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1 INTRODUCTION

Great efforts have been made in recent decades in predicting landslide occurrence enabling
effective planning for mitigation and hazard protection measures. In the following
deliverable, examples will be given and discussed to demonstrate clearly how high quality
experimental data from a range of simple to advanced tests has been imperative in first
understanding, and then quantifying, triggering factors for landslides. Validation and
verification of prediction models have also been reviewed.

The main aim of this report is to pull together key examples of in-situ, monitored sites, case
studies of past landslides, laboratory experiments and knowledge of the behaviour of certain
types of soils, including sands, clays and pyroclastic deposits. This valuable knowledge can
be used to predict slope response to rainfall successfully. Areas of state of the art research are
presented and discussed within this report.

Basic material properties are defined within the first part of this deliverable, and knowledge
of failure mechanisms obtained from laboratory experiments on small-scale soil specimens is
reviewed in order to provide the reader with an adequate background for subsequent chapters.
Flume and centrifuge experiments designed to test the failure behaviour in small scale slope
models are described in the latter half of chapter 2.

Landslide processes reproduced at a greatly reduced scale are always influenced by scale
effects. The problem of scale-dependency is overcome by full-scale experiments. Full-scale
rainfall experiments in moraine, silty sand and black marls are presented in chapter 3.
Long-term monitoring of natural slopes is an indispensible tool for the analysis of landslide
processes. In chapter 4, examples of monitored slopes within Europe, i.e. four field sites
consisting of coarse-grained material, eleven sites consisting of fine-grained, clayey material
and six site examples for the specific case of pyroclastic soils, are given.
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2 KNOWLEDGE OF SLOPE FAILURE
MECHANISMS FROM LABORATORY EXPERIMENTS

2.1 CHARACTERISATION OF MATERIAL PROPERTIES AND FAILURE
MECHANISMS FROM HYDROLOGICAL AND GEOTECHNICAL TESTING

2.1.1 Coarse grained soils, typically sands — saturated and unsaturated behaviour /
normally and over-consolidated (ETHZ)

Landslides induced by rainfall are caused by a reduction of confining stress as a result of pore
water pressure rise during or following periods of intense rainfall. To characterise the material
properties and failure mechanisms using hydrological and geotechnical testing, a series of
tests must be performed to mimic the field stress path (Crosta & Frattini 2008).

Two categories of research programme aimed at revealing the mechanism of landslides and
debris flows have been carried out worldwide through two categories of investigation: (1) in
situ monitoring and measurement of the hydrological response to rainfall, and (2) laboratory
characterisation of the shear strength of soil.

The determination of shear strength parameters for the stability analysis of rainfall-induced
landslides requires both knowledge of the stress history and a laboratory simulation of the
failure stress path of the soil. Such soils exist on steep slopes and have experienced a highly
anisotropic stress action through which they have been consolidated (Zhu et al., 1998).

The following four different stress paths are likely to be relevant in the study of the response
of the soil in the slope in saturated conditions, namely:

(1) CIDC: isotropic consolidation—standard drained compression (Fig. 1a);

(2) CIUC: isotropic consolidation—standard undrained compression (Fig. 1a);

(3) CADCAL: anisotropic consolidation—drained shear by decreasing mean effective
pressure at constant axial load (Fig. 1b);

(4) CADCAL/U: anisotropic consolidation—drained shear by decreasing mean effective
pressure at constant axial load, followed by prevention of further drainage to reproduce net
undrained conditions (Fig. 1b).

A cIne N CADCAL
Q| . q | CADCAL\U

—— CSL

® drainage closure

(@) b)

p’ p’
Figure 1 - Schematic diagram of the stress paths: a) CIDC and CIDC; b) CADCAL and
ADCAL/U (after Casini et al., 2010).




[D1.3] Rev. No: 1
[Analysis of the results of laboratory experiments and of monitoring in test sites] Date: 2011-03-14

Conventional drained and undrained compression triaxial tests are performed to study the
volumetric behaviour of the soil, and to detect critical state conditions as well as peak shear
strength as a function of confining pressure.

Drained shear under constant axial load and increasing water pressure, after anisotropic
compression (CADCAL), was performed to simulate the stress path experienced in the field
by the soil undergoing an infiltration process under its own weight. In the last type of stress
path (CADCAL/U), a drained shear stage is performed at constant axial load up to a stress
ratio slightly lower than the critical stress ratio. Afterwards, the drainage taps in the base and
the top pedestals are closed. Pore water pressure and vertical displacement evolution were
recorded to investigate better the role of drainage conditions on the mechanical response
(Casini et al., 2010).

Such stress paths are typically suggested to analyse the effect of the principal stress ratio
increase, eventually leading to failure of the soil following a water pressure increase in the
field (Anderson & Sitar, 1995). The latter choice is rather common in the context of slope
stability (see, e.g., Ng et al., 2004), together with the so called constant shear drained (CSD)
stress path, performed by lowering the vertical and the lateral stress (e.g. Anderson & Sitar,
1995; Springman et al., 2003).

The two (CADCAL and CADCAL/U) stress paths are thought to replicate the range of lateral
constraints to the actual stress path in the field. As the onset of failure and attainment of
ultimate conditions depend on the stress path followed, together with previous stress history,
imposing an initial stress state simulating the anisotropic stress state in the field seems to be
more appropriate.

The same stress paths reproducing the behaviour of soils in unsaturated conditions can be
followed. Following the saturation path must be achieved using one of two methods:
0 imposing a controlled flow of water in the sample until it reaches saturation and
measuring the pore water pressure with tensiometers or water retention curves (Thu et
al., 2006; Jotisankasa et al., 2010);
O under suction controlled conditions, imposing a wetting path in terms of increasing the
pore water pressure at constant air pressure until complete saturation is reached, while
measuring the water inflow into the sample (Olivares & Picarelli, 2003a).

Shear tests can be performed to evaluate the friction angle of the soils in saturated (Lings et
al., 2004) and unsaturated conditions (Caruso et al., 2004; Melinda et al., 2004; Casini et al.,
2010b). Mobilisation of shear strength in shallow translational slips occurs at very low
effective stress. Accordingly, a series of direct shear box tests must be performed to
characterise the strength of soils, under drained and undrained conditions, at low vertical
stresses (Fannin et al., 2005).

2.1.2 Fine-grained soils, typically silts & clays— saturated and unsaturated behaviour /
normally and over-consolidated (CNRS)

In accordance with section 2.3.1 of the deliverable D1.1 (work package WPI1.1), “Fine
grained materials” which are typically silts and clays are summarised under the term “clays”.
Section 2.3.1 contains a detailed literature review of the properties and the behaviour of
saturated clay material. In case of homogeneous, continuous (intact, not fissured) material, a
distinction is made between naturally cemented clays (CA), mechanically overconsolidated

Grant Agreement No.: 226479 Page 7 of 196
SafeLand - FP7



[D1.3] Rev. No: 1
[Analysis of the results of laboratory experiments and of monitoring in test sites] Date: 2011-03-14

clays with or without cementation (CB), normally consolidated clays with or without
cementation (CO). Mechanisms that trigger failure are dependent on the type of clays.

1.Shear strength

Corresponding to the critical state concept (Roscoe et al., (1963); Roscoe & Poorooshasb
(1963); Roscoe & Burland (1968)) the behaviour of normally consolidated clay is frictional in
nature, i.e. cohesion is zero. The strength of overconsolidated and cemented clays is
determined by the OCR, overconsolidation ratio and type or degree of bonding.

To replicate stress conditions in slopes subjected to pore water pressure increase, standard
geotechnical tests (triaxial tests) are modified to investigate landslide material behaviour. The
stress paths followed are at an essentially constant shear stress (constant total stress) with
decreasing effective stresses (mean effective stress in particular). Petley et al. (2005) have
designed a pore-pressure reinflation test, where the deviatoric stress is held constant and
effective stress is reduced through pore pressure inflation until the sample fails, in order to
simulate the conditions within a hydrologically triggered landslide, which has approximately
constant shear stresses but variable effective normal stresses. Tests on Gault Clay samples
showed a linear trend in 1/velocity - time space. A model of progressive failure, initialised by
pore water pressure fluctuation, is proposed on the basis that the observed linearity in
1/velocity - time space results from a stress transfer process during crack growth, in which the
fractured material loses cohesion, leading to increased stress, and hence further deformation,
in the remaining unfractured mass.

2.Bonding and destruction of bonds

In CA clays, destruction processes lead to shrinkage of the Limit State Surface. As mentioned
in section 2.3.1, the destruction processes under undrained conditions may lead to
development of high excess pore water pressures and to a substantial reduction of undrained
shear strength from peak to remoulded conditions. In their study of marly hillslopes,
Magquaire et al. (2003) analysed the effect of bonding by comparing data from undisturbed
and remoulded specimens, sheared by applying low and moderate normal stresses (31 and 300
kPa). In this particular material (Callovo-Oxfordian black marls), bonding effects only exist
when low normal stresses are applied (<200 kPa). The destruction of the bonds between the
clay particles is dependent on the stress state, but might also depend on the degree of
saturation. In Maquaire et al. (2003), it is stated that cohesion due to carbonated bridges
decreases on soaking, which destroys the majority of the bonds.

3.Hydraulic conductivity (permeability) and seepage

Slope instability can be caused by water flow. As water flows through the soil, there is a
transfer of energy to the soil skeleton that causes a seepage force to act on the soil skeleton. In
other words, the flow of water through the pore space is accompanied by a friction force
between the flowing fluid and the soil skeleton, named the seepage force. Seepage can reduce
effective stresses (provided there is vertical flow) and can lead to erosion of the soil. Seepage
properties of clay soils are characterised by very low permeability, less than 10 m/s
(mixtures of sand, silt and clay, stratified clay, etc.). Homogeneous clays below the
weathering zone can be described as impervious with permeability values less than 10” m/s.
Permeability of fine grained soils can be determined by e.g. falling head permeability tests.
Meschyan & Petrosyan (2005) significantly increased the cross-sectional area of the specimen
being tested while conducting their experiment and raised the flow rate of seepage water to
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improve the accuracy in determining seepage properties of clay soils. Factors influencing the
permeability of clays and their relative importance are presented in Murray et al. (1997).

4.Unsaturated soil properties, loss of apparent cohesion and increase in hydraulic conductivity
Independent of the type of clay (CA, CB or CO) and independent of the type of clay mineral,
the presence of apparent cohesion is characteristic of all unsaturated soils. Clayey soils with a
degree of saturation lower than 1 can be accompanied by very high matric suction (negative
pore water pressure) values that act as an additional strengthening component, which is often
described as apparent cohesion. As soon as the material reaches a degree of saturation that is
nearly one due to e.g. a rising groundwater table or rainfall, the apparent cohesion vanishes
which means that shear resistance decreases. For example, the water retention properties of
intact Boom clay samples have been determined by Le et al. (2008), using different
experimental techniques. Alonso & Pinyol (2008) report typical suction values of low
plasticity silty clay from Barcelona and a high plasticity soil, Boom clay, which are illustrated
for different compaction stresses. Romero et al. (1999) pointed out that high values of suction
are mainly controlled by intra-aggregate voids in fine-grained soils.

Not only shear strength, but also hydraulic conductivity, is dependent on the degree of
saturation (Fredlund et al., 1994). Unsaturated soil permeability is rarely measured since the
methods proposed in the literature are difficult to implement as they involve extremely low
flow rates, especially at high suctions. Therefore unsaturated hydraulic conductivity is often
predicted indirectly based on water retention data (Peroni et al., 2006).

2.1.3 The specific case of pyroclastic soils and ashes (AMRAJUNISA)

During recent years, extensive experimental programmes have been conducted to investigate
the mechanical and hydraulic properties of pyroclastic soils, which make up a large part of
slopes that are highly susceptible to rainfall-induced landslides. Flowslides and debris flows
affect pyroclastic granular soils accumulated in the last tens of thousands of years over the
limestone massifs of the Western Appennine and the tuffaceous slopes surrounding the city of
Naples, as a result of intense volcanic activity of the volcanic centres of Roccamonfina,
Campi Flegrei and Somma-Vesuvio (Fig. 2).

Rainfall-induced landslides of the flow-type, affecting a large portion of the Campania
Region (southern Italy), can be considered to be one of the most insidious landslide
phenomena because of their potential for causing casualties and huge economic damage. They
involve unsaturated pyroclastic soil covers, originating from the explosive phases of different
volcanic apparata, which mantle the limestone and tuffaceous slopes of the region.

These landslides can be considered complex slope instability phenomena since they exhibit
distinct kinematic characteristics during the failure, post-failure and propagation stages (Fell
et al., 2000; Leroueil, 2004; Cascini et al., 2010). The failure stage is characterised by the
formation of a continuous shear surface through the entire soil mass (Leroueil, 2001). The
post-failure stage is represented by the rapid generation of large plastic strains and the
consequent sudden acceleration of the failed soil mass (Hungr, 2004). In the literature, the
acceleration of the failed mass during the post-failure stage is mainly attributed to static
liquefaction, a process in which a soil mass, sheared under undrained condition, loses a large
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part of its shear strength as a result of induced high pore-water pressure, and consequently
flows like a fluid.

Previous studies show that, depending on the distance from the eruptive centre and the
mechanism of deposition, the properties of these pyroclastic materials are quite variable
(Picarelli et al., 2006). A first distinction concerns deposits formed by air-fall, flow and surge
sediments. The air-fall deposits are well represented in the distal area of the Somma-Vesuvius
region where pyroclastic flows and surges do not reach; they are characterized by well sorted
deposits of bomb and black scoria, coarse lapilli and small bombs and blocks, fine lapilli and
ash. Flow and surges due to collapses of volcanic columns formed very thick deposits in the
proximal area of Campi Flegrei and Vesuvius; they are less sorted than air-fall.

The first part of this section concentrates on the characterisation of pyroclastic soils in distal
areas (air-fall ash) carried by AMRA. In the second part the main results of a large research
project, aimed to characterise the mechanical behaviour both at failure and post failure stages
of typical pyroclastic soils of the Campania Region, are presented by UNISA.
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Figure 2 - The area of Campania (South Italy) that is prone to flow-like slope movements.

Characterisation of pyroclastic soils in distal areas (air-fall ash) (AMRA)
1. Fabric and physical properties

The pyroclastic soils present in the distal area of the Somma-Vesuvius volcanic centre consist
of alternating regular layers of ashy soils and pumices, as shown in Figure 3. This cover is 3-4
metres in depth, resting on slopes with an angle of higher than 35°. A deep investigation was
carried out at the Monteforte Irplno site in the Avella Mountains (Fig. 4; Papa et al., 2008).
, . swmsssmmes L he pyroclastic cover consists as a regular series of layers
essentially parallel to the ground surface, as follows (Fig.
3): 1) topsoil; 2) weathered and humified ash; 3) coarse
pumices from the Avellino eruption (3.7 ky b.p.); 4)
paleosoil consisting of weathered volcanic ash; 5) fine
pumices from the Ottaviano eruption (8.0 ky b.p.); 6)
palaeosoil; 7) volcanic sand; 8) altered fine-grained ash.
Similar situations may be found in the Partenio Mountains
(Olivares & Picarelli, 2003), while the stratigraphies along
the Sarno Mountains are more complex, as this area is
nearest to the Vesuvius volcano and, as a result, has been
covered by the products of more eruptions. However, the
following schematic classification may be adopted since a
detailed distinction is not necessary for this study:
- soil A, which includes coarse (Al) and fine pumices
(A2);

Figure 3 - Cut slope on the
Partenio Mt. in the distal area
of Somma-Vesuvius. Depth of

excavation is 1.20 m.
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which is usually located in the middle of the stratigraphic succession
soil C, i.e. altered fine-grained ash.
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Figure 4 - Stratigraphic succession at Monteforte Irpino site (from Papa et al., 2008).

Figure 5 shows the grain size of samples taken in the three areas of Partenio, Avella and

Sarno Mt. In particular, it can be remarked that:

- the grain size of the shallowest ash layers (Bl in Fig. 4) is quite similar to those of
intermediate soils (B2), which are well-graded and display a high sandy component and a
significant amount of non-plastic silt, which is essentially constituted by very poorly ordered

minerals, sanidine and pyroxenes (Picarelli et al., 2006);
- the altered ash (C) is finer than soils of the B type;
- pumices fall in the domain of sandy gravel (A1) and gravelly sand (A2).
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Figure 5- Grain size distribution of pyroclastic soils from: a) Mt. Partenio (from Olivares
and Picarelli, 2003); b) Mt. Avella (from Papa et al., 2008) (soils are distinguished with
numbers from 1 to 8 following the stratigraphic succession from top to bottom) and c) Mt.
Sarno (from Sorbino et al., 2010).

Tables 1, 2 and 3 report the mean values of physical properties of soils sampled respectively
in Cervinara, Monteforte Irpino and on the slopes of the Pizzo d’Alvano massifs (Sarno Mt).
It is worth mentioning that such properties are not so different from site to site, even if the
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slopes investigated are some tens of kilometres from each other.

The soils are unsaturated. Undisturbed sampling is possible because of the suctions that
stabilise the specimens. The specific unit weight of ash B varies within quite a wide range
(Gs=2.53-2.69kN/m3), while the overall porosity is very high, ranging between 69% and
72%. Differently, the fine ash, C, is characterised by a lower porosity (about 58%) and a
greater dry unit weight. The value reported for pumices are indicative, since recovering of
high quality pumice samples is impossible.

Layer Material max U Ys Y w* n S~
(mm) KN/m®)  (kN/m®) (%) %) (%)

Al coarse pumices 20 5 25 13 25 52 36
A2 pumices 20 42 26 14 40 50 40
B2 volcanic ashes 10 5 26 14 67 69 84
C altered fine ashes 10 25 26 16 54 54 75

* w and S, obtained from samples taken at the end of the wet season

Table 1 - Physical properties of Cervinara pyroclastic soils (modified after Olivares &
Picarelli, 2003). dmax: maximum diameter of soil particle, U: coefficient of uniformity, :
specific unit weight, » : unit weight, w: water content, n: porosity, S, : saturation degree.

Material Gs Yd Y n S
Layer
(KN/m®) (KN/m®) (%) (%)
Bl top soil 2.65+2.66 7.8+8.1 11.9+12.5 69+70 57+69
B2 volcanic ashes 2.50-2.57  7.1+77 119+12.5 6972  64+77
C altered fine ashes  2.47+2.49 10.64 15.49 58 87

Table 2 - Physical properties of Monteforte Irpino pyroclastic soils (from Papa et al., 2008).
Gs: specific unit weight, 7: dry unit weight, » : unit weight, n: porosity, S, : saturation

degree.

Layer Material Yd Ysat n
(kN/m?) (KN/m?) (%)

A pumices 6.20 13.1 69
B1/B2 volcanic ashes 7.30 13.1 69
C altered fine ashes 9.10 15.7 58

Table 3 - Physical properties of Sarno pyroclastic soils (from Cascini et al., 2010): y: dry
unit weight, ya: saturated unit weight, n: porosity, S, : saturation degree.

2. Saturated and unsaturated hydraulic properties

A hydraulic characterisation has been carried out on undisturbed and reconstituted specimens
recovered from pits cut along some slopes (see Fig. 1). The saturated hydraulic conductivity
of Cervinara pumices (A) has been obtained by constant head permeability tests on
reconstituted samples (Damiano & Olivares, 2010): the results indicate a value of about
1.0-10” m/s for coarse pumices (A1) and of 5.0-10° m/s for fine pumices (soil type A2).

The saturated conductivity of natural samples of Cervinara ashes has been measured through
constant head tests performed in the triaxial cell under different effective stresses (100-
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500kPa). Under the lowest confining pressures of 100 and 200kPa it is about 3.0-10-6 m/s in
the top-soil (B1), about one order of magnitude less in the intermediate layer (B2) till values
of about 5-10-8 m/s in the lowermost altered layer (C). The hydraulic conductivity decreases
by about two-four orders of magnitude in unsaturated conditions, in range of suction between
0 and 100 kPa. Figure 7 illustrates the soil water retention curves (SWRC) and the hydraulic
conductivity function of the Monteforte Irpino ashes, determined through forced evaporation
tests and drying tests in a pressure plate apparatus, starting from totally saturated conditions
(Papa, 2007). The shallowest layers (soil B1 and top-soil) exhibit the greatest range of
variation, starting from a value of about 10 m/s in saturated conditions to values in the order
of 10° m/s under a suction of 50 kPa. The altered ash C presents the smallest range of
variation (Evangelista et al., 2008). Similarly, the unsaturated conductivity of Cervinara ash
B2 (Fig. 7a) obtained from the interpretation of the transient phase of suction equalisation
(Kunze et al., 1965) during suction controlled triaxial tests (Fig. 6a) in the range of suction
between 0 and 80 kPa, decreases by about two orders of magnitude as suction increases
(Picarelli et al., 2006).

All the soils investigated have water retention properties (Figs. 6 and 7b) that are indicative of
coarse-grained materials. They display low air entry values, in the range from 4-8 kPa to 12
kPa, low values of residual water content (for matric suction around 100 kPa) and large
changes of the volumetric water content in the transition zone. However, some differences can
be recognised by comparing the SWRC of different soils (Fig. 6), between the shallower and
intermediate layers (Bl and B2), and the deepest one (C), which displays a higher air entry
value and a less steep curve in the transition zone: this is probably due to the different grain-
size distributions.

The hysteretic behaviour of these soils has not been yet investigated since the most of the
experimental data has been obtained along drying paths. However, an indication for soil C is
given by Sorbino & Foresta (2002), who did not find any significant hysteretic effect under
net vertical stress in the 0 — 20 kPa range, while the SWRC shows flattening and small
hysteretic phenomena for values of the net vertical stress greater than 20 kPa, due to collapse
during the wetting path.
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Figure 6 - Monteforte Irpino ashes (layers B1, B2, C): retention curves and hydraulic
conductivity functions (from Evangelista et al., 2008).

Figure 8b shows experimental data for Cervinara ash B2, obtained from both wetting (SCTX
tests at the end of suction equalisation, conventional long-term infiltration tests on natural and
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reconstituted samples) and drying stages
(conventional long-term evaporation
tests): no appreciable difference can be
found suggesting that any hysteretic
effects are unimportant.

Further data for Cervinara ash B2 have
been obtained from flume tests (see
section 1.2.3) on reconstituted small-
scale model slopes. Coupling suction
measured by  tensiometers  with
volumetric water content obtained by
TDR installed near the tensiometers, the
water retention curve has been extracted
during infiltration. These curves are
compared with those obtained through
conventional  long-term  laboratory
techniques in Figure 8, where the two
experimental results are fitted by the van
Genuchten (1980) expression. In spite of
some scattering, the characteristic curve
extrapolated by flume tests (crosses in
Fig. 8) clearly shows that for [Iw higher
than 0.38, suction is lower than the
value obtained by conventional
laboratory tests (curve 1 in Fig. 8).
Probably this effect can be explained
accounting for the nature of the particle
shape and texture. The size of the pores
between the particles (intergranular
pores) is significantly larger than that of
internal pores (intragranular pores).
Consequently, the amount of retained
water required to cause a given suction
is a function of the exposure time.
Indeed only long exposure times (as in
the conventional tests) enable the
intragranular pores to absorb water
(Damiano and Olivares, 2010).

Infiltration tests on layered slopes
including a pumice layer included
between two ash layers (B2), enabled to
extrapolate the water retention curve of
pumice (Damiano and Olivares, 2010).
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The water retention curve in Figure 9 has been obtained by assuming that the same value of
suction is found at the ash-pumice interface, by coupling the suction measured in the two ash
layers near the interface, with the volumetric water content (Ow) of pumices obtained by a
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TDR probe. Such a curve, presenting a very 0.8 : : :

steep front in the capillary zone and a very o flume infiltration test

small air-entry value, represents one of the few 06 . —VvanGenuchten, 1980 |
available data in the literature for pumices. As — m=0.5 n=7 0=3.3
expected, comparison between the retention ”’go 4 1X° 0=025 6.=0.55
curves of pumices and ash shows that pumices % - Qb

are characterised by a lower air-entry value, a °°0 5| 2s

steeper slope in the capillary zone and lower '

residual water content. 00

3. Saturated and unsaturated shear strength 0 20 40 i(:_uw [kP?a(])

Figure 9 - SWRC of pumices during
infiltration tests on small scale layered
slopes (from Damiano & Olivares, 2010).

Extensive experimental programmes have
been conducted in the last decade to
investigate the shear strength of volcanic
ashes. Since saturation of natural loose
samples can induce a strong volumetric collapse (essentially soils of type B), a flushing
technique using de-aired water or carbon dioxide (Olivares, 2001) is carried out under very
low effective confining stress. Testing is often performed under stresses similar to in situ
values.

Results of CIDC and CIUC triaxial tests on saturated natural samples of ashes B1, B2 and C
from different sites are shown in Figure 10. Both soils Bl and B2 show a contractive and
ductile behaviour, while soil C behaviour is brittle in the entire stress range investigated (Papa
et al., 2008; Olivares, 2001). The cohesion, c’, is always very low, while the friction angle ¢*
is quite high. Both ashes have virtually no cohesion, while the soil Bl is characterised by a
friction angle ranging between 33°-36° and the soil B2 by a friction angle of 37°-40°. The
altered ash C has a peak and critical state strength characterized by ¢ and ¢’ in the range of
30°+32° and 5+11kPa and 35°+37° and 0 respectively. The altered ash C has a peak and
critical state strength characterized by ¢‘ and ¢’ in the range of 30°+32° and 5+11kPa and
35°+37° and 0 respectively.
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Figure 10- Results of triaxial compression tests on saturated samples of volcanic ashes
collected at: a) Monteforte Irpino (from Papa et al., 2008); b) Partenio, Avella and Sarno
Mountains (modified after Olivares, 2001); ¢) Sarno (modified from Bilotta et al., 2005).
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Since suction strongly governs hydraulic properties and strength, a significant part of the test
programmes were carried out using apparatus especially suited to unsaturated soils. The
analysis concerns mainly the volcanic ashes B2 tested in the range of suction from 0-80 kPa.

Olivares & Picarelli (2003) measured the shear strength of Cervinara ash B2 by means of

400 suction-controlled  triaxial  tests
2) 40V (SCTX) using a mean net stress (p-

300 iy 7 u,) between 20 and 200 kPa and a
= o > T 16 suction  (u,-uy). The strength
& 200 a1 = | p) measured at different suction values
“ oo 43’9 5" s |_o_— isreported in Figure 11a against the
108 E 8t %@/ . saturated shear strength envelope

o L g‘f 4 (c’=0; ¢’=38°). All data show the

o s 100 150 o |° significant role of suction, even at

p-u, [kPa] ! o0
S 0 20 40 60 80 100
suction = (u,-u,) [kPa]

small values of suction (Fig. 11b):
in particular, the intercept of

. apparent cohesion is 2-6 kPa for a
Figure 11- Unsaturated shear strength of suction of 4-8 kPa (Olivares, 2001).

Mt.Partenio ashes B2: a) stress plane (hnumbers
indicate the suction imposed); b) cohesive intercept
as a function of suction (from Olivares & Picarelli,

2003).

These values are sufficient to justify
the stability of shallow soil deposits
on steep slopes.

Bilotta et al. (2005) and Papa et al.
(2008) investigated the role of
suction on the shear strength of
Sarno and Monteforte Irpino B2 ashes, by means of direct shear and triaxial tests performed at
different water contents and under different applied suctions, showing that volcanic ashes
present a non-linear envelope of the shear strength with respect to the degree of saturation.

4. Response to undrained loading

In spite of the ductile behaviour exhibited in drained triaxial tests, the undrained behaviour of
natural ashes B2 is highly unstable and suggests that for very low confining stresses, a
mechanism of liquefaction can develop. This is clearly shown in Figure 12a, which reports the
results of CIUC triaxial tests carried out on natural saturated specimens taken from air-fall
deposits located to the North and East of Naples (Olivares & Picarelli, 2001). In all cases, and
in a stress range comparable to the natural one, the stress paths show a peak, which is reached
slightly before the Steady State Line, followed by a drop in strength occurring along the same
line, as a consequence of increasing positive excess pore pressures.
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Figure 12- Behaviour during triaxial tests: @) CIUC on Cervinara, Lauro, Sarno volcanic ashes
(from Olivares & Picarelli, 2001); b) CIUC and CIDC on Forchia ash.
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This behaviour is explained by the
high void ratio (n > 65%) and the

specific fabric of the materials
investigated , which are metastable,

displaying a tendency towards
volumetric collapse under shear.

In contrast, the response of ashes
with a relatively low void ratio is
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V8 different. This is the case of the
Forchia ash (n=61%) whose
behaviour in CIUC and CIDC tests

is shown in Figure 12b. The soil
exhibits quite stable behaviour,
even if the shear strength shows a
slight decrease after the peak.

The influence of the void ratio on
the soil behaviour has been checked
through CIUC tests on reconstituted
specimens (Lampitiello, 2004). The
results show that even a small

s'=(0’ +a',)/2 [kPa]

Figure 13- Results of undrained compression
triaxial tests on reconstituted specimens of the
Cervinara ash (from Lampitiello, 2004): a) loose

specimens; b) dense specimens.

regardless of the initial state and type of test,
while the mobilised strength strongly
depends on the pore pressure that develops in
the shear stage. This is clearly shown in the
compression plane of Figure 14, which
summarises all tests performed on
reconstituted specimens. The diagram
demonstrates the relationship of the initial
void ratio and the Steady State Line, SSL in
distinguishing between specimens, which are
susceptible to liquefaction (having an initial
void ratio above the Steady-State Line, SSL),
and specimens which are not susceptible to
liquefaction (below the SSL). Such data are
extremely useful to identify the deposits,
which can give rise to flow-like landslides as
a consequence of slope failure (Olivares &
Picarelli, 2001).

change in porosity can cause a
strong change in soil behaviour,
turning from unstable to stable,
even though the failure envelope is
the same (Fig. 13).

All experimental data presented
confirms that the Steady State Line
in the stress plane is unique,
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Figure 14- Compression plane: results of
undrained triaxial compression tests on

reconstituted specimens of Cervinara ash, (from

Olivares et al., 2003).
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Data obtained for the undrained response of the other types of volcanic ashes tested in triaxial

400 compression are not so consistent.
350 However, the results of some CIUC
300 t o=0; §/=35° tests on altered Cervinara ash, C,
250 |- _-~1 show that its behaviour is essentially
T 200 | di stable or temporarily unstable for all
< the investigated confining stresses
150 1 (Fig. 15). This can be essentially
100 - attributed to its lower porosity (about
50 55%).
0

0 25 50 75 100 125 150 175 200
p'kPa]

Figure 15- Results of CIUC tests on saturated
natural specimens of Cervinara altered ash C at n
~ 55%.

Characterisation of the mechanical behaviour at failure and post failure stages of typical
pyroclastic soils of the Campania Region (UNISA)

1.Soil properties

An extensive laboratory testing programme on undisturbed and remoulded samples was
carried out in recent years at the University of Salerno for an area of about 60 km® of the
Campania region recently affected by huge landslides of the flow-type, with the aim of
characterising both the physical and mechanical properties of pyroclastic soil deposits. While
referring to Cascini et al. (2000), Sorbino & Foresta (2002) and Bilotta et al. (2005) for a
detailed description of the methodologies and experimental procedures employed, the main
results concerning the hydraulic and shear strength properties of pyroclastic soils are
summarised.
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Figure 17- Grain size distribution of pyroclastic
soils from Pizzo d’Alvano massif in Campania
(southern Italy) (modified from Sorbino & Foresta
2002; Bilotta et al. 2005).
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lower ashy soil

As already discussed in Deliverable
D1.2, the pyroclastic soil deposits
are characterised by a high

Volumetric water content 0,

Variability in  their phySical and ;upper ashy soil
mechanical properties. However, 0.2+

three main soil classes were 0.1 pumice soil
recognised by Bilotta et al. (2005) 1~0E‘_)1 AR

consisting of pumice soils and ashy

soil layers (class A and B) (Fig. 17). __[-upper ashy soil

The shallow ashy soil (class B) is —

generally coarser than the deeper & g Towdr ashy soil
=

layers (class A), as confirmed by %LOE'Q; pmice soi AN

laboratory tests aimed to assess 2 1.0E-11}

hydraulic and shear strength §10E_13£ —class "A"
= ’ o class "B|'

properties in  saturated  and
unsaturated conditions. o1 . 0

The hydraulic properties of ashy matric suction (kPa)
soils in saturated conditions were  Figure 18- Soil Water Retention Curves (modified

investigated through conventional  from Sorbino & Foresta, 2002; Bilotta et al., 2005).
permeameter tests that led to the

determination of conductivities 90
ranging between 5.0x10° m/s and
4.8x10° m/s; while hydraulic
conductivity values for the pumice
soils ranging between 1.0x10” and
1.0x10° m/s were assumed,
according to the data available in
the literature (Pellegrino, 1967;
Whitam & Sparks, 1986).
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Figure 19- Experimental and predicted shear
strength envelopes: (a) Vanapalli et al. (1996) model
and (b) Rassam and Williams (1999) model (from
Bilotta et al., 2005).

The saturated shear strength
envelopes for ashy soils provided
effective friction angles ranging
from 32° to 35° for class A soil, and
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from 36° to 41° for the class B soil. Moreover, when these soils are remoulded, when
reworked they show a significant increase in the friction angle and a decrease in the porosity.

The unsaturated shear strength was
investigated on undisturbed ashy
specimens by means of direct shear
tests, as well as triaxial tests
respectively at  different water
contents and at variable applied
suctions, in order to reproduce the
different in-situ conditions during the
hydrologic year. The shear strength
criterion adopted to model the
unsaturated shear strength of the soils
was that proposed by Fredlund et al.
(1978), who extends the Mohr—
Coulomb  failure envelope for
saturated soils. The experimental
laboratory results obtained clearly
show a non-linear envelope of the
shear strength with respect to matric
suction (Fig. 3). The non-linearity of
this envelope is reported in the
literature by several researchers
(Escario & Saez, 1986; Gan et al.,
1988; de Campos & Carrillo, 1995;
Oloo & Fredlund, 1996; Vanapalli et
al., 1996; Oberg & Sallfors, 1997;
Rassam & Williams, 1999; Vanapalli
et al., 1999). The increase of shear
strength with suction was modelled
by using the two approaches
proposed by Vanapalli et al. (1996)
and Rassam & Williams (1999). The
class “A” soils are shown in Figure
19 to be strongly independent from
the range of suction values detected
in-situ, whereas the class “B” ashy
soils do not show any significant
dependence for suction values
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Figure 20-Variation of friction angle ¢° of shearing
resistance versus matric suction (from Bilotta et al.,
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Figure 21- Stress-strain relationship showed in
strain controlled shear tests: dashed line (Al test)
and continuous line (A2 test) (from Sorbino et al.,

2010).

exceeding 30 kPa (Bilotta et al., 2005). Finally, the angle of shearing resistance with respect
to suction, was found to be a decreasing function of matric suction for both soil classes (Fig.

