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Abstract

Black marl hillslopes in the French Alps are strongly affected either by mass movements or by gully erosion due to their
susceptibility to weathering processes. This paper presents experimental data (geomorphological, geotechnical, geomechanical
and hydrological) on the parameters of the material of three well-known earthflows and of the two stratigraphic parts of the
Callovo—Oxfordian black marl. The main objectives are to define the geomechanical behaviour of the various formations using
different characterisations (grain size distribution, mineralogy, retention capacity, consolidation test, direct shear test and triaxial
test) and to demonstrate how such soils can affect the stability of natural slopes. Particular care must be taken when interpreting
the geomechanical tests on this evolving and very heterogeneous clay-rich material. There are strong relationships between the
parent rock and the landslide materials. This paper presents a conceptual model of the development of strength over a period of

time and investigates the parameters of the material for use in slope stability analysis and risk assessment.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Southeastern part of the French Alps is made up
of sedimentary rocks comprising alternating marl and
limestone sequences whose ages range from Lias to
Cretaceous. The oldest marly sequence, called “Terres
Noires™ (Bathonian to Oxfordian), is delimited in the

* Corresponding author. Fax: +33-3-9024-0900.
E-mail address: jeanphilippe.malet@eost.u-strasbg.fr
(J.-P. Malet).

West by the Rhone valley, in the North by the latitude of
Grenoble, in the East by the Italian border and in the
South by the Provence Prealps (Fig. 1a).

Large-scale slope failures and extended gullied
areas (badlands) are significant processes in these black
marl deposits; they represent a high risk to the neigh-
bouring population because of the considerable volume
and the potential speed of slide-induced-debris-flows.
The volumes range from tens of cubic metres to over 1
million and the velocity of debris-flows can easily
exceed 3-5m s~ ! (Malet et al., 2002b; Remaitre et
al., 2002). Both small and large failures have been

0013-7952/03/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0013-7952(03)00086-3



110

O. Maquaire et al. / Engineering Geology 70 (2003) 109130

oD

e '1,“" X
L Il- I

rand Bérard 1046 m | % | [
A | Coste Belle |
La Chalanche 2984 m 2581 m

L =

a\re=
|

I

I——‘ Téte de

Louis XVI

L% 2108 m i —_— —
= T 5 T

| ,\‘1 | ] [ e ——— . I é r L~ —[UsSD
ity Al ‘ < 3

=

Pégieul . ~ Autochtonous: black marl .
2470m 0O i Cmt L= Cross-Scction  [SAUY
A Spot height ‘Alluvial fan ~ Town -ECIrque 1 line Farthflow I:\ Allachtonous: sheet thrusts (Fig. Te) ]Samr_;ling
ocation
N | La Chalanche Chapeau de Gendarme #
® | ;
\ Switzerland

(#hickmess: S to 800 1)

CFpx: Senonian Dissaciated flysch
(thicknzss: 700 1o 1000 m)
L C; Planctonic limestone
" {thickness: 50t 106 m)

CFjr; Senonian Helminthaides flyseh

IV Parpaillon sheet thrust
TII Klippe of the Parpaillen sheet thrust
Autapie sheet thrust

Autochtonous sedimentary soft rocks

|

Te; Argovian Mudstane (iciness: 2010 50 m)
Jy4, Callovo-Oxfordian black marl

{ihnickness: 230 1o 300 m)

- Lower Stratigraplic Deposit (LSD, Callovian); black il schisty focies wih detital plates
sD,

= Upper Depusit

black nmil facies with centinetss argillaceous-linwestone bunks

Fig. 1. (a) Extent of the black marl formation in France; (b) simplified geomorphological sketch of the Barcelonnette Basin; (c) geological cross-

section of the Barcelonnette Basin (after Flageolet, unpublished).

observed in this formation, in the Baronnies (Chodzco
etal., 1991; Garnier and Lecompte, 1996), in the Buéch
region (Olivry and Hoorelbeck, 1989), in the Digne
region (Oostwoud Wijdenes and Ergenzinger, 1998)

and especially in the Barcelonnette Basin (Flageollet et
al., 2000; Malet et al., 2000; Maquaire et al., 2001),
where three large slope failures have occurred in the
20th century; these have now become earthflows.
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Landscapes in the Barcelonnette Basin (Alpes-de-
Haute-Provence, France) closely resemble mass-wast-
ing processes and/or badlands. Earlier research on
marly landscapes (Gerrits et al., 1987; Imeson and
Verstraten, 1988; Maquaire et al., 2002) showed that
formations with similar morphological and sedimen-
tological characteristics were affected differently by
mass-wasting processes and by rill erosion. Mass-
wasting was often found to be prevalent in more
cohesive soils because of their higher retention
capacity, whereas gully erosion is commonly
observed on more silty soils (Martinez-Mena et al.,
2002). These differences in the dominant geomorpho-
logical processes coincided with differences in a
number of hydrological and geotechnical parameters
(such as microclimate, vegetation and soil surface
characteristics; Malet et al., in press; Harvey and
Calvo, 1991). Gravels, sands and clays have received
considerable attention in the hydrological and geo-
technical literature but there has been much less
research into the behaviour of more silty formations,
such as the black marl, in spite of the fact that they
cover over 10,000 km? in southeast France (Légier,
1977; Phan and Antoine, 1994; Antoine et al., 1995).
A general lack of awareness of the special nature of
this clay-bearing, silty rock, which can swell or
disintegrate when exposed to atmospheric triggers
(wetting—drying cycles and freeze—thaw cycles), is
illustrated by the failure to predict the formation of
mudflows, large earthflows and debris-flows due to
the complex evolution and alteration of the material
under testing procedures (Antoine et al., 1995). The
heterogeneity of this material makes mechanical and
hydrological characterisation difficult, and specific
protocols must be designed to obtain realistic grain
size distributions and strength values.

This lack of awareness is also illustrated in several
current geotechnical and landslide classification
schemes, which fail to recognise silty formations
(and therefore marl) as a distinctive category of land-
slide-prone materials. One consequence of this has
been a tendency to regard black marl landslides as
“typical”, whereas it is now known (Antoine et al.,
1988; Maquaire et al., 2001) that mass movements in
marl cover a wide range of types.

