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ABSTRACT

Gravitational slope failure involves rock slopes at various
scales. Nowadays, it is accepted that different factors influ-
ence slope destabilization, including topography. In many
cases, slope failure occurs between tributary valleys cutting
the slope. In this study, we ask what influence tributary
valleys have on slope failure. To tackle this question, we
developed a 3-D numerical model of the La Clapiere Slope
and then examined a series of simplified 3-D models with
different geometries of tributary valleys (spacing and depth).
Our results show that: (1) whatever considered in situ stres-
ses are, including the third dimension reduces the destabiliza-
tion threshold compared with 2-D models; and (2) the spacing

and the depth of tributary valleys influence slope failure. For
shallow incisions, increasing the lateral spacing between trib-
utary valleys does not affect failure localization but does
increase slope damage (to a stable value from 2000 m). How-
ever, deeper incision does not affect slope damage but does
contribute to failure localization. When the spacing is less
than 1500 m, the part of the slope between tributary valleys
is not involved in the failure process, but for spacings above
1500 m slope failure occurs between tributary valleys.
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Introduction

Slope failures are known to be influ-
enced by several factors, among
which inherited topography plays a
key role. Topography, through modi-
fications in the stress and strain
fields, can facilitate and/or guide the
failure (Ferguson, 1967; Pan et al.,
1994, 1995; Savage, 1994; Molnar,
2004; Bois et al., 2012). Savage et al.
(1985) showed that for symmetric
isotropic ridges and valleys gravita-
tional stresses depend on Poisson’s
ratio as well as on the geometry of
the topography: horizontal tensile
stresses develop under valleys while
compressive stresses exceeding the
vertical stress appear near and at
ridges. By considering elastic, homo-
geneous, isotropic  self-gravitating
models in half-space planes with
symmetric ridges or valleys aligned
with the regional stresses, Miller and
Dunne (1996) showed that stress
concentration/diffusion (and thus
failure) is influenced by stress orien-
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tation. Leith (2012) showed that
V-shaped valleys tend to concentrate
stresses at their axis or at their ridge
crest, depending on the orientation
of the tectonic regime. Therefore, it
seems that tensile and compressive
stress patterns depend on both the
regional stress field and Poisson’s
coefficient.

In terms of slope morphology, it
appears that failure occurs between
tributary valleys cutting a main
slope. An example is the high Tinée
valley (Alpes-Maritimes, Southern
French Alps). We asked: do tributary
valleys,  through  morphological
parameters (lateral spacing and
depth) influence slope failure? To
tackle this question, we developed
numerical models using the FLACP
code. To validate our assumptions,
we considered a realistic 3-D topo-
graphy model of the La Clapicre
slope. Then, to test the influence
of tributary valley spacing and
depth, we examined a second set of
models using a simplified 3-D repre-
sentation of a theoretical Tinée’s
slope.

Geological framework

The Tinée valley represents the
north-western part of the Argentera-
Mercantour massif. The upper valley

corresponds to the western boundary
between the basement (migmatitic
paragneisses covered by a Permo-
Triassic tegument) and the detached
Mesozoic sedimentary cover (Fig 1).
The region underwent a succession
of tectonic deformations (Follacci,
1999; Corsini et al., 2004) resulting
in (i) a N 150-60°E foliation in the
metamorphic  basement inherited
from the Variscan orogeny (Bogda-
noff, 1986; Gunzburger and Laumo-
nier, 2002) and (i) three sets of
tectonic  fractures (N 010-30°E,
N 080-90°E and N 110-140°E),
mainly inherited from the Alpine
orogeny, with average dips ranging
from 70° to 90° (Fig. 1).
Morphologically, the main slope is
cut by several tributary valleys, and
movements occur on the slope por-
tions thus delimited (Fig. 2). One of
these movements — the La Clapiere
landslide, historically active since the
beginning of the 20th century
(Casson et al., 2005) — has shown
dated movements back to ~10 ka
(Bigot-Cormier et al., 2005; Sanchez
et al., 2010). The landslide is embed-
ded in a larger deformation known
as Deep Seated Gravitational Slope
Deformation or Sagging (Agliardi
et al., 2001; Bois et al., 2008; EI’'Bed-
oui et al., 2011) with an upslope
propagation (Merrien-Soukatchoff
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Fig. 1 The Argentera-Mercantour massif and its deformation (modified from Bois
et al., 2008). (a) Geostructural context and geomorphological elements in the
Argentera-Mercantour massif, and location of the modelled area; (b) La Clapiere
landslide; (¢) Rose diagram of faults and morphostructural features (red lines indi-

cate the orientation of the Tinee Valley).

