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Abstract

The mountains in the Swiss Alps are frequently subjected to extreme weather
conditions, with periods of freezing temperatures, snow-melting, intense rainfall and
daily temperature variations. Depending on the characteristics of the slope, geology and
soil properties, several types of slope instabilities could increase the hazard to local
communities. The most relevant, due to a combination of likelihood and potential
mobilised volume of debris, would be during or following an intense or sustained period

of rainfall that could lead to significant mass movements.

The objective of this research project, over several years, was to characterise and
monitor the seasonal response of a scree slope located in the Swiss Alps (canton Valais)
at an elevation of (1840-1910 m.a.s.l.). Not only are scree slopes rarely investigated in
this way, they also present a number of challenges due to the deposition mechanisms in
the slope and the poorly graded granular soil. The scree slope is also adjacent to an
active channel that is known for having led to extensive debris flows reaching the valley
below in the past. There was some concern about whether a slope failure in the scree
could cause additional debris to lodge temporarily in the channel prior to release of

another debris flow event.

The soil was characterised and then classified in the laboratory and stress-path
dependent geotechnical strength parameters were determined. The soil response to
natural meteorological events was monitored continuously during several winter and
summer seasons. A schematic ground model was developed and modelled in physical and
numerical simulations of surficial landslides induced by rainfall. Finally, the results are

discussed in terms of the potential hazard for the community.

The project was particular by its location, which represented several challenges in terms
of instrumentation and data collection techniques. The soil response was monitored
through a long term field campaign, which provided information regarding soil
volumetric water content (VWC) and soil temperature with depth (up to 1m) at specific
locations, where trenches had been excavated and instruments had been installed. A
geophysical campaign was performed simultaneously by another team member. She used
Ground-based Penetrating Radar and Electrical Resistivity Tomography techniques to
define bedrock depth. Additionally, the data were completed by precipitation recorded by

two meteostations.
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In situ and laboratory testing of the gravelly soil properties was performed, including in
situ density tests and triaxial stress-path testing specific for rainfall infiltration. All
these results were integrated in a ground model, which eventually served to design a
prototype of the slope for investigation of the effects of groundwater and/or rainfall
infiltration. Preliminary numerical modelling was then conducted using SEEP-
SLOPE/W, followed by a programme of centrifuge tests in the IGT geotechnical drum
centrifuge at ETH Zurich. The results showed that the soil layer is heterogeneous poorly
graded gravel in terms of grain size, with some silt content. A critical state friction angle
of 41° was obtained, with zero cohesion. The bedrock was located typically between 1.5-3

m depth, in a slope with inclination of 33-43°.

The soil behaviour, in terms of VWC and temperature, responded to the seasonal
weather changes with a pattern: the VWC was mainly low in winter due to snow
insulation and freezing temperatures, and higher and more variable in spring and
summer due to the rise in temperatures with subsequent snow-melting and rainfall. The
soil remained mainly in an unsaturated state because the gravel was well drained and
the slope is steep. Assuming that the slope had an initial stress state ratio close to
failure, the physical and numerical simulations confirmed that a shallow landslide could
be triggered, depending on the combination of bedrock geometry, soil thickness,
antecedent groundwater and rain intensity. Furthermore, it was found that the presence
of a bedrock step outcrop that approached the ground surface is the worst scenario in
terms of slope stability. A shallow landslide would be induced at lower groundwater
flows than for bedrock parallel to the slope, because of the generation and rise of pore
water pressure upslope of the step in the bedrock, where finally the slope failure would

occur.

The study concludes from the hazard point of view that the scree slope studied in this
thesis is unlikely to experience a significant slope failure, which would mobilise a
considerable volume of debris that would endanger the village below; this due to the well
drained conditions, shear strength of the gravel and the limited soil thickness (1-3 m).
An estimate of the total debris volume overlying bedrock on this slope is 15000 ms3.
However a surficial landslide could be triggered in locations where the bedrock is
shallow, or there is a step in the bedrock, which could force groundwater to rise following
sustained rainfall and form a spring at some point. A combination of local erosion and
soil saturation under a critical rainfall intensity would lead to a subsequent loss of

effective stress of the gravelly soil.
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Zusammenfassung

Die Berge in den Schweizer Alpen sind haufig extremen Wetterbedingungen ausgesetzt,
mit Perioden mit Minustemperaturen, Schneeschmelze, starken Niederschligen und
taglichen Temperaturschwankungen. Abhingig von den Eigenschaften des Hanges, der
Geologie und den Bodeneigenschaften konnen verschiedene Arten von Instabilitaten die
lokalen Gemeinschaften bedrohen. Aufgrund der Wahrscheinlichkeit und des
potenziellen Mobilisierungsvolumens von Ablagerungen ist eine intensive oder
anhaltende Regenperiode, die zu erheblichen Massenbewegungen fithren kann, am

relevantesten.

Ziel dieses Forschungsprojekts war es, das saisonale Verhalten eines Geréllhangs in den
Schweizer Alpen (Kanton Wallis) auf einer Héhe von (1840-1910 m.a.s.l.) iber mehrere
Jahre hinweg zu charakterisieren und zu Uberwachen. Geréllhalden werden auf diese
Weise nicht nur selten untersucht, sondern sie stellen auch eine Reihe von
Herausforderungen aufgrund der Ablagerungsmechanismen im Hang und des schlecht
abgestuften kérnigen Bodens. Die Gerollhalde grenzt auch an einen aktiven Kanal an,
von dem bekannt ist, dass er in der Vergangenheit zu umfangreichen Murgingen
gefiihrt hat, die das darunter liegende Tal erreichten. Es gab Bedenken, ob ein Versagen
im Gerdllhang dazu fiihren konnte, dass sich vor dem Auslosen eines Murganges

voribergehend zusétzliche Ablagerungen im Kanal ansammeln.

Der Boden wurde charakterisiert und anschlieBend im Labor klassifiziert und
spannungspfadabhéngige geotechnische Scherfestigkeitsparameter wurden bestimmt.
Die Reaktion des Bodens auf natiirliche meteorologische Ereignisse wurde wiahrend
mehrerer Winter- und Sommersaisons kontinuierlich tberwacht. Ein Bodenmodell
wurde entwickelt, mit welchem physikalische und numerische Simulationen beziiglich
von durch Regen verursachten oberflichennahen Erdrutschen durchgefiihrt wurden.
Abschlieend wurden die Ergebnisse im Hinblick auf die potenzielle Gefahr fir die

Gemeinde diskutiert.

Das Projekt zeichnete sich insbesondere durch seinen Standort aus, der verschiedene
Herausforderungen hinsichtlich Instrumentierung und Datenerfassungstechniken
darstellte. Das Bodenverhalten wurde durch eine langfristige Feldkampagne tiberwacht.

An bestimmten Stellen wurden Grében ausgehoben und Instrumente installiert, welche
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Informationen zum volumetrischen Wassergehalt des Bodens (VWC) und zur
Bodentemperatur bis zu einer Tiefe von 1 m lieferten. Gleichzeitig wurde von einem
anderen Teammitglied eine geophysikalische Kampagne durchgefiihrt, welche
bodengestiitzte Penetrationsradar- und Widerstands-Tomographietechniken (GPR und
ERT) verwendete, um die Tiefe des Grundgesteins zu bestimmen. Zusatzlich wurden die
Daten durch Niederschlagsmessungen vervollstindigt, welche von zwei Meteo Stationen

aufgezeichnet wurden.

Die Eigenschaften des kiesigen Bodens wurden durch In-situ- und Laborversuche
untersucht. In-situ-Dichtebestimmungen und triaxiale Spannungspfadversuche, die
spezifisch fiir die Regeninfiltration waren, wurden durchgefiihrt. Alle diese Ergebnisse
wurden in ein Bodenmodell integriert, das schlieBlich dazu diente, einen Prototyp des
Hanges zur Untersuchung der Auswirkungen von Grundwasser- und / oder
Niederschlagsinfiltration zu entwerfen. Anschlielend wurde eine vorldufige numerische
Modellierung mit SEEP-SLOPE / W durchgefiihrt, gefolgt von einer Serie von
Zentrifugenversuchen in der geotechnischen Trommelzentrifuge des IGT an der ETH

Zurich.

Die Ergebnisse zeigten, dass die untersuchte Bodenschicht als heterogener, schlecht
abgestufter Kies mit variierendem Siltanteil klassifiziert werden kann. Es wurde ein
kritischer Reibungswinkel von 41° mit einer Kohédsion von Null gemessen. Das
Grundgestein befand sich typischerweise zwischen 1.5 und 3 m Tiefe mit einer Neigung

von 33 bis 43 °.

Das Bodenverhalten in Bezug auf VWC und Temperatur reagierte auf die
jahreszeitlichen Wetterdnderungen mit einem Muster: Der VWC war im Winter
aufgrund der Schneeisolierung und der Gefriertemperaturen tiberwiegend niedrig und
im Frihjahr und Sommer aufgrund des Temperaturanstiegs hoher und variabler mit
anschliefender Schneeschmelze und Regenfillen. Der Boden blieb hauptsichlich in

einem ungesittigten Zustand, da der Kies gut entwéssert und steil abfallend war.

Unter der Annahme, dass die Neigung ein  nahezu  versagendes
Anfangsspannungsverhéltnis aufweist, bestétigten die physikalischen und numerischen
Simulationen, dass ein flacher Erdrutsch ausgelost werden kann, abhéngig von der

Kombination aus Grundgesteinsgeometrie, Bodendicke, vorhergehendem Grundwasser
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und Regenintensitiat. Dariiber hinaus wurde festgestellt, dass das Vorhandensein eines
Felsvorsprungs, der sich der Bodenoberfliche néherte, das schlechteste Szenario in
Bezug auf die Hangstabilitdt ist. Ein flacher Erdrutsch wiirde bei niedrigeren
Grundwasserflissen als bei  hangparallelem  Grundgestein  ausgelost, da
Porenwasserdruckanstiege oberhalb des Felsvorsprunges entstehen, welche ein
Versagen des Hanges bewirken.

Die Studie kommt unter dem Gesichtspunkt der Gefidhrdungsanalyse zu dem Schluss,
dass es unwahrscheinlich ist, dass der in dieser Arbeit untersuchte Gero6llhang einen
signifikanten Erdrutsch erfihrt, der eine betriachtliche Menge an Trimmern
mobilisieren wirde, die das darunter liegende Dorf gefdhrden wiirden. Dies ist auf die
gute Drainage, die Scherfestigkeit des Kieses und die begrenzte Bodendicke (1-3 m)
zuriickzufiihren. Eine Schéitzung des Gesamtvolumens, das auf diesem Hang tber dem
Grundgestein liegt, betriagt 15000 m3. An Stellen, an denen der Untergrund flach ist,
kann jedoch ein oberflachlicher Erdrutsch ausgelost werden, oder es gibt einen
Felsvorsprung, die dazu fithren kann, dass das Grundwasser nach anhaltendem Regen
steigt und sich irgendwann eine Quelle bildet. Eine Kombination von lokaler Erosion
und Bodenséattigung bei kritischer Niederschlagsintensitat wiirde zu einem

anschlieBenden Verlust der effektiven Spannungen im Kiesbodens fiihren.
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1. Introduction

1 Introduction

1.1 Research motivation

1.1.1 Landslide definition and hazard

A landslide is defined as the movement of a mass of rock, debris or earth down a slope
(Cruden, 1991), that can cause damage to elements such as population, building and
engineering works, economic activities, public services and utilities, infrastructure, and
environmental features in the area potentially affected by its occurrence (Lee & Jones,
2004). Their classification relates to the type of movement and material and may include
events described as: falling, toppling, rotational sliding, transitional sliding, lateral
spreading and flow; consisting of rock, debris or earth material respectively (Varnes,
1978; Cruden & Varnes, 1996; Hungr et al., 2014), and including the estimated depth of
sliding (<2 m: shallow, 2-10 m: intermediate, >10 m: deep) and long term mean velocity
(<2 cml/year: substabilised, 2-10 cm/year: slow, >10 cm/year: active) (Lateltin et al.,

2005).

Landslides have been of great concern worldwide; according to the global dataset of non-
seismic fatal landslides during 2004-2016, the number of fatal landslide events recorded
worldwide was 4862, killing 55997 people (Froude & Petley, 2018). Furthermore, nearly
300 million people were estimated to live in areas of potential landslides (Dilley et al.,
2005), which has enormous hidden costs in terms of human life, habitat, and
infrastructure. Global cooperation has been promoted for landslide hazard reduction,
with research e.g. in Japan, Italy, Canada, USA, China, Switzerland, India and UK
amongst others (Sassa et al., 2009).

Specifically in Europe, a study over 27 countries during (1995-2014) showed a great
concentration of events in mountainous areas with 476 landslides, resulting in 1370
deaths and 784 injuries, with an average economic loss of 4.7 billion Euros and 108 +82
casualties per year (Haque et al., 2016). These were triggered mostly by natural extreme

events as storms, earthquakes and floods.

1.1.2 Landslides in Switzerland

In the case of Switzerland, 6 % of the country is prone to slope instability most of which
is located in the Alps (Lateltin et al., 2005), which are conditioned by geological and
glacial history. Periods of landslide activity are often related to precipitation events

(Raetzo et al., 2002) but can be triggered as well by human intervention or earthquakes.
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Specific meteorological conditions, for example continuous precipitation associated with
snow melting increases the occurrence of instabilities (Lateltin et al., 2005). The loss
associated with this natural hazard is on average, the death of 1 person per year and

financial damage of US $20 million (over 30 years) (Schmid et al., 2004).

1.1.3 Hydrological conditions in alpine environment

In terms of climate, Switzerland reports on average near to 1500 mm/year of
precipitation, with one third lost through evaporation, approximately two thirds
contribution to surface run off, and a small amount storage in lakes, and recharge
groundwater reserves (Beniston, 2012). The run off from the catchments in the Swiss
Alps is a very important source of water for many rivers and a key element of the
hydrological cycle (Liniger & Weingarten, 1998; Beniston et al., 1997, Weingartner &
Pearson, 2001; Beniston, 2011; 2012). The hydrological cycle (Figure 1.1) shows the
precipitation, in the form of rain or snow, falling over the Alps subjected to the ambient
air temperature. The rainfall can runoff, and infiltrate into the soil (groundwater), the
snow can melt (warmer temperatures) or remain where it has been deposited (snow
pack). The water product of snowmelt, groundwater and runoff flow downhill is reduced
by water uptake of any vegetation. Eventually it discharges in to river or lakes once it
reaches the valley. During this cycle, the sun radiation produces evaporation in
rivers/lakes and evapotranspiration in plants, resulting in water vapour ascending into
the air. At higher altitude, the air pressure decreases and the temperature drops,
condensing the water vapour to droplets (clouds). If there is any wind, it can transport
the cloud again to the mountain (Chahine, 1992; Oki & Kanae, 2006; beniston et al.,
2011).

This cycle repeats during the whole year and is strongly influenced by the seasonal and
daily temperature variations in alpine environments. Ambient air temperature affects’
the rate and timing of snow melting, the soil moisture and temperature in the soil. The
hydraulic properties of the soil layers and the geology of the underlying bedrock are also
important factors in the determination of groundwater recharge and water runoff rates

(Beniston, 2003).

Additional studies on climate change in Switzerland, reveal that temperatures have
risen up to 2 °C since year 1900 at high elevations e.g. Santis at 2500 m.a.s.l. (Beniston
& Stephenson, 2004), and the potential result of a warming condition will lead to

reduced snow at lower levels where the precipitation is likely to fall in the form of rain
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(Beniston, 2011, 2012). This reinforces the idea of studying rainfall as a triggering factor

of landslides.

Precipitation

" & ’ m
The Hydrologic 9 Condensation
Cycle L) , b

Snowmelt
and Runoff

Figure 1.1. The hydrologic cycle at the Swiss Alps.

1.1.4 Rainfall-induced landslides

Heavy rainfall events can trigger instabilities in natural slopes due to the rise in pore
water pressure in the ground, followed by loss in suction that occurs during infiltration
and saturation; this reduces the effective stress and therefore the shear resistance in
soils. This process can trigger shallow landslides and the remobilisation of soil in a slope.
In some cases, this can also fuel a debris flow, which exhibits significant mobility and
extended run out with the resulting hazard to the local communities living in valleys

below.

The assessment of slope stability and the effect of meteorological perturbations on steep
slopes can be studied by different methods: monitoring, GIS/Remote sensing, field
investigation, laboratory experimental testing, and theoretical / analytical / numerical
study, inventory (Sassa et al., 2009). The analysis can use single or a combination of
methods to solve a determined instability case. Sassa et al.,(2009) suggested the use of
several independent methods because it strengthen the reliability of studies because and

enables deeper investigation from different viewpoints.
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Due to the hazard associated with such superficial landslides and the potential losses,
worldwide rainfall-induced instabilities have been widely studied (Fujii, 1969; Lumb,
1975; Caine, 1980; Keefer et al., 1987; Kimura et al., 1991; Larsen & Simon, 1993; De
Vita et al., 1998; Dai & Lee, 2001; Cai & Ugai, 2004; Collins & Znidarcic, 2004; Cho &
Lee, 2002; Chen et al., 2004; Mikos et al., 2004; Lourenco et al., 2006; Guzzetti et al.,
2007; Guzzetti et al., 2008; Baum & Godt, 2009; Petrovsek et al., 2011). In Switzerland,
this type of instabilities have been investigated by several researchers e.g. Springman et
al. (2003, 2011, 2012); Friedel et al. (2006), Askarinejad et al. (2012), Rickli & Graf
(2009), Lateltin et al. (2005), Pedrozzi (2004), Seno & Thiiring (2016), Mueller & Loew
(2009), Leonarduzzi et al. (2017). Mechanisms of failure triggered by rainfall were
studied, field and laboratory experiments were carried out, which have typically
preceded any centrifuge and numerical modelling prior to identifying learnings about

hazard process development.

1.1.5 Scree slopes

A special case of interest in the Alps in Switzerland is a scree slope, which is formed in
mountain areas by rock debris, which loses potential energy in falling from weathered
and fractured bedrock walls, following a downslope trajectory until it decelerates and
stops 1.e. until it reaches zero kinetic energy once again. Typical dynamic processes
occurring in an active scree slope are toppling failures, rockfalls, landslides (small or
large mass movements), and the fragmenting and sorting of materials (De Freitas et al.,
1973; Statham, 1973; Gerber & Scheidegger, 1974; Evans & Hungr, 1993). These slopes

are mostly found as a steep slope in a state of incipient failure.

Scree slopes typically consist of a surficial layer of loose rock debris underlain by a
granular soil that can have a variable percentage of fines. There are sparsely vegetated
and non-vegetated scree slopes. The slope angle can be close to the repose angle but also
can be less steep. Both cases are possible in the same scree slope, and due to its
mountain location the topography is strongly influenced by the hydrology and climate

changes.

Instabilities in a scree slope can be triggered by intense rainfall, snow melting and
earthquakes amongst others. The first two can trigger a shallow landslide caused by the
increase of pore water pressure with the consequent decrease of suction, effective stress
and soil shear strength. Depending on the rise of pore water pressure, the failure occurs

under saturated or partially saturated conditions. Therefore, characterisation of the soil
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and underlying bedrock is important in order to understand how the slope will saturate,

drain, and potentially fail.

1.1.6 Research in scree slopes

Scree slopes have been investigated in the past by other researchers e.g. Statham (1973)
studied the characteristics of slope form and material sorting, which develop when scree
1s subjected to the movement of individual blocks, immediately after falling on a non-
vegetated surface. Borga et al. (2002) analysed a model for the simulation of shallow
landsliding triggered by heavy rainstorms, which combines hydrologic concepts with
infinite slope analysis. They compared the simulation with locations of observed
landslides from the Eastern Italian Alps. Leach (1930) studied the effect of vegetation in
some non-calcareous British scree slopes in viz. Wales and the Lake District at
elevations below 762 m and stated the differences with alpine screes upon elevation,
vegetation (very limited in Great Britain) and the absence of long-lasting supply or
water product of snow melting. He stated that the variety, type and permanency of
vegetation in a scree slope is highly affected by climate, and mostly by gravity. Pierson
(1982) classified scree slope deposits in the Northern Craigieburn range in New Zealand
and investigated the hydrological characteristics. He is one of the few researchers who
has focussed on the characterisation of the soil under the surficial layer of rock debris in
a scree slope. He describes three types of scree slope according to the form (sheet, cones,
and gullies) and deposits (openwork gravel, stratified gravel and fines, buried truncated
soil) and performed a mixture of in situ and laboratory tests to determine grain size
distributions, moisture content, water retention tests, free drainage tests and

permeability tests in situ.

Since investigations in this type of soil and slope are few (Pierson, 1982) and rather
basic, and such slopes are prevalent in some areas in Switzerland, there is strong need to
investigate, compile and document experience in monitoring, physical and numerical
modelling for future research in scree slopes. The triggering factors and mechanism of
failures are complex, as is the determination of modelling parameters. A comprehensive
understanding of the process of remobilisation and failure mechanism of a scree slope
under either intense or sustained rainfall will improve prediction of instability, and help

to develop more efficient and cost effective measurements to mitigate the hazard.
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1.2 Site study: Scree slope at Meretschibach catchment

The research study was carried out in the Bochtiur area of the Meretschibach, above
Agarn village in the Valais (Switzerland) (Figure 1.2 (a)) (Springman et al., 2015). The
process of rock weathering created extensive scree slopes (sheet geometry) between
elevations of 1500-2000 m, with an inclination angle of approximately 40°. Data of
movements recorded by satellite InSAR are of 0.5 m/year at some places in the slope
(unpublished data, Dr. Hugo Raetzo, 2012, Foen, pers. Comm.), which indicate that there
is a form of instability, although the cause was unknown prior to the field campaign. The
potential hazard of rockfalls, landslides, debris flow and avalanches is of great concern
for Agarn Village. The events of mass movements in the Meretschibach reported in the
area since the year 2000, are mostly debris flow type: 2 events in October 2000, 31 July
2002, 21 May 2003, 19 August 2003, 29 July 2008 (Szymczack et al., 2010), 20 July 2014,
28-29 July, 2014 (Frank et al., 2017).

The scree slope at Mereteschibach (Figure 1.2 (b), (c)), is an erosional area covered by a
surficial layer of cobbles, boulder sizes, underlain by heterogeneous gravel with sand and
some fines up to 3 m thickness (Lucas et al., 2017). The underlying bedrock is mainly
quartzite, heavily jointed, dipping southwards (10-30°) (Figures 1.3, 1.4), and 1is
susceptible to extreme weathering, which favours the occurrence of rockfalls, slidings
and saggings (GeotestAG/K. Zumhofen, 1990; Gabus et al., 2008a, 2008b; Oggier, 2011).
A Geological profile and map of the catchment in Figures 1.3, 1.4, (further details in
Oggier 2011).

The slope is partially vegetated due to the action of erosion processes, rockfall activity
and snow avalanches in winter. The vegetation in the catchment includes Norway spruce
(Picea abies) and broadleaves trees: Grey Alder, European Mountain ash, Pubescent
birch and Great maple (Szymeczack et al., 2010). Flora in the scree slope grows after the
snow melting by late April -early May and wither again by the end of October (field
observation). Erosional areas within the slope, with lack of vegetation, were reported to
be more susceptible to landslides (ARGE Geotest AG. / K. Zumhofen, 1990; Askarinejad,
2013) and according to Oggier (2011) they are under dynamic changes, increasing from
years 1945 -1999 and apparently recovering after this period (further details in Oggier
2011).

The climate in the scree slope is strongly marked by seasonal changes. Precipitation is in

form of snow in winter, and there often a snow cover from November to late April with
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the added hazard of avalanches when snow accumulates. Transition seasons are
April/May and October/November with precipitation in the form of snow and/or rain,
patches of snow, snow melting. Precipitation falls in the form of rain in summer showing
greater variation in daily temperatures (further detail in Lucas et al., 2017). Rockfalls

were observed more frequently in the transition and summer periods.

M ere%&ﬁho‘rn
(2567 m.as.l) |

Bochtiir area

Figure 1.2. (a) Overview of the field area, located in canton Valais, Switzerland (star in small map). The
image looking south shows the Meretschibach catchment, the most active area Bochtur, the active channel
(debris flow path), and Agarn village located in the Rhone valley. The magnified image shows an
enlargement of the scree slope (green rectangle) with a 50 m scale at the bottom (Image: Google Earth Pro).
(b), (c) are close ups of the scree slope.
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1.3 Previous studies at Meretschibach

Before 2011, the reports and study mainly focused on the potential of debris flows
occurring and on what protective measures could be installed in or adopted for in the
Meretschibach catchment to reduce erosion in the subcatchment Boéchtur (Table 1.1).
The information corresponds to a compilation provided by Oggier (2011), with titles here
translated from German (original language). After 2011, excluding the debris flow
research, the studies correspond to the scree slope section and were performed by

members of this project, during the course of this thesis.

Table 1.1. Previous estudies at Meretschibach

Date Title Author
1973 Preliminary project for the construction and B. Teufen
reforestation of the erosion area Bochtir,
community Leuk and Agarn.
November 21, Debris flow, rockfall and avalanche danger map Geotest AG.
1989 for the settlement area of the municipality Agarn
1990 Erosion area Bochtiir, renovation, general ARGE Geotest

preliminary project AG./ K.
Zumhofen

August 13, 1992 Meretschibach, flood protection, structural Geotest AG.
measures, geological-geotechnical assessment, Zumhofen &
preliminary project with cost estimate Glenz AG

October 1993 Correction of the Meretschibach Zumhofen &

Glenz AG.

May 1998 Detailed clarifications on the debris flow and flood | Geotest AG.
hazard due to the Meretschibach, concept for T. & C. AG.
action planning, hazard map

April 30, 2000 Evaluation of debris dam Meretschibach, Geo7 AG.
summary report

September 28, Evaluation of protective structures in the Geo7 AG.

2001 Meretschibach, spill retention basin vs. protective
dams, short report

June 06, 2002 Protection Concept Meretschibach, technical T. & C. AG.
report

revised July 2006 | Meretschibach below Geschiebefang, summary T. & C. AG.
report

2009 Debris flow activity and snow avalanches in a S. Szymczak et

steep watershed of the Valais alps (Switzerland):
Dendrogeomorphic event reconstruction and
identification of triggers.

al.

October 2010 Meretschibach, Technical Report on the executed | T. & C. AG.
building, and update of the hazard maps

2010 Thesis Geomorphological mapping of sedimentary | D. Theler
dynamics of mountain basins

2011 Emergency Planning Community Agarn Geoplan

2011 Master Thesis. Simulation of debris flows with N. Oggier,
RAMMS. The example of Meretschibach ETH Zurich

10
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2014 Master Thesis. Geophysical slope characterisation | K. Fankhauser
using GPR and ERT in an active debris flow
catchment.

2015 Master Thesis. Measurement of soil properties for | R. Grob
gravels in a scree slope using large triaxial
testing.

September 13, Radar interferometric measurements Terrasense

2016 Meretschibach debris flow catchment, Canton Switzerland
Wallis. AG

2017

F. Frank et al.

Debris flow modelling at Meretschibach and
Bondasca catchements, Switzerland: sensitivity
testing of field-data-based entrainment model.

The project/research reports before 2011 are briefly described as follow (after Oggier,
2011):

Preliminary project for the construction and reforestation of the erosion area
Bochtiir, community Leuk and Agarn. Erosion of the Béchtur Area. (Teufen, 1973)
Debris flow, rockfall and avalanche danger map for the settlement area of the
municipality Agarn. Evaluation of the situation of debris flow, rockfall, and
avalanche, hazard maps linked to these processes. (Geotest AG, 1989)

Erosion area Bochtiir, renovation, general preliminary project. Preliminary project
for the rehabilitation of the erosion and rockfall area. (ARGE Geotest AG / K. Oven,
1990)

Meretschibach, flood protection, structural measures, geological-geotechnical
assessment, and preliminary project with cost estimate. Based in the previous report
a preliminary project search to increase the protection of debris flow and flood in the
catchment. (Geotest AG Zumhofen & Glenz AG, 1992)

Correction of the Meretschibach. More detailed plans were added to the last report
based on the solution selected, included stability on dam and rehabilitation of the
creek bed with subsequent vegetation assessment. (Zumhofen & Glenz AG, 1993)
Detailed clarifications on the debris flow and flood hazard due to the Meretschibach,
concept for action planning, hazard map. The protective measures to reduce the
hazard of debris flow and flooding were reviewed.( Geotest AG, T. & C. AG, 1998)
Evaluation of debris dam Meretschibach, summary report. Review and optimisation
of the protection (location, dimension, dam. Simulations of debris flow with dams.
(Geo7 AG, 2000)

Evaluation of protective structures in the Meretschibach, spill retention basin vs.

protective dams, short report. This study was due to the debris flow in October 2000

11
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and July 2001 and the potential danger in the protective structures; as a result, two
variants were evaluated. (Geo7 AG, 2001)

e Protection Concept Meretschibach, technical report. After the storm in autumn 2000
an evaluation of the best solution was presented as a combination of a collector and a
dam. (T. & C. AG, 2002)

e Meretschibach below Geschiebefang, summary report. Supplementary report. Issued
to study the hydraulic problems of the channel and passages below collector which
were small for the estimated 100 year flood event. (T. & C. AG, 2006)

e Meretschibach, technical report on the executed structures and update of hazard map
after implemented protective measures executed between 2005-2007. These included
a parallel protection dam, which protects Agarn, a deposit area, and two small dams
to protect Briannen. (T. & C. AG, 2009)

e Geomorphological mapping of sedimentary dynamics of mountain basins. Hydro-
morphological model of the slope of alpine areas and create a geomorphological
legend and layers of GIS information. (Theler, 2010)

e Emergency Planning Community Agarn. Contingency planning and intervention
measures at specific locations of Mereteschibach. (Geoplan, 2011)

e Master Thesis. Simulation of debris flows with RAMMS, the example of
Meretschibach. An updated collection of information related to the Meretschibach
conditions, covering geology, past studies, erosion, debris flow potential and hazard
maps. The thesis used the RAMMS program (rapid mass movement) to simulate
debris flow in terms of run out prediction. The program was calibrated with past
events and reproduced them with good results. The simulation with protective dams
was challenging, requiring adjustments to the way in which the program could be
used. (Oggier, 2011)

e Debris flow activity and snow avalanches in a steep watershed of the Valais alps
(Switzerland): Dendrogeomorphic event reconstruction and identification of triggers.
Analysis of growth disturbances versus time in samples from 93 trees from the debris
flow transportation zone (760-860 m elevation), which allowed 20 debris flow and 3
avalanches to be reconstructed between 1930-2008. (Szymczak et al., 2009)

e Debris flow modelling at Meretschibach and Bondasca catchments, Switzerland:
sensitivity testing of a field-data-based entrainment model. Computational debris
flow modelling using RAMMS. The sensitivity of the initial landslide volume was
explored and the results were compared to the resulting debris flow volume. (Frank

et al., 2017)
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The following research relates to the scree slope and as performed during the period

encompassing this thesis project:

e Master Thesis. Geophysical slope characterisation using GPR and ERT in an active
debris flow catchment. Determination of the depth of the bedrock using geophysical
methods, and an alternative estimation of the Volumetric water content (VWC) using
electrical resistivity tomography (ERT) and Archie’s law. (Fankhauser, 2014)

e Master Thesis. Measurement of soil properties for gravels in a scree slope using large
specimens in a triaxial stress path testing device. Determination of strength
parameters of reconstituted gravel specimen from the scree slope using two triaxial
testing devices with diameters 150 and 250 mm. The greater diameter allowed
testing an average grain size distribution of the gravel at specific locations in the
slope. (Grob, 2015)

e Radar interferometric measurements Meretschibach debris flow catchment, Canton
Wallis. A significant component of remote sensing was originally planned, as an
additional part of this project, to measure slope movements over a period of days and
then months. However, the slope surface was so active that it was not found possible
to continue this with any value, and so it was discontinued (Springman et al., 2015;
Terrasense Switzerland AG, 2016).

The previous studies provide much information about the debris flow, and erosion
hazards. However, there is still a gap in the characterisation of scree gravelly slopes
in the Meretschibach catchment which is necessary to identify the hazard associated

with mobilising a surficial landslide.

1.4 Objectives of the research project

The response of the scree slope to heavy rainfall events in the Bochtir area of
Meretschibach was studied to improve prediction of soil behaviour in scree slopes and
specifically, the response to saturation and desaturation events. The characterisation,
including definition of strata and relevant geotechnical parameters was integrated into a
realistic model. With simulation of the most critical scenarios, it would contribute to
improving hazard identification for the local communities and development of a suitable

early warning system to mitigate any threats.

To meet the goal, research questions and hypotheses were proposed and checked by
means of a range of methodologies, which included, soil characterisation, monitoring,

physical and numerical simulation.
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It was hypothesised in this study that:

e the worst case hazard scenario in the scree slope would be a landslide triggered by
rainfall; (analysed by field monitoring and soil characterisation)

e a combination of geophysical and geotechnical techniques can provide an adequate
ground model and characterisation of the scree slope; (analysed by field monitoring
and soil characterisation)

o the geometry of the bedrock and depth of the overlying scree soil influences the
location, volume and type of any failure (analysed with numerical and physical
models)

e the effect of an antecedent of groundwater flow combined with intense rainfall
increases the occurrence of slope failure in a scree slope (physical models)

o the mechanism of failure is caused by loss of suction and saturation of the soil

reducing effective strength (characterisation: triaxial testing).

1.5 Method of research

The project was mainly performed by one doctoral student from the Institute of
Geotechnical engineering at ETH Ziirich, with the support of an interdisciplinary team
from several institutes and research groups: for Geotechnical Engineering, of
Geophysics; and from the Swiss Federal Institute for Forest, Snow and Landscape
Research (WSL). The activities required periodic site visits during the monitoring period,

in parallel with laboratory and centrifuge testing at the facilities at ETH Ziirich.

The research programme proposed (Figure 1.5) included the following phases: (1) field
monitoring; i1) laboratory testing; (ii1) numerical modelling and (iv) physical modelling in
a geotechnical centrifuge. The internal structure of the soil and rock at the test site was
investigated using state-of-the-art and novel geotechnical and geophysical methods.
Eventually all of the information was combined to perform a preliminary hazard

assessment of the scree slope.
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Goal: understanding possible mechanisms of failure
of a gravelly scree slope in an alpine environment

b

Geotechnics
Study of:

-Seasonal soil behaviour and
Hydro-meteorological triggering
-Soil characterisation
\-Mechanism of failure

|

How?

a

Stage 1

Field Monitoring |,
3 year’s campaign

!

Instrumented Trencheg

Weather Stations

Stage 2
(Lab Analyses)<—(Grain size, Triaxial Testing)
; Geophysics
|Stages 142 => Create a slope ground model ‘{ Bt ta Bedioet
l Monitoring of subsurface water content
Stage 3
(Physical & Numerical Modelling ) [Ground Penetrating Radar (GPRﬂ

[Electrical Resistivity Tomography (ERT))

v
Results: input for preliminary hazard assessment

Figure 1.5. Purpose: understanding possible mechanisms of failure of a gravelly scree slope in an alpine
environment to quantify the hazard for the Agarn community (flow chart by Lucas & Fankhauser, 2015).

1.5.1 Field in situ monitoring of landslide source areas

Integrated multidisciplinary methods have been adopted to evaluate slope response, in

natural or artificial slopes. A few of the options available are here mentioned below.
Monitoring of displacements

Kane & Beck (2000) monitored potentially unstable slopes, reconstructed after landslides
in 1998, and 1999, which were triggered by storms in Central and northern California.
The sensors used were vibrating wire piezometer and time domain reflectometry (TDR)
to monitor groundwater, electrolytic bubble inclinometer and tiltmeters, and TDR with
cable tester to monitor ground movement. All sensors were connected to a data logger

and a cell phone as radio transceiver. The advantage of remote monitoring is that the
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data logger was able to trigger an alarm automatically if certain displacement time

intervals were exceeded.

Intrieri et al. (2012) monitored the Torgiovannetto rockslide in Central Italy, consisting
of 182000 m?3 of potential volume hazard, next to a provincial road. The instrumentation
included 13 wire extensometers, 1 thermometer, 1 rain gauge and three cameras. As a
result, an early warning system was defined based on velocity thresholds of the

extensometers.

The use of photogrammetry is reported by Ochiai et al. (2004, 2007) in a field site in
Japan. The research involved artificial rainfall, which induced a landslide in a natural
slope of weathered granite sand in Mountain Kaba-san, which was 30 m long, 5 m wide,
with an inclination of 33°. The motion of the surface during failure was recorded by 5
stereo photogrammetry cameras, soil strain probes (up to 2 m depth) and tensiometers to
detect changes in pore water pressure (PWP). The displacement was measured tracing 3-
D targets using image analysis and allowed qualitative interpretation and timing
definition of the shape and occurrence of landslide respectively. The landslide mass was

14 m long and 1.2 m deep with a travel distance up to 50 m in 17 s.
Monitoring of hydraulic conditions

Cascini et al. (2006) used 46 piezometers (in boreholes up to 70 m depth) to study the
groundwater regime in a slope stability assessment in the southern Italy (Sila Massif)
The site is an area of 20000 m?2 of a heterogeneous soil with colluvial, residual and
saprolitic soil in slopes of 21-23° inclination under the threat of potential landslide
reactivation. The result showed a marked seasonal water regime response, and was used
to model the groundwater response using SEEP/W under assumptions of homogeneous

and isotropic soil properties with good agreement in water levels monitored.

Schulz et al. (2009) measured displacements, pore-water pressure, and climatic
conditions for 3 year at the Slumgullion landslide in Colorado, USA. The active landslide
is 3.9 km long and has an average depth of 13 m. The soil was clayey gravel with sand
with an average slope angle of 8°. The instrumentation consisted of 3 vibrating wire
piezometers to measure the water table, sensors to measure air temperature,
precipitation and snow depth, and a cable displacement transducer. The monitoring data
showed characteristics of a seasonal behaviour, responsive increase of PWP due to rain
and PWP reduction during drainage with an increase of acceleration during more

extreme to soil displacements.
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Chip et al. (1982) and Sweeney (1982), Low & Faisal (2000) and Yagi et al. (2000)
reported monitoring of soil suction in unsaturated soil for slope instability prediction.
The locations were Hong Kong, Kuala Lumpur in Malaysia, and Japan. The instruments
were suction-meters, moisture sensors, tensiometers and rainfall gauge to study the
suction behaviour versus time during rainfall and dry periods. The study predicts a
relationship between rain intensity and failure initiation, and time of the failure with

respect to the peak rain intensity.
Use of fiber optic sensors

Fiber optic acoustic emission sensors have been used in granular materials during the
last half century, but their application has not yet been widely expanded due to issues
related to signal attenuation in porous media, which requires a significant number of
sensors (Michlmayr et al., 2012). Recent studies identify acoustic emission (AE) as a
useful tool in early warning for landslides (Chichibu et al., 1989; Rouse et al., 1991;
Dixon & Springs, 2007; Michlmayr et al., 2012; 2017), providing a suitable threshold
that can be identified because the sensors installed in granular media respond to
shearing, breakage and/or failure in the slope. Therefore they can be used to detect
landslide occurrence, and can be used as a complementary system of monitoring

(Michlmayr et al., 2017).

The use of fiber optic sensors in landslide assessment has been reported by several
authors e.g. Huntley et al. (2014), in British Columbia, Canada. These sensors were
complemented by GPS monitoring, piezometers, electrical resistivity tomography (ERT),
electromagnetic (EM), ground penetrating radar (GPR), fiber Bragg grating (FBG) and
Brillouin optical time domain reflectometry (BOTDR), subsurface inclinometers
ShapeAccelArray (SAA), corner reflectors for satellite based (RADARSAT-2)
interferometry and ground-based SAR and LiDAR. The authors used GPS and ERT data

to complement the interpretation of data obtained from the fiber optic sensors.

Iten et al. (2008) used BOTDR technology in a road crossing St. Moritz landslide
boundary. The data agreed with trends of geodetical data and field observations, and it
was recommended to use BOTDR as a complementary technique for monitoring.
Olivares et al. (2009), Zeni et al. (2015), and Michlmayr et al. (2017) used fiber optic
sensors as well in the monitoring of landslides, and also under controlled laboratory
conditions using a flume of a pre-determined inclination with sprinklers to simulate

rainfall. The technique was complemented by use of tensiometers, TDR devices, rain
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gauges, laser sensors, particle image velocimetry (PIV), pore pressure transducers (PPT)
and video cameras. The soils tested were cohesionless pyroclastic soil, loose unsaturated
granular soils, volcanic ashes from Cervinara Italy, and homogeneous material prone to
landslide. The authors concluded that fiber optic sensors offer a suitable method to
complement other monitoring techniques, providing distinguishable signs of acoustic
emission under failure, and the advantage to measure in a spatial array and not only one

point as other methods.

The assessment of slope stability and the effect of meteorological perturbations on steep
slopes have been studied at 3 Swiss field sites by past members of the Institute: Gruben
(1999-2001), Tossegg (2004-2006) and Rudlingen (2008-2012). In all, the saturation
regime of the slopes was a function of the inhomogeneity and permeability of the soil and
any underlying rock layers, as well as possible drainage channels. Mechanisms of failure
triggered by rainfall were studied; field and laboratory experiments were carried out,
which have typically preceded the centrifuge and numerical modelling prior to

identifying learnings about hazard process development.

The field monitoring was performed including geophysical techniques for
characterisation (Friedel et al.,, 2006), novel sensor development (Askarinejad, 2009),
instrumentation monitoring (Springman et al., 2003, 2012; Lehmann et al., 2012),
photogrammetry (Akca et al., 2011), and bioengineering (Askarinejad et al., 2013).
Instrumentation monitoring included weather stations, TDR (time domain
reflectometry), decagons, tensiometers, inclinometers, piezometers, extensometers and
temperature sensors, to measure in situ moisture content, suction, pore pressures and

slope deformations.