20).

Another peculiarity of the mechanical behaviour of the pyroclastic soils analysed was
examined by performing suction controlled oedometer tests and simple shear suction
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controlled tests. In particular, collapsible (Bilotta et al., 2006) and unstable (Sorbino et al.,
2010) behaviour were in evidence during the wetting path.

An intensive experimental laboratory investigation was started into the mechanical behaviour,
to assess the post-failure mechanisms (i.e. the liquefaction potential) of the pyroclastic soils,
by using a new simple shear apparatus designed at the University of Salerno (Sorbino &
Foresta in prep.). A summary of the preliminary data obtained is reported.

All the specimens tested were first brought to an imposed value of suction, ranging from 0
kPa for tests “Al, C1” to 50 kPa for tests “A2, B and C2”. A maximum time of 48 hours was
sufficient to obtain pore water pressure equalisation within the specimen, whereupon the net
vertical stress was applied and about 24 hours were needed to complete the consolidation

phase. Finally, the shear phase was

g‘” 0.00 10 1(?0 ov-U, (kPa) 1900 performed at constant suction (type
5 |(a) A1, C1) or at variable suction (type
2002 vo 305 A2, B, C2). A detailed description
0.04 - *, vo=3.31 . of both methodologies and
L 0.06 - ‘"'., A " experimental  procedures are
E o reported in Sorbino et al. (2010).
g 0% ™, > The mai Its obtained
[ - v 355 € main results obtamed are
0.10 - Ky 0 mean illustrated in Figure 5, showing the
0.12 - results obtained from strain-
217 (b) controlled tests (Al and A2 tests)
T 201 = = AHwet due to collapse carried out at a constant vertical
o stress of 50 kPa and 100 kPa. From
T 19 Figure 21 it can be observed that
= | the two specimens tested under
oo 1.8 ..
E saturated conditions (Al tests)
w 177 ESA02 06 s =50kPa show typical stress-strain behaviour
é L6 = = "ESAOLOS 5= ‘O kPa | of a contractive material. The
g5 ov-U, (kPa) results for the A2 tests, obtained
> 10 100 1000 . . .
) through a rapid decrease in suction,
3.19 are also reported in the same figure,
500 showing a volumetric collapse and
' a drop in the shear stress mobilised.
Vo 2.79 7 In both the tested specimens, this
2.50 drop results in shear stress values
239 . . . . . . that are lower than those attained, at
0 500 1000 1500 2000 2500 the same shear strain, in the
mixing time (min) saturated specimens.
Figure 22- (a) Specific volume variation due to
wetting collapse vs. vertical net stress for specimens
with initial specific volume from 3.64 to 3.45; (b)
specimen height variation with net vertical stress in a
saturated condition and during repeated wetting-
drying paths; (c) Variation of initial specific volume
of ashy soils specimens for different mixing times
(modified from Migliaro, 2008).
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After this drop, both the specimens
show an increase in the shear stress
with shear strain and approach the
stress-strain curves of the saturated
specimens. The attainment of shear
stress values lower than those shown
by the saturated specimens could be
explained by an increase of the pore
water pressure due to volumetric
collapse during wetting. The increase
in pore water pressure seems to be
confirmed by a stress-controlled shear
test at constant vertical stress (B test).
A value of the shear stress lower than
the saturated shear strength was
applied in this test, and maintained
constantly during the saturation stage.

3.75 I= undisturbed
CL1= remoulded

3357 I { —=—S1309

3.35 4 —o— S1409

specific volume

3.15

2.95

2.75 A : ":g

555 after 1% cicle =}k Gy (kPa)
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Figure 23 - Comparison between the results for
oedometer tests performed on undisturbed and
remoulded specimens and the values of specific
volume - after reconsolidation - of two specimens
exposed to cyclic shearing in simple shear tests (from
Sorbino et al., 2010).

As could be expected, volumetric collapse develops during wetting. A sudden increase of the
shear strain rate was also observed during this stage of the test. This behaviour highlights that
the applied shear stress at collapse is higher than the available shear strength of the soil. This
means that an increase in pore water pressure must have been developed in the specimen.

These results confirm that the volumetric collapse is responsible for pore water pressure

increase during wetting. The observed
condition for the development of
liquefaction phenomena. This
may become sufficient if the
amount of volumetric collapse is
sufficient to induce a pore water
pressure in the specimen equal
to the mean total stress. Migliaro
(2008) also showed that the
potential amount of volumetric
collapse can be related to two
different conditions: the wetting
paths on unsaturated specimens
and the modification of the soil
structure.

The influence of structural
change of the soil on volumetric
collapse has been investigated
by performing a series of
oedometer tests in saturated
conditions on undisturbed and
remoulded samples.

Remoulded  samples  were
obtained by adopting different
techniques  of  mechanical

behaviour is, however, a necessary, but not a sufficient,
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Figure 24 - Stress-strain behaviour for S1309 saturated
specimen during cyclic drained simple shear test (from
Sorbino et al., 2010).
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mixing (Migliaro, 2008). Figure 21c

shows the effect of mixing time on 0.40 - .
. ... . = = = = Saturated Failure envelope

the reduction of the initial specific 0.35 -

volume (vg) of the tested specimens. 030 |

This specific volume reduction is , 025 -

due to macro-aggregate destruction '_bo.zo i

(destructuration) ~ without  any 015 -

variation in the soil’s grain size 0.10 -

distribution (Migliaro, 2008). Figure 005 ,*

22a shows the results obtained from 0.00

the oedometer tests. By comparing 0

Figure 22a and Figure 23, it can be
noted that the amount of the
volumetric collapse due to the
destructuration (i.e. the difference
between the specific volumes of the
undisturbed and remoulded
specimens at a given effective
vertical stress) is larger than the

Figure 25 - Normalized stress paths during a
constant volume shear for reconsolidated S1309
saturated specimen (from Sorbino et al., 2010).

value obtained from wetting paths. Suction from 50 to 0 kPa
The destructuration of macro- 0.8 - .’
aggregates can be also reproduced suction zeroed L8 O‘%&
by performing cyclic drained simple R 0.6 Inversion y L’ ‘ f
shear tests on undisturbed samples. 'S 04 - -+l o@’gg
Typical results from this type of test . GrmfERas o

are illustrated in Figure 24, where -b 0.2 1 %

most of the volume reduction of the "’

specimen is attained when reversing

the shear strain. The destructuration 02 1 06 08 ! 12
of the specimen during this cycle is . (Gv~Uay/(Gv—Vae
confirmed by the oedometric -0.4 - * Saturated Failure envelope
reconsolidation of specimen S1309

that travels from the undisturbed Figure 26 - Normalized stress-path for S1409
compressibility domain to the  specimen during the constant volume shear test (from
remoulded one (Fig. 23). Sorhinn et al 20101

Confirmation of the destructuration of the specimen is given by the results obtained from
constant volume simple shear tests (C1 test) carried out at vertical stress of 100 kPa and 150
kPa. Figure 25 shows the results of these tests in terms of dimensionless stress paths (i.e. the
values of shear stress and effective vertical stress referred to effective vertical stress at the end
of the consolidation phase “c’.”), where the specimen shows a marked dilative behaviour that
is typical of remoulded dense material.

In order to evaluate the influence on the potential for liquefaction of the volumetric collapse
due to both wetting paths and destructuring, a specific simple shear test was carried out (C2
test). The specimen was initially equalised at an imposed suction of 50 kPa during this test,
and then consolidated under 50 kPa net vertical stress. The specimen was sheared to a
constant rate of shear strain at the end of the consolidation phase by imposing a constant
volume condition. Figure 26shows the dimensionless stress path (i.e. the shear stress and net
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vertical stresses referred to the value of the net vertical stress at the end of the consolidation
phase (oy-u,).) followed by the specimen during the shear phase. The specimen shows an
initial tendency to dilate during this stage of the test, which is shown by the progressive
increase of the applied net vertical stress (Fig. 26). In the subsequent stage of the test, suction
was rapidly reduced from the initial value of 50 kPa to 0 kPa by flooding the specimen, which
was accompanied by an initial decrease of the shear stress. As the shear strain increases, a
continuous decrease of the net vertical stress at constant shear stress was experienced by the
specimen, probably due to dissipation of excess pore water pressure generated by wetting.
The decrease of effective vertical stress leads the specimen to approach the failure envelope in
saturated conditions under an effective vertical stress greater than zero. The relatively dense
initial packing meant that the contractive behaviour of the soil was avoided, as was collapse
during wetting, so that the specimen was unable to approach liquefaction.

An inversion in the shear strain was applied to the specimen in the final stage of the test in
order to simulate soil destructuration. The shear stress mobilised by the specimen
immediately reduces and vertical stresses approach the zero stress conditions (soil
liquefaction). This behaviour is due to a more consistent volume variation tendency that the
specimen develops through destructuration. After the occurrence of the liquefaction
phenomena, the specimen exhibits a dilative behaviour once more. This last circumstance can
be ascribed to the denser state achieved by the soil following destructuration.

Simple shear tests performed up to now on undisturbed pyroclastic soils highlight an unstable
volumetric behaviour when subjected to wetting paths during shearing. This instability, which
can be attributed to the collapsible tendency of the soils investigated, is shown both in
constant vertical load and constant volume shear tests. However, the amount of the volumetric
collapse, due to transition versus saturated conditions, seems to be insufficient to induce
liquefaction. More consistent volumetric strains, such as those produced by destructuration of
the soil structure, are needed. Additional volumetric strains that can be attained in the soil
specimens by reversing shear strain in simple shear tests seem to be responsible for the
occurrence of liquefaction.

A strain reversal can take place in situ, when, in addition to rainfall, further hydraulic
boundary conditions (coming for example from buried springs) act at the base of the loose
pyroclastic covers. It is also evident from Figure 22 that soil skeleton structure can be
progressively lost due to either loading or mixing. A soil specimen that is not completely
destructured can thus experience consistent volume decrease. From the results obtained up to
the time of writing, it seems that the occurrence of liquefaction could be possible also for the
same soil in a medium/dense state.

2.1.4 The specific case of fissured stiff clays (AMRA)

The class of highly overconsolidated clays includes indurated and fissured materials, whose
behaviour sometimes escapes from the general framework usually adopted for dense and OC
soils. This poses significant problems in the selection of both testing procedures and
parameters to use during analysis with particular reference to slope stability problems.

Some bonding, due to either precipitation of salts or carbonates and other compounds, has
been frequently proposed to explain the behaviour of stiff OC clays, and has been investigated
through laboratory experiments and comparison of the mechanical response of both natural
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and reconstituted soils. General, comprehensive considerations on the influence of bonding on
material behaviour have been reported by Leroueil and Vaughan (1990) and Burland (1990).
The role of bonding on soil behaviour is dealt with in Deliverable D1.1 of this project. In a
few words, bonding causes an expansion of the yielding surface beyond the theoretical size
associated with the current value of the void ratio, giving rise to a stiffer and more resistant,
brittle material. In the case of initially anisotropic soils, it also causes a change in the shape of
the yielding surface due to a decrease in the degree of anisotropy of soil. Due to bonding,
general and popular theories, such as the Critical State Theory (and the consequent Cam-Clay
model) that have been conceived for uncemented materials, whose behaviour is essentially
governed by the current void ratio and the induced state of stress, present some weaknesses
that are being accounted for by more recent approaches.

A crucial point is that many stiff and indurated clays contain sets of discontinuities and
fissures. This is a further problem since the approaches and models, which can account for
bonding, are not able to consider the presence of discontinuities and fissures too.

The fundamental question, which arises when dealing with such materials, is whether
laboratory samples are representative of the formation as a whole. Typical materials of this
class are the so called jointed stiff clays (Esu, 1966; D’Elia et al., 1998), which present sets of
joints and bedding surfaces. In principle, these formations can be investigated and modelled
following the principles of Rock Mechanics, i.e. looking at the material as a discontinuum. In
such a case, any investigation should primarily focus on the role of discontinuities. Other
typical materials are stiff fissured clays, which generally are treated following the principles
of the Soil Mechanics, i.e. looking at the material as a continuum. Some considerations on
jointed stiff clays are reported in Deliverable D.1.2 of this project. This section is essentially
devoted to them, with special emphasis to highly fissured tectonized clay shales.

Different studies in the Sixties and Seventies (Bishop and Little, 1967; Marsland and Butler,
1969; Skempton et al., 1969; Lo, 1970; Morgenstern, 1977) pointed out the importance of
fissures on the behaviour of clayey formations stressing the role of fissures on the parameters,
which are measured through laboratory tests, and the need to select large specimens in order
to obtain correct data for any analysis looking at the soils as a continuum (Fig. 27). Another
method is to perform in situ tests, which enable investigation of the hydraulic or mechanical
response of large soil volumes. For soils containing well oriented fissures, assesing the soil
anisotropy is another prominent intent of any investigation.

The role of fissures cannot be easily dealt with since they present highly variable features.
Walker et al. (1987) suggest consideration of five basic parameters, namely: continuity,
orientation, shape, spacing and surface features (Fig. 28). The combination of such parameters
can lead to very different behaviours and properties. An extreme situation is the one of
slightly fissured soils (high spacing between fissures) with randomly oriented irregular and
rough fissures with a few intersections: these could display similar properties to non-fissured
soils having the same index and state properties. An opposite situation is the one of intensely
fissured soils (low spacing) with well oriented planar and slickensided fissures: these are
much weaker, displaying an anisotropic behaviour with a shear strength, in the direction of
fissures, very close to residual.
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Tectonized clay shales (AGI, 1977; Picarelli, 1986) represent a special category of stiff
fissured clays, which are widespread in the Apennines chain, Italy, but outcrop also in other
countries in Europe. Such materials are the result of the geological events, which led to the
formation of the Apennines. Tectonized clay shales are sheared, fine-grained, indurated soils
consisting of very small shear lenses (called scales or fragments) separated by minor shears
(Fig. 29). The size of the shear lenses varies from a few millimetres to a few centimetres.
Figure 29 suggests that fissures are not continuous with many intersections, and can be locally
oriented; their shape is practically planar (or slightly curved); spacing ranges between some
millimetres and a few centimetres; their surface ranges from polished to slickensided.
However, the network of minor shears can also be seen as an intricate system of larger
continuous and undulose fissures (resulting from the continuity of small single fissures); on
the other side, the material as a whole can be seen as a granular soil consisting of single weak
elements (indurated clay) having a low intergranular friction.

No doubt that in such a case, any analysis should be carried out
looking at the soil as a continuum, but special attention must be
paid to the size of specimens to test and care has to be used in the
sampling proceedure. In general, spacing among fissures is so
small that testing can be carried out on specimens of usual size,
but there are materials whose scales are large enough to impose
the selection of specimens of larger size. Especially in the case of
low plasticity materials, sampling and carving of specimens
should be carried out with great care, since the intergranular
mobility (i.e. the movements of the shear lenses) can give rise to
significant changes in the mesofabric of soil and to specimens of

a0 w20 3o poor quality.

Figure 29 — The The influence of fabric on the hydraulic and mechanical response
Bisaccia tectonised clay  of such materials has been the topic of a number of papers
shale. published in the in the last three decades (AGI, 1977; Bilotta et al.,

1985); Picarelli et al., 1998, 2002).

Urciuoli (1992) reports the results of constant head permeability tests on the highly plastic
Bisaccia clay shale, carried out in the triaxial cell under an anisotropic state of stress
corresponding to field conditions. He shows that the relationship between the hydraulic
conductivity and the void ratio is more or less the same, regardless of whether the tests have
been carried out on undisturbed or reconstituted specimens. This can be justified only if
fissures are closed. However, further data regarding other tectonized clay shales taken from
the Basento valley suggest that some aperture of fissures can produce significant differences
in permeability, which increases as the confining stress decreases (Urciuoli, 1994). In
addition, the field value measured by in situ constant head permeability tests is often higher
than the one obtained in the laboratory, probably due to the presence of opened fissures or of
macro-discontinuities.

Such data suggest that in slope stability problems the short-term condition is as significant as
in other fine-grained formations.
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The influence of fissuring on the mechanical soil response is negligible every time the stress
change is characterised by a substantial increase of its isotropic component, as in the case of
surcharges caused by large man made works such as dams. This is shown by experience and
documented data (Picarelli et al., 1998). In such a case, in fact, the mobility between scales is
practically inhibited and the deformation of soil (essentially compression) is regulated by the
stiffness of single elements (in turn depending on bonding) rather than by the mobility of
scales along minor shears.

This is clearly shown by both isotropic and oedometer tests that suggest that no significant
differences exist between the conceptual behaviour of tectonized clay shales and that of intact
clays. Figure 30 shows the values of the void ratio at the end of the isotropic consolidation
stage of triaxial tests carried out on undisturbed saturated specimens of the highly plastic
Bisaccia Clay Shale and the isotropic virgin line of the same material, obtained through
isotropic compression tests performed on reconstituted specimens. As shown, the void ratio of
the natural soil enters the zone of “impossible states”; therefore, “yielding” is the result of soil
destructuration, i.e. of breaking of interparticle bonds. However, there are cases in which the
compression line does not trespass the virgin line because of destructuration occurring before
reaching the virgin line: such a situation may occur in the case of soil having a low void ratio
and weak bonds (Aversa et al., 1993).

35

Y X Reconstituted

L Undisturbed

Figure 30 - Relationship between void ratio and effective stress for the highly fissured
Bisaccia clay shale subjected to isotropic compression (Picarelli et al., 2002).

The soil response when the deviatoric stress component prevails is very different; this is the
case of slopes, cuttings and tunnels. In such situations, the soil may experience high shear
strains and display a low shear strength. This is confirmed by experience, which shows that
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the main problems posed by tectonized clay shales are landslides triggered from cuttings and

natural slopes, and high deformation of tunnels caused by an unusually thick plastic lining
(Picarelli et al., 1998).

Useful data have been provided by CIU tests carried out in a Bishop-Wesley stress path
controlled triaxial cell instrumented with some microtransducers to measure local axial, radial
strains and excess pore pressures (Fig. 31).
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Figure 31 - Results of undrained triaxial CIU test on an undisturbed specimen of the Bisaccia
clay shale: a) axial strains; b) radial strains; c?_ secant Young modulus; d) axial stress-axial
strain curve; e) excess pore pressures (Picarelli et al., 2002).

Figure 31 reports the results of a CIU test on an undisturbed specimen subjected to a
confining pressure of 400 kPa. As shown in Figure 5a, induced internal strains are quite
uniform for axial strains (obtained from external measurements) less than 0.05 %, then local
values diverge as a consequence of “strain localisation”, i.e. of formation of a slip surface
which develops along contacts between the shear lenses. In fact, the “strain” occurring in the
intermediate part of the specimen (b-c) is much higher than the strains measured in the
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vicinity of the bases of the specimen (Fig. 31a). The same phenomenon is revealed by radial
strains (Fig. 31b). Figure 31c reports the secant modulus, which is quite high until the soil
stiffness converges at axial strains greater than 1%. The measured excess pore pressures are
reported in Figure 3le, which shows that the values measured at the base (“external”
measurement) are higher than those measured at mid-height (“local” measurements), once
again presumed to be due to strain localisation. Finally, Figure 31d shows that the stress-strain
curve (from “external” measurements) is ductile in spite of the high OCR of the soil.

Accounting for the fabric described, these observations suggest that what is defined as
“strain” 1s the result of the movements of shear lenses along shear fissures, leading to
separation of the specimen into two or more parts. For small “global” strains, the soil stiffness
is relatively high because the meso-fabric is not yet mobilised, while the soil stiffness drops
for higher strains, as a consequence of the mobility of shear lenses along their bounding
fissures. This also governs the volumetric soil response and the brittleness, which is generally
moderate or nil.

Figure 31 reports the failure envelope obtained by CID and CIU tests on undisturbed
specimens: it is clearly non-linear. In contrast, the Critical State Line of the reconstituted
material is linear. For small confining stresses, the shear strength of undisturbed specimens is
higher than the critical strength; for high stresses it is smaller. Once again, this can be
explained by the role played by fissures. We can imagine that the shear strength along fissures
is very low, possibly close to the residual strength. As shown in Figure 32, the shear strength
should depend on both a basic friction angle, corresponding to the one, which can be
mobilised along fissures, and a dilation angle which depends on the shear surface profile.
This, in turn, should depend on the features of the network of fissures, i,e. on their continuity,
shape and superficial features, which govern the “roughness” of the “global” shear surface.
For high stresses, when dilation drops to zero, the shear strength tends towards the basic
friction angle, which is close to the residual one, thus smaller than the critical value; for small
stresses, the contribution of the “dilation angle” and of the basic friction angle can lead to a
shear strength greater than critical. This suggests that the overconsolidation ratio does not
play a significant role, the one of the fissure network being much higher.
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Figure 32 - Mechanism of rupture of tectonized clay shales (Picarelli et al., 2002).

Such data do agree with the lesson coming from experience, which suggests that first-time
slides mobilise a low shear strength, characterized by a value of the cohesion, which is

practically nil, and a friction angle generally comprised between the critical and residual
friction angle.

Unlike what is generally indicated by experience on other materials, both the critical and the
residual strength are higher than the values measured on reconstituted specimens (Leroueil et
al., 1997; Picarelli, 2009). This is due to the shear lenses, which play the same role as
particles in granular soils giving rise to a relatively “coarse effective grain size” (critical
strength) and inhibit the formation of a really planar slip surface (residual strength).
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A last consideration concerns the high deteriorability of these materials, associated with
positive volumetric strains (Bilotta et al., 1985; Picarelli et al., 2002; Picarelli and Di Maio,
2010). Swelling under low stresses is often as high as in expansive soils, causing
destructuration and a decrease of the influence of fissures on the mechanical soil behaviour,
accompanied by a surprising increase of the shear strength. Such behaviour can explain the
serious problems posed by deep excavations (Picarelli et al., 1998) and, possibly, the typical
occurrence of mudslides in these materials (Picarelli, 2009). The reason of their high
expansivity seems associated with physical-chemical phenomena occurring at the microscale
(ionic exchanges occurring when the soil absorbs water having a low salt content), favoured
by the opening of fissures (Picarelli and Di Maio, 2010).

2.2 FAILURE MECHANISMS OBSERVED IN SMALL-SCALE FLUME
EXPERIMENTS

2.2.1 Results of flume experiments on saturated and unsaturated sands
(ETHZ)

Generally the landslides induced by rainfall occur as a result of increase in pore pressures
and/or seepage forces during and after heavy rainfall events (Terzaghi, 1950; Sidle &
Swanston, 1982; Sitar et al., 1992; Anderson & Sitar, 1995). It is the increased pore pressure
that decreases the effective stress in the soil and thus reduces the soil shear strength,
eventually resulting in slope failure (Brand, 1981; Brenner et al., 1985). Further studies have
illustrated that in some cases of rainfall-induced landslides, movement along the sliding
surface leads to crushing of the soil grains, which results in the liquefaction along this surface,
finally resulting in rapid movement and long runout distance (Sassa, 1996, 1998a, b;
Gerolymos et al., 2007; Gerolymos, 2010). The occurrence of flowslides due to static effects
has also been studied. It was found that the static liquefaction resistance of sand is influenced
by a number of factors, including relative density, confining pressure and initial shear stress
conditions, as well as grain angularity, over-consolidation ratio, stress history, length of time
under sustained pressure, grain structure or fabric, and loading rate (Castro, 1969;
Casagrande, 1971; Castro & Poulos, 1997; Chu et al., 2003; Casini et al., 2010).

In recent decades, many small-scale landslides have been triggered under laboratory
conditions. For example, Sassa (1972, 1974) performed a series of flume tests on Toyoura
sand (Japanese standard sand) and concluded that the changes in rigidity of sand and upper
yield strain within a slope are essential to the analysis of slope stability. Further studies on
liquefied landslides revealed that the increasing pore pressure, due to restriction of dissipation
by an undrained soil layer, caused slope failure during rainfall and that the generation of pore
pressure was a result of sudden initiation of subsidence (Sassa & Takei, 1977; Sassa, 1984).
Eckersley (1990) triggered flowslides in coking-coal stockpiles by raising the water table, and
inferred that excess pore pressures were generated during, rather than before, the movement.
Another laboratory flowslide study was conducted on loose saturated fine quartz sands, in
which the motion of liquefied sands and pore pressures during motion were analyzed (Spence
& Guymer, 1997). Kubota (1997) performed a series of tests on silica sand and loess to study
the mechanisms of flowslides under rainfall conditions. He concluded that the generation of
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pore pressure was a result of a sudden initiation of subsidence. Iverson and his colleagues
triggered landslides and debris flows in a large flume, with emphasis on examination of
landslide movement and intergranular pore pressures (Iverson & LaHusen, 1989; Iverson,
1997; Iverson et al., 1997, 2000; Major & Iverson, 1999). These studies showed that landslide
rates depend significantly on the initial soil porosity, and that rapid fluidised landsliding
involves partial or complete liquefaction of the lower density mass by high pore fluid
pressure. It was also concluded that the magnitude of pore pressure change induced by
porosity change during landsliding depends not only on initial porosity, but also on the
relative time scales for soil deformation and pore pressure diffusion; pore pressures fluctuated
dynamically during rapid steady-shear deformation of water-saturated granular materials, and
dissipated significantly only during post-depositional sediment consolidation (e.g. Moriwaki
et al., 2004).

The factors affecting the mechanisms of initiation and spreading of landslides in sandy soils
due to precipitation, based on flume tests, will be discussed in this report.

1.Initial void ratio (based on Iverson and LaHusen, 1989; Iverson, 1997; Iverson et al., 1997,
2000; Wang & Sassa 2001, 2003)

As soils approach specific critical-state porosities during shear deformation, it has been
suggested that landslide behaviour may depend on initial soil porosity (Casagrande & Boston,
1936; Schofield & Wroth, 1968). Tests on small soil specimens indicate that dense soils
(initially less porous than critical) dilate as they begin to shear, whereas loose soils (initially
more porous than critical) contract (e.g. Castro, 1969, among others). Dilation can reduce
pore water pressures and thereby retard continued deformation by increasing normal stresses
and frictional strength at grain contacts, whereas contraction can increase pore water pressures
and thereby reduce frictional strength (Reynolds, 1886). To isolate the effect of initial soil
porosity on landslide style and rate, Iverson et al. (2000 & 1997) conducted large-scale
experiments under closely controlled conditions using a 95 m long, 2 m wide concrete chute
with a 31° slope, roughened bed, and smooth side walls (Iverson et al., 1992). In each
experiment, a tabular prism of 6.1 to 6.4 m® of moist, granular soil was formed by dumping
and shovelling it behind a rigid, 0.65 m high retaining wall installed near the head of the
flume (Iverson et al., 1997). The landslide experiments included individual tests with initial
porosities ranging from 0.39 £+ 0.03 to 0.55 + 0.01 (=1 SD sampling error for an individual
experiment). Ancillary tests of the same soil in a ring-shear device and a triaxial cell under
various initial densities produced dilative shear failure when initial porosity was < 0.41 and
contractive shear failure when initial porosity was > 0.46.

Landslides developing in soils with differing porosities displayed sharply contrasting
dynamics (compare Figs. 1 and 2). Landslides with initial porosities > 0.5 failed abruptly and
accelerated within 1 s to speeds > 1 m/s. The surfaces of these landslides appeared to be fluid
and smooth, and data from dynamic piezometers confirmed that pore water pressures rose
rapidly during failure and reached levels nearly sufficient to balance total normal stresses and
liquefy the soil (Fig. 1).

Three landslides with initial porosities indistinguishable from the critical porosity (0.44 +
0.03, 0.44 + 0.03, and 0.42 + 0.03) displayed inconsistent behaviour, including slow slumping
of a single soil block, episodic slumping of multiple blocks, and moderately rapid (~0.1 m/s)
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slumping that ceased after <0.5 m displacement. Dynamic piezometer data from these
experiments revealed a complex mix of dilative and contractive soil behaviour during failure.
In experiments with landslides in initially dense soil, failure geometry similar to that of the
loose soil was observed but the data revealed markedly different landslide dynamics (Fig. 2).
Precursory pore water pressures necessary to trigger failure of the dense soil developed
relatively slowly (owing to relatively low hydraulic conductivity due to smaller pore spaces),
and were roughly twice as large as the pore pressures necessary to trigger failure of the loose
soil (owing to high peak strength of the dense soil). On average, motion of the landslide with
dense soil proceeded about 300 times more slowly than motion of the landslide with loose soil
(compare Figs. 1 and 2).The landslide with the lowest and least variable initial porosity
(0.41+0.01) displayed the clearest dilative soil behaviour as it underwent slow episodic
motion (Fig. 2). The attempt to induce a landslide with still lower porosity (0.39 + 0.03)
ended uneventfully because it was not possible to infiltrate water fast enough to impart pore
water pressures sufficient to trigger slope failure.

However, if fluid pressure can diffuse into or away from contracting or dilating soil as quickly
as the soil deforms, pressure equilibration keeps pace with deformation and the effects of
porosity change diminish. However, the time scale for pore pressure diffusion is h%/D, where
h is the typical thickness of the deforming soil mass and D is the typical hydraulic diffusivity.
Even sandy soils with high diffusivity commonly have D < 100 cm?/s. Thus, the time scale for
diffusive pore pressure equilibration in deforming soil masses with h~1 m typically surpasses
10 s. In comparison, the time scale for landslide acceleration in response to basal pore-
pressure change is \/(h/g) (Iverson, 2000), which yields values <1 s for h~1 m. Accordingly, it
is concluded that pore pressure diffusion can seldom keep pace with soil deformation and that
relatively small variations in porosity can influence landslide behaviour profoundly.
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Figure 1 - Data recorded in a landslide
experiment with loose soil (initial porosity
0.52 +0.02). The time axis is expanded 927
times to reveal details of behaviour during the
3 s failure period (after Iverson et al., 2000).
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Figure 2 - Data recorded in a landslide
experiment with dense soil (initial porosity
0.41 £0.01). The time axis is expanded 16
times to reveal details of behaviour during
the 15 min failure period (after Iverson et

al., 2000).

Wang & Sassa (2001, 2003) conducted a series of tests on silica sand no. 7 (Dsp = 0.13 mm)
and no. 8 (Dso = 0.05 mm) (Fig. 3) to investigate the effect of initial dry densities on pore-
pressure generation and failure behaviour of a landslide mass.

Different types of failure modes were observed. Each failure type was divided into 4 periods:
(1) Wetting: after sprinkling, the water gradually flowed toward the base, and the wetting
front was approximately parallel to the base. During this period, obvious normal
displacement appeared in the tests on extremely loose samples;

(2) Precursory slides: after the wetting front reached the base, retrogressive compound
shallow sliding appeared at the toe part of the slope as the saturation degree increased;

(3) Major failure: major failure occurred following the retrogressive compound shallow
sliding. The displaced soil slid a certain of distance (AS, as shown in Fig. 4), and then

stopped;

(4) Successive movement: the failed landslide soil began to move again after the major
failure, as sprinkling was continued, and flowed downward slowly.
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Figure 4 - Summary of the failure modes, types A and B observed in samples with S7, and
types C and D observed in samples with S8 (after Wang & Sassa, 2003).

Each failure mode was greatly affected by the initial density in these series of tests. Usually,
in the series of tests on S7, the sand with density index (I3) < 0.01 (I4 = (€max-€)/(€max-€min))
was likely to suffer from a Type A failure (Fig. 4), but when the initial density indexes ranged
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from 0.17 to 0.49, the samples were more likely to suffer from a Type B failure. A Type C
failure occurred in the series tests on S8, when 0.14 < I3 < 0.30, and failure of type D when
0.30 <I4<0.46.

2.Effect of initial density on pore-pressure build-up

Recent studies have revealed that pore-water generation in fluidised motion is greatly
dependent on initial density as well as thickness of soil layers (Eckersley, 1990; Iverson et al.,
2000; Wang & Sassa, 2001). Presenting a time series for pore pressure and sliding distance,
Wang & Sassa (2001) found that high pore pressure was built-up after, not prior to, the
initiation of failure. In the analysis of the relationship between pore-water pressure build-up
after initiation, the major failure, and the motion of failed landslide mass, they plotted the
pore-pressure build-up after onset of failure (Au), against the initial density index (I4) for each
test, and found that there was an optimal density index (I4n,) at which Au reaches a maximum
value (Fig. 5). They interpreted the existence of Iym as a combined effect of factors as follows:
1. For tests in which I4 < I4m, the permeability is greater, thus the dissipation must be quicker.
Accordingly, the effect of greater pore pressure dissipation rate is likely to exceed the effect
of greater pore pressure generation. 2. For tests in which Iy > 4, the volume reduction during
shear is small, thus less pore water pressure generation is likely to accompany the failure.

As shown in Fig. 5, the optimal density index (I4n) for S7 differs from that of S8. This shift
can be interpreted by the volume-reduction potential, which is directly related to the
generation of pore-water pressure for a saturated sample under undrained conditions during
shearing. In fact, if S7 has the same volume-reduction potential as S8, it should have a smaller
density index than S8 soil.

Figure 5 - Pore-pressure
build-up after failure
versus initial density
index (after Wang &

Sassa, 2003).

Pore pressure build-up after failure, Au (kPa)

/_iLIum (s7)
| | | L
0.0

Initial density index I,

3.Soil thickness overlaying the sliding surface (based on Wang & Sassa, 2001, 2003;
Eckersley, 1990)

As shown by triaxial laboratory tests, the initial shear stress under drained conditions strongly
affects static liquefaction resistance (Kramer & Seed, 1988; Hird & Hassona, 1990; Ishihara,
1993). Eckersley (1990) also found that the build up of pore pressures might be affected by
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shear deformation, dissipation, thickness of mass overlying the sliding surface, and other
factors that are not yet completely understood.