This paper presents experimental data on the
hydrological and geotechnical parameters of the
two stratigraphic parts (upper and lower) of the

Callovo—Oxfordian black marl in the Barcelonnette
Basin and the effect of changing moisture contents
on the strength of both ‘“‘undisturbed” and re-
moulded samples has proved to be of particular
interest. The purpose of this study is thus twofold.
Firstly, specific issues (representativeness, heteroge-
neity, specific protocol) are proposed to define the
geomechanical behaviour of the marl overall, on the
basis of former studies on black marl characterisa-
tion. Secondly, it examines the data obtained from in
situ tests and tests in the laboratory. This section
analyses the hydrological and geomechanical behav-
iour of three different earthflows and in situ weath-
ered regolith and assesses the effects of such soil
layers on the stability of natural slopes. We observed
strong relationships between the parent rock and the
landslide material, and we have developed a con-
ceptual model of the evolution of strength over a
period of time.

2. Geological and geomorphological background
of the Barcelonnette Basin

2.1. The Barcelonnette Basin: lithologic and climato-
logic factors

The Barcelonnette Basin is a geological window in
two Eocene crystalline sheet thrusts (Autapie and
Parpaillon) that overlay the black marl (Fig. 1b and
c). The thickness of the Jurassic “Terres Noires”
reaches 250-300 m. Three subsets can be distin-
guished: firstly, the Lower Callovian black marl with
detrital plates (50—60 m thick); secondly, the Middle
and Upper Oxfordian black marl (150—-250 m thick),
with centimetre argillaceous-limestone banks; and
thirdly, some rare outcrops of Argovian black marl
(15—-20 m thick). The extent of the Callovian and the
Oxfordian deposits (BRGM, 1974; Fig. 1b and c)
cannot be mapped separately because of the morainic
cover.

The Callovian black marl (Lower Stratigraphic
Deposit, LSD) presents grey clayey schist facies, very
finely laminated, with a few argillaceous-limestone
beds. The Oxfordian black marl (Upper Stratigraphic
Deposit, USD) presents more calcareous black facies,
less laminated (Artru, 1972; Awongo, 1984; Phan,
1993). Their susceptibility to mass movements can be
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partly accounted for by microtectonics, forming
potential sliding surfaces and guiding fragmentation
and weathering. The morphology of the clasts
depends on the orientation of the bedding joints, the
schistosity and the carbonate content of the marl
(Coulmeau, 1987; Alexandre, 1995).

The Barcelonnette Basin has a dry and moun-
tainous Mediterranean climate with a strong inter-
annual rainfall variability (733 =412 mm over the
period 1928-2002), strong storm intensities (over
50 mm h™') and 130 days of freezing per year.
These characteristics imply significant daily thermal
amplitudes and a great number of freeze—thaw
cycles.

2.2. Landslides and badlands characteristics in the
“Terres Noires” of the Barcelonnette basin

The morphological development of the marly
slopes by gullying or mass-movements is supported
by the conjunction of these lithologic and climatic
factors, (Flageollet et al., 1996, 1999). Summer storms
give rise to Hortonian runoffs with a strong erosive
capacity after long dry periods which form very thick
surface crusts (Descroix and Olivry, 2002). In spring,
the marl is soaked by snow melting and undergoes
another type of erosion by pellicular solifluction. The
characteristics of the rock mass may also trigger rock
block slides (Malet et al., 2000) and the accumulated
material can evolve into channelised earthflows
(Poche POC, Super-Sauze SAU, La Valette VAL).
Geomorphological forms developed in the “Terres
Noires” thus comprise very steep (>65%) naked bad-
lands areas (Fig. 2a) and very heterogeneous accumu-
lation zones (Fig. 2b—d). The soil surface conditions
in these areas are very heterogeneous and directly
controlled by the particular weathering of the rock
(Malet et al., in press).

Landslides occur mainly in the upper slopes in
the Upper Stratigraphic Deposit (USD), while gul-
lying occurs mainly in the lowest slopes in the
Lower Stratigraphic Deposit (LSD), though occa-
sional slumps and streambanks failures can be
located in it. This implies that these two morpho-
logical processes are potentially governed by the
sedimentological, mineralogical, hydrological and
geotechnical characteristics of the stratigraphic
deposits.

2.3. The study areas: the Poche, Super-Sauze and La
Valette earthflows

The gullied areas apart, the Barcelonnette Basin is
characterised by three earthflows. The Poche earth-
flow (Fig. 2d) is the only landslide developed in the
LSD; it lies between 1239 and 1502 m of elevation
and has been less active since the beginning of the
19th century. The volume is 600,000—700,000 m’
(Guillon, 2001). The topography of the ablation zone
is chaotic, with marly panels, moraine deposits and
sides of herbaceous and forest vegetation. The border-
ing torrent soaks the accumulated material and thus
contributes to the initiation of very fluid debris-flows.
The most significant can reach the Ubaye River, as in
1957 (Lecarpentier, 1963). The earthflow has an
average velocity of less than 0.01 m day ™ .

The Super-Sauze earthflow has developed in an
enclosed torrential watershed in the USD. Its elevation
is between 2105 m (crown) and 1740 m (toe of the
flow) with a 25° slope, over a 17-ha area (Fig. 2c).
There were block falls and structural slides of large
slabs in the 1960s and the flow developed through the
1970s, burying a stream channel. The paleotopogra-
phy, a succession of more or less parallel crests and
gullies, plays an essential role in the behaviour of the
flow by delimiting preferential water and material
pathways and compartments with differing kinemat-
ical, mechanical and hydrological characteristics
(Maquaire et al., 2001). The total volume is estimated
at 750,000 m® and velocities range from 0.01 to 0.4 m
day~ '. Three debris-flows were triggered in the upper
part of the flow in 1999 and 2000 (Malet et al.,
submitted for publication, a).