Further details about these monitoring/triggering experiments and the resulting
analyses have been published, which attempt to generalise the field and/or laboratory
characterisation, monitoring, and modelling (Springman et al., 2003, 2009; Askarinejad,
2013; Casini et al., 2010 a&b; Thielen, 2007; Askarinejad et al., 2013) and summarise
the findings to date (Springman, 2008; 2011).

In the research described in this dissertation, field measurements had to be designed for
the site conditions and problem scale because of the challenging location (Figure 1.2).
Desk studies were conducted, field visits were then carried out and the monitoring plan
was developed following advice given by the multidisciplinary senior team. Samples were

extracted from some exploratory test pits before the monitoring plan was implemented.
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After preliminary tests, site monitoring of volumetric water content (VWC), temperature
and suction measurements in the soil were implemented a specific points in the scree
slope. The data was supported with geophysical measurements performed by the
Institute of Geophysics at ETH to determine the depth of the bedrock, changes in soil
layers and discontinuities. Additionally, in situ cameras captured aspects of the slope
surface periodically (and up to 4 times per hour in summer), while two meteostations

recorded precipitation and air temperature.

Selected spots on the slopes (i.e. landslide source areas) were monitored in situ (up to 1
m depth) to measure water infiltration-suction characteristics in the ground, and the
effect on the suction, and subsequent changes on the in situ effective stress. Four vertical
monitoring profiles were installed, consisting of capacitance sensors (EC-5/10HS,
Decagon devices), time domain reflectometry soil moisture (TDR) and temperature
sensor sets of co-located tensiometers (IT1 and IT4). The instrumentation selected and
installed was based on past field experience (Springman et al., 2003) and the

requirements of the site (further details in Lucas et al. 2017).

The sensors were able to record data continuously through the years, after repeated
periods of freeze/thaw conditions. The few cases of damage to instrumentation were due
to rockfalls, debris flows or avalanches. Two weather stations were installed by WSL
within the study area (rainfall, ambient air temperature, and humidity) and one of them
removed after being hit by a rockfall. An additional precipitation gauge (OTT Pluvio2)
was installed later (Nov. 2014) by IGT to measure solid-liquid and mixed precipitation,

which remained functional till the end of the project.

The data collected served as input parameters for a programme of laboratory testing
using reconstituted samples with triaxial stress-path testing that represents saturation
due to rainfall infiltration. Subsequently, physical and numerical modelling was
performed, simulating field conditions of the scree slope under intense rainfall events

and the triggering of failure mechanisms induced by ground saturation.

1.5.2 Laboratory

In past studies, the soil characterisation and strength properties were obtained by
testing programmes at the Institute for each site field experiment mentioned. The tests
included strength mobilised due to stress paths that represent the increase in pore
pressure, and are discussed in Casini et al. (2010b) and Askarinejad (2013). Some

softening was observed as the stress path approached failure, but complete static
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liquefaction (i.e. conversion to debris flow conditions) of the specimen in the triaxial

apparatus was not observed (after Chu et al., 2003; Take et al., 2004).

A series of in situ unit weight measurements were conducted in the field, supported by a
laboratory programme including grain size distribution of samples extracted from the
instrumented trenches. Additionally, a programme of triaxial testing on large specimens
(15 and 25 cm diameter) was performed to account the effects of grading and particle size

using a stress path that simulated the rain infiltration processes in the soil.

1.5.3 Numerical modelling

Past numerical studies into slope stability included the work in from Leach & Herbert
(1982), Ng et al. (2001), Cascini et al. (2009), and Elia et al. (2017) who used finite
element analysis to study hydrological regimes in slopes. The study by Leach and
Herbert focused on testing different scenarios and interpretations of the hydrogeological
data collected in the field of 20 m layer of colluvium overlying decomposed granite in
Hong Kong. Ng et al. (2001) performed simulations using a 3D numerical analysis
(FEMWATER 3D finite element program) based on field monitoring data to study the
groundwater response an unsaturated slope in Lai Ping Road in Hong Kong, subjected to
rainfall with different patterns and duration. Cascini et al. (2009) modelled the failure
and post failure run out of shallow landslides of a natural slope of a deposit of colluvial,
weathered and pyroclastic origin under rainfall infiltration using SEEP/W and
SIGMA/W from Geo-Studio. Elia et al. (2017) reviewed and commented on the
limitations and benefits of the different numerical approaches in the study of natural
and artificial slopes influenced by thermo-hydromechnical conditions and by soil-
vegetation-atmosphere interaction. Additionally, they provided general
recommendations that should be to considered in numerical modelling and commented

about the numerical simulation of real case studies.

Gilgen (2007) used a spatially distributed, conceptual hydrological model for his master’s
project and Thielen (2007) and Scheidegger (2007) conducted finite element analyses of
the effects of natural rainfall infiltration and runoff at the T6ssegg site. Thielen (2007)
calibrated the hydraulic parameters on the basis of one year’s data and then predicted
outcomes from the metereological data provided for the following year. Agreement was
surprisingly good, also conducted 2D limit equilibrium analyses on a monthly basis to
investigate the seasonal changes in factor of safety based on field data. Askarinejad

(2013) extended this approach to unsaturated conditions and 3D spatial conditions,
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respectively, for the Ruedlingen landslide, incorporating root reinforcement, bedrock
drainage (after Bischof 2010) and exfiltration, carrying out uncoupled and coupled
hydromechanical modelling using Geo-Studio (SEEP/W, Krahn, (2004a) and also plane
strain limit equilibrium analysis using SLOPE/W, Krahn (2004b). Askarinejad (2013)
also extended to a coupled unsaturated modelling and CODE Bright (Vaunat & Olivella
2002), and ran further 2D/3D numerical modelling of infiltration and exfiltration for
Rudlingen, to determine strain developments prior to triggering, this was validated by
field data and centrifuge modelling of the same processes in the new environmental
chamber. Sitarenios et al. (2019) advanced previous work by Askarinejad (2013) using
coupled hydromechanical FEM analyses of soil cover to evaluate the response of the
slope to rainfall and to explore the capability of reproducing the pre-failure behaviour of
the silty sand Ruedlingen soil. The results were compared to field measurements with
good agreement in terms of predicted time, area and displacements versus time at
failure. Finally, their analysis was able to capture failure initiation with indication of

significant straining and acceleration of the soil mass.

A preliminary numerical analysis was conducted for this project using a representative
ground model of the field site, which integrated the information obtained from the soil
monitoring and laboratory testing. The slope instabilities were simulated using the
Program SEEP-SLOPE/W from Geostudio. The hydraulic conditions of groundwater and
rainfall were applied with SEEP/W in a steady state analysis. Subsequently, these pore
water pressures PWP obtained were applied to a model in SLOPE/W to calculate the
factor of safety of the slope. The models considered different configurations of bedrock

step geometry and soil thicknesses.

Steady state groundwater flow was applied on top of the slope to set up the hydrological
conditions used in the analysis. The methodology consisted of calculating a groundwater
flow intensity that would cause an instability, with a factor of safety equal to 1, for each
of the analysed cases. The hazard then was identified in terms of magnitude of
groundwater flow required to trigger the failure, the location of the slip surface in the

slope and the volume of debris mobilised.

1.5.4 Physical modelling and physical (model) testing

According to Mayne et al. (2009) a geotechnical physical model (full or small scale) is a
simplified physical representation (physical modelling) of a more complex boundary

value problem (prototype) and leads to prediction; while physical (model) testing leads to
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validation, while accepting certain conditions, including perturbations that may be
imposed to investigate a hypothesis. Both are complementary, and require a clear
problem definition, where relevant boundary conditions and perturbations to be applied
contribute to the decision making of the type of model selection, instrumentation,
equipment and timing. Mayne et al. (2009) emphasised that a key to modelling is the
idealisation process to represent soil behaviour, geometry, loading, environmental and

construction effects.

Centrifuge modelling has been used for geotechnical model testing for over four decades
initially in the United States, the Soviet Union and Great Britain (Cheney et al., 1984;
Craig, 2014). Today the technology is widely used to investigate a wide range of
geotechnical problems, and it is frequently applied to t+he study of slope stability. The
advantage of using centrifuge technology in slope stability analysis is the ability to test a
scaled 3D model, at a specific Ng-level, under controlled hydrological conditions, while
reproducing the soil behaviour, stresses, and failure mechanism of a process of interest.
A scaled model is N times smaller than prototype (real scale), tested under Ng
acceleration field (N times higher than earth gravity) to set up equivalent soil stresses at

prototype and model scales (Schofield, 1980).

When testing landslides induced by groundwater/rainfall with centrifuge models, the
model, soil, and hydrological regimes should match the relevant parameters of the real
soil under study when at Ng. The Ng level is selected depending on the objective of the
study, set up, scale of the prototype, boundary conditions of the problem, materials,
sensors, and should consider the capacity of the centrifuge used for the testing. Scaling
laws (Garnier et al., 2007; Dell’Avanzi & Zornberg, 2002; Askarinejad, 2014) are applied
to convert the output data of the test back to prototype scale, allowing the comparison of

these results with real problems.

Previous researchers have used centrifuge technology in many studies of slope stability,
as is the case of Timpong & Toyosawa (2007); Milne et al. (2012); Ling et al. (2009a);
Tamate et al. (2010); Lee & Bolton (2006); Take (2004, 2014); Askarinejad (2013); Take
& Beddoe (2014); Take et al. (2015). The use of these techniques mostly required the
application of rain to induce slope failure. This effect has been simulated by a climate
chamber with calibrated nozzles (Craig et al., 1991; Ling et al., 2009b; Take et al., 2004,
2015; Tamate et al., 2010; Askarinejad, 2013). Some cases were studied by applying
groundwater flow at the crest of the slope to create a phreatic surface in granular

materials that could generate a landslide (Take et al., 2004; Take & Beddoe, 2014).
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Take and Beddoe (2014), studied static liquefaction, in a granular slope (30°), applying a
groundwater flux with a metering pump in a step-wise increase, under 30g. The results
showed that the pore water pressure (measured by PPTs along the slope and at the toe)
increased at the intersection of the inclined part of the slope to the bottom toe would be
greater than in the well-drained and inclined part of the slope. This is because the water
could pond in the bottom layer saturating the soil section above it, inducing a local
failure. These results were used as a basis for the hypothesis of the effect of groundwater

flow on the slope stability and were tested during the numerical and physical modelling.

A drum centrifuge (Cheney et al., 1984; Springman et al.,, 2001), has been used in
research for slope stability analysis with good results (Cheney et al., 1984; Askarinejad,
2013). Past studies performed at the drum centrifuge at ETH Zirich (Figure 1.6),
included centrifuge experiments for the Ruedlingen soil and slope were carried out using
a climate chamber (Askarinejad, 2013) to study the triggering mechanism of landslides
due to rainfall. Model infiltration and exfiltration events on unsaturated slope deposits
were simulated in a 38° slope of silty sand material of 1 m thickness. Artificial rainfall
was applied to a calibrated intensity during the test and the pore water pressure
changes in the slope were recorded until failure occurred. Factors such as bedrock shape
and drainage function (infiltration and exfiltration) and reinforcement by artificially
grown vegetation already have been simulated successfully at model scale under
enhanced gravity conditions in the centrifuge (Askarinejad, 2013). Other research
projects looked at mobility and run out for debris flows (Bowman et al., 2006; 2007; 2010)
and rock avalanches (Imre et al., 2010a & b).

A programme of centrifuge tests was conducted in the drum centrifuge at ETH, under
50-52¢g, with controlled conditions of groundwater flow and/or rainfall intensity-duration.
The slopes was mantled with a sandy soil, which is scaled from the prototype gravel, to
study the hydromechanical response of natural slopes. Different shapes and hydraulic
properties of the bedrock, in terms of drainage, are provided for the model. Positive and

negative pore pressures will be measured through miniature pore pressure transducers.

1.6 Research Project Groups

The goals of this project were achieved due to the collaboration of experts from different
research disciplines. The project (Figure 1.5) was developed under the Institute for

Geotechnical Engineering, led and supervised by Prof. Sarah Springman; the planning,
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coordination, execution, analysis and lead on the research publications were under the

responsibility of doctoral student Daisy Lucas.

The collaborators, and their interaction with the project, are shown in Figure 1.7 and

can be grouped into four branches:

Current employees from Dept. of Civil, Environmental and Geomatic Engineering
(BAUG) working at the Institute for Geotechnical Engineering (IGT), ETH Zirich:
including the laboratory manager and researcher Ralf Herzog, supported by a team
of technicians of significant and varied experience: Ernst Bleiker in sensor
technology, Marcus Iten in centrifuge testing, Heinz Buschor and Andreas Kieper in
design and construction in the mechanical workshop for laboratory and field testing
devices.

Current employees from other institutes inside the Civil Engineering Department
(BAUG) at ETH Zirich: Prof. Peter Molnar advised on rain data analysis, and Prof.
Andreas Wieser and Daniel Willi from Institute for Environmental Engineering (IfU)
and Institute of Geodesy and Photogrammetry (IGP), provided equipment for
measure coordinates.

Current and past employees of departments outside BAUG and within ETH:
Department of Earth Sciences (D-ERDW) through the Institute of Geophysics,
represented by Prof. Hansruedi Maurer and Kerstin Fankhauser, who performed
extensive geophysical measurements and delivered data analysis included in this
research.

Finally external collaborators, included people outside ETH, who interacted in the
project, providing relevant expert guidance, and collaborated with data
measurements. In particular, the contribution of Dr. Brian McArdell from WSL in
hazard assessment, site geology context and provision of rainfall data 1is
acknowledged; Dr Andrew Kos, for his remote sensing campaign; Prof. Andy Take for
his expert advice and discussion about centrifuge modelling technology and
development of equipment to apply groundwater flow to a slope; Prof. Amin
Askarinejad, as a former doctoral student at IGT, for his mentoring and knowledge
sharing in landslide simulation in the drum centrifuge at ETH, and his contribution
to setting up the instrumentation and for further discussion on performance of the

sensors.
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Figure 1.6. Drum centrifuge at Institute for Geotechnical engineering, ETH Ziirich. The drum of 2.2 m
diameter contains the set-up testing for slope stability under rainfall conditions with: two diametrically
opposite models a, b; lateral and central water tanks for groundwater and rain supply respectively, an air
tank, pumps and flowmeters to apply and measured the hydraulic conditions imposed in the testing. Units
in the sketch of the model cross section, shown at the top right are in mm.
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External D-BAUG: Institute for Geotechnical Engineering (IGT)

Prof. Sarah Springman. Leader research project.
Daisy Lucas. Doctoral student, project research assistant.
Ralf Herzog. Field monitoring, laboratory testing,
centrifuge modelling.

Ernst Bleiker. Field monitoring and sensor calibration.
Markus Iten, Heinz Buschor, Andreas Kieper.
Centrifuge testing.

D-BAUG : Other institutes

Prof. Peter Molnar. Institute for Environmental Engineering
(IfU). Interpretation of precipitation data (rain/snow)
recorded by the meteostations.

Dr. Brian McArdell. Swiss Federal Institute for Forest, Snow
and Landscape Research (WSL). Research co-supervisor with
experience in applied hazard analysis.

Nicole Oggier. Previously Swiss Federal Institute for Forest,
Snow and Landscape Research (WSL).WSL data meteostatio

Project Meretschibach
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Prof. Andy Take. Department of Civil Engineering at
Queen's University. Research co-supervisor with experience
in centrifuge technology.
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Dr. Amin Askarinejad. Previously IGT. Field monitoring,
centrifguge testing.
Reto Grob. Previously IGT. Triaxial stress-path testing.
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Prof. Andreas Wieser. Daniel Willi. Institute of Geodesy
and Photogrammetry (IGP). GPS instrumentation location
coordinates

Dr. Andrew Kos. Terrasense Switzerland AG. Ground-based
radar interferometric measurements. Gamma portable radar
interferometer (GPRI) to observe deformation in the slope.
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Other Departments at ETH

Prof. Hansruedi Maurer. Msc. Kerstin Fankhauser. Institute
of Geophysics. Geophysical slope characterisation using GPR
and ERT.

Dr. Mario Sartori. Department of Earth Sciences, University
of Geneva. Explanation of local geology during site visit.
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Figure 1.7. Participants and collaborations in the doctoral research project at Meretschibach.
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1.7 Structure of the thesis

The research thesis is organised in eight chapters, each one of which corresponds mostly
to the journal articles and conference papers written during the doctoral studies. More

specifically:

Chapter 1. The first chapter is introductory, presents the research, objectives,
methodology, a bibliographical review, parts involved in the research project and

sections of the thesis.

Chapter 2. The second chapter presents an introductory and general overview of the
research context and a description of some of the aspects in the field campaign and the
monitoring. This includes one published conference paper with Daisy Lucas as a second
author: “Study of the seasonal response of a scree slope and debris flow catchment in the
Swiss Alps”, by Springman S.M., Lucas D., Oggier N.C., Kos A., Fankhauser K., and
McArdell B.. The scope of the multidisciplinary project in the Swiss Alps, which involved
the generation, mechanical production, storage and remobilisation of rock debris
triggered by meteorological and hydrological processes in steep slopes, is introduced to
1dentify the hazard. The site characteristics and field laboratory work, either in progress

or planned, is described briefly.

Chapter 3. The third chapter provides an introduction to field instrumentation and data
collection. It includes one conference paper that has been submitted and published. The
paper was titled “Volumetric water content determination by TDR sensors and Decagons
in gravelly soils”, by Lucas D., Askarinejad A., Herzog R., Bleiker E., and Springman
S.M.. This paper article focuses on the preliminary geotechnical monitoring, which
includes a description of the soil sensors, specifically those used for measuring
temperature and capacitance EC-5/10HS, Time Domain Reflectometry (TDR) to measure
VWC and tensiometers to obtain the suctions. Their calibration in the laboratory and
installation in the gravelly soil in the field was also presented. The paper provided
results and description of the measurements in instrumented trenches 1 and 2 (IT1, 2)

for a period of 11 months.

Chapter 4. The fourth chapter addresses the analysis of measurements in the field, and
comparison of these against measurements of geophysical properties that are converted
to equivalent parameters for a period of up to 2 years. The validation is discussed,
together with the extent of agreement between different sets of data. This chapter is a

special issue article, which was published in the journal, engineering Geology. The
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article’s title is “Study of the seasonal response of a scree slope and debris flow
catchment in the Swiss Alps” by Lucas D., Fankhauser K., and Springman S.M., which
gives a thorough description of the geotechnical and geophysical monitoring campaigns,
provides two years of recorded data of the geotechnical monitoring corresponding to
VWC, temperature, rain, suction, and unit weight measurements and soil profile
description. The paper include an analysis of the seasonal behaviour of the soil in terms
of the measurements, as well as a comparison between sensor performance of those used
to measured VWC, and the subsequent comparison to the VWC obtained from ERT
measurements. The characterisation results were presented, including a map of slope
angle in the scree slope, grain size distribution analysis, depth to the bedrock using
electrical resistivity tomography (ERT) and a realistic ground model of the downslope
section of the slope with strength parameters of the soil. The combination of techniques
not only proved to be effective for the site characterisation of the field, they also

complemented each other very well.

Chapter 5. The fifth chapter is dedicated to finishing the work related to soil monitoring
and characterisation, and introduces the hazard assessment. This paper provided new
findings and addressed the unsolved question posed in the paper presented in Chapter 4.
The paper will be submitted to a special issue of the Journal Water imminently is
entitled “Slope stability of a scree slope based on integrated characterisation and
monitoring” by Lucas D., Fankhauser K., Maurer H., McArdell B., Grob R., Herzog R.,
Bleiker E., and Springman S.M.. The paper includes the final year of monitoring data,
analyses variations found in soil behaviour in terms of VWC during the winter time, and
delivers a new site-specific recalibration of VWC sensors, including the effect of variation
of temperature over the range experienced in the field. A grain size distribution is
performed for each instrumented trench at the end of the monitoring campaign to
characterise the gravel, and a second campaign of in situ unit weight measurements is
reported. Strength parameters of the soil are determined by a programme of triaxial
stress-path testing for reconstituted samples of the gravel with specimen diameters
either of 15 or 25 cm. Geophysical measurements using Ground-based Penetrating Radar
led to development of a map contour of the bedrock depth below the entire scree slope.
Finally, a preliminary numerical simulation was performed to simulate the influence of
bedrock geometry and the consequences of all the findings on the hazard for the

community downslope were discussed.
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Chapter 6. This chapter examines the numerical and physical modelling of potential
instabilities in the scree slope in terms of bedrock geometry, soil thickness under the
action of groundwater flow (GW), and GW flow plus rain. The journal paper has been
published by the International Journal of Physical Modelling in Geotechnics is titled
“Modelling of Landslides in a scree slope induced by groundwater and rainfall” by Lucas
D., Herzog R., Iten M., Buschor H., Kieper A., Askarinejad A. and Springman S.M.. This
research addresses the influence of bedrock shape on the slope stability and used
geological field observations to integrate the feature of a bedrock step into the analysis.
Various bedrock step shapes and sizes are combined with a steep, coarse, granular slope.
Additionally, different soil thicknesses (1-3 m) were tested. Triggering of shallow failures
was investigated through two hydrological regimes: groundwater flow, and combined
with additional intense rainfall in some cases. Results from physical and numerical
modelling were compared to determine parameters that would lead to failure. It was
found that for a given groundwater condition, slope stability decreases as the depth of
soil decreases, and furthermore that the presence of a bedrock step would influence the

location of where a surficial failure would be triggered.

Chapter 7. This chapter provides the conclusions and the outlook based on the research
results, compared with the goals and objectives of the study. The validity of the
hypotheses is reviewed, and new main findings are commented upon, providing the main
conclusions for the relevant branches of the investigation. Unanswered questions from
the research are commented on in the outlook, together with possible steps to address

them. Observations are added about potential further research.

Chapter 8. Appendix. A conference paper is provided in this appendix, which is dedicated
mostly to field monitoring and the combination with geophysics measurements. This
paper was published in a conference series, and led to the invitation to write the journal

paper presented in Chapter 4.
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Abstract

The paper introduces the scope of a multidisciplinary project in the Swiss Alps, which
will investigate the generation, mechanical production, storage and remobilization of
rock debris triggered by meteorological and hydrological processes in steep slopes to
1dentify the extent of the hazard such as volume, mobility and run out of debris, so that
effective mitigation measures can be implemented.

The study is in the Bochtiir area in the Meretschibach catchment above Agarn village,
for which frequent slope instability events have been determined using repeated remote
sensing campaigns. These instabilities manifest themselves more frequently, in the form
of smaller events on the open partly vegetated scree slope, and less frequently, but with
larger volume of sediment and greater run out, as debris flows in the catchment. The
field and laboratory work, either in progress or planned, will be described briefly, with
hints towards subsequent analyses and process understanding obtained from the field

and from physical and numerical modelling.
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List of Notation

Decagon
ERT
GPR
GPRI
InSAR
IT
LiDAR
MS1,2,3
TDR

o

Capacitance sensor EC-5, Decagon Devices
Electrical resistivity tomography

Ground-based penetrating radar

Ground-based radar interferometry

Interferometric Synthetic Aperture Radar
Instrumented Trench

Surveying method, light detection and ranging
Meteostation

Time domain reflectometry sensor, Campbell

Critical state friction angle
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2.1 Introduction

The temporary storage and remobilization of sediment in a stream bed, and of rock
debris on sur-rounding slopes at inclinations steeper than the critical angle of friction ¢,
lead to ongoing slope instability and debris flow hazard in an active Alpine environment.
This presents significant challenges to those responsible for protecting inhabitants and
infrastructure located in the valley below, who are required to be able to predict the

1mpact of extreme events.

The study area is the Meretschibach catchment (Canton Valais, Switzerland: Figures
2.1, 2.2 and 2.3), above Agarn village. This site is ideal because unpublished satellite
InSAR displacement maps (Dr. Hugo Raetzo, 2012, FOEN, pers. comm.) show
movements >50cm/year in the catchment, which also experiences frequent debris flows
(Teysseire & Candolfi 2006; Szymczak et al. 2010; Theler 2010; Oggier 2011), including a

series during this summer.

Similarities exist between the Meretschibach and the neighbouring valley to the west,
Illgraben, which has been a focus of debris flow research for many years (Hirlimann et

al. 2003; McArdell et al. 2007; Schlunegger et al. 2009; Berger et al. 2010; 2011).

Although debris and sediment sources are located in different parts of a catchment,
they can be subject to similar external climatic factors (rainfall, snowmelt), and the

triggers for erosion or surficial failure may be different.

Spatio-temporal characteristics of the scree slope (Figure 2.2) and channel (Figure 2.3)
response to cycles of infiltration, saturation & drainage are being investigated more
frequently in an integrated way at complementary scales through remote sensing
(catchment scale), in-situ characterisation (slope scale) and monitoring combined with
centrifuge (laboratory scale) and numerical modelling. Rockfall (Figure 2.4) remains a

prevalent hazard necessitating great care about safety.

2.2 Site characterisation

Site characterisation is an essential preliminary activity in order to be able to make
decisions about where to install any monitoring devices. Further refinement of a ground
model extends throughout the duration of the project. The goal is to obtain a clear
delineation of the ground conditions at the site location, with quantification of relevant

geotechnical parameters for subsequent geotechnical analysis.
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Figure 2.1. Geological map of the Meretschibach-Bochtiir location with the positions of the weather
stations (MS) and the photographs in other figures (Figures 2.2, 2.4 and 2.7), with North at the top. Legend
from left to right: white quartzite (tis), green sericitized quartzite (t1), albitic gneiss metharhyolite (G.),
Augen gneiss (GOy), porphyritic granite (GOr), surficial deposits (q) (from Gabus et al. 2008a).

2.2.1 Geology

Triassic aged sericitized quartzite and white quartzites of the Bruneggjoch formation
(Gabus et al. 2008) form the main lithology in the release areas of the catchment. The
quartzites appear disturbed, possibly as a result of tectonic processes and are highly

susceptible to weathering, which occurs quickly after exposure of a fresh surface.

Surface morphological features in the steep upper slope of the catchment indicate
previous deep-seated gravitational slope activity. Several terrace structures characterise
the morphology, where bedrock landslides (and rockfalls) have occurred. The bedrock
outcrops, slope and channel deposits can be observed from viewpoints appropriate for

ground-based remote sensing.
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Figure 2.3. Debris flow catchment, looking South. The red rectangle encloses the scree slope on which the
instrumented trenches (IT 1&2) are situated and the geophysical methods were conducted most intensively.
For the exact location of the trenches and the ERT profile, see the close-up of the rectangular area in Figure
2.5.
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2.2.2 Geotechnical characterisation

The scree slope may be characterised by sections that are on a ‘run-out cone’ from a
weathering rock wall at the top of the slope, or where stunted vegetation has been
able to gain some hold in a fine-grained clayey silty soil retained in the larger voids

between the sandy, blocky, gravel (see Figure 2.2).

Trenches excavated (Figures 2.3 and 2.5) for installing devices to monitor infiltration
and drainage processes, as they develop due to the environmental perturbations, have
been used to extract samples for analysis and testing in the laboratory (Lucas et al.
2015). The next stage of characterisation includes an extensive programme of testing in
the laboratory to determine the requisite geotechnical parameters in both saturated and

unsaturated states.

Figure 2.4. Rockfall hazard, location on Figure 2.1.
2.2.3 Geophysics

Geotechnical experiments have been complemented by extensive geophysical

measurements (Fankhauser 2014).

The depth of the bedrock was explored by ground-penetrating radar (GPR). Preliminary
analyses of the GPR data indicate that the bedrock lies between 0.5-5 m below the

surface of the scree slope. Temporal variations of the soil moisture content were
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monitored with repeated electrical resistivity tomography (ERT) measurements (Figures
2.3 and 2.5). Results of two surveys, on the location delineated in Figure 2.5 are shown
in Figure 2.6. The soil structures manifest themselves by decreased electrical
resistivities compared with the underlying bedrock. The depth of the interface between
soil and bedrock is broadly consistent with the GPR results. A comparison between
geoelectrical tomograms obtained during a dry period in June, and after a period of
heavy rainfall in July, reveals a significant reduction in the resistivities in the shallow

subsurface. This can be attributed to the saturation of the soil.

616100 616000

124900
124900

125000

125000

125100

616100 616000

Figure 2.5. Instrumented trenches 1 and 2 (IT 1&2) and ERT profile location on the scree slope (see also
Figure 2.3).

2.2.4 Monitoring

The steepness and coarseness of the scree slope and the irregular rockfall hazard
complicates the way in which any monitoring location may be selected and installed.

Consequently, remote sensing has proved to be exceptionally valuable in determining
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where slope movements have taken place, as well as the degree of erosion or deposition.
Monitoring can then be enhanced by recording the meteorological influences and the
effect on saturation in back-filled trenches in the ground as well as through regular

depiction of the surface of the catchment area.

2.2.4.1 Remote Sensing

The use and development of remote sensing methods, combined with geotechnical
monitoring and field investigations to study rockslope failure processes and
mechanisms, has become a focal point of recent research (Kos et al. 2010a&b).
Hazard scenarios can be quantified through the combined use of field mapping, LiDAR
and radar interferometric surveys. Ground-based portable radar interferometry
(GPRI; Figure 2.7) has been successfully used to identify bedrock instabilities and to
quantify displacements using continuous monitoring of the upper Illgraben catchment
(Caduff et al. 2011) and is being used in this project to study the relationship between
environmental forcing and the rate and extent of surface deformation. Additionally,
signal coherence measured by the radar interferometer is being studied to understand

how it changes in response to erosional processes.
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Figure 2.6. Geoelectrical tomograms obtained on the scree slope (Figure 2.5) during a dry period on June 16,
2014 (top) and after a period of heavy rain fall on July 25, 2014 (bottom).

2.2.4.2 Meteorology

Three meteorological stations have been installed at various times. MS1 has been
located since October 2013 at 2220 m on the ridge above the scree slope (Figure 2.1),
whereas MS2 was only installed for approximately 1 month, until it was damaged by

rockfall. MS3 was installed in October 2014.

Station MS1 records rainfall, snowfall and temperature, MS2 measured temperature,
rainfall and wind, while MS3 measures precipitation (liquid, solid and mixed,

separately) as well as temperature.
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Figure 2.7. Ground-based Portable Radar Interferometer (GPRI) in front of Agarn church, location on
Figure 2.1.

2.2.4.3 Instrumented trenches

Lucas et al. (2015) describe further details of two instrumented trenches (IT1, IT2; see
Figures 2.3 and 2.5), which have been excavated in the scree slope in a gravelly soil with
fines, overlying a coarser gravelly deposit (Figure 2.8). Following calibration in
reconstituted host soil at various saturation degrees, selected devices have been

installed at depths of roughly 15, 30, 45 cm to monitor:

e  volumetric water content: TDRs, Decagons

e suctions: Jetfill tensiometers

e  temperature: thermistors

Initial analyses based on data showing the changes of these quantities with time since

installation in:

o IT1 28" October 2013) and

o IT2 (250 June 2014)

are reported in a companion paper (Lucas et al. 2015).
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Figure 2.8. Instrumented trench IT1 (location in Figure 2.5): slope, vegetation, data acquisition and covered
trench showing sensors installed in the trench, and gravelly topsoil layer with roots overlying a coarser
gravel in the inset.

2.2.5 Modelling & analysis

Various boundary value problems that represent scree slope instability (topsoil
distribution, depth to rock, bedrock form, vegetation etc.) will be investigated in small
scale physical models that will be tested at enhanced gravity in a geotechnical
centrifuge (Springman et al. 2001). Artificial rainfall will be applied to specimens
prepared in an environmental chamber, in a similar manner to that advanced by
Askarinejad (2012) and vegetation will be modelled in some cases (Askarinejad &
Springman, 2014). Subsequently, data from field and physical models will be compared
with limit equilibrium analyses of surficial failure on an open slope (e.g. Springman et
al. 2003). Moreover, the effect of partial saturation, vegetation and three
dimensional failure mechanisms (Casini et al. 2013; Askarinejad et al. 2013) can be
considered as well as hydromechanical analyses conducted with fully coupled numerical

models (Askarinejad 2012).

2.3 Conclusions

This paper reports the background to a multidisciplinary project (geology, remote

sensing, geotechnics and geophysics) that investigates ongoing slope instability and
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debris flow hazard in an active Alpine environment. Some parts of the open scree
slopes in the Meretschibach catchment that are subject to repeated and significant
surface erosion, have been characterised and test pits have been excavated to install
sensors to measure water content, suctions and temperature. In parallel, further
monitoring is underway periodically from a ground-based portable radar interferometer
combined with ongoing meteorological measurements and data from a range of sensors
to determine the degree of saturation, suction and temperature in the ground at various

locations on the slope.

Future plans for modelling and analysis are dis- cussed briefly, in view of the challenges
in predicting the impact of extreme events and protecting inhabitants and

infrastructure located in the valley below.
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Abstract

Debris flow and landslide events in an alpine environment depend on factors such as
slope inclination, soil and rock mass characterization, vegetation, rainfall infiltration, ice
degradation and snowmelt. If rain infiltrates into the ground, the degree of saturation
will increase, with a subsequent decrease in suction, and effective stress in the soil. The
shear resistance decreases accordingly, which can trigger failure in critical cases,
although the loads that act in the soil may remain almost constant. A study site is
located in a steep alpine slope of a lateral valley of the Rhone valley in Valais. This
paper focuses on the preliminary geotechnical monitoring, which includes installation of
thermistors, TDR  (time domain  reflectometry) sensors and Decagon
(capacitance/frequency domain technology) sensors to measure the volumetric water
content and recording of data to assess the effect of rainfall infiltration on the reduction
of shear resistance in the soil. The process of laboratory calibration, placement of the
sensors in gravelly soil in the field, and early results from the monitoring will be
presented and discussed. Determination of the volumetric water content at discrete
points in a slope will correlate to the degree of saturation, and can, through tensiometer
measurements of the soil suction or a suitable Water Retention Curve, give valuable

information to calculate the change in soil resistance.
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List of Notation

C, —  Coefficient of curvature
C, —  Coefficient of uniformity
G —  Specific gravity

Decagon — Capacitance sensor EC-5/10HS, Decagon Devices

InSAR — Interferometric Synthetic Aperture Radar

IT — Instrumented Trench
TDR — Time domain reflectometry
TP —  Test pit

VWC —  Volumetric Water Content

WSL —  Swiss Federal Institute for Forest, Snow and Landscape Research
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3.1 Introduction

Heavy rainfall events can trigger instabilities in natural slopes due to the rise in pore
water pressure in the ground, followed by loss in suction that occurs during infiltration
and saturation; this reduces the effective stress and therefore the shear resistance in
soils. This process can trigger shallow landslides and the remobilization of material in a

scree slope.

The study is carried out in the Bochtiir area of the Meretschibach (Figures 3.1 and 3.2),
above Agarn village in the Valais (Switzerland). Further details are given in a
companion paper (Springman et al. 2015). The process of rock weathering has created
extensive scree slopes between elevations of 1500-2000 m, with an inclination angle of
approximately 40°. Data of movements recorded by satellite INSAR are of the order of 0.5
m/year at some places in the slope (unpublished data, Dr. Hugo Raetzo, 2012, Foen, pers.

Comm.), which indicate that there is instability and potential risk.

Site monitoring is being developed to collect rainfall data, soil temperature, volumetric
water content and suction in two trenches. These data represent the input parameters
for physical and numerical modelling, simulating field conditions of the scree slope under

intense rainfall events, and the triggering of failure mechanisms.

3.2 Location and soil characteristics

Figures 3.1 and 3.2 show the location of the research site, and where the soil samples
were dug from test pits TP1 - TP3, only 3 - 5 m apart from each other. Instrumented
trenches 1 and 2 (IT1 - IT2) and weather stations, including a new rainfall station

planned for the end of 2014, are also shown in the Figure 3.2.

Samples were taken from TP1 - TP3 for grain size analysis at different depths, during

dry summer weather conditions, with the following characteristics:

e the ground surface is considered to be ‘depth zero’ for each test pit,

e test pits were excavated to depths: 0.5 — 0.7 m,

e atleast 4 kg were extracted for each sample,

e some cobbles and boulders were left at the site; and photographs were taken for
documentation,

e roots were found in almost all of the samples.
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The soil is classified (Table 3.1) according to USCS and Swiss standard classification SN

670 004-2NA as gravel with silt and sand GM.

3.2.1 Soil profile in IT1 and IT2

The soil found in instrumented trenches IT1 - IT2, at elevations of 1868 and 1890 m.
respectively, is shown in Figure 3.3. The scree slope at these locations has a surficial
layer of loose gravel and cobbles of approximately 10 - 15 cm thickness, followed by a
layer of silty gravel of depth 25 - 30 cm. This is underlain by a layer of gravel, with an

evident reduction of fines and loss of stability during excavation, this change is marked

with a discontinuous red line in Figure 3.3.

Figure 3.1. Meretschibach Bochtir in the Valais from the north. Photograph Nicole Oggier (2014).

Table 3.1. Soil classification from test pits near I'T1.

Moisture Percent of
Test USCS content fines Cu Ce Gs
Pit Classification 0 0 [ [ [
TP1 GM 2.9-3.7 5.7-8.2 73.6-139.3 8.3-14.4 2.68
TP2 GM 3.0-5.4 5.5-10.8 33.3-105.1 7.9-11.2
TP3 GM 3.7-4.3 6.7-16.4 72.8 9.1

Ce: Coefficient of curvature; Cu: Coefficient of uniformity; Gs: Specific gravity
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3.3 Methodology

Selected spots on the slopes (i.e. landslide source areas) are monitored in situ to measure
water infiltration-suction characteristics in the ground, to provide time-series data about
infiltration quantity and rate, and the effect on the inter-particle suction, which directly
affects the in-situ effective stress. Suction is measured with tensiometers, providing

complementary data to assess changing shear stress conditions.

Two vertical monitoring profiles have been installed (IT1-IT2), consisting of sets of co-
located tensiometers, time domain reflectometry soil moisture (TDR) and temperature
sensors. Freeze/thaw conditions, particularly during the crucial spring snowmelt period,
can be identified through measurements of temperature, while the TDRs are calibrated
to measure the volumetric water content. An SR50A Campbell weather station is
installed and monitored within the study area (precipitation, ambient air temperature,
humidity) by the Swiss Federal Institute for Forests, Snow and Landscape research,

WSL.

R
0 100 200  300m -~
Scale 1; 10,000
2014 16:15

" Printed on brss
hitp/fs.geo admin.chiee868sdde | oo

Figure 3.2. Map view of test pits and instrumentation trenches. Source https://map.geo.admin.ch.
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Figure 3.3. Soil profile in instrumented trenches. Left IT1, right IT2.

3.4 Instrumentation

3.4.1 Sensors

The sensors used in this monitoring are: Tensiometers, decagon, Time domain
Reflectometry (TDR) and temperature sensors. These have been described and used in

previous landslide monitoring (Askarinejad 2013), see technical details in Table 3.2.

3.4.2 Sensor Calibration

TDR and Decagon sensors measure the volumetric water content of the soil in the field.
General characteristics of the sensors are given in Table 3.2. By past experience
(Askarinejad 2013; Teysseire 2005), TDR and Decagons have been used to measure the
volumetric water content (VWC) in unsaturated silty sand, and alpine moraine with good
results. The performance of both sensors will be compared in the field for gravelly soil.
The Decagons and TDRs were calibrated using the soil from the field, over the range of

volumetric water contents estimated for unsaturated conditions.

The soil was mixed homogeneously, with a defined amount of water for each of the three
volumetric water contents desired, and placed in separate containers. Four calibration
readings were taken at two different locations for each sensor. It was expected to

experience some challenges in installing the instruments in the field because of the
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presence of coarse gravel that could become trapped between the forks (Figure 3.4).

However, this was managed quite well in practice, and the instruments have functioned.

Table 3.2. Technical information about the sensors installed.

Sensor Name Brand Length Measuring range

Decagon EC-5 Decagon 0.089 m | Apparent dielectric permittivity s 1-50.
devices

TDR TDR100 | Campbell 0.15m Apparent dielectric constant Kao-5.
Scientific

Tensiometers | RTD 0.15, 80-85 centibar.
Keller AG | 0.30,

Temperature PT100 Company 0.45m -50 to 100 °C.

sensors

3.5 Instrumented trench construction

The following instrumentation was installed: TDR, Decagon and temperature sensors, at
previously defined locations at depths of 15, 30, 45 cm. The proposed set up is shown in
Figure 3.5. These positions were adapted in the field to the condition of soil while

inserting the sensor.

3.5.1 Instrumentation

Every trench (Figures 3.5 and 3.6) contains: 2 TDRs, 4 Decagons and temperature
sensors. A compact data logger (Figure 3.7) was placed downhill of the trench at a

distance of approximately 1.5 - 2 m.

3.5.2 Installation

Both locations (trench and data logger) were cleaned of vegetation and an excavation of
1.1 x 1.0 m (in plan area) was started by teams of 1 - 2 people. A layer of gravel was
found at depth of 30 - 40 cm in the excavation that made it extremely difficult to install
the sensors at the target depths, so most of the sensors were located in the first 30 cm.
Decagons were placed first, then TDRs and the temperature sensors were last of all. All

locations were documented with a sketch and photographs (Figures 3.6 and 3.7).

66




3. Volumetric water content determination by TDR sensors and Decagons in gravelly
soils

Figure 3.4. Gravel trapped in a Decagon fork during sensor calibration in the laboratory.

Depth
T TDR1 Dec 1
15cm |:] O z:;(
T2 Dec?2
30cm [] S
T3 TDR2 Dec 3
45cm ] @) P

Figure 3.5. Sensors set up in the field. Top frontal view arrangement, bottom lateral view.