Wang & Sassa (2001) performed two series of flume tests with different values of soil
thickness. They plotted the pore pressure build up after the initiation of major failure against
initial density index. In both series of tests, they observed an optimum value for density index
(Iq) that leads to the highest value of excess pore pressure. However, the maximum value of
pore pressure for the tests with the most thickness is greater than that for the thinner sample,
while the optimum density index is lower. They interpreted this data by attributing lower
values of dissipation rates of pore pressure and the existence of higher initial stress state to the
thicker slopes (Fig. 6). Also they measured higher peak velocities of the sliding mass for the
thicker sample, which can be due to the greater build up of pore pressure because of the lower
dissipation rate in the initially thicker sample.
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Figure 6 - Relationship between pore pressure build up after failure and initial density index
for samples with different thicknesses (after Wang & Sassa, 2003).

4.Fine-particle content (based on Wang & Sassa, 2001, 2003; Iverson & LaHusen, 1989; and
Iverson et al., 1997)

The pore-pressure build-up after the initiation of failure for S8 is generally greater than that
for S7 (Fig. 5), indicating that higher pore pressure developed more easily in the finer sand
S8. This could be because S7 has a greater permeability (Fig. 3). In the analysis of pore
pressure generation during slope failure and sliding, Iverson & LaHusen (1989) and Iverson et
al. (1997) pointed out that the pore-pressure build-up mainly depends on the rate of landslide
motion and soil deformation, as well as the soil permeability. If the moving velocity of a
failed landslide mass is the same, quicker dissipation will occur in the soil with greater
permeability, and thus pore-pressure build-up will be smaller. The optimal density index (Igm)
for S7 was found to differ from that of S8. This shift of 14, can be interpreted by the volume-
reduction potential, which is directly related to the generation of pore-water pressure for a
saturated sample under undrained conditions during shearing. In fact, if S7 has the same
volume-reduction potential as S8, it should have a smaller density index than the S8 soil.
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Wang & Sassa (2001, 2003) pointed out that the influence of grain size on the type of
movement of the landslide mass is significant. As introduced in Figure 4 for the tests on S7,
retrogressive slides were initiated, whereas rapid flowslides occurred in the tests on S8,
showing a completely different failure mode. The main reasons for the different failure modes
for S7 and S8, can be considered to be due to: (1) the pore-pressure build-up after failure,
which is normally smaller for tests on S7, as shown in Figure 5; (2) the generated pore-water
pressure that is dissipated very quickly for S7 during movement because of its greater
permeability, as shown in Fig. 3; (3) the smaller grains in S8 that are more likely to float
during movement.

5.Effect of layering (based on Lourenco et al., 2006)

Permeability variations in natural slopes can be due to lateral and vertical variations of
porosity and grain size distribution, existence of a shallow hard impermeable bedrock, and
impermeable geological structures (e.g. faults filled by clayey material) where water could
accumulate and perched water tables can be formed. These permeability variations, which
could reach two orders difference of magnitude at shallow depths, act as physical barriers to
groundwater flow, creating pore water pressure gradients and endangering the slope stability.
Lourenco et al. (2006) studied pore water pressure generation and the corresponding failure
mode in flume models, typically 1 m in length and 40 cm in height, in soils with different
permeabilities. Experiments were conducted for different arrangements of soil layers (by
changing the soil layer position), and infiltration direction (downward infiltration by
sprinkling water on the soil, and upward infiltration from the bottom of the lower soil layer).
All experiments used two industrial sands: a course grained sand, silica sand no. 6; and a very
fine sand, silica sand no. 8 (Fig. 3). Sand was deposited in the loosest possible conditions for
both layers in every test. The permeability for sand no. 8 in a loose condition was
approximately 5.0¥10° m/s, as obtained by laboratory experiments (Wang & Sassa, 2001);
whereas Terzaghi’s (1955) formula for uniform sands was adopted for no. 6 sand, giving
3.9%10™ m/s. They found out that variations in permeability can greatly influence the failure
onset. Seepage erosion was found to dominate failure if the lower layer was coarser, while
retrogressive failure of the upper layer was the most relevant failure mechanism if the lower
layer was finer. However, a gradation between these two styles was observed for certain
model arrangements. Regarding the effect of infiltration direction, upward infiltration resulted
in a rise in the pore water pressure from the bottom to the top whereas perched conditions
were formed within the upper finer layer during downward infiltration.

6.Failure processes (based on Moriwaki et al., 2004)

To clarify the failure process of a landslide triggered by rainfall, Moriwaki et al. (2004)
conducted a full-scale model landslide experiment. A 23 m long and about 8§ m high flume
was used and the slope was instrumented by surface displacement meters, pore-water pressure
gauges, and piezometers (Fig. 7). The flume was filled with loose coarse sand (Dso = 0.4 mm)
and sprinkled at a constant intensity of 100 mm/h. The landslide occurred first in the upper
slope about 154 min after the sprinkling started, following a creep movement within 41 min.
The sliding mass reached a maximum speed of 1.2 m/s and stopped in about 5 s, compressing
soils in the lower gentle slope and horizontal sections.
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The authors observed that the velocity curve of surface displacements developing, up until the
rapid landslide occurred, can be approximately classified into three stages: (A) an asymptotic
increase, (B) an exponential increase, and (C) a linear increase (Fig. 8).

Figure 9 shows changes in piezometric levels (P.L.) during the rapid slide. Surface
displacement at the middle part of the 30° slope (D-3) is also shown for reference. Values
throughout the slope and horizontal section increased rapidly. The peak value at each sensor
in the 30° slope was low because the original piezometric levels were low just prior to the
rapid slide. On the other hand, piezometric levels in the lower part of the 10° slope, and in the
horizontal layer, were higher than in the upper part of the slope and the peak occurred at the
connecting point at the downslope end of the 10° slope. Small oscillations (1-2.5 Hz) in
waveform were observed at sensors G-1, G-3, and G-5 in the 30° slope, where the soil layer
slid down parallel to the slope. The other sensors showed no remarkable cyclic fluctuations.
Iverson & LaHusen (1989) reported a generation of a 1 Hz fluctuation in a 10 m long slope
failure experiment. The small pressure increase in the upper slope was likely to have been
caused by the soil shearing, whereas the higher pressures in the horizontal layer and the lower
part of the slope were likely caused by a mix of soil compression and shearing by the sliding
mass. High pore-water pressures also developed outside of the landslide mass due to the
compression induced by the landslide mass, as shown by G-11.
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Figure 7 - Model slope and location of sensors (after Moriwaki et al., 2004).
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Figure 9 - Fluctuation of piezometric Figure 10 - Fluctuation of pore-water
levels during the slide (D-3; surface pressures at 60 cm depth throughout the soil
displacement, after Moriwaki et al., during rapid failure (after Moriwaki et al.,
2004). 2004).

The pore-water pressures inside the soil mass rapidly increased throughout the slope as soon
as rapid failure occurred. Figure 10 shows all pore-water pressure changes at a depth of 60
cm. Pore-water pressures in the 10° slope (kp-8, kp-11) and the horizontal section (kp-14)
responded sequentially starting from upslope. On the other hand, those in the 30° slope (kp-2,
kp-5) reacted late and pressure at the top of the slope decreased after the soil moved
downslope. From the time sequence of pore-water pressure increase and the deformations
observed, it is inferred that shear deformation appeared at first near kp-8, and then extended
gradually downwards and upwards. The smaller tendency of pore-water pressure in kp-2
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might be the result of the extensive deformations and the unsaturated state. Most pressures
peaked at 1-2 s after the slide started and then receded slowly.

7.Conclusions

Iverson et al. (2000) conducted large-scale experiments under closely controlled conditions to
isolate the effect of initial soil porosity on landslide style and rate. They found landslides with
differing porosities displayed sharply contrasting dynamics. Landslides with initial porosities
> critical porosity, failed abruptly and accelerated within 1 s to speeds > 1 m/s. The
landslides with initial porosities indistinguishable from the critical porosity displayed
inconsistent behaviour, including slow slumping of a single soil block, episodic slumping of
multiple blocks, and moderately rapid (~0.1 m/s) slumping. Data from the experiment with
dense soil implied failure geometry similar to that of the loose soil but revealed markedly
different landslide dynamics. On average, motion of the landslide with dense soil proceeded
about 300 times more slowly than motion of the landslide with loose soil.

Wang & Sassa (2001, 2003) conducted a series of tests on silica sand to investigate the effect
of initial dry densities on pore-pressure generation and failure behaviour of a landslide mass.
They observed different types of failure modes and divided each failure type into four
periods: Wetting, Precursory slides, Major failure, and Successive movement. Each failure
mode was greatly affected by the initial density in these series of tests. In presenting a time
series for pore pressure and sliding distance, they found that high pore pressure was built-up
after, not prior to, the initiation of failure. In the analysis of the relationship between pore-
water pressure build-up after initiation, the major failure and the motion of failed landslide
mass, they plotted the excess pore pressure build-up after onset of failure (Au), against the
initial density index (I4) for each test, and found that there was an optimal density index (Igm)
at which Au reaches maximum.

Eckersley (1990) concluded that the build up of pore pressures might be affected by shear
deformation, dissipation, thickness of mass overlying the sliding surface, and other factors
that were, as yet, unclear.

Lourenco et al. (2006) found that variations in permeability can greatly influence the failure
onset. Seepage erosion was found to dominate failure if the lower layer was coarser, while
retrogressive failure of the upper layer was the most relevant failure mechanism if the lower
layer was finer.

During failure in a full-scale landslide experiment, Moriwaki et al. (2004) observed rapid
increase of subsurface water pressure in the slope and horizontal soil layers. It was inferred
that the increased water pressures in the upper slope resulted from collapse of the loose soil
structure during shearing in the translational slide, whereas those in the lower portion of the
slope and horizontal sections resulted from a mix of soil compression and shearing by the
sliding mass.
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2.2.2 Results of flume experiments on saturated clays (CNRYS)

Small-scale landslides are triggered in the laboratory by means of flume experiments to gain a
better understanding of the failure behaviour of clayey slopes (Spickermann et al., 2009).
Tests are carried out on two different kinds of clayey material, clay from Zoelen, the
Netherlands and in the reworked (i.e. displaced and weathered) black marls of the Super-
Sauze landslide, France. The grain size distributions are given in Figure 11.
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Figure 11 - Grain size distributions of the ~ Figure 12 - Cross section of the flume device.
two materials tested.

1.Flume test apparatus and test procedure

The test apparatus is depicted in Figure 12. The inner dimensions of the flume are 250 cm in
length, 60 cm in height and 60 cm in width. The flume angle o can be changed for different
test requirements. The test apparatus boasts one transparent side. Images are taken at defined
intervals from this side, from the front or from the top. Displacements fields are computed
from correlation of multi-temporal optical images (CIV). Pore water pressure is monitored by
tensiometers. The tensiometers, developed and constructed in the Laboratory for Physical
Geography, Utrecht University, consist of a ceramic cup, 6 mm in diameter, which is attached
to a direct reading miniature pressure gauge. Water is permitted to infiltrate from the back at
the bottom of the slope using a pump to investigate the hydrological triggering, and a defined
top water level that is kept constant (upward constant head infiltration).

2.Analysis of flume test on Zoelen clay

The first experiment was carried out on Zoelen clay. Before the slope was built, the material
was mixed with water in buckets to obtain a homogeneous slope model with an initial water
content lower than the liquid limit. The densely packed slope model has a height of 40 cm, a
width of 60 cm, a length of 57 cm and a slope angle of 35° with respect to a horizontal flume
surface (o = 0°). The flume was tilted back with a flume angle of -21° (26-09-08), that gives a
total slope angle of y = 16°. After three days of drying, water infiltration was started (29-09-
08). After another two days, the flume was tilted to a = 11° (01-10-08), which gives a total
slope angle of y = 46°. Final failure occurred after an additional three weeks of water supply
(24/25-10-08).

Displacements in time are measured using two points on the slope surface (Fig. 13). Figure 17
presents the time displacement curves of the whole failure process (25 days). Only very slow
movements took place from 01-10-2008 until 24-10-2008, with displacements of about 5 mm
during that period. Then the movement velocity increases and final failure occurs. The time
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displacement graphs (Fig. 16) of the final failure event (Fig. 14) indicate that this takes place
in two stages, both on the 25-10-08, the first between 0:28 and 03:24 and the second between
5:20 and 7:20. Even if the movement along the slip surface in this phase is faster than the
movement before 25-10-08, it can be described as rather moderate. Figure 14 shows the slope
after failure on the 26-10-2008 including the final positions of the observed points A and B.
The whole failure process lasts about three weeks.

Pore water pressure measurements were taken at nine locations from the cross section in the
centre of the slope (Fig. 15). The pore water pressure measurements of all tensiometers are
presented for the whole test period in Figure 17. Only tensiometers T1 and T2, which are
located at the base, show positive values. Figure 16 gives the pore water pressures p measured
during the time of final failure of tensiometers T2, T3 and T6. An increase of pore water
pressures is not observed before final failure. The pore water pressures determined from
tensiometers T7 and T9 seem to decrease, which may be due to evaporation at the slope
surface. After final failure, pore water pressure measured by tensiometer T7 drops abruptly,
since it was located in the shear zone. The development of measurements by tensiometers T1
to T6 and T8 can be characterised by pore water pressure fluctuation.

Figure 13 - Initial test conditions and Figure 14 - Slope after failure, 26-10-2008,

observation points for the flume test on inclusive of final positions of observation
Zoelen clay. points A, B for the flume test on Zoelen clay.

In general, it is assumed that progressive failure is caused by the decrease of shear resistance,
i.e. the reduction of shear parameters, such as apparent cohesion due to suction. According to
Petley et al. (2005), small displacements in the first part of the failure process are caused by
microcrack formation. Even if the microcracks weaken the slope slightly, it is still in a stable
state. Shear surface formation starts when the microcrack density reaches the point at which
interaction between them begins. Petley et al. (2005) propose that during this early phase of
shear surface development, a reduction of pore pressure can stop the deformation. It is
assumed that pore water pressure fluctuation supports the development of microcracks and
further the formation of a slip surface. The acceleration to failure in the time displacement
curve starts when shear stress exceeds shear strength. From this point, pore pressures become
increasingly unimportant in causing further deformation. To summarise, pore water pressure
fluctuation together with initial and ongoing microcracking and gradual reduction of suctions
in the clay could be responsible for a progressive initiation of failure.
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Figure 16 - Time displacement  Figure 17 - Time displacement curves of points A and B
curves for the last failure phase in  at the slope surface of the flume test on Zoelen clay and

the Zoelen clay test; tensiometer pore water pressure measurements during the whole
pore pressure measurements of experiment.
T1, T2 and T3.

3.Analysis of flume test on black marls

A series of tests is carried out on reworked Callovo-Oxfordian black marls of the South
French Alps, a material that is highly prone to hydrologically triggered landslides (Malet,
2003; Malet et al., 2007). One of the first preliminary experiments was performed on dry,
loosely packed material. Slope dimensions were 23 cm in height and 90 cm in length.
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Figure 21 - Position of tensiometers in the Figure 22 - Pore water pressure
middle cross section of the slope. measurements of tensiometers T4, T5, T7, T8
and T9 during final failure (time period: 10
h).

Water infiltration started when the flume surface was horizontal on 13-03-2009. The flume
inclination was increased gradually to an angle of 18° until 18-03-2009 (16:00), which, when
combined with the slope angle of about 14°, generates a total slope angle of about 32°. Failure
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starts at the toe at the right side of the flume, as seen from the front, on 18-03-2009 at 21:45,
and it continues in the direction of the crest. The slump development is displayed in Figure
18. Failure occurs as sudden multiple superficial slides, with subsequent slow movement of
the whole failure mass. The total time span of the failure event is about 8 hours, and the
failure process can be characterised as retrogressive slumping. However the behaviour at the
beginning of failure is not clearly identified. It is supposed that a first slip surface (slump 1) is
formed due to seepage at the toe.

Vertical layer Flume Material parameters
of gravel
initial dry density pgin [g/cm?] 1,72
3‘:]::‘” e _\': density of saturated soil py [g/cm?] | 2,04
level ' -~ initial water content wi,; [%] 18,6
Wi woid ratio [-] 0,58
st Slope :
b porosity [-] 0,37
Drainage
Dimensions
4L|:|—'= height = 23 cm
- width =60 cm
= length = 65.5 cm
— g
ol
Pump
Figure 23 - Scheme of water circulation used  Figure 24 - Initial material parameters used
in flume and centrifuge tests (Spickermann et in flume tests on black marls.
al., in prep.).

Another preliminary experiment was performed with a relatively high initial water content
and low density (Fig. 19, Fig. 20). The development of pore pressure of selected tensiometers
is depicted in Figure 22 in a time period of 10 h, and compared with the displacements. TS,
T8, T9 show an increase in pore pressure before movement begins. It is believed that such a
failure is induced by boundary effects, e.g. preferential flow between the slope material and
the back panel of the flume.

After a couple of tests, the model setup was improved to have a more uniform water
infiltration from the back by using a gravel pillar (Fig. 23). Furthermore, initial test conditions
have been fixed, such as the geometry of the slope, density and water content (Fig. 24). The
initial water content is equal to 18.6%, which is higher than the optimum water content and
lower than the liquid limit.

Figure 25 shows the final state of one of the tests using the fixed parameters (Spickermann et
al., in prep.). After several hours of water supply, the movement starts with the development
of a first failure surface that is indicated by fissure number 1. The tensiometers show an
increase in pore water pressure until about 20/03/2010, 3:30 (Fig. 26). These measurements
suggest that slope saturation, or the loss of apparent cohesion, contributes to the initiation of
failure, i.e. to the development of tension crack 1.
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Figure 25 - Flume test model from above  Figure 26 - Time pore water pressure curves of
after failure and location of tensiometers; tensiometers T1 and T2 starting from 19/03/2010
A-F: observation points; 1-6: failure at 15:30 (Spickermann et al., in prep.).
development; T1-T2: location of
tensiometers (Spickermann et al., in

prep.)

2.2.3 Results of flume experiments on pyroclastic soils (AMRA)

Extensive areas of the Campania region in South Italy are subjected to rainfall-induced
landslides, some of which evolve into flows. These phenomena occur in unsaturated air-fall
pyroclastic deposits, which mantle the steep slopes of Apennines surrounding Vesuvius. A
series of tests on small-scale slopes have been carried out at the Geotechnical Laboratory of
the Department of Civil Engineering, Second University of Naples, where an instrumented
small-scale physical model 2.2 m long and 0.5 m wide has been built in order to investigate
the mechanics of such landslides (Damiano, 2004; Olivares et al., 2009).

The research has been addressed to investigate the response of the slope to rainfall, which can
be reproduced by a system, which allows imposition of different rainfall intensities. The
apparatus is heavily instrumented in order to capture all of the fundamental mechanical
aspects of the slope behaviour, and to assess the role played by single factors, such as
geometry, initial and boundary conditions and soil properties, on the mechanics of rupture.
The instrumentation allows measurement of any changes of soil state (such as water content,
porosity), state of stress (matric suction, pore pressure) and displacement pattern. Volumetric
water content is measured through a TDR probe, while porosity is determined indirectly,
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during the first infiltration stage, from measurements of settlements at ground surface. The
pore pressure is measured by micro-transducers, i.e. tensiometers, and pore pressure probes
installed at the base of the slope. The displacement field is obtained through laser transducers
and video-cameras. During the early post-failure phase, monitoring enables measurement of
excess pore pressures induced by rupture and early post-rupture soil deformation (liquefaction
and, eventually, fluidisation). Miniature pore pressure transducers and high-definition mobile
video-cameras have a prominent role in achieving this. Details of the instrumented flume can
be found in Olivares et al. (2009) (Fig. 27).
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Figure 27 - Sketch of the instrumented flume.

In order to investigate the role of the void ratio on the mechanics of failure, a number of tests
have been performed on homogeneous ashy layers reconstituted at different initial porosities:
the results are illustrated in the two following sections, distinguishing tests on loose layers
from tests on dense layers. In the context of small-scale experiments on 10-20 cm thick
slopes, the definition “dense (or loose) soil” has to be interpreted with reference to the low net
stress states applied.

The small-scale slopes have been reconstituted by a moist-tamping technique (Olivares &
Damiano, 2007). The adopted thickness/length ratio smaller than 1/10, allows consideration
of the experiment as though it were being conducted on an infinite slope, since this represents
the most frequent case in the concerned area. Slope inclination was, in all cases, set to 38°-
40°, slightly larger than the friction angle of the saturated soil (38°). A boundary condition
with an impervious bottom was reproduced (allowing investigation of a typical scenario
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characterised by the presence of a less pervious layer at the top of fracturated limestone),
while a geotextile drain was placed at the toe of the slope, in order to let free water outflow
when soil approached saturation. With the exception of two experiments (FL21 1 and
FL22 2), all the tests were carried out under uniform and constant rainfall until the
occurrence of slope failure. A summary of the experimental programme, including tests on
layered deposits, is reported in Table 1, including the geometry, initial conditions and the
intensity of artificial rainfall.

The experiments have been conducted on pyroclastic soils that have repeatedly been
responsible for the development of catastrophic landslides, taken from Cervinara (Olivares &
Picarelli, 2003), Monteforte Irpino (Papa et al., 2008) and Bracigliano, north-east of Naples.
The properties of these soils are reported in section 1.1.1.

Table 1 - Test conditions.

Test Saoil Geometry Initial conditions
o L h w n S, (uz-uy) i
[] [m] [m] [%] [%] [kPa] [mmvh]
FL1 40 1.00 0.08 0.18 62.6 27.9 70.0 20
FL2 40 1.00 0.08 0.30 70.8 32.0 53.0 20
FL3 40 1.20 0.12 0.25 67.7 31.1 57.0 40
FL4 40 1.20 0.10 0.30 70.0 33.4 32.0 40
FL5 40 1.20 0.10 0.32 63.2 484 29.0 40
FL6 . 40 1.00 0.09 0.35 69.0 40.9 20.0 40
————— Cervinara
FL7 40 1.00 0.16 0.31 711 33.2 67.0 80
FL8 40 1.10 0.10 0.30 704 32.8 70.0 60
FL9 40 1.10 0.10 0.37 73.1 35.3 59.2 60
FL10 40 1.10 0.10 043 65.0 59.6 51.7 60
FL11 40 1.30 0.12 0.41 727 30.3 - 60
FL12 40 1.00 0.10 040 69.8 45.0 55.3 60
FL13 Bracigliano 35 1.25 0.14 0.64 79.0 43.6 34.3 60
FL14 40 1.30 0.16 043 74.0 39.3 75.0 60
FL15 Cervinara 40 1.00 0.10 0.50 754 42.4 17.5 55
FL16 40 1.00 0.10 040 75.7 33.3 41.0 56
FL17 Bracigliano 38 1.20 0.10 0.52 774 39.6 62.8 40
FL18 40 1.40 0.14 042 75.8 35.4 54.0 50
FL19 40 1.10 0.10 0.39 68.8 46.7 68.5 54
FL20 Monteforte 40 1.10 0.11 0.50 716 52.4 31.0 55
FL21_1 Irpino 40 1.10 0.10 047 76.1 39.0 38.0 50
FL21_2 40 1.10 - - - - 155 55
FL22_1 40 1.10 0.10 043 759 36.0 28.0 50
FL22 2 40 1.10 - - - - 15.0 45

1.Flume tests of inclined slopes of loose ashes subjected to rainfall infiltration to failure

The results of tests are summarised in Figures 28, 29 and 30, which respectively report:
suction at two different depths (in the middle and at the bottom of the layer) and settlement of
the ground surface (Fig. 28), pore pressure at the base of the slope and settlement of the
ground surface (Fig. 29) and rate of displacement at the ground surface (Fig. 30). The process
will be described by distinguishing three different phases: the first, from wetting toward
failure (t < t¢); the second, failure (t = t¢) and, finally, the post-failure evolution (t > t).
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During infiltration (t < t¢), the layer experiences a marked decrease in suction and exhibits a
large volumetric collapse due to the initial high porosity of the soil (Fig. 28). Indeed, all the
tensiometers recorded a strong decrease in suction (greater than 50 kPa in about 20 minutes)
while the infiltration front gradually moved from the ground surface to the base: this is clearly
shown by the delay of suction revealed by the devices located near the bottom (deep
tensiometers). In the very first phase, the volumetric strain is about 1% and remains almost
uniform, until the deep tensiometers measure a negligible suction decrease (At; in Fig. 28);
the collapse becomes increasingly severe when the deepest devices record an abrupt reduction
in suction (At in Fig. 28). Stability is still ensured during this stage, by the effect of suction
on the shear strength of soil.

Subsequently, a few minutes before failure (Ats), the superficial tensiometers reach small and
practically constant values of suction (about 2-3 kPa), while this practically vanishes at the
level of the deepest devices and the pore pressure transducers start to record a positive pore
pressure, testifying the presence of water ponding whose height increases continuously in the
time, giving rise to seepage parallel to the slope, up to failure (t = tf). At the same stage,
settlement readings indicate a significant volumetric collapse (about 8%) (Fig. 28). The
settlement is about 15 mm just before the onset of instability and the volumetric strain can be
estimated to be about 10%. Figure 29 shows the pore pressure measured at the base of the
slope. The onset of instability is marked by a clear discontinuity in the pore pressures. In fact,
after rupture (t > tr) a sudden increase in pore pressure appears for a few seconds in most of
the soil mass. In accordance with other authors (Eckersley, 1990; Wang & Sassa, 2001), this
occurs only after failure leading to a rapid acceleration of the soil mass.
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Figure 28 - From wetting to failure: typical response of loose ash deposits in the inclined
flume.
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Figure 30 - Post-failure evolution: typical response of loose ash deposits in the inclined
flume.

In the case of tests FL.8 and FL9, the excess pore pressure assumes a high value, close to the
total stress, which should cause a complete loss of shear resistance. Subsequently, a reduction
in pore pressure is observed when the transducer is left partially uncovered by the soil.
Therefore, in order to correctly capture pore pressures up to complete fluidisation, the
transducers should be able to follow the soil mass during any movement.
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A representative scenario of the slope behaviour can be traced from the displacement field
obtained from the digital video-system. This is illustrated in Figure 30a, which shows the
displacement field immediately after rupture and in Figure 30b, which reports the evolution of
the displacement rate each 0.2 seconds. After failure, a sudden acceleration involves much of
the slope and, just few seconds after (t<t<3s), the rate of displacement (Fig. 30c) increases
from 0.001 m/s (after t = 0.22s) to over 0.3 m/s (after t = 2.8s). This result, together with the
sudden increase in pore pressure, is the experimental evidence of the establishment of partial
or fully undrained conditions, which leads to a flow-like movement (Olivares & Damiano,
2007).

2.Flume tests of inclined slopes of dense homogeneous ashes subjected to rainfall infiltration
to failure

Tests performed on ashy deposits reconstituted at an initial porosity lower than 70% reveal
some different features. Even if the first stage of infiltration is qualitatively similar to what
occurs in loose deposits, some different aspects can be observed. Firstly, by tamping the soil
with higher energy in order to reach the desired selected porosity, both permeability and time
to failure are affected. Comparing the results in terms of trend of suction during the test
previously shown (Fig. 28), which was performed on a deposit reconstituted at an initial
porosity of 73%, and the test illustrated in Figure 31performed on a deposit reconstituted at a
porosity of 65%, subjected to the same rainfall intensity (60 mm/h), it can be noted that the
advance of the wetting front is slower in the denser deposit, which requires a longer period of
rainfall to fail, despite an initially higher water content.

Moreover, the reduction in suction is not accompanied by a marked volumetric collapse: even
when a strong suction decrease interests the whole layer, settlements at the ground surface
indicate that the densest soil experiences only small strains. In contrast to the loosest soils,
only a small void ratio increase becomes apparent along the whole slope during the approach
of instability, as shown by negative displacement measurements reported in Figure 31,
probably associated with some dilation occurring at the base of the layer.
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Figure 31 - From wetting to failure: typical response of dense ash deposits in the inclined
flume.
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As in the case of loosest deposits before failure, a fully saturated condition is established at
the base of the slope but, pore pressures remain more or less constant at failure (Fig. 32).
Hence, the instability process is not accompanied by a reduction of shear strength along the
slip surface and the failure is followed by the evolution of a slide. In most cases, rupture is
characterised by successive superficial slips and subsequent movements do not display a clear
flow-like evolution. This is confirmed by the velocity of soil particles at the ground surface.
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Figure 32 - Typical response at failure of dense ash deposits in the inclined flume.
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The velocities of a point inside the sliding soil mass are compared in Figure 33 for both loose
and dense deposits. The different mode and type of movements is demonstrated clearly and it
can be noted, in particular, that loose deposits are characterised by a more rapid evolution of
downslope movement while movements in the dense deposits develop more slowly and
demonstrate, in some cases, intermittent movements typical of retrogressive slides. In fact, in
the case of a denser deposit, the detached soil mass moves with slower velocity, reaching a
value of 0.1 m/s and stopping after about 7 seconds; the soil moves again after the soil mass
behind it, which in the meantime reaches a failure condition, applies further compression.

3.Conclusions

Tests on homogeneous model slopes in volcanic ashes show that porosity influences both the
time of infiltration and the mode of failure. In fact, in all tests performed on loose soil
(porosity higher than 73%), failure developed in the whole layer, which displayed a clear
flow-like evolution; in contrast, in tests performed on relatively dense soil (porosity lower
than 69%), failure occurred only in the uppermost part of the slope, and any evolution into a
flowslide was not so evident.

In experiments performed on loose model slopes with an angle equal to the saturated friction
angle of the soil, failure occurred after an essentially drained wetting stage, the stability
conditions being ensured by the enhancing effect of suction on shear strength. When it is
dissipated, the slope fails and a rapid acceleration occurs as a consequence of a sudden
increase in positive pore pressure (static liquefaction). Both the high shear strain rate and the
maximum pore pressure recorded at the base indicate that the process evolves towards
complete fluidisation (Olivares & Damiano, 2007).

Conversely, tests performed on relatively dense soil show that the suction reduction is not
accompanied by volumetric collapse and the failure exhibits the features of a slide rather than
a flowslide.

Such data, in conjunction with the results of conventional and unconventional laboratory
triaxial tests on natural specimens (Olivares & Damiano, 2007), demonstrate that in situ void
ratios might enable discrimination between deposits, which are prone to liquefaction and can
give rise to catastrophic debris flows, and deposits whose post-failure behaviour would tend
to form a slide, giving rise to a potentially less catastrophic event. For typical thickness of
pyroclastic covers, thus accounting for the average state of stress, the critical void ratio could
be established as around 1.8, which is generally less than the natural void ratio of the most
air-fall deposits. However, further aspects, such as the probability of progressive failure,
should be accounted for in boundary value problems (Picarelli et al., 2008).

2.3 FAILURE MECHANISMS OBSERVED IN CENTRIFUGE TESTS

2.3.1 Results of centrifuge experiments on unsaturated sands (ETHZ)

1.Introduction
The physical modelling of landslide processes in the laboratory can potentially create well
documented, highly-instrumented case-studies of slope behaviour in which the material
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properties, initial state, and boundary conditions are all well defined. However, practical
constraints such as laboratory space, personnel, and large material quantities make full-scale
(or even slightly reduced scale) modelling prohibitively costly. However, the reproduction of
the process at a greatly reduced scale is widely acknowledged not to be fully representative of
full-scale behaviour due to the difference in stress levels between model and prototype
(Schofield, 1980; Take et al., 2004). If an model is downscaled by a factor N and subjected to
an acceleration field N times greater than Earth’s gravity, the gradient of body stresses within
the model will be similar to the prototype, ensuring similarity of effective stresses and
groundwater pressures at equivalent depths.

During raining over model slopes in centrifuge tests, seepage dominates in the movement of
water through the fills, implying that Darcy’s law holds for this case (Kimura et al., 1991). It
is generally accepted that the seepage velocity in the centrifugal field of Ng is N times that in
the gravitational field, as long as the identical material is used for the model and prototype
soil at the same void ratio (Goodings, 1984; Garnier et al., 2007). Since the intensity of rain
has the same dimension as the seepage velocity, the intensity of rain in the Ng field is N times
that in the gravitational field.

Several mechanisms have been investigated by researchers in centrifuges modelling of sandy
slope failures due to rainfall. Kimura et al. (1991) performed 21 tests on sandy slopes varying
the initial conditions of the soil in terms of water content and void ratio, the inclination of the
slopes and the rain intensities. Their tests indicate the occurrence of mainly two types of
failures; complete failure along a well-defined deep slip surface, where the wetting front has
already passed, and local instabilities at the toe after appearance of groundwater flow. Take et
al. (2004) and Lee & Bolton (2006) performed a series of tests to evaluate different triggering
mechanisms of slips and flowslides due to heavy rainfalls. The hypotheses that were explored
during these tests were static liquefaction and localised build up of transient pore water
pressures due to layering and significant changes in the inclination of the underlying lower
permeability layers.

In the following sections, the mechanisms of failure in sandy slopes observed in centrifuge
tests are reviewed and the parameters affecting these mechanisms will be explained.

2.Effect of initial conditions of slopes on the failure mechanism (based on Kimura et al.,
1991)

Kimura et al. (1991) carried out a series of centrifuge tests to investigate the stability of fills
subjected to heavy rains. They used an artificial mixture of 50% of Kanto loam with 33%
Toyoura sand and 17% crushed Toyoura sand, which was classified as SM. Their focus was
mainly on the effect of initial conditions of the fill such as the initial void ratio and water
content on some cases (case I, Figure 1) and the influence of rain intensity and slope
inclination in other cases (case II, Figure 2). All of the tests were done under a nominal
centrifugal acceleration of 50g. In case I, 11 tests (Tab. 1) were done on slopes of 45°
inclination and the rain was applied by 10 nozzles arranged in 2 lines with an intensity of 600
mm/hr, which is identical to 12.0 mm/hr in the prototype. While 10 tests (Tab. 2) were
performed for case II, with rain intensities of 2250, 1400 and 700 mm/hr (45, 28 and 14
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mm/hr at prototype scale, respectively) and the slope angle was 60°, 45° and 30° for the tests
conducted.

