentary

Two of the ten cases examined (Vaiont and Scalate)
progressed through to collapse. The remaining eight cases
exhibited movement of varying extent and may be considered
to have failed in terms of serviceability criteria but they did
not show sudden catastrophic collapse.

The mechanism of previous shearing on the rupture surface of
each of the slides was examined, and is indicated in Table 1.
Causes of previous shearing include regional tectonic folding
of strata, stress relief due to unloading and earlier periods of
sliding. Five cases had previously sheared basal Tupture
surfaces associated with both regional folding and earlier
sliding. Two cases had previously sheared rupture surfaces
derived from both stress relief and earlier sliding activity.
Two cases showed no signs of folding or stress relief but were
reactivated landslides and one case was likely a first-time
slide on a surface previously sheared by regional folding.

There were essentially two geological categories within the
ten cases examined. Four cases involved sliding in
sedimentary environments (limestone, marl, sandstone and
siltstone), with rupture surfaces defined by bedding. The other
Six cases were from metamorphic terrains (schist, gneiss and
quartzite) with rupture surfaces defined by jointing or
schistosity. All failures were predominantly defect controlled.

3 ANALYSIS OF DEFORMATION BEHAVIOUR
3.1 How Do Slides on Pre-existing Shears Behave?
3.1.1  General

All ten slides respond in different ways to load changes, such
as groundwater rise or stabilisation works. Slides with a larger
normal effective stress (on the rupture surface) generally show
a more regular displacement-time response under periods of
constant loading. Slides at low normal stress levels tend to
show more erratic behaviour at constant loading. Many of the
slides exhibited sensitivity to rainfall events, with larger slides
generally showing a more delayed reaction time.

Geomorphological features on a number of the slides suggest
significant movement. This movement combined with
irregular rupture surfaces has resulted in disaggregation of
slide masses. Vaiont and Kariba show disrupted slide masses
overlying a rupture surface of complex geometry. Bumper
Gully shows a highly to moderately disturbed slide mass, over
what is likely to be an undulose and curved slide surface. L2
Cantera slide is described as highly fractured yet the rupture
surface is understood to be relatively planar. The large total
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ent (50m+) of this slide may explain the high degree of
rng-

ot rates for nine of the slides were typically between
d 0.5mm/day. Vaiont had monitored rates generally
mm/day, with occasional peaks at about 20-40mm/day

displacement rate immediately prior to collapse
t0 be about 200mm/day. Distinct primary, secondary
metimes tertiary creep stages are visible in the
ing data for most cases, with Vaiont showing
y distinct phases (refer to Figure 2). Many of the
stabilised so complete tertiary creep sequences are
available and may in some cases not have
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igure 2: Displacement data for Vaiont slide showing
mship with reservoir level (Hendron and Patton, 1985).

- Stick-Slip Displacement Behaviour

 motion is the term used to describe sequential
of rapid displacement followed by periods of low
ement rate. It is associated with the sudden over-riding
tities on the rupture surface. In many slopes this type
ur may be observed in association with peaks in
; Spowmelt In examination of these cases, focus was
lip displacement behaviour during periods of
r'lsistent stress levels. Consideration also needs to
to intensity of monitoring. If readings are made at
then a smoother displacement-time curve will
d @d stick-slip motion may be unrecorded. The
ment-time data for Revelstoke slide, presented in

Suggests some stick-slip type behaviour at very low
ess leYels. This slide was described as reactivated
regional folding) but the extent of previous
unknown. Clay gouge and breccia are known to
t least part of the rupture surface and the normal
1S very low. It is possible that the slide surface is
strength and this combined with the presence of

Ay cause some brittle response to shearing (and
POssibility for stick-slip motion).

¢t slides examined in this study show more uniform
~time behaviour at higher normal stress levels.
uted to the fact that destruction of asperities has
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taken place to a greater extent on these other slides. The data
also suggests that slides that have undergone large shear
displacements exhibit a reduced stick-slip tendency.

Cases such as Kostanjek, Vaiont and La Cantera involve
sliding on clay coated rupture surfaces that have experienced
significant shearing during previous sliding episodes and/or
regional folding. The normal stress levels on these rupture
surfaces were high and significant crushing and shearing of
asperities is expected to have occurred. These three slides do
not exhibit any apparent stick-slip tendencies and tend to
show more gradual changes in displacement-time behaviour.

