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Abstract Flow-like landslides in clayey soils represent serious
threats for populations and infrastructures and have been the
subject of numerous studies in the past decade. However, despite
the rising need for landslide mitigation with growing urbanization,
the transient mechanisms involved in the solid-fluid transition are
still poorly understood. One way of characterizing the solid-fluid
transition is to carry out rheometrical tests on clayey soil samples
to assess the evolution of viscosity with the shear stress. In this
study, we carried out geotechnical and rheometrical tests on clayey
samples collected from six flow-like landslides in order to assess if
these clayey soils exhibit similar characteristics when they fluidize
(solid-fluid transition). The results show that (1) all tested soils
except one exhibit a yield-stress fluid behavior that can be associ-
ated with a bifurcation in viscosity (described by the critical shear
rate 7,) and in shear modulus G; (2) the larger the amplitude of the
viscosity bifurcation, the larger the associated drop in G; and (3)
the water content (w) deviation from the Atterberg liquid limit
(LL) seem a key parameter controlling a common mechanical
behavior of these soils at the solid-fluid transition. We propose
exponential laws describing the evolution of the critical shear
stress T, the critical shear rate 7,, and the shear modulus G as a
function of the deviation w-LL.

Keywords Clay - Solid-fluid transition - Rheology - Viscosity
bifurcation - Atterberg limits

Introduction

Landslides in clay-rich soils are very common and exhibit a large
variety of sizes, morphologies, and kinematics (Maquaire et al.
2003; Mackey et al. 2009; Picarelli et al. 2005, Chambers et al. 2011;
Biévre et al. 2011). Particularly intriguing are the complex process-
es through which initially rigid slides can transform into flow-type
movements like mud flows or debris flows (van Asch and Malet
2009; Mainsant et al. 2012a). Slow-moving earthflows, with typical
velocities of meters per year (m year '), can suddenly accelerate
and acquire velocities ranging from meters per hour (m h™) to
meters per second (m s™') (Hungr et al. 2014). These apparently
unpredictable acceleration and fluidization events constitute a
serious threat to local populations and infrastructures. Although
the triggering mechanisms always appear to involve a rapid
increase in soil water content, generally caused by heavy and/or
long-lasting rainfalls, the current ability to forecast and model
these events is still limited. In geotechnics, the mechanical behav-
ior of cohesive soils is classically characterized by two experimen-
tally determined water contents, the Atterberg plastic and liquid
limits PL and LL (Mitchell 1993). A fair assumption is then to
consider that fluidization of the moving mass, and slide-to-flow
transition, occur when the water content w reaches the liquid limit
LL (e.g., Hungr et al. 2014). However, this interpretation disregards
the stress state within the material, which constitutes the driving
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force of the instability. One of the main challenges therefore lies in
the characterization of the mechanical behavior (stress-strain-
shear rate relations) of these clayey landslides in the vicinity of
the apparent solid-fluid transition.

From a mechanical point of view, two main approaches coexist
to describe the generation of mud and debris flows from land-
slides. The two-phase approach posits that solid-fluid transition is
caused by an increase in interstitial pore pressure, i.e. by a de-
crease in effective normal stresses in the soil (e.g., Iverson 1997,
2005; Iverson and George 2016; Picarelli et al. 2004). The rheolog-
ical approach, on the other hand, assumes that the material can be
described by an effective single-phase constitutive law, and that
fluidization occurs when a critical stress threshold is exceeded
(Ancey 2007; Mainsant et al. 2015). While the former approach is
well suited to frictional materials, whose strength is intrinsically
pressure-dependent, the latter better applies to cohesive materials
with high water content (w=LL), for which strength can be
regarded, at least as a first approximation, as an intrinsic rheolog-
ical property (Coussot and Piau 1994; Coussot and Ancey 1999).
The present study takes place within the rheological framework
and investigates the possibility to describe solid-fluid transition in
clayey landslides in terms of a few characteristic rheological pa-
rameters. Following the most recent landslide classification pro-
posed by Hungr et al. (2014), we consider here clay soils as soils
with a plasticity index PI=LL-PL larger than 5%. The cohesive
character of these soils arises from the relatively large proportion
of fine particles (diameter less than 10-40 pm, typically, among
which mineralogical clays) that develop colloidal interactions.
When the water content approaches the liquid limit LL, these soils
typically turn into muddy slurries, although large, noncolloidal
debris can also be present.

Rheological measurements on various types of colloidal sus-
pensions and pastes show that these materials generally obey, in
steady state, a viscoplastic-type constitutive law (e.g., Coussot
2005). They behave as soft solids when the applied stress lies below
a critical stress threshold (or yield stress) 7. and flow as viscous
fluids above this threshold. Although only few studies attempted
to directly characterize the rheological behavior of clay soils and
muds originating from landslides (e.g., Coussot et al. 1998; Picarelli
et al. 2004; Malet et al. 2003, 2005), existing ones show that these
natural materials can also be described by viscoplastic laws for
sufficiently high water contents. The evolution of critical shear
stress 7, with water content and particle properties (e.g., size
distribution, mineralogy, etc.), however, remains poorly under-
stood. For fine-grained sediments, a few authors (Locat and
Demers 1988; Locat 1997; Jeong et al. 2010) proposed empirical
relations between 7, and the geotechnical liquidity index LI = (w-
PL)/PI. Water salinity and ionic content were also shown to have
an influence on the critical stress (Locat 1997; Jeong et al. 2010,
2012; Maio and Scaringi 2016). For debris flows, the critical shear
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stress 7. was shown to be highly sensitive to the type of clays (in
particular, swelling clays) present in the material (Bardou et al.
2007). More fundamental studies indicated that, in general, the
influence of fine and coarse particle fractions should be distin-
guished (Coussot and Piau 1994; Ancey and Jorrot 2001). The
critical stress 7. is reported to increase exponentially with the
concentration in fine colloidal particles (Coussot and Piau 1994;
Coussot 1995; Ancey and Jorrot 2001). An increase in 7. with the
addition of coarse, noncolloidal, particles is also observed, but at a
smaller rate (Ancey and Jorrot 2001; Ovarlez et al. 2015; Dagois-
Bohy et al. 2015). A primary objective of this study was then to
investigate how the critical shear stress 7, of clay landslides vary,
and how these variations can be rationalized in terms of geotech-
nical parameters of the material.