Sheets of filter paper were laid on the slope prepared under case II conditions to prevent
erosion due to rain. Pore pressure transducers and conductivity sensors were installed at
locations shown in Figure 2. Deformation features for the fills and movement of the wetting
front were recorded by photographing the models for both test cases I and II. The fills
described as complete failure in Tables 1 and 2, failed along a well-defined deep slip surface
and the description as local failure indicates local instabilities at the toe of the slopes.
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Figure 1 - Setup test for test case | (after Figure 2 - Setup test for test case Il (after
Kimura et al., 1991). Kimura et al., 1991).

Table 1 - Test conditions and results for test case | (after Kimura et al., 1991).
Initial condition Time

Test to Pattern
No. € ini W ini failure | of failure
Q)
Al | 175 | 279 - No
failure
A2 | 181 | 273 - No
failure
A-3 1.86 25.5 - Local
A-4 1.86 24 - Local
B-1 | 166 | 362 - No
failure

B-2 1.72 36.6 44 Complete
B-3 1.81 38.3 48 Complete

C-1 2 25.5 50 Complete
C-2 2.02 27.6 42 Complete
D-1 1.94 37.1 30 Complete
D-2 2 33.2 13 Complete
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Table 2 - Test conditions and results for test case Il (after Kimura et al., 1991).

Rain .
Test No. s?ol;il e( Sf) intensity fgillTrz t((;) Pattern of failure
(mm/hr)
E-60 (1) 60 35
2) 60 36.8 Complete failure
E-45 (1) 45 2250 (45)* 66
(2) 45 50.5
E-3(()2()1) 28 Zg Local failure
F-45 45 1400 (28)* 58 Complete failure
G-60 60 61.5 Complete failure
G-45 45 700 (14)* 250 .
G-30 30 400 Local failure

* Bracketed figures are at prototype scale
(The average initial void ratio e = 1.87 and water content w = 28.5%)

1 1
_ . 1.6 1.7 1.8
[nitial voids ratio Initial voids ratio

* Figures in the brackets represent
the prototype total rainfall.
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Figure 3 - Relationship between prototype Figure 4 - Effect of the initial conditions
total rain and initial void ratio (after Kimura of fills on the stability (after Kimura et al.,
etal., 1991). 1991).

The fills with higher initial void ratios failed at lower rain intensities (Fig. 3). When the initial
void ratios were similar, more rainfall was necessary to cause failure in the fills with lower
initial water content. Figure 4 shows that the zones of no-failure, local failure and complete
failure can roughly be established together with the contours of equal rainfall.

The movement of the wetting front was recorded by pore pressure transducers and
conductivity sensors. The responses of conductivity sensors and pore pressure transducers are
shown in Figures 5 and 6, respectively for test G-30. The increase of the conductivity for
sensor CS4, observed between 200 and 300 seconds, may reflect that the groundwater flow
developed after the wetting front reached the impermeable base.
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Evaluation of the static liquefaction and the effect of localised transient pore pressure as
mechanisms of landslides (based on Take et al., 2004 and Lee & Bolton, 2006)

Take et al. (2004) performed a series of tests on highly instrumented centrifuge models to
evaluate two candidates for the triggering mechanisms of slips and flowslides due to heavy
rainfalls. The two hypotheses that were explored during these tests were static liquefaction
and transition from slide to flow due to localised transient pore water pressures.

The soil used in the model fill experiments was decomposed granite. Index tests performed in
Hong Kong by the Public Works Central Laboratory on this material indicated that the soil is
a slightly clayey, silty, very gravelly sand (GEO, 1999) with a mean grain size of 1.1 to 1.4
mm and approximately 16% of relatively low-plasticity fines (plasticity index of 11-14%). To
reduce the unrealistic influence of large particles on the behaviour of the small scale fill
slopes, the fill material was first sieved to remove all particles in excess of 5 mm in diameter.
Proctor compaction tests indicated that the maximum dry density of the soil is 1.920 kg/m’
and is achieved at an optimum water content of approximately 11-12%.

3.Evaluation of the static liquefaction mechanism

Terzaghi (1956) referred to the phenomenon of sudden change of loose deposits of sand into
flows, due to a slight disturbance, as spontaneous liquefaction accompanied by substantial
shear strength reduction of the soil when subjected to undrained shearing. Static liquefaction
is widely described as the loss of strength of the loose contractive material and the consequent
conversion of the fill into a fast moving slide (or flow) (Knill et al., 1976, Olson et al., 2000,
Chu et al., 2003, Casini et al., 2010).

The speed of movement and permeability of any failing material could ensure that undrained
conditions pertain as soon as yielding begins. Laboratory tests indicate that dense soils dilate
as they begin to shear, whereas loose soils contract (Figure 7.a) (Schofield & Wroth, 1968).
For saturated specimens that compress, undrained conditions lead to effective stress paths
with decreasing shear stresses, and run-away instability is observed provided the yield surface
opens up in the outward direction of the hydrostatic axis. Thus, instability occurs inside the
failure surface. Instability is not synonymous with failure, although both may lead to
catastrophic events (Lade, 1989). For undrained conditions and compressive material, the
instability is self-sustaining and unconditional, i.e., it is not dependent on conditions outside
the soil element. Loose, fine sands and silts have relatively low permeabilities and small
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disturbances in load or even small amounts of volumetric creep may produce undrained
conditions in such soils, and instability of the soil mass follows. As long as the soil remains
drained, it will remain stable in the region of potential instability. When potential instability is
reached, the soil may not be able to sustain the current stress state. This stress state
corresponds to the top of the current yield surface as shown schematically in the diagram of
effective mean normal stress (p') versus deviatoric stress (q) (Fig. 7). Following this point of
maximum ¢, the soil can deform plastically under decreasing stresses. Figure 7 shows a
schematic p' versus q diagram in which the line connecting the tops of a series of effective
stress paths from undrained tests on loose soil provides the lower limit of the region of
potential instability. In the region above this instability line, the soil can deform plastically
under decreasing stresses. Experiments show that this line is straight. Since it goes through
the top points of the yield surfaces, which evolve from the origin, the instability line also
intersects the stress origin (Lade, 1993).

r
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Figure 7 - a) typical behavior of soils in shear tests b) Schematic diagram showing the
location of instability line (after Lade, 1993).

Figure 7.b also shows a region of temporary instability, which is located in the upper part of a
dilating zone. It is a region where instability may initially occur, but conditions allow the soil
to dilate after the initial instability, thus causing the soil to become stable again (Lade, 1993).
In drained triaxial compression tests, the fill material used by Take et al. (2004) was observed
to have a critical state angle of friction of 34°. When placed very loose, similar decomposed
granite fill materials have a well documented susceptibility to static liquefaction in saturated
triaxial tests (e.g. Ng et al., 2004). Undrained triaxial tests performed on very loose samples
of the Beacon Hill decomposed granite (relative compaction about 70% of Proctor optimum
compacted density, circa 0% relative density) indicate that the model fill material is similarly
collapsible with an instability line representing a mobilised angle of friction of 22°. Thus, if it
is maintained at this large void ratio of about unity while it becomes saturated, and if collapse
1s so fast that excess pore pressures can not dissipate, static liquefaction could occur at a stress
ratio much lower than the critical state (Take et al., 2004).

Rainfall infiltration was reproduced in the model test to investigate the mechanism of static
liquefaction by uniformly applying atomised mist in two rows of five nozzles placed just
above the soil surface (Fig. 8). The size of the nozzles was chosen to provide small droplet
sizes and to reproduce a continuous rainfall intensity of 250 mm/hr at 60g centrifugal

Grant Agreement No.: 226479 Page 63 of 196
SafeLand - FP7




[D1.3] Rev. No: 1
[Analysis of the results of laboratory experiments and of monitoring in test sites] Date: 2011-03-14

acceleration, representing a severe weekly rainfall in Hong Kong (4.2 mm/hr). To avoid
unintentional drying of the model during centrifuge testing, the experiments were conducted
in a sealed atmospheric chamber (Take & Bolton, 2002). As shown in Figure 8, a no-flow
boundary condition is provided on all boundaries of the model fill slope, with the exception of
the bottom right-hand corner, in which seepage water is allowed to spill to overflow once the
water level has reached the elevation of the toe of the slope. Pore water pressures are
measured using a network of miniature (7 mm in diameter) pore pressure and tension
transducers (PPTT) buried within the model fill at each of locations indicated by open circles
in Figure 8. The deformations of the model fill slopes have been measured by a new image-
based system of deformation measurement, which combines the technologies of digital
imaging, the image processing technique of particle image velocimetry (PIV), and close range
photogrammetry (White et al., 2003).
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Figure 8 - Static liquefaction model test geometry (after Take et al., 2004).

The model fill was slowly brought to the testing acceleration of 60 g in 10 g increments. As
the loose fill material becomes incrementally heavier, a cumulatively larger percentage of the
loose fill can no longer support this increase in total stress and rapidly decreases its void ratio.
As increments of ‘“gravity” are progressively turned on, the height of the fill above the
phreatic surface effectively becomes higher, requiring progressively higher capillary forces to
be developed if the volumetric water content is to be retained. As a result, the biggest pores
shed their pore water vertically downwards into the fill, creating an initial suction distribution,
which increases with elevation from a value of approximately zero at the toe to -25 kPa at the
crest (PPTT1 in Fig. 9b). Large settlements at the crest of the fill (Fig. 9¢) correspond to a
settlement of over 2 m at prototype scale and represent a vertical strain of 10%, when
averaged over the entire fill height. The high compressibility observed in these loading
increments indicates that the material in the entire fill slope is in a state on the normal
compression line. Therefore, it is impossible to have a looser slope at the current effective
stress levels (Take et al., 2004).

The fill slope was subjected to the equivalent of six weekly periods of rainfall infiltration
(Fig. 9a). As shown in Fig. 9b, the arrival of rainfall on the slope surface at time A destroys a
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significant portion of the soil suction very rapidly at the shallow location of PPTT1. The loose
model fill responds immediately to this loss of surface tension, as the macro-voids, which had
survived self-weight consolidation, collapse. The resulting settlement of the bench above the
fill slope is purely vertical. Similarly, the loss of suction in the region of static shear stress
(i.e. beneath the sloping portion of the embankment) also causes macro-voids to collapse,
with a significant down-slope displacement. Despite being subjected to an additional five
infiltration events of identical severity, the model slope was observed neither to achieve
positive pore water pressures nor to experience any significant additional deformation (Take
et al., 2004).

250 T T T T
200
150

100

Maodel rainfall intensity (mm/hr)

u, (kPa)

Displacement (mm)

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Elapsed time (seconds)
Figure 9 - Observed behaviour of static liquefaction model (after Take et al., 2004).

Although the fill has experienced instability, a flow failure has not been triggered by the
mechanism of static liquefaction. In triaxial tests on loose, saturated, samples of the same fill
material, static liquefaction was observed to occur when the model fill was unable to drain
during attempted volume reduction. The fill material in the model test remained very loose
near the surface, despite being subjected to an increased self-weight. It is likely, therefore,
that the difference in observed behaviour relates to the model fill slope’s ability to
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accommodate the wetting collapse through the compressibility and ease of migration of the
pore air. Thus, the unsaturated nature of the fill material, and the lack of groundwater
ponding, has eliminated the possibility of creating static liquefaction in this model (Take et
al., 2004).

The infinite slope analysis predicts that a 45° slope (such as the above mentioned model fill
slope) is potentially in danger of failure. However, due to the high compressibility of the fill
material, the model fill slope achieved an average angle of inclination of 33.5° prior to rainfall
infiltration. Here, as was observed in the model fill experiment, the unsaturated infinite slope
may experience instability but, if the voids can collapse, undrained failure will be averted and
the stress path remains inside the failure line (Take et al., 2004).

Accordingly, the mechanism of static liquefaction, although easy to reproduce in saturated
triaxial specimens, is much more elusive in physical models. Particularly, the unsaturated
nature of the fill material, and the lack of groundwater ponding, has eliminated the possibility
of creating static liquefaction in this model. The results indicate that CDG is too permeable to
develop a sufficient depth of the wetting front (Yeung, 2002) and then to turn into a flow, as
water can quickly drain out from the soil pores. In addition, static liquefaction is unlikely to
occur if the model fill is unsaturated and the bedrock is deep enough. Since the air in the
unsaturated voids is highly compressible, the model fill slope may exhibit wetting collapse
instead of undrained failure (Take et al., 2004).

However, Take et al. (2004) concluded that the non-appearance of an event in certain
circumstances can not be taken to mean that the event will never occur under any
circumstance. Therefore, the conventional understanding of static liquefaction in loose CDG
fill slopes can not be dismissed on the evidence of one centrifuge test. Furthermore, there is a
factor arising out of centrifuge testing that may indeed have militated against liquefaction.
Inertial events such as the duration of a pressure pulse due to soil collapse will take the form
toulse V(h/g). In centrifuge tests, fall distances h are reduced by factor N whereas
accelerations are increased by factor N. Accordingly, touse, model = tpuise, field /N. Diffusion
processes, such as the release of air or water from a collapsing void, have durations of the
form tgissipation « h/v where the flowrate v may be deduced from Darcy’s Law. As explained
before, v is increased by factor N and h reduced by factor N in a centrifuge test, so
t dissipation,model = Udissipation, field /N?. This means that the release of trapped pressure in a centrifuge
model, during a collapse event, will be greater in proportion than that found at full scale. This
problem is well-known in centrifuge earthquake liquefaction studies (Taylor, 1995). Two
corrective strategies are to slow down the rate of dissipation by a factor N by increasing fluid
viscosities by factor N, or to reduce pore sizes (i.e. grain sizes) by a factor VN. Further studies
on this point will be valuable in the clarification and classification of fast landslides (Take et
al., 2004).

4.Evaluation of the slide to flow mechanism due to localised build up of transient pore
pressures

An alternative hypothesis of the triggering mechanism of fill slope failures has been proposed
by Take et al. (2004) and Lee & Bolton (2006). Take et al. (2004) performed two centrifuge
model tests at 30g to investigate this transformation of initially slow moving slopes to
flowslides in both loose and dense fill slopes. The geometry adopted for both fill slopes is
presented in Figure 10.
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Figure 10 - Slide-to-flow landslide triggering mechanism model (after Take et al., 2004).

The intended triggering mechanism combines the two closely related pore pressure generation
scenarios of flow constriction and heterogeneity, thereby compounding the landslide risk.
Firstly, elevated transient pore water pressures will be generated at the toe as the inclination
change of the impermeable bedrock will constrict seepage flow. Water must be stored at this
location, and will be forced to seep through the fill material at the toe of the slope, thus
reducing the effective stresses at this critical location. The chosen soil profile for the model
fill also represents an idealised case of layering, in which the decomposed granite fill material
has been sieved and separated into its coarse and fine fractions and placed one on top of the
other to form a layered backfill. In this scenario, the layer is enclosed within the toe of the
slope, which is also notably the location of the flow constriction. The presence of the layering
in this model will reduce the intensity and duration of rainfall infiltration required for failure
(Take et al., 2004).

5.Fill slope with loose layers

The density of the fill material in the first layered slope model was intended to be
representative of tipped fill and was placed with only a minimal compaction effort. The
resulting layered slope is very loose, with an approximate relative compaction of 77%. As
expected, the loose model fill material experienced significant settlement due to increased
acceleration (Take et al., 2004).

The measured pore pressure versus time after the first arrival of the seepage water is plotted in
Figure 11. The local pore water pressure was observed to increase at nearly a constant rate
,reaching a maximum value of 16 kPa at point B in Fig. 11a. As intended, the rate of water
transfer into the toe region has exceeded the seepage velocity through the model fill, causing a
transient increase in pore water pressure at the toe. As this seepage front has been progressing
towards the toe, the slope has been slowly creeping. Image analysis performed on the images
prior to final acceleration of the failure (times B and C in Figure 11a), indicates that the toe is
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accelerating horizontally with an average velocity of approximately 6 mm/s (Fig. 12). The
observed displacement field over this time interval indicates that the surface of the model fill
i1s moving down-slope at a slower velocity. As the toe continues to accelerate horizontally, the
surface of the model fill accelerates towards the toe, with the velocity increasing (Fig. 11b).
When the fill material has finally come to rest, it has formed a low-angle run-out (Take et al.,
2004).

20 . : 8 . . : .
a Failure b
O Loose fill slope ) )
18 A Dense fil slope 71 pC
16}
GF
T 144
3 B
E L
€ 12t g 2
ﬁ =
]
2 10} 4
: :
g i a
g o sf
o
6F
oL
al
1k
2F
A
% 0 5 10 15 20 : 5 10 15 20

Time (s) Time (s)

Figure 11 - Observed behaviour of slide-to-flow models (after Take et al., 2004).
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6.Fill slope with dense layers
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The experiment was repeated with a fill compacted to 95% maximum Proctor density, whilst
keeping all other factors constant. After introducing the seepage water to the crest of the fill it
was quickly transmitted to the toe of the slope, building up localised transient pore water
pressures at an identical rate to the loose fill model (Fig. 11a). The dense slope exhibits a
much stiffer response to the build up of pore water pressures, with less than one half of the
pre-failure displacements indicating the onset of failure. Just before reaching the failure pore
water pressure, the brittle fill material cracked and water rapidly entered the fill. As high
pressure water entered this crack, the acceleration of the slide increased. After time B, the
slope mass is observed to accelerate, albeit at a slower slide velocity than observed in the
loose fill slope (points B-C on Fig. 11b). More dense fill slopes will fail in a more
unpredictable, brittle fashion compared to the loose, ductile, fill slopes. The pore water
pressure required to trigger the failure has slightly increased (Take et al., 2004).

Lee & Bolton (2006) also conducted two centrifuge tests at 40g on Completely Decomposed
Granite (CDG) to investigate the potential importance of layering effects in a fill slope. The
geometry of both fill slopes is presented in Figure 13. The slope angle for the model slope is
35°, which is slightly higher than the critical state angle of friction. Infiltration was introduced
to the crest of the model slope from a water source located at the end of the model.
Presumably, water seeps through and builds up in the gravel layer. Pore water pressure is
expected to develop at the interface between layers and this will force the water to seep
through the fill material at the mid-slope and trigger a failure. The build up of transient pore
water pressure measured by PPT1 at the interface is shown in Figure 14.
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Figure 14 - Development of pore water pressure at the location of porepressure transducer
PPT1 in model slopes (after Lee & Bolton, 2006).

Failure was induced when layered fill slopes were subjected to seepage flow from a more
permeable layer (Fig. 15). The results indicate that shear failure can be developed when
transient pore water pressure is allowed to build up in a more permeable layer underneath a
fill slope, even though the top fill layer is compacted to a high degree (Lee & Bolton, 2006).

Figure 15 - Displacement ector field of the mid-slope of a layered model in Completely
Decomposed Granite (after Lee & Bolton 2006).

7.Summary and conclusions

Kimura et al. (1991) found that two types of failure appear when a fill is subjected to heavy
rain. One is the failure along a well-defined deep slip surface taking place in the areas where
the wetting front has passed. The other is the failure initiated in the toe areas, that develops
after the appearance of the groundwater flow on top of an impermeable base layer. They
observed that the downward movement of the wetting front takes place with a constant rate,
which is related to the rain intensity and has a shape similar to the geometry of the slope. The
fills with higher initial void ratios failed at lower rain intensities. In the case of similar void
ratios, more rainfall was necessary to cause failure in the fills with lower initial water
contents.
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Take et al., (2004) concluded that, in contrast to the static liquefaction mechanism obtained
from laboratory element tests, it has been easy to create the slide-to-flow mechanism of
landslide triggering by creating local groundwater mounds and hence increases in pore water
pressure and local reduction in effective stress where seepage was restricted. The initial slide
has been observed to create rapid flow events with low run-out angles, apparently very similar
to those occasionally observed in Hong Kong fill slopes. These model flowslides were just as
striking in dry, dense fill as in wet, loose fill. If these model events are realistic, the priority in
hazard reduction should be in preventing triggering of a slip. Interception of groundwater
percolation would be more useful as a remedial measure than densification, although the
removal, mixing, and compaction of loose fill would have the coincidental benefit of
eliminating permeable layers. Attention should particularly be focussed on regions of slopes
where springs of seepage are observed after rainstorms. Shallow horizontal drains would be
particularly effective in suppressing slip triggering in such locations.

Lee & Bolton (2006) concluded that shear failure can be developed when transient pore water

pressure is allowed to build up in a blind layer underneath a fill slope, even though the top fill

layer is compacted to a high degree.

2.3.2 Results of centrifuge experiments on unsaturated clays (CNRYS)

Real slope behaviour cannot be reproduced properly with small-scale model tests acting under
a gravity field at 1g. This is mainly because self-weight forces are the dominant load and the
material behaviour is stress dependent. In order to replicate the gravity-induced stresses of a
prototype in a scaled model reduced by 1/n, it is necessary to test the model in a gravitational
field n times larger than that of the prototype. This can be achieved through centrifuge model
testing. Experiments on black marls were performed at Ruhr-University Bochum using the
geotechnical beam centrifuge Z1 (Jessberger et al., 1988) (Fig. 16). After the slope model and
the measurement devices were installed (Fig. 17), the acceleration was increased to 50 g
during the consolidation phase that permits effective stresses to equalise in the model, to
represent the prototype case. The initial water content of the consolidation phase is equal to
12.3 %, which is almost equal to the optimum water content. This water content is chosen to
avoid large displacements or even failure during consolidation. However such an initial water
content leads to a very dense model with a very low hydraulic conductivity. As a
consequence, the saturation of the slope cannot be executed in a time period that is reasonable
for centrifuge testing. The water supply (hydrological trigger) is started after the consolidation
phase.

Slope failures occur if the initial water content is too high during consolidation (Figs. 18 &
19). The slope model fails before an acceleration of 50 g can be applied.
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Radius: 4125 m
Max. acceleration: 2509
Max. acceleration in test: 50g
Max. weight of model: 2t

Figure 16 - Geotechnical beam centrifuge Z1 (Jessberger et al., 1988) at Ruhr-University
Bochum.
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Figure 17 - Scheme of the model setup and measurement devices for the centrifuge tests on
unsaturated clay slopes at the Ruhr-University, Bochum.

Figure 18 - Start of the consolidation phase  Figure 19 - Failure that occurred during the
for unsaturated clay with an initial water consolidation phase for unsaturated clay with

content higher than the optimum water an initial water content higher than the
content (about 18%). optimum water content (about 18%).
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2.4  SYNTHESIS

It has been shown in the preceding chapters that laboratory tests have provided a firm basis
for understanding landslide triggering and have given a compact and useful overview of the
state of the art of laboratory testing, with respect to landslide hazards. The main methods
described within these chapters are flume and centrifuge experiments, covering a wide range
of soils, including clays, sands and pyroclastic deposits. While no laboratory test is fully
capable of replicating the natural environment in which landslides occur in every respect, they
prove a useful tool in so far as they are cheaper and easier to carry out than either full scale
experiments or long-term monitoring sites, and all variables may be controlled. To this end, it
is important to compare laboratory and field data, and both have been shown within this
deliverable to have been used well in conjunction.

The flume experiments have shown the state of the art with respect to triggering failure due to
rainfall infiltration into sands, clays and pyroclastic materials. Landslides in soils with initial
porosities greater than the critical porosity have been observed to fail abruptly with high
accelerations and a long run out, whereas those where the initial porosity is equal to the
critical porosity have inconsistent behaviour varying from slow slumping of a single block,
episodic slumping of multiple blocks to moderately rapid slumping. Dense sand exhibited a
similar slide geometry to loose sand, but slid at approximately 300 times slower velocities.
Tests in unsaturated clays show that high pore water pressure fluctuation, along with initial
and ongoing microcracking and gradual reduction of suctions are responsible for progressive
initiation of failure and eventual runout with low mobility.

Flume experiments in pyroclastic soils have shown that porosity influences rates of
infiltration and therefore the mode of failure. In loose pyroclastic soils, failure was seen in a
whole layer which translated into a flow slide. Failure was seen in dense pyroclastic soils in
the upper layers only, with no flow slide, and a reduction of suctions did not induce collapse
and failure, but promoted a slide rather than a flowslide.

Centrifuge experiments in sands have shown that 2 failure modes are observed in sand fill
experiencing heavy rainfall. Failure may occur along a well defined slip surface or at the toe
of the slope. The wetting front moved downwards, and the fills with higher initial void ratios
failed at lower rain intensities. Where the void ratios are lower, more rainfall was necessary to
cause failure in the fills with lower initial water contents. Centrifuge tests in clays have
proved difficult to prepare and run effectively, with the slope often failing before reaching the
target acceleration.

Grant Agreement No.: 226479 Page 73 of 196
SafeLand - FP7



[D1.3] Rev. No: 1
[Analysis of the results of laboratory experiments and of monitoring in test sites] Date: 2011-03-14

3 KNOWLEDGE OF SLOPE FAILURE MECHANISMS FROM
FULL-SCALE IN - SITU EXPERIMENTS

3.1 FULL - SCALE SLOPE FAILURE EXPERIMENTS IN COARSE - GRAINED
SOILS AND MORAINE.

1.Gruben

Two areas at about 2800 m above sea level (masl) at Gruben (Canton Wallis) were selected as
field test sites and instrumented for artificial rainfall tests in the summers of 1999 and 2000,
to investigate the hydro-mechanical mechanisms. One slope had an average gradient of 31°
and ~100 m” plan area (Field 1), and was used in both years. A steeper slope of 42° and
approximately 55 m” plan area was also instrumented in 2000 (Field 2).

The Gruben glacier overlies the gneiss or muscovite (mica) slates of the Fletschhorn
crystalline group, which form the oldest part of the (Pretriassic) Bernhard Plate. The moraine
from the glacier forefield is composed from these parent rocks, based on faulted muscovite-
rich gneiss or slate with some albite, chlorite and biotite present. When there is sufficient
melt-water or runoff from rain, a series of depressions have formed natural peri- and pro-
glacial lakes, and these constitute a major natural hazard. Excessive discharge has caused
regular overtopping of the natural barriers around the lakes. Hence catastrophic outbursts and
extensive erosion events have occurred. Five major glacier floods or debris flows were
documented for the village of Saas-Balen (Saas Valley, Wallis, Switzerland) during the 19th
and 20th centuries. The latest was in 1970 (Haeberli, 1992). Prevention measures against this
hazard have already been designed to control and disperse the flow through the lakes and to
provide sufficient additional storage to absorb peak flows (Haeberli et al., 1996). Construction
was completed in 1997 at a cost of 1.5 Mio SFr and has been very effective to date.

The field test sites were instrumented with devices to measure suctions and volumetric water
content, pore water pressures, rainfall intensity, and were provided with apparatus to create
artificial rain as uniformly as possible (Springman & Teysseire, 2001). The soil
characterisation tests included in situ and laboratory experiments on both saturated and
partially saturated samples to determine densities (maximum, minimum, in situ and optimum
- from standard Proctor compaction tests) together with permeability (saturated) as a function
of normal stress, void ratio and particle size. A series of bender element tests were also set up
to obtain shear wave velocity v (and hence small strain shear modulus) as a function of
maximum particle size, effective stress and void ratio, and to link results to the field
determination of compression wave velocity v, (Cortona, 2000) whereby v, = approximately
2(1 +v*)}0° v,~ 1.6 v (v’ = Poisson’s ratio).

The test field is located at ~2750 m above sea level (masl), below Lake 1. The moraine is
extremely heterogeneous with a significant range of particle sizes represented in the overlying
1-2 m on the slope. Seismic refraction, D.C. resistivity and gravimetry soundings were
performed during a former geophysical campaign (Vonder Miihll et al., 1996). The results
indicated a maximum thickness of nearly 100 m of moraine, with looser packing in a top layer
(low compression velocities v, = 400-600 m/s in the top 5 m at the site and v, = 700-1400 m/s
for the next 15 m and v, = 1100-1400 m/s over the next 80 m), whereas the underlying
moraine appears to have been well compacted with v, increasing with depth (Springman et al.,
2001, 2003). Resistivities from 2 to 10 kQm were obtained. Rock lies beneath the moraine
with v, = 4400-4800 m/s. Instabilities were expected to develop primarily in the surface
layers, where data relating to the in situ density and water content were obtained from an
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average of five sand replacement tests and nine neutron-gamma probe tests (Springman et al.,
2001).

Grain size distributions were determined from representative surface samples (originally 1-2
tonnes, from up to 1 m depth), taken adjacent to Field 1. Typical grain size distributions are
given in Figure la for unlimited maximum fraction and for three fractions extracted from the
“whole* sample and restricted to < 45 mm, < 16 mm, and < 2 mm. The fines content is
significant. These have controlled the permeability and some aspects of the shear strength.

A sprinkler system was constructed to supply controlled artificial rainfall, the intensity of
which was also measured. A base rate of circa 10 mm/h was supplied almost continuously for
one week in 1999, including peaks of between 30 and 40 mm/h. There were two unplanned
pauses, each for a few hours, early in the week when the water supply stopped. Rainfall was
supplied more evenly in 2000, but only for two days and two hours, with an average of 16
mm/h for the first day and 12 mm/h for the second day. It was noted (Teysseire et al., 2000)
that wetting during initial infiltration followed a steep hyperbolic path, as if along the main
wetting curve of the WRC from a nominally dry state, whereas pauses in rainfall caused an
exponential reduction of S, with time (along a hysteretic scanning WRC). On rewetting (also
along a hysteretic scanning WRC), resaturation up to the immediate past maximum S,
occurred significantly quicker than for the drying phase, whereupon further saturation
continued at the previous rate (main wetting curve).

Details of extreme rainfall events for the nearest climatic station in Simplon Dorf (1495
masl), [15 km east, which also has high rainfall amounts and intensities (Molnar, 2002,
private communication) are: (a) observed maxima for 2- and 7-day storms of 5-9 and 2-3
mm/h rainfall intensity respectively (both in 1977: period 1900-1980); (b) 500-year return
period: predictions for 2- and 7-day storms give 9 and 3-5 mm/h.

The artificial rainfall events exceeded any observed storms of that duration at Simplon and
have a return period greater than 500 years. This therefore provided a worst-case scenario.

A typical instrumentation plan is shown in Fig. 1(c). Time domain reflectometry (TDR) and
moisture point (MP) devices were installed for accurate measurement of changes in
volumetric water content (0,) and determination of S; in the top 20 cm and top 1 m
respectively. Suctions were also measured by tensiometers (T), although some difficulties
were experienced in the harsh alpine conditions, which led to the malfunction of a number of
instruments.
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Figure 1 - (a) Grain size distributions; (b) view of the moraine slope field 1; (c) plan of
instrumentation field 1/1999 (after Springman et al., 2001).
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A continuous water supply was created by pumping from Lake 1, so that artificial rainfall
could be simulated on a slope over a test field area of approximately 100 m?. Intensities
varied between approximately 10-30 mm/h, depending on the local wind conditions,
corresponding to an extreme rainstorm. It is known that there are differences between
artificial and natural rainfall, so response was also to be monitored following the artificial
storm. Several smaller, but nonetheless significant, natural events were recorded. The
duration of the test was 7 days with a total amount of rainfall of approximately 1.9 m,
followed by a further 42 day period (Field 1/1999).

In year 2000, both test fields were to be subjected to a lower rainfall intensity (actually
between 8-22 mm/h) over a longer period, with calibration of response from 1999 to 2000
from using the same Field 1 (but with slightly less instrumentation). However after ~2 days
(Fig. 2), the 42° slope failed, and the tests were stopped. The common water supply system
led to slight variations in rainfall, but these were in phase with each other, so that the rainfall
distribution was similar for both fields.
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Figure 2 - Rainfall intensity for 2000 (after Springman et al., 2001).
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Figure 3 - TDR measurements (artificial rain): (a) Field 1/2000; (b) Field 2/2000 (after
Springman et al., 2001).
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Figure 4 - Immediate pre and post-rainfall event data: (a) saturation degree determined from
TDR and MP probes, fields 1/1999 and 1/2000; (b) suctions determined from tensiometers,
field 1/2000 Gruben ((after Springman et al., 2003).

Figure 3a shows four sets of TDR measurements (TDR 1, 2, 3, 4) over 2 days of intense
rainfall (field 1/2000), during which the degree of saturation in the surface layers increased
from ~60% to around 75-88%. The degree of saturation did not reach an asymptotic value
over 2 days. Suctions were also measured at three depths between 0.16 m-0.4 m. Data of pre-
and post-rainfall event values of suctions are also plotted with depth for Field 1/2000, and are
assumed to represent typical suction response (Fig. 4b). Since the beginning of the rainfall,
suctions reduced most quickly in the shallower layers, from roughly —30 kPa to a minimum
value of —4 kPa (Fig. 4b). The reduction in suction is particularly important given the
accompanying decrease in effective stress, and hence mobilised shear strength. Data from
1999 and 2000 show in Figure 4a that initial values and increments of S; are similar for both
years.

Figure 3b shows three sets of TDR measurements (TDR 8, 10, 11) over 2 days of intense
rainfall (field 2/2000), the qualitative response is similar to field 1 (Fig. 3a). Higher values of
S; (~95%) have been reached when the failure occurred. The data suggest that when S;> 90%,
occluded air bubbles may have inhibited further saturation for field 1. These data highlight the
role of suction in the stability of the moraine slopes. The suctions experienced by these soils
are relatively small; nevertheless, suctions greater than 4 kPa appear to be sufficient to
maintain slope stability. Instability occurred in the steepest slope only when S, approached
0-95, corresponding to small, although still positive, values of suction.

Soils existing on steep slopes have experienced a highly anisotropic stress path (Zhu &
Anderson, 1998). Therefore preparatory stress paths plotted in deviator stress q (= o} - 63) and
mean effective stress p’ (=(c"; + 206'3)/3) space (Fig. 5a), where ' and ' are the axial and
radial effective stresses as well as the principal stresses, have followed an initial isotropic
consolidation (IC) up to a value of p’j, and a further anisotropic consolidation (AC) phase to a
principal stress ratio (c'i/ 6';) of 2-5 (described by o', G'3a, qa and p’s). Shearing to failure
(F) was achieved by decreasing p’ as q was maintained constant: ¢'; and c'; are reduced at the
same rate (0.5 kPa/h) until failure is reached (c'ir, 6'sr, qr and p’r: Fig. 5a). This models the
expected loss of p’ due to a net increase in pore pressure without change in the total stresses.
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The gradient M of the critical-state line drawn in q— p’ space, through the failure state of the
three tests, is 1:59. This may be used to deduce a value of ¢’=39° at failure. As p’ reduces, €,
increases (Fig. 5b). The stiffest response occurs due to unloading from higher initial stress
states, whereas the initial volumetric response indicates a small degree of dilation.
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Figure 5 - CSD triaxial tests, Gruben moraine: (a) stress path data; (b) axial and volumetric
strain against mean effective stress (after Springman et al., 2003).