30 7_3 —¥— Rock Mass Dilation (mm)

i
. --®--Rupture Surface Shear
Displacement (mm)

Displacement (mm)

&%

0 —Qe0—

1-Sep-79 31-Dec-79 1-May-80

Date

Figure 3: Displacement data for Revelstoke slide showing
jrregular (stick-slip) behaviour (Martin & Kaiser, 1984)

1-Jan-79  2-May-79

3.1.3  Radial Displacement Behaviour

Radial displacement behaviour was observed in 2 number of
the cases examined. In all cases, it appeared that extent of
radial change in displacement behaviour was related to the
extent of fracturing of the slide mass. In the case of Bumper
Gully, the slide mass was recognised to be very disturbed,
with average RQD’s of the order of 15-50%. Highest rates
and greatest magnitudes of movement were observed towards
the centre and front of the slide. Rates and magnitudes of
movement appear to show a general decrease with increasing
radial distance towards the rear and sides of the slide. Similar
patterns were observed in Dirinei and Malvaglia slides, which
were described as highly fractured.

3.2 Reasons Behind Deformation Behaviour

3.2.1 Qverview

Translational slides may be considered analogous to
laboratory direct shear tests on defects. The critical factors
that determine the behaviour of a slide mass on a pre-sheared
surface include:

1. the effective normal stress acting on the rupture surface;
2. rupture surface properties and geometry;

3. rock mass properties of the overlying slide mass; and

4. extent of previous shearing.
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3.2.2  Normal Stress

Analysis of test data for rock defects highlights the
relationships between defect roughness, normal stress and
shear strength. At all but very low normal stress levels, the
shear strength of a defect decreases with progressive shear
strain, until residual friction angle is attained. At low normal
stresses dilation of the defect and over-riding of asperities is
dominant while at high stress levels shearing and/or crushing
of asperities is dominant. At high normal stress levels a more
rapid reduction in shearing resistance is expected (ie: the
strain required to reach residual strength is expected to be
lower). This is schematically illustrated in Figure 4.

Shear S%in,e Shear Sn\am,s
- >
Case 1 - Very Low g, Case2 - Low G,

T/o, /Gy

Shear Strain, &
S

Shear St{ain,s
> >

Case 3 - Moderate G, Case 4 - Very High g,

Figure 4: Diagrammatic stress-strain curves for defects at
various levels of normal stress (Xu & de Freitas, 1990).

Shearing and/or crushing of asperities is likely to have taken
place to some extent in all of the ten cases examined.
However, some rupture surfaces are still described as rough
and irregular, such as Dirinei and Scalate at low normal stress
levels (following Case 2 type behaviour, Figure 4). Other
slides have rupture surfaces coated with clay gouge or breccia,
such as Vaiont, La Cantera and possibly Bumper Gully at
relatively high normal stress levels (Case 3 or 4 type
behaviour). Table 3 contains details of average normal stress
levels, rupture surface infill and displacement characteristics
for each of the ten slides examined in this study.

The case with the highest normal stress level (Vaiont) has
long been recognised to have involved sliding on a rupture
surface that was at residual strength. The extent of earlier
shearing (from previous sliding and regional folding) and the
low UCS of the clayey limestone layers contributed to the
destruction of asperities and development of residual strength.
It is therefore expected that no further strength loss on the
rupture surface would have occurred and further displacement
behaviour would have been essentially ductile (Case 4 type
behaviour, Figure 4). The suddenness of the Vaiont failure
may be attributable to brittle failure within the fractured slide
mass rather than along the rupture surface. The geometry of
the rupture surface was such that internal deformation was
required for the slide to proceed. Hendron and Patton (1985)

-96-

in fact showed that results of stability analysis were Sensitiye
to values of internal friction angle. They also suggested that
there was strong three-dimensional control on the slide, which
may have also contributed to the brittle collapse.

Table 3: Normal effective stress, rupture surface infil] and
general displacement behaviour.

Slide “t:,fe Infill Gene.ral Displac.:ement.
(MPa) Time Behaviour
Vaiont 34 Clay Smooth primary-
tertiary sequences
Malvaglia 1.1 Rock Long-term linear
Kostanjek 0.9 Clay Not clear - likely long-
term linear
Kariba 0.8 Rock Linear but variable
with load change
Bumper 0.8 | Gouge/ | Smooth primary creep
Gully Breccia | after initial quarrying
and lake filling
La Cantera 0.8 Clay Linear with jump due
to stabilisation works
Glen 0.6 Rock Long-term linear
Douglas
Revelstoke 0.4 Clay Stick-slip irregular
Dirinei 0.3 Rock Slightly irregular
Scalate 0.2 Rock Stick-slip irregular

3.23  Rupture Surface Properties and Geometry

A basic friction angle was determined for each rupture surface
by examination of direct shear test data (on smooth defects) in
published literature (Einstein and Dowding, 1989). The basic
friction angle is primarily a function of the rock type but is
also sensitive to normal stress levels. Where laboratory direct
shear test results on infill material was available these results
were adopted for basic friction angle where appropriate.