In addition to viscoplasticity, colloidal materials are also fre-
quently characterized by thixotropy, i.e., time/history dependence
of the critical shear stress 7., and by the existence of a critical shear
rate 7y, below which the material cannot flow (Coussot et al. 2002a,
b; Coussot 2005). This critical shear rate is associated to an abrupt
viscosity drop (or bifurcation) at the solid-fluid transition, poten-
tially leading to catastrophic fluidization phenomena (Coussot
2005; Huynh et al. 2005, Khaldoun et al. 2009). Recently,
rheometrical tests performed on natural clay samples originating
from the Trieves area (a French Alps region affected by numerous
landslides) also revealed a thixotropic behavior with a highly
pronounced viscosity bifurcation (Mainsant et al. 2012b, 2015). In
addition, this bifurcation was accompanied by a severe drop in
elastic shear modulus G, suggesting that this parameter (or, alter-
natively, the shear wave velocity Vs = (G/p)”?, where p is the bulk
density of the soil), which characterizes the rigidity of the soil,
could actually constitute a proxy for the solid-fluid transition. A
second objective of this study was therefore to investigate whether
these complex rheological trends are also observed with other clay
landslides and, more generally, to assess whether soils coming
from clayey landslides exhibit similar rheological properties at
the solid-fluid transition.

This paper thus reports on a detailed geotechnical and
rheometrical characterization of soil samples from six different
clayey landslides across Europe. These landslides were chosen
because they gave rise to mud or debris flows in the past and
appear prone to slide-to-flow transitions. The main morphological
features of the landslides and the experimental methods used to
characterize the material samples are first briefly described. We
then summarize the geotechnical and rheological properties of the
samples, with a particular focus on critical shear stress 7, critical
shear rate 7,, and shear modulus G (as well as the corresponding
shear wave velocity V). Finally, the existence of relations among
these different properties is investigated, and the possible impli-
cations of our laboratory results at field scale are discussed.

Site description

Clayey soils were sampled at six landslide sites having experienced
flow-like motions: Harmaliere (HA), Super-Sauze (SU), and Char
d’Osset (CO) in the French Alps, Hollin-Hill (HO-England),
Montevecchio (MO-Northern Apennines, Italy), and Pont-
Bourquin (PO-Switzerland). The location of the landslides and
their geometry are shown in Fig. 1. Pictures of the landslides are
shown in Fig. 2 and their main characteristics are given in Table 1.
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The landslides have developed in geological formations of various
ages (from Lias to Quaternary) and exhibit a large variety in shape,
surface area, and volume (from approximately 35 x 10> m?® for PO
to 25 x 10° m® for HA) (Table 1). Only one landslide affects the in
situ geological bedrock itself (quaternary glaciolacustrine deposits
at HA). In all other sites, the moving mass is made of weathered
clay sliding on the parent rock. In terms of slope angles, the HA,
HO, and MO landslides exhibit gentle slopes ranging from 9° to
12°. In contrast, the PO, SU, and CO landslides have a more abrupt
morphology with slope angles between 25° and 33°. Three land-
slides are channelized (SU, CO, and MO), with a high length/width
ratio ranging from 6 to 23 (Figs. 1 and 2). The Harmaliére landslide
is channelized in its lower part only and exhibits a length/width
ratio of 1.8. In contrast, the HO landslide exhibits a length/width
ratio lower than 1, while the PO landslide is elongated.

The maximum measured displacement rates range from
0.01 m year ' at HO to more than 50 m year™ at SU. According
to Hungr et al. (2014), these landslides can therefore be described
as very slow to moderately slow earthflows. The CO landslide is
dormant at the present time. Information about recorded mud
flow and debris flow events is also given in Table 1, including the
flow volume, their velocity (when known), and their mobility
coefficient (or Heim coefficient: ratio height/length, H/L). The
CO and SU sites are characterized by clayey soils having a high
content of rocks or debris, while the other four sites are charac-
terized by clayey soils with low content of rocks or debris. Size
distribution measurements made on the 6 sites show that the
complete material passes through the 400 pm sieve, except for
Pont-Bourquin and Super-Sauze soils. Although no size distribu-
tion measurements could be made on the soil of Char d’Osset,
field observations indicate that the fraction of grains passing
through the 400 pm should be less than 50%. To highlight the
different grain-size compositions, we call “debris flows” (DF) the
flow-like landslides originated in clayey soils enriched with debris
(CO and PO SU sites) and “mud flows” those generated in clayey
soils with low debris content (HA, MO, HO sites). The volume and
velocity of these flow events can vary significantly among the sites.
For example, at SU, several debris flows were reported with vol-
umes of a few thousand m? and velocities as high as 4 m s™, while
the MO landslide experienced mud flows of about 9o X 10° m?
flowing at approximately 5 m day . The H/L coefficient of these
flow events, which varies inversely with the mobility, also exhibits
a large range of values with low values of 0.16 and o.17 for the HO,
HA, and MO landslides (showing high mobility), and higher values
of 0.3 and 0.45 (hence lower mobility) for SU and PO. More
detailed geomorphological and geological information about the
six landslides can be found in the supporting information of this

paper.
Methods

Geotechnical and mineralogical characterization

The clay soils were collected at a depth of approximately 0.3 m on
the six landslides. All samples were sieved and particles with a size
smaller than 400 pm were retained. Resulting particle size distri-
butions were measured using a laser analyzer (Malvern
Mastersizer 2000, https://www.malvernpanalytical.com/en/sup-
port/product-support/mastersizer-range/mastersizer-2000).


https://www.malvernpanalytical.com/en/support/product-support/mastersizer-range/mastersizer-2000
https://www.malvernpanalytical.com/en/support/product-support/mastersizer-range/mastersizer-2000
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Fig. 1 Location (a) and simplified morphological maps of the six landslides: b HO: Hollin-Hill, ¢ PO: Pont-Bourquin, d HA: Harmaliére, e SU: Super-Sauze, f CO: Char
d'Osset, and g MO: Montevecchio. The mud flow and debris flow events are differentiated by their brownish and gray color, respectively. As the CO landslide only evolves
sporadically to a debris flow, the site is shown in gray with the limits of the last debris flow of 2011. The western part of the HO landslide is covered by trees, making it

difficult to assess the exact limits of the earthflow

Identification of crystalline materials in the samples was per-
formed through X-ray diffraction (XRD) using a Bruker D8 dif-
fractometer. XRD patterns were recorded from randomly oriented
powders. No attempt was made at quantifying amorphous mate-
rials that are possibly present in the samples.