and Gunzburger, 2005) and a failure
surface depth ranging from 100 m to
200 m. The gneissic material in the
landslide area is intensively weath-
ered (Guglielmi et al., 2005; Jomard
et al., 2007; Lebourg et al., 2012),
leading to linear evolutions of both
effective cohesion and effective angle
of internal friction (respectively
decreasing and increasing) from the
unweathered area to the weathered
area since 3.6 ka (Lebourg et al.,
2012).

© 2014 John Wiley & Sons Ltd

Numerical modelling

The dynamic finite-difference calcula-
tion code FLAC®® was chosen to
perform the numerical simulations
presented here because of its ‘time-
marching’ explicit solution scheme
and because it uses the mixed-discret-
ization zoning technique necessary to
ensure accurate modelling of plastic
collapse loads and plastic flow (Marti
and Cundall, 1982). Deformation
was simulated under gravitational

loading with roller boundary condi-
tions imposed along the vertical bor-
ders. The bottom of the model was
either roller or fixed (depending on
the tested configuration). The realis-
tic 3-D topography (Figs 3-5) was
extracted from a DEM file. In the
other cases, a simplified 3-D geome-
try was used, based on a simplified
cross-section (x—z plane, correspond-
ing to the red plane in Fig. 3) of the
La Clapiere slope extended in the y
direction. The first models (Figs 3-5)
had a grid zone size of 2.5 x 4.7 km,
while other models had a 7 x 7 km
grid. Each model had a 1 km exten-
sion in the shallow crust and a
spatial resolution of 50 m.

The models had homogencous
elastic—plastic properties given by
‘Hooke’s equation’ (1), the Mohr—
Coulomb yield function (2) and the
plastic potential function (3).

ls. —8-(Ho

dejy = d(31? s, + 4 265(3 o)
(1)

- 1+sind 1+sind
J=o1-o (m) —¢ (Hinq))
(2)

. 1+sinys 1+sinys
®=c1-03 (l—sin\j/)izc (l—sin\lf>
(3)

where §; is the Kronecker delta; o;
are the principal stresses: o3 < G,
< g, (compressive stress is positive);
K and G are respectively the elastic
bulk and the shear modulii; C is the
cohesion; ¢ and | are respectively
the internal friction and the dilatancy
angles; and &} is the clastic strain
(if = 1, 2, 3). During calculation, the
inelastic deformation is followed
using the effective inelastic shear
strain  (¥?) because the material
damage is proportional to this
parameter (Chen and Han, 1988).
Models are initially elastically equili-
brated under gravity with the param-
eter values given in Table 1 and
derived from the literature (Merrien-
Soukatchoff et al., 2001; Willenberg,
2004).

Very few data are available for the
\ values, and we are not aware of
such data for gneisses. However, for
sedimentary rocks at low mean stress
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Fig. 2 The high Tinée valley, showing the spacing between tributary valleys (the La

Clapiere landslide is in blue).

(similar to conditions at the moun-
tain scale), \ varies from slightly
positive to slightly negative (Wong
et al., 1997). This justifies the fact
that most authors dealing with the
mechanical analysis of landsliding
assume \ to be zero or do not take
it into account at all (Merrien-Sou-
katchoff et al., 2001; Ambrosi and
Crosta, 2006; Merrien-Soukatchoff
and Gunzburger, 2005). Such an
assumption was adopted in this
study. The initial cohesion value is
chosen to ensure that the stress-state
is close to the yield surface but still in
the elastic domain. While cycling, the
value of the cohesion (hereafter C) is
incrementally reduced throughout the
model. Quasi-static conditions are
obtained for a reduction lower than
0.1 C (Chemenda et al., 2009). This
can be attributed to the alteration/
weathering effects. Indeed, alteration/
weathering processes result in a pro-
gressive time-softening characterized
by a diminution of cohesion (Hill and
Rosenbaum, 1998; Hall and André,
2001; Tugrul, 2004; Pellegrino and
Prestininzi, 2007, Lebourg et al.,
2012). Realistic 3-D topography mod-
els were studied with and without in
situ tectonic stresses. In the La Clapi-
ere slope case, using the ‘Hydraulic
Tests on Pre-existing Fractures’
method (Cornet et al., 1997), we cal-
culated a horizontal to vertical ratio
of 0.686. To consider different stress
orientations, we extended this to
o1 > 0.686.0, = 0.686.05 (with o) =
Gyx OF Oy or G.. depending on the
case).
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Results