Many slides in this database have rupture surfaces with large-
scale irregularities that affect the overall stability of the slope.
An assessment has been made of the relevant field scale
asperity from descriptions of the rupture surface geometry or
by analysis of the changes in vector displacement direction.
This asperity roughness is considered as a dilation angle (i)
which adds to the overall frictional resistance, and i
presented in Table 1. In the case of large slides with complex
rupture surfaces, the asperities seen at laboratory scale testing
are of little relevance. McMahon (1985) has suggested that
the relevant asperities are those that have a wavelength
measured over 2% of the length of the rupture surface. In
many cases this value served as a useful guide for assessment
of dilation angle. Some behaviour differences were noticed
from the data when comparing slides on undulose or irregular
surfaces with those on relatively planar surfaces. It was
assessed that degree of break-up of the slide mass iS
significantly influenced by the irregularity of the rupture
surface. Vaiont, Dirinei, Malvaglia, Kariba, Glen Douglas and
Bumper Gully slides all show significant rock mass
disaggregation. These slides all occur on rupture surfaces with
higher dilation angle values.
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Rock Mass Properties

oxtent of disaggregation of a slide mass is seen from the
be not only a function of rupture surface geometry, but
influenced by failure mechanism, amount of previous
and the rock mass strength. The extent of shearing
the rupture surface as a percentage of rock mass dilation
easured at Revelstoke, and is illustrated in Figure 3. It
served that basal shear accounted for about 40% of the
| observed deformation with rock mass dilation accounting
remainder. It was also observed in this particular case
rock mass dilation preceded shearing along the rupture
ce. It is suggested that dilation may have been required in
to over-ride asperities. The internal friction angle (and
e the rock mass strength) of the slide mass may be a
cant factor in the stability of the slope, particularly for
jes on complex rupture surfaces (as illustrated by Vaiont).
e normal stress level at which crushing of asperities
mmences (and over-riding ceases) depends on the strength
he rock. It is expected (although not readily observable
the data) that shearing and crushing along the rupture
e will commence at lower stress levels for sliding on
marl than for fresh limestone. Similarly, slides in
hered gneiss may be expected to show yielding and
lopment of residual strength at lower normal stress levels
slides in fresh gneiss.

25 Extent of Previous Shearing

he extent of previous shearing has been shown to be
fluential in the deformation behaviour of these slides. Based
| the amount of shear displacement many of the rupture
ces examined are at or close to residual strength. Slides
have undergone the greatest total displacement have a
ency for more regular deformation and the degree of
ip type behaviour is reduced on these slides. This is
related to progressive destruction of asperities on the
re surface and development of residual strength.

a Cantera slide illustrates that disaggregation of the slide
ass can also occur on relatively planar rupture surfaces.
ggregation in this case is likely due to the large
displacement this slide has experienced.

type of previous shearing (ie: stress relief, sliding or
glonal tectonic folding) does not appear to influence the
Ormation behaviour in any significant manner. It is
essed that the extent of shearing and the normal stress
% els at which that shearing occurred are of more influence.

4 CONCLUSIONS

€ displacement behaviour of a slide on a pre-sheared
€ has been shown to be predominantly controlled by:

the effective normal stress acting on the rupture surface;

Tupture surface properties and geometry;

- &xtent of previous shearing; and

Tock mass properties of the overlying slide mass.

g:e first three factors listed above influence the extent of
eBgth reduction from peak towards residual strength and
G the degree of brittleness remaining on the rupture
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surface. The fourth factor influences the ability of the slide
mass to dilate and over-ride asperities on the rupture surface.
The development of residual strength on a rupture surface
with progressive shear displacement suggests that the
likelihood of sudden brittle failure is reduced. The ten cases
examined illustrate that stick-slip type motion is reduced with
increased displacement. However, Vaiont illustrates that other
factors (such as internal deformation) need to be considered
before assessment of brittleness can be made.

In contrast to first-time slides on rupture surfaces that have
not experienced shear displacement, slides on pre-sheared
surfaces are expected to have a reduced stick-slip tendency.
Slides on pre-sheared surfaces often show a high degree of
disaggregation and following from this they often show a
tendency for radial displacement behaviour.
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