Prediction of an ‘apparent cohesion’ term has been made by Springman et al. (2003), adopting
a factor of safety equal to unity and describing this by two different assumptions for the
mobilised shear strength at failure. Field shear box data have been used to determine
parameters for a Mohr—Coulomb analysis assuming the effect of suction is modelled by this
apparent cohesion, which depends on the saturation degree. Alternatively, suction may be
estimated from the saturation degree at various depths and included in a shear strength
envelope, which is dependent on suction and saturation degree. Despite the simplicity of the
analyses and extreme heterogeneity of the moraine, it was found in both cases that the factor
of safety reduced almost to unity at depths of between 0.2 to 0.5 m for the 42° slope, as had
been observed from the field test.

2.Riidlingen

A landslide triggering experiment was carried out near Ruedlingen in North East Switzerland
in autumn 2008 and spring 2009 to replicate the effects of a heavy rainfall event from May
2002, in which 100 mm rain fell in 40 minutes (Fischer et al., 2003), causing 42 superficial
landslides. The slope was subjected to extreme rainfall by artificial means in October 2008
over a period of 4 days, with a rainfall intensity of 15 mm/h for the first two days and an
intensity of 30 mm/h for the last two days. The sprinklers were distributed at constant spacing
along the central line of the slope. Some surface movements were detected during this
extreme event, although failure did not occur. Subsequently, a range of measures was
implemented, such as relocating the distribution of the sprinklers to provide more rainfall to
the upper part of the slope, so that a failure mechanism was triggered in March 2009,
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incorporating about 130 m® of debris (Springman et al., 2009; Casini et al., 2010; Askarinejad
et al., 2010).

The experimental area selected is located on an east facing slope on the banks of the river
Rhine. The altitude is about 350 masl. The average gradient was determined using a total
station theodolite to be 38° with maximum of 43° in the middle of the slope. The surface is
slightly concave; the middle longitudinal line is 0.3 to 0.5 m lower than the sides, except that
the slope drains marginally to the north at the bottom.

The experimental slope was originally covered by forest, with covertures of circa 80%,
atheights of 5-20 m. Shrubs up to 1-5 m high and a free herb layer each cover circa 50% of
the surface. The preliminary root reinforcement was quantified by Schwarz & Rickli (2008),
using measured distribution of the roots, standard models and samples for small field tension
tests.

The site is located in the Swiss lowlands. The bedrock consists mainly of Molasse, which is
the sediment that was deposited in the foreland basin of the Alps. The Molasse consists of
alternate layers of sea deposits under the Tethys Sea (Seawater Molasse) and land deposits
(Freshwater Molasse). Several augured samples as well as an outcrop of the bedrock about 20
m above the selected field revealed horizontal layering of the (fine grained sand- and
marl/mudstone) sedimentary rocks at the experimental slope (Tacher & Locher, 2008). The
saturation and drainage characteristics of a slope may exert a major control on the prevention,
or triggering, as well as the shape of any failure. Depending on the efficiency of preferential
flow, and on how this flow is initiated, soils saturate differently (Kienzler & Naef, 2008).
Therefore, infiltration characteristics at the Ruedlingen experimental slope were evaluated
with combined sprinkling and dye tracer tests (Springman et al., 2009). The experiments
revealed a high infiltration capacity of the soil. No overland flow was observed during the
sprinkling at any of the three locations. After excavation, flow paths of the infiltrated water
were clearly visible by the dye patterns (Fig. 6a). In all of the soil profiles, staining of the soil
was mainly homogeneous and little preferential flow was visible. The dye patterns showed
complete and homogeneous saturation of the whole soil profile with only little preferential
drainage and with perched saturation above the sandstone bedrock. These results confirmed
the high vulnerability of the slope to failure and led to expectations of a deeper-seated failure
above the transition to bedrock rather than a more surficial failure that is typical for many
rainfall-induced landslides (Springman et al., 2003). However, stained fractures below the
subsoil revealed that substantial drainage might occur into the bedrock, which could prevent
complete saturation and failure of the instrumented slope.

The behaviour of soil was investigated under saturated and unsaturated conditions. Soil was
collected from Test Pits excavated to different depths. The grain size distributions with depth
for TP 1 are shown in Figure 6b. The clay fraction increases with depth from 4% at shallow
depths to 10% at around 2 m. The silt fraction also increases with depth from 25% to 32%,
while the sand decreases from 67% to 56% (Fig. 6b). The clay is active in the upper part (I, >
1.25) and is normal below 1 m depth (0.75 <14 < 1.25). The soil can be classified as medium-
low plasticity silty sand (ML) according to USCS. The fines content played a significant role
in the behaviour of slopes, and on the mode of failure, because the strength, amount and rate
of infiltration, and therefore the change in degree of saturation were strongly influenced by
this.

The results for isotropic consolidation — standard drained compression (CIDC) and undrained
(CIUC) triaxial tests, plotted all together in the [1-[J (where [lq =2/3(L, -L1;), L=q/p’; Lla
=[lh/h; Ty =-00V/Vy; [ =( [y - [13)/2; q=[11-[03; p’=([11+213)/3-u) plane (Fig. 7a), were
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exploited to detect a possible critical state stress ratio. In spite of the data variability, typical
of natural samples, a value of ncs = 1.30, corresponding to a critical state friction angle of
about 0’cs = 32.5°, seems to represent the critical state conditions for this soil fairly well. The
only exception is noted in test TX4 (Fig. 7a), which was carried out at the lowest confining
pressure (Fig. 7b), in which disturbance and low stress conditions may cause some variability.
The entire set of stress paths followed by the soil elements in the standard tests is summarised
in Figure 7b, where the assumed critical state line (CSL) is drawn (Casini et al., 2010).
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p'-g plane (after Casini et al., 2010).

Figure 8 shows 3 sets of TDR measurements over 16 hours of intense rainfall in March 2009,
when the distribution of the sprinklers was relocated to provide more rainfall to the upper part
of the slope, during which time the volumetric water content of the surface layers increased
from ~25% to around 55%. Pore water pressures were also measured at six depths between
0.15 m - 1.5 m. Since the beginning of the rainfall, negative pore water pressures reduced
most quickly in the deeper layers, from roughly —7 kPa to becoming positive with a maximum
value of 9 kPa. The increase in pore water pressure to positive values (saturated conditions) is
particularly important given the accompanying decrease in effective stress and hence
reduction in mobilised shear strength that may lead to failure. A slope stability analysis was
performed using the same approach as Springman et al. (2003) but extended to a laterally
limited rectangular slide. A critical depth of z = 1.12 m is obtained for a pore water pressure
of -2.9 kPa. All the other depths investigated needed less suction for a safety of factor FoS =
1.The approach used is quite simple with all the limitations of limit equilibrium analyses. But
it can be applied to predict the zone of potential failure, which in the field experiment was
located at a depth z ~ 1.25 m. The pore water pressure mobilised at failure was higher than the
critical value determined here. This is due to a more complex response of the soil in
comparison to the simplified hypothesis of limit equilibrium analyses (Casini et al., 2010).
The slope before and after failure is shown in Figure 9 (Springman et al., 2009).
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Figure 8 - Tensiometer, TDR measurements, rain intensity with time, March 2009 in
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Rudlingen.

igure -Ulige sloe: efore and after failure on 17" March.

3.2 FULL-SCALE SLOPE EXPERIMENTS IN FINE GRAINED SOILS (CNRS)

This section summarises the knowledge gained from hillslope hydrology experiments whose
objectives were to understand the mechanism of water infiltration (Darcy matrix flow,
preferential flow in fissures and macropores) in the topsoil of two landslides developed in
black marls (Super-Sauze mudslide, Laval landslide). The two landslides are characterised by
different initial hydrological conditions: nearly saturated conditions for the Super-Sauze
landslide and unsaturated conditions for the Laval landslide (Figs. 1 & 2). A multi-technique
approach was set up to monitor soil deformation (DGPS, terrestrial laser scanning) and soil
hydrology (e.g. groundwater level measurements, soil water content monitoring, chemical
tracer analysis (chlorure and bromure), seismic tomography and Electrical Resistivity
Tomography -ERT-, Travelletti et al., in press).
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Figure 1 - Hillslope hydrology experiments on the Super-Sauze mudslide: topography of the
rain experiment area with the ERT--seismic surveys and the position of the piezometers.

The objective of the hillslope hydrology experiments is to understand the hydrological system
of the landslide better and to quantify the impacts of preferential flows on the hydrological
behaviour. This section presents a summary of the water movement analysis based on the
interpretation of Electrical Resistivity Tomography monitoring (ERT), using a time-lapse
inversion approach. The specific objectives are: (i) to characterise the spatial and temporal
development of the water infiltration front and the subsurface flow in the soil and, (ii) to
identify the time when the conditions of steady-state flow (e.g. constant water flow rate) is
reached.
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Figure 2 - Hillslope hydrology experiments on the Laval landslide: (a) Photograph of the
Laval landslide. The rain experiment plot and the location of the ERT line are detailed. (b)
Cross section of the landslide. (c) Monitoring equipment installed on the rain experiment plot.

1.Methods

The rainfall experiment was conducted on a representative plot of about 100 m* during
several days with a mean rain intensity of 11 mm/h. The artificial rain was produced using a
water pump and six sprinklers located along the borders of the experimental plots.

The ERT tomography lines crossed the central part of the experimental plots (Figure 1la, c;
Figure 2) and the ERT lines coincide with the centre of the experimental plot. The upstream
part of the ERT line (Laval landslide) and the extremities of the transversal ERT lines (Super-
Sauze landslide) are located outside of the artificial rain in an area called the ‘dry plot’. The
system features an internal switch-system board for 48 electrodes with 1 m inter-electrode
spacing. Thus the image resolution is expected to be high enough to image the global
development of water infiltration and subsurface flow in the slope. Hydrological processes
occurring at the centimetre scale are not detected with this electrode spacing. Three to six
stacks were systematically replaced for each quadripole in order to obtain a maximum
standard deviation of 3% for the repeated measurements. Data acquisition lasted
approximately 15 minutes; an acquisition was conducted every 1 to 3 hours. For the first
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experiment in Super-Sauze, a Wenner-Schlumberger configuration was applied because it
offers a good compromise in the signal/noise ratio. Then a Dipole-Dipole configuration was
used in the Laval landslide because the resistivity value measurements were more accurate
and there was low electrical noise of the surroundings (Rings & Hauk, 2009).

2.Data analysis: influence of temperature on the resistivity values

Soil temperature was monitored near the experimental plot along a vertical profile at different
depths to determine the effects of soil temperature on the resistivity values. The temperature
influences on the resistivity values were found to be negligible below 0.5 m in reworked black
marls (Figure 3), using the relationship proposed by Keller & Frischknecht (1966),
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Figure 3 - Maximum of relative resistivity variation caused by soil temperature changes. The
maximum in the relative resistivity changes are located above 0.5 m depth. Above that depth,
the inverted resistivity models are poorly resolved (less than % electrode-spacing).

3.Data analysis: approach used for time-lapse inversion

The apparent resistivity values were inverted using the time-lapse approach based on cross-
models implemented in the RES2DINV inversion software (Loke, 2006). Several types of
cross-models were used to estimate any errors in the inverted resistivity values. The Root
Mean Square error (RMS) and the stability through time of the inverted resistivity values
observed in the dry plot of the inverted models are used to select the best inverted cross model

(Fig. 4).
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Figure 4 - Inverted resistivity changes within the dry plot (149 nodes) and within the rain plot
(207 nodes) for six cross models groups “G”” for the data acquired in the Laval landslide
experiment.

4 Results: Super Sauze mudslide experiments (initially saturated conditions)

The signal/noise ratio is too low to detect an evolution of the infiltration front: the resistivity
changes in the rain plot are similar to those measured in the dry plot (Fig. 5). The variations
observed in the electrical resistivity are mainly due to the changes in water salinity. Water
runoff measured at the surface shows that a relatively small quantity of water infiltrated the
rain plot. This illustrates that the initial hydrological condition plays an important role in the
detection of resistivity changes in these environments.
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Figure 5 - Relative comparison of E2 & E1 (Fig. 1 for the location) to the reference before
the start of the rain experiment.

5. Results: Laval landslide experiments (initial unsaturated conditions)

The signal/noise ratio is better than in the Super-Sauze experiment. The clear response in the
resistivity values allows the timing of steady-state flows to be determined and leads to the
establishment of a conceptual hydrological model.

6.Determination of steady-state flow time:

The steady state flow time is strongly correlated with time of constant resistivity values
(validated by constant water levels observed in the piezometers) (Fig. 6). Steady state flow
conditions are reached 21 h after starting the rain. The topsoil is characterised by relatively
short times varying between 5 h and 15 h + 1 h while deeper locations mostly reached steady-
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state flow conditions after 20 h to 28 h+ 1 h (Fig. 6). More time is needed for locations
downstream outside the rain plot (30 h to 35 h+5 h) to reach steady-state conditions. This
time difference between areas outside and inside the rain plot strongly suggests the
development of subsurface lateral flow during the rain experiment. The steady-state flow
times are in agreement with the time when constant water levels are measured in the
piezometers. Two preferential flow paths could be detected near the abrupt change of slope
delimiting the landslide toe from the other part of the landslide body (Fig. 6). These flow
paths induce fast water infiltration until the weathered clay-shales / bedrock interface thus
leading to steady-state conditions after a short time of rain experiment (ca. 15 h =2 h). These
preferential flows are probably connected through the interface between the weathered clay-
shales and the bedrock. An apparent hydraulic conductivity value K of 1.7 10 m/s can be
derived, based on the determination of the steady state flow times and the average hydraulic
charge of the piezometers. This relatively high apparent saturated hydraulic conductivity
shows how fast the soil is draining the infiltrated water as soon as steady state conditions are
reached.

===+ Rain plot Dynamic penetration
A sxe+ Dry plot tests
==us Reworked marls-

Hlezometers bedrock interface

888 \ =L e S 7T T < M ———————
flow paths i i

| — Flow directions * Electrodes
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Time of constant resistivity values [h]

Figure 6 - Times to reach constant resistivity values. Two preferential flow paths are
suspected near the Laval landslide toe. The development of a subsurface lateral flow inside
the rain plot at depth is also suspected.

7.Conceptual hydrological model:

A decrease of resistivity (e.g. negative anomaly) is observed with time directly following the
onset of the rain (Fig. 7). This observation reflects the development of a wetting front,
progressing mainly vertically during the first 10 h of the experiment. The area located
downstream and outside the rain plot is then affected by a negative anomaly showing that a
lateral subsurface flow is developing. After 30 h of rain, this lateral subsurface flow may have
reached the Laval stream (Fig. 7). A conceptual hydrological model can be proposed based on
the time evolution of resistivity changes and the location of steady-state flow conditions
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inside the rain plot. The wetting front is estimated by the isovalue of -5% of the resistivity
change (Fig. 8).

o to-torsy: in the first hours of the rain experiment, the wetting front has already
penetrated the first metre of the top soil. The preferential flow paths located near the
landslide toe allow water to reach the bedrock interface rapidly;

e torsh—to+12n: vertical water infiltration is still dominant. Steady-state flow conditions are
reached in the topsoil. Consequently, the groundwater level observed in piezometer
BD stays at its maximal level. In the deepest piezometers CH and AC, the ground
water levels start to rise progressively. At the same time, water infiltration occurs on
the top of the landslide toe, probably supplied by surface water runoff coming from
the rain plot. In that area, the preferential flow paths are still draining water to the
bedrock depth, where steady-flow conditions are reached progressively. The wetting
front starts infiltrating downslope, showing the formation of subsurface lateral flow
that is draining water to outside the rain plot;

e toron—torish: inside the rain plot, steady-state flow conditions are progressing faster in
depth than outside the rain plot. The wetting front reaches the bedrock interface;

e tor1sn—tor2on: the surrounding soil of the preferential flow paths progressively entered in
steady-state flow conditions and the ground could be considered to be very close to
saturation. Consequently, subsurface lateral flow starts to develop inside the landslide
toe. Surface water runoff contributes also to infiltrating water at the toe;

e toroon—tor2sh: the entire rain plot is under steady-state flow conditions. Groundwater
levels remain at a constant level in nearly all piezometers;

o tor2sn—tor3on: the subsurface lateral flow may have connected the Laval stream. Steady-
state flow conditions are reached both in the landslide toe and in the rain plot.
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Figure 7 - Resistivity changes during the rain experiment on the Laval landslide with the
associated uncertainty. The development of subsurface lateral flows can be highlighted.
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Figure 8 - Hydrological concept of water infiltration during the rain experiment. In the first
hours, vertical infiltration is dominant, then lateral subsurface flows develop along the
landslide material-bedrock interface. Two preferential flow paths near the landslide toe allow
water to reach the bedrock in a short time after the beginning of rainfall. Areas characterised
with longer times to reach steady-state flow conditions are identified as marly blocks.
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3.3  SYNTHESIS

The reproduction of landslide processes at a greatly reduced scale is widely acknowledged not
to be fully representative of full-scale behaviour due to the difference in stress levels between
model and landslide. This problem is overcome by conducting full-scale experiments in the
field.

Two field test sites in moraine at Gruben (Canton Wallis), Field 1 with an area of about 100
m? and an average slope gradient of 31° and Field 2 with an area of about 55 m? and an
average slope gradient of 42°, were instrumented for artificial rainfall tests. Devices were
installed to measure suctions and volumetric water content, pore water pressures and rainfall
intensity, to investigate the hydro-mechanical slope response. In a test period in summer 2000
the 42° slope (Field 2) failed after two days of artificial rainfall, during which the degree of
saturation, Sr, increased to 95%. It was noted that the degree of saturation did not reach an
asymptotic value over 2 days. Suctions reduced in the shallower layers, from roughly —30 kPa
to a minimum value of —4 kPa, steeper than the internal angle of friction. It is concluded that
the reduction in suction is particularly important in the stability of the moraine slopes.
Suctions greater than 4 kPa appeared to be sufficient to maintain slope stability. Instability
occurred in the steepest slope only when Sr approached 0.95.

Another experiment was carried out in autumn 2008 and spring 2009 at a slope with an
average gradient of 38°, with a maximum of 43° in the middle of the slope, in coarse-grained
soils near Riidlingen in North East Switzerland to replicate the effects of a heavy rainfall
event from May 2002. Failure was triggered in March 2009 incorporating about 130 m3 of
debris. Measurements have shown that the volumetric water content of the surface layers
increased from 25% to 55%. Negative pore water pressures reduced most quickly in the
deeper layers, from roughly —7 kPa to becoming positive with a maximum value of 9 kPa. As
in the first example the increase in pore water pressure to positive values (saturated
conditions) is particularly important given the accompanying decrease in effective stress and
hence reduction in mobilised shear strength that may lead to failure. A limit equilibrium
analysis was performed to validate the results.

Two full-scale hydrology experiments that were performed in the topsoil of two landslides
developed in black marls (Super-Sauze mudslide, Laval landslide) are presented in order to
understand the mechanism of water infiltration (Darcy matrix flow, preferential flow in
fissures and macropores). The rainfall experiments were conducted on a representative plot of
about 100 m2 during several days with a mean rain intensity of 11 mm/h. Information, such as
infiltration times, flow velocities, apparent hydraulic conductivities obtained from those
experiments at a large scale are necessary to establish hydrological concepts for the hydro-
mechanical modelling and interpretation of hydrologically triggered failure processes.
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4 KNOWLEDGE OF SLOPE FAILURE MECHANISMS FROM
LONG-TERM MONITORING OF NATURAL SLOPES

41  SYNTHESIS OF MONITORED SITES ON COARSE-GRAINED SOILS AND
MORAINE (BOTH SHALLOW AND DEEP-SEATED, SATURATED AND
UNSATURATED) (ETHZ)

4.1.1 Tossegg, Canton Zirich

A grass covered test slope, with an average inclination of 27° in the North of Switzerland was
identified as being suitable for this experiment. In the area surrounding the slope, a series of
42 surficial landslides had occurred in May 2002 after a rainfall event, in which 100 mm rain
fell in 40 minutes (Fischer et al., 2003). Most of these slopes, consisting of weathered
sandstone, have been stable due to suctions, which have been reduced to a critical value due
to this extreme event. Many such failure events had been observed in the slopes along the
Rhine between the villages of Riidlingen and Eglisau, over the prior five years, characterised
by saturation of a relatively porous soil (weathered sandstone) layer (of around 1 m in depth)
and slip along a planar soil-rock interface (Thielen et al., 2010).

Prior to the design of the experimental setup, a combination of geophysical, geological and
geotechnical methods was applied during a multiphase site investigation (Thielen et al., 2005;
Friedel et al., 2006), which yielded a model of the subsurface (Fig. 1). Interestingly, the
investigations revealed a layered soil structure, with a less permeable layer overlying a more
permeable one, and this was found to influence the soil response quite markedly. A layer of
clayey sand, up to 1.5 m thick, overlies weathered sandstone (silty sand) just above the rock
surface. The sampling procedures are described in Thielen et al. (2005) and provide
information about the soil properties (grain size distribution, plasticity index, permeability
and density) for both soil types, which are summarised in Table 1 (Thielen, 2010).
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Figure 5 - Model of the longitudinal section through the slope (after Thielen et al., 2005).
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Table 1 - Soil properties (after Thielen et al., 2005).
Clayey sand Silty sand

Grain size distribution

Grain size [mm] % passing % passing
<31.5 100.0 100.0
<0.5 97.0 98.3
<0.06 41.2 26.8
<0.02 233 15.8
<0.002 7.1 5.6
Plasticity analysis

I, [%] 73-17.8 3359
wi [%] 22.6-35.5 22.6-25.1
Saturated permeability [m/s] ~3*10° ~5%10°
Dry bulk density [g/cm”] 1.29-1.49  1.29-1.40

The years 2003 and 2004 differed significantly in the amount of rainfall
(www.meteoschweiz.ch) and resulting differences in water content were measured in the layer
on top of the sandstone. The placement of sensor probes could then be optimised for the
monitoring experiment with the help of this information. The instrumented 200 m? test site
was located in a part of the field that resembled the critical cross sections from the 2002 storm
event, with the added advantage that the above mentioned layers of interest could be reached
at relatively low depths.

Figure 2 shows a photograph of the test slope together with the plan and the vertical
distribution of the instrumentation. Four clusters of instruments were installed, with matching
sets at key depths, as well as a central location for soil temperature and meteorological
measurements.

The volumetric water content of the soil was measured using two types of Time Domain
Reflectometry (TDR and Moisture point (www.esica.com)). Useful experience has been
obtained with this combination of instruments in moraine by Teysseire et al. (2000),
Springman & Teysseire (2001) and Springman et al. (2003). Two types of tensiometers were
used for the measurement of suction: tensiometers with electronic pressure transducers for
continuous data logging (grey points in Fig. 2a) and tensiometers for manual readout installed
to verify the continuous data (grey quads in Fig. 2a).

The locations of three piezometers that have been installed in boreholes in the upper part of
the slope, in order to observe the level of local water tables, are shown in Figure 1. These
were important in trying to understand the local hydrology of the slope, in terms of
subterranean flow into the underlying silty sand layer. A more detailed description of the
instrumental setup and the measuring devices and calibrations can be found in Thielen &
Springman (2005) and Thielen (2007).
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Figure 6 - Picture of the test slope and instrumentation design of the test site (a) plan view,
(b) vertical distribution of sensor probes and layers of the soil model. OGL is Original
Ground Level.

The measurements of every device were recorded by the data logger every 10 to 15 minutes
from August 2004 until July 2006. The manual readout tensiometers yielded weekly data.
Although there were some gaps in data, a number of significant rain events (52 events;
Thielen, 2007) were recorded, although none of these approached the severity of the May
2002 storm.

Seasonal response of the soil-water balance in the test slope could be observed for the four
instrumented fields (Fig. 3). In particular, two extremes of behaviour were identified, in
which the upper clayey sand layer was saturated with suctions approaching zero (winter
regime), and a summer regime with suctions exceeding about 80 kPa, measurable by
tensiometers due to cavitation and lower values for the volumetric water content. The
variations of volumetric water content in the soil (6,) with depth are subject to seasonal
fluctuations, which tend to reduce with increasing depth. In summer, the water content in the
top soil layers is dependent upon climatic influences. In autumn, the top clayey sand layer
becomes saturated and water starts to infiltrate into, and recharge, the underlying more
permeable layer, which is also more liable to flow parallel, downslope or into the bedrock.
Additional recharge from any preferential flow paths in upper layers or upslope contributes to
the more dynamic fluctuations in water balance in this lower layer. The upper clayey sand
layer more or less remains saturated during the winter period. Onset of saturation and
desaturation tends to occur later with depth, the phase shift ranging by up to two months.
Figure 3 shows suction and volumetric water content data for the entire measuring period, for
different depths for the right side of the field. Highlighted in grey are the zones with
measurements in silty sand, the other zones consist of clayey sand. Interestingly, the layering
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is rather different with 15 cm of soil on the upper right location and 120 cm of the clayey sand
on the lower right of the field, but this is below all sets of instruments at 15, 60, 120 and 150
cm in depth. The silty layers play a greater role on the right side of the field (see Figs. 2 & 3).
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(Tensiometer data) for the right field side during the monitoring experiment.
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The tensiometer data generally agrees with the corresponding TDR or Moisturepoint data.
Increases in volumetric water content are accompanied by a decrease in suction, and a
decrease in volumetric water content is accompanied by an increase in suction. In the summer
periods (August 04 until September 04, June 05 until October 05 and after June 06), the water
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content in the top soil layer fluctuates markedly due to climatic influences (e.g. rainfall,
temperature, air humidity, evapotranspiration). These short term variations can be observed
up to a depth of 45 cm. At a depth of 60 cm, the data appears to be smoother; the water
content decreases continuously with increasing suctions, and climatic conditions do not
influence the water content very much. The most important hydrological finding of the
experiment was the seasonal two-phase soil moisture behaviour of the slope with a typical
summer and a typical winter character. This typical winter and summer characteristic could be
observed in terms of the influence of the respective rainfall events.

4.1.2 Gruben, Canton Wallis

Two surface areas at approximately 2800 masl near to the Gruben glacier were selected as
field test sites (slopes of 31° field 1 & 42° field 2), to investigate the influence of relative
density and degree of saturation of the soil on the slope stability in a moraine. A sprinkler
system was constructed in the middle of these test areas to supply sustained rainfall over
several days. The steeper slope failed. The soil response in terms of water content and
suctions was measured (more details are reported in deliverable 2.1). A layout of the
instrumentation installed in Field 1 and Field 2 is given in Figures 4a, b & c. The
instrumentation was removed prior to the winter of 1999/2000 and then a marginally different
setup was reinstalled for 2000. Extensometers were set up in 1999 to obtain a line series of
surface deformations. Up to 2 mm downslope extension was measured. Following difficulty
in 1999, tensiometers were used successfully in 2000 to measure suctions during the
intermittent artificial and natural rainfall and the subsequent recovery periods on the 31°
slope. Runoff was ~ 80% for this slope and type of storm.
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Figure 9 - TDR and rainfall measurements (artificial rain). Field 1/1999 (after Teysseire et
al., 2000; Springman et al., 2001).

1.Testing Procedure: Field 1/1999

A continuous water supply was created by pumping from Lake 1 (Fig. 2) so that artificial
rainfall could be simulated on a slope over a test field area of approximately 100 m?’.
Intensities varied between approximately 10-30 mm/h, depending on the local wind
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conditions, corresponding to an extreme rainstorm (Fig. 5). It is known that there are
differences between artificial and natural rainfall, so response was also monitored following
the artificial storm. Several smaller, but nonetheless significant, natural events were recorded.
The duration of the artificial rainfall test was 7 days with a total amount of rainfall of
approximately 1.9 m, followed by a further 42 day period of natural rainfall.

2.Testing Procedure: Field 1/2000 and Field 2/2000

In year 2000, both test fields were to be subjected to a lower rainfall intensity (actually
between 8-22 mm/h) over a longer period, with calibration of response from 1999 to 2000
from using the same Field 1 (but with slightly less instrumentation). However after ~2 days,
the 42° slope failed and the tests were stopped (see deliverable 2.1). The common water
supply system led to slight variations in rainfall, but these were in phase with each other, so
that the rainfall distribution was similar for both fields.
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Figure 10 - Moisture Point measurements Field 1/1999: (a) artificial rain; (b) period
following test (after Teysseire et al., 2000; Springman et al., 2001).

Figure 5 shows three sets of TDR measurements (TDR 1, 2, 4) compared to rainfall intensity
over 7 days of intense rainfall, during which time, the degree of saturation in the surface
layers increased from 60—75 % up to around 90 %. Pauses in the rainfall (during the 1st and
2nd days) are clearly seen on the response curves, with very little delay between the change
and the measurement of a reduction in saturation. Figure 6a shows the extent of the water
penetration for depths up to 1.2 m from the MPs in terms of the degree of saturation S,. The
top segment (No. 1) between 0 and 0.15 m confirms the response measured by the TDRs, and
is very sensitive to any changes in the rainfall intensity. The decrease in S; (i.e. from MP No.
2 to No. 3 to No. 4 and No. 5) develops slower with increasing depth. Figure 6b shows the
reduction in volumetric water content 6 or 0, for the period following the test, and hence
implies that there will be recovery of suctions after the artificial rain was stopped. The field
was only subjected to natural rainfall for 42 days after the test.

To reach unstable conditions in such soils on a slope slightly less steep than the critical state
friction angle requires large changes in the water content and a flow regime. The steep trend
observed in Figure 6a suggests that by increasing 0 and hence S; by 10-30 % immediately in
response to rainfall, small, but nevertheless significant, decreases in suction will also be
caused inducing decrease in the mobilised shear strength. As soon as critical conditions
develop within the soil mass, sudden movements can occur and the unstable soil mass will fail
(Springman et al., 2001).
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4.1.3 Rudlingen, Canton Schaffhausen

The selected experimental area is a steep, forested slope in Ruedlingen, North Switzerland,
where 42 surficial landslides occurred (Fischer et al., 2003) in spring 2002, after extreme
rainfall (100 mm fell in 40 minutes). Asprinkling experiment was carried out in autumn 2008
to investigate the hydrological and mechanical behaviour of the slope. This test was followed
by a triggering experiment in spring 2009 (more detail in deliverable 2.1).

The area is located on an east facing slope on the banks of the river Rhine (Springman et al.,
2009). The altitude is about 350 masl. The average gradient of the slope was determined using
a total station theodolite to be 38°. During the preliminary investigations, sandstone and
marlstone were located at a depth of between 0.5 m to more than 5 m along the 30 m x 7.5 m
plan section (Askarinejad et al., 2010). The behaviour of soil was investigated under saturated
and unsaturated conditions (Springman et al., 2009; Casini et al., 2010a & b). The average
saturated permeability of soil was determined to be kg = 1*10”7 m/s. The soil can be
classified as medium-low plasticity silty sand (ML) according to USCS.

An extensive instrumentation plan was designed to measure hydrological and geo-mechanical
responses of the slope. Detailed measurements of soil suction, water level and soil volumetric
water content were combined with an investigation of subsurface flow at the lowest part of
the slope by means of tracer experiments. Deformations were monitored during the
experiment, both on the surface via photogrammetrical methods and within the soil mass,
using a flexible probe equipped with strain gauges at different points and two axis
inclinometers on the top (Askarinejad, 2009). The instruments were installed, mainly in three
clusters, in the slope. The instruments included jet-fill tensiometers, TDRs, Decagon TDRs,
piezometers, a soil temperature sensor, deformation probes, earth pressure cells, acoustic
sensors and rain gauges (Fig. 7). The tensiometers were installed at depths of 15, 30, 60, 90,
120, and 150 cm below the ground surface in each cluster. Decagons were installed at shallow
depths of 15 to 60 cm every 15 cm, and TDRs from 60 cm to 150 cm, with a spacing of 30
cm. All the instruments were calibrated and checked in the laboratory to ensure that they
functioned properly before installation in the field. The hydrological responses of the soil
were measured during the experiment with a logging interval of 5 minutes.

The artificial rainfall was applied by means of 10 sprinklers, with equidistant spacing, located
on the middle longitudinal line of the field. The lower sprinklers experienced higher hydraulic
heads as the water was supplied from the upper part of the slope. Therefore, the rainfall was
not uniformly distributed. The average applied rain intensity is shown in Figure 8a, with an
average intensity of 35 mm/hr for 3 hours as the first wetting phase (W1), followed by a 20
hour stop allowing the soil to drain (first drying phase DI1). Afterwards, the slope was
sprinkled for 1.5 days with an average intensity of 17 mm/hr, which increased with a first
shock of 45 mm/hr to an average value of 30 mm/hr for another 1.5 days (second wetting
phase W2) and then the second drying phase started (D2).

Figures 8b, ¢, and d show the variations of volumetric water content (VWC) and matric
suction at three different depths of 30, 60, and 120 cm, in clusters 1 and 2. After changes in
the intensity of applied rainfall, the suction and volumetric water content measurements
respond without significant time discrepancy in all 3 depths. This verifies the high infiltration
capacity of the soil obtained from the earlier hydrological investigations. At some points
during the second wetting phase of the rainfall, the changes in VWC and suction were not
contemporaneous. This can be due to either the hysteretic effect of the soil-water retention
curve or the difference in the location of the sensors at each depth. The VWC in Figures 8b
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and ¢ drops as the suction increases, at the beginning of the second drying phase (D2), but the
suction increases up to 2.5 kPa in cluster 2 at a depth of 120 cm (Fig. 8d), and the VWC starts
to decrease only after this point. This point can be described as the air entry value of the
WRC, which is consistent with the value derived from the laboratory test (s,ey = 2.7 kPa).