3-D models derived from DTM

There are only slight differences in
the kinematics of the movements
between the tested configurations. At
the surface, the deformation is con-
centrated in two distinct areas: a first
one bounded by tributary valleys
with its rear part presenting a high
¥’ value, and a second one involving
a portion of the right-hand tributary
valley exhibiting medium to high ¥”
values. At depth, the deformation
ranges from 100 m to 200 m. The
higher ¥” value is reached in the
downslope part.

There are differences between the
‘roller’ (Fig. 3a) and ‘fixed’ (Fig. 4a)
configurations of the model bottom
only for the beginning of the defor-
mation pattern. For the fixed bottom
condition, the deformation begins in
a more diffuse way (compare Figs 3b
and 4b). The rest of the pattern (i.e.
the failure) is the same (compare
Figs 3¢ and 4c) with comparable y”
values (1.5486 and 1.526 respectively
for ‘roller’ and ‘fixed’ bottom condi-
tions).

Differences in in situ stresses
(Fig. 5a) again concern only the
beginning of the deformation pat-
tern. When the higher in situ stress
(hereafter oy;,) is in the x—y plane
(i.e. Ojiy= Ogx OF Ojiy = Oyy), the
inelastic deformation is initially con-
centrated in the valleys perpendi-
cular to the oy;, direction (compare
Fig. 5b, d). When oy,,= c,, the

inelastic deformation is more diffuse,
but affects mainly the valleys
(Fig. 5f). The rest of the deformation
pattern is, once again, almost the
same (compare Fig. 5c, e and g) with
¥’ values ranging from 1.5451
(Gli.s = ny) to 2.14 (Gli.x = 0:2).

These results indicate that: (i) at
the time-scale of the process under
consideration (landsliding), horizon-
tal displacements due to tectonics
and tectonic stresses are not key
parameters; and (i) tributary
valleys laterally bound the failure.
To determine whether these influ-
ences are real, we considered a ser-
ies of 3-D models with simplified
topography.

Simplified 3-D models

Two morphological parameters of
tributary valleys were considered:
spacing and depth.

Case  without  tributary  valleys
(Fig 6a)
Initially, the deformation involves

the slope nose, with a maximum
depth of ~250 m (Fig. 6b). Through
the cycling, the wunstable mass
keeps sliding down into the valley
until the code diverges at ¥” <1.73
(Fig. 6c).

Case of shallow tributary valleys

Two shallow (i.e. 100 m) tributary
valleys were introduced. Their lateral
spacing was varied from 500 m to
2500 m. The deformation pattern of
the model is the same as in the previ-
ous case. For failure, the higher ¥’

values reached are reported in
Table 2.
Case of deeper tributary valleys
(Fig. 7)

Deeper tributary valleys were intro-
duced (500 m of incision) with a lat-
eral spacing varying from 1000 m
(Fig. 7a) to 2000 m (Fig 7d). For
spacings  between 1000 m  and
1300 m (respectively Fig. 7a, b), fail-
ure occurs at the sides of the model
without involving the central part.
The rupture occurs at the sides for
¥ <0.88246 for 1000 m and 0.88 for
1300 m. Increasing the spacing to
1500 m leads to a different result

© 2014 John Wiley & Sons Ltd
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G 7.69 - 8.06 GPa
te 7-20MPa
) 25-35°
Cini 10 MPa
Bondary conditions
latteral side; roller
bottom I roller

(c) ¥° (interval = 0.2)

0 0.8
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Fig. 3 3-D numerical model of the La Clapiere slope with realistic topography under progressive reduction in the cohesion
(roller condition at the bottom of the model). (a) Setup. The red plane indicates the orientation of the cross-section; (b) First
deformation stage; (c¢) Final deformation stage (i.e. divergence of the code) and corresponding cross-section.