The Atterberg limits of the 400-um sieved samples were measured
using the cup apparatus for the liquid limit (LL) and the rolling test
method for the plastic limit (PL), applying European norm CEN/ISO/TS
17892-12. The gravimetric water content w (in %) was measured as M,,/
M, where M,, is the mass of water in the sample and M; is the mass of
dried soil. The plasticity index PI =LL-PL and liquidity index LI = (w-
PL)/PI were derived from these measurements. Methylene blue (MB)
absorption tests were conducted to determine the specific surface area
Ss of the clay particles (Santamarina et al. 2002) according to the
European norm EN 933-9. The cation exchange capacity (CEC,
expressed in milliequivalents (meq) per 100 g of dry solid) was mea-
sured through exchange with cobaltihexamine and dosing of its residual
concentration in the equilibrium solution using a UV-visible spectro-
photometer and cobaltihexamine ion absorption band at 472 nm.

Rheometrical characterization

Rheometrical tests were performed using a Bohlin-CVOR instru-
ment with a 60 mm parallel-plate tools (see Fig. 3a). With this
geometry, relatively thick samples can be tested (as required to
consider the tested mixtures as continuum materials) while the
shear stress and shear rate within the samples can still be

determined accurately (Coussot 2005). The gap between the plates
(sample thickness) was kept constant at 3600 pm for all tests. This
value, approximately ten times larger than the maximum grain
size in the samples, was found to be a good compromise to
minimize end effects that develop with thicker samples. Two sets
of tools, in PVC and stainless steel, respectively, both roughened to
prevent wall slip, were used to check for repeatability of the
results. The tests were carried out in an air-conditioned room,
and the temperature of the samples was maintained constant at
21 °C during the experiments. Before each test, the samples were
presheared at a shear rate of 50 s™* for 20 s and then left at rest for
10 s to ensure a reproducible initial state. Samples at different
water contents were prepared by mixing the dried soils with
distilled water in a blender. It was only possible to test samples
with a gravimetric water content w above the liquid limit LL. For
w < LL, cracking and heterogeneous deformation were observed.
Two types of rheometrical protocols were applied to investigate
the behavior of the clay soils in the vicinity of the solid-fluid
transition. First, standard creep (SCr) tests, which consist in im-
posing a constant shear stress 7 and monitoring the resulting shear
rate, were used to determine the critical shear stress 7, and critical
shear rate . of the samples. Four typical SCr tests obtained for PO
soils at a water content w = 87.4% (LI = 3.66) are shown in Fig. 3b.
At low imposed stress (7=30 Pa), the shear rate regularly de-
creases to reach values lower than 10™# s™" at the end of the test,
which corresponds to a solid behavior. Conversely, at high stress
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Fig. 2 Pictures of the six landslides. a Hollin-Hill (HO), b Pont-Bourquin (P0), c
Super-Sauze (SU), d Harmaliére (HA), e Char d'Osset (CO), and f Montevecchio (MO)
landslides. The arrows show the movement direction and gives an order of
magnitude of the distance

(=60 Pa), the shear rate tends towards a constant value that
increases with the imposed stress level, as for a viscous fluid. These
observations are consistent with a viscoplastic behavior of the
material. The critical shear stress, here 7. = 53 Pa, can be defined
as the stress level for which the transition between these two
regimes occurs. To obtain a good accuracy, multiple tests with
stress increments of 1 to 5 Pa were performed in the vicinity of
the solid-fluid transition. In some cases, however, it was difficult to
determine whether the sample is effectively in solid or fluid regime
within a range of a few Pa. In practice, the value of 7, is thus taken
as the average between the lowest stress value for which the sample
is surely in fluid regime, and the highest stress value for which it is
surely in solid regime. Depending on the suddenness of the tran-
sition and the repeatability of the results, which vary among the
samples, the corresponding uncertainty on 7, ranges between 5
and 15%. In the example of Fig. 3b, the solid-fluid transition is also
characterized by a marked jump in shear rate, which discontinu-
ously passes from zero in solid regime to a finite value when the
stress is just above the critical stress. This behavior is characteristic
of a viscosity bifurcation, with the existence of a critical shear rate
7. below which no steady flow is possible. In practice, due to the
abovementioned difficulties sometimes encountered in the
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determination of 7., we chose to define 7, as the shear rate
measured for 7=7,+ A7, where A7 is a small stress increment
above the transition taken equal to 5 Pa. This definition proved to
be more robust, while still representative of the jump in shear rate
observed at the transition. Hence, for PO sample at w = 87.4% (Fig.
3b), fy'c is taken at 2.5 x 10"> s~ , which corresponds to the asymp-
totic shear rate value reached in the test at 58 Pa.

Oscillatory creep (OCr) tests were used to capture the associat-
ed drop in elastic shear modulus at the solid-fluid transition.
These tests consist of superimposing small stress oscillations to a
constant average shear stress level 7 (see Fig. 3a). The resulting
strain is monitored and corrected for any linear trend associated
to the average stress level. The complex viscoelastic modulus G* is
defined as the ratio between the stress and the detrended strain in
the Fourier domain (Bird et al. 1987). The amplitude of the stress
oscillations was chosen to be roughly 1/10 of the critical stress 7, in
order to remain in the linear regime. The frequency of the oscil-
lations was fixed at 5 Hz in order to be in a regime where the
storage modulus (i.e., the real part of G¥) is independent of the
frequency and can be identified as the elastic shear modulus G of
the clayey soil (Mainsant et al. 2012b). Four typical examples of
OCr tests for PO soil at w=87.4% are shown in Fig. 3c. A clear
decrease in elastic shear modulus is observed when the soil fluid-
izes, with G dropping from values above 10,000 Pa when 7 is just
below 7, (solid state), to values of about 1000-3000 Pa just above
7T, (fluid state). The shear elastic modulus then continues to rapidly
decrease when the stress level is further increased, reaching very
low values (100 Pa in the example shown) in the fully fluidized
regime. We characterize the amplitude of the drop in G at the
transition by the ratio of G/G,; where G, and G correspond to the
values of G in the solid and fluid states, respectively. As for v,, the
value of Gy is determined for 7=17.+ A7,

Geotechnical results

The grain size distributions of the six 400 um sieved soils are
shown in Fig. 4a. The values of D,, and D, (soil fractions below
40 and 2 pm, respectively), of the uniformity coefficient C, = dso/
d,o, and of the curvature coefficient C, = (d,,)*/(ds, d,o) are given
in Table 2 (the diameter dy correspond to the particle size for
which X% of the particles are finer). All samples exhibit C,, values
higher than 6 and C, values around 1, indicating wide particle size
distributions with unimodal shapes. CO and PO samples stand out
as coarser than the others, as shown by their grain size distribu-
tions and their lower D,, values (48 and 60%, respectively).

