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Abstract. Using a new 3-D physical modelling technique we 1 Introduction
investigated the initiation and evolution of large scale land-

slides in presence of pre-existing large scale fractures angountains are intrinsically heterogeneous due to both inher-
taking into account the slope material weakening due to thgted geological structures and the effect of relatively short-
alteration/weathering. The modelling technique is based oRerm processes such as weathering, alteration, and fractur-
the specially developed properly scaled analogue materialqng (Chigira, 1985; Gillon and Hancox; 1992, Agliardi et
as well as on the original vertical accelerator device enablingaL, 2001). These factors cause the rock mass strength to de-
increases in the “gravity acceleration” up to a factor 50. Thecrease, in some cases up to gravitationally-induced slope fail-
weathering primarily affects the uppermost layers throughyre strength reduction occurs mainly around the fractures as
the water circulation. We simulated the effect of this pro- weathering is enhanced by fluid circulation. The fracture net-
cess by making models of two parts. The shallower one repyork may arise from tectonic loading, slope unloading after
resents the zone subject to homogeneous weathering and igacial retreat (Augustinus, 1995), and mineral inflation dur-
made of low strength material of compressive strength  ing the weathering itself (Wyns et al., 1999; Nahal et al.,

The deeper (core) part of the model is stronger and simulatesgog). Fracturing and weathering are thus two interrelated
intact rocks. Deformation of such a model subjected to theprocesses affecting mainly the superficial layers of the moun-
gravity force occurred only in its upper (low strength) layer. ains which are the sites of large rockslides (Furuya et al.,

In another set of experiments, low strengi) ( narrow pla-  1999; Brueckl and Parotidis, 2001; Bonzanigo et al., 2001;
nar zones sub-parallel to the slope surfate<o;) were in-  Fappri and Cappa, 2001).

troduced into the model’s superficial low strength layer to
simulate localized highly weathered zones. In this configu-
ration landslides were initiated much easier (at lower “grav-
ity force”), were shallower and had smaller horizontal size

Rock strength reduction is thus a time dependent pro-
cess, characterised by a heterogeneous spatial distribution
which provides a possible explanation for the absence of

) ) - clear correlation between rock mass strength and depth (Chi-
largely defined by the weak zone size. Pre-existing fracture%ira’ 2001). To a first approximation, the mountain struc-

vvlerne lﬂ:mdﬁc\?d |rr1tc\)/ tge; n;)odefl brf] CI:J:::HQ ':] alonr?tﬁ gl\I/en ture can be considered as consisting of two parts: the core,
ptabilit 63)/( a teVShoneth 0 vve(r) sma i tug tceh? hi 3\/5 otpea relatively strong part characterised by low alteration; and
stability, except When Ihey were associated to highly wea dIhe shallow layer, much more densely fractured and therefore
ered zones. In this latter case the fractures laterally limite

. . IR . subjected to more important water circulation, hence weath-
the slides. Deep seated rockslides initiation is thus dlrectlyering_ The thickness of this altered part is generally of about

defined by the mechanical structure of the hillslope’s UPPer£04"600m as observed for example in the crystalline Alps
most levels and especially by the presence of the weak Zoneg/laréchal 1998)

due to the weathering. The large scale fractures play a mor

passive role and can only influence the shape and the volume !N this paper we investigate the impact of slope-scale
of the sliding units. shallow heterogeneities (weak zones and fractures) on the

large scale translational rockslides (Varnes, 1978; Cruden
Correspondence tdD. Bachmann and Varnes, 1996) initiation and geometry through a phys-
(bachmann@geoazur.unice.fr) ical modelling technique. The latter is based on the use of




712 D. Bachmann et al.: Influence of weathering and pre-existing large scale fractures

0.58 m

%

b) 1 248 m
~_D
Fig. 1. Sketch of the model (dimensions are in millimetre&) |
The model is composed of a prismatic mountain with all four faces \\
dipping at an angle of 30and a parallelepiped basement within a ] ~._ 4
rigid box. (b) Cross section. %\ /, /
specially created “scaled” analogue materials as well as a / &

vertical accelerator device (Chemenda et al., 2D0& his
modelling technique also allows the analysis of the thresh, ig. 2. Sketch of the vertical accelerator device designed to increase
old strength of the natural shallow slope levels (recalculatedy,, “gravity force”: 1) Model: 2) Mobile platform supporting the

following similarity criteria) for which gravitational failure  mqqel, 3) Shock absorber, 4) Rails guiding the falling platform, and
occurs. 5) Ball bearings.

