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SUMMARY 

 
Preferential flow occurs in many soils and it is recognized to influence soil moisture 

distribution and hydrological fluxes at different scales. Preferential flow paths are formed for 

example by soil fauna, by plant roots or soil erosion. Water plays an important role in mass 

movement processes: rainwater or snow melt infiltrates into the soil and recharges the 

groundwater system. The unsaturated zone controls groundwater recharge allowing for the 

loss of soil moisture by evaporation and attenuation of percolation towards the groundwater 

system. An increase in pore water pressure results in a decrease in an effective stress and 

internal strength of slopes. The preferential fluxes may change the spatial and temporal 

hydrological response of a landslide and influence intensity, duration and differentiation of 

mass movement.  

The quantification of groundwater recharge, especially by means of preferential flow, is a 

research challenge for an advanced understanding of hydrological systems in hillslopes and 

landslides. The main difficulties stem from heterogeneity of landslide lithology and spatial 

and temporal variations of hydraulic properties. The complexity of preferential fissure flow 

processes, and their high spatial and temporal variability, makes it very difficult to measure 

the processes in the field and to include them in hydrological modeling. 

This thesis focuses on preferential fissure flow, where fissure is defined as geo-mechanically 

induced cracks commonly present in slow-moving landslides, and their influence on landslide 

hydrological behaviour. Research work included both extended field measurements and 

hydrological modelling. All experiments described in this thesis were done at the Super-Sauze 

landslide: a persistently active clay shale landslide that covers 0.17 km2 of surface with the 

average slope of 25°. The landslide kinematics of the Super-Sauze is controlled by hydrology. 

The mass movement occurs as a consequence of the rise of groundwater table and hence the 

development of positive pore pressure. 



vi   Summary 

In order to monitor and quantify preferential flow processes on site two methodologies were 

proposed: Distributed Temperature Sensing (DTS) and combined hydrological and 

hydrochemical analysis of small-scale sprinkling tests. Both methodologies allowed for 

qualitative analysis of preferential flow patterns and showed the potential for quantification of 

dominant hydrological processes observed across the landslide: 

- qualitative analysis of measured soil temperature variation allowed observing spatial 

differences in soil moisture state and estimating the location of surface and subsurface 

water flow paths; 

- quantitative analysis of measured soil temperature made it possible to detect the 

spatial and temporal variations in apparent soil thermal conductivity and correlated 

them with measured soil moisture content; promising empirical relationships were 

obtained when accounting for local heterogeneities in soil characteristics; 

- analyses of small scale sprinkling experiments, combining the hydrological and 

hydrochemical analysis of two consecutive days of sprinkling, were able to capture the 

dominant hydrological process occurring in the area and show the potential for their 

quantification; based on the analysis of all available field data, conceptual models of 

the hydrological responses were proposed. 

The literature review and the analyses of the extensive field data sets consisting of day-to-day 

monitoring as well as sprinkling experiments, resulted in the formulation of a conceptual 

model of the hydrological influence of fissures on landslide activity. Special attention was 

given to spatial and temporal variation in fissures connectivity, which makes fissures act both 

as preferential flow paths for deep vertical infiltration and as lateral groundwater drains. 

These dynamics were included in a spatially distributed hydrological and slope stability 

model and applied to a ’simple’ landslide. The results highlight that fissure connectivity and 

fissure permeability play an important role in distributing water within a landslide. Making 

the fissures connectivity a function of soil moisture content resulted in a strong seasonality of 

the hydrological response on infiltrating rainwater or snowmelt: increased soil moisture 

content leads to more lateral water drainage through the fissures towards the lower part of the 

landslide, while decreased soil moisture content increases the water storage in the fissures.  

Furthermore, an analysis was made of all available field monitoring data of the Super-Sauze 

landslide. Hereafter, the distributed hydrological and slope stability model was applied to the 

Super-Sauze case study. The main objective was to model the influence of fissures on the 
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hydrological behaviour of slow moving landslide and the dynamic feedbacks between 

fissures, hydrology and slope stability. In addition to hydrological feedback (fissure 

connectivity being the function of soil moisture content), the mechanical feedback was 

implemented as a relationship between fissure volume and level of landslide activity.  

Overall, from this research it can be concluded that preferential fissure flow may significantly 

influence the timing and duration of the periods of elevated pore pressure conditions in 

landslides depending on fissure network characteristics, especially fissure volume and 

connectivity between them. The field measurements outline the spatial heterogeneity of soil 

hydraulic properties and dominant hydrological processes existing in slow-moving clay shale 

landslides. The analyses of field data together with presented modelling results confirms the 

importance of distributed approaches when modelling differential hydrological response of 

complex heterogeneous landslides and stresses the need for including spatio-temporal changes 

in soil hydraulic properties of both fast (i.e. fissures) and slow (i.e. matrix)  responding 

domain.  
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SAMENVATTING 

 
In een bodem stroomt het water voornamelijk via een beperkt aantal voorkeurstroombanen. 

Dit heeft grote invloed op de vochtverdeling en op de hydrologische fluxen in een bodem. 

Voorkeurstroombanen worden gevormd door o.a. bodemfauna, plantenwortels en 

bodemerosie. Water speelt een belangrijke rol bij aardverschuivingen: regenwater of 

sneeuwsmelt infiltreert in een (onverzadigde) bodem. Bodemverdamping vermindert deze 

hoeveelheid water en het overtollige water stroomt naar het grondwater. Water in de grond 

leidt tot een toename van de poriedruk, wat zorgt voor een afname van effectieve spanning in 

de grond en daarmee voor een afname van de interne sterkte. Dit kan leiden tot het instabiel 

worden van een helling. Het belang van waterstroming in voorkeurstroombanen bij 

aardverschuivingen is dat het een regulerende rol speelt bij de intensiteit en de duur van de 

massabeweging. 

Het kwantificeren van grondwateraanvulling, vooral door voorkeurstroombanen, is een 

wetenschappelijke uitdaging. Hierbij gaat het vooral om het beter begrip krijgen van het 

functioneren van hydrologische systemen in hellingen en aardverschuivingen. Het grootste 

probleem ligt in de heterogeniteit van aardverschuivingen en de ruimtelijke en temporele 

variatie van de hydraulische eigenschappen van de bodem. De complexiteit van 

waterstroming in voorkeurstroombanen en de ruimtelijke en temporele variabiliteit, zorgen 

ervoor dat deze processen moeilijk te meten zijn in het veld en daarmee ook lastig zijn op te 

nemen in hydrologische modellen. 

Dit proefschrift richt zich op waterstroming in spleten (scheuren in de grond) die ontstaan zijn 

door differentiële beweging van de grond, zoals we dat tegenkomen in langzaam bewegende 

aardverschuivingen, en naar de invloed hiervan op de hydrologie van een aardverschuiving. 

Het onderzoek beslaat zowel uitgebreid veldonderzoek als het hydrologisch modelleren. Alle 
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veldexperimenten zijn uitgevoerd op de Super-Sauze aardverschuiving: een actieve 

aardverschuiving in tot silt-klei verweerde mergelafzettingen. De aardverschuiving beslaat 

0,17 km2 en heeft een gemiddelde hellingshoek van 25°. De bewegingsdynamiek van Super-

Sauze is direct gerelateerd aan de hydrologie: bij stijgend grondwater, en dus toename van de 

poriedruk, zal de aardverschuiving in beweging komen of versnellen. 

Voor het monitoren en kwantificeren van voorkeurstroming stelt dit proefschrift twee in-situ 

methodes voor: ‘Distributed Temperature Sensing’ (DTS) en kleinschalige 

beregeningsproeven waarbij hydrologische en hydrochemische metingen gecombineerd 

worden. Beide methodes leveren een kwalitatief inzicht in de patronen van 

voorkeurstroombanen en een kwantitatief inzicht in de dominante hydrologische processen 

die in een aardverschuiving optreden. De belangrijkste resultaten van de in-situ methodes zijn: 

- Kwalitatieve analyse van bodemtemperatuur fluctuaties levert inzicht op in ruimtelijke 

verschillen van bodemvochtigheid en geeft een indicatie van de locatie van 

oppervlakkige en ondergrondse stroombanen. 

- Kwantitatieve analyse van gemeten bodemtemperaturen maakt het mogelijk om 

ruimtelijke en temporele verschillen in de thermische geleiding van de bodem te 

detecteren, die zijn gecorreleerd met bodemvocht gehaltes. Er werden interessante 

empirische relaties gevonden tussen thermische geleiding en gemeten bodemvocht 

mits rekening wordt gehouden met de locale heterogeniteit van 

bodemkarakteristieken. 

- De analyses van de kleinschalige beregeningsproeven waarbij hydrologische en 

hydrochemische analyses gecombineerd werden, toonden aan dat op deze manier de 

dominante hydrologisch processen op verschillende locaties op de aardverschuiving 

kunnen worden gevonden en kwantificeerbaar zijn.  

Naar aanleiding van een literatuurstudie en uitgebreide veldexperimenten waaronder 

beregeningsproeven, is een conceptueel model van de invloed van scheuren op de hydrologie 

en dus aardverschuivingactiviteit gemaakt. Met name is gekeken naar de dynamische 

hydrologische verbindingen tussen de individuele spleten. Het is deze hydrologische 

verbinding tussen spleten die ervoor zorgt dat voorkeurstroombanen ofwel diepe infiltratie 

bevorderen ofwel de laterale drainage van het water faciliteren. Deze dynamiek is wiskundig 

beschreven in een ruimtelijk gedistribueerd hydrologisch en hellingstabiliteit model dat is 



  xi 

toegepast op een synthetische aardverschuiving. De resultaten tonen aan dat de hydrologische 

verbinding tussen spleten onderling en de doorlatendheid van de spleten zelf een heel 

belangrijke rol spelen in de waterverdeling in een aardverschuiving. Als de verbinding tussen 

de spleten een functie wordt gemaakt van het bodemvochtgehalte ontstaat een sterk 

seizoenseffect in de hydrologische reactie van de aardverschuiving op regen en 

sneeuwinfiltratie: bij toenemende vernatting wordt meer water gedraineerd door de spleten 

naar het onderste deel van de aardverschuiving. Dit kan ofwel leiden tot hogere 

grondwaterstanden onderin de aardverschuiving ofwel tot een grondwaterstand afname als het 

water de aardverschuiving verlaat via het oppervlakte water systeem. 

Vervolgens is een analyse gemaakt van de lange reeks gegevens die verzameld zijn door 

middel van het continue monitoringsysteem van de Super-Sauze aardverschuiving. Hierna is 

het gedistribueerde hydrologische en hellingstabiliteitsmodel toegepast op de Super-Sauze 

aardverschuiving. Het doel van deze case study was om de invloed van spleten op de 

hydrologische dynamiek van een langzaam bewegende aardverschuiving te modelleren en om 

de dynamische interactie tussen spleten, hydrologie en hellingstabiliteit te bestuderen. 

Behalve hydrologische koppeling tussen de hydrologische verbindingen tussen spleten en 

bodemvochtgehalte is een mechanische interactie voorgesteld: een relatie tussen het volume 

aan spleten in de bodem en het stabiliteitsniveau van de aardverschuiving. 

Uit dit onderzoek kan worden geconcludeerd dat voorkeurstroombanen een significante 

invloed kunnen hebben op het moment en duur van poriedruk toename en dus op het initiëren 

van massabewegingen. Hierbij zijn vooral het volume aan spleten en de hydrologische 

verbindingen tussen de spleten van groot belang. De veldmetingen tonen de enorme 

ruimtelijke heterogeniteit van de hydraulische eigenschappen van de bodem en de dominante 

hydrologische processen die plaatsvinden in langzaam bewegende aardverschuivingen. Het 

hier gepresenteerde onderzoek bevestigt het belang van ruimtelijke modellering van 

hydrologische processen in complexe, heterogene aardverschuivingen en benadrukt het 

belang van het meenemen van ruimtelijk en temporele veranderingen van 

bodemeigenschappen voor het modelleren van waterstroming. 
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INTRODUCTION 

 



2 Chapter 1 -  

 

1.1 Problem definition 

The growth of society results in expansion of infrastructure building activities into 

environmentally privileged but often hazardous places as river beds and slopes. At the same 

time, society all over the word demands for improvement of living standard and an increasing 

level of protection against natural risks.  

 
Figure 1-1. Landslide hazard in the mountainous regions (Geoscape Nanaimo website, 2012) 

In mountain regions the communities are exposed to several hydro-geomorphological 

hazardous processes, such as snow avalanches, floods, landslides, rockfalls and debris flows 

(Figure 1-1). Among these, “landslides represent a major threat to human life, property, 

infrastructure and natural environment in most mountainous and hilly regions of the world” 

(Lacasse & Farrokh, 2008) being the most destructive natural hazard on earth (Brabb, 1991). 

During the last two decades 321 catastrophic landslides were registered worldwide and more 

than half of those landslides occurred in Asia. While landslide cause the highest rate of deaths 

and injuries in Asia and America those in Europe are the most expensive – average damage of 

around $44 million per landslide (EM-DAT, 2012). However, it is important to note that EM-

DAT database covers only the disastrous events when they fulfil one of the following criteria: 

10 or more people reported killed, 100 or more people reported affected, there was a call for 

international assistance or there was a declaration of state of emergency. 
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The hazard events in mountain regions often show disastrous dimensions. It indicates that 

there is a need for improvement of preventive measures and early warning systems. Advanced 

development and improvement of risk management, especially increased knowledge of 

processes inducing hazards and improved risk prediction, is required (Glade & Crozier, 2005; 

Van Asch et al., 2007). Although various methods to carry out quantitative landslide risk 

analysis are available (Bell & Glade, 2004), in most cases they are based on empirical cause-

effect analysis of the events which occurred in the past (historical data). This approach does 

not give sufficient information to predict and identify changes in hazards caused by changes 

in hydro-geomorphological characteristics of the area (Van Beek & Van Asch, 1999; Van 

Beek, 2002). 