As shown in Fig. 4b, the Atterberg limits show large variations
among the different soils. Liquid limit LL ranges from very low
(26.7%) for CO to high (73.3%) for HO. Plasticity index PI varies
between 9.9% (CO) and 25.6% (HO and MO). According to the
Unified Soil Classification System (USCS), four samples are de-
scribed as low to medium plasticity clay soils (CO, SU, PO, and
HA), while the other two are high plasticity clay soils (MO and
HO). In addition, two of the soils are classified as organic (HO and
PO). Blue methylene and CEC tests also highlight wide variations
in clay properties among the samples. HO soil exhibits the highest
values with a specific surface area S, of 80.1 m* g™ and a CEC of
28.6 meq 100 g . In contrast, the CO sample is characterized by a
low CEC (3.5 meq 100 g ') and extremely low specific surface area
S; (5.7 m* g*). In terms of mineralogical composition (Table 2),
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Fig. 3 lllustration of the rheometrical tests. a Picture of the Bohlin CVOR
rheometer used to perform the standard creep tests SCr (constant stress with
time—in green) and the oscillatory creep tests OCr (oscillatory stress with
time—in red). b Four SCr tests performed at stress levels T =30, 52, 54, and 60 Pa
on PO (Pont-Bourquin) soil with a water content w =87.4% (LI = 3.66). The
increase in shear rate at the critical shear stress T. =53 Pa is indicative of the
transition from solid to fluid state. ¢ Four OCr tests performed below (52 and

53 Pa) and above (55 and 65 Pa) the critical shear stress T, for the same sample
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most of the soils contain a significant amount of quartz and micas,
from 19.6% (MO) to 54.8% (PO), with a fraction of clay minerals
(all phyllosilicate but di-octahedral micas) varying between 4.3%
(SU) and 45.6% (HO). Expendable 2:1 swelling clays, considered in
this paper as smectites, have been detected in HO (33.8%), MO
(15.3%), and HA (9.4%).

In summary, the soils collected at the six landslide sites exhibit
strong differences in terms of geotechnical properties and miner-
alogical composition. HO and MO are the soils with the highest
swelling potential, as shown by their large values of smectite
content, CEC, and S;. They also exhibit the highest values of PI
and LL, indicating a high plastic potential. In contrast, the HA soil
shows PI and LL values lower than those of MO and HO. This last
sample contains nevertheless a significant amount of smectite
(9.4%), resulting in relatively high CEC and S; values. SU and PO
are described by intermediate CEC, S,, PI, and LL values and no
smectite. Finally, CO has the lowest CEC, S;, PI, and LL values.

As previously attempted by several authors (i.e., Farrar and
Coleman 1967; Yukselen and Kaya 2006), we looked for potential
relations among these different geotechnical parameters of the
samples. In particular, Yukselen and Kaya (2006) proposed simple
correlations between CEC, Atterberg limits, organic matter con-
tent, fine fraction, and specific surface area. As shown in Fig. 4c-e,
the clay fraction D,, the percentage of smectites, the Atterberg
parameters PL, LL, and PI, and the specific surface area S; all
appear to be positively correlated to the CEC. The highest deter-
mination coefficients are obtained between the specific surface
area and the CEC (0.95) and between the percentage of smectite
and CEC (0.93). Conversely, the determination coefficient between
D, and CEC is weak (0.33), and the determination coefficients
between PL, LL, PI, and CEC are moderate (0.65, 0.86, and 0.86,
respectively). It must be stressed that these results have been
obtained for six samples only, and therefore cannot provide
generic trends. They appear however in good agreement with the
conclusions of Farrar and Coleman (1967) and Yukselen and Kaya
(2006), which were based on more complete soil datasets. In
particular, Yukselen and Kaya (2006) also reported a low determi-
nation coefficient between D, vs CEC (R*=o0.37), whereas they
found better correlations between CEC and S, (R*=0.82), and
between CEC and LL (R* = 0.6).

Rheometrical results

Standard creep (SCr) and oscillatory creep (OCr) tests were carried
out on the six soils for 4 to 6 values of gravimetric water content w
above the liquid limit LL. In Figs. 5 and 6, representative results are
shown for two values of w that differ between the samples but
always correspond to liquidity index LI approximately equal to 2
and 3, respectively.

In SCr tests at low water content (LI~ 2, left column of Fig. 5), all
samples exhibit a solid-fluid transition occurring at critical shear stress
values ranging from 43 to 166 Pa. The CO sample displays the lowest
critical stress, while the largest values correspond to MO and SU soils.
The solid-fluid transition is marked by clear viscosity bifurcations for
HO and MO samples, with critical shear rate values of the order of
10" 5% SU and CO soils display less pronounced viscosity bifurca-
tions, with . of the order of 10> s, and the solid-fluid transition
appears almost continuous for the PO and HA samples. If existent, 7,
values in these latter cases are very small, at most of the order of
107> s™". At a higher water content (LI~ 3, right column of Fig. 5) solid-



fluid transitions are still observed for all samples, except for the CO soil
for which the fluid regime seems reached even for the lowest shear
stress values tested. Generally, the critical shear stress 7. is observed to
decrease when water content w increases. Conversely, the critical shear
rate -y, tends to increase with w. These trends are particularly marked
for the HO sample, with a critical stress dropping from 127 to 40 Pa
between LI=2 and 3, respectively, and a concurrent increase in -,
from 2 X 107" to more than 10 s . PO and HA samples, for which a
viscosity bifurcation was hardly observed at LI =2, are characterized
by values of 7, =10 > s and 4 X 10 > s at LI =3, respectively.

OCr tests in Fig. 6 show the evolution of the elastic shear
modulus G at the solid-fluid transition. Consistent with the results
of (Mainsant et al. 2012b), the solid-fluid transition appears to be
systematically accompanied, for all tested samples, by a decrease
in G. We carefully ascertained that this decrease occurs for critical
shear stress values which are identical, within experimental uncer-
tainties, to the critical shear stress values determined in SCr tests.
Values of G in the solid regime (G;) are observed to decrease with
the water content: they vary in the range 10*-4 X 10* Pa for LI =2,
and in the range 5 X 10°-2 X 10* for LI=3. The drop in G at the
transition, characterized by the ratio G,/G,s appears to be variable
among the samples. It is highly pronounced for HO and MO soils,
in particular for LI =3, where G drops by several orders of mag-
nitude when increasing the stress level by only a few Pa beyond the
critical stress. On the contrary, the drop in G at the transition is
much smaller for HA, SU and PO soils for LI = 2, and the decrease
in elastic modulus between the solid and fluid regimes appears
more progressive in these cases. Generally, it is observed that the
larger the amplitude of the viscosity bifurcation observed in SCr
tests, the larger the associated drop in G at the solid-fluid transi-
tion. The elastic modulus then continues to decrease when the
stress level is further increased beyond 7, and all samples are
eventually characterized, in the “fully-fluidized” regime, by G
values that are at least one order of magnitude smaller than G,.