The complex mass-movement of La Valette (Fig.
2b), amounting to a volume of 3,500,00 m’ of
displaced material, originates in a succession of inter-
related mass movement events commencing in March
1982. This slide was triggered by the critical pore
pressures at the boundary between the underlying
impervious USD and the permeable, coarser material
of the Autapie sheet thrust (Van Beek and Van Asch,
1996). Catastrophic movements occurred in January
1988, after an abrupt thaw, where pore water pressures
forced a flow of over 50,000 m® of material. The
subsequent stress release in the source area and
similar thawing conditions in March 1988 initiated a
second debris-flow with a smaller run-out distance.
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La Conche _fiad.l-am].\' 7

Fig. 2. Specific landscapes developed in the black marl formation. (a) Badland hillslope in LSD, near the village of La Conche; (b) the La Valette
(VAL) earthflow at the contact between USD and the Autapie sheet thrust; (c) the Super-Sauze (SAU) earthflow in USD; (d) the upper part of the
Poche (POC) earthflow in LSD.
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The highest velocities of the earthflow reach 0.2-0.4
m day~ !, while the mean velocities are near 0.01 m
day~ ' for Poche and Super-Sauze.

The development of all three earthflows is con-
trolled by the progressive transformation of the geo-
mechanical characteristics of the weathered material
and by the increase in pore water pressures, dependent
on seasonal fluctuation and events in a free ground-
water table located in the subsurface (Malet et al.,
2002a). The three earthflows bodies mainly comprise
a marly matrix (with a silty—sandy texture) which
incorporates marly clasts, pyrite or calcite pieces and
morainic stones.

3. Materials and methods

The test program carried out during this work
included: (1) analysing the mineralogy using the X-
ray diffraction technique, (2) determining the physical
parameters of the materials (grain size distribution,
carbonate content, bulk and dry densities, methylene
blue value and Atterberg limits), (3) analysing the
hydrological behaviour of the formations (saturated
and unsaturated conductivity and retention capacity),
and (4) standard geotechnical tests (consolidation,
direct shear, ring shear and triaxial tests). Five types
of materials were tested: the superficial reworked part
of the three earthflows (VAL, SAU, POC) and the
superficial weathered part of the two in situ black marl
deposits (USD, LSD). In this study, the in situ
weathered part refers to a loosened regolith, where
the marl structure has deteriorated; this may be 0.5—
1.5 m thick, depending on local structural and topo-
graphic conditions (Maquaire et al., 2002). Samples

were hand carved in situ (Fig. 1b). Sampling depths
were between 0.5 and 1 m. The methods used in this
paper were based on the standard protocols described
by American Society for Testing and Materials
(ASTM) and Association Francaise de Normalisation
(AFNOR). The X-ray diffraction analysis (air dry
oriented treatment, glycerol treatment and 500 °C
heated treatment) was performed according to Cullity
(1989).

4. Parameters of slope-forming materials

4.1. Mineralogy and microstructure of the reworked
and weathered black marl formations

The black marls consist of highly stratified rocks,
exhibiting a fine bedding inherited from their original
deposition by turbidity currents and including a detri-
tal and a carbonated phase. The relatively low carbo-
nate content (essentially calcite) varies from 20% to
35% of the total volume, with corresponding facies
ranging from marl to clayey limestone. This low
carbonate content explains the formation’s high erod-
ibility (Bufalo, 1989). The detrital phase comprises
mainly silt (predominantly quartz and feldspaths) with
a small proportion of clay materials. No swelling clays
(i.e. montmorillonite) are present in the mineralogical
spectrum. The low values obtained from methylene
blue tests also reveal the absence of swelling clays,
with very low quantities of smectite. The tested
material shows small variations, and two groups can
be distinguished (Fig. 3): firstly, the essentially marly
materials (SAU, POC, in situ marl) formed mainly of
illites and chlorites and secondly, material which
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Fig. 3. Mineralogy of the reworked and weathered black marl formations.
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corresponds to marl/moraine mixtures (VAL), richer
in kaolinite and poorer in illite.

4.2. Physical parameters of the reworked and
weathered black marl formations

Physical parameters (Table 1) such as specific
gravity, dry unit weight, void ratio and porosity were
determined on the undisturbed samples. Bulk unit
weight ranges from 12.6 to 17.4 Mg m ™~ > for a specific
gravity ps of 2.62—2.71. LSD formation shows a lower
bulk density than the USD formation. The natural
water content varies considerably, ranging from 8%
to 35%; the porosity ranges from 14% to 36% and the
void ratio from 0.4 to 2.0. The LSD formation appears
less porous than the USD formation.

Results obtained from modified Proctor tests, on
the <20 mm fraction, indicate a maximum dry unit
weight of 18.1-20.9 kN m™ > and an optimum mois-
ture content of 8.9—13.1%. The USD marl may be
more fragile during changing moisture conditions and
seem more affected by swelling processes, as it is
more difficult to produce a compacted soil from this
formation, related to a lower carbonate content.

4.3. Grain-size distributions and consistency limits of
the reworked and weathered black marl formations

When analysing grain size distribution it is impor-
tant to note that the heterogeneity of the formations
(very fragile marly plates and flakes packed in a fine
matrix, and blocks and pebbles of calcite) and the
brittleness of the marly clasts require a specific pro-
tocol. We analysed the whole granulometric range [0/
Dpax], with a Dy, fixed at 100—150 mm for the
black marl and a significant volume of material must
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be sampled to obtain representative analyses. This
optimal volume (or mass) was ascertained by compar-
ing the clay and silt fractions obtained for various
samples masses (weight ranging from 4 to 200 kg,
Fig. 4a). The percentage varies from 15% to 57%. The
distribution of the values indicates an optimal mass
varying from 70 to 110 kg, for a fine fraction content
from 33% to 38%. These values are in accordance
with those proposed by the Tacnet et al. (2000)
empirical rule: 2D (mm)<sample mass in kg<5D
(mm), which indicates a sample mass of 40—100 kg
for the analysis of the fraction 0/20 mm. All the
proposed grain size distributions were therefore car-
ried out on a total mass of 100—130 kg.