Water plays an important role in mass movement processes and hydrological triggers are a 

common mechanism of initiation and reactivation of landslides. Variations in groundwater 

level result from fast (e.g., rainfall, infiltration) and slow (e.g. deep bedrock flows) 

hydrological processes (Iverson, 2000). However, despite improved monitoring techniques 

and notion of landslide dynamics (McDonnell, 1990; Haneberg, 1991; Uchida, 2001; 

Kirchner, 2003; Bogaard et al., 2004; Malet et al., 2005; Tromp-van Meerveld & McDonnell, 

2006; deMontety et al, 2007; Wienhöfer et al, 2011) our understanding of the hydrological 

processes in landslides is still incomplete, especially when dealing with infiltration and 

percolation processes, subsurface flowpaths and residence time of landslide groundwater 

(Bogaard et al., 2004; Van Asch et al., 2007).  

1.2 The role of hydrology in mass movement processes 

1.2.1 General principles of slope instability 

Gravity, mobilised friction, buoyancy and seepage are the forces that work on a soil body. 

The potential soil movement is resisted by the shear strength of the soil that can be mobilised 

along the slip surface. The mobilised shear strength (τ) of a soil is commonly approximated 

using the Mohr-Coulomb equation: 

' tan( )cτ σ ϕ= + ⋅           (1.1) 

c = cohesion [kPa] 

φ   = angle of internal friction [°] 
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σ’ = effective normal stress [kNm-2] 

 ' uσ σ= −           (1.2) 

σ = total normal stress [kNm-2] 

u = pore water pressure  [kNm-2] 

 

The shear strength describes the magnitude of the shear stress (i.e. gravitational forces) that a 

soil can sustain as the result of friction and cohesion forces. Cohesion and angle of internal 

friction are material properties and can be measured in laboratory experiments.  
 

 
 

Figure 1-2. (a) Forces working on the slope; (b) Triggering condition of the precipitation induced landslides 
(Nettleton et al., 2005). 
 

The ration between maximum shear strength calculated with Mohr-Coulomb model and 

gravity - induced shear stress (factor of safety, fs) is a conventional measure for slope stability 

(Figure 1-2a). When the shear stress mobilises the maximum shear strength (fs=1) failure is 

imminent. 

1.2.2 Landslide causes and triggering 

A lot of research has been dedicated to the causes of landsliding also called as preparatory 

mechanisms (e.g. Varnes, 1978; Crozier, 1986, Hutchinson, 1988, Wieczorek, 1996). These 

are the cumulative events which make a slope unstable or marginally stable (Figure 1-2b). In 

general, the causes of slope movement can be grouped into two subdivisions (e.g. Chandler, 

1986; Gostelow, 1996; Bogaard, 2001): 
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- internal causes – reduction of frictional force caused by changes in water regime (e.g. pore 

pressure increase) or decrease of material strength properties (e.g. weathering, internal 

erosion); 

- external causes – increase of gravitational shear stresses by changing the slope geometry 

(e.g.: slope erosion, undercutting the slope), vibration (e.g.: tectonic activities, earthquakes) 

and changes in surcharges (e.g.: vegetations, buildings, increase weight because of wetting). 

As summarised by Bogaard (2001), “the difference between triggering and slope instability 

causes is the time domain”. Causes are long-term, often simultaneously existing, processes 

while the trigger is a short- time event that results in a nearly–immediate response of mass 

movement (Figure 1-2b and Figure 1-3). In other words, triggers are those events, or 

conditions, that actually initiate movement of the slope.  

 
Figure 1-3. Examples of mechanisms (causes and triggers) initiating landslides. 

1.2.3 Precipitation induced landslides 

Precipitation induced landslides refer to landslides triggered by infiltration and the resultant 

transient changes in the hydrological systems. The most common and known hydrological 

triggering mechanism occurring in both shallow and deep–seated landslides is related to an 

increase in pore water pressure resulting in a decrease in an effective stress and internal 

strength of slopes (Van Asch et al., 2007). The increase of pore water pressure necessary to 

initiate slope movement is proportional to the depth of the slip surface (Bishop, 1954).  

With the exception of a moist unsaturated zone in a shallow landslide, precipitation has 

limited predictive value for groundwater level fluctuations in hillslopes and thus for landslide 

activity (Bogaard, 2001; Bogaard & Van Asch, 2002; Hencher, 2010). The unsaturated zone 

controls groundwater recharge allowing for the loss of soil moisture by evaporation and 
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attenuation of percolation. It also provides preferential flow paths (formed by soil fauna, by 

plant roots, soil erosion, etc; Beven & German, 1982) for infiltrating water (Bogaard & Van 

Asch, 2002; Hencher, 2010). The quantification of groundwater recharge, especially by means 

of preferential flow, is a research challenge for an advanced understanding of hydrological 

systems in hillslopes and landslides (Savage et al., 2003; Coe et al., 2004; Van Asch et al., 

2007; Weiler & McDonnell, 2007). The main difficulties stem from heterogeneity of landslide 

lithology and spatial and temporal variations of hydraulic properties. Additionally, in slow-

moving landslide, (constant) movement of the sliding material results in fissure formation due 

to compression and extension, providing preferential flow paths for infiltrating water. This 

creates a dual-permeability network with dynamically changing hydraulic properties. 

1.3 Preferential fissure flow 

1.3.1 Definition of preferential flow 

The term preferential flow refers to “mechanisms where transport of water (…) is primarily 

associated with a smaller fraction of the total pore network, at any scale much larger than the 

microscopic scale” (Alaire et al., 2009). In other words it describes “all phenomena where 

water and solutes move along certain pathways, while bypassing a fraction of the porous 

matrix” (Hendrickx & Flury, 2001). Three types of preferential flow can be distinguished 

(Figure 1-4):  

- rapid macropore flow (e.g. Beven & German, 1982) that may result from bio-pores 

(formed by the soil fauna or by plant roots), cracks in clayey soil or soil aggregates, as 

well as from natural soil pipes; 

- unstable finger flow (e.g. Ritsema & Dekker, 1994; deRooij, 2000), occurring in 

finger-shaped regions, that is the result of wetting front instability mainly caused by 

water repellency, soil layering or air entrapment; 

- funnel flow (e.g. Roth, 1995; Ju & Kung, 1997) which is the redirection of the main 

flow over sloping layers, lenses or stones. 
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Figure 1-4. Schematic representation of different types of preferential flow: (a) macropore flow – flow through 
the highly permeable macropores, (b) finger flow due to repellency difference - lateral water flow to the fingers 
at the soil surface, vertical finger flow down to the subsoil, spread of the fingers in the lower subsoil, (c) funnel 
flow – redirecting of water flow by sloping layers of coarser or lower permeability material, flow accumulation 
at a lower region. 

Many field studies show that preferential flow is widespread phenomena being more the rule 

than the exception (Flury et al., 1994; Steenhuis et al, 1996; Ritsema & Dekker, 2000; Rouiler 

& Schulin, 2008). Preferential flow may strongly affect temporal and spatial behaviour of 

local hydrological regimes. It influences soil water availability, groundwater level fluctuation 

and water distribution within the catchment. For a review of finger flow and funnel flow the 

reader is referred to Van Schaik (2010). 

The focus of this research is on preferential macropore flow related to geo-mechanically 

induced cracks in slow-moving mudslide – fissure flow. 

1.3.2 Macropore flow   

There is not a standard definition that characterizes a given soil pore as a macropore (Beven 

& German, 1982; Allaire et al, 2009). However, it can be generalised that macropores refer to 

structural pores which are much larger than the average soil matrix pores (Greco, 2002) and 

drain mainly by gravitational forces (not influenced by capillarity). Initiation of macropore 

flow depends mainly on antecedent soil moisture content, rainfall amount and intensity, 

hydraulic conductivity of the soil matrix, density and distribution of macropores and soil 

texture (Bouma, 1990; Trojan & Linden, 1992; Weiler & Naef, 2003). Macropore flow can be 

initiated either at the soil surface or from (partially-) saturated soil layer, when the rainfall or 

percolation intensity exceeds the infiltration rate of the lower soil layer The interaction 

between macropores and the surrounding soil-matrix depends on soil matrix properties, soil 
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water content and the properties of macropores and matrix-macropore interface (Weiler & 

Naef, 2003). 

The effectiveness of macropores for transmitting water downslope depends upon their size, 

spatial distribution, and connectivity (Beven & Germann, 1982; McDonnell, 1990; Cameira et 

al., 2000; Nobles et al., 2004). The larger the macropores are, the more water they can 

potentially conduct or store, depending on the connectivity between macropores. The 

macropores themselves are not considered to be continuous throughout the soil profile or the 

hillslope. It is more likely that they are separated by matrix blocks located at the endpoints of 

the individual macropores (e.g.: Noguchi et al., 1999; Sidle et al., 2001; Figure 1-5). In this 

way, the macropore connectivity and transmissivity depends on the water content in the 

separating matrix stretches, and the degree of macropore effectiveness increases with wetness 

(Tsuboyama et al., 1994; Sidle et al., 2000, Van Schaik et al., 2008). However, despite field 

evidence, laboratory experiments and analytical research, the relationship between soil 

moisture and macropore connectivity is qualitative only (Nieber & Sidle, 2010) and its 

quantification remains difficult.  

 

Figure 1-5. Conceptual model of (a) an expansion of surrounding soil that interacts with water in macropores and 
(b) the extension of macropore network with increasing wetness of the soil (Tsuboyama et al., 1994). 

1.3.3 Fissure formations  

The terms fissure and crack are often used as synonymous to refer to a variety of surface 

discontinuities (Fleming & Johnson, 1989; Cruden & Varnes, 1996; Walter et al., 2009). In 

this thesis the term ‘fissures’ is used to refer to geo-mechanically induced cracks, creating 
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surface discontinuities observed on natural slopes. These fissures can be filled or partly filled 

with reworked material (Figure 1-6).  

 
Figure 1-6. (a) Open fissures; dry matrix on the surface but saturated at the bottom of the fissures; (b) Dry 
fissures;  (c) Wet fissures, filled or partly filled with reworked material. Pictures were taken during the field 
campaigns at Super-Sauze landslide in May and July 2008. 

 

The location and morphology of the fissures within a landslide corresponds to mechanical 

processes. There are three basic modes of fissure propagation: tensile opening, sliding and 

tearing (Figure 1-7a; Anderson, 2005; Schulson & Duval, 2009). The occurrence of tension 

fissures depends on the bedrock topography, lateral bedrock boundary, cavity and slope 

changes (Wilhelm, 1975). Mudslides often display typical fissures patterns (e.g., Keaton and 

Graff, 1996; Figure 1-7). These patterns, together with landslide material characteristic and 

knowledge about landslide geometry allows for mechanical interpretation and classification of 

the fissures (Stumpf et al., submitted): 

- Transversal tension fissures and open shears between blocks (also called traction 

fissures), associated with the tension and shearing in the areas with significant changes 

in slope angle (e.g. in upper part, close to the scarp); 

- Diagonal shear-tension fissures, resulting from shear stresses between the areas 

characterised with different displacement rate (i.e. boundary site of landslide), on the 

sides. This type of fissures runs in accordance with the shear strain conditions. They 

start from the solid rock (or stable area) boundary in the direction of the sliding body 

with an angle of 30°-45° up the slope which is in accordance to other research 

observation (Wilhelm, 1975; Hambrey & Alean, 1994). 
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Figure 1-7. (a) Models of fissure propagation (Stumpf et al., submitted); (b) Typical surface fissures patterns and 
(c) their spatial occurrence within mudslide (modified after Keaton and Graff);  

- Longitudinal and transversal fissures resulting from compressive stress and lateral 

extension (e.g. accumulation zone). 

In case of landslides with more complex geometry the combination of all the surface fissure 

types can be observed throughout landslide area.  

1.3.4 Influence of fissure flow on landslide hydrology 

The term ‘preferential fissure flow’ is used to refer to rapid water flow in fissures bypassing 

the bulk flow of the less pervious matrix (Beven & German, 1982; Hendrickx & Flury, 2001). 

Fissures are a special case of macropores with apertures that vary from few millimetres up to 

tens of centimetres. The importance of macropore flow for slope hydrology (including slope 

stability) was recognised in the early 1980s (Pierson, 1983; Brand et al., 1986) and has 



Introduction 11  

subsequently been receiving a great deal of research attention (Tsuboyama et al., 1994; 

Noguchi et al., 1999; Nobles et al., 2004; Nieber & Sidle, 2010). 

Various authors reported adverse and beneficial effects of macropore flow (including fissure 

flow) on landslide activity (McDonnell, 1990; Van Beek & Van Asch, 1999; Fannin et al., 

2000; Uchida et al., 2001; Hencher, 2010). The presence of fissures may influence storage 

capacity of the soil and affect the infiltration processes of rainfall and snow melt by re-routing 

surface and subsurface water flow paths (Figure 1-8). Fast flow through fissures may increase 

the rate of vertical infiltration, providing direct access to the lower groundwater and 

increasing the rate of groundwater recharge. On the other hand, an extended fissure network 

may increase the rate of natural soil drainage, which limits the build up of water pressure. 

However, when dead-end fissures are present, once their storage capacity is exceeded, they 

contribute to maintaining high pore water pressures in the surrounding soils (McDonnell, 

1990; Van Asch et al., 1996; Uchida et al., 2001; Hencher 2010). In general, the importance 

of the influence of fissures on local hydrological regimes depends on fissure system geometry: 

fissures density and their volume.   

 

Figure 1-8. Macropore preferential flow path (i.e. fissure flow) in landslide, schematisation of simplified 
landslide profile.  
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1.3.5 Monitoring of preferential flow processes 

Preferential flow processes can be studied at different spatial scales: from micro-scale studies 

of pore structure, throughout core and profile scale analysis of specific conditions and 

processes initiating and controlling preferential flow, up to field scale monitoring (Alaire et al., 

2009). As summarised by Alaire et al. (2009) “at the core and profile scales, most of the 

emphasis is on identifying vertical preferential flow, probably because it is easier to measure 

and more obvious to observe. At large scale, however, lateral preferential flow is at least as 

important as vertical preferential flow and the interaction between vertical and lateral 

preferential flow is undoubtedly a crucial aspect of preferential flow”.  