Discussion

The occurrence, in fixed-volume rheometrical tests, of a solid-fluid
transition for a well-defined value of critical shear stress 7, is a
hallmark of viscoplastic rheological behavior. Granular suspen-
sions, on the contrary, tend to be characterized by an absence of
yield stress in such a configuration (Boyer et al. 2011; Trulsson
et al. 2015). Hence, all soil samples tested in this study effectively
exhibit a viscoplastic behavior, except for CO soil at high water
content for which no critical stress could be measured. This latter
soil is also characterized by the lowest plasticity index PI, the
lowest CEC and S; values, and the lowest amount of fine particles.
According to these characteristics, and although further tests
would be required to confirm this conclusion, we may assume
that CO soil actually presents a rheological behavior that is more
of the frictional-type, particularly when the water content is high.
This soil will not be taken into account in the upcoming analyses,
in which only samples exhibiting a clear viscoplastic behavior will
be considered.

Evolution of the critical shear stress
Our results for the five soils exhibiting a viscoplastic behavior
show a clear increase in the critical shear stress 7. when the

water content w decreases (Fig. 7a), i.e., when the solid fraction
& increases (® =1/(1+ w.p,) where p; is the solid dry density,
taken equal to 2.7 g cm™®) since all samples are saturated.
However, values of 7, may vary by almost a factor of 2 among
the different soils for a given solid fraction (Fig. 7a), and no
generalized trend is apparent among the samples. This indicates
that other parameters beyond the volume fraction also have an
influence on the critical stress. In particular, it is known that
fine (colloidal) and coarse (noncolloidal) particles contribute
differently to the critical shear stress (Coussot and Piau 1994;
Ancey and Jorrot 2001; Ovarlez et al. 2015), and that the critical
shear stress is therefore also sensitive to the grain size distribu-
tion of the samples. In our study, large differences in D,, (see
Table 2), and therefore in the relative proportions of fine and
coarse particles, can be noted between the different clay soils.
This is likely to partly explain the specific evolutions of 7, as a
function of the solid fraction (or water content) observed for
each soil. We thus examined whether the variations of 7, could
be rationalized in terms of the geotechnical characteristics of
the samples.

In an early study on sensitive clays, Locat and Demers (1988)
proposed relations between the critical shear stress 7. and the
liquidity index LI. The parameter LI, in which the water content
w is scaled by Atterberg’s limits PL and LL, indirectly accounts for
fine content and clay surface properties (through the existence of
relations between D,, PI, LL, CEC, and S, as shown in Fig. 4) (Locat
and Demers 1988). These authors showed that 7. values, obtained
in their case through a fit of flow curves measured with a labora-
tory rheometer, could be bounded by the two following relations:

12.05\ 313
Te = ( LI ) ®

for high pore salinity (30 g L™), and

= (3" @)

for low pore salinity (o g L™).

Subsequently, Locat (1997) showed that these two bounding
relations remain valid for different clay soils, mostly of
glaciomarine origin, over a wide range of w and plasticity
values. Values of 7, versus LI corresponding to our samples
are displayed in Fig. 7b, along with the two curves correspond-
ing to Eqs. (1) and (2). It appears that all 7, measurements are
gathered around the high-salinity curve for low LI values, while
some of the data tend to exceed this curve for high LI values. It
must be stressed out that none of the soils studied here contain
salts. The relative agreement between the high-salinity curve
and our data may therefore be coincidental. In addition, Locat
and Demers (1988) and Locat (1997) determined 7, through a fit
of the flow curves (using a Bingham model) while, in our study,
7. values were obtained directly from creep tests (without any
underlying model). 7. values measured in these two different
ways can show significant discrepancies (Bonn et al. 2015).
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Fig. 4 a Grain size distribution of the six landslide samples sieved at 400 pum. b Casagrande’s chart with the U and A lines (Mitchell 1993). According to the USCS
classification, HA, SU, and CO samples are inorganic clayey soils of low to medium plasticity (CL). PO and HO are classified as organic clayey soils of low plasticity (OL) and
high plasticity (OH), respectively. MO is defined as an inorganic clayey soil of high plasticity (CH). c—e Relationships between geotechnical, geochemical, and mineralogical
parameters for the six clay samples. In all cases, measurement errors are smaller than marker sizes. ¢ D, (soil fraction below 2 pum, in black dashed line) and percentage of
smectite (in gray dotted line) versus CEC. Linear regressions on D, vs CEC data (black dashed line) and percentage of smectite vs CEC data (gray dotted line) yield
determination coefficients R? = 0.33 and 0.93, respectively. d Atterberg limits PL and LL versus CEC. The determination coefficients obtained by linear regression are R* =
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Similarly, Locat and Demers (1988) used the cone penetration
method for determining LL, while we applied the percussion
technique, and it has been shown that liquid limits measured by
the two methods are not necessarily identical (Sridharan and
Prakash 2000). Given these differences, further quantitative
comparisons between our results and those of Locat and
Demers (1988) are not appropriate. A notable feature of Fig. 7b,
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however, is that the different soils follow specific trends ac-
cording to LI. Hence HO and SU samples, which show similar
7. values for LI=2.5, strongly diverge when LI increases such
that the value 7,.= 55 Pa is reached for LI =3 with the HO soil,
and for LI = 4.4 with the SU soil. Correspondingly, the SU soil
is characterized by a much lower liquid limit LL than the HO

Cationic Exchange Capacity (meq/100g)

soil (33.3 and 73.3, respectively, see Table 1).