A cubic hole (20 cm deep) was excavated for each
sampling and the samples were air-dried in situ for at
least 2 h before weighing. Boulders (>20 mm) sizes
were determined in the field. Only a quarter of the
matrix sample (<20 mm) was taken for laboratory
tests. Samples were sifted through an 18-mesh series
(20—0.05 mm) in the laboratory. Finer grain size
content (silt and clay) was obtained using a laser
diffraction grain-size analyser (Coulter LS-230). All
matrix fractions (gravel: >2 mm, sand: 2—0.05 mm,
silt: 0.05—0.002 mm, clay: <0.002 mm) are given as
percentages by dry mass (Table 2, Fig. 4b).

All matrix samples have a high silt and clay
content (from 25% to 40%) and the textural classes
range from “silty clay” to “silty sand”. The overall
particle-size distributions of the five formations are
very similar, although the VAL and USD formations
are slightly coarser than the other formations. For the
three earthflows, the grain size distribution envelopes
can be clearly distinguished (defined on four analyses
for VAL, five analyses for SAU and five analyses for
POC, Fig. 4c). The median diameter (Dsg) is low and

Table 1
Some physical parameters of the reworked and weathered black marl formations
Specific Dry unit Saturated Optimum Optimum unit Void ratio Porosity
gravity weight unit weight water content weight of dry soil ¢ dimensionless n (%)
ps (Mg m™?) pa (RN m™?) Par (KN m™?) Wopt (%) Popt (KN m™?)
USD 2.68 14.3-14.7 19.1-19.5 11.5 20.2 0.8-1.0 28-36
LSD 2.62 12.6—12.8 17.1-17.6 9.8 20.9 0.5-0.7 15-19
SAU 2.71 16.6—17.1 20.4-20.7 12.0 19.2 0.5-0.8 23-33
VAL 2.70 13.7-15.1 19.1-20.3 10.6 20.5 0.7-0.8 20-26
POC 2.63 16.9-17.4 20.5-20.9 12.3 18.1 0.5-0.9 17-23
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Fig. 4. Grain size distribution fir the various formations. (a) Relationship between the sample mass and the clay percentage; (b) average grain
size distribution for the five formations; (c) grain size distribution envelopes defined for the three earthflows.

dispersed (from 0.2 to 0.5 mm) for POC, similar (from
0.4 to 0.5 mm) for SAU and higher (from 1.1 to 1.5
mm) for VAL. These values are related to the age of
the earthflows: the clay and silt fraction increases with
the age of the earthflow, reaching 36—42% for POC,
32-35% for SAU and 26—27% for VAL. Grain size
distributions also show a remarkable correlation
between the geological “‘source area” (USD or
LSD) and the earthflow formation. For VAL earth-
flow, the coarser texture can also be related to the
Autapie sheet thrust.

Atterberg consistency limits were determined on
the silt and clay fraction. Liquid limits were obtained
using the percussion method (Casagrande, 1932) and
the fall-cone method (Hansbo, 1957). The roller
method was used for plastic limits. Atterberg limits
(Fig. 5a) classify the LSD formation as inorganic silt
of low plasticity ([,=8 to 9) and the earthflows
(SAU, POC, VAL) and the USD formations as
inorganic clays of low plasticity (/,=11 to 19). The
liquid limits range from 29% to 38%. The Skempton
activity chart (Fig. 5b) illustrates the non-activity of
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Table 2
Grain size distribution and consistency indices of the reworked and weathered black marl formations

Grain size® Atterberg limits Ss®

Gravel (%) Sand (%) Silt (%) Clay (%) n Wy (%) W, (%) W, (%) I, n SS (m*/g) n
USD 37-39 36-38 8-11 16-17 2 33-35 16—18 14-15 16—18 5 / /
LSD 26 34 13 27 1 28-30 20-22 17-18 8-9 4 21-25 4
SAU 32-38 30-32 11-12 21-24 6 32-34 16—18 14-15 14-17 8 30-37 9
VAL 37-42 32-34 9-11 16—18 3 29-32 17-19 12-13 11-14 6 36-42 4
POC 28-34 23-29 15-17 22-26 3 35-38 18-20 15-16 16—19 7 32-45 4

# Grain-size distribution for the 0/20 mm fraction.

LAY Specific Surface area; n is the number of samples; W is the liquid limit; W, is the plastic limit; W, is the shrinkage limit, /, is the

plasticity index.

the black marl, related to the lack of sensitive clays in
the mineralogy. In addition, the consistency parame-
ters of the formations show a direct correlation with
the optimum moisture content and an inverse corre-
lation with the maximum dry density (Fig. 5c). This
indicates that the clay fraction activity controls the
compaction behaviour, as described earlier by several
authors on Plaisancian marl from southeast France
(Serratrice, 1978) and on Keuper marl from northeast
France (Tisot and Houpert, 1980) or by Konomi and
Goro (1994).

According to the Universal Soil Classification
System (USCS), all the formations can be classified
as a porous sandy-silt non-plastic soil. The results of
the soil characterisation show that earthflow forma-
tions are weathering products in an early stage of
development.

4.4. Hydrologic parameters of the reworked and
weathered black marl formations

Soil conductivity of the in situ and earthflow
formations was tested extensively both in the labo-
ratory (constant and falling head permeameter) and in
situ (auger hole tests and tension disk infiltrometer)
under pressure or suction. The conductivity values
classify the material as semi-permeable (Fig. 6a, Table
3) and are directly related to the formations’ grain-size
distribution: LSD presents one order of magnitude
lower average saturated conductivity values (1.6 X
1077 ms™ ") than USD (1.7 % 10~ ® ms™"). Once
again, this demonstrated a strong connection between
the parent rock and the earthflow formations. The
VAL formation contained more silt and presented a
higher saturated hydraulic conductivity than the other

more clayey formations. These values agree with
average results for similar black marl soils in the
literature (Caris and Van Asch, 1991; Mulder and
Van Asch, 1988a,b; Antoine et al., 1995; Van Asch,
1997; Van Asch and Buma, 1997).