(Fig. 7c). Failure still occurs at the
sides of the model, but now the cen-
tral part is also involved in the defor-
mation. Nevertheless, rupture still
occurs for a ¥y’ value of 0.8821.
Finally, when the spacing is 2000 m,
deformation of the central part of
the model occurs (delimiting an
unstable mass bounded by tributary
valleys). Failure is reached at a ¥”
value of 0.88 (Fig. 7d).

© 2014 John Wiley & Sons Ltd

Discussion and Conclusion

To determine the influence of realis-
tic 3-D topography and validate the
assumption that tributary valleys
bounding a slope can play a role in
its gravitational failure, a simple 3-D
model was chosen. No inherited
structure (e.g. foliation, faults, joints,
etc.) was introduced. However, such
pre-existing planes of weakness are

known to play a role in slope failure,
influencing both kinematics and
mobilized volumes (Sartori et al.,
2003; Bois et al., 2008; Bois and
Bouissou, 2010). However, in any
modelling  approach  introducing
more than one conditioning factor
(e.g. structural heterogeneities and
morphological inheritance) is a diffi-
cult exercise, and determining (and/
or quantifying) the contribution of

357



Influence of topography on slope failure o T. Bois et al.

Terra Nova, Vol 26, No. 5, 354-362

(b)
(a)
z
y
Parameter Values
X
P [2600-3120 Kg/nm'
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G 7.69 - 8.06 GPa
te 7-20MPa
o) 25-35°
Cini 10 MPa
Bondary conditions
latteral sides roller
bottom roller
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0 0.25
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0 0.8
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Fig. 4 3-D numerical model of the La Clapiere slope with realistic topography under progressive reduction in the cohesion
(fixed condition at the bottom of the model). (a) Setup. The red plane indicates the orientation of the cross-section; (b) First
deformation stage; (c¢) Final deformation stage (i.e. divergence of the code) and corresponding cross-section.

each factor is never easy. Here, to be
sure of determining only the influ-
ence of the morphological parameter
under consideration, we used a
model with homogeneous elastic-
plastic properties, simplifying the
natural example. We decided to con-
sider the strength reduction as homo-
geneous and independent of depth.
This assumption can be supported by
the fact that strength reduction of a

358

rock mass, mainly due to alteration/
weathering effects, is still poorly
understood and its variation with
depth is not constrained (i.e. no rhe-
ological law exists on that point).
Thus to be sure of not adding an
arbitrary depth constraint, strength
reduction was not limited with
depth.

Roller and fixed bottom boundary
conditions have both been used by

authors (Merrien-Soukatchoff et al.,
2001; Eberhardt et al., 2004; Apuani
et al., 2007; Guglielmi and Cappa,
2010). The reality is in between these
two cases. We tested models with
both types of boundary conditions
and, although there were differences
at the beginning of the deformation,
they are not crucial for this study.
The realistic 3-D  topography
model provided a good fit to the

© 2014 John Wiley & Sons Ltd
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te 7-20MPa
0] 25-35°
Cini 10 MPa (f) 7" (interval = 0.1.10e-4) (9) 7" (interval = 0.2)
Bondary conditions _ - P |
Jattoral sides roller 0 1.10e-4 2.17.10e-4 0 1.2 2.14
bottom roller or fix

Fig. 5 3-D numerical model of the La Clapiere slope with realistic topography under progressive reduction in the cohesion
(taking into account in situ tectonic stresses). (a) Setup. The red plane indicates the orientation of the cross-section; (b) First
deformation stage for in situ stresses (o, = Gyy) > (02 = 0,,) = (03 = ©..); (c) Final deformation stage (i.e. divergence of the
code) and corresponding cross-section for in situ stresses (G| = G,) > (62 = 0,,) = (63 = G..); (d) First deformation stage for

in situ stresses (o1 = ,,) > (02 =

Gyx) = (03 = 6..); (¢) Final deformation stage and corresponding cross-section for in situ
stresses (G} = ©,,) > (02 = O\) = (03 = 0..); (f) First deformation stage for in situ stresses (G| = c..) > (0 =

Gx.\‘) =

(o3 =0,,); (g) Final deformation stage and corresponding cross-section for in situ stresses (G| = G..) > (02 = Oy) =

(03 = Gy)’)‘

natural example considered. Failure
was reached in an area compatible
with the La Clapiere landslide loca-
tion, with a sliding plane ranging
from 100 m to 200 m in depth that
propagates from the valley to the
upslope as proposed for the La
Clapiere landslide (Jomard et al.,
2007; Tric et al., 2010). Moreover,

© 2014 John Wiley & Sons Ltd

the rupture occurs at C = 0.01 MPa,
which is of the same order of mag-
nitude as the value obtained by
Lebourg et al. (2012). Comparing
our results with those of Chemenda
et al. (2009) for the same area, fail-
ure occurs at a lower ¥’ value in
3-D (1.526 to 2.14 in 3-D vs.
¥ =5.5 in 2-D), implying that the

deformation reached may be overes-
timated in a 2-D study.