30m

Figure 11 - Instrumentation plan and section (after Askarinejad et al., 2009).
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4.1.4 La Frasse — Large landslide in tertiary flysch (Swiss Alps) (EPFL)

1.General context and landslide characterisation

The La Frasse landslide is located in the Pre-Alps of the Vaud Canton in Switzerland (Fig. 9).
It’s a large landslide, mainly containing decomposed flysch (sandstone and clay schists) with
an active, mobilised soil mass of around 42 million m’. Average velocities of the sliding mass
are around 10-15 cm/year. The slope has a mean inclination of 11° in the upper, and 20° in the
lower part and moves over a length of 2 km, starting at the bottom of the Tours d’Ai, 1500
masl, and going down to the Grande Eau River at a height of 800 masl. It covers an area
larger than 2 km”. Considering an estimated thickness of 80 m in its upper section and 40 m
near the toe, a width between 500 m in the upper and middle part and 800 m in the lower part,
the total volume of the sliding mass reaches 73 million m® (Planchat et al., 2009). The main
features of the slide are summarised in Table 1.

AL gt »
Figure 9 - Location of the La Frasse landslide : n;:'tht terlnd eft ; within its
topographic context (right). The most active zones (until installation of a pumping platform
in 1994) of the sliding mass include Zone ++ (purple) and Zone + (pink) (Planchat, 2009).

From a geomorphological point of view, an upper and a lower landslide can be distinguished,
both of which move in a NW to SE direction along the line of steepest slope (Lugeon, 1922).
A secondary scarp zone delineates these two geomorphological features. While sliding
velocities reach values of around 5 to 10 cm per year in the upper part of the landslide, the
smaller and steeper part below 1000 masl displays variable, higher velocities of up to 20 to 60
cm per year. Inclinometer readings in the lower part of the slope have highlighted a well
defined and unique failure plane. Deformations are localised along that failure plane, whereas
they are relatively small in the sliding body. Some secondary failure planes have been
observed in Zone+ (Fig. 9, right).

The main geological feature of the area is a pinched syncline running along a SW-NE axis.
The hinge of the syncline is composed of tertiary rocks, namely Eocene siltstone and flysch,
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while the outer layers are composed of Triassic dolomite and Malm limestone (Fig. 10). The
limestone abutment separating the upper from the lower part of the slope has been heavily
eroded during the last Ice Age, but still has a stabilising effect on a volume of 31 million m’
in the upper part of the slope. The sliding mass is mainly composed of flysch, a heterogeneous
material containing plastic clay schists and sandstone pebbles crushed by the slope motion
and mixed with other rocks (limestone debris or superficial moraine) (Planchat, 2009).

Name La Frasse landslide

Location Canton Vaud, Switzerland

Average coordinates | 46°21°8°°N/7°2°37’E

Active slide area ~ 1 km”

Max / Min altitude 1500 / 800 m asl

Total length >2000 m

Average Width 800 m

Average depth 80 m (upper part) /40 m (lower part)

Volume ~ 42 million m’ (active slide) / ~73 million m’ (total slide)

Mean inclination 11° (upper part) /20° (lower part)

Average velocity 10 — 15 cm/year (upper part) /20-60 cm/year (lower part)

Geological context Triassic dolomite, Malm limestones, Eocene siltstones, flysch

Vegetation Pasture land, wooded zones and swamps

Possible damage Roads (RC 705 and RC 709), around 40 chalets, hydro-electric
plant downstream of the slide and town of Aigle (VD)

Table 1 - General features of the La Frasse landslide (Planchat et al., 2009).
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Figure 10 - Geological profile of the La Frasse landslide (NCG-EPFL, 2004).

Due to the heterogeneity of the sliding material, the whole sliding mass can be considered in
hydrogeological terms at the landslide scale to be an aquifer (Tacher et al., 2005). Excess
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groundwater pressures (artesian levels) have been recorded along the main slip surface, but
also within the sliding mass (Tacher et al., 2005). Maximal variations of excess groundwater
pressures are measured in the vicinity of the limestone abutment due to the reduced flow
section. They are less significant uphill due to gravitational drainage, and at the toe due to the
relatively consistent level of the Grande Eau River (Noverraz & Bonnard, 1990). The strong
variations of pore water pressures in the aquifer can be related to the low values of the flysch
permeability (~1x10-6 m/s) and of the coefficient of specific storage (~1x10-4 m/s) (Planchat
et al., 2009). As reported in the DUTI project (1986), the permeability could locally be much
more important due to the presence of gravel channels near the slip surface, but the lack of
interconnectivity between the channels was proven by means of pumping tests carried out in
2002, which implies that they are not relevant at the slope scale. There exists no clear
relationship between the acceleration phases and either gross rainfall or net infiltration (daily
precipitation minus evapotranspiration) (Fig. 11). A better correlation is found if past events
up to two years before the day of calculation are considered and if the daily rainfall values
below a certain threshold value are neglected (NCG-EPFL, 2004; Tacher et al., 2005). Even
then, the contribution of direct surface infiltration remains less important than the subsurface
flow. In fact, the La Frasse landslide acts as draining basin for an area of nearly 3 km®. The
bedrock seems not to be draining the instability. More details on the hydro-geological settings
can be found in Tacher et al. (2005).
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Figure 11 - Relationship between observed horizontal displacements at the RC 705 level
gloigfomputed flux entering the landslide in a cumulative representation (NCG-EPFL,

)
Thin black line: infiltration issued from COUP model (considering temperature, snowmelt,
vegetation, soil, sun exposure...); Thin orange line: weighted infiltration; Thick black line:
truncated infiltration — daily rainfall < 2 mm/day; Thick orange line: weighted and
truncated infiltration; Vertical bars: displacements.

In the past century, several major crises have been recorded (1913-1919, 1966, 1981 and
1994) in which displacement rates were considered to have reached critical values and the
landslide has been extensively instrumented. The measurements revealed the presence of two
types of triggering mechanisms. The first one is related to external hydrological conditions.
Due to prolonged rainfall and low soil water permeability, pore water pressures increase along
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the slip surface and in the landslide mass. As a consequence, the shear strength along the slip
surface decreases, which leads eventually to the triggering of the instability. The second so
called “internal” mechanism is attributed to the sudden occurrence of acceleration phases in
periods of rather low precipitation and to the movements recorded between crises. Successive
rise and drawdown of the groundwater level, creep deformation or the seepage forces could
lead to significant morphological changes. Other factors, such as toe erosion by the Grande
Eau River, are supposed to play an important role under certain circumstances (e.g. crisis of
1966).

2.Monitoring history

The current understanding of the La Frasse landslide results from a century long process of
investigations and theories of trials and errors. These theories were either accepted or rejected,
based on field observations and measurements between and especially during the occurrence
of crisis. To this day, there are nearly 60 boreholes and galleries at La Frasse. The first
investigation galleries of 95 and 182 m length were commissioned by Lugeon et al. (1922) for
their study of the 1913-1919 crisis. In the meantime, these two galleries have disappeared.
Displacements of 7.5 m were measured along the cantonal road RC705 between 1913 and
1916, with a further 4 m between 1916 and 1919. This corresponds to sliding velocities of 2.5
m/year and 1.3 m/year, respectively. The significant rainfall between 1910 and 1917 has been
highlighted as a likely cause of these accelerations (Lugeon et al., 1922).

Three additional boreholes were commissioned 50 years later by Bersier et al. (1970) for the
investigation of the 1966 crisis. After six years of low precipitation, the site experienced
heavy rainfall in the second half of 1965. The accumulated snowfall in November and
December 1965 reached 518 mm, which represents an augmentation of 135% of the average
value (DUTI, 1986). Due to unusually mild conditions, the snowmelt started early, in
February, while 163 mm of rainfall was recorded simultaneously that month. Shortly
thereafter, the first inhabitants of Cergnat registered claims for damage. At the end of the
crisis, in April 1966, the RC705 had moved by 7m in Zone++ (see Fig. 1). The landslide mass
in the upper part was affected as well, with displacements amounting to 2 m. Aside from the
above hydrological considerations, the impact of the Grande Eau River toe erosion is
frequently considered as a triggering, or at least an aggravating, factor for the 1966 crisis.

In 1986, the first inclinometers were installed in a field campaign comprising the creation of 6
boreholes. These works were part of the DUTI study of the 1981 crisis (1986). At the same
time, 15 boreholes have been carried out in various stages by the private consultants Norbert
& De Cérenville between 1984 and 1989. Between November 1981 and April 1982, the
RC705 was displaced by more than 4 m. The acceleration of the landslide was particularly
brutal from November 1981 through to the end of the following January. In that period, the
average sliding velocity amounted to 10 cm/day. In the upper part of the landslide, the
acceleration remained largely unnoticed with velocities of 15 to 18 cm/year recorded near
Cergnat until July 1983, compared to the long term average of 10 cm/year. According to the
DUTI study (1986), this slight acceleration could have preceded the crisis in the lower part of
the landslide.

After a major crisis in 1994, leading to displacements of up to 3 m at the cantonal road RC
705, it was decided to install a pumping platform for drainage purposes and to institute a
detailed monitoring campaign. Therefore, 22 boreholes were drilled between 1994 and 1998.
As a consequence of the heavy precipitation occurring at the end of 1993, such as the 290 mm
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of rainfall recorded in December, the groundwater regime showed significant perturbations.
Figure 12 shows the profiles of inclinometer readings in the lower part of the slope (zone++)
from 21 November 1994 to 5 January 1995. A rigid body motion can be identified for the
sliding mass and a concentration of the displacements along a primary slip surface at 25 m
depth.
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Figure 12 - Inclinometer profile from 21 November 1994 to 5 January 1995 for the La
Frasse landslide (Planchat, 2009).

After completion, extracting groundwater from the slope through the pumping platform
reduced the displacements significantly, but was only a part of a global stabilisation concept
and did not consist in itself in a sustainable solution because of the low tolerance with respect
to residual movements and the high costs for maintenance and electricity. In 2004, an
expertise group named NCG-EPFL was founded consisting of the two private consultants
Norbert Géologues-Conseils SA and De Cérenville Géotechnique SA, as well as the Swiss
Federal Institute of Technology in Lausanne. This group was ordered to analyse the past and
current situation and evaluate a sustainable solution for a future landslide stabilisation by
means of time-dependent, geological, hydrogeological and geomechanical modelling (NCG-
EPFL 2004). As a result of the study, it was decided to construct a 900 m long drainage
gallery, crossing the whole landslide body. The gallery was completed in March 2009. It is
725 m long with the option to extend it in case the target efficiency is not achieved. 8
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additional boreholes were drilled for the study in 2004, and the design of the gallery. The
main drainage gallery is equipped with 54 boreholes drilled upwards.

The extensive monitoring campaign since the early 90s was fundamental in assessing the
landslide behaviour in more detail. Inclinometer and piezometer readings provided essential
data that allowed the problem to be approached from a modelling point of view to understand
the underlying mechanisms that lead to sudden accelerations of the sliding mass. Several
numerical studies have been conducted since, and have greatly assisted in the project for the
construction of a drainage gallery (NCG-EPFL, 2004; Commend et al., 2004; Tacher et al.,
2005; Laloui et al., 2004; Planchat et al., 2009).

The current monitoring programme comprises subsurface measurements of displacements and
pore water pressures, measurements of surface displacements and source outflows. 18
inclinometers are installed for the measurement of subsurface displacements. 32 piezometers
measure the pore water pressures at different points in the sliding mass, of which six are
equipped with data loggers, which enables real time monitoring of the hydraulic head
fluctuations (1 measure/hour). The State of Vaud Department of the Water, Soil and
Sanitation Services also closely monitors some of the many springs of the La Frasse landslide.
Surface displacements are measured by means of GPS, traditional triangulation with
theodolites and, more recently, by a novel laser distance meter. Since 2006, surface
displacements are measured by means of a semi-fixed, permanent laser-target installation
called ROBOVEC which was developed at the Swiss Federal Institute of Technology in
Lausanne in collaboration with the private company GEODEV (Fig. 13).

Figure 13 - Prototype of the ROBOVEC. The laser distance meter is enhanced with a bi-
axial modular robotization (Manetti & Steinmann, 2007).

The ROBOVEC has been designed for continuous monitoring of the 3D position of
significant points. It allows the distance, horizontal and vertical angles of different points
situated on the sliding mass to be measured by means of a laser distance meter and a bi-axial
modular robotisation, with a precision of less than 1 cm for a distance of 600 m. The
computer piloted ROBOVEC has a wireless connection to the internet. Data can be acquired
and the ROBOVEC can be controlled remotely. At La Frasse, the instrument is installed on a
concrete pillar on the opposite side of the valley and scans, regularly, the position of 9
geodetic prisms on the sliding mass and 2 reference points outside the sliding area (Fig. 14).
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: e

dslide from the opposite side of the valley where the
ROBOVEC has been installed in June 2006 (top); one of 9 geodetic prisms that have been
installed on the site and a map showing the location of the targets and the ROBOVEC
(bottom) (Manetti & Steinmann, 2007).

Figure 14 - Viw of the La Frasse lan

Figure 15 shows the continuous measurements of surface displacements measured with the
ROBOVEC since 2006. The local crisis in August 2007, triggered by heavy rainfalls, is
clearly denoted by the surface displacements of points 2, 3, 6, 8 and 11. Total displacements
of 50 cm were measured between May and October at point 8. The landslide reached marginal
equilibrium in November, but further movements were reactivated at the beginning of
December. The sliding mass, moving along a secondary slip surface at approximately 8 m
depth, finally reached a stable position in May 2008. 1023 mm of (gross) precipitation was
recorded during the first 6 months of 2007, including 600 mm between May and July 2007,
compared to a value of 358 mm (an average between 1995 and 2006). Furthermore, two peak
events with daily precipitations higher than 40 mm were also observed in July. A correlation
between the displacements of points 8 (Zone+) and 9 (Zone++), and the precipitation, is
shown in Figure 16. Unlike major crises in the past, the 2007 crisis seems to show a
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reasonable correlation between the two quantities. This observation also tends to reinforce the
idea that the 2007 acceleration of the landslide was a rather superficial phenomenon.
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Figure 15 - Time series of absolute surface displacements measured at different points on
the landslide (Swiss Geo Testing Ltd., 2009).
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Figure 16 - Surface displacements in relation to gross precipitation over time at point 8
(top) and point 9 (bottom) (Planchat, 2009).

3.Conclusions

The La Frasse landslide has attracted a lot of attention in the past due to its capacity for
sudden acceleration phases and the hazard it represents for the roads crossing the slide, the
houses, which are built on the unstable mass, and the city of Aigle downstream of the Grand
Eau river, which passes at the toe of the large landslide. Since the completion of the cantonal
road RC705 in 1867, which constitutes the main connection between the ski resorts Villars,
Leysin and Les Diablerets and the Rhone valley, and which traverses the landslide,
movements of not less than 80 m have accumulated up to today. Around 35% of the total
displacements can be attributed to a handful of crises that lasted a couple of months to several
years. The crises mobilised geologists and geotechnical engineers, who have performed many
surface and subsurface investigations with the goal of understanding the governing
mechanisms driving the slope movement. A continuous monitoring campaign has been led by
the Canton of Vaud for the past 20 years, comprising subsurface measurements of
displacements and pore water pressures and surface measurements of displacements, rainfall
and the activity of springs. The field data was essential for the establishment of mitigation
measures, especially for the evaluation of the efficiency of possible drainage galleries to erase
peak responses in pore water pressures in the unstable soil mass. The detailed monitoring in
the lower part of the landslide allows the behaviour in the local, critical zones to be assessed
in real time. The minor crisis of 2007 was characterised by a local acceleration of a part of the
landslide along a secondary slip surface. Its movements could be recorded continuously due
to the use of a novel laser-target instrument. The availability of continuous data on
displacements and pore pressures enables more adequate numerical hydrogeological and
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geomechanical modelling to be conducted, in conjunction with advanced laboratory testing of
soils. This may lead, in the future, to the achievement of greater insight into the mechanisms
governing the behaviour of the large landslide and prediction of ongoing behaviour.

4.2  SYNTHESIS OF MONITORED SITES ON FINE-GRAINED SOILS
(OVERCONSOLIDATED AND WEATHERED CLAYS, BOTH SHALLOW AND
DEEP-SEATED)

4.2.1 Synthesis of monitored sites on reworked black marls (CNRS)

This section summarises the knowledge gained from the long-term monitoring of the Super-
Sauze mudslide. Mudslides are the most typical landslide type observed in reworked Callovo-
Oxfordian black marls of the South French Alps. They are generally the result of complex
failures, in which structurally-controlled rock block slides transform progressively into a
slow-moving mudslide. Their dynamics may result from sliding and flowing, either singly or
in combination. Continuous movement of these mudslides may be maintained over long
distances (hectometric to kilometric), depending on the availability of an unobstructed sloping
path, and over long periods of time (> 200 years). Typical observed instantaneous velocity
ranges from 0.001 to 5.0 m/day in relation to seasonal changes in pore water pressures over
the period 1991-2009. Surges of the mudslides have been observed in relation to compression
of the material during motion, undrained loading and the development of excess pore water
pressure. From a mechanical viewpoint, the mudslides display a complex style of movement
with a vertical profile of velocity coupling displacements along a shear band at depth, and
diffuse deformations above it.

This section focuses on the analysis of the Super-Sauze mudslide (Fig. 1), because of its
representativeness of landslides in Callovo-Oxfordian black marls, and the availability of data
from the long monitoring period. The section discusses, in turn, (1) the historical development
of the landslides; (2) the structure and geometry of the moving masses; and (3) their
kinematics, hydrology and possible mechanisms.
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Figure 1 - Geomorphologic features. a) Photograph of the mudslide on 28™ July 2008;
b) Compression levees in the lower part; c) Striations indicating movement along shear
surfaces along a stable in-situ crest in the central part.

1.Historical development of the mudslide

In the beginning of the 1970s, plane and wedge failures occurred respectively on the Eastern
and Western sides of the upstream part of the main channel (MC) resulting in an
accumulation of large marly rock panels, and in the formation of a main scarp (Fig. 2). The
panels have been progressively weathered. A matrix supported soil fabric has developed,
integrating marly fragments of different size, and filling up the gullies progressively.
Weathering tests have been carried out on intact black marl rock samples of 0.5 m’ using
alternate wetting-drying cycles and freezing-thawing cycles (the procedure is indicated in
Fig. 3) and changes in grain size distributions have been evaluated by laser diffraction particle
analyses.
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Figure 2- Morphological setting and evolution of the Super-Sauze mudslide, from 1956
(before failure) to 1982. The temporary storage of material at the toe of the main scarp and
its weathering is clearly recognisable, before the downstream progression of the material in

the main channel. (MC: main channel; MS: main scarp).
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Figure 3 - Changes in grain size distributions of the Super-Sauze black marls for a) wetting-
drying cycles, and b) freeze-thaw cycles. The grey colour represents the observed grain size
distribution of the surface material of the mudslide; the number in the dots indicates the
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number of weathering cycles.

The results indicated that ca. 80 freeze-thaw cycles or ca. 140 wetting-drying cycles are
necessary to obtain the observed grain size distribution of the surface material of the mudslide
(Fig. 3; Malet, 2003). As the yearly average number of freeze-thaw cycles at Super-Sauze is
estimated at 40 from meteorological observations, 3 to 4 years would be necessary in the field
for disintegrating a rock sample into a soil sample, with possible water retention capacities.
This high weathering rate is a qualitative indicator of the development of a soil matrix for the
environmental conditions observed at Super-Sauze, taking into account that the weathering
rates strongly reduces with the weathering cyles (Rippa & Picarelli, 1977).

These experimental data are consistent with the information retrieved from the analysis of old
photographs (Fig. 2) indicating that the reworked material has started to move downstream 4
to 5 years after the initial rock failures (Fig. 4a).
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Figure 4 - Conceptual model of development over time of the mudslide. a) Initial conditions
before failure; b) Rock failures, weathering of the failed rock panels and progressive filling of
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the gullies; c) Actual mudslide development.
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Figure 5 - Location of the geotechnical, geophysical and hydrological investigations on the
mudslide, and hydro-geomorphological units (HG) identified from the observations.

Starting in the late 1970s, a rising level of soil accumulation in the gullies is observed
(Fig. 4b). Since 1982, the material has progressed downstream by more than 200 m, with
some changes in the rate of displacement according to the presence of obstacles. The bedrock
geometry corresponds in the upper part to a succession of more or less parallel crests and
gullies (as can be observed on cross-section B; Figs. 4b & 6) and, in the medium and lower
parts, to a narrow incised channel (as can be observed on cross-sections C, D and E; Fig. 6).
Consequently, the thickness of the mudslide is highly variable and varies between 0 and
approximately 20 m.

In 2009, the mudslide extended over a horizontal distance of 870 m and occurred between
elevations of 2105 masl at the crown and 1760 masl at the toe, with an average 25° slope
gradient. The total volume is estimated at 750,000 m® (Malet & Maquaire, 2003), and the
mudslide is bordered by two streams.

The dynamics are controlled by bedrock geometry, rock mass fabric, and hydrology.
Morphological features induced by the sliding and flowing mode of the mudslide are easily
recognisable. The contact between the mudslide and the stable hillslopes comprises a shearing
zone of a few metres width, characterised by tension cracks and shear surfaces marked by
scratches in the direction of the movement (Fig. 1¢). Compression levees are also clearly
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distinguishable locally (Fig. 1b). A detailed morphological description of the mudslide can be
found in Weber & Herrmann (2000).
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Figure 6 - Internal structure of the mudslide from the upper to the lower part (cross section B
to E).

2.Internal structure

Geotechnical and geophysical prospecting have allowed definition of the 3D structure to be
made. The geotechnical investigation consisted of six boreholes (up to a depth of 30 m), more
than 200 dynamic penetration tests along 5 cross-sections (Fig.5), inclinometer
measurements, several in-situ testing programmes, encompassing pressuremeter and vane
shear tests, and soil sampling (Flageollet et al., 2000, 2004; Maquaire et al., 2001; Malet,
2003). The geophysical prospecting consisted of 14 electrical resistivity profiles combined
with P-wave and S-wave seismic tomographies (Schmutz et al., 2001; Grandjean et al., 2007;
Meéric et al., 2007).

According to variation of geotechnical, geophysical and hydrological parameters, the
mudslide is comprised of two vertical units: the first unit (C1) is a semi-permeable material of
5 to 10 m thick, while the second unit (C2, with a maximum thickness of 10 m) is a stiff and
impervious material (Malet & Magquaire, 2003). Figure 6 details the geometry and structure
on cross-sections B to E, and indicates the range of geotechnical parameter values for the
different units.
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Figure 7- Geomechanical behaviour of the mudslide, interpreted from inclinometer
measurements at boreholes EP8, F1 and IC1. The vertical distribution of velocity provides

Grant Agreement No.: 226479 Page 118 of 196
SafeLand - FP7



[D1.3] Rev. No: 1
[Analysis of the results of laboratory experiments and of monitoring in test sites] Date: 2011-03-14

evidence for the essentially solid-state (rigid body) and plastic-state behaviour of the
mudslide.

3.Vertical velocity distribution

Within the active unit (C1) of the mudslide, inclinometer measurements in boreholes F1, EP8
and IC1 (Fig. 7) lead to the identification of a relatively thick shear zone of 3-4 m (C1b), in
which strains are relatively homogeneous, and a rigid body of 4 m on top (Cla). This active
unit overrides either the in-situ bedrock (at location F1), or the C2 unit, which is called ‘dead
body’ (at locations EP8 and IC1). The examination of soil samples from the boreholes did not
produce a clear identification of a shear band.
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Figure 8- Average velocity field observed during the period 1996-2007, from a network of ca.
40 benchmarks.

4. Kinematics, hydrology and possible mechanisms of the mudslide

The kinematics have been monitored since 1996 by combining total station and dGPS
measurements of the displacements of benchmarks and extensometric measurements (Malet et

al., 2002); since 2007, the displacements have also been observed from camera recordings and
terrestrial laser scanning (Travelletti et al., 2008).
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The velocities lie in the range from 0.002 to 0.03 m.day™ (Fig. 8), but accelerations with
velocities up to 0.4 m/day may be observed each spring season (Fig. 9a). Displacements along
the mudslide correspond mainly to the line of greatest slope. Figure 9 shows examples of the
‘pore water pressure — displacement’ pattern at the annual (Fig. 9) and event scales (Fig. 10)
at several locations for the period 1997-2001. Pore water pressures are monitored
automatically in four standpipe piezometers (B2, BV16, C3 and EV2; Fig. 5), which are
installed at -4 m in depth with the top of the filter zone at -3 m, sealed with bentonite plugs.
The high displacement rates necessitate the installation of new piezometers every two years at
the same location to monitor the hydrological pattern over long periods.

The displacement pattern exhibits a seasonal trend with two acceleration periods (Spring and
Autumn) and two deceleration periods (Summer and Winter). The maximum daily
displacements are observed systematically in the snow melting periods, with peaks from Mid-
April to Mid-June, and in the heavy rainfall periods, with peaks from Mid-October to Mid-
November (Fig. 9).
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Figure 9- Observed ‘pore water pressure — displacement’ pattern at the annual scale.

a) Cumulative yearly rainfall monitored at BV16 location; b) Pore water pressure monitored
at EV2 piezometer at -4 m; c) Total displacements observed on cross-sections by total station
measurements (benchmarks B2, C3, BV16 and EV2).

The relative position of the water level is dependent on local conditions, the highest
groundwater level being observed in the upper part (cross-section B) and decreasing
downslope. Consequently, the displacement rates are variable and decrease from the upper to
the lower part of the mudslide (Figs. 8 & 9). One of the most interesting points is the velocity
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response of the landslide to increases in pore water pressures both in periods of high (Spring)
or low (Autumn) groundwater levels, as observed for instance in May and October 1999
(Fig. 10).

5.Hydrological behavior of the mudslide
Groundwater flow analysis: inferences from field data

Hydrology is the main controlling factor of the landslide mobility. A detailed analysis of
multi-parameter time series from 1997 onwards, combined with an extended hydrological
investigation, have been used to define a hydrological concept (Malet et al., 2005b).

Inputs (rainfall, snowfall) to, and outputs (surface water, evaporation) from the saturated zone
represent the mass balance of the hydrological system. Over the period 1970-2000, the yearly
cumulative precipitation is 730 mm (with about 200 to 250 mm as snowfall), but the
maximum daily or monthly value varies greatly. A monthly value of 150 to 200 mm can
occur, especially in April, May, October or November. The water reservoir of the mudslide
consists of Cla, C1b and C2 units (Fig. 6), and the lateral streams are the spatial boundaries
of the hydrological system. The total volume of the water reservoir is estimated at
450,000 m”.

Groundwater levels between -0.5 to -2.0 m are observed in the upper parts of the mudslide
(cross-sections A-C), while deeper water levels (-2.5 m to -3.5 m) are observed in the western
parts of cross-sections B-C. Moreover, the depth of the average position of the groundwater
table slowly decreases from the B cross-section (-0.7 m) to the E cross-section (-1 m). In the
unsaturated zone, the volumetric water content varies considerably, ranging from 0.10 to 0.35.
The range of saturated hydraulic conductivity values (measured in the field with the auger
hole method) varies with depth from 10™ m/s between -1 m and -2 m to 10™ m/s in the lower
unit (Fig. 11). Lugeon tests in the bedrock indicate a hydraulic conductivity of 10 m/s. The
range of unsaturated hydraulic conductivity values in the topsoil (measured with triple ring
disc infiltrometers at multiple suctions) vary greatly from 10™* m/s to 10® m/s, according to
the soil surface characteristics (Malet et al., 2003). The average transmissivity value (10
>m?/s) and the storage coefficient value (e.g. effective porosity; 0.21 +0.04) of the soil
material have been estimated from twenty one groundwater rises in piezometers BV16 and
EV2.

In the first approximation, the C1 unit can be considered to be a fully saturated medium. The
piezometric behaviour shows high pore water pressure variations (up to 20-25 kPa at -4 m)
with sudden recharge following snowmelt. Pore water pressures may remain high for a long
time, due to the medium permeability of the material and the presence of the relatively
impermeable layer underneath. Statistical analyses (autocorrelation functions, wavelets) of 6h
precipitation and groundwater time series, combined with a hydrochemical survey (de
Montety et al., 2007) allow identification of some pattern of piezometric behaviours and
definition of three hydro-geomorphological units (Fig. 5).
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Figure 10 - Observed ‘pore water pressure — displacement’ pattern at the event scale.

a) Pore water pressure monitored at several piezometers at -4m and total displacements
observed on cross-sections by total station measurements in a period of high groundwater
levels (May 1999); b) Pore water pressure monitored at piezometer BV16 at -4m and total

displacements observed by total station measurements in a period of low groundwater levels
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(October 1999).
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Figure 11 - Variation of hydraulic conductivity with depth at borehole 1C1 (cross-section C),
and maximal and minimal groundwater levels observed for the period 1997-2001. The grey
colour indicates the saturated zone.

For piezometers installed at -4 m in depth, and considering the time delay between the onset
of precipitation and the observed rise in groundwater level for characterising the response
time, and the time delay between the end of precipitation and the recovery of the pre-event
groundwater level for characterising the drainage time:
-the HG1 unit, exhibits very rapid piezometric responses (< 1hour), a significant
fluctuation (up to + 0.4 to + 0.8 m) and rapid drainage (3-5 hours);
- the HG2 unit, exhibits rapid piezometric responses (2-3 hours), a modest fluctuation (up to
+ 0.05 to + 0.3m) and relatively quick drainage (12-24 hours);
-the HG3 unit, exhibits slow piezometric responses (>5 hours), low fluctuation
(centimetric) and slow drainage (> 24 hours).

Hydrological concept
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The multiple sources of information have led to the proposal of the following hydrological
concept:
- if the groundwater level is near the surface (between -1.0 m and -1.5 m, according to the
location), their fluctuations are invariably rapid (less than a few hours), of moderate
magnitude (0.1 to 0.4 m) and of relatively short duration (within days) following rainfalls.
Peaks following snowmelts have a longer duration;
- the decline of the groundwater levels below a depth of -1.5 m strongly depends on the
season, with faster drainage in summer;
- the hydrological regime is influenced by two important recharge events, one at the end of
spring and one at the beginning of autumn.
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Figure 12- Schematisation of the hydrological concept implemented in the hydrological
model.

The rapid (within hours) piezometric responses are attributed to matrix Darcian flows in the
nearly fully saturated media combined with fissure flows through a superficial (0.5 -2 m)
system of interconnected cracks. The depth of the crack system coincides very often with the
contact between the unsaturated and saturated zones (Fig. 12). Contribution of fissure flows to
the recharge of the groundwater table is not the same for all the measurement stations, due to
differences in crack density, soil surface characteristics and material compaction, so it can be
considered as one of the main reasons for the spatially varying rates of groundwater rise
(de Montety et al., 2007).

These considerations are schematised into a hydrological concept with three layers (Fig. 12):
a layer with a continuous permeable crack system (Cla;) overlies two layers marked by
different hydraulic conductivity values (Cla,, C1b). The lower unit (C2) and the in-situ
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bedrock are considered impervious and thus are not integrated into the hydrological model.

Hydrological modelling

Hydrology of the mudslide has been modelled with the spatially distributed physically-based
model STARWARS (Malet et al., 2005b). The model resolves the equation for saturated and
unsaturated flows, in the vertical and horizontal directions, assuming freely drainable water,
and uses measured distributed values for the parameter values. Antecedent soil moisture in the
different reservoirs, infiltration I, evaporation Ep, surficial runoff R, percolation in the
unsaturated zone Pe and saturated lateral flow Qs define the hydrological balance of the
system. A complete mathematical description of the model can be found in Malet (2003).

The generation of groundwater is simulated by imposing state-controlled boundary conditions
at the bottom and flux-controlled boundary conditions at the surface. A SNOWPACK/MELT sub-
model is incorporated as a pre-processor in the hydrological model using a simple conceptual
approach describing the energy balance of the topsoil from the time series of net radiation and
temperature. A simple conceptual FISSURE FLOW sub-model has been developed to represent
shallow bypass flows in fissures as well (Malet et al., 2005b). At each time step, the water
flow in excess of the infiltration capacity of the topsoil is directed towards the fissures and
that volume of water is transferred directly towards layer Cla, within one timestep. The flow
in the reverse direction, from the saturated fissures to the soil matrix, is not considered.

The application of the model and its calibration/validation procedure are described by Malet
et al. (2005b). The spatial and the timestep resolution of the model are respectively fixed at
2 x 2 m and 6 hours.

Figure 13 shows the simulation results for piezometers EV2 and BV16. The response pattern
is reproduced rather well, although some recorded peaks, especially for BV16, are
underestimated or missed because of the very simple representation of fissure flows in the
model (de Montety et al., 2007).
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Figure 13 - Examples of observed and simulated groundwater levels over years 1997-2001 at
piezometer locations EV2 and BV16 (see Fig. 5 for the location).
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6.Mechanical behaviour

From the borehole inclinometer profile (Fig. 7), it appears that shearing of the plastic-state
body Clb accounts for at least 80% of the displacement. Interpreting the slope behaviour in
terms of effective stresses and critical state parameters, the variable rates of movement are
controlled by thresholds in pore water pressures, values of which appear to be constant in time
(Fig. 14). For instance, observations over the period 1999-2005 at piezometer BV 16 indicated
that the ‘Spring acceleration’ is initiated at a pore water pressure threshold value of ca. 30 kPa
while the ‘Autumn acceleration’ is triggered by a slightly higher threshold value of
ca. 32 kPa. Above these thresholds, the velocity increases non-linearly.
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Figure 14- Thresholds in pore water pressures to trigger a surface velocity > 0.01 m/day for
different observed rising and falling limbs at the BV16 location.

Detailed analysis of velocity vs. pore water pressure data supports this mechanical hypothesis
by indicating that the velocity is higher during the rising limb of the groundwater than during
the falling limb (Fig. 15). This hysteresis in the velocity pattern has been observed in other
clay-shale landslides (Bertini et al., 1986; Giusti et al., 1996). Possible mechanisms
explaining the development of excess pore water pressures are differential movements
(Nieuvenhuis, 1991; Picarelli et al., 1995), increase in the thickness of the shearing zone or
rate of viscous deformation causing increase in the level of stress (Picarelli & Russo, 2004).
In the following analysis, the landslide velocity is interpreted using an effective stress
approach. Changes in velocity are hypothesised to be directly proportional to changes in
lateral and vertical stresses ascribed to the generation of positive or negative excess pore
water pressures due to compression and dilation, respectively. Velocity is modelled as a linear
function of excess effective shear stress, changing pore water pressures during movement and
a Coulomb-viscous friction model using critical state parameters and a constant viscosity
(van Asch, 2005). Due to low hydraulic conductivity, the excess pore water pressures within
the soil cannot readily dissipate, and a non-steady state situation develops temporarily within
the slope, leading to acceleration of the landslide.