Once the sensors were installed, the trench was refilled carefully with the same soil,
trying to achieve the same density by using hand compaction. Some sensors were
destabilised during the refilling procedures, and about 2 - 4 had to be relocated.
Thereafter, it was possible to connect the instruments to the data logger, and an antenna

was installed for remote data transfer.
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Figure 3.6. Sensor placement, with tags used for records.

Figure 3.7. Data logger located downhill of IT2.
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3.6 Results

3.6.1 Instrumented trench IT1

Figure 3.8 show the data obtained from IT1, from the end of October 2013. The variation
of volumetric water content at 25 cm depth shows agreement between the measurements
from the TDRs and Decagons for the first 8 months. Values decrease to a minimum VWC
during winter time, probably due to the low or non-existent rate of rain infiltration, and
therefore the moisture content drops. This situation changes in April (spring season)
through snow melt and rainfall. The Decagon readings differ from those from the TDR
after the rockfall event (beginning of July), but it is not possible to affirm that the impact
of the rockfall affected results at this depth. A comparison of the temperatures in the soil
at 15 cm depth and in the data logger, which was considered to be the local exterior
temperature, was plotted. Temperatures are around 0°C, with minimum variation, for
both sensors during the winter season, and this trend continues until April 2014. The
temperatures increase again in May, and stay mainly between 10 — 15°C until August

(summer season).

A rockfall happened at the beginning of August 2014 (Figure 3.8) during a rain event,
hitting the trench and breaking the stake and exposing the soil temperature sensor,
causing some instability in the readings. The boulder was removed and the sensor placed

in the trench again on 28t August 2014.

Figure 3.9 shows the variation of pore water pressure with precipitation (SR50A weather
station), as recorded by the tensiometers, which were installed in June 2014 at depths of
15, 30 and 45 cm. The loss in suction due to rainfall events, during which the shallower
tensiometers react more dynamically to rainfall than the deeper tensiometer at 45 cm, is

clear in the figure.

3.6.2 Instrumented trench IT2

Temperature and VWC in IT2 are shown in Figure 3.10. The temperature in the data
logger shows a greater range in the measurements from (25/6/2014-1/10/2014), since a
rockfall strongly impacted the box (Figure 3.11), although the exact date of impact is
unknown. The temperature sensors recorded similar readings after the box was fixed
and protected in August, with the values from the ground being slightly lower than in

the data logger (Figure 3.10).
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The variation of VWC in the soil at IT2 is shown in Figure 3.10. They are similar to the
magnitudes measured in IT1, since the sensors are relatively close to each other at 16,
20 and 25 cm depths. TDR1 responds slightly earlier than the deeper sensor, but records

a lower saturation degree.
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Figure 3.8. Volumetric water content at 25 cm depth; temperature at 15 cm depth and in the data logger;
and daily total precipitation at IT1 (28/10/2013-1/10/2014). A rockfall happened at the beginning of August.
Precipitation data supplied by WSL.
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Figure 3.9. Tensiometer and precipitation data (25/6/2014-1/10/2014). Precipitation data supplied by WSL.
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Figure 3.10. Temperature sensor, Volumetric water content
1/10/2014).

reading and rain data; IT2 (25/6/2014-

Figure 3.11: Left. Data logger after being hit by a rockfall. Right.
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3.7 Conclusions

Temperature in the ground was recorded during four seasons at IT1. During the winter
season, temperatures were near zero with very little variation during day and night,
which was different to the summer season, where temperatures could change between 5
to 10 degrees per day. Variations were observed after a rockfall hit either the trench
(IT1) or the data logger (IT2) but readings were still taken. Maintenance was carried on

the IT2 data logger box to restore functionality.

TDR and Decagons reflect the increase of moisture content due to rain events and
possible snow melting, with a good agreement in the gravelly soil in IT1. The
measurement of volumetric water content recorded at 25 cm depth shows similar values
for nine months (Oct-13 to July-14), with some variations in magnitude but similar

trends from August 14th.

The reduction in suction after a rain event was recorded by three tensiometers at depths

of 15— 30 - 45 cm. They show a more dynamic response in the shallower locations.

Further work includes the installation of a rainfall station OTT Pluvio2 and the

construction of a third instrumented trench IT3 in the scree slope.
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Abstract

A gravelly scree slope in the Meretschibach catchment, a location in the Swiss Alps in
the vicinity of Agarn, canton Valais, has been observed to deform downslope at up to 0.5
m p.a. The potential instabilities at this site include surficial landslides, some of them
originally thought to be triggered by an increase in pore water pressure with a
subsequent loss of shear strength as a consequence of rainfall infiltration and rockfalls.
A programme consisting of monitoring, laboratory testing and investigation was
developed, to perform a thorough soil characterisation needed in order to produce a
realistic ground model. The long-term geotechnical monitoring included in situ soil
temperature, suction as well as volumetric water content measurements using dielectric
permittivity and time domain reflectometry (TDR) sensors. This data was complemented
by electrical resistivity tomography (ERT) to provide extensive knowledge on the depth
to bedrock and to validate the volumetric water contents in specific locations. The
datasets are completed by recordings from two nearby weather stations. Seasonal
changes of precipitation and temperature were reflected in corresponding trends in all
measurements. A comparison of volumetric water content records was obtained using
capacitance and time domain reflectometry (TDR) sensors with ERT, yielding reasonable
agreement. The resulting ground model, which integrates all currently available
parameters, delivers the essential information and boundary conditions for predicting

and validating slope instabilities in future using numerical and physical modelling.
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4.1 Introduction

The Meretschibach catchment (Figure 4.1) situated in the Swiss Alps, canton Valais,
near the village of Agarn (620 m.a.s.l.), has been investigated due to dynamic processes
of erosion, deposition and remobilisation of debris, which can evolve into different kinds
of mass movement. Debris flows have reached Agarn from an active channel and caused
damage to infrastructure in the past. This has been well documented (Rickenmann and
Zimmermann, 1993; Oggier, 2011). However, little has been published about slope
instabilities triggered in gravelly soils in the adjacent scree slope, where surface
movements of up to 0.5 m p.a. have been obtained from InSAR measurements (Dr. Hugo

Raetzo, 2012, FOEN, pers. Comm.).

Three prevalent types of downslope movement were expected, either based on past
research (Springman et al., 2003; Springman et al., 2012), or from observations made

during the monitoring programme on the steep scree slope:

¢ shallow landslides triggered by an increase in pore water pressure that reduces soil
suction and shear strength;

e boulders that topple, fragment, bounce and roll downslope from weathered rock walls
at the top of the slope;

e ongoing surficial erosion, including destabilisation of the top ground layer through
rainfall runoff and flow, movement of dry debris as well as small avalanches in

winter.

Characterisation and long-term monitoring of this slope are necessary in order to gain
more understanding of these processes, although this is complicated by slope inclinations
of 33-43°, heterogeneous gravelly soil, patches of native vegetation, seasonal limitations
and difficult accessibility due to the alpine location at 1840-2000 m.a.s.l. A realistic
ground model can be established, defining extent of soil layers and depth to bedrock, as

well determining relevant soil properties at different depths.

A long-term monitoring campaign, integrating geotechnical and geophysical methods
together with laboratory analyses, allows a progressively more detailed calibration and
validation of the ground model and relevant parameters, while observing and measuring
the response of the scree slope to seasonal processes. Instrumentation was installed in
the scree slope at shallow depths (<1 m) within four trenches (IT1-IT4), to perform real

time monitoring of the volumetric water content (VWC), temperature and suction (Lucas
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et al., 2015; Springman et al., 2015). The VWC and the suction measurements provide
valuable information to assess changes in soil shear resistance, particularly for soil in a
partially saturated state and to enable a comparison between the VWC acquired by two
different types of moisture sensors. Additionally, the precipitation in the area was
measured with two weather stations located within a distance of 2 km, at elevations of

2220 and of 1370 m.a.s.l., respectively.

Meteo Stations ®
® Trenches
Cameras
¥ Snow Stakes
+ Densitometer
ERT Profile 1

-Scree'Slope

. -

Figure 4.1. Overview of the field area, located in canton Valais, Switzerland (star on small map). The image
looking south shows a view of Agarn, situated on the Rhone valley floor and the Meretschibach catchment on
the mountain slopes behind. The most active area within the catchment can be divided into an active
channel and a scree slope. The weather stations (yellow diamonds) are located at 1370 m.a.s.l. (IGT) and
2220 m.a.s.l. (WSL). The right image shows an enlargement of the scree slope (yellow rectangle) with the
locations of the instrumented trenches (IT1-IT4), the ERT profile on which the monitoring was performed,
snow stakes (S51-S2), densitometer measurements (D1-D4) and cameras (C1-C4).

Geophysical measurements complemented the long term soil monitoring, providing a
convenient way to extend the knowledge of the subsurface to larger areas in the scree
slope (Bogolovsky and Ogilvy, 1977; Hack, 2000; Bichler et al., 2004; Otto and Sass,
2006; Sass, 2007; Sass et al., 2008). Electrical resistivity tomography (ERT)
measurements were conducted repeatedly throughout the spring and summer months of
2014, on a profile located close to IT1 (Fankhauser, 2014), allowing the insitu VWC

recordings to be validated in specific locations using Archie’s law (Archie, 1942; Friedel

et al., 2006). Effective validation can demonstrate complementarity of geotechnical and
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geophysical methods and provide a more widespread interpretation of the volumetric

water content (VWC), leading to a more detailed characterisation of the scree slope.

The data presented here was acquired over a period of two years, and is analysed by
seasons. Trends in summer and winter, and thawing/freezing processes in spring and

autumn, are discussed further.

4.2 Soil ground characteristics

4.2.1 Soil classification

Figure 4.1 shows the location of the research site and, specifically, the instrumented
trench sites IT1 — IT4. Samples were taken from test pits and trenches during dry
summer weather conditions. The following characteristics were noted: the ground
surface was considered to be ‘depth zero’ for each test pit; at least 4 kg of soil were
extracted for each disturbed sample. Cobbles larger than 70 mm, and any boulders, were

left at the site. Roots were found in almost all of the samples.

Grain size analyses were performed later in the laboratory. The soil is mostly gravel,
with diverse percentages of sand and fines, and it is classified (Figures 4.2, 4.3 and Table
4.1) according to Swiss standard classification (SN 670 004-2NA), as poorly-graded
gravel with silt and sand (GP-GM), silty gravel (GM), well-graded gravel with silt and
sand (GW-GM), and well-graded gravel (GW). Figure 4.2 shows the soil profiles in the

instrumented trenches.

Three common soil units are found in IT1, IT2 and IT4, but with different thicknesses:
(A) gravel with fines and high root content; (B) gravel with fines, and less or no roots, (C)
coarser gravel. An orange dashed line separates the gravel from a soil layer with greater
fines content, considered here as more stable and suitable for instrumentation
placement, from either coarser gravel layers or isolated lenses of coarser gravel that
were more unstable for excavation (IT4). In contrast, IT3 consists of two different units

described as finer gravel (D) and a transition to slightly coarser gravel (E).
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Figure 4.2. Soil profiles at instrumented trenches. a) IT1, b) IT2, ¢) IT3 and d) IT4. For IT1, IT2 and IT4: A
(depth ~0-40 cm), gravel with silt, sand and some roots; B (depth ~25-40 c¢cm), gravel with silt and sand; C
(depth below ~40 cm), coarser gravel with less fines; IT3: D (depth ~0-25 cm), gravelly soil with little sand
and silt content; E (depth below ~25 cm) change to a coarser gravel.
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Figure 4.3. Grain size distribution: a selection from Meretschibach scree slope test pits TP 1-9 are plotted,
together with IT1-IT4. The range is shaded in grey to illustrate the characteristics and content of fines for
the entire set of samples.
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Table 4.1. Soil classification from test pits and instrumented trenches.
Test |  Olassifiation. |  Moisture | Percentof : .. | o
pit | (SN 670004-2b o fines [] [] []
A i [%
TP1 GP-GM 2.9-3.7 5.7-8.2 73.6-139.3 | 8.3-14.4
TP2 GP-GM 3.0-5.4 5.5-10.8 33.3-105.1 | 7.9-11.2
TP3 GM 3.7-4.3 6.7-16.4 72.8 9.1
TPéll/IT GP-GM 7.7-9,2 98.2-115.3 6.2-8.2
TP5 GP-GM 5.7 37.6 5.0
TP6 GP-GM 54 28.7 5.1
TP7 GP-GM 8.4 106.1 77 | 268
TP8 GP-GM 8.5 110.2 10.1
TP9 11.0 -
TP10 GW-GM 11.7 94.9 2.2
1T2 GW 2.2 4.0 46.9 2.32
IT3 GW 3.4 8.4 1.9
IT4 GP-GM 10.9 47.5 2.32

C,: Coefficient of uniformity, C,: Coefficient of curvature; Gg: Specific gravity

4.2.2 In situ unit weight

The in situ unit weight was determined with a soil densitometer (Magdeburger

Prifgerate GmbH (HMP)), which uses the balloon method (DIN 18125-2:2011-03) from

which void ratio and porosity can be derived. It could be transported to alpine sites to

carry out measurements in gravelly soil.

The unit weights calculated from the tests are presented in Table 4.2 and the test

locations are shown in Figure 4.1. These values were in agreement with the void ratio

range of 0.34-0.69, which was determined in the laboratory from test samples.

Table 4.2. Dry unit weight obtained with the soil densitometer method.

Dry unit weight Void ratio relative densit Porosit
Measurement y[kN /m?] g [] (%] Y [] Y
D1 17.63 0.52 48.57 0.34
D2 16.98 0.58 31.43 0.37
D3 17.69 0.51 51.43 0.34
D4 16.09 0.66 8.57 0.40

4.2.3 Slope inclination

The slope inclination in the scree slope (Figure 4.4) was obtained using geographical

information system (GIS) and processed by Fankhauser (2016, after Oggier 2013). The
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most predominant angle of inclination in the scree slope is between 33 and 43°, although

some steeper areas (mostly upslope) can be identified up to 43°.

Slope Angle
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Figure 4.4. Left: Aerial photograph (SWISSIMAGE) of the scree slope and top part of the active channel,;
right: slope angle in °: of the same area. Black symbols show the location of instrumentation (see Figure 4.1
for comparison).

4.2.4 Instrumented trenches

Selected spots on the scree slope (i.e. landslide source areas) are monitored in situ to
measure water infiltration-suction characteristics in the ground, to provide time-series
data on infiltration quantities and rates, as well as the influence on the capillary suction,
which directly affects the effective stress. Four monitoring profiles were installed (IT1-
IT4, Figure 4.1 and 4.2), consisting of sets of dielectric permittivity sensors (EC-5 and
10HS), time domain reflectometry (TDR) soil moisture and temperature sensors (Table
4.3). Two trenches, IT1 and IT4, are supplemented by co-located tensiometers. All the
sensors were installed in trenches up to 1 m depth and of minimum 1 m width, to

minimise interference between sensors at similar depths.

Two weather stations were installed and are monitored within the study area, a SR50A
Campbell weather station (precipitation, ambient air temperature, humidity) controlled
by the Swiss Federal Institute for Forests, Snow and Landscape research (WSL), and an
OTT Pluvio? device (precipitation, ambient air temperature, humidity and wind

direction) installed by ETH (IGT). While the Campbell station is used to measure
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precipitation in the form of rain when the ambient air temperature is higher than zero
(no heater), the OTT Pluvio? is able to measure precipitation in the form of rain, snow, or

a mixture of both during all seasons.

Environmental changes, including freezing/thawing conditions, particularly during the
crucial autumn/spring snow-melt period, can be identified through ambient and soil
temperature measurements. The TDRs and dielectric permittivity sensors (EC-5, 10HS)

are calibrated to measure the volumetric water content (VWC).

4.2.4.1 Sensors and calibration

4.2.4.1.1 Sensors

Two types of sensor were installed to measure VWC (Table 4.3): time domain
reflectometry (TDR100; Campbell Scientific) and capacitance sensors (EC-5 and 10HS;
Decagon Devices), via the apparent dielectric constant /permittivity of the soil

surrounding the probes.

The volume of sensitivity of the sensors (soil volume influenced during VWC
measurement) becomes relevant while interpreting data in terms of first response to a
saturation event. A representative VWC of gravel in the scree slope should reflect the
range of particle sizes and the measurement volumes, with 181 (Onset, n.d.) and 1160
cm? (ICT international, 2008) respectively for EC-5s and 10HSs (method after Sakaki et
al., 2008), and 1.4 times the diameter of the rod spacing (2.1 cm) for TDRs (O’Connor and
Dowding, 1999), leading to a volume of 101 cm3 (Table 4.3).

The suction was recorded with tensiometers (Jetfill 2725 in IT1 and Remote 2100F in
IT4; Keller AG), paused in October before winter (to avoid freezing conditions) and
restarted again in May. While the Jetfill were installed a few metres upslope of the
trench, to a maximum depth of 0.45 m, the Remote were installed in the trench with the

other instruments at different depths (up to 1 m).
Further information on all sensors can be found in supplementary material 4.7.
4.2.4.1.2 Calibration

The capacitance and TDR sensors were calibrated in the laboratory using poorly-graded
gravel with silt and sand (GP-GM) from the field, over the range of VWCs estimated for

the unsaturated conditions expected in situ. The specimens were prepared by moist
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tamping, with void ratios in the range of e = 0.53 — 0.69, simulating suitable installation

conditions with both medium and loose densities.

A linear calibration was fitted to the measured values in most cases, in which the

coefficient of determination was r°=0.56-0.98. In some cases, this could be improved by
fitting a polynomial equation, and this was adopted, for instance, for I'T2 capacitance

sensor 10HS at 13 cm depth.

Although Topp’s equation (Topp et al., 1980) allows prediction of VWC for grain sizes up
to 2 mm, the VWC obtained were between factors of 2-3 smaller than for a site-specific
linear calibration at 20°C using the soil from the field with a dmax<31.5 mm (albeit with
a 8% content of fines). This significant difference could be due to effect of the texture,
structure, and density on the electrical response in soils, as mentioned by Topp et al.
(1980). These results confirm that a site specific calibration function is necessary when
using poorly-graded gravel with silt and sand. While Topp’s approach could not be
completely applicable to the grain size distribution of the scree slope, the adjustment of
the permittivity due to changes in temperature derived by Bogena et al. (2007), using a
liquid with known dielectric properties (2-isopropoxyethanol (i-C3E1) water mixtures)
was tested against Bogena’s equation for loamy silt. This has a significant effect on the
calculated VWC, which in many cases maps closely to the values of the site-specific
calibration results. As the use of a site-specific calibration function has been
recommended by other authors (e.g. Take et al., 2007 and Mittelbach et al., 2011), this
has been adopted. A site-specific equation for the correction of permittivity due to
temperature (applicable to capacitance sensors installed in scree soil) is advised for

future studies.

Ultimately, the performance of a sensor type is directly related to the soil conditions in
the field. Large stones and boulders, sometimes comparable to the size of the capacitance
sensor prongs, complicate effective insertion of the probes into the soil. Heterogeneity
contributes natural variability in density, void ratio and grain sizes that have impacted
on the process of site-specific calibration and functionality of TDRs and capacitance

sensors during monitoring.
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Table 4.3. Technical information about the sensors installed.

: Volume Temperature
Sensor | Name Brand Length Measuring _of Aceuracy range
range influence oC
[cm?] [°C]
EC-5 0.089 m 0-100 % 240 +1-2% VWC -40 to +50
VWC with soil
specific
calibration
Capaci 10 {_IS Decagon 0.145m . 1320 using soil Survival
tance (only Devices* 0'57/? VWG specific Temperature:
IT2) with calibration, -40 - 50
polynomial +0.02 Operating
m3/m3 (£ 2% | Temperature:
VWC) in 0-50
any soil
Time
. Campbell
domain s 0-100 %
reflecto TDR100 Sc1e*tt1flc 0.15m VWC 188.5 +1.5% VWC .40 to +55
metry
. Keller 0.15,
5125 | Company | 0
ompany | (.45 m .
Tensio ARL ki 0-85 kPa Direct . 1.5% Avoid freezing
= . d.t.
meters Remote Keller Installed 0-85 kPa contact condition
2100F PR23- | atdepths
G from 0.2
to 1 m.
Installed
Tempe RTD at depths o Direct o o
rature PT100 Heraeus from 0.2 -50 to 100 °C contact +/-0.05°C | -50 to 100 °C
to 1 m.

*http://manuals.decagon.com/Manuals/13876_EC-5_Web.pdf
**https://s.campbellsci.com/documents/us/manuals/tdr100.pdf
***http://www.soilmoisture.com/RESOURCE_INSTRUCTIONS-all_products/Resource_Instructions_0898-

2725_2725%20dJet-Fill%20Tensiometers.pdf
****http://www.soilmoisture.com/RESOURCE_INSTRUCTIONS-all_products/Resource_Instructions_0898-
2100_2100F%20Soilmoisture%20Probe.pdf

4.2.5 Electrical Resistivity Tomography (ERT)

A 2D electrical resistivity survey was carried out on a fixed profile line next to
instrumented trench IT1 (Figure 4.1) to complement the point measurements from the
TDRs and dielectric permittivity sensors, and achieving a more widespread
characterisation of the subsurface. The basic principle of geoelectrical resistivity
measurements, as well as the equipment and configurations used in this project, are
briefly summarised in supplementary material A. Further details on acquisition,
processing etc. can be found in Fankhauser (2014), Glunther et al. (2013), Glinther et al.

(2006), Gunther (2011), Riicker et al. (2006) and Lowrie (2007). A total of six ERT
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measurements (three of which are presented here) were poorly-graded gravel with silt

and sand (GP-GM) conducted in a monitoring phase from May to July 2014.

4.2.6 Archie’s law

ERT measurements are highly susceptible to changes in the subsurface water
content/saturation as the current injected during a geoelectrical survey flows mostly
through the pore water. An empirical relationship between the resistivity of a porous
medium to the amount of pores, their connectivity and saturation, as well as the

resistivity of the pore filling fluids, was found by Archie (1942):

p =ap,® MmS" with S =% (4.1)

where p is the resistivity of the porous soil, p,, is the resistivity of the pore filling fluid, @
1s the soil porosity (typically n in a geotechnical context) and S the saturation, which can
also be expressed as the ratio between the volumetric water content 6 and the porosity.
Furthermore, a is the tortuosity factor set to 1 for granular soils, m is the cementation
factor and n is the coefficient of saturation. The latter two factors are assumed to be
constant and, if taken from literature (e.g. Archie, 1942; Lowrie, 2007; Schoén, 1983), are
usually given as m = 1.3 and n = 2 for granular soil. Archie’s law is considered to be valid
in this case (without the need for any correction factors), as the soil consists mainly of
gravel and sand and contains almost no fines, especially no clay (Figures 4.2 and 4.3,
Table 4.1). The relationship can be used for effective comparisons between the
geotechnical soil moisture measurements and ERT acquisitions (e.g. Brunet et al., 2010;
Lehmann et al., 2013; Springman et al., 2013). For this purpose, the key parameters, @
and p,,, were estimated from soil and water samples (small creeks and surface run-off
near to the scree slope) extracted from the field, and analysed through laboratory and
field experiments as @ =0.33 ¥0.08 and p, = 155F 280m (at 25 °C; for temperature
corrections, the equation and the geophysical temperature compensation factor stated in

Hayashi (2004) were used).

A convenient way to use the temporally varying soil resistivities (repeatedly measured
ERT profile) is to calculate the saturation relative to a so-called baseline model (chosen
here as the acquisition on 15t May 2014) and so avoid having to estimate many
(uncertain) parameters in Archie’s law. The resulting trend (Figure 4.16) can be
compared relative to the readings obtained from TDR and dielectric permittivity sensors.

This process is further described in supplementary material 4.7.

87



4. Study of the seasonal response of a scree slope and debris flow catchment in the Swiss
Alps

4.3 Results and discussion

4.3.1 VWC and temperature monitoring in instrumented trenches IT1-IT4

An overview of the data time series recorded since October 2013 is presented in Figure
4.5, where a set of two plots display the volumetric water content (VWC) and
temperature versus time (in months at the bottom and the top, separated by dashed
lines), in chronological order of installation for each of the instrumented trenches (from

top to bottom: IT1-IT4).

The VWCs displayed in all of the plots range from 0 to 0.3 and the temperatures from -
10 to 30 °C. The precipitation from the two weather stations (WSL and IGT) is shown at
the bottom, over a range of 0 to 50 mm per day. Each coloured line represents a sensor
installed at a given depth, as shown in each legend with the corresponding sensor name
(Dec = dielectric permittivity sensor; T = temperature), as well as the depth (in
centimetres below the surface) as a sub-index. The VWC from the three types of
moisture sensors (dielectric permittivity sensors and TDRs) can be compared when they
are at similar depths. Ts,r is the temperature measured in the data logger at the
surface, usually a few metres away from the trench. The background shading represents
a definition of summer (yellow) and winter (blue), as the season during which fieldwork
can be carried out and a time during which access to the site is not possible, respectively.
Missing data due to loss of signals or eliminated data from a specific device are marked

at the top of the plot by a cross of the same colour.

Clear and expected seasonal differences are observed between summer, winter and

spring/autumn in terms of temperature and volumetric water content (VWC).

4.3.2 Seasonal response of the scree slope
4.3.2.1 Summer

Figures 4.6 and 4.7 represent the summers of 2014 and 2015, respectively at different
locations of the scree slope (Figure 4.1, IT1-IT3). High temperatures in summer
combined with precipitation in the form of rainfall, which infiltrates into the ground,
produces almost immediate increases in VWC near the surface. The variation in
magnitude of VWC between trenches IT1-3 (Figure 4.7) can be attributed to the different
grain size distributions (GW: IT2-3; GP-GM: IT1,4). Two types of infiltration behaviour
can be identified in trenches IT1-IT2, which can be seen when comparing the VWC in

July 2014. The increase of VWC can either be gradual with a gradual convex drop-off as

88



4. Study of the seasonal response of a scree slope and debris flow catchment in the Swiss
Alps

the ground drains, or reach immediate peaks, followed by linear to concave decreases.
The former were associated with periods of high suctions (especially in deeper
tensiometers, and during periods of little to no rainfall), when the unsaturated hydraulic
conductivity decreased, while immediate peaks occurs at higher degree of saturation.
Furthermore, suctions reduced either in the same timeframe as the rain infiltration or
marginally slower than the VWCs had increased. This is due to the radius of influence of
the sensors, EC-5 has a greater radius of 20 mm and the tensiometers around 1 mm,
therefore capacitance sensors react faster during infiltration (Beck, 2010). Sun exposure
1s higher in IT3, with temperature ranging from 0 to 27°C, and daily peaks close to

ambient air temperature.

4.3.2.2 Winter

Temperatures are near or below 0 °C (Figure 4.8), so that precipitation occurs in the
form of snowfall or mixed with rainfall. The pore water fluid is expected to freeze when
temperatures are below 0°C, decreasing the permeability of the unsaturated soil even
further. Snow can accumulate on, and insulate, the slope, reducing the rate and volume
of water infiltration (Figure 4.8, camera 2, 28.12.2014, 10:00). These two processes
explain the degree of saturation dropping to a minimum and the lack of variation in
VWC with ongoing winter precipitation (Figure 4.8, December, beginning January),
while infiltrating precipitation and snow-melt processes cause rising VWC when there is
an increase from negative to positive temperatures (Figure 4.8, end December, beginning
January). Episodes of freezing and snow melting are observed later in some trenches,
because the ground temperature is dependent on sun exposure, which differs depending

on the location on the scree slope (up- or downslope).

Patterson et al. (1981) proposed that Ka is not highly sensitive to ice content in partially
saturated coarse sand samples, since the slight increment measured is a product of
replacing air (Ka=1) by ice (Ka=3-4). Moreover, they measured K. at negative
temperatures in fine-grained soils (clay loam, silt loam), showing that the VWC for ice-
water mixtures was within (+2.5%) of values calculated by Topp et al.’s (1980) equation,

suggesting that it could be applicable, at least, to unfrozen and frozen fine-grained soils.

Considering Patterson’s approach, with Topp’s values of VWC compared to soil-specific
calibration, and VWCs measured at sub-zero temperatures by capacitance and TDR

sensors at different depths (Figure 4.8):
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e IT1 TDR22 and EC-525 show similar ranges of VWC, with EC-5 slightly lower,
e TDRss and EC-537 match well,
e as do IT2 TDRs2o, 10HS13 and IT3 TDR15 and EC-515.

This issue has been further studied by Spaans and Baker (1995), who proposed
improving VWC estimation by calibrating TDR sensors in frozen soil, dependent on VWC

and temperature.

Frost heave causes change in structure and expansion of saturated fine-grained soils
through ice lens formation in the frozen zone under sub-zero temperatures, accompanied
by water migration from the unfrozen zone to the ice lenses (Miller, 1973; Taber, 1929;
Taber, 1930). As thermodynamic equilibrium is required at the interface of the ice lens
and the water, suction builds up, changing the VWC and therefore the hydraulic
conductivity of the soil. Furthermore, frost heave in a steep slope can contribute to
surficial movement, with surface debris rolling downslope (Matsuoka, 1998). This
process is unlikely to have happened at the study site, even when soil reached sub-zero
temperatures (Figures 4.5, 4.8), although there would have been more likelihood to
occur, very locally in silty soil around roots of stunted vegetation in IT1 and IT4, due to

the higher content (around 10%) of fines (Figure 4.3, Table 4.1).

4.3.2.3 Spring/Autumn

The spring snow-melt (Bayard et al., 2004) happens over conditions of sun exposure and
higher temperatures during the day, producing a significant steady supply of water with
more gradual infiltration. In combination with precipitation in the form of rainfall, water
infiltrates through the partial insulation (e.g., remaining snow patches) into the ground,
raising the VWC (Figures 4.9, 4.10). The decrease of temperatures in autumn set the

conditions for snowfall and potential soil freezing, which results in reduced VWCs.

Figure 4.9 shows data from mid-April to mid-May 2015, including a larger scale plot of
the most extreme precipitation event (224 May 2015). The spring season shows the
transition in soil temperature rising from minimum values, while the air temperature is
already positive, with a daily variation of ~10°C.The temperatures rise earlier in I'T2 and
IT3 (upslope) respectively, whereas IT1 (downslope) follows days later, confirming the
effect of sun exposure. The daily temperature variation in IT1 through IT3 is greater for

shallower depths (15-20 cm; yellow), compared with deeper sensors (40-45 cm; red).
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However, the magnitude of this variation in IT3 is much greater at depth than in any

other trench.
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Figure 4.6. VWC, temperature and precipitation at IT1-IT2 and suction data at IT1 are displayed from 1st
July 2014 to 315t August 2014. The debris flow events in the active channel (Figure 4.1) are marked with a
dashed line each. The sub-index in the legend indicates the sensor depth in cm. Missing precipitation data
are marked with a cross.

4.3.3 Tensiometers

The suction versus time was monitored at depth ranges equivalent to VWC
measurements for IT1 and IT4 (Figures 4.11 and 4.12). The data are plotted to a
monthly scale, separated by dashed lines, corresponding to the different periods. Missing
or excluded data were marked by a continuous solid arrow at the top of each graph,

using the colour trace for the malfunctioning sensor.

Figure 4.11 shows the suction measured in IT1 at 15, 30 and 45 cm depth, complemented
by daily total precipitation in mm/day, plotted on a parallel y-axis and temperatures at
different depths in a separate plot below. Periods run from the end of June to October

2014 and May to October 2015.
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Data Period 4: 1. August 2015 - 30. September 2015
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Figure 4.7. VWC, temperature and precipitation at IT1-IT4 and suction data from IT1 and IT4 are
displayed from 15t August 2015 to 30th September 2015. In addition, the ambient air temperature recorded at
the IGT weather station is shown on the bottom. The sub-index in the legend indicates the sensor depth in
cm. Missing suction data are marked with an arrow in corresponding colour and missing air temperatures
with crosses.
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Data Period 2: 1. December 2014 - 30. January 2015
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Figure 4.8. VWC, temperature and precipitation at IT1-IT3 from 15t December 2014 to 315t January 2015.
The ambient air temperature recorded at the IGT weather station is shown below the other graphs. The sub-
index in the legend indicates the sensor depth in cm. Missing data are marked with crosses. Photos from
selected dates (cameras C1 and C2; Figure 4.1) are shown on the bottom.
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Figure 4.9. VWC, temperature and precipitation at IT1-IT3 from 15t April 2015 to 15th May 2015 on the
left hand side and from 30t April 2015 to 5% May 2015 on the right hand side. The ambient air temperature
recorded at the IGT weather station is shown on the bottom. The sub-index in the legend indicates the
sensor depth in em. Corresponding photographs is shown in Figure 4.10.
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Data Period 3: 15. April 2015 - 15. May 2015
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Figure 4.10. Photographs from cameras C1 and C2, illustrating the time series in Figure 4.9.

The three tensiometers at IT1 where installed in soil units, A, B, and C, (roots with
gravel and fines, gravel with sand and fines, and coarser gravel respectively, GP-GM,
section 4.2.1). Correlation between the loss in suction after rainfall events can clearly be
observed, after all tensiometers show a significant increase in pore water pressure
during periods of high precipitation in July 2014. In addition, shallower tensiometers
react faster after a rainfall event than the deeper tensiometers, due to top-down

infiltration.

The unsaturated hydraulic conductivity of the soil will decrease during July 2014 and
2015 (maximum annual temperatures) due to the higher suction level, resulting in a
small variation of the suction, regardless of the rain events recorded. The soil only
approaches saturation after a major rainfall event, leading to higher permeability and a

more dynamic response to rain infiltration.

Figure 4.12 shows the suction measured in IT4 (GP-GM) at five depths (20-95 cm),
complemented by daily total precipitation and temperatures. The period extends from
the end of August to October 2015. Suctions increase with depth, indicating top-down
infiltration through macro-voids after rain (September 15t%h), with gradual recovery of
suction, which is surprising given the lenses of coarser gravel exposed in IT4 (Figure

4.2).

4.3.4 Temperature and VWC with depth

Figure 4.13 shows the temperature distribution with depth from 5t to 25t September
2015 for IT1-IT4, from top to bottom, respectively. The temperatures are indicated by

colours (blue for colder, red for warmer), displayed in a colour bar on the right hand side.
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Dashed and solid (black and green) contour lines represent the boundaries at 10 °C, 5 °C
and 2 °C respectively. Each depth label corresponds to a depth where sensors are
located. The maximum plot depth represents the deepest sensor in each trench, ranging
from 40 (IT2-IT3) to 100 cm (IT4). This 20-day autumn period (Figure 4.5) is
characterised by a decreasing trend in temperatures, with fluctuations between 1 to 13
°C, while the volumetric water content responds dynamically to rain precipitation.
Periods of warmer, colder and transition temperatures can be identified in the soil in IT1
(Figure 4.13), showing a significant response of the soil to variations in ambient air

temperature, even though the general trend is decreasing.

Tensiometers IT1-2014 Tensiometers IT1 - 2015

T T T T
no data

)
(S

[mlm/d} :

Jao”
2130
{20
110 -60

40
30
20
10

Suction [kPa]
_lh
S

Precip.

)
=)

¥ 20 20f :
a ]
£ 10 10
|.q—'J 0' I I T I I I I 1 (0] = I I I I I I pmetureey
Jul14 Aug 14 Sep 14 Oct 14 May 15 Jun15 Jul15 Augl15 Sep15 Octl5
Date Date
Tensiometers Temperature Precipitation
Tensio 15 —Tensio 35 —Tensio4s —Tsurf —Ti5 =T3g —Tus Gt BwsL

Figure 4.11. Tensiometer measurements at IT1, temperature and precipitation data for two summer
seasons (25th June 2014 to 234 October 2014 and 13th May 2015 to 18th October 2015).
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Figure 4.12. Tensiometer measurements at IT4: suction, precipitation and temperature data (28t August
2015 to 20tk October 2015).

Reddish or blueish vertical ‘strips’ alternate daily. The response is more apparent at
shallower depths (<20-25 cm) corresponding to GP-GM soils (Table 4.1), with nearby
e=0.52 (D1, Table 4.2, Figure 4.1), the influence is less and temperatures lag behind in

deeper, generally coarser, soil. The temperatures during warm and cold periods are
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about 7-13°C and 1-5° C, respectively with transition zones of 3-7°C. The temperatures
plotted as ground level (O cm depth) correspond to a sensor installed in the data logger,
situated on the surface a few meters from the trench and can be warmer than the
temperatures measured in the soil particularly for the cold and transition times. The

lowest daily temperatures over all trenches were recorded at 12 cm depth at IT1.

The soil temperatures are generally warmer in IT2 than IT1, because the soil is coarser
(GW; Table 4.1), albeit with a similar e=0.51 (D3, Table 4.2, Figure 4.1). As in IT1, the
influence of ambient air temperatures extends to the trench bottom, with greater
variation in the top 25 cm. Periods of transition and cold are less evident due to greater
thermal conductivity; this can be related to less vegetation and greater sun exposure
than for IT1 (Figure 4.1), warmer periods are similar in both trenches. Ambient
temperature variations in I'T3 affect all depths at the same time. Heat is transferred into
the soil more immediately and uniformly than for other trenches, due to coarser (GW,
Table 4.1) more permeable soil (Figure 4.2c), and higher e=0.66 (D4, Table 4.2). Greater
sun exposure (Figure 4.1) with generally lower values of VWC (Figure 4.5), contribute to
these greater daily variations in soil temperature, with temperatures of 12°C and

significant drops to 2°C over 24 hours (Figure 4.13, 7-9t» September).

Poorly graded gravel (GP-GM) in IT4, with a similar content of fines to IT1 (Table 4.1),
less vegetation and e=0.58 measured nearby (D2, Table 4.2), could explain the higher
temperatures during cold and transition periods than IT1 at similar depths. Soil
temperatures exhibit daily variations until depths of 40 cm, whereas sensors below this
depth are less influenced, they exhibit a gradual transition to a colder season instead,
with particularly cold trends noticeable between 5-13th and 18-23r4, starting at depths of
10 cm to the trench bottom (Figure 4.13).

Figure 4.14 shows the VWC distribution with depth for the same time period as for
Figure 4.13, for IT1-IT4 from top to bottom, respectively. Colours ranging from yellow to
blue (colour bar on the right hand side) represent increasing VWC. Each depth label
corresponds to the depth where sensors are located. Maximum depths vary from 30 (IT3)

to 100 cm (IT4) and the plots are scaled accordingly.

This VWC representation enhances the understanding of water infiltration into the soil.
Precipitation events are clearly observable as ‘wet fronts’ in each of the trenches (e.g. on
14th September 2015). IT1 shows lower VWCs (0.05) over the top 28 c¢cm and higher

VWCs (0.1-0.2) below, during all periods of observation, with an increase during the rain
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event (14th September) to 0.015, when four hours of rain intensity (1-5 mm/h) occurred.
Since there is no visible sign of water infiltration and pore water pressure dissipation
into the shallow depths, it is possible that lateral flow occurred in the scree slope

through the coarser soil layer.

In all other trenches, water infiltrates during significant rainfall events, increasing the
VWC to different degrees and depths. Drainage occurred from the top 30 cm in IT2 into
the coarser underlying gravel. The narrowest range and lowest VWCs are exhibited in
IT3, due to fast infiltration and dissipation of pore water pressure from the much coarser
material, with exponentially decaying trends after each rain event (14th, 17th and 234

September).

Higher VWCs and drainage at 60 cm depth into a coarser gravel layer typify data from
IT4, located nearby IT1 (Figure 4.1). While an significant increase in saturation was
observed in a 10 cm thick layer (depths of 0.9-1 m) after 15th September, and
maintained for at least 10 days until the end of the period (25th September), the
tensiometers above and below this layer (Tensio75, Tensio95; Figure 4.12) maintained
suctions of between 30-40 kPa. This can be interpreted as pore water pressure build-up

in a potential failure surface.

4.3.5 Sensor comparison: TDR vs. capacitance sensors

Figure 4.15 show the comparison between TDRs and capacitance sensors (EC-5, 10HS)
at similar depths is shown, and complemented by measurements of temperature,
suction, precipitation, soil and ambient air temperature. All VWC sensors consistently
measure within a range of 0 to 0.3, which is expected, considering the given range of
porosity (Section 4.2.2 and 4.2.6). Resulting time series from capacitance sensors and

TDRs generally exhibit a similar dynamic response in VWC to rain infiltration.

Sensors at similar depths in the same trench, or similar depths in different locations,
agree in terms of peak occurrence, but not in magnitude of variation, nor in increase and

decay patterns.

Comparing sensors TDRss and EC-537 in IT1, the response on 14t September is
immediate in both cases with a significant, sharp peak, and drainage in the coarser
gravel represented by concave decay pattern due to high hydraulic conductivity.
However, the magnitude of variation in VWC for the TDR is greater than for the EC-5.

This can be attributed mostly to the heterogeneity of the soil, the volume of sensitivity,
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because the EC-5 averages the VWC over a larger volume than the TDR and possibly to
the dependency of the EC-5 sensors on temperature (section 4.2.4.1.2).
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Even though, the daily temperature variation recorded at IT1 in Tso and T on 14th is
actually smaller than in IT3 and other sensors in IT1 at shallower depths, the trend in
temperatures vary between 4-8°C during these two weeks. For the same sensors, when
compare at the rain events on 17t and 23, the difference in variation of magnitude of
VWC is less, but different patterns of decay in VWC changes after rainfall. Sharp peaks
develop with a concave decay profile (IT1, TDRss) in contrast to softer shape peaks and
convex decays (IT1, EC-537), that can be explained by the soil heterogeneity or a larger
volume of sensitivity for the capacitance sensors. Two other sensors TDR22 and EC-525 in
IT1 at similar depth, show similar values of VWC and variations in VWC after a rain
event, with slightly higher VWC recorded at TDR than EC-5 , by the reasons explained

before.