2 Experimental set up and procedure In the simplest case, the model has a simple prismatic
(ridge) shape with parallelepiped basement (Fig. 1a). The
During an experiment, the model (Fig. 1) is put onto the mo-model is placed into a rigid box which prevents any dis-
bile platform of the vertical accelerator device (Fig. 2). The placement of the model basement. As indicated above, the
accelerator works as follows: the mountain model is lifted upmodel is composed of two parts made of different materials:
to 2m and then dropped. During free fall the model reachesa strong internal part and a weak (weathered) superficial part.
a maximal velocity of 6 m/s just before coming into contact High coupling is imposed between the two model parts by us-
with an Enidine® shock absorber. The model is then rapidlying a grooved interface. The strength of the interface is thus
but smoothly decelerated to zero velocity on the 5 cm strokecomparable to that of the weaker material. The upper part is
of the shock absorber. During this phase, the model undermade of the material “RockMass1” and is 1 cm thick. The in-
goes strong acceleration (up to a factor g0)acting in the  ternal part of the model is made of a stronger material “Rock-
same direction as the gravity force. The magnitude and théMass2”. Both analogue materials represent compositional
duration of the acceleration phase are measured with a higbystems based on liquid and solid hydrocarbons with dif-
frequency accelerometer fixed to the platform (Fig. 3). ferent additions. They possess elasto-brittle-plastic-viscous
The model is subject to a sequence of acceleration stagegroperties with a Von-Migs criterion. These properties de-
during which its surface deformation is observed and reg-pend on the material’s composition, but also on the temper-
istered by using high resolution digital camera. Normally, ature and strain rate (Chemenda et al., 2p0¥ariation of
about 100 acceleration stages are needed to obtain a welhese parameters allows us to obtain the required properties.
visible macro fracture at the model surface. This accelera-Temperature allows to control both the material strength and
tor device allows the increase of the “acceleration of gravity” its softening (Fig. 4). The higher the softening the more brit-
up to factor 50, and to precisely analyse, step by step, théle the material is. The fracturing capacity (e.g. brittle be-
phases of landslide initiation and evolution. haviour) is thus controlled by temperature. Strain rate pa-
rameter allows to control the viscous behaviour. We have
1chemenda, A., Bouissou, S., and Bachmann, D.: 3-D Physi-0 find conditions under which viscosity can be neglected as
cal modelling of Deep-Seated Landslides: new technique and firsfocks of the upper crust are not sensitive to the strain rate
results, J; Geophys. Res., submitted, 2004. (Kohlstedt et al., 1995). This is obtained for the strain rate of
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Fig. 3. Accelerogram recorded by the high frequency accelerometer Strain (x10°2)

fixed to the mobile platform of the accelerator shown in Fig. 2.

about 0.15! we imposed to our models (Chemenda et al., ® Ll
2004 12000 \

To be scaled, the materials parameters have to satisfy the \{\
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where pg is the specific weight( is the density, ang is Temperature (°C)

the gravity accelerationy, the strength under compression,
o; the strength under tensioH, the spatial scale of the phe-

nomenon (the mountain heigHt, for example) £ the Young axial compression test of RockMass1 at strain faté).1 s land

modulus, and superscripts™and “n” mean original (forthe  emperature T=2%; (b) Compressives. and tensiles; strength
natural conditions) and model, respectively. versus temperature.