The conductivity values obtained in situ are higher,
though more scattered than those in the laboratory
tests. They demonstrate that the formations’ varying
bulk densities do not always correspond to analogous
differences in conductivity values. This can mainly be
explained by the fact that: (1) the void ratio increase,
which should produce an increase in permeability, is
probably compensated by the spatial obliteration of
the fissures which constitute a preferential water flow
path; (2) the soil surface characteristics (size of the
embedded elements and crusting) govern the conduc-
tivity near saturation (Malet et al., in press) and (3) in
situ tests are marked by 3-D effects.

The matric suction—moisture content relationship
was obtained using a sand and kaolin box apparatus
(Fig. 6b). The behaviour observed is in accordance
with the texture of the soils; samples with a higher
clay content (USD, LSD, POC, SAU) show a more
abrupt change in slope; while the more silty sample of
the VAL formation shows a gentler curve. The reten-
tion values are high and range from 0.17 to 0.42 cm®/

CIl’l3 .

4.5. Geotechnical tests

4.5.1. Compressibility characteristics of reworked
and weathered black marl formations

The compressibility characteristics were deter-
mined through laboratory tests carried out on undis-
turbed soil specimens with a diameter of 70 mm and a
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Fig. 5. (a) Casagrande diagram and (b) Skempton activity chart of the different materials. (c) Relation between compaction parameters and

Atterberg limits.

height of 24 mm, using a classical Casagrande appa-
ratus with drainage system. Vertical stresses were
doubled for each stage beginning with 5 kPa up to
1080 kPa and then decreased in stage by half'to 5 kPa.
Each stage was maintained for 24 h except the last
loading, which was maintained for 1 week or more.
Fig. 7 shows typical e vs. log ¢’ curves. Table 4 shows
a summary of the stress—strain parameters (yield
stress o', calculated using the Casagrande method
and compression index C.).

The results show a clear change in soil behaviour
(rigid to plastic) and a well-defined virgin region can
be observed after the yield stress. The USD formation
presents a larger initial void ratio (ey = 0.8) but a
smaller yield stress (¢/, = 70 kPa) and compression
index (C, = 0.12) as compared with the LSD forma-
tion (e = 0.5, ¢, = 110 kPa and C, = 0.17). The
POC and SAU formations present higher yield stresses
and compression indices than the in situ weathered
parent rock. The VAL formation, however, exhibits a
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smaller yield stress and a higher compression index
than the in situ weathered parent rock. As the samples
were taken at the same depth (0.5 m), this can be
explained by the presence of coarser elements (mainly
moraine) in the marly matrix. The values of the yield
stress for all formations seem strictly correlated to the
stress history (from the older deposit to the younger

Table 3
Hydrological parameters of in situ and reworked (earthflow)
materials (field and laboratory tests)

Conductivity Retention
Kot K_ 100 n Osat OpF 2.7 n
(ms (ms (em*cm?)  (cm®/em®)

USD 1.7x107° 7.6x1077 39 037-0.42 032-034 27
LSD 1.6x1077 6.7x10% 27 0.16-0.22 0.05-0.08 18
SAU 14x107° 33x107° 165 0.33-0.40 0.21-0.24 129
VAL 4.1x107° 1.8x107° 58 0.17-0.23 0.11-0.18 36
POC 82x1077 43x10"% 86 0.28-0.34 023-027 42

Ko 1s the saturated hydraulic conductivity (geometric average);
K_ 100 is the unsaturated hydraulic conductivity for a pressure head
of — 100 mm (geometric average); n is the number of measure-
ments; O, is the retention capacity at saturation; 0, 7 is the
retention capacity at pF 2.7.

deposit) and to bonding effects caused by weathering.
The unloading curves show steeper slopes for the in
situ materials, which are more rigid than the earthflow
formation (with lower slopes), even under high
stresses of 1000 kPa.

The primary settlement occurs almost immediately
in all tests and lasts only a very short time, especially
for the USD formation and the earthflows developed in
it (SAU, VAL). This feature can be explained by the
relatively higher porosity of this formation, which
allows water to drain quickly. The secondary compres-
sion or creep is characterised by a continuing small
increase in vertical strain and may be generated by
several processes (ongoing locking of the soil structure
after the primary compression, fracturing of the indi-
vidual calcite particles and failure of the argillaceous
bonds; Lambe and Whitman, 1979). The results of long
duration oedometer tests on the SAU material indicate
that the creep effect during the secondary compression
phase continues over weeks and even months. Similar
behaviour was described in geotechnical studies of
other marly soils from Southeast France (Phan, 1993;
Serratrice, 1995; Magnan and Serratrice, 1995).
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4.5.2. Strength properties of reworked and weathered
black marl formations

Cylindrical specimens with a diameter of 68 mm
and a height of 30 mm were carefully trimmed for
direct shear box testing. Moisture contents were gen-
erally low, varying from 8% to 15%. The applied
normal stress varied from 31 to 300 kPa at low
shearing velocity. Shearing tests were carried out after
a 24-h consolidation phase.

The stress-strain curves (Fig. 8a—f) show an asymp-
totic shape, the absence of a peak and a high level of
residual strength. This type of plastic failure for
normally consolidated materials is not specific to the
marl in the Barcelonnette Basin and has been observed
by several authors (Phan, 1993; Colas and Locat,
1993; Van Beek and Van Asch, 1996). It is caused
by particle reorganization and progressive compaction.

Table 4

Pre-failure displacements were relatively low (from
2% to 3% of the diameter of the sample). LSD speci-
mens only seemed to develop a small peak for normal
stresses lower than 200 kPa and for small deformations
(Fig. 8f); the shear strength increased, then decreased
to a constant volume strength. In contrast, above
normal stresses of 200 kPa, the specimen failed in an
essentially plastic fashion. It seems that the marl in the
lower part of the stratigraphy (LSD) has undergone
long-term consolidation and compaction, and subse-
quently suffered to some extent from unloading arising
from denudation. It therefore showed a relatively over-
consolidated state. The presence of a peak in the
stress—strain curves can also be related to specific
problems due to the presence of coarse particles and
clasts in the specimens. These considerations will be
discussed in Section 5 of this paper.