Figure 15 shows the measured and simulated velocity for five periods of rising and falling
groundwater table at the BV16 location, at a depth of 4 m, and indicates the geomechanical

Grant Agreement No.: 226479 Page 128 of 196
SafeLand - FP7



[D1.3] Rev. No: 1
[Analysis of the results of laboratory experiments and of monitoring in test sites] Date: 2011-03-14

parameters used in the analysis. The model has been calibrated on the hydrological peak and
velocity pattern of Spring 1999. Calibration has been carried out on the dynamic viscosity by
fixing all the other parameters constant for year 1999, and the model has then been applied to
the other four periods (2000-2003). The simulations indicate that the velocity pattern can be
reproduced rather well, if a different dynamic viscosity is used for the rising and falling limbs
(Fig. 15). An increase of a factor 10 of the dynamic viscosity has to be introduced in the
falling limb to fit to the observed data, which could be attributed to changes in effective
stresses that affect either soil cohesion or soil viscosity. With this assumption, the model is
able to simulate the annual displacement value of the landslide rather well (Fig. 16). The
model reacts sharply to the November 1999 peak of pore water pressure with an increase in
the displacement rate. During the dissipation of pore water pressure in summer (July-October
1999), the model simulates lower velocities than those observed. Further investigations to
characterise the stress conditions within the slope, and the soil geomechanical behaviour, are
needed to propose a physical interpretation of the mechanism of excess pore pressure
development.

In some cases, displacements of several metres are observed during acceleration periods such
as in 1999, 2000, 2006 and 2008 (Malet et al., 2005a; van Asch & Malet, 2009). Small
volume mudflows have occurred through a combination of heavy and sustained rainfalls,
thawing soils and snowmelt, in the upper part of the mudslide (cross sections A & C; Figs. 5
& 8) characterised by steeper slope gradients and higher groundwater levels.

Such types of acceleration have been analysed with the fully coupled hydro-mechanical finite-
element model GefDyn, assuming an elasto visco-plastic Hujeux constitutive model (Malet,
2003) and critical state parameters. Starting from a critical slope, with a safety factor F = 1.2,
(the geometry used is the one depicted in Fig. 17c) and initial pore water pressure of 56 kPa at
-7 m in piezometer EPS, the simulation of a pore water pressure increase of +6 kPa over 5
days leads first to incipient deformation and then to a partial acceleration of the soil mass
(Fig. 17d; stage A). Consequent undrained loading leads to a second acceleration (Fig. 17d;
stage B). This local failure is rapid enough to generate excess pore water pressures, and a
temporarily non-steady-state mechanical situation develops causing failure of the secondary
scarp of the mudslide (Fig. 17d; stage C).

This simple analysis demonstrates that differential displacements creating compression and
extension zones are an important aspect of mudslide development.
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Figure 15a - Observed and simulated hysteresis in the velocity pattern for one period of
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acceleration and deceleration (1999) and geomechanical parameter values used in the
modelling exercise. The italic lettering indicates calibrated values.
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Figure 15b - Observed and simulated hysteresis in the velocity pattern for one acceleration
and deceleration period in 2000.
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Figure 15d - Observed and simulated hysteresis in the velocity pattern for one acceleration
and deceleration period in 2002.
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Figure 15¢ - Observed and simulated hysteresis in the velocity pattern for one acceleration
and deceleration period in 2003.
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Figure 16 - Observed and simulated displacement of the BV16 benchmark over the period
June — December 1999 with a simple rheological model with excess pore water pressure
(Malet, 2003).

7. Conclusion

Mudslides are typical landslides in the Callovo-Oxfordian tectonised black marls of the South
French Alps. The activity of these mudslides is very longterm, since movement may develop
over hundreds of years. Their kinematics are characterised by periods of acceleration (with
velocities up to 0.4 m/day) and deceleration, combined with the possibility of triggering rapid
mudflows from the landslide mass.

Multi-source observations and theoretical and numerical analysis of the Super-Sauze
mudslide point out the significance of shearing of plastic-state material as a major mode of
movement, and of the role of pore water pressure in controlling the rate of movement.
Acceleration of the mudslide is governed by thresholds in pore water pressures associated
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with seasonal water table changes or to kinematic deformation of the undrained deformable
medium. As a consequence, the total stress field is continuously changing due to different
mobility patterns within the moving mass. Zones of compression or extension may develop,
and excess pore water pressures may arise because of the low hydraulic conductivity of the
soil.

A better understanding of the mechanisms controlling the generation of excess pore water
pressure is the main challenge in forecasting the possibility of large failures of such types of
landslides.

The monitoring of the Super-Sauze mudslide was supported since 1996 by several European
Community research projects (TESLEC, NEWTECH, ALARM, MOUNTAIN-RISKS) and French
research projects (ACI-MOTE, PNRN-ECLAT, ACI-SAMOA, ACI-GACH2C, ANR-ECOU-PREF, ANR-
TRIGGERLAND). All reference and monitoring data are freely available on the omIv (French
Observatory on Landslides) website: http://eost.u-strasbg.fr/omiv/
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Figure 17 - Geomechanical simulation of an acceleration of the upper part of the mudslide
that conducted to an important failure of the secondary scarp. a) Simulated incremental
deformation in the direction of the major principal strain axis; b) 2D displacement according
to the failure mechanism identified; c) Velocity iso-value according to the failure mechanism
identified; d) Pore water pressure and displacement pattern over time.
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4.2.2 Synthesis of monitored sites on stiff intact, jointed and highly fissured clays
(AMRA)

The hydrological slope response in fine-grained soils depends on the low hydraulic
conductivity. In particular, any change in the piezometric regime is delayed, depending on
cumulative rainfall over long-lasting lengths of time (usually some months), and is not greatly
influenced by short, even intense, rainfalls.

Most case histories concern active movements in stiff clays. Some significant examples are
reported below. The cases examined have been differentiated according to these soils: intact
clays, jointed clays, highly fissured clays.

1. Intact clays

One of the first well documented examples of weather-induced landslides is the Beltinge
earthflow, North Kent, UK (Hutchinson, 1970), which is located on a 30 m high coastal cliff
of stiff London Clay subject to marine erosion. The earthflow consists of two parts inclined at
13-18° (flow II A and flow II B, Fig. 18a) that discharge debris in a 65 m long and 20 m wide
accumulation zone (flow II of Fig. 18a) inclined at about 7°. The two earthflows have a
thickness of 1.0-1.5 m for the upper flow, while the lower one is about 5.0-5.5 m thick. The
landslide bodies are bounded by discrete shear surfaces that are slickensided in the direction
of movement. The accumulation flow terminates in a tongue, which extends far across the
beach (Fig. 18b) during large movements, while it is eroded back to the general line of the
cliff foot during periods of small movements.

Figures 19 and 20 report the available climatic and piezometer data. Data of total monthly
precipitation (measured) and potential evaporation (calculated) come from two meteorological
stations located close to the site. Groundwater conditions have been observed through
Casagrande-type piezometers located within as well as outside the landslide body (Fig. 18). In
particular, five piezometers (from P4 to P8) have been installed in a line up the cliff outside
the mudflow boundaries. Data show that the largest yearly variation in groundwater level
(about 2.5 m) is measured by piezometer PS5, located in the steeper upper cliff. These
readings, which cover a period of almost 3 years, correlate nearly with the histogram showing
the difference between monthly total precipitation and the monthly potential evaporation (Fig.
2). Piezometer P6, set between the upper and lower cliffs, shows little variation while the
pore-water pressures measured by P8 tend to decrease steadily, probably because of drainage
toward the underlying fine sands of the Oldhaven Beds Formation (Fig. 18b). However, the
readings of three piezometers installed within the flow II (P9, P10 and P11) show that pore-
water regime is different from that in the adjoining cliff. In particular, the pore pressures
generally exceed those in the adjoining cliff, sometimes reaching ground level, (piezometer
P9, installed in the head of flow II).

Figure 19 reports surface displacements accumulated by flows II and II A, which have been
measured at the middle of the flows in a direction normal to assigned lines (line D for flow II
and line G for flow II A, Fig. 18a) by means of markers placed along these lines. Such data
indicate that a distinction must be drawn between the behaviour of the shallow and relatively
steep feeder flow ITA and the deeper, gently inclined accumulation flow II. In fact, the
corresponding average inclination is such that the flow II A can be readily triggered by a rise
in phreatic groundwater level; in particular, its movements correlate well with the seasonal
rise in groundwater pressure of late autumn 1962, reflecting a period of water surplus with
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only a short time-lag. However, the movements of accumulation flow II are generally
delayed, because they are essentially induced by the load applied by the debris coming from
the feeder flows. Because of fast loading and the low soil permeability, this process is
responsible for the generation of positive pore-water pressures (Hutchinson and Bhandari,
1971). Such a mechanism could explain the apparently anomalous piezometric readings
measured within the accumulation body.
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(Hutchinson, 1970).
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Another well documented example (Bertini et al., 1984, 1986) is the active slide along the
west side of the St. Martino Stream basin (Abruzzo Region, Central Italy), shaped in Pliocene
marine marly clay formations (Fig. 21). The area is located in a temperate zone with
Apennine sublittoral Mediterranean features. In particular, the average temperature ranges
between 5°C (January) and 24°C (July), while the yearly accumulated rainfall is in between
800 and 1000 mm with two maxima attained in spring and autumn, and two minima attained
in summer and winter.
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Figure 21 - The St. Martino Stream hydrographic basin (Bertini et al., 1984).

SLOW MOVEMENTS

The area was monitored through a pluviometric station, twelve electropneumatic piezometer
cells and six inclinometer tubes (Fig. 22a). Available data, which covers a six-year period,
reveal that the movements develop along a 9° inclined slope down to a depth of 25 m,
involving the weathered part of the parent formation and its colluvial cover (Fig. 22a).
Movement is regulated by the pore pressure regime (Fig. 22¢,d). In particular, the rate of
movement is around 0.35 mm/day when the groundwater surface is less than 3 m deep (Fig.
23). The landslide practically stops if the groundwater level drops below this threshold value.
Moreover, the yearly accumulated displacements seem to be affected by the total amount of
precipitation during the rainy seasons: in fact, the trend of the piezometric level and of the
displacement rate directly follows the rainfall trend (Fig. 22b, c, d).

The Authors suggest that the movement is essentially due to viscous deformation along the
slip surface as a combination of both primary and secondary creep. This can justify the
different behaviour displayed by the slide during the phases of pore pressure increase and
pore pressure decrease: in fact, even under equal pore pressures, the displacement rate is
higher during the phases characterized by growing piezometer levels. (Fig. 7). According to
the Authors, the decrease in the effective stress during the phase of pore pressure increase
causes an increase in the rate of primary creep while the rate of secondary creep decreases; in
contrast, in the phase of pore pressure decrease both creep components have the same sign.
Further data published in the literature show different behaviours and different interpretations.
However, the viscous behaviour of the slip surface is certainly a key point for the analysis of
slow slope movements in clay (Corominas et al., 2005; Ledesma et al., 2009).
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Grant Agreement No.: 226479

SafelLand - FP7

Page 140 of 196



[D1.3] Rev. No: 1
[Analysis of the results of laboratory experiments and of monitoring in test sites] Date: 2011-03-14

Another interesting case that documents the relationship between weather conditions, pore
pressures and landslide activity is reported by Tommasi et al. (2006), with reference to a stiff
overconsolidated clay slope in the Orvieto town, Central Italy. The town sits on the top of a
50 m thick tuffaceous rock with subvertical cliffs superimposed on ~600 m long and 12°
inclined slope formed by a weakly cemented debris layer of fluvio-lacustrine origin (with
thickness ranging from 3 to 15 m) covering a Plio-Pleistocene clay formation. Data about the
rainfall regime are available from 1920 thanks to a rainfall gauge of the State Hydrographic
Survey situated on top of the hill. The average yearly distribution of the two-week rainfall
shows that precipitation is concentrated in October and November and has another significant
peak in February (Fig. 25). Monitoring carried out since 1982 provides information about the
piezometric regime and displacement of the landslide, respectively measured by Casagrande
piezometers and inclinometers (Fig. 26). Currently, the northern part of the slope is exposed
to shallow translational movements superimposed on deep movements, both essentially
parallel to the ground surface. The landslide evolution is characterized by active phases,
alternating between deceleration and complete stop, in agreement with the pore pressure
regime.
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Figure 25 - The Orvieto slide: average two week rainfall distribution measured from 1945
to 1995 (Tommasi et al., 2006).

Shallow movements occur along a slip surface located at the contact between the debris cover
and the parent formation, with a maximum depth of about 10 m (surface 6 in Fig. 27) and a
maximum rate of some tens of cm per year (Fig. 28). In particular, rainfalls cause relatively
fast changes of pore pressure in the most permeable shallow materials; shallow movements
are then characterized by rather a rapid response to rainfall (cumulative rainfall over up to 60
days).

Deep displacements develop along failure surfaces within the overconsolidated clays to a
depth of 33 m (surface a in Fig. 27), with maximum velocities of some tens of mm per year
(Fig. 29). Deep movement rates are again characterized by both annual and multi-annual
variations that are well correlated to pore pressure and rainfall regimes; in particular,
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reactivations occur after long-lasting rainfall periods (cumulative rainfall over up to 180 days)
characterized by a sharp excess with respect to the average rainfall regime.
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Figure 26 - The Orvieto slide: geotechnical section of the slope (Tommasi et al., 2006).
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Figure 27 - Detected shallow and deep displacements (Tommasi et al., 2006).
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Figure 28 - Rainfall regime, piezometer levels and shallow displacements (Tommasi et al.,
2006).
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Figure 29 - Rainfall regime, piezometer levels and deep displacements (Tommasi et al.,
2006).

2. Jointed clays

The term “jointed clays” usually refers to stiff overconsolidated soils that are crossed by
different types of macro-discontinuities such as joints, bedding planes or faults. Some
examples can be found in Italy, along the Adriatic coast and in Tuscany.

Esu and Calabresi (1969) analyze a slide, which occurred in August 1968, involving a 25 m
high and 45° inclined cut slope excavated in the open coal mine of the Santa Barbara
Formation, Upper Valdarno basin, Tuscany Region. The deposit is a Pliocene lacustrine soil,
made up of stiff overconsolidated clays crossed by two sets of about one-metre spaced
discontinuities, bedding surfaces and vertical joints, and by a fault that subdivided the clay
mass into blocks (Fig. 30). The bedding planes were inclined of 10° in the opposite direction
with respect to the cut, while the joints direction was parallel to that of the cut. The fault was
inclined of 60° in the same direction as the cut.

The results of some direct shear tests performed by Calabresi and Manfredini (1973) show
that the strength of the intact clay is much higher than that of the discontinuities. In particular,
the intact matrix and the jointed matrix present the same friction angle, but the first one
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presents a high cohesion that disappears along joints. Again, the shear strength along fault
surfaces is equal to the residual one measured on the intact clay.

Figure 13 reports a schematic view of the landslide evolution, which occurred after the end of
the excavation that was completed on August 13", 1968. A heavy rainfall on August 16"
induced movements of the order of some centimetres as a result of the sliding of intact blocks
along the discontinuities. The displacements continued for a few metres, accompanied by the
opening of discontinuities and the breakdown of the mobilised soil into smaller blocks. The
volume of the landslide body increased and the soil below the toe of the cut was affected too.
Esu and Calabresi (1969) carried out a simplified stability analysis based on the limit
equilibrium method, assuming a failure mechanism characterised by the slipping of two
blocks (EFH and LNMP in Fig. 30) along three discontinuities: a fault, a vertical joint and a
bedding surface. According to the analysis, if water had been absent within the
discontinuities, the equilibrium conditions would have been granted. The Authors point out
that even small cleft pressures in the opened discontinuities could have been responsible for
triggering the slide.

In order to understand the role of cleft pressures on the mechanical response of the cut, D’Elia
et al. (1998) performed a numerical simulation of the movement using two different models.
While the first model (Fig. 31) reproduces the scheme considered by Esu and Calabresi
(1969), the second model (Fig. 32) considers the fault and a set of vertical joints and bedding
planes, thus simulating a more realistic situation. In both cases, the blocks consist of
deformable materials: their geotechnical parameters come from laboratory tests (Esu and
Calabresi, 1969; Bertuccioli, 1995). The Authors refer to Calabresi and Manfredini (1973) for
the mechanical characteristics of the discontinuities. The geotechnical parameters adopted in
the analyses are reported in Table 1.

First analyses assume the absence of water in the discontinuities. Then, a water flow
developing along the network of discontinuities, even above the toe of the cut, has been taken
into account as an effect of heavy rainfall. In the first model, the water flow has been
reproduced by applying a water pressure equivalent to a height of 10 cm of water on the lower
and upper banks (Fig. 33). In the second model, the hydraulic condition has been reproduced
by considering a hydrostatic distribution of the water pressure on the vertical boundaries of
the grid with a water level reaching the ground surface (Fig. 32).

The results were revealed to be very sensitive to both the adopted model and the hydraulic
condition. In the first case, the maximum displacement calculated by the first and the second
models are respectively equal to 3 cm and 40 cm, while they attain 88 cm and 400 cm
respectively if the presence of water in the discontinuities is taken into account. Regardless of
the model, the displacements did not affect the area upslope of the fault, thus confirming that
the mechanism of rupture is strongly governed by this. Significant differences have been
found regarding the zone located below the toe of the cut that is subjected to slip only in the
second analysis: the deformed mesh displays a very similar configuration to that effectively
observed in situ at the end of the movement (Fig. 34).

Grant Agreement No.: 226479 Page 145 of 196
SafeLand - FP7



[D1.3]

Rev. No: 1
[Analysis of the results of laboratory experiments and of monitoring in test sites] Date: 2011-03-14
. ; 25m 25m
EH: Bedding plane = v v 275 m
FH: vertical joint F M
MN: Fault plane L
E
om yN om om
v v v
(1) Before sliding (2) Situation at the start (3) Situation at the end
of the movement of the movement

Figure 30 - Plan and section of the slide occurred on August 1968 in the Santa Barbara
open pit mine (Esu and Calabresi, 1969).
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Figure 31 - First model used to simulate the slide occurred on August 1968 in the Santa
Barbara open pit mine (D’Elia et al., 1998).
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Figure 32 - Second model used to simulate the slide occurred on August 1968 in the Santa
Barbara open pit mine (D’Elia et al., 1998).
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Block material Bedding Joints Fault
surfaces

Model p=1760 kg/m3 kn=1400 MPa/m | kp=1400 MPa/m | kn=1400 MPa/m

1 K=650 MPa G=300 MPa | ks= 700 MPa/m |kg= 700 MPa/m | kg= 700 MPa/m
@'=16° c¢'=150 kPa |@'=16° c'=0 @'=16° c'=0 |o@'=11° c'=0

Model p=1760 kg/m3 kn=1400 MPa/m | kp=1400 MPa/m | kn=1400 MPa/m

2 K=650 MPa  G=300 MPa | ks= 700 MPa/m |ks= 700 MPa/m | k¢= 700 MPa/m
0'=16° c'=150 kPa |¢@'=16° ¢'=0 ¢'=19° ¢'=0 |o'=11° ¢'=0

p: density ¢'": shear angle G: shear modulus Kp: discontinuity normal stiffness
¢": cohesion K: bulk modulus kg: discontinuity shear stiffness

Table 1 — Santa Barbara case: geotechnical properties considered in the analyses (D’Elia et
al.,1998).
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Figure 33 - Santa Barbara case: results from first model. Block displacements and final
water pressure in the discontinuities after rainfall occurred on August 16, 1968 (D’Elia et
al., 1998).
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Figure 34 - Santa Barbara case: results from second model. Block displacements and water
level in the discontinuities at the end of movement (D’Elia et al., 1998).

The failure mechanism recognised in Santa Barbara clay shows many similarities to that
proposed by Henkel (1967) to explain planar slides triggered by rainfall. Such a mechanism
(Fig. 35a) considers a planar layer resting on bedrock parallel to the ground surface. The
lateral downslope boundary of the upper layer is represented by a vertical cut. A vertical
fracture located at a distance X from the cut is assumed to be filled by rain water. Figure 35b
shows that the stability condition is a function of location of cracks; in fact, assuming that the
contact between the two layers is cohesionless, the friction angle ¢’ necessary for stability
increases as the distance x decreases.

b)
40
, ~——
9 =20
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Figure 35 - Mechanism of planar failure induced by cleft pressures: a) reference scheme;
b) friction angle ¢’ required for stability (after Henkel, 1967).
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Such cracks are often the result of pre-failure deformations. The possible role of pre-failure
deformations is suggested by the case history of the Melfi landslide, Southern Italy,
reactivated by cutting of the toe of a slope in flysch (Picarelli and Viggiani, 1988). Because of
the high residual friction angle of the soil, the only possible explanation of the movement was
the effect of cleft pressures within some vertical tension cracks normal to the direction of
movement observed some tens of metres from the toe.

The Vallcebre landslide, Eastern Pyrenees, Spain (Fig. 36), is another similar case
(Corominas et al., 2005). The landslide has been active for several centuries, involving shale,
gypsum and claystone layers moving over a thick limestone bed. It is 1200 m long and 600 m
wide and covers an area of 0.8 km® crossed by superficial shear surfaces and tension cracks,
which represent preferential drainage pathways to rainfall infiltration. Three distinct units
have been recognized. In particular, the lower unit has been monitored since 1996 using
conventional surveying and photogrammetry, differential GPS, boreholes equipped with
inclinometers, wire extensometers and piezometers. The displacements never stop and are
characterized by velocities that are close to zero only during dry seasons (Fig. 37).
Piezometers set in tension zones (as S5) measure rather small changes in groundwater levels
(ranging between 0.5 and 2 m) and a fast drainage if compared to the piezometers located
elsewhere (for example S2, S4 and S11), which experience changes of groundwater level up
to 5 m and a slower rate of pore water decrease.

FRANCE

Vallcebre

50 Km

250m

LEGEND
} SCARP —— TENSION
CRACK
. UPSLOPE DIPPING
SURFACE
‘%( @ POND —+~ TORRENT
\ : f"é‘@p % CRACKED HOUSE = SPRING
&
N 52 BOREHOLE :
TDRRENT * " @ GPS TARGET
"' GEOLOGICAL " DISPLACEMENT

/ A PROFILE DIRECTION

Figure 36 - Plan view of the Vallcebre landslide, Spain (Corominas et al., 2005).

3. Highly fissured clays

Several earthflows in highly-fissured plastic clays and clay shales spread in the Southern
Apennines, Italy, have been investigated through site and laboratory investigations,
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monitoring and numerical modelling. Such research provides useful data for the
understanding and the analysis of triggering in highly fissured clays.
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Figure 37 - Vallcebre landslide: a) wire displacements measured at boreholes S-2, S-35, S6,
89 and S-11; b) piezometric levels measured at boreholes S2, $4, S5, S6, S9 and S11
(Corominas et al., 2005).

Triggering generally develops according to a slide style, i.e. along a well defined slip surface;
the flow-like style is revealed after failure (Picarelli, 2000). In contrast with slides that move
as stiff bodies, earthflows display internal deformations similar to those of viscous liquids. As
a consequence, deformation of the entire landslide body seems to predominate in some
periods of landslide activity over concentrated shear displacements at the base.
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Most of the sites investigated are concentrated in the high Basento valley (Fig. 38): Brindisi di
Montagna (Cotecchia et al., 1984; 1986), Masseria Marino (Guerriero, 1995; Picarelli et al.,
1995; Giusti et al., 1996; Pellegrino et al., 2000; Comegna et al., 2004; Comegna, 2005;
Picarelli et al., 2005; Comegna et al., 2007, Comegna and Picarelli, 2008), Masseria De
Nicola (Guerriero, 1995; Giusti et al., 1996; Pellegrino et al., 2004a) and Acqua di Luca
(Giusti et al., 1996; Pellegrino et al., 2004a). All earthflows have been instrumented with
piezometers installed both in the landslide body and in the stable formation below or around
it.

Figure 38 - Position of four earthflows that are ongoing in Basento Valley, Southern Italy:
1 - Brindisi di Montagna; 2 - Masseria Marino; 3 - Masseria De Nicola; 4 — Acqua di Luca
(Picarelli et al., 2005).

Figure 39 shows the seasonal fluctuations of the water level in the extremely slowly flowing
Acqua di Luca over a period lasting more than 10 years (Pellegrino et al., 2004b). Typically,
the pore pressure attains its peak value in the period December-April, then gently decreases,
reaching a minimum between October and December. In the dry season between May and
November, even intense rainfalls do not produce significant increases in pore pressures,
probably because of evapotranspiration and the lower permeability of the shallowest
unsaturated soil layers.
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Figure 39 - Piezometric levels measured in the Acqua di Luca earthflow (Pellegrino et al.,
2004b).

As with many other landslides in clay, earthflows located in the Basento Valley are active for
many tens of years (Iaccarino et al., 1995) but their evolution can display sudden changes of
both geomorphological and kinematic features. Where the strength mobilised along the shear
zone is at, or near, the residual value, the landslide may be cyclically reactivated by pore
pressure fluctuations, thus the movements tend to be strongly seasonal. Figure 40 reports the
evolution of the displacement rate of Masseria Marino, Masseria De Nicola and Acqua di
Luca earthflows, showing that peaks due to landslide acceleration are followed by a slow

decrease in the displacement rate. In the long term, this may drop to a few millimetres per
year.
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Figure 40 - The displacement rate of three earthflows in the Basento valley, Southern Italy
(Picarelli et al., 2005).

Monitoring suggests that movement essentially develops through alternating stages of
undrained—drained deformation (Comegna et al., 2007). Undrained conditions are established
as a consequence of the non-uniform state of stress and strain induced by landslide
mobilisation (or reactivation) combined with the typical properties of soils involved in
earthflows, that feature both a low permeability and a contractive behaviour associated with a
high degree of softening. Such undrained conditions give rise to the highest velocities: during
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such phases, internal strain prevails over displacement concentrated along the slip surface,
thus the landslide displays a marked flow-style.

Figure 41 summarises the behaviour of the Masseria Marino earthflow investigated from the
middle of 1991 to the end of 1993. Water levels measured with Casagrande piezometers in the
zone between the depletion area and the upper part of the main track show quite irregular
changes over short periods of time (Fig. 41b). However, as displacement accelerates (Fig.
41c), the water level rises above the ground surface as a likely effect of induced excess pore
pressures. It is worth noting that the investigated zone was clearly subjected to some
compression, as revealed by topographic measurements (Fig. 41a). Using data provided by a
rainfall gauge installed on the slope and accounting for the permeability measured by in situ
tests, Comegna et al. (2004) set up some numerical analyses aimed at reproducing the pore
water fluctuations caused by rainwater infiltration in active and non-active portions of the
Masseria Marino earthflow. The consequent results show a good agreement between
measured and calculated values in non-active parts (Fig. 42a). However, the adopted model is
not able to reproduce the pore-water pressures measured in active zones (Fig. 42b), where
excess pore-water pressures develop as a consequence of the undrained conditions provoked
by the landslide mobilisation. The subsequent dissipation of excess pore pressures is
associated with the decrease of the displacement rate and the changing pattern of slope
movements, which turns from a flow to a slide style, being predominantly featured by
movements along a well defined slip surface located at the base of the landslide.
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Figure 41 - Displacements and water levels measured in the Masseria Marino earthflow in
the period 1991-1993 (from Giusti et al. 1996): (a) plan of the landslide and superficial
displacements; (b) water levels measured at some Casagrande piezometers; (c) evolution
with time of horizontal displacements.
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Figure 42 - Comparison between measured and calculated groundwater levels in a non-
active a) and in an active part (b) of the Masseria Marino earthflow (from Comegna et al.,
2004).

Further information is provided by the monitoring of the Torrente Miscano earthflow
(Picarelli et al., 1999), carried out between 1993 and 1999 (Fig. 43). In that period, the area
was subjected to moderate rainfall, mainly concentrated in the time interval November to
April, with a maximum monthly height of about 250 mm and a maximum accumulated annual
height of 788 mm (Fig. 43c). Figure 26d reports the groundwater level depth measured
between March, 1993 and April, 1999, by some Casagrande piezometers installed within the
landslide body. The pore pressure fluctuations follow a seasonal trend with peak values
measured between January and March, and minimum values measured between October and
January. During wet seasons, the time lag between rainfalls and groundwater recharge is very
short, while the groundwater level declines very slowly in dry seasons and does not show any
significant response to isolated, although very intense, rainfall events. Both the maximum
groundwater level (very close to the ground surface) and the minimum level (that reaches a
depth between 2.0 and 2.5 m) seem to be strongly affected by the amount of rain: for instance,
the peak value is higher at the beginning of 1994 and 1996 than in 1995, which follows a
dryer period. Figure 43e shows the annual accumulated displacements measured by the
inclinometers next to the ground surface. These show large variations along the slope and
with time, ranging between about 0.5 and 8 cm/year, so the landslide may be classified as
slow to extremely slow. The variability of displacements with space suggests that the
landslide body experiences internal deformation, thus its behaviour depends on the local
induced strain field. The variability with time essentially depends on the pore pressure
regime, in turn affected by the volume of rain. The influence of rainfall is clearly evidenced
by Figure 43e that shows a significant increase of the landslide activity systematically
following a rainy period: the high displacement rate in the first months of 1994 and 1996, for
instance, is clearly related to the preceding cumulated rainfalls. In particular, the inclinometer
I3, which is the only working since 1993, shows that slope mobility practically stops every
year between May and September as an immediate response to the pore pressure decline (Fig.
43d, 1), while it restarts during the wet season. In particular, the earthflow is characterised by
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a threshold groundwater level, ranging between 1 and 1.5 m (Fig. 43d), above which
movements are cyclically triggered: Figure 44 shows that the relationship between the depth
of the groundwater table and the displacement rate is highly non-linear.
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43 SYNTHESIS OF MONITORED SITES ON THE SPECIFIC CASE OF
PYROCLASTIC SOILS (UNISA)

1.Introduction

Soil suction is one of the most important physical variables governing the behaviour of
unsaturated soil slopes. It is responsible not only for the mechanical response of the slope, but
also for transfer of water (i.e. infiltration, evaporation and transpiration) and energy between
the atmosphere and the soil, through the slope surface. Therefore, it is crucial for geotechnical
engineers to understand the mechanisms that control soil suction variations induced by
changes in boundary conditions due to human and/or natural actions. Appropriate modelling
of the soil suction regime is required for the prediction of slope behaviour. The above
statement is of particular relevance when geotechnical analyses are oriented to the assessment
of slope stability conditions following infiltration of rain water, in order to predict the onset of
shallow slope failure.

A significant example is represented by an area of about 3000 km” in the Campania Region
(Southern Italy) where limestone and tuffaceous slopes are diffusely covered by unsaturated
pyroclastic soils. These soils were originated from the explosive phases of the Campi Flegrei
and Somma-Vesuvius volcanic activity and they are frequently affected by landslides of the
flow-type triggered by critical rainfall events (Cascini, 2004). Among recent destructive
landslides of the flow-type, one of the most calamitous occurred on May 1998 and caused 159
casualties and serious damage in four towns (Bracigliano, Quindici, Sarno and Siano), located
at the toe of the so-called “Pizzo d’Alvano” limestone relief (Fig. 1).

- Flowslide occurred in May 1998

O Sites of suction measurements
Figure 1 - Landslides of the flow-type occurred in May 1998 and sites of soil suction
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measurements.

The relevant extension of the territory (about 60 km?) affected by the 1998 event, pointed out
the necessity to set up a wide interdisciplinary research programme to investigate the
geological factors (Cascini et al., 2000), the mechanical soil properties (Bilotta et al., 2005)
and the triggering mechanisms (Cascini et al., 2008) of the landslides that occurred.

In-situ and laboratory investigations were performed in order to acquire detailed data on the
stratigraphy, the mechanical properties of pyroclastic soils, both in saturated and unsaturated
conditions, and the soil suction regime during dry and wet seasons.

As for the topographic conditions, Cascini & Sorbino (2003) indicate average slope angle
varying from 35 to 41 degrees and soil thickness ranging from 0.5 m to 5.0 m. The typical
stratigraphic conditions of the landslide source areas on mountain slopes within the territories
of the towns of Bracigliano, Quindici, Sarno and Siano are illustrated in Figure 2. The slopes
within the territory of Bracigliano show quite a homogeneous stratigraphy compared to those
located in the territories of the other towns, due to a complete absence of pumice layers that in
other slopes, and particularly at the Sarno site, are present at different depths among the ashy
layers (Fig. 2).

Moreover, physical and mechanical properties of the pyroclastic soils were obtained through a
laboratory research programme on undisturbed and remoulded samples collected at the
investigation sites. This consisted of various tests on undisturbed samples aimed at
investigating the physical properties, as well as the shear strength and hydraulic properties of
the pyroclastic soils, both in saturated and unsaturated conditions. Hydraulic properties of the
ashy soils in saturated conditions were investigated by means of conventional permeameter
tests while, in the unsaturated conditions, three different laboratory equipments were utilised,
i.e. Suction Controlled Oedometer, Volumetric Pressure Plate Extractor and Richards
Pressure Plate. A detailed description of the methodologies and the experimental procedures
as well as the main laboratory results obtained is presented by Sorbino & Foresta (2002) and
Bilotta et al. (2005).

Bracigliano Quindici
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Figure 2 - Typical stratigraphic sections of the investigation sites.

2. Soil Suction Measurements
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In order to obtain relevant information on the soil suction regime, in-situ measurements have
been performed since November 1999 using “Quick-Draw portable tensiometers” and
“Jetfill” in-place tensiometers (Cascini & Sorbino, 2003). The investigated sites were mostly
situated in the Pizzo d’Alvano area, especially at medium-high slope levels (Fig. 1).

All the data collected in Figure 3, over the period November 1999 — May 2002 (about 3000
measurements) are reported together with the daily rainfall recorded in the same period from
rain-gauges installed in August 1998 on the Pizzo d’ Alvano slopes.