In the present study we fixed the size of the mad#&l and
the strengtte” of the analogue materials, and vary the accel-

erationg™ until rupture of the mountain model was reached. . .
. . 750 m in nature. They cut the whole shallow layer, and inter-
We performed series of about a hundred accelerations stages

at a given vertical (“gravity”) acceleratiog?”. If no rupture Sect the surface with various orientations (parallel, perpen-

occurred we then increased this vertical acceleragiband dicular or oblique to the slqpe). Ina th_ird set of trials, in the
performed another series of acceleration stages until rupturghaIIOW Iow_stre_ngth material, planar CWCUI&.“ zones of weak-
was obtained. The compressive strength of RockMassl1 is of eSS (4cm in diameter, representing 2km in nature) pa}rallel
2600 Pa and that of RockMass2 is about 10 times greater, a{—o the slope_SLtJrf?jce a(r;d I_oca}e? at ;mr';? 'deptTh(SS%m N na-
though the exact value of this parameter is not important: itFu.re)I’I Wgrfhlnfro l:r?e ’,[S'fmu aung Igt] y wea sre dzlonels.
should be strong enough for the internal model part not to fail. inally, in the fourth set of experments we combined ‘ocal-
during the experiment. Both materials have almost the samt'aze.d zones of weakness parallel to the slope surface with pre-
Young modulus of about:610° Pa. Considering the strength existing large scale fractures.
of the analogue material and the vertical acceleragibmn-

der which experiments are conducted, according to Eq. (1),

the scaling factor turns out to be 1/50 000 (1 cm in the model
represents 500 m in nature).

Four model configurations were tested. In a first set of ex-
periments, we considered a mountain with two homogeneou#\ total of about 50 experiments were performed. Below, the
levels as shown in Fig. 2. In a second set of tests, we studiedesults obtained in the four most representative experiments
the impact of the pre-existing fractures perpendicular to theare described (Figs. 5, 6, 7 and 8). For all experiments failure

slope surface. Fractures spacing is 1.5cm, corresponding toccurred after about a hundred acceleration stages.

Fig. 4. Properties of the material®) Sress/Strain diagram: uni-

3 Results
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Fig. 5. Experiment 1. Model with both homogeneous parts,
g™=500 m/€. (a) Picture of the experimental resu(t) Vertical
cross section of the model.

3.1 Experiment 1: Model with homogeneous shallow weak
part

The first evidence of fracturing occurs in this model at “grav-
ity” accelerationg” =500 m/¢ (Fig. 5). According to Eq. (1),

the equivalent upper layer strength in nature §s20 MPa.

As expected, rupture occurs within the low strength model
part and almost at its base (Fig. 5b). The upper limit of the
failure zone is located close to the crest. Laterally, the IimitsF_ 6. Experi > Th dels with pre-existing | |
of the sliding mass are located on the adjacent faces near t 19 6. Experiment 2. Three models with pre-existing large scale

factures with a spacing of 1.5cm which corresponds in nature to

lateral crests. At the upper part of the sliding unit, one CaNz5om. The experiment was conducted under vertical acceleration

observe extension cracks that evolve as normal faults. Norym=500m/2. Fractures are perpendicular to the slope surface and

mgl faults Were_glso observed on back scarps at the upp8htersect slope surface with different orientatioge. Along slope-
third of the mobilized mass. At the toe of the moving mass dip fractures(b) Horizontal fractures(c) Oblique fractures.

the thrust faulting is dominating and generates an elevated
wedge (Fig. 5).

were recognised as previously (Fig. 5a). Oblique fractures
3.2 Experiment 2: Model with a fractured weak superficial have more complicated effect, limiting the unit laterally but

part also guiding the direction of sliding (Fig. 6c¢).
The minimal gravity acceleration at which rupture of this 3.3 Experiment 3: Model with local circular (4 cm in diam-
model is initiated is agaig”=500m/g (Fig. 6). Equiva- eter) weak zone parallel to the slope surface, located at
lent strength for natural rocks is thag=20 MPa. Whatever a 7 mm-depth (350 m in nature)

fractures orientation, the rupture always occurs within (at the

base of) the low strength upper layer and involves nearly dn this trial the fracturing occurs at a minimal “gravity” accel-
whole face of the model. Pre-existing fractures control theerationg”=250 m/¢€ (Fig. 7). Equivalent strength in nature
shape of the sliding unit, depending on their orientation. Ver-is thuse?=10 MPa, thus half the strength found in the previ-
tical fractures limit the unit laterally (Fig. 6a). Only some of ous experiments. As previously, the rupture occurs in the low
these fractures exhibit shear displacement. A differential mo-strength upper layer. It is initiated on the local weak zone, so
tion is thus sometimes observed in association with varioughe thickness of the sliding unit is defined by the depth of the
sizes of elevated wedges at the toe of the slope. In case dbcal weak zone. The rupture propagates parallel to the slope
horizontal fractures, one of them delimits the upper part ofsurface and then reaches the surface along curved trajectories
the unit (Fig. 6b), and no extension cracks in its upper parton the upper part of the future sliding mass (Fig. 7a). This
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Fig. 7. Experiment 3. Model with a circular weak zone (4 cm in diameter) parallel to the slope surface located at 7 mgfi'¢@&p.m/<.