The complexity of preferential fissure flow processes, and their high spatial and temporal 

variability, makes it very difficult to measure the processes in the field and to upscale the 

information to the catchment scale (Van Asch et al., 2007; Van Schaik, 2009). There are few 

experimental techniques that are used to gain insight into processes controlling preferential 

flow in the field, e.g. dye tracing (Flury et al., 1994), tension infiltrometers (Angulo-Jaramillo 

et al., 1996) and continuous sampling of water drainage (e.g. multi sampler Wicky lysimeter; 

Boll et al., 1992). The environmental tracing (Kabeya et al., 2007) and artificial tracing (Mali 

et al., 2007) in combination with hydrological surveying are the most convenient investigation 

methods in field conditions. A combination of hydrodynamic and hydrochemical responses 

observed during sprinkling tests can give valuable information about natural preferential 

water pathways (Debieche et al., 2011). However, a consistent measurement method is not yet 

achieved.  

1.4 Hydrological modelling of precipitation induced landslide 

To analyse precipitation induced landslides, governed by either unsaturated or saturated 

conditions, several models were proposed (Wu & Sidle, 1995; Van Beek & Van Asch, 1999; 

Iverson, 2000; Brooks et al., 2002; Cappa et al., 2003). Numerical codes vary from simple 1-

D empirical models to complex physically based 3-D models and can involve either lumped 

or distributed approaches (Van Asch et al., 2007). Distributed approaches are the most 

suitable to account for spatial and temporal heterogeneity of the hydrological systems (e.g.: 

Miller & Sias, 1998) and thus, they improve forecasting of spatio-temporal probabilities of 

landslide occurrence (Van Westen et al, 2005; Malet et al, 2005).  
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Incorporating preferential flow modelling into a hillslope scale hydrological model is difficult 

due to the complexity of the phenomena. The main component to be defined while modelling 

preferential macropore flow is the nature of the flow in both matrix and macropore domain 

and the interaction between the two domains (Beven & German, 1982; Šimůnek et al., 2003; 

Van Genuchten, 2011). 
 

 

 
 

Figure 1-9. Model concepts for physically based model dealing with preferential macropore flow (Altman et al., 
1996). 

Most of the physically based models dealing with preferential flow can be classified in the 

following model concepts (Figure 1-9; Altman et al., 1996; Van Genuchten et al., 1999): 

- equivalent continuum approach – where the Richards equation is used with composite 

hydraulic conductivity (permeability) curves (k(θ)); 

- dual - porosity or multi - porosity approach – which is based on Richards equation, 

extended with the concept of mobile (macropore) and immobile (matrix) fractions of 

soil water. Exchange is possible between the two fractions but no vertical flow in the 
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matrix domain occurs. The interaction between the two domains is usually treated as 

first-order linear function of pressure gradients, but infiltration models and other 

approaches are also used. Examples of models based on dual-porosity are presented by 

Zurmuhl & Durner (1996) and Šimůnek at al. (1999); 

-  dual - permeability approach – where the flow occurs in both macropore and matrix 

domain, or more domains (multiple flow domain models) with different pore size and 

distinct velocities. The water flow can be treated differently for the different domains, 

using Richards equation, kinematic wave equation, unit hydraulic gradient assumption 

or tube flow assumption. Examples of models that implement dual – permeability 

approach are: 1D model of Gerke & Van Genuchten (1993), MACRO model (Larsbo 

& Jarvis, 2003) or the model proposed by Greco (2002). 

Preferential flow models typically consist of two model approaches: stochastic and 

deterministic. Stochastic models are based on probability density functions (Kung et al., 

2005), multi-component end-member mixing analysis (Christophersen & Hooper, 1992), 

fractal analysis (Liu et al., 2005) or time series analysis. Deterministic models are based on 

the Richards flow equation and the assumption of uniform flow within the particular flow 

domains. At the field scale, the majority of macropore flow models use deterministic methods 

to study water and solute transport. 

At the hillslope or catchment scale preferential flow is often modelled indirectly as a 

simplified system with preferential vertical fluxes (e.g.: Bogaard, 2002) or rapid slope-parallel 

flow on the bedrock surface without taking into account the distributed nature of the soil 

macropores system (e.g. Beckers & Alila, 2004, Kosugi et al, 2004). Moreover, in many large 

scale models, preferential flow is included as a modification of hydraulic conductivity 

function (e.g. Mulungu et al., 2005; Zhang et al., 2006). Zehe and Blöschl (2004) proposed a 

threshold function to switch on macropores flow and established a linear increase of the 

hydraulic conductivity with increasing relative saturation of the soil for both plot and 

catchment scale hydrological modelling. 

For the majority of the above mentioned models accounting for preferential flow results in 

improvement of model performance. Nevertheless, these models are largely simplified and 

they do not account for differences in spatio-temporal characteristics of macropore flow 

domain. Weiler and McDonnell (2007) stressed that incorporation of the spatially dynamic 
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nature of preferential flow systems for conceptualisation and parameterisation of the effect of 

lateral preferential flow on hillslope hydrology is one of the greatest challenge. 

In 1999, Van Beek and Van Asch proposed a spatially distributed physically based model 

coupling hydrological and stability dynamics, developed in the PCRaster environmental 

modelling software package. The use of meta-language of PCRaster GIS package provides an 

expedient way to include and change spatially distributed hydrological and geotechnical 

parameters. In the subsequent development of the STARWARS model (Van Beek, 2002), 

fissure flow was introduced in a simple manner, allowing a fraction of the surface detention, 

equal the volume of free pore space (i.e. fissures), to bypass the unsaturated matrix and 

directly recharge the groundwater. 

Since its development, the STARWARS model has been used by many researchers to study 

different hydrological and ecological issues for both synthetic and real case studies (Van Beek, 

2002; Malet et al, 2005; Kuriakose et al., 2009; Brolsma et al., 2010). In 2005, Malet and co-

authors applied the STARWARS model to the Super-Sauze landslide using the simple bypass 

flow scheme representing only shallow bypassing flow without fissure – matrix interaction. 

They concluded that accounting for fissure flow was an important improvement in modelling 

the hydrology of the landslide, and stressed a need for further specific research on this topic. 

1.5 Objective of the thesis 

The main objective of this thesis is to identify, monitor and quantify the heterogeneity of 

dominant hydrological processes, especially preferential flow, within landslides and to 

analyse the influence of fissure flow on landslide hydrology and slope stability. 

The specific questions to be answered are: 

1. How to monitor and quantify spatial differences in hydrological condition over the 

landslide? 

2. How to measure and quantify preferential flow processes and their spatial 

variability? 

3. What is the influence of fissure preferential flow on landslide hydrology and 

landslide activity? 
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1.6 Outline of the thesis 

Following this introduction, Chapter 2 is the detailed description of Super-Sauze landslide. It 

includes the general description of geology and morphology of the Barcelonnette region and a 

more in-depth description of the geomorphology of the Super-Sauze landslide and its 

surroundings. The current knowledge about Super-Sauze landslide geometry, kinematics and 

hydro-geomorphology is presented and summarised.  

Chapter 3 and Chapter 4 investigate the potential of distributed temperature sensing (DTS) 

and small-scale sprinkling tests to monitor, study and quantify the spatial and temporal 

differences in soil moisture patterns (Chapter 3) and dominant hydrological processes 

(Chapter 4) related to the presence of preferential flow (i.e. fissure flow) at field scale. 

The first step into modelling of preferential fissure flow and its influence on landslide 

hydrological responses is made in Chapter 5, where a conceptual model of fissure flow is 

presented and tested on a simplified landslide. The model accounts for feedback between 

hydrology and the dynamic nature of fissure connectivity.  

In Chapter 6, the conceptual model of fissure flow is applied to model the hydrology of the 

Super-Sauze landslide. In addition to the hydrological feedback tested in Chapter 5, the model 

includes mechanical feedback: the relationship between the volume of fissures and the level 

of landslide activity expressed as factor of safety.  

Finally, Chapter 7 synthesizes all findings and gives some recommendations for future work. 

1.7 Mountain Risks project 

The research outlined in this thesis originates from the Mountain Risk project which is a 

Marie Curie Research Training Network “Mountain Risks: From prediction to management 

and governance” in the 6th Framework Program of the European Commission (Contract 

MCRTN-035798; http://www.unicaen.fr/mountainrisks).  The main goal of the Mountain 

Risks project was to promote research and training in all aspects of mountain hazards and 

risks assessment, as well as management. This European network intended to develop an 

advanced understanding of how mountain hydro-geomorphological processes behave and to 

apply this knowledge for long term cohabitation with these hazards. 
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The Mountain Risk Project involved 14 partners’ institutes throughout Europe each hosting 

Post-Doc and Ph.D position. Mountain Risk was coordinated by the Department of Physical 

Geography and the Environment, University of Caen-Basse-Normandie, Caen, France and the 

CNRS. 
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Chapter 2 

 

THE SUPER-SAUZE LANDSLIDE – STATE OF THE ART 
 

 

 

 

 

 
 
 
The monitoring, quantification and modelling of dominating hydrological processes and their 

distributions within landslides require a large amount of field data and knowledge of 

landslide geometry, geomorphology and its kinematics. Therefore all field experiments and 

data collections have been carried uot at the Super-Sauze mudslide located in the 

Barcelonnette basin, in Southern French Alps, that has been extensively surveyed by the 

School and Observatory of Earth Science (Strasbourg, France) and University of Caen 

Basse-Normandie (Caen, France). On-site measurements of meteorological characteristics, 

hydrological responses and hydrological parameters began in 1991. The displacements of the 

landslide are observed also since 1991 by combining topometrical and GPS survey of a 

network of ca. 40 benchmarks, extensometer observations at one location (since 1999), 

aerial-photographs analysis and since 2007 by terrestrial photographs and terrestrial laser 

scan acquisitions. In 1996 geophysical and geotechnical investigation (dynamic penetration 

tests, percussion drillings, pressuremeter tests, inclinometer survey) combined with a 

photogrammetric analyses was initiated in order to determine the structure of the 

accumulated mass. 
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2.1 Location and climate 

The Barcelonnette basin is located about 100 km north of Nice, in the department ‘Alpes-de-

Haute-Provence', in the middle reach of the Ubaye River. The basin extends over an area of 

200 km²: 22km length (W-E) and maximal 10 km width (N-S). The region has an elevation 

between 1100 m a.s.l. and 3100 m a.s.l (Figure 2-1b). The valley is drained by several torrents 

on the North- and South-facing slopes which confluence with the Ubaye River. 

 

Figure 2-1. (a) Location of Barcelonnette basin in France; (b) the area of French Alps with indication of the 
borders of Barcelonnette basin. 

The landscape of the Barcelonnette Basin is characterised by badland-type morphology with 

successions of crest and gullies (Figure 2-2). In addition to the erosion activity of glaciers 

(Figure 2-3a), intense torrential erosion by the Ubaye River has progressively carved out the 

landscape. Additionally, the intense agricultural activities (nearly complete deforestation 

during the 18th and 19th century) increased torrential activity. 

The Barcelonnette Basin belongs to the dry intra-Alpine zone. The area is characterised by (1) 

a mountainous climate with a high mountain irradiance (> 2700 h. year-1), summer drought, 

strong inter annual rainfall variability (400-1300 mm.year-1 over the period 1928–2010) and 

approximately 130 days of freezing per year (Maquaire et al., 2003), (2) a Mediterranean 

influence with high storm intensities (over 50 mm.h-1) during summer and autumn, and (3) a 

continental influence with significant daily thermal amplitudes (>20°) and numerous freeze – 

thaw cycles. The annual average temperature at 1140 m a.s.l (Barcelonnette) is 9.6°C (over 

the period 1928-2002; Malet, 2003). These climatological settings give rise to weathering and 

mechanical degradation of soil surface lithology. 
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2.2 Geological setting of Barcelonnette basin 

The geological environment of the Barcelonnette Basin is very complex. It constitutes a 

geological window, bearing the autochthonous bedrock of Callovo-Oxfordian black marls (so-

called ‘Terres Noires’) under the allochthonous Eocene sheet thrusts (Autapie and Parpaillon 

flysch), made of strong limestone or sandstone formations (Figure 2-3b; Maquaire et al., 

2003). The thickness of the black marls reaches 250-300 m and it comprises four subsets 

(Maquaire et al., 2003; Remaître, 2006): some rare outcrops of Argovian black marl (20 - 30 

m thick), the Upper Oxfordian black marl (80-150m thick), the Middle and Lower Oxfordian 

black marl (150 - 250 m thick) and the Callovian black marl with detrital plates (80 - 100 m 

thick).  

 
Figure 2-2. Simplified geological map of the Barcelonnette basin (Maquire et al., 2003) 

The Barcelonnette basin was heavily affected by a glacial cover during the Würm glaciations 

(Figure 2-3). Many glacial landforms and deposits are common in the Ubaye valley: terraces, 

rock glaciers, bows and cords, moraine ‘roche moutonnées’. Glacial and periglacial deposits, 

very rich in fine matrix, overlaid the impermeable marly substrate especially on the shady side 
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(Flageollet et al., 1999). The thickness of the morainic deposits is approximately 10-20 m. 

The glacial erosion deepened valleys and subsequent fluvial erosion incised the valleys even 

more, making it prone to landslide and erosion. Consequently, large slope failures and 

extended badlands are integrated part of the Barcelonnette Basin landscape and slope 

instabilities are one of the most common geomorphological hazards in the Barcelonnette basin 

(Weber, 1994; Flageollet et al., 1996).  

 

Figure 2-3. Geological cross- sections of the Barcelonnette basin (Maquaire et al., 2003). 

2.3 Development and geometry of the Super-Sauze landslide 

2.3.1 Evolution of the Super-Sauze landslide 

The Super-Sauze mudslide has developed on the south slope of the Barcelonnette Basin 

(Figure 2-2). Before initial failure, the scarp was affected by a deep seated slope deformation 
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controlled by regional faults. The initiation of the slope movement started in the 1960s with a 

succession of shallow plane and wedge failures as well as falls of blocks and structural slides 

at the interface between moraine and autochthonous black marls. The accumulation of 

material started in late 1970s and it progressively filled the Sauze torrent thalweg (Malet et al., 

2000). There were two main morphological processes noticeable in the landslide development: 

uphill regression of the main scarp by mass movements (rockfalls and landslides), and the 

downslope development of the mudslide. Figures 2-4 and 2-5 show the main stages of 

geomorphological evolution of the mudslide. 