As can be readily observed, the suction data show a significant scattering which is, of course,
related to the different sites and depths, where measurements were performed. However, the
data also show that suction values never exceeded 65 kPa regardless of the measurement site,
the depth and the rainfall regime.
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Figure 3 - a) daily rainfall; b) suction data collected at the investigation sites.

In order to verify if the data collected during the three observation periods were representative
of all the landslide source areas of the Pizzo d’Alvano massif, a preliminary analysis was
carried out for the period ranging from March 2000 to February 2001, during which
measurements were available at each investigation site, with negligible exceptions.

Referring to the daily average values recorded during this period at each site, Cascini &
Sorbino (2003) observe that suction behaviour seems strongly affected by local factors such
as evapotranspiration rate, stratigraphic conditions, etc. (Blight, 1997; Leroueil, 2001),
especially in August and September. This seems also to hold true for average values
calculated for bi-weekly intervals, while monthly average values appear to be steadier than
the previous one. In particular, in the April-July and October-December (Fig. 4) periods, at
depths up to 1.0 m, monthly average suction values vary in a range not exceeding 15 kPa.
Their variation appears to increase in the dry season (July — September), when the maximum
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scatter is slightly less than 20 kPa. In the same period, a tendency towards faster saturation is
observable on the slopes facing Sarno, probably due to the presence of many pumice layers
(Fig. 2). A similar trend can be observed at depths greater than 1.0 m (Fig. 4), where
differences in suction values are generally higher than at lower depths. However, the suction

time trend at these lower depths is not monotonic, as it attains two different relative maximum
values, one in the summer, the other in early autumn.

Data scattering is reduced to a minimum when the monthly average refers to suction data
collected at the same depths, independently of the measurement site (Fig. 5). The maximum
difference, taking the different behaviour of the Sarno site in the period from August to

September into account, is not greater than 10 kPa, both for depths lower than 1.0 m (Fig. 5a)
and for depths greater than 1.0 m (Fig. 5b).
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Figure 4 - Typical monthly average suction values, a) at depths lower than 1.0 m and b) at
depths higher than 1.0 m (from Cascini & Sorbino, 2003).
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Figure 5 - Monthly average of suction values collected at all the investi?ated sites, a) at
depths lower than 1.0 m and b) at depths ranging from 1.0 m to 1.8 m (from Cascini &
Sorbino, 2003).

These analyses indicate that monthly average suction values, distinguished by depth, but not
by site, calculated during the second and third observation periods can be considered typical
of all the investigation sites. Monthly average suction values calculated over the whole
observation period have hence been plotted taking into account only the depth at which each
measurement was taken (Fig. 6). The monthly values for depths lower than 1.0 m (Fig. 6a)
show an analogous trend, as do those for depths higher than 1.0 m (Fig. 6b). Moreover, the

monthly suction regimen appears strongly related to rainfall for depths lower than 1.0 m (Fig.
6a).
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Figure 6 - a) monthly average suction at depths lower than 1.0 m; b) monthly average suction
at depths ranging from 1.0 m to 1.8m (from Cascini & Sorbino, 2003).

These results invited two different analyses, one to ascertain relationships, if any, between
monthly suction values and rainfall, the other to highlight suction regimen behaviour in time
and in space.

Figure 7 shows monthly average suction values for all depths lower than 1.0 m compared with
the moving average of daily rainfall over two and three-month periods. The suction values
seem to agree with the moving average of daily rainfall over a three-month period. In
particular, in spite of variations in the rainfall regimen during the observation period, the
increase of suction at the beginning of dry periods (March — June) seems to be related to a
moving average of daily rainfall over a three-month period not exceeding 4.0 mm. The same
holds true for the beginning of the wet season (November — January), when the three-month
period moving average above which suction decreases seems to be equal to about 2.0 mm
(Fig. 7). As for suction behaviour regimen, it can be observed (Fig. 7) that, on a yearly scale,
the time suction trend is quite similar during months when continuous measurements are
available (e.g. November-December and May-June). Hence, it seems appropriate to analyse
soil suction measurements on a monthly basis, independently of the year in which the
measurements were taken. Monthly suction averages for each investigation site and at various
depths (z) up to 1.6 m are plotted (Fig. 8) together with the “mean line” representing average
soil suction values for the same depths at all the investigation sites.

Grant Agreement No.: 226479 Page 163 of 196
SafeLand - FP7



[D1.3] Rev. No: 1
[Analysis of the results of laboratory experiments and of monitoring in test sites] Date: 2011-03-14

Figure 8 shows that, for depths between ground surface and 1.0 m, monthly suction values
attain their lowest value of 10 kPa in the January-March period at all the investigation sites.
At lower depths, this period progressively decreases and seems to coincide with the month of
April when, however, suction values do not differ significantly from 10 kPa. Despite the lack
of significant data, this value seems to be the same at depths between 1.8 m to 4.2 m, as
shown in Figure 9.

—%— monthly average suction at depths <1.0m
— moving average daily rainfall over three months

- moving average daily rainfall over two months
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Figure 7 - Comparison among monthly average suction values at depths lower than 1.0 m
and the moving average daily rainfall over a two-month and three-month period (from
Cascini & Sorbino, 2003).
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Figure 8 - Soil suction monthly average at various depth (z) from the ground surface
at the four investigation sites (from Cascini & Sorbino, 2003).
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Also in this case, the Sarno site differs from the others, since it shows a more rapid decrease
in suction values, especially at the end of summer and the beginning of autumn. Nevertheless,
it is interesting to note that, in December and during the winter, monthly average suction
values are equal to 10 kPa in all locations.

In conclusion, the foregoing analyses show that the monthly suction regimen all over the
Pizzo d’Alvano massif seems to follow a regular trend during the wet season. The total head
distributions with depth, obtained from the average soil suction values of Figure 8, are plotted
in Figure 10 to illustrate this better. The figure shows that the unsaturated flow, during the wet
season, is directed downward and is characterised, for depths between the ground surface and
1.0 m, by hydraulic gradients always very close to 1. Hydraulic gradients in the same period
and at lower depths appear to be quite high initially, and progressively decrease with time,
reflecting the advance of the wetting front (Fig. 10). Due to higher temperatures and sun
radiation during the dry season (April — August), suction increases. Hydraulic gradients seem
to show variations in fluid flow direction at depths up to 0.6 m owing to evaporation
phenomena (Fig. 10).
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Figure 9 - Monthly average suction values at depths ranging from 1.8 m to 4.2 m (from
Cascini & Sorbino, 2003).
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Figure 10 - Monthly total head versus depth distribution (from Cascini & Sorbino, 2003).
3. Numerical modelling of soil suction measurements

The above characteristics of the suction regime all over the area led to a numerical analysis
being conducted to investigate the role played by the main physical variables in controlling
the suction regime, and to provide an understanding of the in-situ suction measurements.
Suction modelling has been carried out by Sorbino (2005) for the period March 2000 — May
2002 for the simple scheme of an infinite slope, characterised by a slope gradient of 30° and a
total thickness of 4.5 m, values that can be considered representative of the flowslide
triggering areas of the Pizzo d’Alvano slopes. In order to take different stratigraphic
conditions of the pyroclastic cover into account, a number of arrangements for ashy and
pumice soil layers have been considered. The slope cross sections analysed (schemes 1 — 8),
together with the different thicknesses assumed for pumice and ashy layers, are illustrated in
Figure 27.

Seepage analyses were performed using the commercial finite element software SEEP/W
(Geo Slope Int. Ltd. 1998) by analysing the two-dimensional transient flow regime both under
saturated and unsaturated conditions once the hydraulic properties of the soil, the initial and
boundary conditions are provided. Hydraulic properties have been selected for all schemes,
from those that were experimentally determined (Table 1, Fig. 17 in section 1.1.3), assuming
the soil layers are homogenous and isotropic.

A uniform distribution of soil suction has been adopted as the initial condition, with values
equal to 10 and 15 kPa across the pyroclastic cover, in agreement with the back-analyses
performed by Cascini et al. (2003). With reference to boundary conditions, the bottom of the
slope has been assumed impervious, while two different flux conditions have been adopted at
the ground surface. In the first one, a boundary flux equal to the daily rainfall intensity has
been considered while, in the second one, the effect of the daily evapotranspiration has been
also taken into account.
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Figure 11 - Slope cross sections adopted in the numerical analyses (numbers specify the
depths in metres).

Table 1 - Properties of the soil layers in Figure 11.

: : Upper ash Pumice Lower ash
Soil properties o layery soil layer soil layery
Dry unit weight ve  730kN/m’ 620kN/m’  9.10 kN/m’
Saturated unit weight ye 13.10 KN/m® 13.10 kN/m®  15.70 kN/m’
Porosity n  0.58 0.69 0.66
Saturated hydraulic -5 -5 -6
conléluctivitg u ket 10.0” m/s 7.50 10° m/s 10.0°m/s

To this end, the estimation of evapotranspiration rates have been carried out following the
procedure suggested by Tarantino et al. (2002), which is based on a comparison between the
potential evapotranspiration (E,) (i.e. the maximum evaporation rate in the case of water
availability) and the water limiting evapotranspiration (Ejim), which is related to the capacity
of the soil to transmit water to the atmosphere. The value of daily evaporation rates for the
definition of the flux boundary used in the numerical analyses was fixed equal to the lowest
value between E, and Ejm. A detailed description of the procedures used in the case under
study for the evaluation of E, and Ej;n 1s reported in Lambiasi (2004). Estimation of E, was
carried out by adopting Thornthwaite’s empirical equation (Thornthwaite, 1954) and using air
temperatures recorded in the neighbouring sites of Pizzo d’Alvano relief, while Ej, was
estimated via the steady state flow solution proposed by Gardner (1958), considering the
saturated and unsaturated hydraulic properties of the soils shown in Figure 17, section 1.1.3.

The computed monthly average suction values are compared in Figure 12 with the measured

Grant Agreement No.: 226479 Page 168 of 196
SafeLand - FP7



[D1.3] Rev. No: 1
[Analysis of the results of laboratory experiments and of monitoring in test sites] Date: 2011-03-14

ones. Quite a good simulation of in-situ suction is attained only during rainy periods (i.e. Jan.
’01, May ’01, Dec. 01-May ’02) at depths lower than 1.0 m. Computed suction values for the
other periods, and for all the depths, systematically underestimate in-situ suctions with
differences that, especially in dry periods, increase up to about 20 kPa.

Monthly average in-situ suctions are compared with the computed values in Figure 13, by
taking evapotranspiration into account. A satisfactory simulation of the suction regime both in
dry and wet periods is attained at depths lower than 1.0 m. Simulation is only effective at
higher depths in wet periods, while it fails to interpret the in-situ suction regime in dry
periods. A more effective role on the measured suction values at these depths can probably be
played by further aspects not considered in the present analysis, such as the presence of
discontinuous ashy and pumice layers and additional boundary conditions provided by
limestone bedrock acting at the bottom of the pyroclastic slope.
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Figure 12 - Comparison between monthly average of computed suction values (without
evapotranspiration) and measured values (from Sorbino, 2005).
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Figure 13 - Comparison between monthly average of computed suction values with
evapotranspiration and measured values (from Sorbino, 2005).

4.3.1 Hydrological response of instrumented slopes in pyroclastic soils (AMRA)

Most of the Campania region is covered by unsaturated pyroclastic deposits generated by
different volcanic centres (Fig. 14). The best known of these are the Phlaegrean Fields, West
of Naples, and the Somma-Vesuvius, East of Naples, both still active inside the Campanian
Volcanic Zone (Picarelli et al., 2006). In many cases, such granular soils pose severe
geotechnical problems, primarily through rapid landslides triggered by precipitation.
The area subjected to landslides can be divided into three main zones, presenting different
geomorphologic features:
- A) the Western Apennine zone, located along the N-NE dispersion direction from the
Vesuvius volcano (Partenio, Avella, Sarno Mountains);
- B) the Lattari Mountains located along the S-SE dispersion direction from the
Vesuvius volcano;
- C) the Phlegrean Fields volcanic district.
The bedrock in zone A consists of highly fractured Mesozoic-Cenozoic limestones, while the
cover is essentially constituted of air-fall deposits. The basal formation in the Sorrento
Peninsula also consists of Mesozoic-Cenozoic limestones, which are locally covered by
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flysch on the northern slopes (Civita el al., 1975). Even in this case, the covers consist of
alternating layers of air-fall ash and highly vesiculated pumice fragments. The thickness of
the cover varies from site to site, depending on the distance from the volcanic centre and the
average inclination of the slope, but it is rarely higher than 6 m.

The geomorphologic context of the Phlegrean Fields volcanic district is more complex. The
pyroclastic soils have been deposited by air-fall, flows or surges and cover the Neapolitan
Yellow Tuff formation, which is only locally fractured. The thickness of the cover ranges
from about 20 m in proximal areas, to about 4 m, in distal outcrops (Picarelli et al., 2006).
Some monitored sites in these areas, indicated by stars in Fig. 14, have been investigated
during the last ten years. The next sections are devoted to the main results of monitoring at
these sites.

=Cervinara- .-

el S

Figure 14 - Map of the instrumented slopes, as shown by a star, in pyroclastic soils.
1. Cervinara site

In December 1999, a number of landslides were triggered during a storm in an area of about
3.8 km® surrounding the town of Cervinara, at the toe of the Partenio Massif, about 50 km
from Naples (Fig. 14): one of these landslides (A in Fig. 17) converted into a flowslide and
reached the town, located about 2.5 km downslope, causing heavy damage to buildings and
the loss of human lives. The monitored site of Cervinara, instrumented two years after, is
located just beside the flowslide, at an altitude of 650 masl.

This area presents the typical features of the Mediterranean climate, which is quite variable
due to the interaction between the two climatologic areas of Piana Campana and the Apennine
Chain. A rain-gauge, installed a few kilometres from the instrumented slope (S. Martino Valle
Caudina gauge managed by S.ILM.N. Agency, and after 2002 by the Civil Protection), has
provided data since 1964: the yearly rainfall ranges from a minimum of 564 mm, in 1992, and
a maximum of 2330 mm, in 1985. The maximum daily precipitation displays a great
variability, ranging from 32 mm, in 1992, and 180 mm, in 1968 (Fig. 15a). The mean monthly
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precipitation (Fig. 15b) is typical of the Mediterranean regime, being characterised by rainy
autumns and winters and by dry summers, with a mean annual precipitation of 1300 mm.
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Figure 15 - Rainfall height recorded at Cervinara site in the last three decades of the XXI
century: a) yearly cumulative and daily maximum rainfall; b) mean monthly and cumulative

mean monthly rainfall.
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Figure 16 - Probability density functions of 24-h precipitation and 30-day precipitation
(modified after Damiano, 2010).

Since the key factor in landslide triggering in pyroclastic soils is the cumulated antecedent
precipitation (assumed as the 30-day cumulated rainfall) and the last 24-h rain, a comparison
in terms of probability density functions of monthly rain and daily rain has been reported in
Fig. 16, for the years under observation. The most recurrent values of 30 days cumulative
precipitation fall between 100 mm and 200 mm: however also periods with values from 250
mm and 400 mm are not negligible since such values have been measured about 48 times in
30 years. Fortunately, values of intense daily rainfall (> 80 mm) seldom occur.

Data about air temperature are not available for this site but readings in localities nearby
indicate a mean summer temperature of 20°C and a mean winter temperature of about 10°C.
No information is available about snow depth, since no snow-gauges are installed. However
the snow does not assume a significant value in this area.

The instrumented slope has an average inclination of 40° and is covered by chestnut trees.
From the middle part of the slope downwards, a series of cuts and paths locally modify the
natural morphology. The average thickness of the pyroclastic cover at the main scarp is about
2.4 m. From top to bottom, under a top soil formed of remoulded volcanic ash (about 60 cm
thick), the following layers have been identified (Olivares & Picarelli, 2003): 1) an upper layer
20 cm thick of coarse pumices (A); ii) a 100 cm thick layer of volcanic ash (B); iii) a horizon
(20 cm) of fine pumices mixed with ash (C); iv) a bottom layer (40 cm) of weathered ash (D)
directly covering the fractured calcareous bedrock. The total thickness of the cover moving
downward due to the presence of colluvium. A simplified soil profile is shown in Fig. 17.

A detailed description of the physical and mechanical properties of the different materials is
reported in section 1.1.1.
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Figure 17 - Cervinara site: plan-view and schematic cross-section (from Damiano &
Olivares, 2010).

At the beginning of 2002, the slope was instrumented with several tensiometers and a rainfall
gauge (Olivares et al., 2002). The equipment consists of a tipping-bucket rain gauge, with a
sensitivity of 0.2 mm, and of five tensiometer stations: at each station, standard jet-fill
tensiometers, equipped with a Bourdon manometer, were installed at different depths, within
the top soil and the ash layers (B and D). Suction measurements were performed every 7-10
days.

Results of monitoring are illustrated in Figures 18 and 19 which show daily and cumulated
rainfall (Figs. 18a, 19a) and mean suction recorded at different depths (Figs. 18b, 19b),
respectively from November, 2001, to November, 2005, and from January, 2006, to April,
2007. During the winter season, suction drops to low values, ranging between 2 kPa in the top
soil, and about 15 kPa at higher depth; during the dry season, it increases up to some tens of
kPa with a peak in September 2003 and August 2006, when the devices installed at a depth of
60 cm report a value close to 80 kPa. Similar high values were not attained during summer,
2002, due to anomalous rainfalls characterised by a total summer rain (550 mm) equal to
almost half the annual precipitation (Olivares at al., 2002).
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A comparison of the suction trend within the three ash layers (top soil up to a depth of 0.6 m,
B layer from 0.9 m to 2.0 m and D layer between 2.2 m and 2.4 m), shows that, in response to
rainfall, suction decreases quicker in the shallowest layers, while it maintains a higher value
in the deep layers. In the period between June 25", and July 10", 2002, suction increased up
to three times throughout the depth, but a 15 kPa reduction occurred only in the upper layer
due to the rain of July 25", with the effects of water infiltration vanishing with depth. Only
after the rainfalls of mid August did suction begin to decrease in the deepest layer. This is due
to the following reasons: 1) the delay of infiltration with depth; ii) the presence of two pumice
layers (A and C) that, in some conditions, behave as a screen (Damiano & Olivares, 2010).
Although monitoring was discontinuous from the end of July 2003 till the end of 2004,
collected data allows some important aspects of the slope behaviour to be highlighted:

- suction fluctuation is less marked in the deepest layers than in the superficial layers,
where the effects of both rain and evapotranspiration immediately affect the pore
water regime;

- the maximum value of suction in the deepest layer is lower than that reached in the
superficial layers by a percentage of about 30%;

- the highest value of suction is reached in the deepest layer during autumn, but starting
from February, it assumes the smallest value: an inversion of suction trend for deepest
layers happens during the spring and summer seasons.
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Figure 20 - Assessment of evapotranspiration rate for the Cervinara site.

Figure 20 reports some literature formulae for potential evapotranspiration rates (Penman,
1958; Thorntwaite, 1948), which are compared with data evaluated from suction readings.
The assessment has be done under the assumption of isothermic conditions, considering
suction readings in the year 2002 across the pumice layer (A) (from 0.6m to 0.9m) during dry
periods, and computing the water flux toward the ground surface by the Richards equation for
seepage in unsaturated soil. Since the pumice layer A is not present at all locations, the
analysis has been carried out using both the values of unsaturated conductivity of volcanic
ashes (indicated by triangles in Fig. 20) and of pumices (circles in Fig. 20) (for values of
conductivity see section 1.1.1). In the diagram figures indicate the number of sunny days prior
to the assessment.
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A first remark is that Penman’s formula overestimates the ET rate, especially during summer.
In contrast, Thornthwaite’s formula seems to match the experimental data better, even if it
underestimates the value for winter months. However, a minimum value for the
evaporatranspiration rate of about 2mm/d can be used as a boundary condition during dry
periods. It is worth noting that such rates have been evaluated at depths of 0.6 m and 0.9 m,
thus the flux rate at the interface ground-atmosphere could be higher.

2. Monteforte Irpino site

The test site is located along a slope of the Avella Mountains, about 40 km from the Somma-
Vesuvius volcano, at an altitude ranging between 600 m and 680 masl. The average slope
angle 1s 25°-30°, with maximum values of 40°. The number of known landslides occurred in
the area in the recent past is five, but a number of ancient accumulation zones have been
recognized, demonstrating the landslide susceptibility in the area (Evangelista et al., 2008).
The climate is quite similar to that of Cervinara, due to the similar position and altitude of the
two experimental sites.

The stratigraphic succession has been thoroughly investigated through pits and boreholes. It
consists of eight main layers parallel to the ground surface, of volcanic ash and pumices
presenting a total thickness of about 6 m. The following layers can be recognised from top to
bottom: 1) topsoil; 2) weathered and humified ash soil; 3) pumices from the Avellino eruption
(3.7 ky b.p.); 4) paleosoil consisting of weathered volcanic ash; 5) pumices from the
Ottaviano eruption (8.0 ky b.p.); 6) paleosoil consisting of weathered volcanic ash; 7)
volcanic sand; 8) highly weathered fine-grained ash. While the layers from the Ottaviano
eruption are found throughout the investigated area, those from the Avellino eruption and the
underlying paleosoil are absent in areas with slope angles higher than 35°. Therefore,
continuity of the highly weathered ash at the bottom of the pyroclastic cover is not assured
(Evangelista et al., 2008).

The properties of Monteforte Irpino soils are quite similar to those of Cervinara soils since
they were formed by the same volcanic eruptions and the same depositional mechanisms
(Picarelli et al., 2006). Detailed information can be found in section 1.1.1.

The instrumented slope covers an area of 230 m” in a coppiced chestnut wood, where 26
instrumented vertical sections are present, forming regular square meshes of 4 m x 4 m (Fig.
8). Each section has been instrumented with four or six tensiometers (jet-fill type) installed
within the three ash layers (superficial, intermediate, deep), three or five TDR probes near the
tensiometers, and a Casagrande piezometer located at the base of deepest ash layer, just above
the highly fissured bedrock. These latter devices remained constantly empty (Papa et al.,
2010).
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Figure 21 - Detail of the Monteforte Irpino field site (modified after Evangelista et al., 2008).

The mean value of suction at each depth during the period November 2006-March 2009 is
reported in Figure 22: suction readings from the deepest devices are available only from July
2008 when the installation was completed. A clear delay between the suction values measured
in the superficial, intermediate and deep layers was observed. In fact, even if minimum values
of a few kPa are faintly recorded at the different depths, the maximum values reaches 65 kPa
in the upper layer, 50 kPa in the intermediate one and only 20 kPa in depth (Papa et al., 2010).
Moreover, tensiometers in the top soil seem to respond to singular rainfall events, even if the
corresponding suction variations are relatively small compared to the seasonal trend
(Evangelista et al., 2008). Conversely, the suction in the intermediate part of the cover follows
a trend that is unaffected by individual rainfall events, reaching a maximum in the month of
November (both in 2007 and 2008). Finally, suction in the deepest ashy layer seems to follow
a delayed trend, reaching a maximum during the month of December. The greater the depth,
the lower is the seasonal variation.
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Figure 22 - Rainfall and suction measurements)at Monteforte Irpino site (from Papa et al.,
2010).
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Figure 23 - Water content readings at Monteforte Irpino site (from Papa et al., 2010).

Measurements of soil water content, available from April 2008, are illustrated in Figure 23,
which reports the mean values within the topsoil (soil 1) at a depth of 0.2 m, the superficial
weathered ashy layer (soil 2) at 0.4 m, and the intermediate weathered ash (soil 4) at depths of
1.4 m and 2.2 m. The measured values are in good agreement with suction: they confirm that
the upper layers are subjected to greater excursions, depending on rainfall and
evapotranspiration, while the water content is always higher at greater depths than in the
upper layers, but is not directly influenced by single rainfall event.

The total flux of water filtrating vertically into the upper and intermediate ashy layers has
been estimated based on both monitoring and laboratory data (hydraulic conductivity); the
data are shown in Figure 24. The results testify that continuous infiltration occurs in the
superficial and intermediate part of the soil cover during fall, winter and early spring, whereas
evaporation is predominant during late spring and summer. By comparing the mean
cumulative flux across the superficial soil layers 1 and 2, and the intermediate soil layer 4
with the cumulative rainfall height, it is evident that only about 50% of rain infiltrates in the
upper layers, while the water moving to the intermediate layer is still less (Papa et al., 2010).
Moreover, the suction measurements have been used to reconstruct the direction of flow
vectors in the plane of the central longitudinal section BB'. As an example, Figure 25 shows
the direction of flow with reference to data taken on December 3 2008: flow vectors are
almost vertical and directed downwards, suggesting that the water circulation is essentially
due to a one-dimensional process during the wet season.
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Figure 24 - Estimation of vertical flux along the central cross-section of the Monteforte
Irpino site (from Papa et al., 2010).
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Figure 25 - Estimation of flow vectors along the central cross-section B-B’ of the Monteforte
Irpino site (from Papa et al., 2010).

3. Sites at the Phlegrean Fields
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Some monitoring sites are located in the Phlegrean Fields, in the Eastern neighbourhood of
Naples (Evangelista & Scotto di Santolo, 2010).

The distribution of rainfall is qualitatively similar to that observed at the other sites (Fig. 26a).
However, a lower mean annual precipitation of about 300 mm has to be expected for this area.
93 rapid rainfall-induced landslides have been recognised during the years from 1986 to 2005
(Fig. 26b). Comparing the diagram in Figure 26a with that in Figure 26b, it is worth noting
that landslides did not occur during the months with most rainfall (October-November-
December), but mainly in January, after the heavy autumnal rainfalls. This showed that
antecedent rainfall (30-60gg) plays a dominant role as a predisposing factor.

B

E 150 1000 @

(0] n

B 750 © E
T 100 E g
£ 8=
®© 500 T 3
5 ks
o 50 €S
E 250 @ E
o S0
(o)) o
g 0 0 7

a G FMAMGTLASONTD

0.8
06 r
04 r

0.2 -

00 A

G FM A MG L A S O ND

Frequenza frane

Figure 26 - a) Mean monthly and cumulative mean monthly rainfall; b) distribution of
andslides during years 1986-2005 (from Evangelista & Scotto di Santolo, 2010).

Pyroclastic deposits in this area present significant local differences (Fig. 27). In particular,
they contain both lithified and unlithified facies, related to eruptive and emplacement
conditions, and the pyroclastic materials younger than 15 ky (Intracaldera Phlegrean
pyroclastic Deposits, IPD) in the monitored sites in particular (red dots in Fig. 27) outcrop
above the Neapolitan Yellow Tuff formation. In general, IPD consists of a sequence of fine to
coarse unsaturated ashes with intercalated pumice layers, with thicknesses ranging from
metres to tens of metres (Evangelista & Scotto di Santolo, 2001).

The materials range from sandy silt to well graded silty sand, and finally to sandy gravel: the
clay fraction is usually less than 10%, while the sandy fraction is less than 40%. This
variability is related to the origin of the material, constituted by hydromagmatic eruption-style
fall, flow and surge deposits (Picarelli et al., 2006). In general, these soils are characterised by
porosity lower than that of air-fall soils present at the other monitored sites: in fact, the
highest porosity is about 64%, but values of about 47% have also been found. An
investigation about the main properties of these soils is reported in section 1.1.1.
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Figure 28 - Camaldoli site: a) daily rainfall height and b) mean daily gauge readings at two
stations (from Evangelista & Scotto di Santolo, 2010).

The monitored sites have been instrumented with rain-gauges, tensiometers located at depths
between 0.5 m and 4 m, and TDR probes at depths of 0.5 m and 1.0 m. All devices have been
equipped with electronic transducers monitored via GSM modem. Data was collected from
2000 to 2005 with continuous readings are available for the period 2001-2003. Daily rain, and
mean daily suction values, at two stations located along the Camaldoli hill are reported in
Figure 28. As in the other cases, suction in the first metre of soil is deeply related to rainfall
whereas the effects of infiltration at greater depths require a longer period of time to take
place. Therefore, the greater the depth, the lower the amount of seasonal excursions are: in
particular, suction in the superficial layer (0.5 m-1.0 m), which ranges between few kPa and
80 kPa, while it fluctuates between 10 kPa and 40 kPa at depths (3.0 m-4.0 m).

Similar consideration can be taken for the Astroni site (Fig. 29), where values of suction
during the period December, 2007 — July, 2008 have been collected (Evangelista & Scotto di
Santolo, 2010).
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Figure 29 - Astroni site: daily rain height and suction at different depths (from Evangelista &
Scotto di Santolo, 2010).

44  SYNTHESIS

Long-term monitoring of natural slopes is an indispensible tool for the analysis of landslide
processes is. The availability of continuous data on displacements and pore pressures enables
more adequate numerical hydro-mechanical modelling to be conducted, in conjunction with
advanced laboratory testing of soils. This may lead to the achievement of greater insight into
the mechanisms governing the behaviour of landslides and prediction of ongoing behaviour.
The preceding chapter has presented long-term monitoring carried out on four field sites
consisting of coarse-grained material (T6ssegg, Gruben, Riidlingen and La Frasse), on eleven
sites consisting of fine-grained material (Super-Sauze, Beltinge, St. Martino, Orvieto, Santa
Barbara case, Vallcebre, Brindisi di Montagna, Masseria Marino, Masseria De Nicola, Acqua
di Luca, Torente Miscano) and on six site examples for pyroclastic soils (Bracigliano,
Quindici, Sarno, Siano, Cervinara, Monteforte Irpino).

The measurement of water contents and pore water pressures at the grass covered slope
(Tossegg) with an average inclination of 27° and with a less permeable layer (clayey sand)
overlying a more permeable one (weathered sandstone, silty sand) have revealed a seasonal
two-phase soil moisture behaviour of the slope with a typical summer and a typical winter
character. Whereas in winter, the upper clayey sand layer was saturated with suctions
approaching zero, suctions exceeded about 80 kPa in summer. It is assumed that suction plays
an important role for slope stability in most of the slopes consisting of weathered sandstone in
that area. This observation corresponds to the tests sites of Gruben, when the 42° slope failed,
and Riidlingen. To reach unstable conditions in coarse-grained soils and moraines on a slope
slightly less steep than the critical state friction angle requires large changes in the water
content and a flow regime.

The La Frasse landslide mainly consists of decomposed flysch (sandstone and clay schists).
Geologists and geotechnical engineers have performed many surface and subsurface
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investigations with the goal of understanding the governing mechanisms driving the slope
movement. The field data, comprising subsurface measurements of displacements and pore
water pressures, and surface measurements of displacements, rainfall and the activity of
springs, were essential for the evaluation of the efficiency of possible drainage galleries
designed to erase peak responses in pore water pressures in the unstable soil mass.

Long-term monitoring of the Super-Sauze landslide in reworked black marls, a fine-grained
material, has shown that acceleration of the mudslide is governed by thresholds in pore water
pressures associated with seasonal water table changes or with kinematic deformation of the
undrained deformable medium. Two models, a hydrological model and a simplified hydro-
mechanical approach, have been developed, calibrated and validated on the basis of the
monitoring data.

By means of fine-grained slope examples on intact clays (Beltinge, St. Martino, Orvieto),
jointed clays (cut slope in the Santa Barbara open pit mine, Vallcebre) and on highly fissured
clays (Brindisi di Montagna, Masseria Marino, Masseria De Nicola, Acqua di Luca, Torente
Miscano) it has been demonstrated that the hydrological slope response in fine-grained soils
depends on the extent of the low hydraulic conductivity. Any change in the piezometric
regime is delayed, depending on cumulative rainfall over long-lasting lengths of time and is
not greatly influenced by short, intense rainfalls. Another key point for the analysis of slow
slope movements in clay is the viscous behaviour of the slip surface as suggested in the active
side of the St. Martino Stream basin.

The Beltinge earthflow consists of two parts inclined at 13-18° that discharge debris to an
accumulation zone inclined at about 7°. The movements of the accumulation flow are
generally delayed, because they are essentially induced by the load applied by the debris
coming from the feeder flows. Fast loading, and the low soil permeability leading to the
generation of positive pore-water pressures could explain the apparently anomalous
piezometric readings measured within the accumulation body.

Heavy rainfall induced movements of the order of some centimetres as a result of the sliding
of intact blocks along the discontinuities in the jointed, overconsolidated clay slope example
in the Santa Barbara open pit mine. It is assumed that small cleft pressures in the opened
discontinuities could have been responsible for triggering the slide.

As with many other landslides in clay the monitoring of the earthflows in highly-fissured
plastic clays and clay shales show that movements tend to be strongly seasonal. It is stated
that, where the strength mobilised along the shear zone is at, or near, the residual value, the
landslide may be cyclically reactivated by pore pressure fluctuations.

Soil suction is one of the most important physical variables governing the behaviour of
unsaturated soil slopes and is of particular relevance when geotechnical analyses are oriented
to the assessment of slope stability conditions following infiltration of rain water, in order to
predict the onset of shallow slope failure in pyroclastic soils. Therefore the monitoring of the
slope examples in pyroclastic soils (Bracigliano, Quindici, Sarno, Siano, Cervinara,
Monteforte Irpino) focuses on parameters that control soil suction variations induced by
changes in boundary conditions. Monitoring provides data for appropriate modelling of the
soil suction regime in order to predict the slope behaviour.
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5  CONCLUSION (ETHZ, CNRS)

The mechanisms that initiate and that control landslides have to be studied in order to assess
the slope response to precipitation and to validate prediction models. In this deliverable it is
shown how those mechanisms are investigated through site and laboratory investigations,
monitoring and numerical modelling in coarse-grained material, typically sands and in fine-
grained materials, clayey soils, with the specific case of pyroclastics.

On the basis of data from long-term monitoring, as presented in chapter 4, and from soil
mechanical experiments, chapter 2, numerical models can be developed, calibrated and
validated. More adequate numerical hydro-mechanical modelling may lead to the
achievement of greater insight into the mechanisms governing the behaviour of the large
landslide, but it is also required for the prediction of the ongoing slope behaviour.

Even if the reproduction of landslide processes at a greatly reduced scale, by means of flume
and centrifuge tests, is widely acknowledged not to be fully representative of full-scale
behaviour due to the difference in stress levels between model and landslide, it can potentially
create well documented, highly-instrumented case-studies of slope behavior. In these tests, the
material properties, initial state, and boundary conditions are all well defined and it is less
expensive than e.g. in-situ tests, that are presented in chapter 3.
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