Capacitance sensors 10HS:3 and 10HS30 and TDRgo in IT2, located at different depths
were compared as a reference. The sensors have similar time of reaction, with a slight
lag from 10HSs0 on the 14t September (also observed for deeper sensors in other
trenches), due to the initial smaller rain intensity (mm/h) (Figure 4.15) that probably
infiltrated only to shallower depths. 10HS30 and TDRzo registered similar VWCs before
the rain, with greater magnitude response for TDR2o, which remains at a higher VWC
after that. Sensors installed nearby at the same reference depth (Figure 4.1) 10HS30
(IT2) and TDR3o (IT3) were also compared. Both sensors indicate similarly low VWCs
(GW, Table 4.1), and VWC in TDRso (IT3, e=0.66) is lower than 10HS30 (IT2, e=0.51) as
would be expected. Mittelbach et al. (2011) also compared TDR and 10HS in clayey
loam, and have preferred 10HS in medium to low VWC using site-specific calibration,

because of the greater sensitivity and accuracy in this specific range.

Finally, corrections for temperature effects could be applied to account for some of the
differences, whereas the remaining discrepancies can be due to laboratory calibration,
imperfect installation, varying volumes of influence as well as the heterogeneity of the

gravelly soil.

4.3.6 Electrical Resistivity Tomography (ERT)

The resulting geoelectrical tomograms in Figure 4.16a-c show the subsurface resistivities
obtained from inversion of the ERT data acquired on 15t May, 16t June and 25t July,
2014. All models depict a two-layered subsurface: an upper, relatively low resistive layer,
which can be attributed to the unsaturated gravelly soil and a highly resistive layer

underneath, which is assumed to represent the quartzite bedrock.
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The precipitation data before each of the acquisitions show that the conditions were

relatively dry and undergoing a drainage phase for the first two campaigns, whereas the

data acquired in July was recorded within a period of heavy rainfalls.

These seasonal variations are mostly reflected in resistivity changes within the soil
layer, in particular as a significant reduction of resistivities in the July model. The
saturation relative to the subsurface model obtained in May (Figure 4.16d-e) clearly
reflects these conditions; there is a slight net near-surface decrease in saturation in
June, whereas an increase in saturation is observed within the soil layer in July. This
trend in near-surface soil saturation corresponds very well to the volumetric water
content measurements (which are directly proportional to saturation; (Equation 4.1)

from TDR and dielectric permittivity sensors installed at shallow depths within IT1.

Numeric VWC values calculated from resistivity measurements using Archie’s law
(Equation 4.1) are presented in Table 4.4. It should be noted, that values for VWCgrr
were calculated using different cementation factors m and coefficient of saturation n. For
all calculations, the resulting VWCerr agree very well with the saturation trend and the
magnitude measured by either type of moisture sensor: higher VWC values in May,
lower values (relative decrease in saturation of the gravelly soil) during the dry period in
June to higher values again during the period of heavy rainfalls (relative increase in the
saturation of the soil) in July 2014. However, the VWCgrr were systematically
overestimated when using literature values for m and n. Determining m and n by
matching the VWCs from the first acquisition (15t May 2014) and using them in
subsequent calculations, a very good fit of the VWCgrr to the VWCrpr and the VWCpec

was found for all of the acquisition dates.

Two pairs of m and n achieved this fit very well but even though estimation without soil
specific laboratory measurements is difficult, m = 1.5 and n = 1.3 was discarded, because
an increase in the cementation factor (from the literature value of 1.3 estimated for loose
materials) would mean an increase in cementation, which is certainly not the case in this
gravelly scree. Hence, the VWCgrr are indicated as vertical error bars in Figure 4.16f,
using the VWCgrr calculated with m = 1.05 and n = 1.75. The resulting VWCgrr fit best
with the VWCs from the dielectric permittivity sensor at 37 cm and the TDR at 38 cm
depth. The remaining differences (to other sensors) were most likely due to the following

factors:
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¢ both methodologies of ‘measuring’ the VWC are indirect;

e tomograms consist of model cells larger than the cylinders of influence of individual
moisture sensors in IT1 and hence an average (spatial) resistivity of surrounding
cells was calculated for the comparison. In addition, the VWCs from TDR and
dielectric permittivity sensors (Table 4.4) are also (temporal) averages, calculated
over the duration of the ERT acquisition;

e parameters used in Archie’s law, such as the resistivity of the pore water and the
porosity, were only inferred from preliminary measurements.

e the ERT profile 1 is representative of the specific area of measurement in IT1, but
the heterogeneity of the soil has to be taken into account, when comparing recorded

VWCs, because of the slight difference in location (Figure 4.1).

4.3.7 Slope characteristics
4.3.7.1 Sections of the slope

The variation of VWC by type of moisture sensor versus time and depth, within all of the
trenches I'T1-IT4, is shown in Figures 4.5, 4.14 and 4.15. The range of VWC recorded at
IT2 and IT3, compared to IT1 and IT4, is remarkably narrow for the dielectric
permittivity sensors as well as the TDR measurements. These differences in the range of
VWC, in addition to the VWC and temperature trends observed, support splitting the

slope into up- and down-slope sections, with the following characteristics:

4.3.7.1.1 Upper scree slope (upslope)
Volumetric water content:

e low range of VWC (e.g. IT2/IT3), Figure 4.5;
o Faster infiltration and drainage of water due to predominance of coarser soil with

less fines. (e.g. IT3), Section 4.3.4, Figure 4.14;
Temperature:

e temperatures can rise earlier (by up to half a month) than in downslope locations,
due to greater sun exposure, Figure 4.5;

e daily variations are higher and more pronounced for all sensor depths (e.g. IT3),
section 4.3.4, Figure 4.13;

e extreme maximum values during winter and summer respectively (IT3) due to a

coarser soil with higher permeability, Figure 4.5;
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e earlier snow-melt caused by greater sun exposure (IT2/IT3).

4.3.7.1.2 Lower scree slope (downslope)
Volumetric water content:

e higher range of VWC (e.g. IT1/IT4), Figure 4.5, 4.14;
e VWC can rise due to infiltration and possible lateral flow of water downslope

(IT1/IT4) section 4.3.4, Figure 4.14;
Temperature:

e more insulation and less sun exposure due to patches of vegetation, Figures 4.1, 4.5;

e daily variations influenced by ambient air temperature are greater than upslope in
the first 20-30cm and less pronounced for deeper sensors (e.g. I'T1/IT4), section 4.3.4,
Figure 4.13.

Table 4.4. Comparison of VWCs from ERT to VWCs from TDRs and capacitance sensors (Dec) in IT1. “No.”

refers to the number of readings taken by the moisture sensors during the recording of the ERT, as VWCrpr
and VWCpe. are averaged over all measurements. p is the electrical resistivity measured by ERT.

VWCERT VWCEgrT VWCERT

Date No. Tem;[)fé?ture VW[gTDR VV\[]-(]jDec [[;;ET] - =[-];3; [-1].,021; = . =[']1:.5;
n= 2_ n= 1.15 n= 1._3

15.5.2014 | 3 4.8 0.11 | 011 |7217.9 Obl.gli Obl‘éf_r 061.(1){
16.6.2014 | 4 11.7 0.06 0.07 | 9003.4 0&3;’ Ob‘?ﬁf 0'0(_)gl+
25.7.2014 | 4 12.1 0.1 0.1 |5363.7 0(')1‘3; 061‘811 0&8?

* m and n taken from literature (e.g. Archie, 1942; Lowrie, 2007; Schon, 1983).

** m and n calibrated using the first measurement (15t May 2014), then used in subsequent calculations of
VWCERT.
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shown in the lower two time series plots.
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4.3.7.2 Ground model

The ground model in Figure 4.17 (with parameters in Table 4.5) was derived from the
ERT tomograms (hence showing only the lower part of the scree slope). The boundary
between the upper soil layer and the highly resistive bedrock underneath can be seen on
each of the recorded tomograms (Figure 4.16), however, it is clearest in the results
obtained from the recordings on 25t July 2014. This measurement took place at the end
of a rainy period and therefore current injected into the ground could penetrate more
effectively and deeper into the saturated (more conductive) ground. Hence, the solid

black line could be drawn in the ground model to divide the two layers.

All ERT surveys, but in particular those that were carried out during dry periods (e.g.
16t June, 2014), reveal (local) areas of high resistivity near the surface. Most of these
were not consistently observed at the same spots along the profile, were limited in size
and could be explained by the difficult ground coupling of an electrode in a dry and
highly resistive soil in the respective area. A few of these “patches” were more extensive
than others, and could be interpreted to extend down to the bedrock (marked with
dashed, light grey lines in the ground model). These were particularly visible on the
tomogram from 25t July. However, field observations, as well as GPR measurements on
the lower part of the slope, indicate that it is rather unlikely that the bedrock rises to the
surface. Furthermore, geological observations favour a series of “steps” at the soil-
bedrock interface below ground, as nearby bedrock outcrops above ground exhibit rock
layers inclined southward (into the slope) with 10-30° (see also Gabus et al., 2008a;
2008b). Assumed bedrock layers are therefore indicated in the ground model with dashed

grey lines.

The highly resistive patches on the upper part of the profile, where there is less
vegetation (mostly small trees, bushes and shrubs), are explicable by large boulders
(estimated up to 0.5 m in diameter), which have been deposited on the surface and which
also made electrode insertion difficult. Such boulders are not connected to the bedrock,
but might produce a more extensive area of high resistivity. In addition, lenses
consisting of larger cobbles and even boulders have been discovered within finer gravelly
soil, e.g. during the excavation of IT4 (Figure 4.2). Such lenses could also be attributed to

highly resistive areas.

Due to the shallow depth of the bedrock (1-3 m), it is very difficult to determine

resistivity changes within the soil layer. Subtle differences in grain size distributions
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were seen from trench and soil excavations (Figures 4.2 and 4.3). Although these
volumes are too small to be detected by ERT measurements (with an electrode spacing of
1 m), the soil is therefore depicted in the ground model as a uniform layer of gravel with
sand and silt. However, a schematic description of the soil profiles in the trenches has
been integrated as well, even though only IT1 is located along the ERT profile used for

the ground model.

A friction angle of 41° was obtained using a constant shear drained triaxial stress path
tests (CSD). A series of CSD triaxial tests were carried out in a medium (150 mm
diameter) and large (250 mm diameter) scale apparatus using reconstituted specimens

(for further information, see Grob, 2015).

Table 4.5. Geotechnical soil parameters used in the ground model.

e Friction angle
Classification . .. .
. Percentage of fines | critical state | Cohesion Gs
Section (SN 670 004-2b ,
[%] o [kN/m?] [-]
NA) .
[°]
Downslope GP-GM 5-10 41 0 2.68
Upslope GW-GM 0-5 41 0 2.68
0] 1[0 2|0 3]0
Distance along profile [m]
1870F =
5
= £
= 2
0o 3
-
@
1860} *

o 25  5m
|

Ground Model .Gravel with fines & roots
[Ccravel with fines

Gravel with silt & [Fcoarser gravel lense
D sand Coarser gravel, fines
[EMedium gravel, little fines

. Qua rtzite Bedrock .(carser gravel, little fines
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Figure 4.17. Ground model derived from ERT measurements on profile 1. A visual description of the soil
observed in IT1-IT4 is included, as well as some of the most important parameters, such as the friction
angle.
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4.4 Conclusions

Combining geotechnical and geophysical techniques has led to greater insight about the
characteristics of a steep alpine scree slope. A ground model that estimates soil thickness
and depth to bedrock, strength parameters, and soil classification, can be used in a
posterior analysis of slope response to environmental perturbations through physical
and/or numerical modelling. Furthermore, natural hazards can be assessed more
effectively to provide input to needs for early warning systems and any mitigation

measures.

Long-term monitoring and extensive characterisation using instrumented trenches,
geophysical surveys, meteorological data and photographic observation of the slope
surface yielded complementary and therefore well integrable results and gave useful
indications of processes that could cause three prevalent types of downslope movement

and changed perceptions of the most likely events.

Initially, it had been hypothesised that the most likely failure mechanism would be
through shallow landslides, triggered by rainfall infiltration and lateral flow in a
saturating soil that is heterogeneous in terms of porosity and grading. Given that the
slope angle was between 33-43° and the friction angle is 41°, there remains some
potential for small slips to occur if pore water pressures become positive over a
significant layer that runs more or less parallel to the surface (as observed in 1 m depth
in one of the trenches). However, the greatest number of downslope movements arise
either from boulders falling and toppling downslope, being deposited temporarily in
metastable positions, and remobilised either by repeated cycles of freezing and thawing,
and snow-melting processes in winter or eroded by rainfall and runoff during the rest of

the year.

Seasonal, daily and event driven patterns in changes of VWC, temperature and suction
could be identified during the two years of monitoring and there is an agreement in
trends of the VWC between dielectric permittivity sensors EC-5, 10HS and TDR in their
response to rain infiltration, freezing and thawing processes. Correction factors could be
applied in future for capacitance sensors (EC-5, 10HS) to allow for phase change between
water and ice. Remaining differences in VWC from neighbouring devices, or similar

depths, can be attributed to different installation locations and soil heterogeneity.
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VWCs obtained from instrumentation were compared to values independently calculated
from ERT measurements, conducted on different dates from May-July 2014. It was found
that even though seasonal saturation trends agreed, VWC values were systematically
overestimated by ERT, when using literature values for two parameters in Archie’s law.
A better fit was obtained, when these parameters were calibrated by matching one of the
ERT acquisitions to the local trench measurements recorded at the same time. Hence,
the agreement of VWCs from both types of measurements led to the conclusion that ERT
indeed provides a convenient and fast way to infer VWC values over a larger area
(spatial resolution), but has to be carefully calibrated using local VWC measurements,
which in turn have the advantageous ability to more frequently record data (temporal
resolution). “Small scale” trench instrumentation and “larger scale” ERT surveys
complement each other very well and therefore, when combined and calibrated properly,
can substantially enhance the characterization and monitoring of (steep) alpine scree

slopes.
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4.7 Appendix: Supplementary data on sensors and calibration.

4.7.1 Moisture content sensors description

The time domain reflectometry sensor TDR100, manufactured by Campbell Scientific,
uses a technique consisting of sending an electromagnetic pulse to the connecting cable
and probe embedded in the soil. The returning signal reflected at the end of the probe is
sampled and the travelling time is measured and is related to the apparent dielectric
constant, which can be associated with the volumetric water content of the soil through
linear or polynomial forms of equations (Topp et al., 1980). The probe consists of two
rounded prongs of 150 mm length and 6 mm diameter, at a centre-to-centre spacing of

20.5 mm.

The dielectric permittivity sensors (Decagon) EC-5 and 10HS (used in I'T2) measure the
volumetric water content of the soil using the capacitance technique. The capacitance of
the soil is related to the permittivity or charging time of an electromagnetic field, from
which the volumetric water content can be inferred by a linear or polynomial form of
equation. The probe dimensions are 8.9 x 1.8 x 0.7 cm, and 14.5 x 3.3 x 0.7 cm

respectively.

Tensiometer JetFill 2725 ARL consists of a tube of 2.2 cm diameter with a porous
ceramic tip at the bottom of 6 cm length and sealed water storage on top, connected to a
pressure transducer (Range 0-85 kPa)The water can flow from the tube to the porous
ceramic tip and the gauge will record the bonding between water and soil around the
ceramic tip as negative pressure suction. Remote 2100F were used in IT4,(Range of 0-85
kPa). The ceramic is inserted in the ground in the wall face of the trench and backfilled
carefully, paying special attention to a representative soil distribution around the other
half of the tip and ensuring good contact between soil and ceramic. The water storage

and pressure transducers are located in the ground adjacent to IT4.

4.7.2 Electrical resistivity tomography (ERT) and Archie’s law

The basic principle of geoelectrical resistivity measurements is to inject current into the
ground through a pair of electrodes and to measure the resulting potential in the form of
a voltage difference, caused by current flow, at another pair of electrodes along the
subsurface. 48 electrodes were planted along the profile line and the Syscal Pro system
(IRIS instruments) was used for all measurements performed during the monitoring

phase from May to July 2014. A Wenner configuration was selected for all acquisitions,
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due to the highly resistive environment. The inversion was performed using the BERT
(Boundless Electrical Resistivity Tomography) software package ( for more detailed
information on the processing of the ERT data from this project, see Fankhauser, 2014;

Gunther et al., 2013; Giinther et al., 2006; Gunther, 2011; Riicker et al., 2006).

Although Archie’s Law (Archie, 1942) is considered to be valid in this case and can be
used to calculate VWCs from the resistivities measured during the ERT acquisition, it is
very difficult to get accurate estimates of the parameters involved in this law. Therefore
another approach can be used to relate the temporal variation of soil resistivities along
the repeatedly measured ERT profile to the temporal variation of soil saturation or
water content (under the assumption that the porosity and the pore water resistivity

remain constant) as:

1 _1 -
Pt "= Py, ™ _ [&]
L Pt,

S

Se — St _ E _ ﬁ (S4.A1)
StO StO Bto

Pty ™
where p; , S¢,, 0, and p;, S; represent the resistivity, saturation and water content at
times t, and t respectively. AS and A8 represent the differences in saturation and water
content between these times. The profile measured on 15 May, 2014 was chosen as the
baseline model (at timet,;) and variations in saturation in later acquisitions are
presented relative to this profile. The advantage of this approach is that neither the
constants (except for n) nor the porosity or the resistivity of the pore water need to be

quantified to observe a seasonal variation in soil saturation.
4.7.3 Sensor operation difficulties

4.7.3.1 Operation difficulties

Issues with performance of the sensors can appear either during calibration in the
laboratory, or installation and operation in the field. Indirect measurements such as
TDR and capacitance sensors that measure the dielectric constant representative of the
components in the soil, require a physical calibration to be able to calculate the VWC in

the soil. Relevant issues for TDRs and dielectric permittivity sensors are:

During calibration:

e gravel became trapped in the fork during insertion, which could dominate the REV

and lead to inaccurate readings;
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e specimens used in the laboratory might differ slightly from the grain size distribution

present in the field. This affects the accuracy in the calculation of VWC.

During installation:

e gravel trapped in the fork during insertion: it is difficult to detect when this happens
in the field;

e the sensor is not fully in contact with the soil, meaning air gaps could be filled by
water or by air, altering the equivalent dielectric constant. This could be observed in

the form of inconsistent spikes in the recorded data.

During operation:

e rockfalls: trenches IT1 and IT2 were hit by fragmenting boulders in 2014. The
rockfall hit the trench at IT1 and affected the temperature sensor at 15 cm depth.
The instrumentation was fixed at the end of August 2014 and performed normally
after that. A slight shift between a TDR and dielectric permittivity sensors (25 and
22 cm depth) was observed after the rockfall; IT2 was installed in June 2014 and was
also hit by a rockfall, a few days after its placement. Even though the data logger
container was damaged and displaced by approximately 3 m, the sensors kept
reading during this time, with the exception of one temperature sensor, which read
normally again after the damage to the container was fixed;

¢ change in bulk density;

e change in voltage input.

All these issues can result in an under- and overestimation of the dielectric constant,

affecting the calculation of VWC, or generating spikes in the data.
Relevant issues for tensiometers during operation include:

e insufficient storage water within the instrument’s plastic tube and reservoir,
resulting in inconsistent measurements;
e the range of measurement in the ceramic tip, specified by the manufacturer (80 kPa),

is exceeded and data has to be disregarded due to cavitation.
Issues for the ERT encompass:

¢ insertion of electrodes: due to the gravelly nature of the soil, electrodes were difficult
to insert, resulting in coupling issues at some locations. In most cases, the problem

could be avoided by slightly shifting the electrode’s position;
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e coupling issues: insertion problems and/or the highly resistive nature of the (dry) soil
led to electrodes that were not optimally coupled to the ground. The problem was
reduced by using a very small amount of cat litter mixed with salt water around the

affected electrodes.

4.8 Appendix: Annual temperature curves and profile of VWC and
temperature vs depth

4.8.1 Temperatures

The average monthly temperatures are presented in Figures S4.8.1a-c for trenches IT1-
3, for the years 2014 and 2015. The values of ambient air temperature (black), recorded
at the IGT weather station in 2015, are also displayed. Three sensors are shown at three
different depths (surface, 15 to 20 cm and 40 to 45 cm) for each trench. Each sensor is
1dentified by one colour, which is darker for 2014 and lighter for 2015.

The average temperature during the summer (June to August) in 2015 was higher
(~5°C) than the same season in 2014, which is clearly visible in IT1 and IT2 (Figures
4.13a and b). However, the autumn of 2015 was colder than in 2014.

The difference between the ambient air temperature and the soil temperature at 15-20
cm depth in 2015 is approximately constant in summer (~2 to 4 °C), but varies during
spring and autumn, where the difference can be larger or smaller. In addition, the air

temperature was observed to be lower than any of the soil temperatures in winter.

As expected, the soil temperature decreases with depth during the summer months, in
all of the trenches, but with different gradients, which suggests a significant dependency
on trench location and hence sun exposure. The surface on the ground cools in the other
seasons, although the deepest sensors continue to exhibit warmer temperatures because

of the insulation created by the upper soil layer itself.
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Figure S4.8.1. Monthly average temperatures for years 2014 -2015 for instrumented trenches: IT1 (left) to
IT3 (right), with three sensors each, located at different depths.

4.8.2 VWC and Temperatures vs depth

Figure S4.8.2 shows the temperatures and VWCs with depth for three specific dates, the
10th, 15tk gand 20tk of September 2015 at noon. This period corresponds to the transition
season from summer to autumn and there was no rain recorded at these dates although
rain events of different intensities were recorded between these dates (see Paper in
Figure 4.14). Each colour represents the data recorded at each instrumented trench IT1-

4 at their respective depths, with zero representing the ground level.

The figure shows a volumetric water content (VWC) in the scree slope varying
approximately between 0.01 and a maximum of 0.28 for these dates, corresponding to
the water content remaining from the past events. The variation of VWC with depth in
all the trenches responds to the heterogeneity in the gravel, sand and fines content. For
example, VWC for IT3 fluctuates in rather a low range due to the coarser soil with less
fines and therefore fast drainage. The higher increase in VWC at I'T4 at 90 cm depth also
reflects a marked change in soil characteristics, showing a layer that can reach
saturation faster, which is therefore susceptible to a sudden loss in shear strength

triggered by rain events.
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Figure S4.8.2. Temperature and VWC profiles 10th, 15th and 20t of September, 2015.

There is a trend of gradient decreasing with temperature for IT1-IT3, while I'T4, which is

located in the lower part of the scree slope, has only a small range of variation in

temperatures with depth. IT2 and IT3 show the effect of sun exposure.
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Abstract

Three years of geotechnical monitoring including soil temperature, suction and
volumetric water content plus geophysical measurements, lead to a preliminary ground
model and assessment of slope stability for a steep scree slope in the Meretschibach
catchment, near Agarn village in the Swiss Alps. Building on data reported in a previous
paper, which focused on preliminary ground characterisation and monitoring, this
current research aims to understand whether a surficial failure in the scree slope,
triggered by rainfall and depending on bedrock conditions, would represent a relevant
natural hazard for Agarn village. A final year of field data is included as well as site-
specific sensor calibration, a GPR profile, and laboratory triaxial testing to provide
strength parameters. A bedrock map is presented, based on GPR, with a realistic ground
model of the entire scree slope. Furthermore, a preliminary numerical analysis,
performed using SEEP-SLOPE/W, shows the influence of a bedrock outcrop observed in
the field, for a specific soil thickness, strength parameters and rain intensity. The
stability of a gravelly slope decreases with groundwater flow over a step in the bedrock,
and the location of the failure will tend to move uphill of a bedrock outcrop at a shallow

depth as flow increases.

Keywords: Landslide, monitoring, bedrock, scree slope, Ground Penetrating Radar,

volumetric water content, natural hazard, triaxial stress path testing.
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List of Notation

CSD
CSL
CADCAL
ERT
EC-5
F.S.
GSD
GPS
GPR
ID
IGT
inSAR
IT
PwWP
TDR
VWC
WSL

Kwater,ice,soil

)

Constant shear stress drained path
Critical state line

Anisotropic consolidation-drained shear at constant axial load
Electrical resistivity tomography
Capacitance sensor, Decagon Devices
Factor of Safety

Grain size distribution

Global positioning system

Ground penetrating radar
Intensity-duration threshold

Institute for geotechnical engineering
Interferometric Synthetic Aperture Radar
Instrumented Trench

Pore water pressure

Time domain reflectometry sensor, Campbell Scientific
Volumetric water content

Swiss Federal Institute for Forest, Snow and Landscape Research
Coefficient of curvature

Coefficient of uniformity

Cohesion

1% of the particles are finer than this size
Relative density

Void ratio

Axial strain

Volumetric strain

Principal stress state ratio

Dielectric constant of (water/ice/soil)
Mean effective stress

Deviatoric shear stress

Input water Flow

Capacitance sensor, Decagon Devices
Critical state friction angle

Dry unit weight
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W — Dilatancy angle

)

o’i — Principal effective stress
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5.1 Introduction

Scree slopes are formed in mountain areas by rock debris, which loses potential energy
in falling from weathered and fractured bedrock walls, and follows a downslope
trajectory until it decelerates and stops i.e. to zero kinetic energy once again. Typical
dynamic processes occurring in an active scree slope are toppling failures [1], rockfalls;
landslides (small or large mass movements); and the fragmenting and sorting of

materials [2-4].

The scree slope at Meretschibach (Figure 5.1(a)) consists of a surficial layer of large
boulders and cobbles underlain by a predominantly gravelly soil layer, with a mix of
coarser, larger and finer sizes within a heterogeneous structure. The characteristics, in
terms of geometry and particle arrangement, depend on the energy balances and rock
crushing strength (e.g. in extremis as seen in rock slides and rock avalanches [5-12], this
implies that particles of all sizes, and fractural dimensions are created during
fragmentation, leading to a fabric where larger particles are immersed in a matrix of
finer ones [7, 10, 13-15]. Furthermore, if the input energy is high, the rock may
experience rock-burst [16], where highly stressed rock disintegrates suddenly, reaching
high velocities (>10 m/sec) [9]. Additional factors are the bedrock slope and the climate

environment.

Scree slopes that are under dynamic processes of debris deposition and remobilization,
may suffer instabilities under hydrological events through intense periods of rainfall, or
snow melting processes. Scree slope formation, processes and dynamics have been
documented in the literature [2-4, 17-20]; although there is a lack of data on the slope

instability and failure mechanisms.

A scree slope in the Meretschibach catchment in canton Valais in the south of
Switzerland (Figure 5.1(a)) was characterised in order to improve understanding of the
process phenomena in scree slopes and to investigate the potential hazard following
initiation of landslides/debris flow with runout on to Agarn village. Frequent toppling
and rockfall events were observed in the scree slope (Figure 5.1(b)), but their volume was
too small (order of magnitude) to be considered as a hazard to the village. The most
severe hazard that could be predicted after three years of field monitoring, apart from a
deep-seated landslide, which was not investigated in this research, was identified as a

surficial landslide. This could mobilise a significant volume of debris that could
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eventually be deposited in an active channel and subsequently turn into a debris flow

that could reach the community in Agarn.

Preliminary results from this research were presented in the paper ‘Application of
geotechnical and geophysical field measurements in an active alpine environment’ [21]
delivering two of years data of volumetric water content (VWC), temperature records at
specific locations in the slope (Figure 5.1(c)), depth to bedrock (downslope) and
characterisation of the gravelly soil. The data led to a better understanding of the
response of the surficial soil in a scree slope, due to annual variations in weather

conditions in an alpine environment.

This paper adds one more year of data to that already published, providing a complete
overview of the finalised monitoring. Additionally, a soil-specific calibration was carried
out for the VWC estimation in terms of temperature variation, accompanied by further
analysis of GPR data (Figure 5.1(b)) and the shear strength analysis derived from stress-
path triaxial testing of the gravelly soil.

The VWC distribution at a depth of 1 m [21], showed for a period of at least two weeks,
that a thin layer of soil was near saturation in one location after successive rainfall
events at the beginning of this period. Had there been additional severe events in the
following fortnight, a surficial landslide could have occurred due increase in thickness of
the saturated zone and further reduction in effective stress. Failure could be anticipated,
should this change in saturation extend over a larger area of the slope (Figure 5.1(d)). In
this scenario, some of the mobilised soil debris could be contained by the forest
downslope, and the rest could fall into the active channel, accumulating there, and

increasing the hazard of a debris flow in the future.

The results of the soil-specific calibration for temperature variation in the positive range
showed that the VWC measurements at the different locations are more influenced by
the heterogeneity of the silty gravel than by temperature changes. Application of the
GPR led to a map of bedrock depth of scree slope, including steps in the profile.
Subsequently, an estimation was made of the slope stability through simplified
numerical models, based on strength parameters obtained by the triaxial stress path

tests.

5.2 The Meretschibach-Bochtur scree slope experiment

5.2.1 Location and description of the site
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The field site is located between 1840-1910 m.a.s.l. in a mountain slope of the
Meretschibach catchment in canton Valais, Switzerland (Figure 5.1(a)). Agarn village
has approximately 800 inhabitants and lies in the Rhone river valley at 637 m.a.s.l.. The
catchment area of about 9.2 km?2 is divided into four subcatchments [22], from which
Bochtiir is observed as the most active debris channel in the area [22], and it is the most
active in terms of rockfalls and debris flow events. It poses a persistent hazard for the

Agarn community.

The bedrock slope is inclined mainly between 33-48° [21], and is the selected location for
the geotechnical characterisation and lies on the west side of the Bochtiir. The heavily
jointed quartzite bedrock emerges at higher elevations as outcrops that are exposed to
strong mechanical weathering, producing boulders of various sizes for rockfalls and
toppling events. These impact in the slope and bounce, roll and fragment until they are
deposited and subsequently remobilised along the scree slope, covering the underlying
layer of gravelly soil. Geological observations suggest that the bedrock is stepped, with
joints dipping southwards (into the slope) with an inclination of 10-30° [23, 24].

Stunted vegetation, like spruce (Picea abies) and low shrubs of less than 1 m height, are
only present partially along the slope due to the active erosion and mass movements that
impact on them and destroy them, increasing the risk of remobilisation of the debris.
Some of the past mass movements have been summarised by Oggier [22] and

Fankhauser [25].

5.2.2 Preliminary hazard assessment

The Bochtiir hillslope is well known to local land-use planners for persistent rockfall and
debris flow activity. Observations of the movement of the hillslope described herein are
based on unpublished project reports from the Swiss Federal Institute for Forest, Snow

and Landscape Research (WSL), summarised in McArdell [26].

InSAR measurements of displacement suggest that part of the Bochtir hillslope is
underlain by a large landslide, with the head of the landslide corresponding roughly to
the unvegetated areas at the uppermost part of the Bochtiir hillslope and extending
about 1.25 km downslope into the forest, with a width of up to about 0.5 km [27].
Photogrammetric analyses of the unvegetated portion of the Bochtilir, made by WSL staff
for the period between 1959 and 2010, suggest a somewhat incoherent movement

pattern, with many areas exhibiting surficial movements of less than 0.1 m/year.
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Locally large velocities (up to 0.4 m/year) have been measured, however it is unclear
whether they represent surface creep on the talus, toppling movements of bedrock steps
described above, or local differential landslide deformation. Differential GPS
measurements of marked boulders on the surface of the slope (Figure 5.2(a)), made
between 28 October 2013 and 30 May 2014 (e.g. the period when the slope was relatively
wet), indicate annual movement rates of up to 0.4 m/year (Figure 5.2(b)). The presence of
Sackung trench-scarp features indicated on the geological map [23-24] in the forest
adjacent to the Bochtiir, and in the vegetated area at the head of the Bochtiir (Figure
5.3(a)), suggests that creep deformation is occurring within the bedrock. However, no
additional information is available from borehole data or geophysical measurements to
indicate the depth of a possible failure plane or planes (Figure 5.3(b)). Rock avalanche
deposits can be observed in the adjacent Illgraben catchment to the west, and the
hillslope to the east of the Bochtiir is partially covered by large blocky debris, indicating
that the possibility of rapid large-scale landslides should not be ignored at this site.

Six debris flows were observed in the Meretschibach torrent between July 2014 and
Sept. 2015, during rainstorms with durations of less than one day to up to 5 days. It is
not appropriate, in a statistical sense, to construct a rainfall intensity-duration threshold
(ID) curve for only six debris flow events. However, it is worth noting that all of the
points plot above the triggering threshold for the Illgraben catchment [28] and all plot

lower than a general Swiss ID curve established by Zimmermann [29].

Rockfall activity at the Bochtiir and the interaction with the forest was investigated by
Eichenberger [30] along four transects through the forest downslope of the Bochtiir, with
observations on more than 1500 trees. They described both fresh rockfall deposits
(individual stones and boulders) and dated the age of rockfall wounds on the trees.
Boulders in the forest with a clear rockfall origin have a median volume of ~0.1 m3 with
boulders of volumes up to 10 m? present (n=204 boulders measured along the transects).
Although not all stones and boulders impacted trees and caused damage to them, a large
number of rockfall scars could be dated, and most of them were less than 10 years old,

and were concentrated, as would be expected at the upslope border of the forest.

5.2.3 Soil characterisation

ERT results from geophysical surveys, soil classification tests and field observations
from instrumented trenches (IT) enabled a preliminary ground model to be presented in

Lucas et al. [21], which forms the basis of this study. The soil is classified according to
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the Swiss standard classification (SN 670 004-2NA) as poorly-graded gravel with silt and
sand (GP-GM), silty gravel (GM), well-graded gravel with silt and sand (GW-GM), and
well-graded gravel (GW).

The particles are coming mostly from the quartzite bedrock outcrop above the slope,
which is heavily jointed and highly susceptible to weathering, leading to rockfalls,
sliding, and toppling [22, 25].

ERT measurements performed by Fankhauser [25] and published in Lucas et al. [21]
were used primarily to establish the depth to the bedrock down the scree slope (1-3 m).
Additionally, they provided a means of VWC estimation, which agreed well with the

values obtained using TDR and EC-5 sensors measured at IT1.

The soil characterisation provided in this study includes:

soil strength parameters derived from triaxial stress path test results,
e additional curves of GSD for soil extracted from IT1-4;

e a new set of measurements for in-situ unit weight, which are used later in the soil

specific calibration, and

e a contour line map with the depth bedrock in the scree slope, obtained through

geophysical GPR techniques.

5.2.4 Seasonal monitoring

The seasonal alpine climate conditions directly affect the VWC and temperature
measured in the soil. The seasonal response exhibited the following trends over the

years of monitoring:

e soil temperature changes are more noticeable at shallow depths, with a higher

diurnal variation in summer;

e as temperature drops in autumn, a winter regime develops with temperatures
around 0°C (or lower), with VWC reaching minimum annual values (0-0.07), and a
persistent snow layer in place over several months, which insulates the underlying

gravel from temperature and VWC variations;

e as temperature increases in spring, leading to snow-melt, the ground resaturates and

the VWC rises;
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e subsequent VWC changes in the summer season are directly related to rainfall
events, as well as the GSD of the trench location, and the unsaturated hydraulic

conductivity of the soil.

Final results from the monitoring fieldwork are presented, now including the complete
records of three years of VWC, temperature and precipitation, including a soil-specific
site calibration for the estimation of the VWC under variations in temperature. A
selection of data is used subsequently in the numerical preliminary simulation of slope

instabilities using SLOPE-SEEP/ W [31] to evaluate the hazard.

5.3 Methodology
5.3.1 Characterisation
5.3.1.1 Soil unit weight and grain size distribution (GSD)

The unit weight obtained from in situ measurements in this research used the balloon
method device (MagdeBurger Prifgerdte GmbH (HMP), DIN 18125-2:2011-03))
described in [21]. The dry unit weight was determined using the calculated volume and
the dry weight of the soil excavated. There was one preliminary measurement, followed
by two campaigns (November 2015) [21], and a second test/series performed in

November 2016. The results are presented herein.

The GSD test was performed according to Swiss standard classification (SN 670004-
2NA) for each trench location at IT1-4, using soil samples of weight between 30-38 kg
(Figure 5.4). The soil was then used for the site-specific recalibration of the VWC.

5.3.1.2 Triaxial stress path testing

Soil shear strength parameters

A slope stability analysis requires the study of the soil behaviour under the potential
stress and stress path conditions that can lead to failure. Constant shear stress drained
(CSD) triaxial tests (Figure 5.5(a)) on reconstituted specimens [32-33] reproduce the field
conditions anticipated during infiltration and loss of effective stress [34] in terms of the
saturation process in a steep slope, where the angle of inclination is close to the angle of
repose. This allows stress path dependent critical state parameters of the gravel to be

determined under saturated conditions. The initial principal stress state ratios K, at

point B in Figure 5.5(a) are based on the assumption of the principal stress orientation,

as described in [35], for an infinite and planar slope. However, initial principal stresses
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in the triaxial devices could not exactly reproduce field conditions, since they are limited
to being axial and radial. The pre-shearing anisotropic consolidation plus, a CSD stress

path, could increase the K, until failure occurred (path B to C; Figure 5.5(a)).

A series of CSD triaxial tests were carried out using a prototype gravel mixture with a
representative GSD [36], which is an average of the soil from IT1-4 (Figure 5.5(b)). The
soil response was compared and discussed for different device scale to particle diameter
ratios, leading to determination of appropriate shear strength parameters of the

reconstituted gravelly scree soil.
Triaxial stress path testing

A constant shear stress drained path (CSD) under saturated conditions matches the
process of water infiltration, by increasing the stress state ratio at constant deviator

stress until failure occurs [34].

The initial anisotropic stress state ratio Kc= (0,')(0,') in a steep scree slope indicates that

it 1s in an incipient state of failure [34, 37-38]. Pore water pressure (PWP) increases
when water infiltrates into unsaturated soil, which occurs primarily under constant total
stress, which reduces suction and hence the effective stresses. This can lead to failure

under saturated or unsaturated conditions [34].

The analysis described herein has been applied in past slope stability studies e.g. [39-
40], in helping to understand the failure mechanism. The constant shear stress drained
path (CSD) is shown in Figure 5.5(a), and follows three phases: isotropic consolidation
(A), anisotropic consolidation (B), and constant shear stress path to failure (C). The CSD

stress path can be achieved in IGT apparatuses in two different ways:

o decreasing the mean effective stress p'=(0,'+20,')3 at a constant rate, by reducing the
total stresses, and keeping constant back-pressure and deviatoric shear stress q=0,-0,

[41] for a 250 mm diameter specimen, after [34].

e increasing back pressure while total stresses are held constant.
The first method was used for the CSD in the large, and the second in the mid-scale,

triaxial test. The loading piston can move independently in the large triaxial apparatus

so that a decrease in cell pressure is possible, whereas the head plate is rigidly connected
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to the loading piston in the mid-scale apparatus, so it is not possible to apply cell

pressure changes to affect the vertical total stress.

An alternative stress path to CSD would be CADCAL, as applied by Casini [42] in a 50
mm diameter specimen of silty sand, where the consolidation phase is exclusively

anisotropic, to an initial K (B in Figure 5.5(a)), with subsequent shearing at constant q,

under stress controlled conditions.
Soil specimen preparation

The two types of specimens were reconstituted for mid- and large-scale triaxial
apparatuses with natural soil using an adopted representative GSD (Figure 5.5(b))
suitable for each test diameter. The maximum particle size for the specimens followed
the CEN ISO/TS 17892-9:2004 for soils with a coefficient of uniformity (Cu) larger than 5,
which limited the maximum grain size to 1/6 of the specimen’s diameters. Therefore, the
maximum particle sizes allowed for the mid- and large-scale triaxial specimens were 25
and 41 mm, respectively. A maximum size was of 16 and 31.5 mm was adopted
respectively in both medium (150 mm diameter) and large (250 mm diameter) scale

triaxial apparatuses on reconstituted specimens [36].

Fractions of each grain size, excluding those larger than 16 and 31.5 mm, were mixed
carefully to make the mid- and large scale specimens, respectively (Figure 5.5(b); Table
5.1). The specimens were prepared with initial moisture content of 3% at medium
relative densities (27-60 %; Table 5.2), by moist tamping of 6 layers of 50 mm depth for
the mid-scale and in 5 to 10 layers of 100 and 50 mm depth respectively for the large-

scale.

Table 5.1. Soil characteristics for the reconstituted triaxial specimens.

Test Mid-scale Large scale
D,, [mm] 0.04 0.04
D,, [mm] 0.60 1.31
Dy, [mm] 5.01 9.10

D .. [mm] 16.00 31.50
C.[-] 1.90 4.70

C, [ 131.90 227.50
Percentage of fines [%] 14.9 11.7
Swiss Standard Classification GM GM
(SN 670 004-2b NA)
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RatioD, . . /D_ 150/16 =9.38 | 250/31.5 = 7.94
€ nin [-] 0.269 0.3411
€ nax [] 0.570 0.691!

Lie . from IT1 field soil.

max, min

Testing programme

The testing programme is presented in Table 5.2 and includes the characteristics of the
stress paths for the mid-scale triaxial (mid) and the large-scale triaxial (large) devices.
The initial conditions before consolidation are given by the void ratio (e;) and relative
density (D,). The stresses are defined after each consolidation phase by p; and g, for
isotropic consolidation and by pg and qg for anisotropic consolidation (Figure 5.5(a)). The
calculated stress state ratio (K,) captures the anisotropic stress state before the shearing

phase starts.

Table 5.2. Triaxial testing programme on gravelly scree soil: specimen preparation.