Liquid limit (%)



Table 2 Geotechnical and mineralogical characteristics of the six soil samples. D4y and D, represent the soil fraction below 40 and 2 pm, respectively. C,, = dgo/dhq,
where dg and d, are the diameters for which 60 and 10% of the particles are finer. C. = (d30)*/(deo dio). USCS classification: CL stands for inorganic silty clays of low to
medium plasticity; OL organic clays of low plasticity; CH inorganic clays of medium to high plasticity; OH organic clays of medium to high plasticity. The complete XRD

results are presented in Table 3 of this paper

Hollin-Hill Pont-Bourquin Harmaliere Super-Sauze Char d'Osset Monte-Vecchio

Dyo—D; (%) 90-16 60-6 98-20 88-15 48-3 83-29
C, 6.7 14.3 6.7 8.7 1 11.4
Ga 1.1 0.7 0.8 0.9 1.5 0.9
Liquid limit LL (%) 733£08 47.7+0.7 39.0£0.2 333+£09 26.7 £0.4 51.7£0.5
Plasticity index PI 2561 149+ 0.9 16.9+ 0.2 11.9+0.8 99+1 256+0.8
USCS classification OH oL CL CL CL CH
Specific surface area S, 80.1+4.2 29.2+03 451403 296+ 1 57+05 61.6 0.4

(m”g™")
CE.C (meq.100 g ") 28.6 9.9 17.0 6.2 35 18.7
XRD (%)
Quartz 21.8 16.5 18.9 239 20.9 15.5
Dioct. micas 20.1 54.8 28.9 373 334 19.6
Clay minerals 45.6 9.9 16.3 43 15.2 41
Expandable 2:1 clay 33.8 [} 94 (7} 0 15.3

Detailed examination of Fig. 7b led us to change the scaling of w
and plot 7, directly versus the quantity w-LL. As shown in Fig. 7c,
this representation leads to an interesting gathering of all the data
on a common linear trend (in log-linear coordinates). The data
can be fitted by the following exponential law with a determina-
tion coefficient R> = 0.91:

Te = 246.7 exp (—0.034(w—LL)) (3)

with 7, in Pa, w and LL in %. The quantity w-LL thus appears as a
major control parameter for the critical shear stress values mea-
sured in this study. This parameter includes the effect of solid
fraction @ as well as, through the Atterberg liquid limit, the effects
of fine content and clay properties. Nevertheless, the fact that such
a simple measure of the deviation of w from LL is sufficient to
account for critical shear stress values measured in a variety of
different clay soils can seem surprising. It can be argued, however,
that the existence of a relation between LL and the shear strength
(measured here by the critical shear stress) of the soil is not
entirely unexpected. In the percussion method used to determine
LL (with Casagrande cup), the soil mass flows on both sides of the
cup due to impacts on the base. According to Sridharan and
Prakash (2000), this flow is viscous and controlled by the shear
strength of the soil. Along the same line, Haigh (2012) recently
found that LL is a function of the ratio between the undrained
shear strength and the density of the material. These prior studies
provide some support to our results, showing that the parameter
w-LL may be used to predict the critical shear stress 7,
disregarding the nature of the clay soil.

Evolution of viscosity and elastic bifurcations

The critical shear rate 7, characterizing the amplitude of the
viscosity bifurcation at solid-fluid transition for the different
soils tested is plotted against the deviation w-LL in Fig. 7d. As
already noted, for each soil, 7, shows a clear increase with the
water content w. Furthermore, it is observed that the data
here also roughly collapse on a single relation of w-LL. Fitting
an exponential law of the form a.exp(b.(w-LL)) yields the
following coefficients: a=6.9x107° s~ b=-0.0712, and a
determination coefficient R*>=o0.56. This latter value shows
that the dispersion around this mean trend is significantly
larger than in the case of the critical shear stress 7. For
similar values of w-LL, differences as large as one order of
magnitude are observed between the critical shear rates -,
measured for the different samples (Fig. 7d). As already
pointed out, for some of the samples, the existence of a
viscosity bifurcation can even be questioned (typically, when
the reported values of +, are less thanio™> s™*). Hence, even if
the deviation w-LL appears again to be an important control
parameter, this parameter is not sufficient to fully account for
the existence and magnitude of the viscosity bifurcations in
the different studied clay soils. The presence of smectite, in
particular, seems to also play a significant role, as the two
soils exhibiting the highest values of v, (HO and MO) are also
those with the highest proportion of swelling clays (see
Table 1). It can also be noted that HO soil, for which the
fraction of smectite is the largest (33.8%), presents a peculiar
behavior at high water content. Above w-LL =50%, the mag-
nitude of the viscosity bifurcation abruptly increases with a
value of v, jumping from 0.2 to 20 s™* (note that the values

Landslides 15 * (2018) | 1623



| Original Paper

a) 1 b) 10
104 PO:w=64.9%-LI=215 PO:w=773%-LI=2.98
E 1077
o L SRR -] 10-; - a TN
) Y. 1 76 Pa 78 Pa 7,
10° 103}
o>~ Lo = 108 P 10 74 Pa
P 80 Pa oe it = F e T
el Te=109Pa oo pa TR, L e =T2Pa 68 Pa TP,
0 40 80 120 160 200 0 40 80 120 160 200
¢) ¢ - )
i L T
AT 132 Pa Y, 10°
» . §
- 10!
o> 107 125 Pa 102}
10 105 Pa ot 10° ¢
10° T.=127Pa 104
0 40 80 120 160 200 0
e) 1 f) 100
SU:w=42.9%-LI=182 170 Pa
10!
A 10°
7 4 103 \ 109 Pa
Ka g 50 Pa e 107 Pa™eaes,
i 10+ i T s
Te= 163 Pa 10° T.= 110 Pa -
10 0 40 80 120 160 200 40 80 120 200
g) 10° h) 10°
HA: w=156.9 % -LI=2.06

HA:w=73.7%-LI=3.05

Y (s

. 80 P = 10+ 50 Pa o TeRiSae
T.=110Pa - n T.=69Pa 60 Pa
10 10°5—
. 0 40 80 120 160 200 . 0 40 80 120 160 200
i) 1w ) 100

{CO:w=37.7%-LI=2.11

CO: w=46.1%-LI=22.96

L R T TR R I -~ SO
1071
Z
S|
oS 10 30 Pa S
104}
. T.=43Pa 104 T.=0Pa
1075 40 80 120 160 200 0 40 80 120 160 200
K) D 10 gz 1=
MO: w=72.3%-LI=1.98 MO: w=93.9 % - LI=2.82
1 F oo o pa——TTTT oo o s e e—r - - - { -1 B i = = = ]
WL 500700 Mrore” Tospa | 1e] W & 66 Pa 80Pa Y.
= 102 i 1 10—
n -
N \;~
o o 160 Pa 10 30 Pa e 50 Pa
10+ : 104F > S e
T =166Pa . =63Pa 55 Pa
10° 10°5—=<
0 40 80 120 160 2 40 80 120 160 200
Time (s) Time (s)

Fig. 5 Shear rate 7, vs time curves measured during Standard Creep tests (SCr) conducted on Pont-Bourquin (PO, a, b), Hollin-Hill (HO, c,
d), Super-Sauze (SU, e, f), Harmaliére (HA, g, h), Char d’Osset (CO, i, j), and Montevecchio (MO, k, 1) samples for two values of liquidity
index approximately equal to 2 (left column) and 3 (right column). Corresponding water contents w are indicated in legend. The critical
shear stress T. and critical shear rate v, inferred from the tests (see “Methods” section) are indicated for each sample

of v, measured for HO samples above the jump were not
taken into account in the exponential trend presented above).