 

 

Figure 2-4. Geomorphological evolution of the Super-Sauze landslide: (a) start of slope failure in 1956, (b) the 
extension of the accumulated material from 1978 onward, (c) and (d) the movement of the toe (adapted from 
Travelletti & Malet, 2012); (e) the Super-Sauze mudslide in 2008, All pictures taken from the downslope, North 
of the landslide.  
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Figure 2-5. Development of the Super-Sauze landslide: North-South (a) and East-West (b) cross sections (Malet 
et al., 2000) 

In 2008 (Figure 2-4e) the Super-Sauze landslide extended over a distance of 920 m from its 

highest point at an elevation of 2105 m a.s.l. (the crown), to its base at an elevation of 

approximately 1740 m a.s.l. (toe of the flow) with the average width of 135 m. It covers 0.17 

km2 of surface with average slope of 25°. The total volume of the landslide is estimated at 

approximately 560 000 m3 (Travelletti & Malet, 2012) and the maximal depth of the sliding 

surface is approximately 20 m. The topography covered by the mudslide is composed of sub-

parallel crests and gullies (Figure 2-4, Figure 2-5b and Figure 2-6). Some of them emerge 

from the mudslide, whereas others are located a few meters below the ground surface. 

The upper part of the landslide – ablation zone – consists of the crown, the main scarp, and 

so-called ‘upper shelf’. The crown is covered with moraine deposit (several meters thick) and 

on top of that a rock and scree deposit has developed (Figure 2-6). The main scarp of the 

landslide consists of in-situ black marls of about 80-100 m high and is inclined at 

approximately 70° (Figure 2-5a). The rockfalls commonly occurring in this area cumulate in 

the upper shelf and feed the main landslide mass. The upper shelf (between 1930 and 1970 m) 

appears as a field of marly blocks at different stages of weathering, with black marls panels 

buried in a very heterogeneous matrix formation. The upper shelf ends in a secondary scarp in 

reworked material (Figure 2-6).  
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Figure 2-6. Geomorphological map of the Super-Sauze landslide area (Malet, 2003) 
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The middle part of the landslide – transit zone – is characterised by an average slope of 23°. It 

consists of strongly heterogeneous clayey material, reworked blocks and panels of marls at 

various stages of weathering, clasts of all sizes and silty-clay matrix with calcite and moraine 

blocks (Figure 2-10; Malet et al., 2003). The grain size of the material decreases while 

progressing downstream, corresponding to more advanced stages of disaggregation (Malet et 

al., 2003). The transit zone is the most active area of the landslide with average annual surface 

velocities reaching 0.05 m.d-1. The occurrence of fractures, e.g. tension cracks, traction 

fissures, is very common in this area. 

The lowest part of the landslide - accumulation zone - ends in the valley. The accumulated 

material is compressed and affected by shear cracks. It is partly eroded by the Sauze torrent, 

however, the erosion processes do not stop the downstream progression of the toe of the 

landslide which is approximately 0.004 – 0.009 m.d-1.  

2.3.2 Geotechnical structure of the Super-Sauze landslide  

The geotechnical surveys of the Super-Sauze landslide consisted of: borehole analysis, 

dynamic penetration tests, in –situ pressiometric and water injections tests, soil sampling for 

laboratory testing, inclinometer measurements and aerial photography analysis (Genet & 

Malet, 1997; Flageollet et al., 2000; Weber & Herman, 2000; Schmutz et al., 2001; Malet et 

al., 2003). Based on these investigations, a first interpretation of the Super-Sauze landslide 

geometry was proposed by Fageollet et al. (2000) and Malet (2003). 

Based on the mechanical properties, three layers can be distinguished in the internal structure 

of the Super-Sauze landslide (Figure 2-7 and Figure 2-8). The surficial layer (C1) with 

thickness ranging between 5 to 9 m, is a very wet viscous formation, very active from a 

hydrological and mechanical point of view (see also section 2.4, and Figure 2-11). For 

hydrogeological analysis this layer can be divided in two sub-layers, C1a and C1b, depending 

on the seasonal position of the groundwater table and the shape of paleotopography. The 

deeper layer (C2) with the maximum thickness of 10 m, is a compact, plastic and stable 

formation, associated to a ‘dead body’ (see also Figure 2-11). These layers overlay the 

bedrock composed of autochthonous black marls (S - substratum).  
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Figure 2-7. (a) The internal structure and geometry of the Super-Sauze landslide (after Malet, 2003); (b) location 
of cross-sections; (c) The mechanical properties of the three layers. The meaning of the symbols is as follow: γd 
– dry unit weight,  γsat – saturated unit weight,  WP – plastic limit, WL – liquid limit, WR – shrinkage limit, IP – 
plasticity index, Qd – cone tip resistance, EM – pressiometric modulus, ksat – saturated conductivity, c’ – effective 
cohesion, φ’ – effective angle of friction, c’r – the residual cohesion, φ’r – the residual angle of friction. 
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Figure 2-8. (a) An example of internal vertical structure derived from inclinometer measurements at the borehole 
F1 (Malet, 2003); (b) localisation of the F1 borehole; note that at this position the layer C2 is not observed (see 
also Figure 2-9). 

 
 

Figure 2-9. 3D geometrical model of the Super-Sauze landslide  illustrated through stratigraphic cross-sections 
(from Travelletti & Malet, 2012). Layer M is the moraine deposits in the main channel at the pre-failure stage. 
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The soil surface is highly irregular and affected by cracking due to mechanical tension 

(fissures from around 0.5 m to more than 1.0 m deep) (Figure 1-6 and Figure 2-13). 

Between 2004 and 2009 26 2D electrical resistivity tomography profiles were done in order to 

improve the knowledge about the spatial distribution of geotechnical and geological 

characteristics (Schmutz et al., 2001; Grandjean et al., 2007; Méric et al., 2007). This spatial 

information was integrated with all other available data and consequently, a 3D 

characterization of the geometry of the Super-Sauze landslide was proposed (Travelletti & 

Malet, 2012; Figure 2-9). 

2.4 Kinematics and hydrology of the Super-Sauze landslide 

2.4.1 Landslide kinematics 

The surficial displacement of the Super-Sauze landslide is monitored since 1991 with 

monitoring network consisting of topometric, permanent differential Global Positioning 

System (dGPS) and extensometer (Weber, 2001; Malet et al., 2002). Moreover, the long-term 

kinematics of the landslide was studied with aerial photographs (1956-2000) allowing to 

produce digital topography models with horizontal accuracy of 2 to 7 m and vertical accuracy 

of 1 m (Figure 2-4 and Figure 2-5; Weber & Herrmann, 2000; Malet, 2003). 

The activity of the ablation zone is the effect of regularly occurring rock falls and landslides 

involving volumes of a few cubic decimeters to several thousand cubic meters (Weber & 

Herrmann, 2000; Malet, 2003). Additionally, isolated rock falls occur regularly throughout 

the year. These rockfalls continuously provide material for the ablation zone. The pathways of 

the moving material, in the middle part of the landslide, are vertically delimited by buried 

parallel crests and gullies. The surface displacement rates vary significantly over the landslide 

area. The highest average surface displacement rates, around 0.05 m.d-1, are observed in the 

middle of the upper part of the landslide and they decrease when moving downslope and to 

the edges of the landslide (Figure 2-10). The Western part of the landslide is the most stable 

part with surface displacement rate smaller than 0.002 m.d-1. The long-term behavior is 

characterized by continuous movements with a seasonal trend of two acceleration periods 

(with velocities up to 3 m.d-1) in spring and autumn, and two deceleration periods in summer 

and in winter (Malet, 2003; Travaletti et al., 2012).  
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Based on the inclinometer measurements (geotechnical survey, section 2.3.2) velocity profiles 

were computed (Figure 2-11; Malet, 2003). The mudslide exhibits a complex style of 

movement, associating strong displacements along an internal slip surface, located within the 

reworked landslide body, superimposed by a plastic-state body (with a shear rate estimated at 

10-10 m.s-1 assuming a 5-m thick unit) and a solid-state body on top.  

 
Figure 2-10. (a) The Super-Sauze landslide with average surface velocities monitored by dGPS (1996-2007) and 
the horizontal surface displacement vectors based on UAVs photography (modified after Malet, 2003 and 
Niethamer et al., 2011); (b) Cumulated displacements at three locations in the upper (pt1), middle (pt2) and 
lower (pt3) parts of the landslide based on correlated images (Travelletti et al, 2012a); (c) the UAV and (d) 
terrestrial optical photography monitoring system. 

Currently, landslide kinematics is continuously monitored by differential Global Positioning 

System (dGPS) and, from 2007, by a remote camera monitoring system based on optical 

images analyses with a normalized Image Correlation technique (Travelletti et al., 2012a). 

Moreover, the landslide is a test site for implementation of radio controlled unmanned aerial 

vehicles (UAVs) for making high-temporal and spatial resolution aerial photography for 

monitoring of displacement dynamics and occurrence of small landslide features, such as 

fissures (Niethammer et al., 2012). The results coming form different techniques mentioned 

above are comparable and are summarized in Figure 2-10.  
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Figure 2-11. The vertical profiles of displacement and velocities at three boreholes locations (Malet, 2003); note 
that at the position of F1 borehole layer C2 is not observed. 

2.4.2. Landslide hydrology 

The monitoring of hydroclimatic conditions and hydrology of the Super-Sauze landslide 

began in 1991 (Fageollet et al., 2004). The monitoring equipment installed in the landslide 

changed over the years but generally it consists of: 1) monitoring groundwater with pressure 

cells and open standpipes with different filter depths, several of which equipped with 

automated recorders, 2) monitoring of soil moisture content by use of several time domain 

reflectrometry (TDR) sensors placed at different depths and 3) a full meteorological station 

located 800m from the landslide. 
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Figure 2-12. Example of groundwater level fluctuation observed in 2007 and 2008: (a) localisation of the 

piezometers within the Super-Sauze landslide; (b) observed precipitation; (c) observed groundwater level.   

The main water bearing layers are C1a and C1b units (see Figure 2-7a), and the eastward and 

westward streams may be considered as lateral boundaries of the landslide system (Figure 2-

13a). The average groundwater table is between -0.5 and -1.5m in the upper parts of the 

landslide and it slowly decreases while moving downslope. In the western part of the 

landslide the groundwater table is between -2.5 m and -3.5 m (Malet et al., 2005).  

The heterogeneity of the material and local surface mass movement processes (e.g. small 

surface mudflow accumulation lobes, local runoff wash deposits) explain important variation 

of porosity (from 0.33 to 0.49) and vertical hydraulic conductivity (from 10-8 to 10-4 m.s-1) 

over the area (Malet, 2003; Malet et al., 2005). The observed range of hydraulic conductivity 

values classifies the material as semi-permeable.  

On the basis of geomorphological observations (grain size and soil surface characteristics) 

and soil hydraulic properties and long-term groundwater level observation, Malet et al. (2005) 

divide the Super-Sauze mudslide into three hydro-geomorphological units (Figure 2-13). The 

upper unit (HG1) is characterised by very rapid piezometric response and large groundwater 

level variations at the event scale (up to 0.5 m) and relatively medium variation at the yearly 

time scale (0.5 to 1 m). The soil texture of the HG1 unit consists of silty sand with gravel and 

pebbles. The percentage of coarse fragments varies from 10 to 30 % and the size of these 

coarse fragments is 2-5 cm. The extended network of surface fissures filled or partly filled 
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with loosely packed material is present in this area providing the paths for fast preferential 

infiltration. The lower unit (HG2) has modest short-term (i.e. event time scale) groundwater 

level fluctuations (0.05 to 0.30 m) but relatively high seasonal variation (0.1- 2.5 m). 

Infiltration processes occurs mainly through the matrix porosity since fissure systems have 

limited horizontal and vertical extent. This area is covered with a finer fragmented structural 

crust of sandy silty texture, including some clasts or calcite fragments. Finally, the HG3 unit, 

on the western side of the upper (HG1) unit, is the most stable part of the landslide with very 

limited groundwater level fluctuations (centimetres) on both long-term and short-term time 

scale. Within this unit reworked material and debris flow deposits are covered with dense and 

compacted clayey - silty texture depositional crusts. There is negligible vegetation cover 

throughout the area, with exception of the stable western part (HG3) of the mudslide where 

some shrubs grow. 

Groundwater originates mostly from rainfall and snow melt infiltration both in the soil matrix 

and in large fractures. There is also water recharge from the moraine aquifer, fed by rock 

glacier located upstream (Figure 2-5) and torrents bordering the landslide, but they do not 

influence the groundwater level variation (Malet et al., 2005). Therefore, inputs (rainfall, 

snowfall) and outputs (surface water, evaporation) of the saturated zone represent the annual 

mass balance of the hydrological system (Malet et al., 2005; deMontety et al., 2007). 

The hydrochemical analyses and geochemical modelling performed by de Montety et al. 

(2007) give insights about the water circulations in the Super-Sauze landslide (Figure 2-13). 

This survey reveals the existence of deep water sources along the major faults providing very 

highly mineralized water. However, besides the hydrochemical consequence, this deep source 

water has limited contribution in building up the pore water pressure. Furthermore, the spatial 

distribution of major cations and anions (Mg2+, SO4
2-,  Ca2+ and Na+) in the groundwater 

system along the landslide profile (i.e. flow line) combined with long-and short-term variation 

of local pore pressure and water quality gave indications for the dominated hydrological 

processes along the landslide: preferential flow dominating in the upper part of the landslide 

(the upper part of the transit zone) and matrix flow dominating in the lower part 

(accumulation zone) while he ablation zone could be seen as a ‘transition’ zone (Figure 2-14). 
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Figure 2-13. (a) Boundaries of the hydro-geomorphological units of the Super-Sauze landslides and (b,c,d) 

examples of soil surface characteristics observed across the Super-Sauze landslide  (Malet, 2003); the white lines 

indicate the main streams.  
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Figure 2-14. Hydrological concept of the Super-Sauze mudslide as interpreted from hydrochemical analysis 
(deMontety et al., 2007). 

2.4.3 Relationship between kinematics and hydrology 

Hydrology is the main controlling factor of the mudslide activity. The mass movement occurs 

as a consequence of groundwater table rise and hence the development of positive pore 

pressure (Figure 2-15; Malet, 2003).  

As stated in section 2.4.1 the landslide kinematics show seasonal trends with two acceleration 

periods (spring and autumn) and two deceleration periods in summer and winter (Figure 2-15). 