Test e, D, K, =0'1’B/0'3,B q, Py 0'1,3 0'3,13 [kPa] q; p'y [kPa]
[-] (%] [-] [kPa] [kPa] (kPa] [kPa]
mid_1 0.49 27 1.83 6.0 40.0 143.1 78.0 65.1 99.7
mid_2 0.52 17 1.94 6.0 19.0 72.6 37.4 35.2 49.1
mid_3 0.54 10 1.88 5.0 30.0 108.3 57.5 50.8 74.4
large 1 0.53 46 1.74 8.0 36.0 133.4 76.5 57.0 95.5
large_2 0.48 60 1.85 5.0 18.0 65.4 35.3 30.1 45.3
large_3 0.59 29 2.42 3.3 59.0 2274 94.1 133.3 138.6

e,: initial void ratio; D : relative density; K : principal stress ratio

Dilatancy

According to Bolton [43] the dilatancy angle () in granular soils is represented by ¢’

max’

¢’ where ¢’ _is the peak friction angle, for triaxial can be calculated as:
P=3+1 (5.1)
with: P[°] = dilatancy angle
I; = dilatancy index

Whereas the dilatancy index is:
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I=1,+ (Q - ln(p’)) -1 (5.2)
with: I; = dilatancy index
Q = natural logarithm of the mean stress p. at which dense soil first reaches

the normal consolidation line
I [] = relative density

According to Bolton [44] Q can be estimated to 9.2. The relative density is determined

with the void ratio as:

[ = e — e
p = g ma—— (5.3)
max min

with: e __[-] = maximum void ratio , e_. [-] =minimum void ratio , e [-]= void ratio.

max
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Figure 5.2. Meretschibach-Bochtur catchment. (a) Location of GPS points and (b) the annual hillslope
movement rate between 28 Oct. 2013 and 30 May 2014. From Oggier and Thee (2015b, their Figures 6 and
7).

Figure 5.3. (a) Closed elongated depression at the top of the Bochtur hillslope, possibly indicating a
Sackung-type failure of the bedrock, (b) local slope collapses near the bend of the road described in the text.
Photos by B. McArdell, WSL.
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Figure 5.4. Recalibration of sensors: soil in reconstituted samples for IT1-4, with a moisture content is 8%
at 1°C. The boxes have a length and width of 36 and 26 cm, respectively.
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Figure 5.5. (a) Constant shear stress drained path (CSD). A is the point at the transition from isotropic to
anisotropic consolidation, and B symbolises the transition from the latter to shearing as pore water
pressures increases. Failure occurs at C, after shearing at constant deviatoric stress. (b) GSD of the sandy

gravel specimen: mid-scale (150 mm diameter) and large scale (250 mm diameter) and the average GSD of
the IT1-4.
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5.3.1.3 Ground model: Ground penetrating radar (GPR)

Methodology, data acquisition, and data processing

Ground penetrating radar (GPR) was carried out to characterise the scree slope (Figure
5.1(b)) in the Bochtiir area of the Meretschibach catchment. This geophysical method

was used to complement the long-term geotechnical monitoring at this site.

GPR uses high frequency electromagnetic waves to map anomalous electrical structures
in the subsurface. Transmitting and receiving antennas are kept at a fixed distance and
are carried along the surface. Radar pulses are emitted into the ground by the
transmitter, partly reflected and transmitted at discontinuities where electromagnetic
properties (primarily the dielectric permittivity) of the subsurface material change (as is
usually the case at the soil-bedrock interface). The reflected signal is captured by the
receiver antenna. The time required for the signal to travel from the surface to the
bedrock and back to the surface (two-way travel time) and can be converted to depth,
using the propagation velocity of the GPR waves. More information on the GPR theory,

resolution and penetration can be found in [45-49].

The choice of the antenna frequency is crucial to determine the penetration depth and
resolution, which are always a trade-off: the higher the frequency, the higher the
(vertical and horizontal) resolution, but this comes at the expense of a decreased
penetration depths [45, 47-49]. The 250 MHz antenna from the PulseEKKO
manufacturer was chosen for the main GPR acquisitions in this project, allowing for a
vertical resolution of up to 0.1 m and a depth penetration of up to 10 m. The relevant
acquisition parameters used during GPR surveys are provided in supplementary

material Tables S5.9.2, S5.9.3 and [25].

GPR acquisition was carried out on 15t and 16t May 2014. The steepness of the terrain
made walking difficult and the accessibility of the active channel proved to be too
dangerous on foot. Therefore, 20 profiles (Figure 5.1(b)) were recorded on the scree slope
using a large number of stacks (Table S5.9.2), because the slow walking ensured enough

traces were recorded in each position.

A relatively standard processing workflow was applied to the GPR data acquired. It
included (i) band-pass filtering to enhance the signal-to-noise ratio, (i) removal of

system ringing with singular value decomposition filter (e.g., [50]), (ii1) trace binning for
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obtaining equidistant traces (0.05 m), (iv) FX-deconvolution to enhance lateral continuity

and (v) time-to-depth conversion using a velocity of 0.1 m/ns.

5.3.2 Field monitoring

5.3.2.1 Site-specific calibration

The VWC in the gravelly soil was monitored during three years, the first two years of
data were presented in [21]; where some differences were observed in VWC
measurements between capacitance and TDR sensors at similar depths and locations,
were discussed but not yet investigated. The dielectric properties of the soil (related to
the VWCQC) are strongly affected by the water content, soil structure and density [51],
calibration of the sensor [52], input voltage [53], orientation and volume of measurement

(depending of the type of sensor), and temperature [51, 54].

It was necessary to investigate whether there was any influence from fluctuations in
daily temperatures, especially for surficial soil measurements, and for freezing and
thawing [21]. The effect of temperature on the VWC has been already mentioned in the
literature by several authors. On the one hand, Bogena [53], used an EC-5 in a known
liquid permittivity at a range of temperatures (5-40°C) and found that the sensor
generally showed an increase in VWC with an increase in temperature. On the other
hand, Topp [561] measured the apparent dielectric constant (related to VWC) using a
TDR in clay loam in a temperature range of (10-36°C) and stated that there was no
significant temperature dependence. Pepin [55] used TDRs to study the effect of
temperature in VWC in sand and peat and found that the dielectric constant decreased
with increases in temperature, and suggested the use of empirical or theoretical
relationship corrections due to temperature effects on the composite dielectric constant
for higher VWCs. As no defined trend in the effect of temperature in the soil has been
found and no one has referred to a gravelly soil, a site-specific calibration with maximum
sizes passing the 45 mm sieve was carried out for the seasonal variation in temperature,

which is presented here.
Monitoring instruments

Each instrumented trench contained time domain reflectometry (TDR100; Campbell
Scientific) and capacitance sensors (EC-5/ 10HS; Decagon Devices) to determine the

VWC by means of the measurement of the apparent dielectric constant /permittivity. The
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VWC was complemented by temperature and precipitation data from two meteostations.

Detailed information about the sensors and meteostations can be found in [21].

A site-specific calibration was performed (Figure 5.4) to verify whether the VWC values
at similar depths and location will improve in terms of accuracy for each IT (1-4), when
compared with the original calibration, which was done at room temperature with the
soil from IT1 only. This recalibration used soil sampled from the field at each of the IT

locations, and a temperature range variation (-5 °C to room ambient temperature).

Each sensor was calibrated in the laboratory after it had been removed from the field,
under a programme of controlled moisture and temperature conditions, simulating the
changes in weather conditions for every season. Although some of the sensors were
broken after three years in the field, and some of them failed during the recalibration
process back in the laboratory, it was possible to record information from the remainder
(TDR, EC-5, 10HS) to analyse the effect of temperature changes in the sensor

performance when these were installed in gravelly soil at similar relative densities.
Procedure

Samples were reconstituted in a rectangular box with base dimensions of 26x36cm
(Figure 5.4), and with approximately 20 cm height, with soil collected from the field at
each instrumented trench location. The dry unit weight from each I'T1-4 was obtained
from the in situ densitometer test, and used to reproduce the field conditions for each of

the 4 laboratory samples.

The models were constructed with soil mixed homogeneously in four layers of 5 cm
height. The TDR and capacitance sensors were inserted in the soil in horizontal and
vertical directions, respectively allowing spacing between volumes of measurements. Air
and soil temperature sensors, EC-5/10HS and TDR sensors were connected to the same

data logger as in the field.

Moisture content and temperature conditions were maintained for 10-15 minutes at each
stage and the rate of data recording was 0.04 Hz. The moisture content of the soil was
increased from 0, 1, 3, 5, 8 % up to saturation, and measurements were recorded at the

following temperatures: ambient room (17-23 °C), 10, 1 and -5 °C.

After each measurement at a defined temperature, the water content was determined

and water added to reach the VWC target. Finally, a grain size analysis was performed
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on the four model samples according to the Swiss standard classification (SN 670 004-

2NA).

5.3.3 Preliminary numerical modelling

Preliminary numerical simulations into the slope stability were performed using the
program SEEP-SLOPE/W [31] on a simplified prototype of the scree slope, consisting of a
representative gravel layer and varied bedrock geometries which were then subjected to
groundwater flow. The objective was to determine which bedrock geometry represents

the most hazardous scenario under similar groundwater hydraulic conditions.
Model

The model (Figure 5.6) consisted of a unique layer of homogeneous gravel of 2.5 m
thickness underlain by impermeable bedrock that could be either parallel to the slope or
with a bedrock step. The gravel parameters were derived from the soil characterisation
in this study (Table 5.3). Four different types of slope-bedrock geometry were tested: a)
bedrock parallel to slope with toe, b) bedrock parallel to slope with no toe, c¢) bedrock
with a single step and toe and, d) bedrock with a single step and no toe. Although the
scree slope length is of the order of the 600 m (Figure 5.1(b)), the model was simplified to
50 m for this preliminary analysis, and the angle of inclination was selected as 40°,

within the range of the slope inclination reported for the scree slope [21].
Hydraulic conditions

Input flow (Q) to trigger instability was applied to the top of the slope for each geometry
case. This groundwater flow antecedent increased the saturation in the well-drained
gravel in the steep slope and hence the PWP decreasing the effective stress of the soil.
Although the variation of PWP due to water infiltration is a time dependent process, a
simplified steady state analysis was conducted using SEEP/W  with
saturated/unsaturated analysis to impose the hydraulic condition for the further slope

stability analysis.
Slope stability analysis

Slope stability simulations were performed in 2D using the SLOPE/W program based on
the Morgenstern-Price method [31] and the hydraulic conditions imposed by SEEP/W. A

slip surface failure is determined for a factor of safety (F.S) = 1. Due to the increase in
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PWP, the effective confining stress in the slope decreases, triggering the failure. The

results provided here corresponded to a preliminary and simplified analysis.

Table 5.3. Numerical simulation soil properties.

Parameter Value
Soil classification GP-GM
Internal friction angle ¢~ 41°
Specific density (kg/m3) 2.68
Cohesion ¢’ (kPa) 1
Hydraulic conductivity (m/s) 1.30x10-5
Dry unit weight (kN/m3) 19.42
Void ratio e (-) 0.38
Input flow
B Q “ “ Numerical modelling: model geometry
UL S
32 K389 N
30 [ > .
28 |— e *
26 | ey h ~
= 2.50 A N
E 2| - ¥ e
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Figure 5.6. Model slope-bedrock geometry for the numerical modelling with bedrock step and toe (type c)
with units in m.

5.4 Results
5.4.1 Characterisation

5.4.1.1 Dry unit weight

Two campaigns of in situ measurements were performed to determine dry unit weight,
the first presented in [21], and the second performed in 2016 (Table 5.4). It was
extremely challenging to carry out such tests in the field because of the steep slopes
(mostly between 33-43°), which contained coarse gravel and cobbles, and which in many
cases led to unstable walls when excavating the nominally cylindrical void. This volume

often exhibited an irregular shape due to stones crossing the boundary of the nominal
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circular ring around the excavation; therefore, the volume excavated was often less than

that defined in the test specification.

Notwithstanding these challenges, sixteen densitometer tests were completed in total
during the field monitoring programme. One single preliminary test was carried out
prior to November 2015, a few metres downhill of IT4 in a relatively flat area, with a
unit weight of 19.11 kN/m3. A second test in November 2015 was discarded, because of
failure of the excavation during testing. Later, a campaign of 9 tests was performed in
July 2016 [21] in the steep slope, which affected the volume of measurement due to the
reasons mentioned previously. A final campaign of 5 tests was achieved in November
2016, after searching for suitable locations where the densitometer tests could be carried

out closer to the norm, in terms of uniform volume cylinder. The results are presented in

Table 5.4.

Table 5.4. Dry unit weight calculated from in situ testing.

Final campaign Dry unit weight used in site-specific
November 2016 recalibration
void dry unit void ratio dry unit D_..
ratio weight [-] weight [mm]
[-] [kN/m3] [kN/m3]
IT1 0.29 19.95 0.32 19.91 31.5
IT2 0.38 18.75 0.40 18.84 60.0
IT3 0.38 18.73 0.41 18.61 31.5
IT4 0.32 19.54 0.36 19.32 31.5

5.4.1.2 Grain Size Distribution (GSD)

The GSD of the soil extracted from each instrumented trench (IT1-4) was determined
and used for the 4 sets of site-specific VWC sensor recalibrations, with the same GSD
profile and a Dmax= 31.5 mm and 60 mm for IT1, IT3-4 and IT2 respectively. The results
and the GSD curves are presented in Figure 5.7 and the classification in Table 5.5,
showing a mixture between poorly graded gravelly scree with sand and silt, with more

fines in IT1 and IT4.

Table 5.5. Soil classification of scree soil from the instrumented trenches.

Trench | D, D,, Dy, C, C, Percentage of Swiss Standard
[mm] | [mm] | [mm] [] [] fines Classification
[%] (SN 670 004-2b NA)
IT1 | <0.06|1.525| 7.70 - - 11.50 GP-GM
IT2 |0.075 | 2.075 | 8.35 | 6.87 | 111.3 9.43 GP-GM
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IT3 | 1.010 | 6.05 | 11.45 | 3.16 | 11.3 4.97 GP
IT4 |<0.06| 1.1 | 6.40 - - 13.61 GM
Sand Gravel
100 Fine Medium Coarse Fine Medium Coarse
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Figure 5.7. GSD site-specific calibration soil instrumented trenches IT1-IT4 after site-specific calibration

process.

Particle size (mm)

5.4.1.3 Triaxial stress path testing: CSD results

Results of the CSD tests are shown in Figure 5.8, in terms of € versus p’, € versus p’

and q versus p’. Table 5.6, shows the stresses p}’: and q, at failure, which were used

together with the slope M = (6sing’)/(3 — sing’), to obtain a friction angle at failure ¢'of

42° and 41°, for the mid- and large-scale specimens respectively, with zero cohesion (¢’ =

0) in both cases.
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Table 5.6. Summary of CSD triaxial stress path test results at failure from an adopted GSD of the gravelly
scree.

o o o | g | | o | oS | e SR
mid_1 27 77.0 16.3 60.8 36.5 4.35 -0.66 1.66 41
mid_2 17 40.3 7.8 32.5 18.7 3.43 -0.53 1.74 42
mid_3 10 60.5 13.1 47.4 28.9 3.07 -0.35 1.71 42
large_1 46 61.2 8.7 52.5 26.2 4.21 -0.80 2.00 49
large_2 60 32.8 2.1 29.7 12.0 1.41 -0.54 2.50 61
large_3 29 156.5 32.0 124.5 73.5 6.32 -0.11 1.70 41

*: These values include dilatancy.

Figure 5.8 (a)-(d) illustrate steep increases of dilation and axial strain after the yield
point of the gravel, followed by initiation of failure. The soil behaviour is dilative in most

cases (Figures 5.8(c), (d)) with the exception of the test large_3, (D, =29%) (Figure

5.8(d)), which contracts initially, and then dilates towards failure.

The stress paths shown in the p’ — g diagrams in Figures 5.8(e), (f), exhibit a horizontal
constant deviator stress path until reaching failure, where the soil specimens no longer
represent right cylinders and the calculated stresses decrease. A critical state line (CSL)
was drawn through the origin and the stresses at failure in the mid- and large-scale
tests Figures 5.8(e), (f). The mid-scale triaxial tests lead to derivation of a single CSL
line, probably due to the finer soil grading (Table 5.1), which dominated the mobilisation
of the soil strength. The large-scaled triaxial tests show different dashed lines (Figure
5.8(f)) of data representing the higher friction angles mobilised at low confining
pressures, which are attributed to dilatancy (e.g. [43]) and the influence of the hardness
of the coarser gravel on the shear strength. In this case the values reported in Table 5.8

for the tests large_1 and large_2 do not represent the critical state conditions [43].

The dilatancy angle () (equation (5.1),(5.2),(5.3)) was calculated for each of the triaxial
tests (Table 5.7) in terms of the dilatancy index (Iz), mean effective stress (p’) and

relative density (,) according to Bolton [43] equation (5.1).

The dilatancy mobilised at nominal failure was found consistently to be larger at low
confining pressures (Table 5.7). Theory suggests that the lower the confining stresses,

the higher the relative density and grain crushing strength, the greater the I; and hence

w [43]. The small angle of dilation obtained in test large_3, carried out at higher
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confining pressure, indicates the possibility of particle abrasion or crushing during

testing [43, 56-59]. This assumption was confirmed by comparing the grain size

distribution before and after shearing, where an increase of approximately 4 % in the

fines content was observed in the post-test sieving due to shearing (Supplementary

material).

Table 5.7. Calculated dilatancy in triaxial tests.

e 1 e e I p’ I P
Test DO DC 14
[ [ & [ [ [kPa] A [°]
mid_1 0.49 0.27 0.275 0.283 0.95 36.5 4.34 13.03
mid_2 0.52 0.17 0.323 0.330 0.80 18.7 4.00 12.00
mid_3 0.54 0.10 0.371 0.376 0.64 28.9 2.76 8.28
large_1 0.53 0.46 0.364 0.375 0.90 26.2 4.36 13.07
large_2 0.48 0.60 0.332 0.339 1.00 12.0 5.75 17.26
large_3 0.59 0.29 0.581 0.593 0.28 73.5 0.37 1.12
. Mid-scale Triaxial " Large-scale Triaxial
- 30+ (a)_ . 30 (b)_
£ 2] & 25
£ 20 £ 201
% 15 % 154
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< e | WL ge_ ‘
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Figure 5.8. Constant shear stress drained test (CSD) results. (a), (b) axial strain versus mean effective
stress; (c), (d) volumetric strain versus mean effective stress; (e), (f) shearing of gravelly scree soil (medium
and large, with maximum particle size of 16 and 31.5 mm respectively) at constant deviator stress and
showing the stress path and critical state line (CSL). The mid-scale triaxial test is on the left, the large-scale

on the right.
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5.4.1.4 GPR results

Figures 5.9(a),(b) shows an example of a processed GPR section. It is roughly parallel to
the slope inclination (Figure 5.1(b)). Reflections from the bedrock interface can be
identified quite clearly (blue arrows in Figure 5.9(b), although they cannot be traced
continuously along the entire section. All reflected signals have been picked from all
profiles and the corresponding bedrock depths have been interpolated across the entire

scree slope covered by the GPR profiles.

The resulting contour line map is shown in Figure 5.10. Each colour represents an
estimated depth of the bedrock, varying from 0.2 m (blue) to 2.8 m (red). The contour
map shows that IT1-4 are located, where the bedrock depth is between 0.6 to 1.6 m, and
that the deeper location of the bedrock is oriented to the mid-west, towards the uphill
section of the scree slope. This result suggests that the maximum volume that could be
mobilised in a potential landslide on this slope (of triangular area with average depth of

1.5 m) would be approximately 0.5x100x200x1.5= 15000 m?.
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Figure 5.10. Contours lines of depth to bedrock in metres.
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5.4.2 Monitoring
5.4.2.1 Overview

The VWC and temperature were measured at specific locations of the slope (IT1-4), and
the data was complemented by the precipitation data from two meteostations. Figure
5.11 shows the data overview for VWC and temperature versus date measured in each
trench (IT1-4) over a period of three years monitoring from November 2013 to October
2016. Each colour trace represents a VWC measured with a type of sensor (EC-5, 10HS
and TDR), which has been recalibrated following reassessment of the relevant
parameters. The depth was recorded in the sub-index for both VWC and temperature
sensors. The plots are arranged in chronological order of installation and the
precipitation recorded by two meteostations, IGT and WSL, is added at the bottom.
Background colours of light blue and yellow differentiate between winter and summer

regimes, respectively.
New data addition: November 2015-October 2016

Figure 5.12 (framed in blue in Figure 5.11) shows the new data (Nov. 2015-Oct. 2016),
which completes three years of monitoring. Graphs of VWCs and temperature are shown
consecutively for each trench, with the precipitation (rain/snow) and air temperature at

the bottom.

A continuous minimum VWC was not observed in any IT during this winter period, and
a sustained increased of VWC (January to March 2016) was noticeable in IT1-2. This
could be attributed to periods of unusually high ambient air temperature, which were
predominantly positive (green trace), alternating with intense snowfall (peak of over 60
mm/day after mid-January) and avalanche events (recorded by in situ cameras, which
caused loss of data in IT4 from 21.11.2015 to 24.05.2016). Despite the soil temperature
in all of the trenches being recorded as near or below 0 °C, this “short winter” combined
with periods of warmer temperatures may have induced early snowmelt, removing the
insulating snow layer, facilitating water infiltration and potentially causing surface
erosion. The VWC recorded at IT4 during the summer season provided useful
information, especially at deeper locations (up to 1 m), showing higher VWC with depth,
and with peaks close to 0.5 in June indicating that the soil was near to saturation (1 m

depth).
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Figure 5.11. Overview of measurements at instrumented trenches IT1-4 in the Meretschibach catchment for three years duration of monitoring (November 2013-
October 2016): VWC, temperature with precipitation data at the bottom.
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Figure 5.12. Measurements at instrumented trenches IT1-4 last year of monitoring (November 2015-
October 2016): VWC, temperature with precipitation and ambient air data on the bottom.

5.4.2.2 Site-specific calibration

VWC measurements over a range of temperatures

The VWC sensors used in each trench were recalibrated in soil excavated from each IT

(Figure 5.4, 5.7), which had been reconstituted at the field relative density (Table 5.4)
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with different VWCs (moisture content of 0, 1, 3, 5, 8 % or up to saturation) and
temperatures applied, varying from -5 °C to room temperature (17 to 23°C). A

relationship was determined to calculate the VWC as a function of temperature.

Sensor measurements indicate soil temperatures ranging from -5° to 23°C. Figures
5.13(a)-(f) show the recalibration data and equations for IT1, IT2 and IT4. Each row
corresponded to the VWC measured with capacitance sensors (EC-5/10HS, left) and TDR
(right) respectively for the same trench. Each colour (blue, green, red) defines the target
temperature (1°C, 10°C, room temperature), respectively. Data shown in orange
corresponds to the initial calibration obtained using soil from IT1 with measurements at

room temperature. The calibration equation to determine the VWC for each sensor was

the best (linear or polynomial) fit to the data, with the highest value of R

The full record of data for each sensor in trenches (IT1-4) can be found in the

supplementary material.
Sensor measurements at temperatures under 0 °C

In the case of an unfrozen soil, the VWC reflects the combined permittivity of air, ice and
unfrozen water [60-63]. Data recorded in the laboratory at negative temperatures were
excluded from the recalibration, since the VWC associated to the unfrozen water present
in the soil was not measured. The measurements were low similar to those obtained

from the original calibration with a range of VWC between 0-0.07 [21].
VWC sensor recalibration equation

Figure 5.14(a)-(f) shows a unique recalibration equation (in blue colour) for IT1, IT2 and
IT4, which integrates all of the data presented in Figure 5.13 for temperatures >0°C.
The advantage of this new recalibration over the original calibration (orange colour), is
that these later measurements were performed with the soil excavated from the

destination trench and reconstituted at the void ratio measured in the field.
Impact of maximum grain size

A sensor calibration was completed with a maximum grain size passing the 45 mm sieve,
using a capacitance sensor EC-5 (at approximately 20°C) and in soil from IT1 sieved to
the GSD (Figure 5.7). It shows that the VWC is underestimated at finer gradings,

confirming a very significant effect of the GSD on the calibration factors.
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5.4.2.3 Comparisons for seasonal responses of the scree slope

The VWC and temperature measurements by season are shown in Figures (5.15-5.18)
with a VWC determined using the original calibration [21] in soil from IT1, and
compared to the site-specific recalibration results (2018), performed with soil from each

destination trench at an equivalent void ratio .
Summer

Figures 5.15 and 5.16 represent the summers of 2014 and 2015 respectively. Each colour
represents the VWC measured with either a EC-5/10HS or a TDR sensor at a certain

depth, using the original calibration, or the new site-specific recalibration.

Good agreement can be observed between the VWC measured with EC-5 in IT1 in
Figures 5.15(a) and 5.16(a), since the original calibration and the re-calibration were
performed with the same soil. A shift in the VWC in Figure 5.15(a) can be observed after
a debris flow event (beginning of August), which could have happened due to a changed

the local soil conditions in the volume of measurement or sensor performance.

The VWC calculated from the original calibration factors and those from the
recalibration show more differentiation in IT2 and IT4 (Figures 5.15(c), 5.16(c) and
5.16(e) respectively), due probably to the different soils, IT1 for original calibration and
from the respective trench in the recalibration, and void ratios adopted to represent field

conditions in the calibration process. Sensors 10HS,, and TDR,, in IT2 Figure 5.15(c),

appeared to agree better after recalibration, exhibiting notably lower values in VWC

(0.05-0.1).
Winter

Figure 5.17(a), (c) shows a comparison of VWC determined using the original and
recalibration equations for the winter period for I'T1-2 respectively. A larger difference in
the magnitude of VWC in EC-525 Figure 5.17(a) was observed after mid-December with
negative values, which is not feasible (same sensor with shifted readings after the debris
flow (Figure 5.15(a)). Furthermore, the soil voids contain air, ice and unfrozen water
during the winter regime. The replacement of air by ice in the voids should increase the
combined dielectric constant, and therefore VWC should be greater than dry soil with air

K, =1.0; K . =785 at 25°C; K, =3.2 and K

water

i wi=9-7). This suggests that a polynomial

calibration equation where the curve flattens at lower VWC, as shown in Figure 5.14(e)
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would be a better fit for the determination of VWC during a winter regime. Some other
differences between the original calibrations and the recalibration in I'T2 (Figure 5.17(c))

could be attributable to the different soil and void ratio. The TDR,, (Figure 5.17(c))
shows a greater range of magnitude in the VWC measurement than the 10HS, . Finally,

peaks in VWC in winter were observed due to precipitation of snow/rain combined with

periods of ambient temperatures in a range of (-10 to 12°C).
Spring/Autumn

The variations in results for both calibrations are rather insignificant (in engineering
terms) in Figure 5.18(a) for IT1, EC-5. The TDR data after recalibration displays a
greater range in magnitude. IT2 10HS calibrations are similar, with some differences for

10HS,; (Figure 5.18(c)).
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Figure 5.13. Site specific calibration of VWC sensors of IT1, IT2, IT4 and the effect of temperature.

TDR measurements (vKt)

With the exception of TDR in IT2 where R2<0.5, all R2 >0.82.
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Figure 5.14. Site specific calibration for IT1, IT2 and IT4. For a range of temperature (1 to 23°C).
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5. Slope stability of a scree slope based on integrated characterisation and monitoring

Data Period 1: 1. July 2014 - 31. August 2014
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Figure 5.15. Site-specific calibration: comparison between data based on original calibration and the

recalibration for the summer period.
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5. Slope stability of a scree slope based on integrated characterisation and monitoring

Data Period 4: 1. August 2015 - 30. September 2015
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Figure 5.16. Site-specific calibration: comparison between data based on original calibration and the
recalibration for the summer period.
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5. Slope stability of a scree slope based on integrated characterisation and monitoring

Data Period 2: 1. December 2014 - 30. January 2015
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Figure 5.17. Site-specific calibration: comparison between data based on original calibration and the

recalibration for the winter period.
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5. Slope stability of a scree slope based on integrated characterisation and monitoring

Data Period 3: 15. April 2015 - 15. May 2015
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Figure 5.18. Site-specific calibration: comparison between data based on original calibration and the

recalibration for the spring period.
5.4.3 Numerical modelling

Preliminary simulations of the instabilities caused by saturation of the ground through
flow downslope were analysed using four different ground model geometries. Each of
these four models represent a scenario of the scree slope (Figure 5.19), with (a) slope
parallel to bedrock with toe, (b) slope parallel to bedrock no toe (c) bedrock step with toe
and (d) bedrock step no toe. A phreatic water table was achieved by applying an input
flow Q at the top of the slope to cause an instability with a F.S=1. The flow Q was
determined for comparison of the hazard scenarios and given in Table 5.8.
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5. Slope stability of a scree slope based on integrated characterisation and monitoring

A slip failure surface is shown in green with the water table plotted dashed in blue. The
results show that the safest configuration under the imposed hydraulic conditions would
be a) in that the flowrate at failure is significantly greater and the initial volume
displaced is the smallest. Bedrock step case (d) requires the least water flow to fail, and
1s therefore the most hazardous although the differences (c) and (d) are small because
they are affected primarily by the bedrock step. The role of the toe is important in that it
prevents the water from emerging as a spring on the surface, leading to development of

an initial local failure mechanism. The volume mobilized was greatest in case (b).

Table 5.8. Water flow input to cause slope instability (F.S=1) in a numerical model (Geoslope).

Case Q Volume estimated
[ml/min/m] [m3/m]
(a) slope parallel to bedrock with toe 819.0 19.7
(b) slope parallel to bedrock no toe 585.0 56.6
(c) bedrock step with toe 562.0 34.0
(d) bedrock step no toe 515.0 28.3
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Figure 5.19. Preliminary numerical modelling of instabilities for four different slope bedrock geometry.
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5. Slope stability of a scree slope based on integrated characterisation and monitoring

5.5 Interpretation and discussion

5.5.1 Characterisation

GSD

The GSD at IT1-4 was measured at the beginning (2014) and at the end of the
monitoring (2016) with the same sampling techniques. Similar results are obtained ([21];
Figure 5.7). Although dynamic processes are affecting the scree slope, the composition of
the gravelly soil did not show significant variations at these specific locations during the
three years of monitoring, due to the self-sorting and gravitational processes. This
confirms the observations from the in situ cameras that while surface movements and

ravelling occurred, no massive mass movement event has taken place in these locations.
Unit weight

The in-situ unit weight measurement with the balloon method was challenging in the
gravelly scree soil. Problems happened during excavation due to the heterogeneity and
the larger grain sizes and because the angular gravel could damage the rubber balloon.
Improved experience of the user allowed the technique to be applied more successfully
after repeated measurements. The results in Table 5.6 could be grouped into downslope
trenches (IT1-IT4) with a higher dry unit weight >19 kN/m?3, and upslope trenches (IT2-
IT3), with values around 18 kN/m3. This natural segmentation could be explained by the
sorting processes along the scree slope. Larger stones move greater distances downslope
than smaller particles [2], whereas suffusion [64] may cause finer sands and silts to be
transported downslope by seepage, as observed in the GSD curves of IT1 and IT4 (Figure
5.7). This was corroborated during field observation of loose blocks upslope and soil

inspection at the trenches.
Triaxial testing

The determination of soil strength parameters for the gravel was successfully performed
by using a medium size and large size diameter triaxial devices and a stress path that
simulates slope failure due to rainfall. The critical state friction angle was shown to be
similar in both cases (41 and 42° respectively). Some relevant aspects of the testing

were:
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Soil specimens were prepared successfully to loose to medium density by moist
tamping with 3% moisture content (Table 5.2), based on an average of the GSD from

IT1-4 (Figure 5.5(b)).

The hydraulic gradient (around 1.0) applied during saturation (from bottom to top)
could have favoured transportation of the fines (suffusion). This could explain the

volume loss during saturation (with vacuum and CO, methods), which was

significant in the mid-size specimen, although this could not be confirmed.

Considering that soil in steep slopes experiences a highly anisotropic stress state [35,

38, 41], the tests were carried out with a K =1.83 to 2.42 (Table 5.2) which was still
conservatively lower than K =3.3-4.3, calculated as one tenth of the slope angle (33-

43°), (as used by Anderson [34] in a residual and colluvial soil).

The CSD triaxial stress path reproduced the mechanism of failure due to rain
infiltration, increasing the PWP and moving the stress path horizontally in a q-p’

space to intersect the failure envelope (stress ratio K;), which would cause soil

elements to fail and could lead to a landslide.

The gravel exhibited dilatant behaviour during shearing for both the medium and
large triaxial specimens. Although the specimens were constructed at a loose-
medium relative density (€=0.49-0.59), they densified during the saturation and
consolidation stages to (0.27-0.58). Particle breakage was confirmed during one of the
large triaxial tests (supplementary material) at the highest confining pressure of

(0’,1,13:227-4§ 0”3,13:94-1 kPa) by conducting GSD tests before making the specimen and

after shearing.

A unique critical state friction angle of 41° (no cohesion) was determined from tests
in the medium size triaxial apparatus, whereas 42° was determined in the large
triaxial, also with no cohesion. Dilatancy was enhanced at lower confining pressures

because of the effect of particle interlocking and the GSD.

GPR

The GPR measurements were crucial for the soil characterisation and the definition of a

ground model. The profiles set up were according to, and representative of, the scale of

the scree slope covering the whole area of study. Reliable results were obtained. A
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5. Slope stability of a scree slope based on integrated characterisation and monitoring

contour map showing the depth to bedrock was determined for selected criteria, and this

was critical for the hazard assessment.

5.5.2 Field monitoring

Two years of monitoring have been reported in [21]. A third year of data is added to
finalise the monitoring campaign and a new site recalibration was performed using the

soil and void ratio corresponding to each instrumented trench in the field.

The main aspects to discuss about the field monitoring include the additional year of

data and the site-specific recalibration of the sensors:
Additional year of monitoring

The last year of data included a winter and a summer period (2015 to 2016) and
confirmed the trend of VWC and temperature measured in the soil during the entire
three year period. Variations and ranges in VWC and temperature in the soil for each
trench depended not only on the soil characteristics, but were particularly responsive to
changes in climatic conditions (rain (summer), snow-melt and rain (spring/autumn), and
snow fall combined with higher ambient temperatures (winter)) and location within the

scree slope (inclination, sun exposure).

The addition of data at IT4 of up to and including 1 m depth was also valuable, since it
showed a higher and wider range of VWC than the rest of the trenches, with peaks of
saturation at greater depths (Figure 5.12), but drainage was fast due to the high
permeability, similar to its neighbour IT1 (up to 0.5 m depth). The soil did not reach

saturation at any season in the rest of the trenches during the entire three year period.
Site-specific recalibration sensors for determination of VWC

A site-specific recalibration was performed under laboratory-controlled conditions to
determine the influence of the temperature variations in gravelly soil over a range of

temperature of -6- 23°C. Some of the challenges and findings were:

¢ Obtaining recalibration data from the coarser soil in IT3, since it was not possible to
establish an appropriate unique relationship (in terms of achieving a suitable value
R?) between the VWC and measurements in the laboratory. It is not clear if that was

due to the GSD or sensor damage.
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5. Slope stability of a scree slope based on integrated characterisation and monitoring

e Noting the small variations between VWC measurements (EC-5/10HS and TDR) and
temperatures (1-23°C) (Figure 5.13), which agree with the results by Topp [51], who
had tested TDRs in clay loam (10-36°C). Results reported by Davis [47] and
Wobschall [65] for similar range of temperature variations (0-30°C) in clay and
laboratory selected soils respectively, show a small difference between readings at
different temperatures at lower VWCs [55].

e A relationship between the dielectric constant increase/decrease with temperature
was not found. Pepin [55] said the dielectric constant in TDRs decreased with
increased temperature (in sand), while Bogena [53] found that the permittivity in
EC-5 sensors increased with increasing temperature (in a water solution).

¢ Finally, remaining differences between sensor measurements could be due to
discrepancies between measurement volume and installation depth [53]. An
additional factor is due to sensor installation, since the EC-5/10HS were inserted
vertically in the soil model in the laboratory to create less disturbance, whereas they
were installed horizontally in the field; while the TDRs were calibrated and installed
horizontally. This could have more influence on the 10HS because of the larger

volume of influence during measurement, compared to the EC-5 sensors.

5.5.3 Numerical modelling

As hypothesised, a berm is demonstrably helpful in managing the emergence of water
outflow onto the slope without a bedrock step, whereas the presence of steps in the
bedrock makes the situation more critical. The bedrock step forces the PWP to rise at
the junction of the step and the bedrock slope, saturating the soil upslope, and reducing
the effective stresses. If the bedrock step wasclose to the surface, water could outflow
there, in a form of a spring, eroding the soil at this location and triggering a failure
(Figure 5.19(c),(d)). The toe favoured an increase of the PWP and failure in the bottom
section (Figure 5.19(a)), whereas a larger volume could be mobilised in a slope with no

toe and bedrock step (Figure 5.19(b), Table 5.8).

5.5.4 Hazard

The results in this study focused on one of the possible hazards, specifically surficial
landslides in the scree slope. The relevance of this type of hazard is that it could change
the stability of the scree slope on a larger scale, and could also influence the occurrence

of other hazards such as debris flow.
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In terms of slope stability assessment and based on the results, the locations of the scree

slope, which are more endangered, in terms of slope instabilities are locations:

e the bedrock outcrop approaches the ground surface (relatively shallow depths to
bedrock (e.g. 1-1.5 m) (Figure 5.10). In this case, the groundwater flow can saturate

the soil layer and potentially spring to the surface, causing the soil to fail;

e the slope location is more susceptible to erosion processes from snow melting and

rainfall run off that can contribute to the remobilisation of debris in the slope.

5.6 Conclusion

A geotechnical characterisation of an alpine scree slope at the Swiss Alps in Switzerland,
was conducted to provide the basis for the hazard assessment of shallow landslides
triggered by rainfall combined with an antecedent of a high groundwater tables. The
work presented used the basis of information that was already reported in a previous
paper [21] and extended this knowledge by providing new data and key information
including soil strength parameters, map of the bedrock depth, the long term field
monitoring data was completed, and a preliminary analysis of the slope stability was
carried out for four different cases of bedrock-slope geometry, which were investigated

using numerical modelling.

The method of characterisation of the scree slope combined appropriate technologies for
an alpine location, including geophysical measurement providing representative data for
the problem scale. Testing techniques adopted for the long term monitoring and the
study of the gravelly soil, proved to be adequate considering the heterogeneity and GSD
of the soil. The application and results of these techniques was discussed for a gravelly
soil scree slope influenced by weather seasonal changes. New findings were also
discussed that could help to gain understanding of the mechanism of failure due to

rainfall/groundwater in the scree slope.

A summary of the main findings are:

e The gravelly soil (GM-GP) was heterogeneous, with varying GSD and density,
depending on the location in the steep scree slope, which was also affected by
dynamic slope processes. Although the gravel may reach saturation (near 1 m depth)

at the location of instrumented trench IT4 during rainfall events, the yearly
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monitoring data revealed that the soil tends to stay in an unsaturated state at

shallower depths, due to fast drainage in these mainly coarse granular soils.

Soil strength parameters of the gravelly soil were obtained using large and mid-size
triaxial testing devices on reconstituted specimens of two diameters (15 and 25 cm),
adopting a constant shear drained stress path (CSD). The test simulated the
anisotropic stresses in the slope and the shearing during failure under rainfall
infiltration. Results of the mid and large triaxial tests provided critical state friction
angles of 42° and 41° respectively, with zero cohesion. The soil specimens exhibited
dilatancy associated with the interlocking of the coarser gravel, which was found

consistently to be larger under low confining pressures.

The use of ground penetrating radar (GPR) technology to find the depth to bedrock,
proved not only to be effective in alpine environment but also key for the definition of
a realistic ground model. A map of contour lines could be elaborated for the depth to
bedrock for the entire scree slope. This result was a great asset for the hazard
assessment of slope stability, enabling the estimation of potential volumes that could
be mobilised, as well as localisation of where the bedrock is shallower and therefore

the overlying soil layer is more likely to reach saturation.

An additional year of data monitoring completed the three-year dataset. The trends
in VWC and temperature in the soil confirmed regimes according to the weather
seasons, with a low temperature and VWC in winter and a wider range in
spring/autumn and summer, which was responsive to the climatic conditions.
Although this trend confirmed throughout the three years of monitoring, the last
winter monitoring data showed trends of sustained higher VWC, which could have
been due to periods of warmer ambient temperatures combined with peaks of
precipitation. Warmer temperatures could have anticipated the initiation of snow
melting, and peaks in precipitation could have increase the snow pack volume, which
combined with higher temperatures could have prolonged the snowmelting period.
Field observations with in situ cameras suggested that these erosion processes and
the potential remobilisation of surficial debris in the slope during winter and the
transition season were enhanced by the occurrence of avalanches and snow melting

in the scree slope.
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A site-specific recalibration was appropriate for obtaining relationships for the VWC
using EC-5, 10HS and TDR sensors in the gravelly host soil from each monitoring
location at their respective in-situ density and for variations in temperature. The
effect of temperature in a range of (1-23°C) was not found to be critical for the sensor
calibration due to the low range of VWC and the differences in VWC that could be
attributable to the heterogeneity of the soil.