Similarly, the ratio G/G,; which characterizes the ampli-
tude of the drop in elastic shear modulus at the solid-fluid
transition, is shown as a function of w-LL in Fig. 7e. In Fig.
7f, we also show the evolution of the solid state elastic shear
modulus G versus w-LL. Since the elastic modulus of the
samples systematically reaches very low values (compared to
G,) in the fluid regime, the value of G, can be considered as
representative of the total drop in elastic shear modulus
between the solid and fluid regimes. For all soil samples,
the ratio G/G, increases, while on the contrary the value of
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G, decreases with the water content. Here again, simple rela-
tions with the deviation w-LL appear to reasonably capture
the main trends of these parameters. Fitting exponential laws
of the form a.exp(b.(w-LL)) yields the following coefficients:
a=1.85, b=0.074 and a determination coefficient R*> = 0.64 for
the ratio G/G,; and a=4.5x10* Pa, b=-0.036 and R*=o0.72
for G;,. We also note that MO and HO samples, which are
characterized by the highest smectite content, stand out by
showing the lowest G, values and, for HO, a jump in G/G
for w-LL > 50%.

Finally, it can be concluded that the first-order trends
shown by the different mechanical properties of the clay soils
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Fig. 6 Elastic shear modulus G vs time measured during oscillatory creep tests (OCr) on Pont-Bourquin (PO, a, b), Hollin-Hill (HO, ¢, d), Super-Sauze (SU, e, f), Harmaliére
(HA, g, h), Char d'Osset (CO, i, j), and Montevecchio (MO, k, 1) samples for two values of liquidity index approximately equal to 2 (left column) and 3 (right column). The
values of the critical shear stress 7. obtained in SCr tests are recalled. The ratio between G, and G.¢(see “Methods” section) is used to quantify the drop in G at the solid-

fluid transition

at the solid-fluid transition (7, 7., G/Gy G) are all ex-
plained by exponential relations with the deviation w-LL.
However, claiming that this parameter completely controls
the rheological behavior of the studied soils would be abu-
sive. Even if the liquid limit already partly accounts for the
physicochemical properties of the materials, other parame-
ters, and in particular the presence of swelling clay, also
seem to have a significant influence on the viscosity and
elastic bifurcations observed at the solid-fluid transition. To
go further, it could be relevant to investigate second-order
dependencies between the coefficients a and b characterizing
the evolutions of 7, Gy/Gy; and G, versus w-LL for each soil

sample, and geotechnical properties such as PI, CEC, or
smectite content. However, with the limited available data,
no consistent relations could be found at this stage.

Extrapolation to field scale

To finish, we discuss the potential implications of our results for
the prediction and understanding of slide-to-flow transition in
clay landslides. A first striking feature is the existence of a marked
viscosity bifurcation for some of the tested soils. As shown by
Coussot (2005), we can expect materials exhibiting such charac-
teristic to be particularly prone to catastrophic fluidization events,
and to give rise to high-velocity mud or debris flows. On the
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the data (see text)

contrary, soils without this property, or characterized by low
values of 7,, are expected to transit more progressively from solid
to fluid regimes, and thus to produce less catastrophic flow events.
In this respect, the three landslides showing the highest values of
7, in the experiments, at low and high water contents—namely
HO, HA, and MO (Fig. 7d)—are also those for which the highest
mobility flows have been observed (Table 1).

Also of particular interest is the excellent correlation ob-
served between 7. and w-LL (Eq. (3)) for the different tested
soils. This result suggests that the critical shear stress of a
landslide, i.e., the stress level at which solid-fluid transition
occurs, might be evaluated and monitored directly from mea-
surements of the water content w, provided the liquid limit LL
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is known. Following Hungr et al. (2014), who indicate that
debris flows are likely to be triggered when materials are close
to their liquid limit, our results could even imply that a unique
critical stress value, on the order of 200-300 Pa (extrapolation
of relation (3) to w-LL=o0, see Fig. 7¢), could be used to
predict the occurrence of such flow events. Care should never-
theless be taken concerning the representativeness of the crit-
ical stress values measured in our rheometrical tests, since
these tests were not performed on the in situ soils, but on
samples sieved at 400 pm. In fact, clay soils collected at MO,
HA, and HO sites contain essentially no particles larger than
400 pm (see the “Site description” section). In these cases, the
tested samples can thus effectively be considered as



representative of the complete materials. On the contrary, CH,
SU, and PO landslides contain significant amounts of particles
larger than 400 pm. According to existing studies on model
materials (Ancey and Jorrot 2001, Ovarlez et al. 2015, Dagois-
Bohy et al. 2015), we can expect the value of 7, to increase with
the addition of coarse grains. Yet, interestingly, Malet et al.
(2004) back-analyzed the runout and thickness of past debris
flow deposits at SU site using the flow code Bing (Imran et al.
2001) and reported a critical stress value of 7,=250%50 Pa
that is well within the range arising from our experimental
results. We performed a similar back-analysis on a debris flow
event that took place at PO site (see Appendix 2). In this case,
the analysis yields a critical stress of 7.=900 * 400 Pa, larger
than our experimentally derived values but still within the
same order of magnitude. These two back-calculated critical
stress values have been represented in Fig. 7yc at w-LL=o.
Although additional field cases would be needed to strengthen
these results, the good agreement between the back-analyzed
and laboratory-derived values tends to indicate that relation
(3) could effectively be used to obtain at least first estimates of
the critical stress of clay landslides at field scale, and this even
when a coarse fraction > 400 pum is present in the material.
Finally, we turn to the measurements of elastic shear mod-
ulus G, and the systematic drop in G of at least one order of
magnitude observed in all tested soils at the solid-fluid tran-
sition. This systematic drop, followed by a further decrease in
G as the material fully fluidizes, is consistent with the de-
crease in seismic shear velocity V; reported before the occur-
rence of flow events both in laboratory flume experiments
(Mainsant et al. 2015) and in the field (Mainsant et al.
2012a). This indicates that a loss of rigidity at the solid-fluid
transition can be considered as a generic feature of clay soils,
and confirms that V; variations constitute a good indicator
for monitoring clay landslides. It shall be emphasized, how-
ever, that the values of G inferred from our OCr tests appear
relatively low compared to typical field values. When convert-
ed into shear wave velocities through the simple relation
VS=(G/p)‘/2, our laboratory measurements correspond to V;
values ranging between 3 and 5 m s in solid regime, and
less than 1 m s™' in fluid regime. As a comparison, typical
values of V, inferred from seismic noise measurements at the
base of the PO landslide varied between 400 and 200 m s !
typically, during the preparation of a flow event (Mainsant
et al. 2012a). We interpret this quantitative discrepancy as
resulting from the strong sensitivity of V,, and thus of G, to
the water content when the sample is below its liquid limit
LL. Experiments performed by Mainsant et al. (2012b) on HA
soil showed values of V; as low as 10 m s~ for samples at the
liquid limit, consistent with our measurements, but values of
Vs of more than 100 m s~ for w-LL=-10%. A strong de-
crease in G and V, with porosity, resulting from clay
deconsolidation, was also reported by Renalier et al. (2010)
both from laboratory tests and field data. To complement our
results, measurements of G at the solid-fluid transition for
samples presenting water contents more representative of
those typically found in the field, i.e., below LL, would thus
be useful. Designing well-controlled experimental tests to
monitor solid-fluid transition in such strongly plastic samples
represents an interesting perspective for future work.