This variation in landslide surficial displacement rates correlate with the hydrological 

behaviour at both the annual (Figure 2-15a) and event scales (Figure 2-15b). During a pore 

pressure decrease the landslide velocity decreases, however cessation of the movement is not 

observed. 
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Figure 2-15. Relationship between surface displacement, pore water pressure and precipitation monitored at four 
boreholes within the Super-Sauze landslide at both the (a) annual scale (1998-2001) and (b) event scale (1998) 
(Malet, 2003). Gray areas indicate spring’s and autumn’s acceleration periods. 
 

Groundwater fluctuations exhibit the same trend throughout the landslide. However, the 

relative position of the groundwater level is dependent on local conditions: the highest pore 

water pressure is observed in the upper part of the landslide (cross-section B; see Figure 2-7) 

and it decreases downslope. Consequently, displacement rates are also variable and decrease 

from the upper to the lower part of the mudslide (see Figure 2-10). 
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Generally, the long-term dynamics of the Super-Sauze landslide is characterized by 

continuous movements with a seasonal trend. The mass moves significant distances each 

rainy season, however, the timing, duration and the speed of the movement vary over the 

landslide area and do not correlate directly with the timing and amount of rainfall (Malet et al., 

2002; Malet, 2003; Figure 2-15). The unsaturated zone strongly attenuates and delays the 

precipitation.  Moreover, preferential fissure flow has a considerable influence on recharge of 

the groundwater table (Malet et al., 2005).  

2.5 Identification of the fissure patterns within the Super-Sauze landslide 

As mentioned before, the surface of the Super-Sauze landslide is strongly affected by 

cracking due to mechanical tension. The long-term field monitoring and airborne ortho-photo 

or UAV-based ortho-mosaic analysis (Malet et al., 2002; Malet, 2003; Niethammer et al., 

2012) allows for monitoring of surface fissure patterns and their distribution across the 

landslide. All types of surface fissures (see Ch.1§1.3.3) can be found through the Super-Sauze 

landslide. However, it is mainly tensile fracturing that dominates the fissure formation at the 

free surface of the Super-Sauze landslide (Travelletti & Malet, 2012; Stumpf et al., 

submitted). Due to heterogeneous landslide geometry of the Super-Sauze landslide, the 

observed surface fissure structures can be somewhat different in shape and orientation than 

the idealised ones presented in Ch.1§1.3.3. Moreover, more complex patterns can be observed 

(e.g. cross-shaped fissures) which results from the combination of the shearing, tension and 

tearing forces. Examples of fissures patterns observed within the Super-Sauze landslide are 

presented at Figure 2-16.  

It is interesting to note that the spatial distribution of fissure patterns is not changing 

significantly in time despite continuous landslide activity. This indicates that in case of the 

Super-Sauze landslide the fissure patterns are strongly linked to the geometry of the stable 

bedrock (Figure 2-9; Niethammer et al., 2012; Walter et al., 2012; Stumpf et al., submitted). 

Consequently, observed surface fissures are good indicators of local deformation level, that 

could be extended over the whole soil profile with relatively brittle top soil behaviour (0-1 m) 

and more ductile behaviour in deeper layers (Stumpf et al., submitted)  
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Figure 2-16. Ortho-mosaic of the Super-Sauze landslide from October 2008 (Niethamer et al., 2009) and the 
examples of observed fissure patterns. 
 

 
 
 



 

 

Chapter 3 

 

HIGH RESOLUTION TEMPERATURE OBSERVATION TO MONITOR 

SOIL THERMAL PROPERTIES AS A PROXY FOR SOIL MOISTURE 

CONDITIONS 
 

 

The heterogeneity of hillslope material and variations in its hydrological characteristics 

affect the spatial and temporal fluctuation of soil moisture patterns within a landslide. 

Moisture conditions of the unsaturated zone influence the distribution, intensity and time 

delay of groundwater recharge from precipitation. High resolution monitoring of 

hydrological features of the near surface soil layer is necessary to advance understanding of 

the temporal behaviour of complex landslides and their displacement dynamics.  

This chapter shows the potential of high temporal and spatial resolution temperature sensing 

for hydrological analysis of unstable slopes. The main idea is to detect the spatial and 

temporal variation in soil moisture conditions through the monitoring of soil thermal 

properties. The soil temperature data were collected during three field campaigns in the black 

marls mudslide of Super-Sauze (France). In addition, soil thermal properties were determined 

in the laboratory. The temperature data were used to determine soil thermal parameters 

which are affected by bulk density and soil moisture content. Based on spatial and temporal 

variation of the soil thermal parameters the information about soil moisture content 

fluctuations could be obtained. Promising empirical relationships between apparent thermal 

diffusivity and soil moisture content have been obtained when accounting for local 

heterogeneities in soil characteristics. Furthermore, the requirements and limitation of the 

proposed methodology for clay shale material is elaborated. 

Based on: Krzeminska D.M., Steele-Dunne S.C., Rutten M.M., Bogaard T.A., Sailhac P., 2012c. High resolution 

temperature observations to monitor soil thermal properties as a proxy for soil moisture condition in clay-shale 

landslide. Hydrological Processes, 26:2143-2156, DOI: 10.1002/hyp.7980  
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3.1 Introduction 

The soil moisture condition in the unsaturated zone controls the distribution, intensity and 

time delay of groundwater recharge. After dry periods, significant amounts of water can be 

stored in the unsaturated zone, while after prolonged wet periods the storage capacity is 

limited. Moreover, especially in more saturated soil conditions, preferential, fast, downward 

water transport can take place. 

The heterogeneity of hillslope materials and their hydraulic characteristics affect the spatial 

and temporal soil moisture patterns. This is particularly true when dealing with clay shale 

slopes such as black marls. Malet et al. (2005) showed that in the black marls mudslide of 

Super-Sauze the groundwater level fluctuates seasonally and depends strongly on the state of 

unsaturated zone. Moreover, in active landslides, local hydrological regimes are complicated 

by the continuous opening and closing of fissures and cracks. These dynamics have a large 

influence on the distribution of soil moisture along the slope (Bogaard, 2001; Van Asch et al., 

2001). Therefore, monitoring of hydrological conditions of the near surface soil layer is 

beneficial for advanced understanding of the spatial and temporal behaviour of landslides and 

their displacement dynamics. 

Temperature measurements are often used in soil science to recover soil properties (Jackson 

& Taylor, 1986). In-situ soil moisture probes that are based on the dual-probe heat-pulse 

method (Campbell et al., 1991; Mori et al., 2003) provide high accuracy measurements in 

both laboratory tests (e.g. Tarara & Ham, 1997; Basinger et al., 2003) and field experiments 

(e.g. Campbell et al., 2002; Heitman et al., 2003). These methods involve applying a heat 

pulse into the soil and measuring its volumetric heat capacity. The soil water content is 

determined from the linear relationship between soil volumetric heat capacity and soil 

saturation. These probes provide local, single point soil moisture measurement. 

Recently, a lot of research has been focused on using temperature measurements as a 

surveying technique in studies of environmental processes. Subsurface temperature 

measurements are very useful in climatology (e.g. Pollac & Huang, 2000; Harris et al., 2001) 

and agronomy (e.g. Groffman et al., 1999). They are also widely used in hydrogeology for the 

analysis of concurrent heat and water flow along vertical profiles to estimate groundwater 

recharge and discharge rates (e.g. Tabbagh et al., 1999; Cheviron et al., 2005) and percolation 

rates in the vadose zone (e.g. Constantz et al., 2003). Behaegel et al. (2007) interpreted similar 



DTS observation to monitor soil thermal properties as a proxy for soil moisture conditions 41 

  

temperature measurements in a modelling approach to estimate the soil moisture content. This 

method involves inverting the heat equation using soil and surface temperature fluctuation 

(resulting directly from net radiation) to estimate soil thermal parameters and thus soil water 

content. 

Fibre optics for distributed temperature measurements has been in use since 1980s (e.g. Dakin 

et al., 1985). Distributed Temperature Sensing (DTS) is a flexible and powerful tool to 

monitor the hydrological systems (e.g. Johansson & Farhadiroushan, 1999; Selker et al., 

2006). DTS using a fibre optic cable provides continuous temperature measurements with 

high spatial and temporal resolution (up to 1 m spatial resolution and a 60 s integration time 

depending on the laser configuration). Steele-Dunne et al. (2010) presented a feasibility study 

to obtain soil moisture information from passive soil DTS in a sand dune in the Netherlands. 

The research presented in this chapter investigates the use of high resolution temperature 

measurements to monitor the spatial and temporal distribution of soil moisture conditions. 

Soil thermal properties depend strongly on soil water content and are therefore a good 

indicator of changes in soil moisture conditions in time and space. Soil temperatures were 

collected during three field campaigns carried out on the Super-Sauze mudslide (South French 

Alps). They consist of data from day-to-day monitoring as well as from sprinkling 

experiments. In addition, soil thermal properties were determined in the laboratory. These 

data sets are complementary and are used to study the feasibility of passive DTS to assess soil 

moisture conditions in unstable clay-shale slopes. 

3.2 Estimation of soil thermal properties from soil temperature observations 

3.2.1 Soil thermal properties 

Thermal properties describing heat transfer in the soil column depend among others on water 

content and can therefore be used as indirect estimate of soil moisture variation. The relation 

between soil thermal diffusivity and water content can be described with the model of 

Johansen (1975). The thermal diffusivity (D) of the soil is the ratio between its thermal 

conductivity (λ) and volumetric heat capacity (Cv). The volumetric heat capacity of the soil is 

a linear function of the air-water composition of the soil and is straightforward to calculate 

(e.g. Hillel, 2004), while the calculation of soil thermal conductivity is more complex. In the 
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Johansen (1975) model, the thermal conductivity of a soil is defined as a combination of dry 

and saturated thermal conductivities (calculated based on bulk density, porosity and quartz 

content of the soil) using a so-called Kersten coefficient (Kersten, 1949). For the Super-Sauze 

landslide, the soil properties reported by Maquaire et al. (2003) were applied: quartz content = 

10 % ± 5 %, porosity = 23-33 % and mass of solids = 2710 kg.m-3. Figure 3-1 shows the 

relationship between thermal properties and relative saturation for the Super-Sauze soils. 

 

 
Figure 3-1.  Relationships between soil thermal parameters and relative saturation (Johansen, 1975) for Super-
Sauze soil quartz content (q = 5 – 15 %), porosity (n = 23 – 33 %) and solids unit weight of 2710 kg.m-3. 

To determine the relative importance of heat advection and conduction processes the Péclet 

number (Pe) is used (see also Behaegel et al., 2007): Pe = L·v/D , with L the characteristic 

length (in our case L≈10-1 m), v being the water flow rate (from 10-8 to 1·10-7 m.s-1; Malet et 

al., 2005) and D the thermal diffusivity (order of magnitude 10-7 m2.s-1; Figure 3-1). For the 

Super-Sauze case study, the Péclet number is in the range from 10-2 to 10-1 which implies that 

the advection processes are of less importance. Furthermore, only vertical heat transfer within 

each separate soil profile is considered. 

Consequently, assuming that temperature is governed by conduction within a homogeneous 

half-space, the heat transfer in the soil column can be described by the diffusion equation: 
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        (3.1)    

where Tsoil is soil temperature [K], t is time [s] and z is depth of soil column [m], and thermal 

parameters are functions of soil moisture content (θ). The thermal diffusivity referred to here 

is a so-called ‘apparent’ thermal diffusivity (Horton, 2002) because the convection of heat by 
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means of sensible and latent heat fluxes is neglected. This has to be taken into account when 

interpreting the results, especially in moist soil conditions and during high intensity rainfall 

periods. 

3.2.2 Amplitude analysis 

The amplitude method was applied to provide a first estimate for soil thermal properties 

(Horton et al., 1983). This method is based on the simplest mathematical representation of 

temperature fluctuation in the soil, assuming that at all depths in the soil the temperature 

oscillates as a sinusoidal function of time. The period of the thermal wave in the soil remains 

unchanged while its amplitude decreases exponentially with depth. The amplitude method is 

derived from the diffusion equation (Eq.3.1) with the following boundary conditions: 

 - the temperature at the surface is specified as a sinusoidal function of time: 

,0(0, ) sin( )soil soil TT t T A tω= + ⋅ ⋅              (3.2) 

 - the temperature at infinite depth (z = ∞) is given by: 

 ( , )soil soilT t T∞ =           (3.3) 

where soilT is the average soil temperature [K], ,0TA  is the amplitude of the surface 

temperature and ω is the angular frequency (=2π/period). Therefore, the apparent thermal 

diffusivity can be calculated from: 
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         (3.4) 

where D is the apparent thermal diffusivity [m2.s-1], z1, z2 are the soil depths (m), and AT,1, AT,2 

are the amplitudes at depths z1 and z2 respectively. The estimated apparent thermal diffusivity 

is assumed to be constant over the considered period and depth. 

3.2.3 Inversion method 

The inversion method, used to estimate apparent thermal diffusivity, is similar to the approach 

presented by Steele-Dunne et al. (2010) and Behaegel et al. (2007). This method is based on 
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solving the heat equation for a homogenous half-space (Eq. 3.1) with the use of an implicit 

finite difference scheme at a resolution of 10 mm and 60 s. It optimises the apparent thermal 

diffusivity value to obtain the best fit between simulated and observed soil temperature within 

the 24-hour window. The inversion method requires temperature information at three points 

within the soil profile: the main temperature observation point and the upper and lower 

boundary conditions. The effect of the lower boundary condition and the vertical soil moisture 

content distribution on the inferred thermal properties is discussed in § 3.4.3. 

When no external energy is applied to the soil the soil temperature changes that are observed, 

are responses to the diurnal radiation cycle only. Therefore, the minimum period (window) to 

analyse temperature data is limited to 24 hours. For detailed description of the optimization 

algorithm the reader is referred to Steele-Dunne et al. (2010). 

3.3 Description of experimental set-ups 

This section gives technical specification of the field and laboratory equipment followed by 

the detailed description of different experimental set-ups. 