Preliminary numerical modelling results showed that failures of the gravelly slope
with these characteristics, are conditioned in terms of failure volume by the amount
of groundwater infiltration (triggering factor), the geometry of the bedrock and the
presence of a toe. Bedrock geometry with a step increases the likelihood (lower F.S) of
a landslide because it requires less water flow to trigger an instability, compared to a
slope parallel to the bedrock (no step). Moreover, these conditions influence the
location of the failure and the debris volume. The failure is expected to happen
upslope of the intersection of the bedrock slope in the case of bedrock step, and at the

bottom by the toe in the case of a slope parallel to the bedrock.
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5.9 Appendix. Supplementary Material

5.9.1 Characterisation
Soil unit weight method

A clean and flat surface was prepared for the support aluminium plate (designed by
IGT), which contains the base ring. Soil was excavated to 5 cm depth, removed and
discarded. The densitometer, containing approx. 6 litres of water (mixed with a lubricant
to reduce piston friction), was placed on the base ring, and the piston was pushed until
water filled the hole up to the two calibrating marks in the tube. The initial position Lo
was read, before the densitometer was removed and the soil was excavated to 20 cm
depth, with walls as vertical as possible. The soil was stored and the measurement with
densitometer (L.1) was repeated. The volume of the bottom hole V is equal to the volume
of liquid displaced by the device piston between the two readings Lo and L1 readings. The
dry unit weight was determined using the calculated volume and the dry weight of the

soil excavated.
Triaxial testing
Triaxial apparatus

The tests were carried out using two different triaxial apparatuses (a mid- and large

scale) at the Institute for Geotechnical Engineering (IGT), ETH Zurich.

Mid-scale triaxial apparatus

The mid-scale triaxial (Figure S5.9.1) is described in detail by Buchheister (2012). It
consists of an adapted hollow cylinder in which a specimen with a diameter of 150 mm
and a height of 300 mm can be placed inside a cylindrical pressure chamber, and loaded
by a triaxial press. The apparatus is controlled electronically and is able to apply static
and dynamic loads and to perform load-controlled tests (Table S5.9.1). Vertical forces
and torques are applied by the use of two independent hydraulic cylinders. The applied
force is measured by a load cell with a maximum of 63 kN. The displacement can reach a
maximum of 100 mm and is measured by an integrated sensor within the hydraulic

cylinders.

Large scale triaxial apparatus
The large scale triaxial apparatus (Figure S5.9.1) is described by Guldenfels (1996). The

electronically regulated system is able to apply static, quasi static, dynamic axial loads
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and to perform tests under controlled force or deformation. The axial load is transmitted
by a hydraulic cylinder and measured by a load cell, with a maximum capacity of 160
kN. The axial deformation is measured by a sensor integrated within the hydraulic

cylinder, with a maximum displacement of 100 mm. The specimen for this apparatus has

a diameter of 250 mm, and a height of 500 mm.

Table S5.9.1. Specifications of the triaxial apparatuses.

Maximum axial Capacity of axial Diameter of Height of
Test Type displacement loading device specimen specimen
[mm] (kN] [mm] [mm]
Mid-scale HCA +50 63 150 300
Large Schenk +50 160 250 500
scale

Figure S5.9.1. Triaxial testing apparatuses. Left: mid-scale; right: large scale, (photograph: R. Grob, 2015).

Grain size distribution post shearing

Figure S5.9.2 shows the GSD after shearing, of a large triaxial testing sample. There is

increase of the fines content percentage and in the sand fraction, which suggest the

crushing of particles during testing at higher confining pressures.
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Grain Size Distribution before and after shearing
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Figure S5.9.2. Grain size distribution before testing and after shearing for large scale test_3. The post-
shearing curves from the bottom, middle and top of the specimen show the crushing of particles.

Ground-based penetrating radar.

An overview of all the relevant acquisition parameters used during GPR surveys are
provided in Table S5.9.2 and S5.9.3.

Table S5.9.2. Overview of all acquisition parameters used during GPR surveys. “PE” stands for PulseEKKO,

and “GB” for ground-based acquisition. The sampling interval was chosen as 0.4 ns, according to the

specifications from the manufacturer. Two values are presented for the number of samples and the recorded

time, as they were adjusted during the acquisition. Corresponding profile lines are shown in Figure 5.1(b).

System | Type Date Frequenc Temporal Number of Time Stacks
(dd.mm.yyyy) y (MHz) sampling samples/trace window
interval (ns) (ns)
PE GB 15/16.05.2014 250 0.4 1000/625 400/250 8

Table S5.9.3 gives an overview of all processing steps that were applied for GPR data,

including the most important selected parameters, selection criteria and amounts of

eliminated data. GPR data from ground-based acquisition were processed using the

same workflow, including all processing steps, which are commonly applied to GPR data

[1-3].
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Table S5.9.3. Selected processing parameters for each GPR acquisition

System | Type | Selected Band Single value Deconvoluti Bin Radar
time Pass decomposition on filter size pulse
window Filter (SVD) filter length (ns) (m) | velocity in
(ns) (MHz) length (ns) soil (m/ns)
PEMay14 GB 200 100/600 30 20 0.05 0.1

5.9.2 Monitoring

Figure S5.9.3. Sensors for each instrumented trenches IT1-4
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Figure S5.9.5. Soil in reconstituted samples for calibrating sensors from IT1-4
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Figure S5.9.7. Site specific calibration of TDR and 10HS sensors in terms of temperature, IT2.
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Abstract

Predicting the trigger of a slope failure of a steep Alpine scree slope in south-west
Switzerland is challenging. The groundwater (GW) flow from snow-melting and rainfall
infiltration during summer changes the susceptibility to surficial failure, which also
depends on the slope angle, bedrock geometry, stratigraphy and the shear strength of
the soil. Surficial failure mechanisms are investigated using prototype ground models
that integrate input from field monitoring, geological observations, soil properties and
account for relevant factors and constraints for physical and numerical modelling.
Shallow scree deposits overlying various bedrock configurations (parallel to the slope,
with and without a step) were tested under two hydrological regimes: GW flow, and
combined with additional intense rainfall. Numerical modelling was used to study the
parameter combinations that would lead to failure, and worst case scenarios were
defined in terms of the bedrock geometry and hydraulic perturbations. These results
were verified using advanced physical modelling techniques in a geotechnical drum
centrifuge. Physical modelling results indicated that, for a given GW condition, slope
stability decreases (a) as the depth of the soil cover over the bedrock decreases and (b)
the higher the bedrock step. Furthermore, a bedrock step impacts the volume and the

location of the triggered failure. Rainfall exacerbates the situation.

Keywords

Landslides, numerical modelling, centrifuge modelling.
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List of notation

c — Cohesion

h —  Soil thickness

N — Scaling factor in the centrifuge
P’ — mean effective stress (20', + 0',)/3
Q — input flow rate

q — deviatoric stress (0, — d',)

X, — top length of bedrock step

X, — length base of bedrock step

y — height of bedrock step

— axial effective stress
o — lateral effective stress

¢’ — angle of internal friction
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6.1 Introduction

A project was developed by ETH Ziirich in collaboration with the Agarn community,
Canton Wallis to quantify the hazard associated with the surficial failure of an extensive
north-facing Alpine scree slope in the Meretschibach catchment (Lucas et al., 2017,
Springman et al., 2015). The 33—-43° inclined scree slope (Figure 6.1(a)) is located at the
top of the mountain slope (1840-1910 m a.s.l. (metres above sea level)), next to a highly
eroded debris-flow channel path, which collects a portion of mobilised soil and rock
debris, ‘harvested’ from above and from the neighbouring slopes. The potential source of
material, which could accumulate prior to triggering as a debris flow, could eventually
reach the community of Agarn (620 m a.s.l.), located downstream of the eroded channel
bed, in more extreme cases (Frank et al., 2017; Lucas et al., 2017; Oggier, 2011). The
dynamics and growing changes in the geomorphology of the catchment may imply new
hazards in terms of slope instability in the future, and therefore it is important to
understand when and how the slope could fail, and what the triggers would be. The
stratigraphy of the slope was characterised (Lucas et al., 2017) and a ground model was
defined (Figure 6.1(b)) for use in the physical and numerical simulations. A field
monitoring campaign reported by Lucas et al. (2017), was carried out over a duration of 3
years, with instrumentation installed to record temperature, volumetric water content
(VWC), suction and precipitation (additional information in Lucas et al., 2017 and
supplementary material). These data sets were complemented by a series of triaxial
stress path tests in the laboratory on reconstituted specimens extracted from sampling
In test pits in the slope, and were combined with geophysical measurement techniques
(electrical resistivity tomography (ERT), ground penetrating radar (GPR)) to determine
the depth of bedrock (Fankhauser, 2014).

It was confirmed that the degree of saturation in an Alpine scree slope at Meretschibach
1s strongly related to the seasonal weather changes (Lucas et al., 2017). The slope is
subjected to precipitation in the form of snow in winter, when temperatures are negative
or near zero, which provides insulation against variations in the local air temperature
and prevents significant changes in the VWC. The temperature increases in spring and
the snow-melt infiltrates into the ground. Additional precipitation can be in the form of
snow or rain, due to daily temperature variations. Finally, rainfall precipitation in
summer increases the soil saturation, hence decreasing suction and effective stress in

the so1l.
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6. Modelling of landslides in a scree slope induced by groundwater and rainfall

The soil became fully saturated only in one location (of the four investigated) in a coarser
layer at 1 m depth, after a period of intense rainfall (Lucas et al., 2017). This reinforces a
hypothesis that the most unfavourable conditions for the slope stability could be very
local and occur in spring—summer time, when rainfall infiltration combined with
groundwater (GW) flow from snow-melting reduces the effective stress and hence the

shear strength of the soil.

Additionally, a series of bedrock strata at the soil-bedrock interface, inclined southwards
with a 10-30° dip (Gabus et al., 2008a, 2008b), were identified from geological
observations as outcrops or ‘steps’ in the bedrock above the ground, which are expected

to affect the local slope stability (Lucas et al., 2017).

Based on the reported information of field monitoring, laboratory testing and geological
observation, it was predicted that a scree saturated above a steeply inclined shallow
bedrock could become unstable. Furthermore, should there be a step in the bedrock that
outcrops at the surface, failure would occur upslope of the outcrop, depending on step
geometry (height/length). A slope failure was thought less likely to happen if the bedrock
was parallel to the slope with no bedrock step, albeit that the lower part of the slope
would then be more endangered, where GW could emerge at the surface (Take and
Beddoe, 2014). Intermediate cases would be determined by the height (y) and length of a

step in the bedrock (X,), and would lie between these two failure mechanisms, which

should be explored through physical and numerical modelling. The hypothesis was
explored using a ground model that integrates findings from field monitoring and data
from laboratory testing, by varying soil thickness and bedrock step geometry. Numerical
simulations were conducted first in two dimensions, using Seep-Slope/W software from
GeoStudio (Krahn, 2004a, 2004b) to analyse key influences. These were then
investigated in the subsequent physical modelling programme, in which a plane
prototype geometry and model soil were tested in parametric analyses under 50-52¢g in
the ETH geotechnical drum centrifuge (Springman et al.,, 2001). The results show
convincing evidence of the effect of the bedrock step geometry on the landslide triggering

and the respective mechanisms of failure.
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Figure 6.1. Scree slope in the Meretschibach catchment, Bochtir area: (a) scree slope and dry eroded debris
flow channel, (b) simplified schematic ground model, (c) prototype and numerical model in metres and (d)
scaled centrifuge physical model in millimetres. The direction of the Earth’s gravity acts out of the paper
towards the reader. IT, instrumented soil trench; PPT, pore pressure transducer

6.2 Methodology

The physical and numerical modelling are complementary and allow different aspects to

be investigated using parametric analyses. The centrifuge modelling captures

e cracking and failure initiation (moment of mobilisation of soil and water as the debris

runs out)
e timing and run out (to be considered with respect to scaling effects)

e transient pore water pressure (PWP) processes, derived from GW flow and rainfall in

three dimensions (3D).
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The numerical model represents
e idealisation as a decoupled steady-state analysis of flow, combined with

e a simplified two-dimensional (2D) analysis of state at failure of homogeneous,

rigid—perfectly plastic soil

e and i1t does not consider transient behaviour, pre-failure deformations, three-
dimensional (3D) influences (on flow or failure) or the effects of tensile cracking on
macro-permeability, form of the failure surface or a variable and/or strain-dependent

shear resistance mobilised along a failure surface and so on.

This is important, on one hand, because the rigid—perfectly plastic soil response,
modelled in the slip surface analysis is generally considered to be conservative, given
that the contributions of the side shear surfaces to the total shear resistance are not
included. This is why it can be argued that it is an acceptable approximation (e.g.
Askarinejad et al.,, 2012; Springman et al.,, 2003). On the other hand, creating
opportunities for water to ingress easily through tension cracks to greater depth causes
rapid saturation and potentially swifter ‘fluidisation’ of the failing landmass with
reduced shear strength, leading to earlier failure, a different form of the failed mass and
most likely a far greater run-out. This is more risky for inhabitants living below such a

failing slope.

Therefore, running both types of analyses allows a richer understanding to be obtained
of the response of a slope to GW flow combined with rainfall. Furthermore, checks can be
made on whether there are secondary or tertiary effects that will change the expected

behaviour considerably.

Two types of hydrological regimes were applied in numerical models, followed by a series
of 17 centrifuge model tests (Table 6.1), in which soil thicknesses and bedrock step
geometry were varied. Slope stability under GW flow released at the top of the slope was
investigated initially, followed by an antecedent of GW flow combined with intense

rainfall.

A variety of cases were run in the numerical simulations, which helped to select critical
combinations of soil thickness and bedrock step geometry. These were then studied in

the centrifuge tests to identify slope failure triggering mechanisms.
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Centrifuge technology has been used for slope stability analysis since the 1960s (Taylor,
1995). The challenge of trying to represent a prototype slope with a small model has
confronted many researchers over the years, often through the establishment of a
reference model, with appropriate stress history and heterogeneity in the slope.
Increasing radius, measured from the centrifuge axis, from top to bottom of the slope
affects the nominal g-level imposed on the model, leading to challenging testing
conditions (Bryant et al., 2015; Park, 2013; Schofield, 1980). Recent results on the
simulation of landslides induced by rainfall using centrifuge technology have been
promising (Askarinejad, 2013; Askarinejad et al., 2014a, 2014b; Craig, 2014; Lee and
Bolton, 2006; Ling and Ling, 2012; Schofield, 1978; Take, 2014; Take and Beddoe, 2014;
Timpong et al., 2007). However, there are still challenges in modelling such events in a
geotechnical centrifuge. This contribution offers some additional original ideas and

solutions.

6.2.1 Test soil properties

The scree slope (Figure 6.2, Table 6.2) is mainly a silty gravel (GP-GM) with <10% fines
(Lucas et al., 2017). The field soil grain size distribution (GSD) (Figure 6.2) is an average
of gradings obtained from samples from four instrumented trenches (IT1-4). There were
less fines in the gravel at higher locations (1900 m a.s.l.), as shown for IT3 (GP) (Figure
6.2). The critical state angle of friction of the soil was determined as 41° from constant
shear drained (CSD) stress path tests on reconstituted specimens at an equivalent
relative density of 41-59% (Grob, 2015). The ‘scaled soil’ grading is ~1/50th of the
prototype soil (for centrifuge tests performed at 50g), to maintain the grainsize-
structural element dimensional ratio in the small-scale model — that is, the bedrock
steps and the overall dimensions of the strong box should not influence the model slope

response due to unwanted particle-size effects.

The soil used in the centrifuge tests (mixed scaled soil: Table 6.2, Figure 6.2) is a mixture
of 90% Hostun sand (HN31) with 10% Minisil B1, classified according to Swiss standard
classification (SN 670004-2NA), as poorly graded sand with silt (SP-SM). The maximum
and minimum void ratios are 06 and 09, respectively. The matrix soil Hostun sand is
angular with a (peak) friction angle of 36° determined by drained consolidated triaxial
testing at a relative density of 73% and a maximum stress ratio (q/p’) of 1.46 (Alber,

2017). Although the friction angle is lower than the 41° obtained from the scree on steep
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slopes up to 43° inclination, it represents a marginally conservative situation for the

model slope, which was set at 38° (Askarinejad, 2013).

At prototype scale (Ng), the mixed scaled soil reverts to a prototype mixed (GP) (Table
6.2, Figure 6.2). Using silty sand for the centrifuge testing allowed a comparison to be
made between different model tests in terms of pore-water pressure (PWP) development
and failure location, focusing on the ,failure mechanism due to rain, GW and the effect of

stepped bedrock.

100 —{—=— Mixed scaled soil Hostun + minisil (SP-SM)
4 —@— Prototype soil (GP)
90 - |—&— Field soil average IT1-4 (GP-GM)

1 —¥—IT3 (GP) ﬂ J
80

70 + / / ]
60

50 4 / /

40 —

30 - | -

20 - | .

Percentage finer (%)

10

0 U ‘
1E-4 0.001 0.01 0.1 1 10 100

Particle size (mm)

Figure 6.2. GSDs: average grading curve for field gravel from IT1-IT4 (GP-GM) and gravel IT3 (GP), silty
sand mixed scaled soil (SP-SM); prototype gravelly soil (GP)

6.2.2 Model geometry and hydraulic conditions

The main features of the ground model were provided by Lucas et al. (2017) and were
integrated into the physical and numerical models. The model slope angle is 38°, with

soil thickness (h) varying between 1 and 3 m in depth (prototype). A simplified geometry
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of the step in the bedrock was added with two different values of height (y) and length
(X,) (Figures 6.1(c) and 6.1(d), Table 6.1). The interior angles formed between step slope

bedrock are 36° (near pore-pressure transducer (PPT) A) and 52° (near PPT C).

6.2.3 Hydraulic regime

Two GW conditions were implemented

(a) water flow applied at the top of the slope through a hydraulic boundary condition in
the numerical model and a porous stone at the base of a water distribution cylinder in
the centrifuge (see inset, Figures 6.1(c) and 6.1(d), further details in supplementary

information)

(b) rainfall sprinkled above the slope in the centrifuge (see Askarinejad, 2013, Sections
6.2/6.3).

Water infiltrates from the top of the slope and seeps nominally parallel to the slope,
causing the PWP to rise (a). Additional water infiltrates into the slope through rainfall,

to reduce suction enough to trigger a slope failure (a) plus (b).

Table 6.1. Programme for the numerical simulations (those chosen for centrifuge testing are in bold)

Test Name of test Soil Bedrock y/h | Bedrock | Ground | Centrifuge
# thickness step (m) step model test
h height length figure descriptor
(m) y X2
(m) (m)
1 GP_1.0.00 1.0 0 0 0
2 GP_1.0_0.25_8.5 1.0 0.25 0.25 8.5
3 GP_1.0_0.5_8.5 1.0 0.5 0.5 8.5
4 GP_1.0_0.6_8.5 1.0 0.6 0.6 8.5
5 GP_1.0_0.75_8.5 1.0 0.75 0.75 8.5 4.a (Fig
$6.9.24)
6 GP_1.25_0_0 1.25 0 0 0 8.b (Fig.
S6.9.28)
7 GP_1.25_0.25_3 1.25 0.31 0.25 3.0
8 GP_1.25_0.5_3 1.25 0.63 0.5 3.0
9 GP_1.25_0.6_3 1.25 0.75 0.6 3.0 7.b (Fig.
$6.9.27)
10 GP_1.25_0.75_3 1.25 0.94 0.75 3.0
11 GP_1.25_0.25_8.5 1.25 0.31 0.25 8.5
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12 GP_1.25_0.5_8.5 1.25 0.63 0.5 8.5
13 GP_1.25_0.6_8.5 1.25 0.75 0.6 8.5 7.a, 8.a (Fig.
6.15)
14 GP_1.25_0.75_8.5 1.25 0.94 0.75 8.5
15 GP_1.5_0_0 1.5 0 0 0 6(a) 1.b, 6.b (Fig.
6.12)
16 GP_1.5_0.25_3 1.5 0.38 0.25 3.0 5(a),6(b)
17 GP_1.5_0.5_3 1.5 0.75 0.5 3.0 5(b),6(c) 5.b
(Fig.S6.9.25)
18 GP_1.5_0.75_3 1.5 1.125 0.75 3.0 5(c),6(d) | 2.b, 3.b, 4.b
(Fig. 6.13,
S6.9.23)
19 GP_1.5_0.25_8.5 1.5 0.38 0.25 8.5
5(d),6(e)
20 GP_1.5_0.5_8.5 1.5 0.75 0.5 8.5 5(e),6(H) 2.a,3.a
(Fig.
S6.9.22)
21 GP_1.5_0.75_8.5 1.5 1.125 0.75 8.5 5(),6(g) 1l.a, 5.a,
Proof. (Fig.
6.14,
S56.9.21)
22 GP_3.0_0_0 3.0 0 0 0 6(h)
23 GP_3.0_0.25_8.5 3.0 0.75 0.25 8.5 6(1)
24 GP_3.0_0.375_8.5 3.0 1.125 0.375 8.5 5(g) 6.a (Fig.
S6.9.26)
25 GP_3.0_0.5_8.5 3.0 1.5 0.5 8.5 6(3)
26 GP_3.0_0.75_8.5 3.0 2.25 0.75 8.5 6(k)

All dimensions in prototype scale

GP_h_y/h_XZ: Poorly graded gravel (GP)_soil thickness (h)_(height step/soil thickness), y/h_length step, X,

Dimensions in prototype scale.

Table 6.2. Properties of field gravel (GP-GM), mixed scaled soil (SP-SM), scaled up again at 50g (GP).

Property Field soil Mixed scaled soil Prototype mixed (GP)
(GP-GM) (SP-SM)
€, . 0.690 0.899
e . 0.340 0.609
D, (mm) 6.400 0.345 17.300
D,, (mm) 0.065 0.060 3.000
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C, (Deo/D1o) 138.4 6.0 6.033
C., ((D%30/D10)Deo) 9.0 4.2 4.2
G, 2.680 2.650 2.650
k (cm/sec) 1.3E-03 4.52E-04 (e=0.84) 4.1E-01
(e=0.57) (e=0.57)
Friction angle, ¢’ (°) 41.0t - 40.02
Fines content (%) 9.87 10.0 0.0
Cohesion ¢’ (kPa) 0.0 - 1.02
Sand content (%) 18.38 90 8.13

Notes: e, void ratio; D10, D3o, D50, Dso, soil particle diameter where the 10, 30, 50 and 60% of the sample is
finer; k, coefficient of permeability by Kozeny-Carman (Carrier, 2003). Void ratio e=0.57 average from field
data IT1-4 (Lucas et al., 2017).: derived from triaxial stress path test, @: values adopted for numerical
modelling.

6.2.4 Numerical model

GeoStudio programs Seep/W and Slope/W were used to investigate a variety of scenarios
to explore the relevance of soil thickness and bedrock geometry for the assessment of the
stability of a steep slope during GW flow. Preliminary results were obtained using an

estimated hydraulic conductivity and a saturated/unsaturated model.

The geometry of the numerical model is shown in Figure 6.1(c). The slope bedrock is of
16 m length and 10 m height, with an inclination of 38°. Soil thickness variations are h
=1.0, 1.25, 1.5, 3.0 m. The gravel (GP) properties include ¢'=40°; ¢'=1 kPa (Table 6.2,
Figure 6.2), which were selected as representative of the soil used in the centrifuge at

prototype scale.

Constant GW flow (Q) was applied from the top of the slope, and the model response was
analysed using Seep/W (GeoStudio, 2016), assuming steady-state seepage. The
development of PWP and the location of the GW table provided the parental conditions
for the slope stability analysis using Slope/W. 2D limit-equilibrium analysis was
performed using the Morgenstern and Price (1965) method, with the slip surface limited
to passing through the soil layer.

Numerical modelling explored how the soil thickness (h) and bedrock step geometry

(height (y); basal width (X,)) affect the global factor of safety (F.S.) for slope stability

under steady-state GW flow. The normalised GW flow rate (Qstep/ Q.0 bedrock step) necessary

to trigger failure was plotted as a function of bedrock step height (y) and soil thickness
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(h) (Figure 6.1(c)). The stability (F.S.__ /F.S.

“step o bedrock Step) was also investigated under a
specific GW flow rate (Q) to identify which model geometry was more susceptible to

causing a surficial landslide. The detailed testing programme is given in Table 6.1.

6.2.5 Physical model

The testing programme was carried out in the ETH Zirich geotechnical drum centrifuge
(Figure 6.3). The 2.2 m diameter centrifuge can spin at 600 r/min to deliver a maximum
acceleration of 440g, testing two diametrically opposed models (models a and b, in Figure

6.3) simultaneously (Springman et al., 2001).

6.2.5.1 Geometry slope and soil characteristics

Nine different model types were studied in a programme of 17 centrifuge tests (bold in
Table 6.1) to investigate the effects of soil thickness and bedrock step in a scree slope
under two hydraulic regimes: GW and GW plus rainfall. The slope geometry is shown in
Figures 6.1(d), 6.4 and 6.5, with a slope inclination angle of 38°. The bedrock and steps
were made of aluminium and fine sand was sprayed onto a layer of glue to simulate
frictional contact. The joints between bedrock slope and steps were sealed with Hylomar
M and are considered impermeable. The soil thicknesses tested in the scaled model were
h=2.0, 2.5, 3.0 and 6.0 cm equivalent to h =1.0, 1.25, 1.5 and 3 m at the prototype scale,
respectively. All models were provided with a toe berm of 2 cm (model scale) in height to
prevent local erosion. Take and Beddoe (2014) reported that the omission of such a

feature would affect, and probably advance, the initiation of failure in some cases.

Soil layers, maximum 2 cm high, with 5% moisture content, were tamped to ensure
model stability at 1g between model placement in the drum centrifuge (requiring
rotation through 90°) and testing at 50g. The slope was cut with an aluminium frame

guide and plate, which could be adjusted for different soil layer thicknesses.

The model is contained by an aluminium box of 40x40x20 cm dimensions (Figure 6.4),
with one Plexiglas side window and two water drainage outlets at the corners. The box is
covered by a multi-purpose aluminium box (Figure 6.3), which contains four to six rain
nozzles, either three (model a, Figure 6.3) or one (model b, Figure 6.3) photogrammetry
camera(s) (Askarinejad et al., 2012), and the newly designed GW distribution system,
located at the top of the slope (Figure 6.1(d)).
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The water supply is shown in the inset of Figure 6.1(d) and represents a cylindrical pipe
and a porous stone that runs the width of the model box, whereas the input flow is
located in the middle. There are 21 equally spaced outflow pipes (additional information

in supplementary material).

It was a challenge to reproduce a uniform distribution of the GW flow along the top of
the slope, due to the radial acceleration in a drum centrifuge with a radius of <1 m.
Several tests were performed with different model orientations and modifications to the
set-up to reduce the influence of the radial acceleration field, Coriolis effects and Earth’s
gravity (Caicedo and Thorel, 2014; Schofield, 1980), which caused water to flow
markedly to the model’s sides, producing undesirable failures by erosion at the model’s
edge. The difference in the radius of the model at the top (0.83 m) and bottom (1.00 m) of
the slope causes a nominal variation in g level from 45.1g to 54.7g. The component of the
Earth’s gravity, which acts from the back of the box towards the window, has a
significant effect on the flow regime. The porous stone was inclined to achieve a uniform
water flow across the width of the slope, and the bedrock geometry was tilted and re-
designed as a 3D form (Figure 6.4), taking the influence of Earth’s gravity with
increasing distance from the centre of rotation into consideration. All manufacturing was

done in house by the centrifuge and workshop team.

6.2.5.2 Set-up in drum centrifuge and instrumentation

Figure 6.3 shows the centrifuge set-up, which was adapted to apply the two hydraulic
conditions. All devices were designed to operate safely inside the drum at an acceleration
of at least 65g. The GW flow supply system consisted of an external source of water
flowing continuously inside the drum to a perimetral channel at the top of the drum wall
(Springman et al., 2001). The channel was connected to two lateral water tanks (each of
5 litre capacity), so that the inflow was supplied at 1000 ml/min. The two tanks were
instrumented with a PPT to monitor water storage and were connected together with a
discharge outlet, in case they should overflow at maximum capacity. Water was
extracted from each tank and supplied to each model at a predefined rate by a pump
(Reglo-Z, Analog Z-140, Ismatec), and was measured by a magnetic inductive flow sensor
(SM4100). A series of tests were performed to check the pipe diameter (inner diameter 8
mm), the water filling system time and refill rates and the calibration of the pumps and
flowmeter, which were connected to the centrifuge computer located under the baseplate

to the central water tank (CWT) and controlled from the centrifuge control room.
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The rainfall was supplied by a CWT of 24.6 litre capacity, containing water pressurised
from an air tank to a maximum of 1000 kPa, with an output pressure of 300 kPa (Figure
6.3). Water was supplied to the inner and outer pipe channels milled in the top plates of
the climate chamber (Askarinejad, 2013; Figure 6.3, see further details in
supplementary information) and distributed to the nozzles. The rainfall was sprayed into
the chamber through aluminium extension tubes of 5-10 cm in length, so that the
rainwater emerged as a spray within a range of 18.9-26.7 and 13.9-21.7 cm,
respectively, above the ground surface. The rain intensity per nozzle was calculated
measuring their respective flow (ml/min) and area, depending at the distance of the
nozzle—soil (see further details in supplementary material). Assuming that each nozzle
rain spray overlapped the soil surface, the total rainfall intensity on the model scale
(mm/h) is estimated as the addition of all intensities. On applying scaling laws, the rain
intensity at the prototype was estimated as N times smaller than the model scale
(Askarinejad, 2013). PWP was measured by Druck PDCR81 PPTs and Keller 2Mi
(measurement range varying from 35 to 700 kPa) in six locations at three heights
(Figures 6.1(d) and 6.4(b)): upstream, on top of and downstream of the bedrock step. The
sensors were fitted with porous stones, and saturated and calibrated in the laboratory.
Sampling rates were 10 Hz for model a: PPT1-2, and PPT4, and model b: PPT1-2, PPT4
and PPT6 and 1 Hz for model a: PPT3-6 and model b: PPT2-3 and PPT5. Slope
movements were monitored using cameras IDS uEye UI-6240 C with a resolution of 1.3
megapixel. Three cameras were placed in the strongbox lid of model a, and one for model

b: each with a sampling rate of 0.5-1 Hz.
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Figure 6.3. Overview of the set up in the drum centrifuge, with two models for slope stability, model a and
b, only the “upper box” (climate chamber) is visible in this photograph. The “lower” boxes (Figure 6.4(a)) are
located behind the “upper” boxes in the drum), flowmeter & pump 2, flowmeter & pump 1, two connected
lateral water tanks (1, 2) to supply GW flow and the air pressure cylinder. The CWT is located at the centre
of the tool platform to supply rain. The dimensions in the sketch (above right) are in mm.

Plexiglas window

Figure 6.4. (a) Centrifuge model lower box (40X40X20 cm) with step bedrock and with a plexiglas window
on the left and two water drainage outlets at the base at each corner of the box, (b) bedrock aluminium plate
with PPT s and bedrock step. The direction of earth’s gravity acts out from the bottom to top in Figure 6.4(a)
and right to left in Figure 6.4(b). Distances in centimetres. Detailed geometry of bedrock and PPT geometry
and location are given in supplementary material.
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Figure 6.5. Elevation view of the bedrock and soil layer geometry used in numerical and physical modelling.
Slope height is 10 m and the width of the drawing is 20 m. The drainage outlet is shown in brown at the
bottom right of each slope (h is the soil thickness, y/h is the height bedrock step/soil thickness and X, 1s the

length of the bedrock step).

6.3 Results

6.3.1 Numerical modelling

An overview of all plane-strain failure mechanisms is given in Figures 6.6(a)—6.6(k) and
will be discussed throughout the following sections. Figures 6.7(a) and 6.7(b) show the
GW flow rate required to induce failure under two variations of bedrock step geometry:

(a) soil thickness (h) and (b) bedrock step length (X,), with (y/h) as the height of bedrock

step normalised by soil thickness (ranging from 0 to 0.75: Figure 6.5). The normalised

GW flow rate Qstep/Q is calculated to establish what flow is necessary to induce

no bedrock step
failure. In both cases, the Q required to cause failure decreases as the size of the bedrock

step increases, either with an increase of height or length.
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Two soil thicknesses h=1.5 and 3.0 m, both representative of field conditions, were

compared in Figure 6.7(a) for the longest bedrock step (X,=8.5 m). Soil depth variation

clearly affects the flow rate required to trigger failure, although the effect is smaller and
similar to the case of the slope with no bedrock step (y/h=0), for steps y/h<0.4. The flow
rate required decreases to 50% of the case without a bedrock step for y/h=0.75, for both
models with h=1.5 and 3 m. The soil above the shorter step was more stable under
equivalent flows (Figure 6.7(b)), as it has less capacity to pond the seepage flow (Figures
6.6(b), 6.6(e) and 6.6(1)).

Figures 6.8(a) and 6.8(b) show the effect of bedrock step length X, variation on the

normalised GW flow rate required for slope failure simulation, for h=1.25 and 1.5 m. The
normalised GW flow rate to trigger failure does not change much for y/h=0.25 compared
to a slope with no bedrock step. The effect of step length is significant when y/ h>0.6,
when the required GW flow rate to cause failure is roughly halved. An intermediate
response is shown at y/h=0.5 for X2=3.0 and 8.5 m, whereby significantly higher flow

rates, similar to those for X,=0, are necessary to cause failure for the shorter step. Soil
depth plays a minor role here too, when comparing both depths at X,=3.0 m. Greatly

reduced flows are needed for y/ h>0.6, for X,=8.5 m. A longer step can affect the slope

no bedrock

stability more during GW flow than a minor change in soil thickness. Qstep/Q

step at failure for 0.25<y/h<0.75 decreases as the step height (y) increases, while it is
similar or equal to 1 for y/h<0 -25.

Figure 6.9 shows the normalised bedrock step height (y/h) plotted against a normalised

F.S. (F.S.Step/F.S. ) for a specific flow rate. The F.S. does not change much for h

no bedrock step
<1.5 m (Figure 6.9(a)), with a smaller step length of X,=3 m (20% of the length of the
slope) and decreases only when y/h >0.5, typically by 10% for the highest step (y/h =0.75).
The deeper the soil depth, the greater the flow needed to saturate the soil layer
upstream of the step to cause instability, whereas water can flow over the short step in

the bedrock, reducing the F.S., but again, only by 10%.

Four different soil thicknesses are compared in Figure 6.9(b), all with a defined step

length of X, =8.5 m: the most unfavourable case in these analyses. A combination of a

longer step with a higher step reduces the F.S. of the slope for all soil thicknesses

simulated: by 40% when h is between 1.0 and 1.5 m. F.S. decreases as y increases for a
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defined flow input Q. Likewise (Figure 6.9), F.S. decreases as y increases and h

decreases (Figure 6.10).
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Figure 6.6. Slip surfaces at failure for numerical simulation with GeoStudio. Hydraulic conditions of GW flow were defined with SEEP/W, and slope stability by
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Figure 6.7. Numerical modelling: (a) effect of soil thickness and step height (y/h) on the flow required for
failure, (b) effect of the bedrock step length (X2) on the flow required for failure. y: height of bedrock step, h:

soil thickness, Q is the GW flow rate.
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6.3.2 Physical modelling

Selected results from 17 centrifuge tests, performed on nine physical models, with three
different soil thicknesses and two different bedrock step geometries (Table 6.1, Figure

6.5) are shown in this section. The rest can be found in the supplementary material.

An overview of all failure events is given in Figures 6.11(a)—6.11(h) and will be discussed

in the following sections.

Figure 6.12 shows PWP development against time upslope, midslope and downslope.
Each line dashed or solid represents a PPT location (Figures 6.1(d) and 6.4(b)). The rate
of GW flow applied on top of the slope against time (model scale) is given at the bottom.

GW and rainfall were combined in some later cycles (Figure 6.12(b)).

The Q was increased in steps in both tests 1.b and 6.b because the tank was refilled after
it was emptied at flow rates >1000 ml/min. The nominal pump capacity was 3290 ml/min

but the maximum flow possible at 50g was calibrated at about 2500 ml/min.

PWP sensors at similar elevations show different initial PWP, due either to the model
position in the drum at 1g prior to testing or a zero offset reading variation affected by
the atmospheric pressure. In addition, despite taking all precautions, it could be due to

the marginally incomplete saturation of the porous stone.

The increased PWP in both tests fluctuated between 3 and 7.5 kPa, with dissipation
occurring immediately following the pause in the GW flow, due to the high drainage
capacity of the soil. Continuous rain was applied in test 6.b (Figure 6.12(b)) at 1379
ml/min, equivalent to a rainfall infiltration 215 mm/h at model scale and 4.3 mm/h in the
prototype (Section 6.2.2, see further details in supplementary material). The rainfall
helped to increase the pore pressure by an additional 2 kPa. Slope failures were not

observed in these tests.
Figure 6.13 shows the effect of a higher (y/h= 0.75) bedrock step with X, =3 m. The rise
in PWP was similar in test 2.b (Figure 6.13(a)) for all PPTs, varying between 2 and 5
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kPa, and was dissipated swiftly between flow cycles. A failure occurred over the step
bedrock (Q=2500 ml/min), initiated by an increase in PWP at the top junction of the
bedrock step and the slope, which produced a tension crack. A small volume was
mobilised and bulged over the top of the step, remaining in place for the test duration
without any run out (Figure 6.11(a)). Increased PWP was between 3 and 5 kPa in the
upper slope in test 3.b and decreased to 2—4 kPa at mid-slope and 1-3 kPa at the bottom.
The PWP was slightly higher on the Plexiglas side (1g direction). Test 3.b (Figure
6.13(b)) combined rain of 613 ml/min equivalent to a rainfall intensity of 142 mm/h on
the model scale and 2.8 mm/h in prototype from four nozzles (see further detail in
supplementary material) from the last 5 min of GW flow rate of 1000 ml/min. The slope

did not fail surficially, although significant erosion occurred on the Plexiglas side (Figure

6.11(b)).

A later test 4.b (supplementary material), with the same model, combined higher rain of
1379 ml/min equivalent to a rainfall intensity of 215 mm/h on the model scale (4.3 mm/h
prototype), the soil bulged over the top of the step (1500 ml/min GW flow), similar to the
failure mechanism in test 2.b (Figure 6.11(a)), although intense rain mobilised the soil

downslope (Figure 6.11(c)).

Tests 1.a and 5.a (Figure 6.14) represented the model with the most unfavourable
conditions for stability, given the highest and longest bedrock step. The soil exhibited
suction initially in test l.a (Figure 6.14(a)), which decreased as PWP built up during
continuous GW flow, increasing from 500 to 2000 ml/min. The top PPTs were located
upslope of the bedrock step, where the increased PWP was higher with 2—-8 kPa on the
Plexiglas side (PPT1) and 1-4 kPa nearer the wall (PPT2). Increased PWP at mid-slope

and the bottom of the slope were similar with values between 1 and 4 kPa.

Failure was initiated at the top of the slope with a GW flow rate of 1500 ml/min, where
the water could pond, before flowing up and over the bedrock step. Cracking was

observed and the soil volume mobilised was greater than in test 2.b (Figure 6.11(d)),
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with run-out occurring later, as the GW flow rate increased to 2000 ml/min. A proof test
of the same model was performed with similar results in terms of the type, location and
dimension of the failure, which confirms the reproducibility of the phenomena (Figure
6.11(e)), although the run-out almost reached the bottom of the slope in this case. PWP
increase 1s higher on the Plexiglas side (PPT1) and varies between 2 and 6 kPa for the
PPT at the top, and 1-2 kPa for the mid-slope and downslope locations in test 5.a (Figure
6.14(b)), as well as test 1.a. Failure occurred in test 5.a at GW flow of 1000 ml/min, when
adding intense rainfall of 1479 ml/min (equivalent to 231 mm/h at model scale; 4.6 mm/h
prototype), as expected from test 1.a, which failed after a GW flow rate of 1500 ml/min.

Failure was similar to test 1.a and was located upslope of the bedrock step (Figure

6.11(9)).

Soil thickness of 1.25 m with a mid-height bedrock step of y/h =0.6 and the longest step
length X, = 8.5 m were represented in tests 7.a and 8.a (Figure 6.15). The increased PWP
was similar on both sides and for all elevations, varying between 2.5 and 7.5 kPa at the
top of the slope in test 7.a (Figure 6.15(a)), reducing to 2.5—4.5 kPa at mid-slope and 2—-3
kPa for the bottom of the slope. Failure was triggered by a GW flow rate of 2000 ml/min
(Figure 6.11(g)) with a similar failure mechanism to that described in test 1.a (Figure
6.14(a)), starting at the junction of bedrock and slope, mobilising one quarter of the
width of the slope with a run-out reaching the bottom of the slope. Erosion on the

Plexiglas side probably induced the failed volume to move in this direction.