Depending on the orientations of
the in situ stresses, the inelastic
deformation is mainly concentrated
in the valleys, while slope failure
occurs at the slope toe (with and
without in situ stresses, whatever
their orientation). As proposed by
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Table 1 Material
gneissic material.

properties for the

Parameter Symbol  Value

Density p 2600-3120 kg m~3
Poisson'’s ratio Y 0.24-0.3

Young modulus  E 20-30 GPa

Bulk modulus K 12.82-25 GPa
Shear modulus G 7.69-8.06 GPa
Tensile strength  te 7-20 MPa

Friction angle o) 25-35°

Leith (2012), the development of
tectonic stresses resulting from both
endogenic and exogenic processes
strongly influences erosion, forming
conduits for water and allowing bed-
rock incision by water and ice. This
implies that in situ stresses are key
parameters controlling valley shape
development, but from our model

results, at the time-scale of landslid-
ing, they are not key parameters
affecting slope failure.

Tributary valleys also influence the
failure process. For shallow incisions,
it appears that lateral spacing
between tributaries does not affect
the localization of the deformation
along the slope, but (over the range
of investigated spacing) ¥’ values
increase with increasing tributary val-
ley spacing, implying an increase in
damage (as far as ¥ is proportional
to it), to a stable value of 1.72 (for
spacings ranging from 2000 m to
2500 m) comparable with the value
obtained without tributary valleys.
However, deeper incisions seem to
affect slope failure localization but
not slope damage, as the ¥ values
obtained in each configuration are
similar. In this case, below a certain

Table 2 97 values reached for lateral
spacing of tributary valleys ranging
from 500 m to 2500 m (divergence of
the code).

Considered lateral ¥* value reached (for

spacing failure)

500 m 1.62 + 0.03
1000 m 1.66 £+ 0.01
1500 m 1.70 + 0.01
2000 m 1.71 £ 0.02
2500 m 1.72 + 0.02

spacing (1500 m), the effect of one
tributary valley on the central part of
the slope is offset by the other, so this
morphological parameter no longer
affects slope failure. Indeed, sliding
of the central part occurs for lateral
spacings between tributary valleys of
more than 1500 m. This shows that

(@)

| Parameter]  Values |
P 2600 -3120 Kg/m'
v 0.24-0.3
E 20 - 30 Gpa
K 12.82 - 25 GPa
G 7.69 - 8.06 GPa
te 7-20 MPa
] 25-35°
Cini 11 MPa
Bondary conditions
latteral sides roller
roller

77
(b) [

0 0.08

oP
Y
(c) .

0 1

interval = 0.02)

interval = 0.2)

0.128

Fig. 6 Evolution of a 3-D simplified model without tributary valleys. (a) Setup. The red plane indicates the orientation of the
cross-section; (b) First deformation stage and corresponding cross-section; (c) Last deformation stage (i.e. divergence of the

code) and corresponding cross-section.
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te 7-20MPa
o 25-35°
Cini 10.5 MPa
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Fig. 7 Evolution of four models with
deep tributary valleys (500 m): (a)
model with tributary valleys spaced at
1000 m and corresponding cross-sec-
tion; (b) model with tributary valleys
spaced at 1300 m and corresponding
cross-section; (c¢) model with tributary
valleys spaced at 1500 m and corre-
sponding cross-section; (d) model with
tributary valleys spaced at 2000 m and
corresponding cross-section.

for closer spacings the weight of the
slope portion laterally bounded by
the tributary valleys is not sufficient
to initiate a landslide (which can be
due to other factors such as tectonic
inheritance, weakening, etc.). We
conclude that characterizing tributary
valleys cutting a slope (through mor-
phologic parameters such as depth
and lateral spacing) can be important
when studying slope failure.
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