3.3.1 Temperature profiles 

Three nests of temperature sensors (TMC50-HD HOBO®, Onset Computer Corporation) were 

used to monitor soil temperature changes within vertical soil profiles. For each temperature 

profile four temperature sensors were installed in the soil, at 0.1, 0.2, 0.3 and 0.4 m depth 

respectively. The groups of sensors were combined with U12-006 HOBO® 4-Channel 

External Data Loggers. This set of equipment can provide soil temperature measurements 

from -40° C to 50°C with an accuracy of ±0.25° C at 20°C. 

The aim of the temperature sensor profiles is to provide continuous long term soil temperature 

monitoring over depth. For this reason, taking data storage capacity and battery life into 

account, temperature measurements were collected in a 30 minutes time resolution.  

3.3.2 Distributed Temperature Sensing 

DTS is based on the observation of backscattering and light travel time in a fibre optic cable. 

The equipment sends a laser pulse into the fibre optic cable, and backscattered light shows a 
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frequency shift referred to as Stokes and anti-Stokes Raman backscatter. The ratio of anti-

Stokes to Stokes scattered intensity is used to determine the fibre temperature. A detailed 

description of the method is given by Selker et al. (2006). 

The temperature measurements were performed using two commercially available DTS 

systems: the Sentinel DTS-LR® (from Sensornet, UK), which allows 1 m spatial resolution, 

and the Sensa DTS 800® (from Sensa, UK) with a spatial resolution of down to 0.25 m. Both 

systems ensure high accuracy, e.g. ~0.1°C for an integration time of 1 minute or more, 

however this accuracy strongly depends on calibration precision. 

The two DTS equipments were calibrated using reference coils. To do this, several metres of 

fibre optic cable were coiled up at the point of interest and placed in open air or in a water 

reservoir. The temperature at those locations was also measured independently using 

temperature sensors (i.e. 830-T2 Infrared Thermometer from Testo Inc and Tidbit Data 

Loggers from Onset Computer Corporation) and used for slope calibration and verification of 

the DTS equipment. Additionally, several T107 temperature probes (from Campbell Scientific) 

and Tidbits were installed in the soil, close to the fibre optic cables. The temperature values 

from the DTS and from the individual temperature sensors were in close agreement, 

especially for the range of daily temperature fluctuations. The exact locations of the fibre 

optic cable, soil moisture sensors and independent temperature sensors were determined using 

a differential Global Positioning System. 

3.3.3 Thermal Conductivity Scanner 

The Thermal Conductivity Scanner (TCS) was used in the laboratory experiment to determine 

the thermal conductivity of soil samples. It was developed by Popov (Moscow State 

Geological Prospecting Academy) and produced by Lippmann and Rauen GbR. The TCS 

scans the sample with a focused, mobile and continuously operated heat source in 

combination with infrared temperature sensors. The thermal conductivity of the sample is 

determined based on the comparison of excess temperatures of standard samples (with known 

thermal conductivity) with excess temperatures of the sample being heated by the movable 

concentrated heat source (Popov et al., 1999; Popov, 2005). The measurement range of TCS 

is between 0.2 and 25.0 W.m-1.K-1, and the manufacturer quotes the error of 3%. During the 

measurement phase, the temperature increase is less than 5°C. A set of measurements is 
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collected along the core axis with a precision of 1 mm. The arithmetic mean of these values 

gives the thermal conductivity of the sample. 

3.3.4 Field Experimental set-ups 

Figure 3-2 shows the locations of the experiments within the Super-Sauze landslide. The 

details of the set-ups are described below and summarised in Table 3-1 and Figure 3-3. 

Temperature profile set-up – 1st experiment 

The first experimental set-up is based on temperature profile measurements. All the sensors 

were installed within the HG3 unit, the most stable part of the landslide (Figure 2-13 and 

Figure 3-2). Sensor locations were chosen carefully to ensure representative measurements for 

each of the defined sub-areas. Profile T1 was placed in a dry area with a dense and compacted 

soil texture. Profile T2 was positioned in the wettest area of the HG3 unit where, after rain, 

ponding water is usually observed. The third temperature profile (T3) was located in a dry 

area where the soil texture is less dense than at T1, and consists of unweathered marl 

aggregates. We focus on analysing the temperature profiles measurements from 1/07/2008 to 

1/09/2008, during which four rain events of intensity greater than 0.6 mm.h-1 occurred 

(20/07/2008, 25-26/07/2008, 11-12/08/2008 and 15/08/2008). 
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Figure 3-2.  Location of the field experimental set-ups: three temperature profiles (1st experimental set-up) and 
two fibre optic cables (2nd and 3rd experimental set-up). 
 

 

Figure 3-3. Schematisation of three filed experimental set-ups 
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Single cable set-up – 2nd   experiment 

The first cable (130 m) was installed within the HG1 unit of the Super-Sauze landslide 

(Figure 2-13 and Figure 3-2). This was also the site of the sprinkling experiment of 2007 

(described in detail by Debieche et al., 2012), which consisted of two three-day periods of 

continuous sprinkling with an average intensity of approximately 10 mm.h-1. The fibre optic 

cable was put in the soil at an average depth of 0.25 m. This particular depth was a trade-off 

between analysing a representative soil volume, avoiding the influence of direct solar 

radiation on the fibre optic cable, and ensuring that the daily atmospheric temperature signal 

within the soil was not fully attenuated. Continuous DTS measurements were performed 

during a 14-day field campaign (10-23/07/2007) with a spatial resolution of 1 m and a 

temporal resolution of 1 min. Additionally, soil moisture content was monitored with CS615 

and CS616 Water Content Reflectometers (WCR; Campbell Scientific, Logan, UT) with a 

reported accuracy of 0.03 m3.m-3. Five WCRs were installed in two nests within the 

sprinkling experiment area at depths between 0.35 and 0.80 m. However, only the WCR 

sensor at 0.35 m depth was used for comparison with the DTS measurements as it is the most 

representative for shallow subsurface conditions. 

Table 3-1. Description of the experimental set-ups 

ExperimentalSet-
up 

Temperature 
sensor 

Location/period 
of monitoring 

Installation 
depth 

Upper Boundary 
Condition 

Lower 
Boundary 
Condition 

Temperature 
profile 

HOBO ® 
sensors 

HG3 /July -
August 2008 

0.1, 0.2, 
0.3, 0.4 m 

Dynamic - Tsoil at 
0.1m 

Dynamic – Tsoil 
at 0.4 m depth 

Single cable DTS, fibre 
optic cable 

HG1 / 

 July 2007 

~0.25 m Constant in space - 
Tair  surfacing cable 

Constant – Tsoil 
at 0.8 m depth 

Double cable DTS, fibre 
optic cable 

HG2 / 

July 2009 

0.01 and 
0.20 m 

Spatially 
distributed - Tsoil at 
0.01 m 

Constant – Tsoil 
at 0.8 m depth 

Double cable set-up – 3rd experiment 

In July 2009, a second DTS experiment was conducted with a new fibre optic cable set-up. 

Two 60 m long cables were installed at 0.20 m and 0.01 m depth within the lower unit (HG2) 

of the landslide (Figure 2-13 and Figure 3-2). The cable was dug into a secondary wash-out 

fan originating from a local erosion gully. The washed debris fills a local depression within 

the accumulation lobes of the mudslide (Figure 3-4). The western part of the wash deposits 

consists of well sorted, compacted, fine grained sediments (sub-area 1) and it represents 
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relatively young debris. Then the cable continues into eastern direction through less 

compacted, heterogeneous sediments ranging from clay to gravel size (sub-area 2) – dried 

debris deposit. The cable ends in a dry and partly vegetated accumulation lobe of the 

mudslide, consisting of an unsorted mixture of weathered marls and rock gravel and clasts 

(sub-area 3). Special attention was given to control the depths of cable installation and to 

ensure the upper cable was full covered by 1 cm of soil to avoid direct solar radiation on the 

fibre optic cable. The temperature was measured with a spatial resolution of 0.25 m and a 

temporal resolution of 2 minutes. The soil moisture content along the cable was monitored 

with a manual field operated meter (FOM) in combination with a Time-Domain 

Reflectometry probe (TDR), produced by the Institute of Agrophysics of the Polish Academy 

of Science. The reported accuracy of the FOM TDR is 0.02 m3.m-3(IA PAS, 2006). During 

this experiment one rain event of 10.5 mm with an average intensity of 2mm.h-1 was recorded 

(on 17/07/2009). 

sub-area-3

sub-area-2

sub-area-1

sub-area-3

sub-area-2

sub-area-1

 

Figre 3-4. Aerial photography of the Super-Sauze landslide from October 2008 (Niethammer et al., 2009); the 
punctuate line shows the location of the fibre optic cable; the arrows indicate morphological sub-areas. 

In this case, with a double cable set-up, the soil surface temperature measured with the upper 

cable provides the transient and distributed upper boundary condition. The lower boundary 

condition, which is not measured, is set deep enough to allow us to assume a constant 

temperature during the analysed time period (see §3.4.3). 
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3.3.5 Laboratory experiment  

The TCS was used to measure the thermal conductivity of disturbed soil samples from the 

Super-Sauze landslide. Bulk material was collected from the landslide, rock fragments were 

sieved (sieve mesh of 6.4 mm) and the saturated matrix material was consolidated in the 

laboratory. The bulk density of the samples after consolidation was 1.63 g.cm-3, which 

corresponds to the field measured values reported by Maquaire et al. (2003). 

3.4 Analysis and interpretation of the temperature time series 

3.4.1 Temperature data 

Figure 3-5 shows an example of the temperature measurements of profile T1 (1st experimental 

set-up) between 16 and 30/07/2008. The amplitude of the diurnal variation of soil temperature 

decreases with depth and a phase shift can be observed. Anomalies in the temperature profile 

occur during and after three rain events on 20, 25 and 26/07/2008. The daily temperature 

amplitude is reduced as well as the temperature differences in the soil profile. This could 

result from lower solar radiation (more clouds during the rainy days) or increased soil 

moisture content (higher thermal capacity). 

 

 
Figure 3-5. Example of the temperature measurements from profile T1. Air temperature and rain data come from 
meteorological station located around 800 m distance from the experiment area on the landslide. 

Figure 3-6 shows the complete set of temperature measurements from the 2nd experiment 

(sprinkling experiment of 2007). The locations where the cable is at the surface and thus 

measuring air temperature (Figure 3-6a) are clearly visible. Moreover, the soil temperature 

measurements in the fibre optic cable show distinct differences in the observed temperature 

range between the two sprinkling periods. This corresponds to the difference in the sprinkling 
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water temperature and the air temperature increase. The average water temperature during the 

first sprinkling period was approximately 14°C, while during the second sprinkling period, 

average water temperature reached 20°C. The average air temperature during the second 

sprinkling period was approximately 8°C higher than during the first sprinkling period. 

 

 

Figure 3-6. Distributed Temperature Sensing measurement from 1st experiment. (a) Soil wetness state observed 
during installation of the cable: white – surfacing cable, grey – ‘dry’ area, black – ‘wet’ area. (b) Temperature at 
~0.25 m depth. Dark blue areas means periods with no measurements due to technical problems. 

Moreover, spatial differences in temperature amplitude attenuation and time delay can be 

observed along the cable. Those differences coincide with the ‘wet’ and ‘dry’ areas identified 

during the cable installation. Additionally, during the sprinkling periods, the soil surface 

remains nearly saturated. Lower daily temperature amplitude was observed in areas where 

applied water accumulated due to local small-scale terrain heterogeneity. In those areas, the 

temperature of infiltrating water determines the soil temperature at 0.25 m depth. The water 

temperature during the first sprinkling period varies between 4-9°C (daily minimum) and 13-

16°C (daily maximum), while the range of soil surface temperature is between 3-9°C (daily 

minimum) and 24-33°C (daily maximum). During the drying periods, the locations with low 

daily temperature amplitudes indicate areas with a higher soil evaporation rate (the soil 

temperature remains colder during the day) and greater heat capacity (the decrease in soil 

temperature during the night is limited). 

The temperature measurements collected during the 3rd experiment (July 2009) are presented 

in Figure 3-7. The measurements show a clear difference between the soil temperatures 
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registered with the upper and lower cables (both a decrease of amplitude and a phase shift). 

Moreover, changes in soil temperature patterns can be observed during and after the rain 

event of 17/07/2009. After the rain, the daily temperature amplitude measured by both cables 

decreased and the temperature difference between the two was reduced. Additionally, 

differences in temperature patterns between the ‘wet’ and ‘dry’ areas observed during cable 

installation (Figure 3-7b) are visible. In the ‘wet’ areas the surface and soil temperatures 

during the day are lower compared to the ‘dry’ areas. 

 

Figure 3-7. Distributed Temperature Sensing measurement from 3rd experiment; (a) Morphological sub-surface 
areas; (b) Soil wetness state observed during installation (grey – ‘dry’ areas, black – ‘wet’ areas); (c) Soil surface 
temperature measured at 0.01 m depth; (d) Soil temperature at 0.20 m depth; (e) Difference between soil surface 
temperature and soil temperature at 0.20 m depth. Dark blue areas means periods with no measurements due to 
technical problems. 

3.4.2 Qualitative and quantitative analysis of temperature data 

Analysis of 1st experimental set-up 

As a first approach, the amplitude method was applied to the temperature profiles data (T1, 

T2 and T3) from a two week period in July 2008, in which three rainy days were recorded. 

Temperature time series of all possible depth combinations were analysed: 0.1–0.2 m, 0.1–0.3 

m, 0.1–0.4 m, 0.2–0.3 m, 0.2–0.4 m and 0.3–0.4 m. Figure 3-8c shows the estimated apparent 

thermal diffusivity from 0.1 to 0.4 m depth for each soil profile. 
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The inversion method was applied to the temperature profiles data from 15/05/2008 to 

1/09/2008. The observed temperatures at 0.1 m and 0.4 m below the surface provide the upper 

and lower boundary conditions. The apparent thermal diffusivity of each temperature profile 

was estimated by minimizing the difference between the simulated and the observed 

temperature at 0.2 m and 0.3 m depth over the subsequent 24-hour time window (Figure 3-8d).  

Generally, all three profiles show an increase in apparent thermal diffusivity in response to the 

rain events using both amplitude and inversion method. However, the amplitude method gives 

higher results and a larger increase in apparent thermal diffusivity values after rain events. 

One explanation could be that the amplitude method assumes that the observed temperature 

signal is an ideal sinusoidal function which leads to an underestimation of the temperature 

differences within the soil profile. Consequently, the apparent thermal diffusivity is 

overestimated. 