The model for test 8.a (Figure 6.15(b)) responded similarly to that for test 7.a, with
increased PWP at the top of the slope between 2 and 7.5 kPa, with 1-3.5 kPa at mid-
slope and 0.5-15 kPa at the bottom. This last higher PWP was due to the ponding of
water due to GW flow and rainfall of 1479 ml/min (equivalent to 231 mm/h at model
scale and 4.6 mm/h prototype). Failure happened, as expected, for a GW flow of 1500
ml/min plus intense rain, initiated at the same location of test 7.a, but more in the centre
(no erosion), mobilising the full soil thickness over the step, with run-out that reached

the bottom of the slope (Figure 6.11(h)).
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(@) Test 2.b (b) Test 3.b (c) Test4.b
HN31(GP)_1.5_0.75_3 HN31_1.5_0.75_3_R HN31_1.5 0.75_3 R
(Figure 6.13(a)) (Figure 6.13(b)) (Figure 56.9.23(b))

(d)Test 1.a (e) Test 1.a Proof (f) Test 5.a
HN31(GP)_1.5_0.75_8.5 HN31(GP)_1.5 0.75 8.5 HN31_1.5_0.75_8.5_R
(Figure 6.14(a)) (Figure $6.9.21(a)) (Figure 6.14(b))

(h) Test 8.a
HN31_1.25_0.6_85 R
(Figure 6.15(b))

(g)Test 7.a
HN31(GP)_1.25_0.6_8.5
(Figure 6.15(a))

Figure 6.11. Physical modelling photographs captured after slope failure. (a) Test 2.b, (b) test 3.b, (c), and

during failure: test 4.b, (d) test 1.a, (e) test 1.a proof, (f) test 5.a, (g) test 7.a and (h) test 8.a
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6.4 Discussion

6.4.1 Representation of field conditions

The field ground model was taken as the basis for parametric studies using numerical
simulations and centrifuge tests to investigate simplified hydrological conditions,
combining GW and rainfall necessary to cause surficial landslides in the models. The
geometry and scaled soil (SP-SM) were simplified and a berm was introduced at the base
of the slope, to prevent excessive erosion at the toe; nonetheless, it affected failure
initiation in six out of 11 cases (Figure 6.6). GW flow was more local in the field, but was

applied uniformly across the models, assuming a plane-strain condition.
6.4.2 Numerical versus physical modelling results

The numerical modelling results confirmed that a bedrock step increased the potential of
a shallow landslide (Section 6.3). The F.S. decreased as the bedrock step increased in
height (y) and length (X,). Furthermore, an increase in bedrock step length (X,) had a
greater impact than an increase of y/h in decreasing the GW flow rate necessary to cause
failure. Slopes without a bedrock step (y/h =0), with high hydraulic gradient, required a
larger amount of GW flow/rainfall to induce failure and this would initiate at the
location where the water ponds at the berm of the slope. The PWP development, the
order of magnitude of the GW flow discharge at failure, the failure mechanism, as well
as the effect on the slope stability of the GW flow obtained from the nine centrifuge
models, generally agreed with the findings from the numerical modelling. The locations
of the failure scarps were similar for comparable models, whereas differences were
observed in the extension of the failure mechanism, since the soil is able to run out in the
centrifuge test, but this is not possible in the numerical models. An overview of the
combined findings, as well as comments on the hypothesis presented in the introduction,

1s discussed 1n this section.
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6.4.3 Triggering of surficial landslides

Various bedrock geometries were investigated in numerical models. The slopes were
subjected to different GW flow discharge levels. Moreover, the hydrological regime was
extended with rainfall in the centrifuge tests. Both modelling types supported the
hypothesis that GW flow and rainfall infiltration increase the PWP, reduce suction and
increase the potential for surficial instabilities and that this is affected by varying soil
thickness and bedrock step geometry. Antecedent GW flow combined with intense
rainfall in centrifuge tests led to both bottom-up and top-down saturation modes
(Kienzler, 2007), which decreased suction and increased the unsaturated hydraulic
conductivity of the soil. This promoted faster rainfall infiltration (Elia et al., 2017; Ng
and Shi, 1998), leading to a more sudden and greater increase of PWP, which was
distributed along the slope, especially over the bedrock step. This increases the hazard

considerably (Askarinejad et al., 2018).

Variation in bedrock geometry with higher and longer bedrock steps, and less soil
thickness would reduce the GW flow rate required at failure (Askarinejad et al., 2014b).
Excess PWPs were dissipated quickly in physical models when the discontinuous GW
flow applied was at a lower rate than the GW flow rate required at failure (Figures 6.12
6.15). This was also observed in measurements of VWC during field monitoring (Lucas et

al., 2017).

A critical intensity of GW flow to trigger surficial failure, for each slope geometry at
prototype scale (50g) (Figure 6.16), could be estimated from numerical simulations. An
expected water table was predicted (Figure 6.6). This critical flow was then converted
using centrifugal scaling relationships (Askarinejad, 2013; Dell’Avanzi and Zornberg,

2002).

The magnitude of GW flow required to cause a slope failure for various shapes of the
bedrock, predicted using numerical and centrifuge modelling, is summarised in Figure

6.16. The results from numerical models show that the height of the bedrock step has a
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major influence on the minimum required hydro-geological discharge to trigger a slope
failure; the higher the step, the lower the required GW flow rate to trigger a failure. This

observation is valid for all of the bedrock step lengths.

A comparison of the results from centrifuge tests to the numerical modelling results
indicates a difference between the two values for the same bedrock geometry (Figure
6.16, Table 6.3). The minimum magnitude of GW discharge to cause a failure predicted
by the centrifuge models is generally higher than that calculated from the numerical
models (by factors of 1.16 for test 1.a, 1.59 for test 2.b, 1.26 for test 7.a). Reasons for this
discrepancy could be that the hydro-mechanical properties of the soil defined for the
numerical soil model are not exactly the same as those of the soil used for the centrifuge
models. Additionally, the GW flow rate applied in the centrifuge increases by discrete

steps (5600, 1000, 1500 ml/min).

More specifically, the permeability used for the numerical soil model is expected to be
higher than that of the soil used in the centrifuge tests, under comparable states.
Furthermore, the 3D shape of the failures in the centrifuge tests also contributes to the
slightly more stable behaviour, compared to the assumed 2D plane-strain numerical

models, although tension cracking could counter some of these effects.

6.4.4 Failure mechanisms

The extension of the slip surfaces obtained from numerical and physical models agreed
for the tests under GW flow and showed that failure would be conditioned to step
geometry, developing upstream of the bedrock step in the most unfavourable case.
Numerical simulations and physical modelling results at failure are shown in Figures
6.6 and 6.11, respectively, indicating that the mechanism is initiated where GW emerges
at the ground surface (Figure 6.17). If the bedrock step is low, no spring emerges, and
failure starts at the junction between the slope and the horizontal berm, mobilising the

greatest volumes of soil for the entire test series. This is also dependent on soil depth for
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example, Figure 6.6 cases (a), (b), (e), (1) and ( j); however, retrogressive failures could

occur in reality when a spring emerges on the slope.

When the soil depth is thicker (case (h)), a local failure has occurred at the bottom of the
slope. Progressive failure is expected to follow here too, which would lead to the

mobilisation of a larger failure mass, with successive releases at different times.

Figures 6.11(d)—6.11(h) and Figures 6.6(c), 6.6(g) and 6.6(k) show that the combination of
water table springs directly above the step lead to smaller mobilised volumes and failure
above the bedrock step, whereas the other cases 6.6(f), (d) are somewhat mixed and

indicate intermediate failure volumes.

Tension cracks were observed in centrifuge model tests (with GW and GW plus rain) to
develop at the crest of the slope, where water accumulated behind the bedrock step.
Evidence of partial liquefaction of the soil can be seen in the form of apparently fluidised
tongues, showing significant displacement and greater run out (Figures 6.11(d), 6.11(e),
6.11(f) and 6.11(h)). Table 6.4 includes the PWP, effective stresses in the slope at the
time of failure as well the excess PWP ratio (R, =u/yz, with u is the pore pressure and yz
1s the total vertical stress) for tests 1.a, 2.b, 5.a, 7.a and 8.a. Ru increases during the

PWP build-up phase and reaches 1.0 if liquefaction occurs. The highest values were

found for PPTs 3 and 4, in tests 1.a and 2.b, but these were still below R, =0.6.

A combination of GW flow plus intense rainfall, for bedrock steps with y/h> 0.6, caused
sudden landslides and run-out, which reached the berm (Figures 6.11(f) and 6.11(h)).
This indicates greater hazard. A longer slope would probably experience either a local
failure with multiple progressive failures, as expected in Figure 6.6(h), or a much longer

translational mechanism that would destabilise a greater volume of debris on the slope.
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Table 6.3. Comparison of GW flow rates calculated/observed to cause a slope failure.

GW flow
rate GW flow rate
numerical Physical physical difference factor
Case | Numerical test (mL/min) test (mL/min) %
1 GP_1.5_0.75_8.5 1296.0 l.a 1500.0 15.7
2 GP_1.5_0.75_3.0 1576.8 2.b 2500.0 58.5
3 GP_1.25_0.6_3.0 1584.0 7.a 2000.0 26.3
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Figure 6.16. GW flow rate Q_ _ predicted by numerical modelling for the scaled centrifuge model to trigger

a surficial failure at 50g level for different heights of bedrock step and GW Qphys flow rate recorded at failure

in centrifuge testing against y/h.
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Predicted slip surface by SLOPE/W and PWP measured

12 at failure (physical model) tests 1.a, 7.a
10 L
PPT1, PPT2 Crgren ©
8| = ’\—
—_ NS ~ ez = (d)Test 1.a (e) Test 1.a Proof
£ B N s&\arp test -a - - HN31(GP)_1.5_0.75_8.5 HN31(GP)_1.5_0.75_8.5
S 1.a, 1.a Proof FET RER= ey -~ (Fgure 6.14(@) S
= -~
& 4 HN31(GP)_1.5_0.75_8.5 scarp test 7.a
mw
7.3,8.a P¥5, PPT6
2 [ ¥ -
HN31(GP)_1.25_0.6_8.5 Sises
o [ ]
0 2 4 6 8 0 12 14 16 18
(g)Test 7.a (h) Test 8.a
i HN31(GP)_1.25_0.6_8.5 HN31_1.25_0.6_8.5_R
Distance (m) (Figure 6.15(a)) (Figure 6.15(b))
Pore water pressure at failure (kPa)
Test | PPTI PPT2 | PPT3 | PPT4 PPT5 | PPT6
Test 1.a 8.3 3.4 3.8 2.8 14 2.7
Test Proof 5.8 2.2 8.3 1.5 1.6 4.5
Test 7.a 5.9 5.5 -0.1 -1.2 -25 -1.2
Test 8.2 5.5 >4 1.7 0.7 -0.6 -2.8

Figure 6.17. Failure slip surface predicted by numerical models (solid fill) h = 1.25 m, y/h = 0.6, X2 = 8.5 m
and h = 1.5 m, y/h = 0.75, X, = 8.5 m, failure scarp extension from centrifuge tests 1.a, 7.a and PWP

measured in centrifuge tests 1.a, proof 1.a, 7.a and 8.a.

Table 6.4. Effective stress at failure determined at the locations of PPTs 1-6: centrifuge models

HN31_1.5_0.75_8.5 (Test 1.a), HN31_1.5_0.75_3 (Test 2.b), HN31_.1.5_0.75.85_R (Test 5.a),
HN31_1.25_0.6_3 (Test 7.a) and HN31_1.25_0.6_8.5_R (Test 8.a).
PPT
1 2 3 4 5 6
O, (Y=17kN/m? |1.a,2b,5.a| 3250 | 82,50 8.10 8.10 3250 | 32.50
(kPa) 7.2, 8.a 27.00 | 27.00 | 1080 | 10.80 | 27.00 | 27.00
la 8.39 3.46 3.86 2.83 1.40 2.72
2b 5.72 ] 2.72 474 4.24 3.08
(k;a) 5.a 4.95 ; 3.74 -0.94 -3.01 0.98
7.8 5.97 5.52 -0.05 -1.26 -2.50 -1.26
8.a 5.55 5.48 1.70 0.79 -0.68 -2.89
la 2411 | 29.04 4.24 5.27 31.10 | 29.78
5 2b 26.78 : 5.38 3.36 28.26 | 29.42
P 5.a 27.55 ] 4.36 9.04 3551 | 31.52
7.a 21.03 | 2148 | 1085 | 12.06 | 2950 | 28.26
8.a 21.45 | 21.52 9.10 10.01 | 2768 | 29.89
la 0.26 0.11 0.48 0.35 0.04 0.08
" 2b 0.18 ] 0.34 0.59 0.13 0.09
0 5.a 0.15 : 0.46 <0 <0 0.03
7.8 0.22 0.20 0.00 <0 <0 <0
8.a 0.21 0.20 0.16 0.07 <0 <0

229




6. Modelling of landslides in a scree slope induced by groundwater and rainfall

6.5 Summary and conclusions

A combination of physical and numerical modelling using a prototype ground model of a

steep scree slope, which integrated together field monitoring data and soil

characterisation from previous studies, has exposed likely mechanisms of failure and

how these are triggered. Each simulation method can complement one another so that

the following statements can be made about the landslide hazard

Prediction of the behaviour of unsaturated granular material in steep slopes
subjected to hydraulic perturbations and their mechanical interactions with the
underlying bedrock using numerical simulations requires a rigorous hydro-
mechanical coupled analysis, accompanied by various assumptions and
simplifications regarding the material constitutive model and input parameters.
Moreover, features such as the failure timing, run-out extent and 3D effects cannot
be readily predicted, numerically. Therefore, an advanced, state-of-the-art physical
modelling technique was used to study the impacts of rain and GW flow, coupled with
the shape of the bedrock, on the response of the slope. The observations from the
physical modelling were supported using the simplified uncoupled hydro (Seep/W)

and mechanical (LEM: Slope/W) numerical modelling.

Numerical simulation was useful in studying a wide variety of cases and helped
select the worst-case scenarios to be investigated further, and quantified, using
centrifuge modelling. Different types of bedrock geometry and soil thicknesses, under
combined effects of GW flow and rainfall, were simulated in some of the physical
models. A steady-state condition for the hydraulic processes was assumed in the
numerical models and the results of pore pressure distribution were applied in a 2D
limit equilibrium stability analysis to provide a prediction for the failure location and

volume.

Centrifuge tests were used to verify numerical results, and provided insights into the

development of PWP in the scree slopes subjected to GW flow and rainfall, as a
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function of time. Location and triggering of the shallow failures were monitored in
the centrifuge tests and detailed features of the extent and timing of tension cracking
and displacement regime of the mobilised mass were recorded. The results of the
centrifuge tests in terms of the thresholds for GW flow discharge for the triggering of
a landslide, as well as the shape and location of the failure surfaces, were compared

to those derived from numerical modelling.

e Results from both approaches supported the hypothesis that, under similar
methodological and hydrological boundary conditions, slopes with no steps in the
bedrock are more stable than slopes with shallow bedrock combined with a bedrock
step, and the larger the step, the lower the flow rate required to cause the slope

failure.

e The grain-size distribution (GSD) of the soil used in the centrifuge tests differed from
that of the field, due to the limitations imposed by the scale effects. Therefore, the
exact values of the rain intensity, and GW flow discharge leading to instabilities
cannot be directly compared with the field data. Moreover, it should be mentioned
that these investigations were done as parametric studies and naturally, the
geometrical parameters of the steps in the bedrock were extremely idealised in the
centrifuge and numerical models, compared to the field conditions. Therefore, the
centrifuge test results cannot be directly used as class A prediction tools for the field
measurements, although they can be applied to define the potentially critical

combinations of the bedrock shape and hydraulic input.

e The landslide potential of a slope subjected to a hydraulic regime of GW flow and or
rainfall increases when water can pond uphill over higher and longer bedrock steps.
Ponding of water locally increases the PWP in the soil mass and subsequently results
in a reduction of the effective stress and hence the shear strength, leading to a
shallow landslide. However, it was observed that these landslides are generally

smaller in volume and have less run-out extent compared to those that are triggered
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in ‘long’ slopes with no steps in the bedrock. However, the hydraulic triggering
threshold for a slope with no bedrock step is generally higher than that of a slope

with a stepped bedrock under similar conditions.

6.6 Practical relevance and potential applications

The hypothesis presented in this study is based on observations and measurements
collected from a steep scree slope, for a period of 3 years. The ground model has been
designed as a prototype, based on geophysical measurements and laboratory testing. The
results from this study can be used as a reference to address failure mechanisms in steep
gravelly slopes that are under the influence of seasonal precipitation and hydrogeological
changes. The challenges and solutions presented here, especially for the physical
modelling of landslides using a drum centrifuge, could be relevant for future studies of

complex interactive hydro-mechanical processes leading to mass movements.
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6.9 Appendix. Supplementary material

6.9.1 Field and instrumentation location

Meteo Stations
® Trenches
Cameras
¥ Snow Stakes
+ Densitometer
ERT Profile 1

¢

Figure S6.9.1. Overview of the field area, located in canton Valais, Switzerland (star on small map). The
image looking south shows a view of Agarn, situated on the Rhone valley floor and the Meretschibach
catchment on the mountain slopes behind. The most active area within the catchment can be divided into an
active channel and a scree slope. The weather stations (yellow diamonds) are located at 1370 m.a.s.l. (IGT)
and 2220 m.a.s.]. (WSL). The right image shows an enlargement of the scree slope (yellow rectangle) with
the locations of the instrumented trenches (IT1-IT4), the ERT profile on which the monitoring was
performed, snow stakes (S1-S2), densitometer measurements (D1-D4) and cameras (C1-C4). Lucas et al.

(2017) https://doi.org/10.1016/j.engge0.2016.11.018
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6.9.2 Physical model

6.9.2.1 Radial g level in model

Centre of rotation

ater distribution channel

S )
(1)

200 mm r2
‘centre of soillmodel
Y0,0) x
20mm[ | ) [
T 76imm
200 mm

Figure S6.9.2. Sketch of model box in centrifuge, (1) top of slope, (2) centre of soil model, (3) bottom bedrock,

(4) centre of water distribution system.

6.9.2.2 Tilting of bedrock to overcome 1g component for more uniform flow

across the slope.

Table S6.9.1. Location of reference points.

Radius Ve

Xg axis a
(mm) (mm) (mm) ©)
1 828.50 804.00 200.00 13.97
2 919.23 918.74 30.00 1.87
3 1005.55 1004.00 -55.98 3.18
4 809.27 789.00 180.00 12.85
Conditions

e At the centre of the soil model N=50

Radius centre of the model r=919.23 mm

w = \/er(rad/s)
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rad

_ _ — 60 _ rad
w = 2310 =>rpm = w * 2= = 220.58 (")

Calculation tilted in mm

Tilted (mm) = d * cosa

Figure S6.9.3. 3D sketch with bedrock step and tilting of bedrock plate (after H. Buschor 2018).

6.9.2.3 Bedrock steps and bedrock slope geometry

Bedrock step geometry

Tables S6.9.2, S6.9.3 and Figures S6.9.4-S6.9.5 show the 4 cases of bedrock step
geometry (model scale). The tilted bedrock geometry is reflected in the wall side
(opposite to the plexiglas). Therefore, the geometry is shown for both sides of the box

(plexiglas and wall sides).
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Table S6.9.2. Cases of bedrock step geometry side 1 (plexiglas).

cases h y y/h X1 Xs X1/X2
(mm) (mm) ) (mm) (mm) ¢)
1 30.00 15.00 0.50 29.40 61.80 0.48
2 136.20 168.55 0.81
3 30.00 22.50 0.75 13.30 61.80 0.22
4 120.00 168.55 0.71
Where:
h: Soil thickness Xi: Length at the top of bedrock step
y:  Height of bedrock step X2: Length at the base of bedrock step
h
1
X2
Figure S6.9.4. Sketch geometry model side 1 (plexiglas).
Table S6.9.3. Cases of bedrock step geometry side 2 (wall).
cases h y y/h X1 Xs X1/X2
(mm) (mm) ) (mm) (mm) )
1 30.00 15.00 0.50 29.40 61.80 0.48
2 136.20 168.55 0.81
3 30.00 22.50 0.75 13.30 61.80 0.22
4 120.00 168.55 0.71
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7.89]

X2

Figure S6.9.5. Sketch geometry model side 2 wall

6.9.2.4 Slope geometry

Tables S6.9.4, S6.9.5 and Figure S6.9.6 show the slope geometry (model scale).
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Table S6.9.4. Geometry bedrock side 1 (plexiglas) with 4 cases of bedrock step.

geometry h y y/h X1 Xo a b Ls Lo Ls La Ls length slope
(mm) (mm) “) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) bedrock
(mm)
1 30.00 15.00 0.50 29.40 61.80 149.80 113.20 25.50 19.00 20.60 11.70 185.20 324.82
2 136.20 168.55 91.74 64.50 180.50
3 30.00 22.50 0.75 13.30 61.80 148.00 115.00 38.20 28.50 30.90 17.50 185.60 324.82
4 120.00 168.55 91.74 64.50 182.60
Table S6.9.5. Geometry bedrock step side 2. (Wall) with 4 cases of bedrock step.
geometry h y y/h X1 Xo a b La L2 Ls Ls Ls length
(mm) (mm) - (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) slope
bedrock
(mm)
1 30.00 15.00 0.50 29.40 61.80 149.80 100.30 25.50 19.00 20.60 11.70 185.20 311.98
2 136.20 168.55 91.50 51.90 180.20
3 30.00 22.50 0.75 13.30 61.80 148.00 102.20 38.20 28.50 30.90 17.50 185.60 311.98
4 120.00 168.55 91.50 51.90 182.50
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Figure S6.9.6. Sketch with geometry of slope and bedrock step

6.9.2.5 PPT locations x 3

Figures S6.9.7-S6.9.8 show the PPTs location observed from the plexiglas and wall sides.
Figure S6.9.9 show the PPTs location from a frontal view of the bedrock plate. All

dimensions in model scale.

Sampling rates were 10 Hz for PPTs model a: 11325 (PPT1), 6437k (PPT2), 11322
(PPT2), 11321 (PPT4), model b: 11189 (PPT1), 11391(PPT2, 4), 6430k (PPT2), 11401
(PPT4), 9448(PPT6) and 1 Hz for the remaining six model a: 9373(PPT3), 9355 (PPT5),

9356 (PPT6), and model b: 9357(PPT2), 11193 (PPT3), 9359 (PPT5).
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MODEL SCALE
in(mm) <5

200.00

Figure S6.9.7. Sketch with geometry of PPT location in bedrock view side 1 (Plexiglas)
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Figure S6.9.8. Sketch with geometry of PPT location in bedrock view side 2 (wall)
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Top of slope
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Figure S6.9.9. Sketch with geometry of PPT location in bedrock top view

6.9.2.6 Climate chamber

The climate chamber (Figure S6.9.10) is the top box container placed on top of model

container, which contain the rain nozzles, Groundwater distribution system and the

photography cameras.

Figure S6.9.10, show for models a, b the interior of the climate chamber: nozzles and
cameras, and the exterior: cameras and inner and outer rain pipe channels. Figure

S6.9.11 show the position of model container and climate chamber in the centrifuge.
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Nozzles Cameras

Box a

Box b

Figure S6.9.10. Climate chamber of models a and b. Frontal view of nozzles, cameras, inner and outer

channels for rainfall.
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Figure S6.9.11. Climate chamber and model box in the drum centrifuge in testing position.

6.9.2.7 Rainfall nozzles

The rainfall is applied over the slope by means of non-uniformly distributed nozzles
(Figure S6.9.12), which have been extended below the strong box roof to a certain height
above the slope surface to reduce the Coriolis effect. The fine fraction of the soil can be
washed out if the nozzles are too close to the soil surface. Therefore, the rainfall was

sprayed into the chamber through aluminium extension tubes of 5 to 10 cm in length, so
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that the rainwater emerged as a spray within a range of 18.9-26.7 cm and 13.9-21.7 cm

respectively, above the ground surface.

Figure S6.7.12. Rain nozzles six MW7 with 10 cm extension.

The rain intensity per nozzle was calculated measuring their respective flow (mL/min)
Figure S6.9.13 and area (Table S6.9.6), depending on length extension. Assuming that
each nozzle rain spray overlapped the soil surface, the total rainfall intensity in model
scale (mm/h) (Table S6.9.7) is estimated as the addition all intensities. Applying scaling
laws the rain intensity at prototype is estimated as N times smaller than the model scale

(Askarinejad, 2013) (Table S6.9.8).
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Figure S6.9.13. Rain: a) nozzle model a (tests:4-8), b) nozzle model b (tests 4-8), c¢) nozzle tests 3a,3b, d)

total rain per model and test.

Table S6.9.6. Calculation rainfall area.

distance
length nozzle average
nozzle to time area average
nozzle extension radius
soil average (min) (cm?2) (cm?2)
(cm) (cm)
(cm)
M2 16.00 804.25
17.80 10.00 1.00
M2 15.50 754.77 780.00
M2 18.00 1017.88
22.80 5.00 1.00
M2 16.00 804.25 911.00
MW5 33.00 3421.19
17.80 10.00 1.00
MW5 34.00 3631.68 3526.00
MW5 35.00 3848.45
22.80 5.00 1.00
MW5 35.00 3848.45 3848.00
MW7 35.00 3848.45
17.80 10.00 1.00
MW7 35.00 3848.45 3848.00
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Table S6.9.7. Calculation of rainfall intensity per nozzle.

Rain Rain Rain
Average | Average Tube Average intensity | intensity | intensity
Nozzles flow flow extension | .area ) model model prototype
(mL/min) | (cm3/hr) (cm) infiltration scale scale scale
(cm?)
(cm/h) (mm/h) (mm/h)
MW5 176.99 [ 10619.51 5.00 3848.00 2.76 27.60 0.55
MW5 176.99 | 10619.51 10.00 3526.00 3.01 30.12 0.60
M2 82.28 4936.60 5.00 911.00 5.42 54.19 1.08
M2 82.28 4936.60 10.00 780.00 6.33 63.29 1.27
MW7 model a | 246.55 | 14793.20 10.00 3848.00 3.84 38.44 0.77
MW7 model b | 229.86 | 13791.80 10.00 3848.00 3.58 35.84 0.72
Table S6.9.8. Calculation of rainfall intensity per test.
Tube Rain intensity total Rain intensity total
Test Nozzle extension model scale prototype scale
(cm) (mm/h) (mm/h)
2xMW5 5.00 55.19 1.10
2xMW5 10.00 60.24 1.20
test 3a total 115.43 2.31
1xM2 5.00 54.19 1.08
1xMW5 5.00 217.60 0.55
2xMW5 10.00 60.24 1.20
test 3.b total 142.02 2.84
Model a tests 4-8 | 6xMW7 10.00 230.66 4.61
Model b test 4-8 6xMW7 10.00 215.05 4.30

6.9.2.8 PPT zero offset measurements

Zero offset was measured for every PPTs at different dates (Figure S6.9.14) in the

laboratory.

The differences in zero offset between dates for a same PPT, could be due to a variation
in the atmospheric pressure changes, this is shown in Figure S6.9.15. Were atmospheric

pressure QFE (hPa indicating the atmospheric pressure (Q) adjusted to mean sea level
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and certain field elevation (FE). Data obtained from automatic weather station in

Mythenquai (Ziirich, Switzerland) located at 406 m.a.s.l. website https:/www.tecson-

data.ch/zurich/mythenquai/

Zero offset measurements were not measured between consecutive tests which were
performed in a row in a limited period of time. During this time PPTs were kept
carefully moist and the measurement from zero offset from a closer test for this PPT was

adopted (Table S6.9.9).
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Figure S6.9.14. PPT’s zero offset measurements by date in parenthesis the range of measurement in kPa.
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Figure S6.9.15. PPTs zero offset measurements by date in parenthesis the range of measurement in kPa

and variation of atmospheric air pressure.
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Table S6.9.9 zero offset applied to PPTs in test.

upslope Zero midslope Zero downslope Zero date sero offset
test PPT offset PPT offset PPT offset offset adopted
# | (Pa) @) (kPa) @) (kPa) test P
11325 | 0.5049 | 9373 | 0.4162 | 9355 5.1416
proof 26.02.2018 | 26.02.2018
11322 | -0.1502 | 11321 | 0.3971 9356 1.8999
| 11825 [1oee2 | o873 | -00s11| 9355 7.7415
a
11322 | 1.0805 | 11321 | 1.5045 | 9356 2.1136
19.04.2018 | 19.04.2018
., | 1189 [ o5z | 11103 | 16922 | 9859 6.0519
11391 | 6.0519 | 11401 | 2.562 9448 1.4365
,. | 11325 | 07908 | 9373 | 0.6787 | 9855 | -1.6535
% |'11322 | -0.8628 | 11321 | -0.1317 | 9356 0.3312
02.05.2018 | 02.05.2018
Jp | 11189 [-0.4234| 11108 | 04874 | 9359 | -2.8498
6430K 11391 | -0.945 9448 | -0.3584
L. | 11325 [ 07908 [ 0373 [ 0.6787 | 9355 | -1.6535
a
11322 | -0.8628 | 11821 | -0.1317 | 9356 0.3312 02.05.2018
11189 | -0.4234 | 11193 | 0.4874 | 9359 | -2.8498 )
3 1 9357 | 11008 | 11391 | -0.945 9448 | -0.3584 9357
: : : (05.06.2018)
4, | 11825 | 07008 | 9873 [ 0.6787 | 9855 | -16535
a
11322 | -0.8628 | 11321 | -0.1317 | 9356 0.3312 02.05.2018
11189 | -0.4234 | 11193 | 0.4874 | 9359 | -2.8498 )
1 9357 | 11008 | 11891 | -0.945 9448 | -0.3584 9357
: : : (05.06.2018)
11325 | 0.6769 | 9373 | 0.0864 | 9355 | -2.6932 05.06.2018
2 | 11392 |.08628 | 11321 | -04302 | 9356 2.4303 11322
: : : O (02.05.2018)
o | 11189 [-08672| 11193 | 01783 | o350 | -2.5703
9357 |-1.1908 | 11391 | 1.011 9448 | -1.0264
o | 11325 [0.6769 | 0373 | -0.0864 | 9355 | -2.6092
% | "6437K | 0.0041 | 11321 | -0.4392 | 9356 2.4303
O 05.06.2018
o | 11189 [-03672| 11108 | 01783 | 9850 | -2.5793
9357 |-1.1908 | 11391 | 1.011 9448 | -1.0264
| 11325 [o06769 [ 0373 | -0.0864 | 9355 | -2.6982
a
6437K | 0.0041 | 11321 | -0.4392 | 9356 2.4303
05.06.2018 | 05.06.2018
o | 11189 [-0.8672| 11193 | 01783 | 0350 | -2.5703
9357 |-1.1908 | 11391 | 1.011 9448 | -1.0264
o, | 11325 [ 06769 | 0373 | -0.0864 | 9355 | -2.6952
a
6437K | 0.0041 | 11321 | -0.4392 | 9356 2.4303
O 05.06.2018
o | 11189 [-03672| 11108 | 01783 | 9850 | -2.5793
9357 |-1.1908 | 11391 | 1.011 9448 | -1.0264
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6. Modelling of landslides in a scree slope induced by groundwater and rainfall

6.9.2.9 Water distribution system for GW flow

Figure S6.9.16 shows the water distribution system located in the climate chamber and

used in the centrifuge tests to apply the groundwater flow.

Figure S6.9.16. Top: water distribution system placed in climate chamber; bottom: channel, cover and

porous stone.

Adjustments water distribution system to 1g and Ng component for more uniform flow

across the slope.

Figure S6.9.17 show the top view geometry model in drum centrifuge all dimensions in

mm.
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789
00

ng‘

rotation

Figure S6.9.17. Sketch of top view of model in drum

The acceleration at radius 789 mm (centre of the tube water distribution system) is

calculated to Ng= 42.237¢g

. _1 (200
angle a (°) = tan (ﬁ) ~14

Then to calculate the deviation of the flow at the bottom of the tube due to the 1g vertical

1s 9.47 mm:

422379

.% 947 lr.m] g
I
1
l
1
I

3
\442.23?g

r——
rotation

Figure S6.9.18. Top view from the model
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6. Modelling of landslides in a scree slope induced by groundwater and rainfall

Projecting this distance in the wall of the climate chamber is: 9.47 * cos(14°) = 9.18 mm

9.18 mm is the deviation we need to correct at the extreme bottom of the tube in order to

fill the full tube of water more uniformly (Figure S6.9.18, S6.9.19).

rotation

tube for water ®
distribution

+

]

1

I

1

]

I

I

]

I

< ng 1 :

V| O 1 400 mm

1

1
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]
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I

|

bare v

9.18 mm

Figure S6.9.19. Displacement correction for water distribution system.

6.9.2.10 Pump calibration at 50g

The calibration of the pump (Reglo-Z, Analog Z-140, Ismatec) was performed at the
laboratories of ETH Ziirich.

Table S6.9.10, Figure S6.9.20 show the flow measured at 50g level during centrifuge
tests, the flow measured at 1g level, and the nominal flow by the manufacturer for

different pump speeds.
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Table S6.9.10. Water flows measured in pump.

pump um measured | Measured Flow centrifuge
speed pump time Flow Lab | Flow lab g Ng | radius
speed . manufacturer @ 50g
selector (rpm) (min) 50g level 1g level (mL/min) (rpm) level (m)
@) P (mL/min) | (mL/min) P
80 4040 1.00 2890 2659.90
69 3485 1.00 2500 2500 2294.20 211 50 1
60 3030 1.00 2125 2180 1994.90 211 50 1
45 2273 1.00 1500 1620 1496.20 211 50 1
30 1515 1.00 930 1050 997.47 211 50 1
10 505 1.00 180 400 332.49 211 50 1
3000 T | T T T T T T I T T T T T T
EH Measured flow 50g
1/ ® Measured flow 1g 7
A Flow manufacturer
2500 - linear fit flow at 50g -
—— linear fit flow at 1g
1 — linear fit flow manufacturer .
—_
= 2000
E
J - -
S
> 1500 - -
O
q_ - B
| -
2
g 1000 - -
500 + -
0 T I L] T I T I L} I L] I I L] I T
0 10 20 30 40 50 60 70 80 90
Pump speed selector (-)
Equation y=a+Db*x
Plot Measured flow 50 Measured flow 1g Flow manufacture
Intercept -235.59278 +28. 11.36292 +24.45 -0.00283 +0.003
Slope 39.31292 + 0.592 35.95858 + 0.449 33.24909 £ 6.372
R-Square(COD) 0.99932 0.99938 1

Figure S6.9.20. Comparison of flow at different pump velocity at 1g (green), 50g and (red) and reference

manufacturer (blue).

6.9.2.11 Programme physical modelling

The detailed programme of the centrifuge testing is given in Table S6.9.11.
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Table S6.9.11. Programme centrifuge testing.

GW
Test name GW of failure flow Nozzle rain
(mL/min) range rain (mL/min)
mL/min
1.0Proof 500-
(same as HN31_1.5_0.75_8.5 Failure at 1500 | 221 50 “) “) “)
2000
la)
. 500-
la HN31_1.5_0.75_8.5 Failure at 1500 | 221 50 2000 -) -) -)
No failure after 500-
1b HN31_1.5_0_0 max flow 225 52 9500 -) ) -)
No failure after 500-
2a HN31_1.5_0.5_8.5 . 225 | 52 9500 O O O
2b HNB1 150753 | Failureat2500 | 225 | 52 | o0 8 8 8
No failure after 500- 5 top,
3a HN31_1.5_0.5_8.5_R 225 52 4xMW5 10 708
max flow 2500
bottom
5 top
No failure after 500- 3xMW5+1 M2),
3b HN31_1.5_0.75_3_R max flow 225 52 9500 M2 10 613
bottom
erosion near 500-
4a HN31_1.0_0.75_8.5_R plexiglas at 225 52 6XMW7 10 1479.32
1000
500
remobilisation 500-
4b HN31_1.5_0.75_3_R at 1500+rain 225 52 2500 6XMW7 10 1379.18
5a HN31_1.5_0.75_8.5_ | Failure gt 1000 295 59 500- 6XMW7 10 1479.39
R +rain 1000
No failure after 295 500-
5b HN31_1.5_0.5_3_R max ﬂqw and &230 52 9500 6XMW7 10 1379.18
rain
No failure after
6a HN31_3.0_0.375_8.5_ max flow and 225 52 500- 6XMW7 10 1479.32
R . 2500
rain
No failure after 500-
6b HN31_1.5_0_0_R max flow and 225 52 2500 6XMW7 10 1379.18
rain
Failure near 500-
Ta HN31_1.25_0.6_8.5 plexiglas at 225 52 -) ) -)
2000
2000
Failure with 500
b HN31_1.25_0.6_3_R max flow and 225 52 250(_) 6XMW7 10 1379.18
rain
8a HN31_1.25_0.6_8.5_ Failure 2'1t 1500 230 54 500- 6XMW7 10 1479 392
R +rain 1000
No failure after 500
8b HN31_1.25_0_0_R max flow and 230 54 9 50(') 6XMW7 10 1379.18
rain

6.9.3 Results

Centrifuge test results
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(a) Proof test 1.a HN31_1.5_0.75_8.5 (b) Test 1.aHN31_1.5_0.75_8.5
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Figure S6.9.21. PWP and GW flow rate versus time for identical models with h=1.5 m, and bedrock step
y/h=0.75 with bedrock step length X2= 8.5 m (prototype). A black dashed line shows the time of failure. (a)

Proof test 1.a and (b) test 1.a.
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Figure S6.9.22. PWP and GW flow rate versus time for identical models with h=1.5 m, and bedrock step

y/h=0.5 with bedrock step length X2= 8.5 m (prototype). (a) test 2.a and (b) test 3.a.
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a) Test 2.b HN31_1.5_0.75_3
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Figure S6.9.23. PWP and GW flow rate versus time for identical models with h=1.5 m, and bedrock step

y/h=0.75 with bedrock step length X2= 3 m (prototype). (a) test 2.b and (b) test 4.b.
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Figure S6.9.24. PWP and GW flow rate versus time Figure S6.9.25. PWP and GW flow rate versus time
model with h=1.0 m, and bedrock step y/h=0.75 with model with h=1.5 m, and bedrock step y/h=0.5 with
bedrock step length X2= 8.5 m.

bedrock step length Xs= 3 m.

261



6. Modelling of landslides in a scree slope induced by groundwater and rainfall
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Figure S6.9.26. PWP and GW flow rate versus time Figure S6.9.27. PWP and GW flow rate versus time
model with h=3.0 m, and bedrock step y/h=0.375 model with h=1.25 m, and bedrock step y/h=0.6 with

with bedrock step length Xo= 8.5 m.
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7 Conclusions and outlook

The potential hazards for a gravelly scree slope in the Swiss Alps that has been
subjected to daily and seasonal variations of weather at altitutes between 1500-2000
m.a.s.l. were explored, including the effect of a mixed hydraulic regime of groundwater
flow, snow and rainfall. A ground model of the alpine gravelly scree slope was created
based on characterisation through field and laboratory investigations, including strength
parameters determined by triaxial stress-path testing to represent pore pressure

Increase in the slope.

Long-term field monitoring of volumetric water content (VWC) and temperature was
carried out to explore the seasonal response. A worst-case hazard scenario for shallow
mass movement was developed, with subsequent simulation of selected prototypes of a
combination of bedrock features, soil thickness, groundwater flow and rain intensity in

physical and numerical models.

Complementary geophysical and geotechnical techniques were applied to investigate the
alpine landslide debris during the field monitoring and characterisation. The bedrock
depth was defined across a specific area of the scree slope and results compared with
data from the geotechnical test pits and field observations. Furthermore, the VWC
estimated from ERT measurements were found to agree well with the VWC results

obtained from sensors installed in the four instrumented trenches.

7.1 Field monitoring

A long-term geotechnical monitoring campaign led to a better understanding of the soil
behaviour during seasonal weather conditions. The measurements were recorded in four
trenches, instrumented with sensors to measure temperature and VWC, which were
installed at different depths (up to 1 m). These were complemented by four cameras, two
meteostations and two snow stakes. The cameras revealed the hourly dynamic processes

taking place on the scree slope, and helped in the interpretation of the data.

The VWC was measured in gravelly soil using TDR and capacitance sensors EC-5/10HS
(Decagon devices). Data were processed and documented extensively over a period
lasting up to 3 years. Some authors have documented sensor performance comparison
between EC-5/10HS and TDR (Mittelbach et al., 2011, 2012; Bogena et al., 2007) in silty
loam, clayey loam, and loamy silt, respectively, however there has been a gap in the

application to gravelly soils. This was a challenging environment, the VWC and

263



7. Conclusions and outlook

temperature recorded are distinctive because of the type of soil, altitude and hence
weather conditions. These included temperatures ranging from above and below 0°C,
and a hydrological regime of precipitation, either as rain or snow, and snow melting, all

within one year.

One of the main findings from the field monitoring was that the VWC and temperatures
present patterns that are strongly related to the seasonal weather changes. For instance,
temperatures and VWC reach minimum values (near zero) during winter, whereas in
spring and summer, the snow melting and rainfall cause the VWC to rise. Furthermore,
the data obtained from these sensors revealed that the range of VWC in this poorly
graded granular soil is rather low (<0.25), and that the soil could become saturated

through intense rainfall, which could be enhanced by periods of snow melting.

The effect of temperature on the determination of VWC was of special interest because of
the variation of temperatures at the field site. The influence of temperature on the
dielectric constant of the soil has been mentioned by other authors (Pepin et al. 1995;
Topp 1980; Bogena et al. 2007; Mittelbach 2012). They present different evidence-based
opinions on whether there are changes in the dielectric constant and whether these lead
to an increase or decrease, although not much information about gravels was found in
the literature. The site-specific calibration of sensors at the Meretschibach included
variations in temperature, ranging from -6 to 23°C. The results show small variations
that could be attributed to the heterogeneity of the soil, and so the relationship between
the soil temperatures and the estimation of the VWC was assumed to be related
primarily to the grading of the soil in situ, locally, around the sensors. Hence, it was
found that a site-specific calibration is highly recommended when monitoring gravelly
801l (Dmax= 31.5 mm), because the use of smaller sizes (e.g. Dmax= 4 mm of the same soil)

could lead to an underestimation of the VWC.

Although the instrumentation of heterogeneous gravel presented challenges in the
installation, monitoring and data analyses, the sensors performed well, and more or less
continuously during the three years of monitoring. There were a few exceptions when the
location was hit by a rockfall, or an avalanche happened, causing the data logger to stop

recording until it was repaired.
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7.2 Soil characterisation

The grain size distribution of the gravelly soil corresponding to excavations made in the
four instrumented trenches varied, depending on the location within the scree slope.
Larger particles were remobilised downslope by gravitational forces, while fines were
transported by seepage as a result of rain or snow melting. Processes causing
disturbances, like rainfall infiltration, groundwater flow and avalanches that can affect
the sorting and dynamics in scree slopes, have been investigated by Statham (1973);
Gerber and Scheidegger (1974), but no literature was found about stability of gravelly

scree slopes.