Compressibility and strength properties of reworked and weathered black marl formations

Oedometer tests

Direct shear tests

Ring shear tests

Ce o (kPa) n @) ¢ (kPa) n % () ¢ (kPa) n
UsD 0.11-0.14 68-76 5 30-33 15-22 7 / / /
LSD 0.16-0.19 106119 4 34-39 8-17 9 / / /
SAU 0.10-0.13 85-92 12 29-32 16-37 10 22-25 3-7 11
VAL 0.29-0.32 48-63 8 21-24 31-40 9 19-21 10-14 11
POC 0.15-0.17 133-146 7 28-37 8-22 7 24-27 4-8 11

C. is the compression index; ¢}, is the preconsolidation stress; 7 is the number of measurements; ¢'is the effective angle of friction; ¢’is the
effective cohesion; ¢ is the residual angle of friction; ¢} is the residual cohesion.
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Since displacements directly following failure of
the specimens tested in the direct shear box were
high, it was not possible to obtain any reliable data on
the post-peak strength. However, we know that slope
failure occurs within old failed bodies and along
discrete zones within the marl slopes where progres-
sive weathering has affected the marly fabric (Antoine
et al, 1995); a combination of peak strength and
residual strength values is necessary, therefore, for
marly slopes characterised by fissures, gypsum efflor-
escences, ridges in the terrain or other indicators of
weathering and/or movement, in order to obtain
realistic results from stability analyses (Leroueil,
2001).

The effect of bonding was analysed by comparing
data from undisturbed and remoulded SAU specimens
(Fig. 8b), sheared by applying low and high normal
stresses (31 and 300 kPa). No peak was observed and
the remoulded specimens showed a plastic type of
failure. Moreover, there was no significant difference
between the curves obtained from the undisturbed and
the remoulded specimens under high normal stresses;
the similar strength values for the two specimens
tested indicate that the bonding had already been
disintegrated during the consolidation phase when
high normal stress was applied. However, the undis-
turbed and remoulded specimens gave very different
results when low normal stresses were applied (<200
kPa). The strength of the undisturbed specimen clearly
exceeds that of the remoulded specimen; the bonded
structure of the soil apparently remaining intact in the

50 0.7 50
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undisturbed specimen. Similar behaviour was
revealed by direct shear testing of Pyrenean marl by
Camapum de Carvalho (1985).

Manually remoulded specimens (fraction 0/20
mm) were tested using a modified Bromhead ring
shear apparatus, in which a series of small vanes were
attached to the top and bottom platen (Bromhead,
1979; Boyce et al., 1988). This test is extremely
useful for obtaining information on the residual
strength of the marl and the effects of moisture
content on the apparent effective cohesion and effec-
tive angle of friction. For this purpose, water was
subsequently added to air-dried specimens until the
required moisture content was achieved. Before
shearing, the remoulded specimen was consolidated
to the effective normal stress of 200 kPa, a value
chosen to represent field conditions. Specimens of the
three earthflows were sheared at 0.6 mm min~ ' under
drained conditions, following the procedure of Anayi
et al. (1989).

The initial moisture content ranged from 3% to
more than 30%. The points plotted in Fig. 9 repre-
sent effective stress-strength parameters that have
been corrected according to the amount of water
lost during shearing. We believe that the residual
strength parameters are dependent only on the final
moisture content. The distribution of the data leads
us to conclude that there is a linear relationship
between the residual cohesion and the moisture
content, whereas the relationship of the residual
angle of friction with increasing moisture content is
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apparatus) for (a) VAL, (b) SAU and (c) POC earthflows.
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more complex as noted by Dijkstra et al. (1994) for
loess formations. An increase in the residual angle of
friction can be observed in all three cases up to a
moisture content of 5—10%. The residual angle of
friction declines thereafter and the curve gradually
flattens out at moisture contents of just under 30%.
The residual cohesion falls abruptly when the same
moisture content is present.

The three earthflow formations respond in a sim-
ilar way in the ring shear tests. The critical moisture
content is highest for the POC specimen (near 30%),
followed by the SAU specimen (27—28%) and the
VAL specimen (25%). These characteristic moisture
contents are related to the liquid limit of these
formations. Manual remoulding has eliminated the
characteristic structure of the undisturbed sediments,
such as the degree of compaction and cementation.
The differences between the samples must therefore
relate to changes in the shape, size and surface
roughness of the particles, and to a lesser extent to
mineralogy. Under air dry conditions, the effective
angle of friction is determined simply by the degree
of interlocking of the particles. The clay particles
form absorption membranes when water is added and
further increases in the moisture content increase the
thickness of the membranes. This causes the effective
angle of friction to decrease. The capillary menisci
continue to grow as the soil moisture content
increases until a steady state is reached; this seems
to be related to the liquid limit of the formation and
the applied normal effective stress (Dijkstra et al.,
1994).

As expected, the residual values of all samples are
broadly similar and about one third of the values
obtained in the direct shear tests (Table 4). This is
discussed below.

5. Discussion: geomechanical behaviour of the
marl and implications for landslide susceptibility

5.1. A specific protocol to characterise the geo-
mechanical behaviour of the black marl

These marly materials evolving under the action of
hydrometeorological processes are at varying stages
of development, depending on the age and the litho-
logical characteristics of the earthflows. The hetero-

geneity of the formations and the strong erodability of
the marly fragments during testing also required
specific protocols to represent their geomechanical
behaviour, the more so as our main objective was to
describe the behaviour of the weathered material in
situ and the reworked earthflow formations, where
small differences exist.