 

 

Figure 3-8. Apparent thermal diffusivity values estimated based on temperature data from 1st experiment set-up. 
Upper panels (a) and (b) show the rain events and rain intensity during analysed time period and lower panels 
show apparent thermal diffusivity values from (c) the amplitude method and (d) inversion method. 
 

Figure 3-8a and 3-8c show an increase of apparent thermal diffusivity values during and after 

a rain event due to increases soil wetness. However, the absolute values could not be related 

to the intensity and amount of rainfall. Since the soil moisture content is not measured over 
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the observation period it is impossible to relate apparent diffusivity values with soil moisture 

content. Nevertheless, the ‘wet’ profile T2 gives larger apparent thermal diffusivity estimates 

then the two ‘dry’ profiles (T1 and T3). Furthermore, the apparent thermal diffusivity values 

in Figure 3-8d of T2 show a gradual increase. This behaviour can not be explained with the 

last rain event but results from prolonged soil saturation due to ponding water observed in that 

area. 

Analysis of 2nd experimental set-up 

The amplitude method was also applied to the temperature data of the 2nd experiment (2007 

sprinkling experiment) by collating the soil temperature measurements (z ≈ 0.25 m) with soil 

surface temperature (z = 0 m) coming from the coiled up fibre optic cable at the surface. 

Figure 3-9b shows a significant rise in the apparent thermal diffusivity over the sprinkling 

periods. During the drying periods, a significant amount of temperature data is missing which 

hinders the analysis for this period. Nevertheless, based on estimates from the end of the first 

sprinkling period, and from the beginning of second sprinkling period, it is clear that apparent 

thermal diffusivity decreased when no water was applied. Moreover, apparent thermal 

diffusivity values are the same at the beginning of both sprinkling periods. This also agrees 

with the WCR soil moisture observations (secondary y-axis in Figure 3-9a). The ‘dry’ 

intervals remain relatively dry during the first sprinkling period, but become progressively 

wetter during the second sprinkling period. 

Subsequently, the inversion method was applied to each measurement interval along the cable 

separately. The apparent thermal diffusivity behaviour estimated with the inversion method 

shows no clear relationship with the precipitation patterns or the soil moisture content 

(Figure 3-9c and 3-9d), although the absence of a continuous temperature time series, and 

thus apparent thermal diffusivity estimates, is hampering the interpretation. However, the 

estimates of the apparent thermal diffusivities calculated for the 2nd experiment are in the 

same range as those for the 1st experiment. The absolute values calculated using the amplitude 

method are higher and exhibit a stronger response to variations in soil moisture content. 
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Figure 3-9. Analysis of 2nd experimental set-up. (a) Sprinkling intensity and daily averaged soil moisture 
observation (measured with WRC); Apparent thermal diffusivity values estimated with amplitude method (b) 
and with inversion method (c): dashed line represents the ‘dry’ points and solid lines the ‘wet’ point; (d) relation 
apparent thermal diffusivity for ‘wet’ areas, estimated with the inversion method, and measured soil moisture 
values (average of 24h). 

When analysing the 2nd experiment, it is important to stress the assumption that the point soil 

surface temperature measurements are representative for the entire experimental site. This 

assumption may introduce large errors in the calculations, especially in areas with near 

saturation conditions in the surface soil layer. As a wet soil surface temperature is less 

variable than a dry soil surface, a sensitivity analysis was performed by smoothing the 
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observed soil surface temperature to mimic the temperature of a wet soil surface. When the 

daily amplitude of soil surface temperature is set to be 30% lower than the measured one (by 

applying a 12h moving average) the estimated apparent thermal diffusivity values shows 70 to 

100% increase. 

Analysis of 3rd experimental set-up 

The 3rd experimental set-up was analysed with both the amplitude and the inversion method. 

Here the soil surface temperature, measured at 0.01 m depth and the temperature at 0.20 m 

depth were measured simultaneously with the fibre optic cable. The lower boundary condition 

was set at 0.8 m with a temperature equalling the monthly average temperature for July 2009 

(14°C). Each measuring interval along the cable was analysed separately and the soil column 

around each measuring interval length of the cable is assumed to be homogenous. 

Figure 3-10a gives an example of the measured temperature distribution from this experiment 

for 19/07/2009. It shows the temperature data of the upper and lower cable, the measured soil 

moisture content and the calculated apparent thermal diffusivity. The results of the amplitude 

method are in close agreement with those from the inversion method in terms of the spatial 

and temporal trend in apparent thermal diffusivity of the soil. The absolute values of the 

apparent thermal diffusivity estimated with the amplitude method are higher than those from 

the inversion method. However the maximum difference is not more than 30%. Generally, the 

apparent thermal diffusivity follows the soil moisture content along the cable (Figure 3-10b 

and Figure 3-10c). Two wet areas (from the beginning of the cable to 8 m distance and from 

38 m to 44 m), mapped during the installation of the cables, can be identified in the 

temperature and soil moisture observations. These are also clearly visible in the apparent 

thermal diffusivity results. Moreover, at the end of the cables, starting from 45 m, soil 

moisture content increase coincides with higher values of apparent thermal diffusivity. 
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Figure 3-10. Analysis of 3rd experimental set-up: (a) example of temperature data (DTS) from 19/07/2009: soil 
surface temperature (upper cable) and soil temperature at 0.20 m depth (lower cable), (b) soil moisture 
measurement (FOM TDR) from 19/07/2009, (c) apparent thermal diffusivity values estimated with inversion 
method. The area of the experiment is divided into three sub-areas (vertical dashed lines) with different material 
characteristics 

For a more detailed analysis of the results of this experiment, the spatial differences in soil 

characteristics along the fibre optic cable will need to be taken into account. Figure 3-11 

shows that using the morphological partitioning of the data, the apparent thermal diffusivity 

correlates quite well with the measured soil moisture data (R2 is 0.91, 0.89 and 0.63 for sub-

areas 1, 2 and 3 respectively). The much worst correlation for the sub-area -3 can be 

explained by the highest soil heterogeneity of the accumulation lobe of the mudslide and, 

consequently, the highest uncertainty of both FOM TDR soil moisture measurements and  the 

estimates of soil thermal parameters.  
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Figure 3-11. Relationship between estimated apparent thermal diffusivity values and measured soil moisture 
content (FOM TDR) per sub-area. 

Laboratory measurements of thermal conductivity 

Eight disturbed soil samples from the Super – Sauze landslide were scanned with the use of 

TCS (see §3.3.3 and §3.3.5). The measured values of thermal conductivity vary between 0.60 

and 0.80 W.m-1.K-1 when samples are dry (relative saturation around 10–20 %), and 1.60 – 

1.98 W.m-1.K-1 when relative saturation of the samples is higher than 50%. Generally, these 

ranges of thermal conductivity values are consistent with those from the Johansen (1975) 

model (Figure 3-12). However, in some samples, thermal conductivity becomes constant or 

even decreases when soil samples approach saturation (especially when the saturation degree 

is above 70%). This could be caused by the fact that the TCS is performed on disturbed and 

re-consolidated soil samples. There are no rock fragments in the soil samples (sieved soil 

samples) and some small air inclusions could not be avoided. Additionally, a water film at the 

outside of the sample was observed, at near saturated conditions, that could have negatively 

influenced the optical scanning thermometer. 

Based on the measured thermal conductivity values and on the relation D=λ/Cv, apparent 

thermal diffusivity of the soil samples was estimated. The volumetric heat capacity changes 

from around 1.4-1.6 MJ.m-3.K-1 (for dry soil) to 2.4 - 2.7 MJ.m-3.K-1 (for wet soil). The 

maximal apparent thermal diffusivity values are 0.7- 0.8·10-6 m2.s-1. 
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Figure 3-12. The results of TCS; 8 samples, 4-6 measurements per sample. The full lines (black and gray) are the 
representation of thermal conductivity (λ) calculated with Johansen model with quartz content of 10 % and 
porosity of 23 % and 33 % respectively (left panel of Figure 3-1). 

3.4.3 The influence of the lower boundary condition and the soil moisture distribution on 

the apparent thermal diffusivity 

In this section we analyse the influence of the lower boundary condition on the estimated 

apparent thermal diffusivity, the representative soil volume associated with this value and the 

influence of vertical distribution of soil moisture on the apparent thermal diffusivity. 

For the 1st experiment, the apparent thermal diffusivity, derived from both amplitude and 

inversion method, is an average value for the soil column between the depths at which the 

temperature observations were measured: 0.10 to 0.40 m. Likewise, for the 2nd and 3rd 

experiments, the apparent thermal diffusivity values estimated with amplitude method are an 

average value between the soil surface and the installation depth of the cable at ~0.25 m and 

0.20 m respectively.  

While applying the inversion method to the 2nd and 3rd experiment, the value and the depth of 

the lower boundary condition (LBC) is less well-defined. In the absence of temperature 

measurements at depth, a (near-)constant temperature at the lower boundary condition is 

needed. We used a threshold of the daily temperature amplitude of 0.5oC. Figure 3-13a shows 

that at 0.8 m depth the assumption of a constant temperature value is valid. A 15oC daily 

surface temperature amplitude is attenuated almost completely at 0.8 m depth, both for a dry 

soil (D=2·10-7 m2.s-1) and a wet soil (D=9·10-7 m2.s-1). A sensitivity analysis of the influence 

of the LBC shows that changing the depth of the LBC by ±0.1 m results in a change in 
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apparent thermal diffusivity values with -1 % and 3 %. Moreover, a 3 % variation in apparent 

thermal diffusivity values results when changing the temperature at the depth of the LBC by 

1°C. This analysis shows that changing the depth or the temperature at the LBC has a limited 

influence on the absolute values of estimated apparent thermal diffusivity and therefore has a 

limited influence on the apparent thermal diffusivity trends.  

 
Figure 3-13. Analysing the influence of the lower boundary condition and vertical distribution of soil mositure 
content on estimation of apparent thermal diffusivity with the inversion method: (a) Attenuation of the 
temperature signal with the depth; (b) Example of apparent thermal diffusivity values estimated with inversion 
method for different scenarios of soil moisture distributions with depth; (c) Schematic representation of 
scenarios of soil moisture distribution with depth: grey colour - dry condition with D=2·10-7 m2.s-1, black colour 
– wet condition with D= 9·10-7 m2.s-1.  

To investigate furthermore the influence of heterogeneous soil moisture conditions in a soil 

profile, 8 scenarios were designed with different soil moisture distributions (Figure 3-13c). 

Figure 3-13b shows the resulting apparent thermal diffusivity. Note that we assumed daily 

temperature amplitude of 15oC, a measured temperature signal at 0.20 m depth and a constant 

soil temperature at 0.80 m depth. The algorithm optimises the temperature profile based on 

temperature variations at 0.20 m depth. The results show that the soil moisture state of the 

lower part of the soil column (below 0.20 m) does not influence the estimation of the apparent 

thermal diffusivity. This is due to the fact that we analyse a period with a strong downward 

temperature gradient and thus energy flux. When different soil moisture conditions are 

assumed for the upper part of the soil column (0-0.10 m dry and 0.10-0.20 m wet or reverse) 

the estimated apparent thermal diffusivity values are independent of the soil moisture 

distribution within the first 0.20 m. This shows that the apparent thermal diffusivity estimated 

with the inversion method represents the average value for the soil column between the upper 
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boundary and the depth of the cable installation (0.25 m during 2nd experiment and 0.20 m 

during 3rd experiment). Information about the soil moisture profile within the layer can not be 

found with this method, only an average value. 

3.5 Discussion 

This analysis of temperature data shows that temporal and spatial variations in soil thermal 

parameters can be monitored in weathered clay shales by using high resolution observation of 

soil temperature. Overall, the observed trends of apparent thermal diffusivity correlate with 

observed changes in soil moisture content and with rain events. 

Nevertheless, absolute values for thermal diffusivity are often overestimated. For the 1st and 

2nd experiment, the derived apparent thermal diffusivity values are in the order of 0.5 - 5.8·10-

6 m2.s-1 (amplitude method) or 0.5 – 3.0·10-6 m2.s-1 (inversion method). These ranges deviate 

from the values predicted by Johansen (1975) for this type of soil which are in the order of 0.2 

- 0.9·10-6 m2.s-1 (Figure 3-1). Moreover, the maximum values of apparent thermal diffusivity 

obtained in the laboratory for the disturbed soil samples from the Super-Sauze vary between 

0.7 and 0.8 ·10-6 m2.s-1 which are consistent with the values from the Johansen model. 

It is important to note that the calculated values are actually apparent thermal diffusivities 

(Horton, 2002) as heat conduction is assumed to be the only mechanism of heat transfer but 

heat advection can not be totally excluded. Therefore, part of the overestimation could be due 

to neglecting the heat advection. However, it is the upper boundary condition (soil surface 

temperature) and the control of the cable installation depth that appear to be the main 

limitations. The assumption that soil surface temperature is equal over the area is debatable 

due to spatial differences in moisture conditions on the surface (as shown in §3.4.2 Analisis of 

2nd experimental set-up). In addition, accurate estimation of the depth of the cable is also 

crucial for the analysis of the thermal properties. Steele-Dunne et al. (2010) argue that 

incorrect specification of the cable depth gives rise to errors in estimated apparent thermal 

diffusivity values. When a smaller distance between the sensors is assumed, a significant 

decrease in apparent thermal diffusivity value is observed. For the temperature profiles (1st 

experiment), a 25 % distance reduction causes up to a 40 % decrease in apparent thermal 

diffusivity (Figure 3-14). On the contrary, the extreme thermal diffusivity values observed 
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after the rain event are reduced when wider spacing is considered. However, this does not 

change the temporal trends of the apparent thermal diffusivity values, only the absolute values. 

 

Figure 3-14. Dependence of apparent thermal diffusivity estimation from the distance between temperature 
sensors. Example for profile T2. 

As shown in Figure 3-10 and Figure 3-11 (3rd experiment), a better control of the depth of the 

temperature observation (lower cable) and additional measurements of the soil surface 

temperature (upper cable) result in a significant improvement of the calculated apparent 

thermal diffusivity (the inversion is less uncertain).  