Conclusion

The solid-fluid transition in clay soil samples collected from
six landslides producing flow-like events was studied in labo-
ratory rheometrical tests. Creep and oscillation tests were
performed to measure the critical shear stress 7, the critical
shear rate v,, and the elastic shear modulus G at the solid-
fluid transition, as a function of the water content w. All soils,
except for Char d’Osset landslide, exhibit a viscoplastic rheo-
logical behavior. The critical shear stress triggering solid-fluid
transition varies among the samples and decreases with the
water content. The particular behavior of Char d’Osset clay
soil has been linked to its low specific surface and cation
exchange capacity. The five other clay soils are also charac-
terized by bifurcations in viscosity and marked losses of
rigidity at the solid-fluid transition. The existence and ampli-
tude of the viscosity bifurcation, as well as the amplitude of
the concurrent drop in elastic shear modulus, appear to be
influenced by the water content as well as by the presence of
swelling clays in the samples.

An important result of our study is that all the viscoplastic
soils, which come from landslides characterized by very dif-
ferent geomorphological features, obey a common exponential
law relating 7. and the deviation w-LL. This relation is further
strengthened by the back-analyses of real flow events at PO
and SU sites, which lead to critical stress values that are
consistent with the extrapolation of the laboratory-derived
exponential law for w=LL. Moreover, the consistency of the
rheometric results between sieved soil samples (Pont-
Bourquin, Super-Sauze) and the complete material
(Montevecchio, Harmaliére, and Hollin-Hill) also strengthen
the w-LL relationship. Similar simple exponential laws with
w-LL were also proposed for the critical shear rate and the
drop in shear modulus, albeit with lower correlation coeffi-
cients. These results reveal that the deviation w-LL could be a
key parameter controlling the mechanical behavior of these
clay soils at the solid-fluid transition. This parameter captures
the first-order effects of both water content and solid fraction
properties (grain size distribution, physicochemical character-
istics, etc.). Our study can be regarded as a first attempt at
linking the rheological behavior of clay landslides with simple
geotechnical characterizations. It opens up promising pros-
pects for landslide monitoring and suggests that w measure-
ments could be used to assess the conditions for which a clay
soil of known liquid limit LL can fluidize. Alternatively, these
results highlight the potential value of geophysical monitoring
(electrical resistivity and shear wave velocity) on landslides to
gain insight in the rheological change in clay soils during
slide-to-flow transition.
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Appendix 1

Table 3 Mineralogical content of the soil samples

XRD (quoted as %) Hollin-Hill Pont-Bourquin Harmaliére Super-Sauze Char d'Osset Montevecchio
Chlorite 7.4 6.9 43 15.2

Kaolinite 11.8 25 25.7
Smectite 33.8 9.4 15.3
Di-octahedral micas 20.1 54.8 28.9 373 334 19.6
Pyrophyllite 53

Quartz 21.8 16.5 18.9 239 20.9 15.5
Albite 3.1 4.8 7.3 12.5 45
K-spars 24 33

Calcite 5.0 225 20.8 15.1 16.0
Aragonite 1.2

Ankerite 6.5 1.8 5.6 0.8 34
Pyrite 0.2

Magnetite 0.2
Goethite 4.8

Lepidocrocite 0.8

Anatase 0.7 20

Rutile 22 0.7 1.0

Jarosite 0.7

Hornblende 13

Total 100 100 100 100 100 100.2

Appendix 2. Back-analysis of Pont-Bourquin debris flow event
The Bing software (Imran et al. 2001) solves a 1D shallow-flow
model relying on a viscoplastic rheology (Bingham or Her-
schel Bulkley) to simulate the propagation of debris flows. It
has been initially developed for submarine debris flows, but
can be adapted to subaerial flows by using an ambient fluid
density equivalent to the air (1 kg m ). The computation of
the flow starts from a semi-parabolic mass defined by a
length and a thickness. The flow then propagates on an
altimetric profile which is provided by the user.

Similar to Malet et al. (2004), we used this software to carry out
a back-analysis of a debris flow event that occurred on the PO
landslide in summer 2007 and was documented by Jaboyedoff
et al. (2009). After heavy rainfalls, a flowing volume of about
11,000 m?® cut the road at the toe of the landslide. A detailed
geomorphological analysis provided the necessary information
regarding the localization and size of the initial unstable mass.
Accordingly, a maximum thickness of 3 m and a length of 100 m
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were used as initial conditions in Bing. Field observations after the
event indicated a length of propagation of 130 to 160 m, and a front
thickness of approximately 2 m on the road. In agreement with
recommendations of Imran et al. (2001), numerical parameters
were taken as follows: artificial viscosity = 10™% number of nodes
in domain = 21; time step=10"> min. A Herschel-Bulkley
viscoplastic law with an exponent n = 0.25 was used. In agreement
with the common practice for muddy debris flows (Coussot et al.
1998; Rickenmann et al. 2006), the ratio 7./K between the critical
stress 7. and consistency K the material was considered constant,
with values in the range 3-5 s™". Figure 8 shows the evolution of
flow runout as a function of the considered critical shear stress
and ratio 7./K. All the simulated-flows shown in Fig. 8 present
front thicknesses between 1 and 2 m, in agreement with field
values. It is observed that the simulated runout significantly de-
creases with the ratio 7,/K. Depending on the value of this ratio,
values of critical shear stress 7, lying between 550 and 1300 Pa are
necessary to reproduce the runout of the 2007 event.
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Fig. 8 Back-analysis of the 2007 flow event at Pont-Bourquin (PO) landslide with Bing software using a Herschel Bulkley viscoplastic law
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