(a) After 97 acceleration stagefy) After 99 acceleration stagef;) After 108 acceleration stage&l) After 119 acceleration stagés)

Vertical cross section of the model: dark line in the superficial layer represents the pre-existing weak zone, dashed lines represent the
gravity-induced fractures.

rupture propagates then downward (Fig. 7b). The unitunder4 Discussion and conclusion
goes then large deformation with formation of tension cracks
developing as normal faults in its upper part, and thrust faultsThe models considered in this study consist of two parts, an
at its toe (Fig. 7c). During the motion of the sliding unit, upper weak one and a lower strong one. This is the gen-
these thrust faults react as normal faults when passing theral case of crystaline massifs (Mahal, 1998). Field ob-
initial lower limit of the sliding mass (Fig. 7d). servations of large-scale landslides in those massifs seem to
indicate that the internal (core) part of the mountain is gen-
3.4 Experiment4: Model containing both pre-existing frac- erally too strong to be affected by the gravity-induced rup-
tures orthogonal to the slope surface and weak circulature (Parise et al., 1997). The suggested reasons for that are:
zone parallel to the slope surface (a) relatively high lithostatic pressure and hence frictional
strength; (b) less dense fracturing (than within the superficial
As in the previous trial, rupture is initiated gt'=250 m/€ layers) and smaller water circulation which delays the weath-
for an equivalent strength in natusg=10 MPa (Fig. 8). In ering process (strength reduction). In the present study, our
both cases the sliding unit is of limited extent. The size of models are thus suitable for the analysis of rockslides initi-
the landslide in the slope-parallel directions is comparable tcation and evolution in crystalline rocks, where many land-
that of the weak (weathered) zone, but the influence of preslides occur (Furuya et al., 1999; Chigira, 2001).
existing fractures on the sliding unit geometry is also evident Performed experiments showed that gravity instability al-
and comparable to that of the experiment 2 (as can be seen iways occurs in the weak part. When heterogeneities were
Fig. 6). In case of horizontal fractures, one of the fracturespresent, the greatest effect was observed for localised weak
delimits the upper part of the sliding mass (Fig. 8a). Forzones sub-parallel to the slope surface. In real natural
vertical fractures, the sliding unit is limited laterally by two cases, such weak zones may correspond to highly frac-
fractures (Fig. 8b). Oblique fractures limit the unit laterally tured/weathered zones. Landslides can easily be initiated at
and guide the sliding direction (Fig. 8c). this zone and therefore this should be the most common land-
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sliding type, whatever the deeper structure is. If weathering
occurs more homogeneously in the upper layer, more time
(greater strength reduction of this layer) is needed to reach
instability conditions, and landsliding occurs in this case at
the whole slope scale.

One could imagine that all kinds of local weakness zones
should facilitate rockslides triggering. Contrary to these ex-
pectations, large scale fractures don’t enable landslide ini-
tiation for a higher shallow level strength. These hetero-
geneities however affect the shape of the sliding units. This
was the case in all reported experiments which have one com-
mon feature: the internal part of the mountain is too strong
to be affected by failure. We adopted such a structure on pur-
pose to separate effects (scales), but is this realistic? Prob-
ably not, at least in some cases where deformation occurs
at the whole mountain scale, in a deep-seated gravitational
slope deformation way (lovine and Tansi, 1998; Crosta and
Zanchi, 2000; Agliardi et al., 2001), with sometimes obvi-
ous gravity-driven reactivation of the tectonic faults (Rizzo
and Leggeri, 2004, Di Luzio et al., 2004). This phenomenon
however refers to another geological scale. In this case,
strength reduction affects the whole mountain, and not only
the shallower layer.
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