These methodological problems arise in particular
when determining representative grain size distribu-
tions (choice of sampling sites, value of D,,,, volume
or weight of the samples; Kellerhalls and Bray, 1971;
Hey and Thorne, 1983; Meunier and Carion, 1987) or
representative strength characteristics. The various
grain size distributions published for the black marl
of the Barcelonnette Basin) stress the importance of
the silty fraction, (Caris and Van Asch, 1991; Phan,
1993; Phan and Antoine, 1994; Antoine et al., 1995;
Locat, 1997; Le Mignon, 1999; Remaitre et al., 2002)
but the strong dispersion of the clayey fraction
obtained by these authors (from 15% to 45%), makes
comparisons and interpretations delicate. Does this
dispersion translate the high heterogeneity of the
formations or is it related to a bias introduced by the
testing protocol? The objective of the analyses (i.e. to
characterise the total granulometric spectrum, or only
one particular fraction) is also important.

The fraction 0/20 mm accounts for 45—60% of the
0/Dpnax (Malet et al, submitted for publication, a,b),
depending on the formations. Thus, it seems essential,
on the one hand, to carry out these analyses on an
optimal volume of 0.04—0.05 m® (i.e. a mass of 80—
100 kg) to define the proportion of silt and clay
accurately, and on the other hand to avoid forming
artificially fine particles during testing because of the
brittleness of the marly clasts. For instance, Antoine et
al. (1995) and Herrmann (1997) showed that wet sieve
analysis led to a total dissociation of the material,
accompanied by a certain change in the shape of the
grain size distribution, as compared with dry sieve
analysis. The curves tend to shift finer, which indi-
cates a reduction in the mean particle size and thus an
overestimation of the clay-silt percentage (>80%), at
odds with the field observations. Phan (1993) showed
that the marl could release 80% fine particles by wet
sieving, whereas they release only 2% by dry sieving.

Indeed, the use of standardized protocols based on
the grain size distribution of quartz sands which do
not weaken throughout sieving (Riviere, 1977), results
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in the fragmentation of the clay aggregates in contact
with water by repeated impacts on the different sieves.
It is for these reasons that we propose a specific
protocol for this type of material. The sieving must
be soft and delicate to limit the number of collisions
between the particles.

The same care must be taken in determining the
strength characteristics of the black marl. Strength
envelopes were plotted using the results obtained from
all direct shear tests after a meticulous interpretation
of the stress—strain curves (Fig. 10). The envelopes
are best-fit straight lines through the final state
stresses (i.e. as no peak was observed, the stresses
corresponding to the final state were determined). The
angles of friction and cohesion values were then
determined by applying the Mohr—Coulomb failure
law (Lambe and Whitman, 1979).

The ranges of results were relatively narrow for the
SAU formation (¢'=29-32°) and the VAL formation
(¢'=21-24°), and wide for the POC formation
(¢'=28-37°), due to its wider dispersion. The effec-
tive cohesion was between 6 and 40 kPa. The earth-
flow formations presented lower friction angles and
higher effective cohesions than the associated weath-
ered in situ parent rock; this was related to the
weathering, which contributes to the creation of
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argillaceous bonds in the matrix and reduces the
friction between the particles.

The three earthflows can be classified according to
their age by the friction angles: the VAL earthflow
exhibits the lowest friction angles and the POC earth-
flow the highest. The scatterplot for each formation is
well bounded by the limiting failure envelopes (Fig.
10). The strengths are in accordance with those of
Antoine et al. (1995) for black marl colluvium (mean
¢'=13 kPa, 6> =49 kPa; mean @'=35°, 62=4° from
131 drained direct shear tests).

All these tests confirm the slope stability back-
analyses by Antoine et al. (1988) on six landslides
involving black marl, which gave friction angles of
29 +2° and cohesions of 72 & 13 kPa. These values
are also consistent with the drained triaxial tests of
Antoine et al. (1995), despite the high standard
deviations (mean ¢'=12 kPa, ¢>=243 kPa; mean
@'=25°,6°=0.5° from 19 tests).

This being so, we were obliged to carry out a
significant number of tests to avoid experimental bias
due to the presence of a marly or calcite fragment in
the shear box, in order to obtain realistic strength
values. Finally, it is advisable not to attach too much
importance to the variations in the cohesion values,
firstly, because the cohesion due to the carbonated
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Fig. 10. Mohr—Coulomb failures planes of (a) the reworked earthflow formations and (b) the in situ weathered formations.
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bridges decreases on soaking, which destroys the
majority of the bonds (Phan, 1993), and secondly,
because shear resistance due to cohesion is only
mobilized for small displacements; the friction
between the particles governs the strength for large
displacements.

5.2. Short- and long-term evolution of landslides:
relationships between weathering, strength, slope
instability and initiation of rapid mass movements

Once the validity of the grain size distributions and
strength values has been established, relationships
between weathering, strength, slope instability and
initiation of mass movements can be evaluated. Gen-
erally, assuming no pore pressures, failure only occurs
on a natural slope if the slope angle exceeds the
formation’s friction angle for zero cohesion and in the
absence of external forces. The residual friction angles
of the reworked black marl range between 20° and 25°,
and they have a relatively low cohesion (5—15 kPa).
The earthflows were therefore examined for stability,
assuming 8-m deep sliding surfaces. The stability of the
slopes subjected to this translational sliding can be
evaluated using Infinite Slope Analysis. Skempton and
DeLory’s (1957) equation for Infinite Slope Analysis
was modified for the present case as follows:

c+ [yZ — my,Z]*cos? f*tang/
yZ*sinff*cospf

Fy = (1)

where y and Z denote, respectively, the saturated unit
weight of the formation and the thickness of the failing

soil, Fy is the factor of safety, 7,, is the unit weight
of water, f is the slope angle, ¢ and ¢’ are the
cohesion and the angle of internal friction, and m is
the fraction of Z such that mZ is the vertical height
of the groundwater table above the sliding surface.
Using residual strength parameters in Eq. (1), rela-
tionships between Fg and f§ were obtained (Fig. 11)
for various m values (m =0, no water table; m=1.0,
water table at the slope surface). The groundwater
table for the actual slopes fluctuates between half the
depth of the sliding mass (m=0.5) and the slope
surface (m=1.0).