Based on the work of Zhu and Anderson (1998), Anderson and Sitar (1995), Springman
et al., (2003) and Casini et al., (2010, 2012), a triaxial testing programme was performed
on soil elements by applying a stress path that replicates a rainfall-induced landslide.
CSD (constant shear stress drained) stress paths were used during shearing to failure in
medium (15 c¢cm diameter) and large (25 cm diameter) reconstituted poorly graded
gravelly specimens, in which the maximum particle size was limited to 16 and 31.5 mm

respectively.

Considering that soil in steep slopes experiences a highly anisotropic stress state, the

tests were carried out with a K =1.83 to 2.42, which were conservatively lower than
K =3.3-4.3, calculated by Anderson as one tenth of the slope angle (33-43°). The CSD

triaxial stress path reproduced the mechanism of failure due to rain infiltration,
increasing the PWP and moving the stress path horizontally in p’-q’ space to intersect

the failure envelope, causing the soil to fail.

The results provided strength parameters of the soil at critical state, ¢’= 42° and 41° (for
the medium and large specimens respectively), and zero cohesion. These replicated, to a
large extent, results obtained by Teysseire (2006) and Springman et al. (2003) on well-
graded alpine moraines, which also mobilised ¢’= 39° in large (25 cm diameter) triaxial
tests under the same stress path and ¢’'= 41° in large scale (25 x 25 c¢m) in situ direct

shear tests. These values can be thought of as conservative minimum values given that:

a. firstly, larger grain sizes were removed from the field samples, and will be likely to
reinforce the ground and increase the mobilised shear strength at failure (e.g. Bolton

et al., 1991) in the field, and
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b. secondly, considerable dilatancy was observed under lower confining pressures. The
lower the mean effective stress, the higher the dilatancy and hence maximum
mobilised (strain-dependent) shear strength (Bolton, 1986). This would be
attributable also to coarse, steep granular slopes in the field, as measured by Arnold
et al., (2006) in reconstituted large-scale direct shear specimens. Dilatancy angles
obtained in this research ranged from W= 1.12 to 17.26° between p’ ranging from 73.5
kPa to 12 kPa, which are still much greater stresses than those applied to surficial

failures in the field at depths between 1-3 m.

Two geophysical methods, ERT and ground-based penetrating radar (GPR), were applied
in this project (Fankhauser 2014) and met the purpose very well. They provided
subsurface images, as well as an alternative estimation for the VWC from the former.
The depth to bedrock was determined using (GPR) profiles that covered the whole scree
slope. The bedrock was found to be shallow with a maximum depth of 3 m. ERT
tomograms in the scree slope suggested ranges of bedrock depth that agreed well with
GPR results. Furthermore, ERT measurements of soil resistivity, determined through
Archie’s law enabled preliminary estimations of VWC, which were comparable with the

values of VWC measured by the sensors installed in the instrumented trenches.

Notwithstanding the challenges presented by the terrain, the measurements delivered
with the soil properties and behaviour, accompanied by reliable map showing the
bedrock contours, with satisfactory results and would be recommended for the future

monitoring schemes.

7.3 Numerical and physical modelling

Numerical and centrifuge simulations were performed to investigate slope stability
under simplified steady state hydrological conditions, combining a groundwater (GW)

regime and rainfall necessary to cause surficial landslides in the models.

A numerical method was used as a simplified 2D analysis of the state at failure. This
enabled a study to be made of the bedrock geometry effect using a steady state analysis
of flow in less time than a physical model, providing a useful opportunity to explore the
range of options available in designing the subsequent centrifuge model tests. But this
analysis did not consider the hydraulic transient analysis and deformations, and tensile
cracking of the soil. Therefore, centrifuge testing was used to validate and complement

the results. Centrifuge modelling captured the failure initiation, cracking, timing, run
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out, and measured the PWP processes in transient time in 3D, providing valuable

additional information.

A critical steady state groundwater flow could be calculated for a factor of safety of 1 for
slope instability under nominal two-dimensional plane strain conditions for each
geometrical parameter variation for the slope. The greatest GW flow/rainfall was needed
to induce failure when the bedrock was parallel to the slope surface, which happened
with no step (y/h=0). Since the physical model was expected to need a berm to prevent
local erosion at the toe from influencing the results (Take & Beddoe 2015), this was also

investigated in the numerical modelling to aid design of the appropriated dimensions.

These numerical simulations have shown that a bedrock step increases the likelihood of
a shallow landslide. The analysis in terms of factor of safety, exhibiting a decrease in

F.S. as the bedrock step increases in height (y) and length (X,). Furthermore, an increase
in bedrock step length (X,) had a greater impact than an increase in height, decreasing

the GW flow necessary to cause failure.

Based on developments reported by Lee and Bolton, (2006), Take et al., (2004), Ling and
Ling, (2012), Askarinejad, (2013), Park, (2014), Take and Beddoe, (2014), Take et al.
(2014), a testing programme was designed using centrifuge modelling for triggering slope
failure with groundwater flow and seepage was performed in a climate chamber in the
geotechnical drum centrifuge at IGT. The model slope had a 38° inclination, with a range
of bedrock geometries, including the prototype case with the bedrock parallel to the

ground surface. Some relevant aspects of the testing are given below:

a. Challenges in physical modelling at 50g with particle size approximations and in
supplying a plane flow across the top of the slope, given that the radius at the top of
the slope - bottom meant that the nominal gravity changed by 9.6g (Schofield, 1980).
This necessitated a complicated design to represent bedrock that was nominally
parallel in terms of flow conditions to the surface (Lucas et al. 2019).

b. Without a bedrock step, the prototype case with bedrock nominally parallel to the
surface led to greater volumes of debris being mobilised and, highest flow rates

needed plus addition of intense rainfall to cause a slope failure.

c. Bedrock steps of different sizes and soil thicknesses between 1-3 m (at prototype
scale) were tested under critical combinations of groundwater seepage and rainfall

infiltration. The results confirmed that the groundwater table and hence PWP will
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rise upslope of a bedrock step, saturating the soil, inducing loss of suction and
effective stress, eventually leading to a failure above the step at lower flow rates than
without a step. Furthermore, if the bedrock step is close to, or outcrops at, the
surface, the shallow landslide occurs upslope of the bedrock step mobilising smaller
volumes of debris. The increase of PWP were recorded by PPTs during the test, and
the failure captured by high-speed cameras. The failure was observed in the form of

cracking, runout, or remobilisation of the soil downstream.

The centrifuge modelling tested the effect of the bedrock geometry on the slope stability
under hydraulic regimes of groundwater and rain, with good results. Mixed scaled soil
(SP-SM) was a combination of Hostun sand plus 10% fines Minisil, and the bedrock
geometry was simplified with a berm at the bottom of the slope. Nine physical models
were tested in the drum centrifuge at ETH under regimes of groundwater only, and
combined with rainfall, and generally agreed with the findings from the numerical
modelling. Similarities were observed in terms of PWP generation, magnitude of GW

flow at failure, and failure location.

Both numerical and physical models supported the hypothesis that GW flow and rainfall
infiltration increase the PWP, reduce suction and increase the potential for surficial
landsliding. GW flow, combined with intense rainfall in centrifuge tests, led to both
bottom-up and top-down saturation (Kienzler 2007), which decreased suction and
increased the unsaturated hydraulic conductivity of the soil. This promotes faster
rainfall infiltration (Ng & Shi, 1998), leading to a more sudden and greater increase of

PWP, increasing the hazard considerably.

The centrifuge testing proved to be a crucial addition to the analysis, showing in a 3-
dimensional scaled model, the development of PWP and the failure mechanisms for
several model configurations. The results confirmed the role of the bedrock geometry on
the slope stability under a combined regime of groundwater flow and rain, providing
invaluable information regarding the failure triggering mechanism and the runout of the

released mass.

7.4 Preliminary hazard assessment

The scree slope can experience different types of mass movement due to its process
dynamics: toppling, rockfall and shallow landslides. Data collected during the
monitoring campaign, which were supported by the field observations, indicated that a

hazardous scenario for the scree slope is a shallow landslide triggered by rainfall that
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mobilised considerable amount of the thickness of the soil. Eventually, this could reach

the village downslope.

After analysis of the monitoring data, laboratory testing, characterisation, numerical
and physical simulations, the main aspects described below shall be considered in the

analysis of a shallow landslide:

e The VWC range variation (up to 1 m depth) is rather low (<0.25) for the
instrumented trenches IT1-IT4.

e It is unknown whether the soil reaches saturation over larger areas and at depths
greater than 1 m.

e Considering the bedrock maximum depth (3 m) and the plot showing bedrock depth
in the scree slope (Figure 5.10), a landslide that would mobilise an average soil
thickness of 1.5 m, with triangular area with a base of 100 m and a height of 200 m

would have a volume of roughly 15000 m3.

Therefore, it is concluded that although rainfall infiltrates into the poorly graded gravel,
it is unlikely for the soil to reach saturation (up to 1 m depth), due to the high
permeability and effective drainage of the gravel and the high hydraulic gradient. The
conditions that could favour the occurrence of a shallow landslide in the scree slope are:
a combination of an outcrop bedrock step plus intense rainfall, enhanced by the snow
melting during spring in a section of the slope steeper than 38°. A failure would then be
triggered by the increase of PWP and loss of effective stress and the location would be

determined mainly by the bedrock geometry, soil thickness and water flow intensity.

The implications of the combined experimental results for the hazard assessment require
knowledge about the several disciplines involved, in order to interpret the data
effectively, and to integrate this information into a realistic model. The triggering of
shallow landslides requires an analysis of rainfall intensity and water seepage in the
slope to determine whether conditions exist for initiation in the field. Centrifuge
modelling results for similar ground models could be useful as a reference of the

initiating rainfall intensities.

Subsequently, the strength parameters of the gravelly soil of ¢'= 42° and ¢’=0 obtained
from the triaxial testing, can be used for prediction of the factor of safety and testing of

additional hazard condition scenarios. It should be taken into consideration that the
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strength parameters are derived from testing on reconstituted specimens using an

average GSD of the four instrumented trenches in the scree slope.

Once the failure is reached, the question arises as to how the mass will be released and
the volume of this displaced mass. Centrifuge testing gave good indicators to exploring
these aspects further: it was observed that when the bedrock was shallower, the PWP
increased as the whole soil layer was saturated. If the water ponded and accumulated
behind the bedrock step, an outflow (spring) can emerge at, and erode, the surface.
Tension cracks may also develop, as was observed in several centrifuge model tests (with
GW and GW plus rain), inducing greater macro-permeability, higher saturation, more
displacement and, eventually, greater run out. The behaviour of the mass released after
failure depends on the intensity of the GW/rain, saturation degree, geometry of the

bedrock and soil thickness.

7.5 Outlook

The following recommendations are given to help to develop an understanding of the
hazard assessment at Meretschibach further. The list below, grouped by section is meant
to answer the open questions in this research, and provides a list of future tasks that, in
the author’s opinion, could help to extend the understanding of failure mechanisms in

scree slopes:
Characterisation

1. The CSD triaxial testing in chapter 5 was performed for two specimen dimensions of
15 and 25 cm in diameter. A CSL line was drawn for each set of tests, and strength
parameters were obtained. It is recommended for the mid-scale triaxial apparatus to
run tests at a higher confining pressure, to obtain the critical state strength
parameters and to improve determination of the CSL, and to observe the dependency
of the soil behaviour and strength parameters on the confining pressure. This task
will additionally allow the comparison of the CSL obtained from mid and large-scale
specimens at a similar range of effective stresses, and check on the dilatancy of the

adopted GSD. Finally, the K_ for mid-scale specimens was 1.83-1.94 before shearing,

and the results showed a K. at failure ranging between 4.6-5.1, therefore a higher

initial stress ratio (using higher o’, ;) could be used, closer to the incipient state of

failure.
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Field monitoring

2. A methodology was provided in chapter 4 to obtain the VWC from ERT
measurements using Archie’s law (1942). These preliminary results were compared
to the VWC obtained, pointwise, from instrumented trenches, with good agreement.
The advantage of using ERT measurements in the determination of VWC is that data
can be obtained along a profile, providing more redundancy in the measurements.
This would be highly recommended due to problems of scale. Therefore, more
measurements of VWC with ERT are advised, in parallel with TDR measurements,
to enhance the application of geophysical and geotechnical techniques already
applied successfully in this project. Archie’s law (1942) determines the resistivity of
the soil as function of the saturation, porosity, and the resistivity of the pore fluid.
These parameters are combined with empirical parameters, such as the cementation
factor m, coefficient of saturation n, tortuosity factor. In this research, values were
inferred for preliminary measurements, therefore the factors m and n were obtained
from matching values of VWC from past results, and the water resistivity from
literature. In a further application it is recommended that the water resistivity is

measured, and the constants m, n, a can be determined more directly.

The site-specific recalibration was used to determine VWC using TDR, EC-5/10HS
with good results for the positive range of temperature. Despite the fact that this
calibration worked relatively well to estimate VWC in the winter season (with
temperatures near or below zero), there is a potential gap in the determination of
VWC in the soil under freezing temperatures. This conclusion is based on results
from some sensors, which showed inconsistencies in the VWC under winter
conditions. The voids in frozen/unfrozen soil can be filled with unfrozen water, ice
and air, so there is a temperature gradient in the soil (due to daily ambient
temperature variations) and processes such frost heave (Miller, 1973; Taber, 1929;
Taber, 1930) could take place, which would affect the VWC in this case. The question
to answer i1s how the VWC estimated with the actual calibration differs from the

VWC determined using a calibration based on calibration in frozen/unfrozen soil.

3. Although this research focused on the response of the slope to rainfall, the VWC
behaviour in winter-time is of interest, especially in an alpine environment, due to
the complex interaction between air, ice, an insulating snow layer, unfrozen water,

and infiltrating water. Furthermore, a study of the freezing and thawing during
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winter and their combined effects on the water infiltration, run off and erosion could
lead to a deeper understanding of the hazard associated to snow melting and
avalanches, as well as their influence in the occurrence of shallow landslides in the

scree slope.

4. The field instrumentation recorded VWC and temperature in the soil using
instrumented trenches up to 1 m depth in selected locations in the slope. 1 m depth
was the maximum reachable in a test pit excavated by hand, without collapse of the
vertical granular walls of the slope. It is recommended to measure the potential
water table (if there is any) depth in order to analyse further the hazard. An
instrumented well near IT4 (due to the relatively flat ground surface and the less

coarse grain sizes, which facilitate the drilling) would meet the purpose.

Numerical and physical modelling

5. The preliminary numerical analysis was performed using steady state hydrological
conditions in the model (SEEP/W). Although this allowed the slope stability analysis
using SLOPE/W, an improvement can be made using a transient analysis instead of
steady state, this is because the development of PWP and infiltration are time
dependent processes. The development of PWP could be analysed from the centrifuge

tests with time in this research.

6. The centrifuge programme was designed to investigate the slope stability for several
bedrock models under hydraulic regimes of groundwater/rain and to quantify a factor
of safety. The objective of understanding, in a simplified model, the mechanism of
failure and PWP development was fulfilled. However, the scree slope at
Meretschibach presents several features that provided more complex interactions
and demands additional study, if the project would continue in order to give further
advice to the community of Agarn. These factors include the soil heterogeneity,
vegetation, effect of water runoff, group of bedrock step interaction, debris flow
erosion, and slope inclination, among others. One of the parameters that has not yet
been included in centrifuge testing, and it is suggested as being relevant due to the
interaction with the shear strength of the soil, is the effect of roots. Askarinejad
(2013) found, from investigating the effect of roots in silty sand, that the soil ductility
increased, indicating larger deformations prior to failure. This could serve as a basis

for further interesting research.
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Abstract

Rainfall can trigger landslides, rockfalls and debris flow events. When rainfall infiltrates
into the soil, the suction (if there is any) is reduced, until positive water pressure can be
developed, decreasing the effective stresses and leading to a potential failure. A
challenging site for the study of mass movement is the Meretschibach catchment, a
location in the Swiss Alps in the vicinity of Agarn, Canton of Valais. To study the effect
of rainfall on slope stabilities, the soil characterization provides valuable insight on soil
properties, necessary to establish a realistic ground model. This model, together with an
effective long term-field monitoring, deliver the essential information and boundary
conditions for predicting and validating rainfall-induced slope instabilities using
numerical and physical modelling. Geotechnical monitoring, including soil temperature
and volumetric water content measurements, has been performed on the study site
together with geophysical measurements (ERT) to study the effect of rainfall on the
(potential) triggering of landslides on a scree slope composed of a surficial layer of
gravelly soil. These techniques were combined to provide information on the soil
characteristics and depth to the bedrock. Seasonal changes of precipitation and
temperature were reflected in corresponding trends in all measurements. A comparison
of volumetric water content records was obtained from decagons, time domain
reflectometry (TDR) and electrical resistivity tomography (ERT) conducted throughout

the spring and summer months of 2014, yielding a reasonable agreement.
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List of notation

a
Dec, Decagon
ERT

ETH, IGT

IT

Ka

m

n

OTT Pluvio?
S

Temp. surface
TDR

TP

VWC

WSL

pll)

Prrr

Tortuosity factor

Dielectric permittivity sensor EC-5 Decagon devices
Electrical resistivity tomography

Institute of geotechnical engineering at ETH Zirich
Instrumented Trench

Dielectric constant

Cementation factor

Coefficient of saturation

Meteostation

Saturation

Temperature in data logger

Time domain reflectometry sensor, Campbell Scientific
Handmade test pit

Volumetric water content

Swiss Federal Institute for Forest, Snow and Landscape Research
Resistivity of the porous soil

Resistivity of the pore filling

Electrical resistivity measured by ERT

Soil Porosity
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8.1 Introduction

The Meretschibach catchment (Figure 8.1), situated in the Swiss Alps, within the
Canton of Valais, provides an environment in which different kinds of mass movements
occur more or less frequently where the slope of inclination is steeper than the angle of
repose. Furthermore, this complex field environment consists of a type of soil that is
challenging for monitoring and characterisation. Shallow landslides can be triggered
within this catchment by a decrease of suction due to rainfall, followed by an increase in
pore water pressure with a consequent reduction in effective stress within the gravelly
soil. Triggering of a mass movement event can generate debris flows, which have the
potential to reach the village of Agarn and cause significant damage to infrastructure, as
well as loss of life [1]. Some of these events have been documented [2], but little has been
published in the case of slope instabilities triggered in gravelly soils. The project at
Meretschibach involves the soil characterisation, including the determination of soil
properties at different depths, thickness of soil (depth of bedrock) and the establishing of
a realistic ground model. This characterisation forms the base of an effective field
monitoring to observe and measure the response of the scree slope to rain infiltration
and saturation processes. A long-term monitoring campaign, integrating geotechnical
and geophysical methods together with laboratory analyses, allows a progressively more
detailed calibration and validation of the ground model. Ultimately a collection of all
acquired data is used for numerical and physical modelling to study the mechanism of
failure due to rainfall [3], hence enabling a hazard assessment to be made and the

implementation of suitable safety measures, along with early warning systems.

Instrumentation is placed at shallow depths within three geotechnical trenches (IT1-3 at
elevations of 1868-1914 m.a.s.l.,, Figure 8.1) in one of the steep scree slopes in the
catchment, to perform real-time monitoring of the volumetric water content (VWC),
temperature and suction [4, 5]. Electrical resistivity tomography (ERT) measurements
were conducted repeatedly throughout the summer months of 2014, on a profile located
closely to IT1, to complement the geotechnical data [6], allowing the VWC recordings to
be validated in specific locations. Furthermore, the precipitation in the area is measured
at two weather stations located within 1 km, at an elevation of 2220 m.a.s.l., and of 1370

m.a.s.l., respectively.
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The data acquired in two of the instrumented trenches (IT1 and IT3) are analysed
separately and compared to the corresponding data in the other trench. Trends in
temperature, as well as VWC in the scree slope’s gravelly soil, correspond well to
expected seasonal changes. Peaks in VWC can be related to intense rainfall events.
Unanticipated variations and deviations can be explained by isolated rockfall events and
freezing/thawing cycles. A good correlation between the peaks in various measurements

is observed for the times when debris flows occurred in the Meretschibach in July 2014.

A comparison between the VWC measurements performed by time domain reflectometry
(TDR) and decagon sensors within each trench is made, and the degree of saturation is
calculated. Furthermore, the VWC obtained from the two geotechnical instruments is
compared to the VWC estimates obtained from the ERT acquisitions using Archie’s law
[7, 8]. All trends and values agree well with each other, proving that the three different
methods are consistent. The VWC and the suction measurements, provide valuable
information to be able to assess changes in soil resistance, particularly in a partially

saturated state.

Bochtiir Area

P4 Scree Slope’

Meretschi- ;"Active
bach AChannel

125000

Debris
x> Collectors s
Agarn. . _~ Ay N
P i ; - . )f J
' ; ERT Profile
® Trenches
616100
Figure 8.1. Overview of the field area, located in the canton of Valais, Switzerland (small map). The left
image looking to the south shows a view of Agarn, situated on the Rhone valley floor and the Meretschibach
catchment on the mountain slopes behind. The most active area within the catchment, the Bochtiir area, can
be divided into an active channel and a scree slope. The right image shows an enlargement of the scree slope
(vellow rectangle) and the locations of the instrumented trenches (IT1 and IT3) are indicated along with the

125100
125100

ERT profile on which the monitoring was performed.
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8.2 Soil and ground characteristics

8.2.1 Soil classification

Figure 8.1 shows the location of the research site and specifically the location of
instrumented trenches 1 and 3 (IT1 — I'T3). Samples were taken from three test pits TP1-
3, near IT1 to perform grain size analysis. The work was carried out during dry summer
weather conditions. The following characteristics were noted: the ground surface was
considered to be ‘depth zero’ for each test pit, at least 4 kg of soil were extracted for each
disturbed sample, some cobbles larger than 70 mm and any boulders were left at the

site, and roots were found in almost all of the samples.

The soil is classified (Figures 8.2, 8.3 and Table 8.1) according to USCS and Swiss
standard classification SN 670 004-2NA, as gravel with silt and sand (GM). Figure 8.2,
shows the soil profiles at the trenches to a depth of 38 cm. IT1 on the left, consists of a
layer of approximately 30 cm thickness (A and B, above the orange dashed line) of gravel
with more fines, overlying coarser gravel. This upper layer can further be divided into an
upper (A) and a lower (B) part with more and less roots respectively. At IT3, the top

layer consists of finer gravel (D) and a transition to slightly coarser gravel (E) can be

inferred.
A
£ D| e
o (8]
Rl B R
C E

Figure 8.2. Soil at instrumented trenches IT1 (left) and IT3 (right). The following description is based on
field observations. IT1: A (~0-12 cm), gravel with silt, sand and roots; B (~12-25 cm), gravel with silt and
sand; C (below ~25-30 cm), coarser gravelly soil with less fines. IT3: D (~0-25 cm), gravelly soil with little
content of sand and silt; E (below ~25 ¢cm) change to a coarser gravel.
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Table 8.1. Soil classification from test pits.

Test Pit USCS Moisture Percent of Cu Ce Gs
Classification | content fines
[%] (%] [-] [-] []
TP1 GM 2.9-3.7 5.7-8.2 73.6-139.3 8.3-14.4
TP2 GM 3.0-5.4 5.5-10.8 33.3-105.1 7.9-11.2 2.68
TP3 GM 3.7-4.3 6.7-16.4 72.8 9.1

Cu: Coefficient of uniformity, Cc: Coefficient of curvature; Gs: Specific gravity

Clay Silt Sand Gravel
Fine Medium Coarse Fine Medium Coarse Fine Medium Coarse
100 Fassing 100% | | l | 1 I =

%0 Fines
@ 70
o
8
c
@ B0
2
a
o 50 Passlng?ﬁ‘%
7]
1]
= 40
30
20
10
0 — it
0.002 0.006 60

Grain size in mm

Figure 8.3. Grain size distribution: samples from Meretschibach scree slope test pits 1-3. A range is marked
in grey to illustrate the characteristics and content of fines for the entire set of samples. A sample in green
from test pit 3 (TP3) at a depth of 30-40 cm and a sample in red from test pit 2 (TP2) at a depth of 20-40 cm
set the upper and lower limit respectively.

8.3 Monitoring methodology

8.3.1 Instrumented trench

Selected spots on the slope(s) (i.e. landslide source areas) are monitored in situ to
measure water infiltration-suction characteristics in the ground, to provide time-series
data about infiltration quantities and rates, and the effect on the inter-particle suction,
which directly affects the in situ effective stress. Suction is measured with tensiometers,
providing complementary data to calculate effective stress and hence to assess changing

shear stress conditions.

Two vertical monitoring profiles were installed (IT1-IT3), consisting of sets of co-located
tensiometers, time domain reflectometry (TDR) soil moisture, decagons and temperature

sensors. Freezing/thawing conditions, particularly during the crucial spring snowmelt
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period, can be identified through measurements of temperature, while the TDRs are
calibrated to measure the volumetric water content. An SR50A Campbell weather
station was installed and monitored within the study area (precipitation, ambient air
temperature, humidity) by the Swiss Federal Institute for Forests, Snow and Landscape
research, (WSL), and a Pluvio OTT? (solid and liquid precipitation) was installed by ETH

to measure total precipitation.

8.3.1.1 Sensors & calibration

The sensors used in this monitoring set up include: tensiometers, decagons, time domain
reflectometry (TDR) and temperature devices. These have been described and used in
previous landslide monitoring programmes [3]; technical details are given in Table 8.2.
TDR and decagon sensors measure the volumetric water content of the soil in the field
and have been used in the past [3, 9], to measure the VWC in unsaturated silty sand,
and alpine moraine with good results. The performance of both sensors will be evaluated
and compared in the field for application in gravelly soils. The decagons and TDRs were
calibrated using the gravelly soil from the field, over the range of volumetric water
contents estimated for unsaturated conditions in gravel. However, when comparing
measurements between these two types of sensors the cylinder of influence as well as

sensitivity to temperature changes should be taken into account.

Table 8.2. Technical information about the sensors installed.

Sensor Name Brand Length Measuring range
Decagon EC-5 Decagon 0.089 m Apparent dielectric permittivity
devices &a 1-50.
TDR TDR100 Campbell 0.15m Apparent dielectric constant
Scientific Ka0s,
Tensiometers Keller AG 0.15, 0.30, 80-85 centibar.
Company 0.45m
Temperature RTD Heraeus -50 to 100 °C.
sensors PT100
8.3.2 ERT

A 2D electrical resistivity survey was carried out on a fixed profile line next to the
instrumented trench 1 (Figure 8.1) to complement the TDR and decagon point

measurements, achieving a more widespread characterisation of the subsurface. The
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basic principle of geoelectrical resistivity measurements involves the injection of current
into the ground through a pair of electrodes and measuring the resulting potential in the
form of a voltage difference at another pair of electrodes along the subsurface current
flow. 48 electrodes were planted along the profile line and the Syscal Pro system (IRIS
instruments) was used to conduct six ERT measurements (three of which are presented
here) in a monitoring phase from May to July, 2014. A Wenner configuration was used
for all acquisitions due to the highly resistive environment. The inversion was performed
using the BERT (Boundless Electrical Resistivity Tomography) software package [6, 10,
11, 12, 13].

8.3.3 Archie’s law

ERT measurements are highly susceptible to changes in the subsurface water
content/saturation as the current injected during a geoelectrical survey flows mostly
through the pore water. An empirical relationship between the resistivity of a porous
medium to the amount of pores, their connectivity and saturation, as well as the

resistivity of the pore filling fluids, was found by Archie [7]:

p =ap,® ms™" (8.1)

where p is the resistivity of the porous soil, p,, is the resistivity of the pore filling fluid, ¢
1s the soil’s porosity and S its saturation which can also be expressed as the ratio
between the water content 8 and the porosity (Eq. 8.2). Furthermore, a is the tortuosity
factor set to 1 for granular soils, m is the cementation factor and n is the coefficient of
saturation. The latter two factors are taken from literature (e.g. [7, 14, 15]) and are

assumed to be constant: m =1.3 and n = 2.

(8.2)

Q|

Archie’s law is considered to be valid in this case, as the soil consists mainly of gravel
and sand and contains almost no fine material, especially clay (Figures 8.2 and 8.3 and
Table 8.1) and has enabled effective comparisons between geotechnical soil moisture
measurements and ERT acquisitions (e.g. [16, 17, 18]). The temporal variation of soil
resistivities along the repeatedly measured profile can therefore be related to the
temporal variation of soil saturation or water content (under the assumption that the

porosity and the pore water resistivity remains constant) as:
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The profile measured on May 15, 2014 was chosen as the baseline model (at time t;) and
variations in saturation in later acquisitions are relative to this profile. The advantage of
this approach is the fact, that none of the constants (except for n) nor the porosity or the
resistivity of the pore water need to be estimated to see a seasonal variation in soil
saturation. The resulting trend can relatively be compared to the readings obtained from

TDR and decagon measurements.

To achieve a more detailed comparison however, the parameters in Archie’s law have to
be estimated from soil and water samples extracted from the field and analysed through
lab and field experiments. The values of the key parameters (¢ andp,,) have been
estimated at this stage of the project on the basis of preliminary tests and the literature.
These can be refined to improve the calculated soil saturation (and VWC) for comparison

with field measurements in the trenches.

8.4 Results and discussion

8.4.1 Instrumented trench IT1

The data recorded from the end of October 2013 to April 2015 are shown in Figure 8.4,
representing variations from four seasons with data from two winter’s. The change of
volumetric water content at 25 cm depth shows a general agreement between the
measurements from the TDRs and decagons for the first eight months. The decagon
readings differ from the TDR recordings after the rockfall event (beginning of August),
but it is not possible to affirm that the impact of the rockfall affected the results at this
depth. Values decrease to a minimum VWC during winter time (end of December to end
of March), probably due to the accumulation of snow, leading to a low or non-existent
rate of rain infiltration. This situation changes from April 2014 (spring season) through
snow melt and rainfall, and continues to fluctuate due to varying seasonal precipitation
to the end of 2014. Changes in VWC occur following to rain peaks. There is a gap from
October 12 to November 10, 2014, with no precipitation information available at this
time. However, it is still possible to see the variations in VWC, most probably due to

precipitation.
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A comparison of the temperatures in the soil at 15 cm depth and in the data logger,
which was considered to be the local exterior temperature on the soil’s surface, was also
plotted in Figure 8.4. Temperatures are around 0°C, with minimum variation, for both
sensors during the winter season, and this trend continues until April 2014. The
temperatures increase again in May (spring season), and stay mainly between 10 — 15°C
until August 2014 (summer season). They decrease again during November 2014
(autumn) and remain near zero degrees, illustrating an annual temperature curve with a

range from approximately -8 to +26 °C.

A rockfall happened at the beginning of August 2014 (Figure 8.4) during an extended
period of rain, with a debris flow observed (dashed brown line) at the end of July. At
least one large boulder hit the trench breaking the stake and exposing the soil
temperature sensor, causing some instability in the readings. An offset between the
decagon and TDR readings was also observed. The boulder was removed and the sensor
placed in the trench again on August 28, 2014, after which the temperature sensors (but
not the decagons and TDRs) were recording similarly again. The VWC increased during
January 2015, as water melted in the voids, when temperatures changed from a period

of negative temperatures to above 0 °C.

Figure 8.5 shows the variation of pore water pressure with precipitation (SR50A weather
station), recorded by the tensiometers, which were installed in June 2014 at depths of
15, 30 and 45 cm approximately three meters uphill of IT1. The correlation between the
loss in suction after rainfall events can clearly be observed, in particular after all
tensiometers show a significant increase in pore water pressure during the period of
higher frequency in precipitation (July 2014). In addition, it should be noted, that the
shallower tensiometer reacts faster the deeper tensiometers after a rainfall event,

according to the direction of infiltration with depth.
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Figure 8.4. Measurements at IT1. From top to bottom: volumetric water content at 25 cm depth
measured with TDR and decagons, temperature at 15 cm depth and in the data logger at the surface and
daily total precipitation (28/10/2013-11/04/2015). Precipitation data were not recorded or not available
during two periods, indicated in the bottom figure. A rockfall happened at the beginning of August
(labelled black arrow), right after the second debris flow event (dashed brown lines indicate the two
largest such events). Also indicated are the three ERT data acquisitions (magenta arrows), from which
results are presented later (Figure 8.8). The colour change in the background reflects time windows
during which tensiometer measurements (orange, Figure 8.5) or readings at instrumented trench IT3
(blue, Figure 8.6) are available. Precipitation data were supplied by WSL during the period of 2013 to
October 2014.

8.4.2 Instrumented trench IT3

IT3 was installed at the end of October of 2014, and mainly reflects the seasonal changes

in volumetric water content and temperature during the most recent autumn and winter

seasons, with a short period corresponding to the beginning of the spring. Data from two

sensors, a TDR and a decagon, located at depths of 15 and 20 cm respectively, are plotted

in Figure 8.6 to show the change in VWC with temperature and precipitation. A

comparison between the VWC values indicates similar trends in the readings, whether

they originated from TDR or decagon, however some discrepancies are noticeable in
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autumn and winter (December and January) and spring time (April). These changes
could be due to a higher sensitivity of the decagons to a period of negative temperatures
(from December to mid of January) and the differently sized cylinders of influence for the
two types of sensors. TDRs have larger cylinders of influence and could therefore be
considered as more representative measurement. Furthermore, a difference in readings
might arise from the different installation depths of the two sensors.

Tensiometer Measurements at Trench IT1
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Figure 8.5. Tensiometer measurements at IT1 and precipitation data (25/6/2014-11/10/2014). Two debris
flow events in the Meretschibach are indicated (brown dashed lines) and the ERT acquisition (Figure 8.8) on
July 25, 2014 (magenta arrow). Precipitation data were supplied by WSL from the meteostation (SR50A)
located at Meretschihorn 2220 m.a.s.l.

Temperatures remained near or below zero during the winter season (end of December to
end of March), and the VWC reached minimum values due to minimal precipitation in
form of rain (Figure 8.6). An increase in VWC is observed during the beginning to mid-
January in the form of two peaks. The occurrence can be explained due to ice or snow
melting after a transition from a negative temperature period to 0 °C, or slightly above
freezing temperatures. The increase in temperature manifests itself in two
corresponding peaks within the surface temperature and a continuous period of higher
values in the soil temperature near 0 °C. The peaks in VWC during winter do not
correlate with peaks in precipitation, as no such peaks are observable in the remaining
winter period (February-March 2015) even though peaks in precipitation (mostly
snowfall) can be noted. Peaks of VWC at IT3 show up in a very similar manner in IT1

(Figure 8.4 and 8.7, discussion in section 8.4.3).
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Changes in VWC are also observed in April 2015 (Figure 8.6), when spring starts, but
temperatures still remain close to 0 °C. A correlation to (a) rainfall event(s) is obvious;
however thawing cycles could play a role in the increase of VWC in the soil, as the snow

at the higher elevation start to melt.

In IT3, the decagon appears to be more sensitive to variation of precipitation and
temperature, compared to the TDR. The relatively higher sensitivity of the decagon
device is not as clearly detectable in IT1. During winter, at the end of 2014 (Figure 8.6),
the decagon records more variation whereas the TDR device remains relatively steady at

low VWC values over the entire season.
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Figure 8.6. Measurements at IT3. From top to bottom: volumetric water content at 15 and
20 cm depth recorded with TDR and decagon sensors, temperature at 15 cm depth and in the
data logger at the surface and daily total precipitation measured with Pluvio OTT?2 at 1370
m.a.s.l. (11/11/2014-11/04/2015). It should be noted, that the meteostation failed to record
data during a period of four days (December 18-21, 2014) for unknown reasons.
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8.4.3 Comparison between instrumented trenches

Figure 8.7 shows the comparison of the volumetric water content at IT1-IT3, located at
elevations of 1868 m.a.s.l. and 1914 m.a.s.l. respectively. TDR and decagons were plotted
separately, one from each trench over the same period, (as shown in Figure 8.4 and 8.7,

marked with a blue background).

In addition, the precipitation and temperature are plotted in the same figure to facilitate
a comparison in terms of correlation. The records of VWC agree within the seasonal
changes: the changes in autumn (November- December 2014) are due to precipitation
(rain/snow), and during winter when it reaches a minimum, the changes (e.g. the two
peaks in beginning to mid-January 2015 marked in grey background) reflect rather
temperature variations (thawing - freeze cycles) than actual increases in precipitation.
Variations at the beginning of the spring season (April 2015) due to precipitation in the

form of rainfall are again observed.

Most interestingly, the two large peaks in VWC data in January 2015 (Figure 8.7, grey
background) were recorded in a very similar manner in both trenches. This not only
means that both types of instruments expressed a comparable sensitivity most likely to a
temperature variation, resulting in thawing (as discussed in section 8.4.2), but also that

this specific event influenced the entire scree slope instead of isolated locations.

291



8. Appendix: Application of geotechnical and geophysical field measurements in an active
environment

Comparison between trenches IT1 & IT3
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Figure 8.7. Comparison between TDR and decagon measurements at I'T1 and IT3 during the
period of 11/11/2014-11/04/2015 (same length of time as in Figure 8.6).

The possibility of isolated and sudden events such as avalanches on the scree slope is
also considered for an explanation, although this scenario does not necessarily imply an
increase of the VWC in the point of view of the authors. Instead, an explanation for this
abrupt increase can be attributed to the difference in the dielectric constant of water and
ice (approx., 80 and 3, respectively [6]). According to the Topp equation used for TDR
calibration [3], the VWC increases with the dielectric constant. Since the total dielectric

constant of a soil can be estimated from its components (solid, water and air),
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freezing/thawing cycles have an impact on the magnitude of the calculated VWC. A
better understanding of this widespread type of event will be possible when photographs

from permanently installed cameras at the scree slope near I'T3 are retrieved.

Furthermore, a third peak occurring at the end of December 2014 (grey background),
was only detected by two decagons, but the peak remained smaller in IT1 compared to
IT3. An increase in temperature was measured in both trenches at the same time. This
again suggests a greater sensitivity of decagons (as an instrument type) to changes in
temperature, in particular after longer periods of subzero conditions. Variations in VWC
between trenches, as shown in Figure 8.7, can be due to a difference in the gravel

characteristics as described in Figures 8.2 and 8.3.

8.4.4 Comparison between ERT and TDR

The resulting geoelectrical tomograms in Figure 8.8, show the subsurface resistivities
obtained from inversion of the ERT data acquired on May 15, June 16 and July 25, 2014.
All models depict a two-layered subsurface: an upper, relatively low resistive layer,
which can be attributed to the gravelly soil and a highly resistive layer underneath,

which 1s assumed to represent the quartzite bedrock.

The precipitation data before each of the acquisitions (magenta arrows in Figure 8.8)
show that the conditions were dry and undergoing a drainage phase for the first two
campaigns, whereas the data acquired in July was recorded within a period of heavy
rainfalls. These seasonal changes are mostly reflected in resistivity changes within the
soil layer, in particular as a significant reduction of resistivities in the July model. The
saturation relative to the subsurface model obtained in May clearly reflects these
conditions; there is a slight near-surface decrease in saturation in June, whereas an
increase in saturation is observed within the soil layer in July. This trend in near-
surface soil saturation corresponds very well to the volumetric water content
measurements (which are directly proportional to saturation) from TDR and decagons

installed at shallow depths within trench 1 (lowermost graph in Figure 8.8).

8.5 Conclusions

Combining geotechnical and geophysical techniques, has lead to greater insight about
the characterisation of the ground forming the scree slope and its response to rainfall
and snow in terms of saturation and desaturation. A monitoring campaign was designed

to investigate this, using different methods consisting of two types of sensors installed in
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instrumented trenches to determine the VWC. ERT was used to obtain resistivities

which can be converted to VWC through Archie’s law.

The monitoring of two instrumented trenches (IT1-IT3) gives valuable information
regarding the response of the volumetric water content and temperature in the soil due
to seasonal weather changes. In this aspect, the VWC increases in spring due to thawing
cycles and precipitation in the form of rain, and reaches the lowest values during winter
when temperatures, that stay near 0 °C or below, could lead to soil freezing under the
protective insulation of a snow cover. The occurrence of isolated peaks in VWC during
winter can be explained by thawing after relatively extended periods of subzero

temperatures.

There 1s a good agreement in the data trend between decagons and TDR, but some
differences can be observed, either due to rockfall events (IT1) or a greater sensitivity of
one of the sensors, e.g. decagons to temperature changes during thawing periods (IT3).
Additional sensor specific conditions, such as the cylinder of influence, can account for
variations in the readings. The data collected from VWC in both trenches show that the
response to seasonal changes are similar for the shallower layers at two different

elevations on the scree slope.

The analyses of the volumetric water content time series obtained from instrumentation
in the trenches not only showed very plausible seasonal trends and a clear correlation to
increases in precipitation, but also compared reasonably well to saturation trends
calculated from ERT measurements, conducted on different dates from May-July 2014.
Thus, these results illustrate how well geotechnical and geophysical measurements can
complement each other. Furthermore, models obtained from different ERT acquisitions
consistently showed a subsurface separable into a highly resistive, underlying bedrock at

shallow depths and a less resistive gravelly soil layer at the surface.
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Figure 8.8. The uppermost row shows the resulting geoelectrical tomograms from May 15, June 16 and July
25, 2014. The resistivity scale beneath the tomograms is the same for every acquisition. The row below
shows the increasing and decreasing saturation, relative to the subsurface model obtained on May 15.
Finally, the three acquisition dates are indicated (purple arrows) within the precipitation and the volumetric
water content measurements from TDR and decagon instrumentation in trench 1, shown in the lower most
graphs from 01/05/2014-01/08/2014. Also indicated in both graphs are the debris flow events in July (see
Figure 8.4 for description).
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