Under critical conditions, Fy=1.0, and assuming
m=0.5, the maximum stable slope angles for resid-
ual strength (Table 4) reach 21° for the VAL and
SAU earthflows, and 23° for the POC earthflow. The
slope angles decreased to 16° and 18° for fully
saturated conditions. As the mean topographic slopes
of the three earthflows lie directly in this range, the
flow can accelerate under observed rainfall and
snowmelt conditions and each can be characterised
as very active. The result of this analysis is compat-
ible with the results of in situ measurements which
show that the earthflows are inactive when the
groundwater is very low (less than half the depth
of the slide), and active when the groundwater table
rises above half the depth of the slide (Fig. 11; Malet
et al., 2002a). The POC earthflow is the more stable,
as the topographic slope and the mean annual
position of the groundwater table are lower; the
relative stability of this earthflow is also explained
by an evolution of the strength of the material due to
weathering.
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The laboratory tests demonstrated a strong corre-
lation between the in situ weathered parent rock (USD
or LSD) and the earthflow formations. The grain size
distributions of the earthflow deposits (Fig. 4c) show
an increase in either the silt or clay fraction from the
most recent earthflow (VAL) to the oldest (POC). This
characteristic has a considerable effect on the hydro-
logical behaviour of the superficial layers of the
earthflows (Tables 2 and 3) (porosity, conductivity
and retention capacity).

The POC formation must therefore be more cohe-
sive than the SAU and VAL formations, not taking
into account the specific lithological nature of each
earthflow. With time, the residual angle of friction
increases gradually and stabilises to a constant value,
while the residual cohesion decreases and stabilises at
a certain level (Fig. 12a). Surprisingly, in the long-
term, the material seems to become more frictional and
less cohesive. The reduced cohesion can be attributed

First time
35 1 failure
USD |, ;
¢ p Earthflow reactivation

LSD

to the deterioration and the dissolution of the carbo-
nated and argillaceous bonds over a period of time.
The increased angle of friction is more surprising, as
the formation of fine particles by weathering should
reduce it. Presumably, it is complex chemical alter-
ation which determines the transformation or the neo-
formation of clay minerals, which tend to increase the
overall strength and specific research should be carried
out on that particular point. This long-term rearrange-
ment results in a direct increase in strength and in the
collapse in pores. It is not surprising, therefore, that the
older the earthflow, the lower the conductivity.

An idealized diagram representing the long-term
evolution of marly hillslopes characterised by the
presence of earthflows can be constructed (Fig. 12b)
on the basis of the Infinite Slope Model (Matsukura,
1996). It illustrates the concept of stability/instability in
these slopes by combining: (1) the evolution of strength
with time, initially marked by strength reduction with
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first-time failures (from peak strength to residual
strength values), and then by progressively regaining
strength due to the increase in the residual angle of
friction; (2) the slope angle changes for a long period;
and (3) pore pressures fluctuations in relation to rain-
fall. Under present climactic conditions, black marl
carthflows may be active for decades or more, with a
behaviour near ;= 1, and then progressively stabilize
after a 150-year period. These considerations relate to
the higher velocities monitored on the VAL earthflow
rather than those on the POC earthflow. It is difficult,
however, to predict exactly when the slope will become
unstable, causing renewed movement, because of the
lack of data on the rate of weathering.

Nevertheless, some parts of the three earthflows
can trigger debris-flows (Malet et al., 2002b, submit-
ted for publication, a,b). The susceptibility to debris-
flow initiation can be evaluated from a plot of
undrained shear strength versus liquidity index, as
undrained shear strength gives a good estimate of the
material’s yield stress (Locat and Demers, 1988;
Locat, 1997). Fig. 13 shows that more water is
necessary to initiate debris-flow in the POC than in
the SAU and VAL earthflows. This must nevertheless
be confirmed by rheological tests on the same for-
mations (Malet et al., 2002b).

6. Conclusions

The black marl in Southeastern France consists of
casily weathered and erodable material. These char-

acteristics make it particularly prone to erosion and
mass-movements and also calls for particular care in
determining representative hydrological and geome-
chanical parameters. The following conclusions may
be drawn from the results and discussion presented
here.

(1) Particular care and specific procedures should be
used to define the behaviour of the evolving
black marl and the heterogeneity of the for-
mation, mixing coarse materials and argillaceous
aggregates.

(2) The behaviour of the black marl under load
results in an immediate packing followed by a
secondary packing phase. The saturation of the
material results in swelling under low stresses
(<220 kPa), or the resumption of packing under
high stresses, leading to structural collapse of
the material.

(3) The in situ Upper Stratigraphic Deposit (USD)
and the reworked formations fail plastically under
both low and high normal stresses, while the
Lower Stratigraphic Deposit (LSD) exhibits a
more brittle failure under normal stresses of 200
kPa because it is more cemented.

(4) The behaviour of the remoulded black marl
differs markedly from the behaviour of the
undisturbed black marl, until a threshold is
reached. Above a normal stress of 200 kPa, the
strength generated by bonding is missing and
the stress-strain curves do not differ between
undisturbed and remoulded specimens.
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(5) As the water content of the black marl rises, the
effective apparent cohesion rises proportionately
up to a limit of 30—40 kPa at a water content of
30-35%, after which the value falls rapidly to a
much lower level.

(6) The effective angle of friction rises to a water
content of approximately 5—10% and thereafter
falls to a lower value at approximately 25—-30%.

(7) Surprisingly, weathering of the black marl results
in a progressive regain of strength in the long-
term, due to the increase of the residual angle of
friction, possibly related to chemical alteration of
the clay minerals.

(8) An idealized diagram illustrating the relationship
between weathering, strength and slope insta-
bility of black marl hillslopes has been con-
structed and the overall stability of the earthflows
can be well explained by the infinite slope
stability analysis.

(9) Strong relationships exist between the behaviour
of the weathered source material and the earth-
flow developed in it.

(10) Finally, taking into account the heterogeneity of
the formations, the strength parameters appro-
priate for slope stability analysis and risk asses-
sment are the lowest effective strength values
(=0 kPa, ¢'=25-28°).
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