The methodology presented here has two main limitations. The first limitation comes from the 

nature of the relationship between thermal diffusivity and soil moisture content (Johansen, 

1975). There is little variation in thermal conductivity when the soil is dry and the 

contribution of the air fraction dominates soil thermal properties. When the soil becomes 

wetter, a water film increases the connectivity between the soil particles and a sharp increase 

in thermal conductivity is observed. When the soil approaches saturation, particles are already 

well-connected and soil fraction controls the heat transfer. Consequently, when the relative 

saturation is higher than 50%, changes in apparent thermal diffusivity are very limited. 

Therefore, it is hard to connect thermal diffusivities with soil moisture content. However, our 

empirical relationships (Figure 3-11), which are taking into account clearly identifiable sub-

areas, are quite promising. The differences between modelled and empirical relationships may 

come from the fact that Johansen’s model dose not count for the internal structure of the soil 

(e.g. clay-particle size, different layering, aggregation, etc.) that might be very important for 

clay-rich shale (Horn et al., 1994).  

A second limitation, directly related to the inversion method, comes from the length of 

estimation/optimization window. Behaegel et al. (2007) used a 15-day optimization window 



DTS observation to monitor soil thermal properties as a proxy for soil moisture conditions 63 

  

to simulate heat diffusion in the thermally active soil layer. Therefore, the apparent thermal 

diffusivity values are effectively averaged over the 15-day interval. As the goal of this 

research is to come up with a higher resolution monitoring technique to observe changes in 

soil moisture conditions, the shortest possible optimization window was applied. This is a 24-

hour window as the temperature varies in response to the diurnal variability in net radiation. 

However, it is obvious that the dynamics of water content changes can be faster than this 

interval, especially during the short intense rain events. In order to resolve changes in soil 

thermal properties at finer than daily resolution a ‘moving window’ can be used (the 24-hour 

optimization window shifted in 3 hourly increments; Steele-Dunne et al, 2010). However, this 

can only be applied when the distance between temperature observations within the soil 

profile is limited to centimetres. Nevertheless, apparent thermal diffusivity values obtained 

with a ‘moving window’ will still represent the daily averaged condition, but shifted every 3 

hours. 

Another solution might be to combine passive DTS (for long time scale monitoring of the soil 

thermal properties) and active DTS (to monitor soil thermal properties during and after 

intense rain events). Active DTS (comparable to the heat-pulse method) involves applying 

external energy to the fibre optic cable and measuring the temperature responses. This can 

give a high precision measurement of soil moisture content and allows for high temporal 

resolution (Steele-Dunne et al., 2010). The use of coupled passive and active DTS might limit 

the energy demands (passive DTS) and provide better constraint to estimates from passive 

DTS and inversion method (active DTS). 

3.6 Summary and conclusions 

This research shows the use of high resolution temperature measurements, specifically 

Distributed Temperature Sensing, as a geophysical tracer to monitor the spatial and temporal 

distribution of soil moisture content in a clay shale environment. Three field campaigns were 

done at the Super-Sauze mudslide in 2007, 2008 and 2009, where two fibre optic cables and 

several temperature sensors were installed. 

Qualitative and quantitative analysis of soil temperature data were presented. The qualitative 

analysis of soil temperature variation made it possible to observe the soil moisture patterns 

during the sprinkling experiment of 2007. Moreover, with the soil temperature profiles, it was 



64  Chapter 3 -  

 

possible to monitor spatial and temporal difference in soil moisture patterns. The results of the 

quantitative analysis of the soil temperature measurement show that, with the use of 

amplitude analysis as well as the inversion method, it is possible to illustrate the variability of 

apparent soil thermal diffusivity, although no clear relationship with soil moisture condition 

could be observed. However, the results of the 2009 experiment show that increased precision 

of the estimated apparent thermal diffusivity values can be achieved if the sensor installation 

depth is well known and spatially distributed surface temperature observations can be used as 

upper boundary condition. Moreover, the relationship between estimated apparent diffusivity 

and measured soil moisture content shows interesting and promising results when accounting 

for spatial heterogeneity of soil characteristics. 

The methodology presented here was tested on a clay shale material that is especially prone to 

landslide. Knowledge about the hydrological behaviour of the top soil layer gives information 

about the available storage capacity and possible occurrence of preferential infiltration of rain 

water or snowmelt. This information is important to estimate the intensity and time delay of 

local groundwater recharges, and thus the distribution of pore pressure within the landslide. 

The next step in this research is to improve the knowledge of the soil specific relationship 

between soil moisture and thermal conductivity for the clay shales of the Super–Sauze 

mudslide as shown empirically in Figure 3-11. When this relationship is known for the full 

dynamic range, the degree of saturation can be inferred from calculating the apparent thermal 

diffusivity. The improved knowledge of spatial differences in hydrological behaviour within 

an unstable slope can be further incorporated into a slope instability assessment or a mass 

movement analysis. In this way, the analysis of spatial temperature patterns could become a 

valuable tool to augment the understanding of slope deformations. 



 

 

Chapter 4 

 

FIELD INVESTIGATION OF FISSURE FLOWS WITH SMALL-SCALE 

SPRINKLING EXPERIMENTS ON A HYDROLOGICALLY TRIGGERED 

LANDSLIDE 
 

 

 

 

 

The unsaturated zone largely controls groundwater recharge by buffering precipitation but at 

the same time providing preferential flow paths for infiltration. The importance of 

preferential flow on landslide hydrology is recognized in literature, but its monitoring and 

quantification remains difficult. 

This chapter presents a combined hydrological and hydrochemical analysis of small-scale 

sprinkling experiments with the aim to show the potential of such experiments for studying the 

spatial differences in dominant hydrological processes within a landslide. This methodology 

was tested in the highly heterogeneous black marls of the Super-Sauze landslide. The tests 

were performed in three areas characterised by different displacement rates, surface 

morphology and local hydrological conditions. Special attention was given to identify and 

characterise the preferential flow patterns. Based on the analysis of all available field data, 

conceptual models of the hydrological response were proposed and confronted with existing 

knowledge about the Super-Sauze landslide. 

Based on: Krzeminska D.M., Bogaard T.A., Debieche T.-H., Cervi F., Marc V. and Malet J.-P., (in review). 

Field investigation of fissure flows with small-scale sprinkling experiments on a hydrologically-controlled 

landslide. (submitted to) Earth System Processes and Landforms. 

Krzeminska D.M., Bogaard, T.A., Debieche T.-H., Marc V. and Malet J.-P. 2012a (in press). Sprinkling tests to 

understand hydrological behaviour of mudslide. In: Proc. Int. Conf ‘The second World Landslide Forum’, Rome, 

Italy.
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4.1 Introduction 

The texture and structure of the unsaturated zone control the groundwater recharge by 

attenuating percolation and providing preferential flow paths for infiltrating water. However, 

monitoring and quantification of percolation processes, subsurface flow paths, and residence 

time of water in the soil remains a challenge even in seemingly homogeneous soils. The main 

difficulties in landslides stem from strong heterogeneity of landslide lithology and spatio-

temporal variation of hydrological properties and dominant hydrological processes. This is 

particularly true when dealing with highly heterogeneous unconsolidated, partly weathered, 

silty-clay sediments, such as black marls (Chapter 2). Additionally, in slow-moving clayey 

landslides, (constant) movement of sliding material results in the formation of fissures due to 

compression or extension, and successive opening and closing of fissure apertures depending 

on material characteristics, differential displacement and deformation rate. 

Presence of fissures may influence the rate of groundwater recharge and change the time and 

intensity of drainage (see Ch.1§1.3.4). They create so called ‘dual permeability’ or ‘multiple 

permeability’ systems (see Ch.1§1.4): the porous medium consists of two (or more) 

interacting and overlapping but distinct continua. The water flow occurs in both continua but 

it is fracture continuum (macropore or fissure) that is the main transport medium, 

accommodating preferential flow (Gwo et al., 1995; Greco, 2002; Šimůnek et al., 2003; Gerke, 

2006; Jarvis, 2007). Due to the complexity of preferential fissure flow processes (see Chapter 

1,§1.3) it is very difficult to measure the processes in the field and to quantify them. 

There are various experimental techniques that are used to gain insight into processes 

controlling preferential flow (see Ch.1§1.3.5) however, a consistent measurement method is 

not yet achieved. In the field the most convenient investigation method is the combination of 

the environmental or/and artificial tracing with hydrological surveying. However, plot scale 

artificial tracing of subsurface water flow is seldom studied owing to investigation difficulties 

in the field (Hirotaka et al., 2004; Binet et al., 2006). Debieche et al. (2012) used a large scale 

(14x7 m2) infiltration test to investigate the hydrodynamical and hydrochemical responses of 

a highly active area of the Super-Sauze landslide. This experiment gave valuable information 

to identify and understand preferential flow processes, and the development of local perched 

water tables. However, due to the size and long duration, this kind of experiments are 

logistically and financially very demanding, and cannot be undertaken on a regular basis 
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across the study area. Nevertheless, to improve our understanding of landslide dynamics, 

knowledge is needed on spatial heterogeneity of hydrological behavior and its relationship to 

differential movement occurring across a landslide. 

The main objective of the research presented in this chapter is to test the potential of small-

scale (1x1 m2) sprinkling experiment to identify, study and quantify the dominant 

hydrological processes within an active, highly heterogeneous landslide. This chapter presents 

the results obtained from three sprinkling tests performed on morphologically different areas 

of the persistently active Super-Sauze landslide (French Alps). The hydrological and 

hydrochemical observations are generalised into hydrological concepts and collated with 

current knowledge about the landslide. 

4.2 Methodology 

4.2.1 Experimental design 

The sprinkling experiments were performed with the use of sprinkling apparatus with one 

nozzle fixed above the sprinkling area. The apparatus has been calibrated in order to provide 

relatively homogenous distribution of the sprinkling water over the 1x1m2 experimental plot: 

various nozzles in combination with various installation height and different pumping 

pressure. As a result the 1/4HH-10SQ nozzle was installed at the top centre at around 2 m 

high. Water supply was pumped in with regulated constant pressure (1.1 bars). The sprinkling 

was carried out in blocks of 15 min sprinkling and 15 min break with sprinkling intensity of 

approximately 20-30 mm.15min-1 (Figure 4-2). This intensity is a trade off between the 

feasibility of the sprinkling equipment (pump and nozzle) and a realistic sprinkling rate: the 

applied intensity is comparable to the observed intensity of summer and autumn storms (up to 

50 mm.15 min-1; Malet, 2003) and is high enough to ensure infiltration to both matrix and 

fissure compartments. To monitor actual sprinkling volume, and determine its distribution 

within the sprinkling plots, the rain gauges (5 per plot) were installed. The actual sprinkling 

rate has been calculated based on Thiessen polygon method. In order to protect the 

experiment from wind disturbances and to minimize evaporation the experimental areas were 

covered with a tent. It is important to stress that the setup of the sprinkling experiment was 

designed to identify different patterns of the hydrological responses rather then being used for 

e.g. infiltration capacity measurement.  
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The 1x1 m2 sprinkling tests were carried out in two periods of 7-8 hours sprinkling, composed 

of 14-17 sprinkling blocks (SB = 15 minutes rain + 15 minutes break), during two consecutive 

days. In this way, the first day of each sprinkling test started with dry initial conditions while 

the second one represented wet initial condition. The water used for the sprinkling tests was 

first collected in water tanks and blended with chemical tracers. The tracing was realised with 

two tracers: Br- during the first day of experiment and Cl- during the second day of 

experiment. The aim of introducing this artificial tracing is to reveal event – pre-event water 

mixing proportions and subsurface flow paths. 

Within each sprinkling plot 4-5 piezometers were installed: one in the middle of the plot, two 

in the direction of expected (sub-)surface water movement (in the direction of fissures, if they 

were visible at the surface), and one upslope of a plot as the reference (Figure 4-1b). The 

piezometers were made of PVC tubes with 0.50 m filters, covered with standard filter 

protection, surrounded by filter sand and closed with granular bentonite. All three 

experimental setups were built up two days before the sprinkling experiment started. 

Groundwater responses were monitored manually every 15 minutes and with the use of 

automatic recording water pressure devices (Divers and Kellers) with a 3 minute time 

resolution. The water for hydrochemical analyses was sampled every 1 hour from all 

piezometers during the sprinkling experiment and one time per day for two consecutive days 

after the experiment. Additionally, the sprinkling plots A and B were equipped with 1m long 

access tubes for Theta Probes (PR1/6w-02, Delta-T Devices with reported accuracy of ±0.06 

m3 m-3; Van Bavel & Nichols, 2002) in order to monitor changes in soil moisture profile at 6 

depths (0.1, 0.2, 0.3, 0.4, 0.6 and 1.0m). The device was not installed in plot C due to 

technical problems. The initial surface soil moisture (0-0.10 m depth) in the plot B was 

measured with a manual field operated Time-Domain Reflectometry probe (TDR). The 

reported accuracy of the FOM TDR is ±0.02 m3 m-3 (IA PAS, 2006).  

4.2.2 Analysis methodology 

The soil column for water balance and for tracer mass balance calculation was bounded 

laterally by the 1x1 m2 sprinkling surface area and vertically by the maximum depth of the 

piezometer installed in the center of each plot. The water balance of the sprinkling experiment 

for 7 or 8 hours duration is: 
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, ,P GW in GW out OF EV V V V V S+ = + + + ∆          (4.1) 

where VP is the volume of precipitation (sprinkling), which here represents the amount of 

sprinkling water, VGW, in and VGW, out are the volumes of groundwater inflow and outflow, VOF 

is the volume of overland flow, VE is evaporation volume and ΔS is the change in storage over 

the duration of the sprinkling experiment. 

Moreover, a depletion curve analysis was applied in analogy of hydrograph recession analysis 

by applying linear reservoir concept (Hornberger et al., 1991; Mikovari & Leibundgut, 1995; 

Sivapalan et al., 2002). Additionally, assuming that groundwater level is a direct function of 

change in drained volumes (therefore, a change in storage) it was possible to identify 

differences in types of storages based on occurrence of inflexion points in the drawdown 

curves. The time for depletion of the storages is indicated by a depletion factor. Depletion 

factor (K) is calculated for all segments of the drawdown curve defined by inflexion points 

using the empirical method explained by Linsley et al. (1982): 

t
K

t t th h e
−∆

+∆ = ⋅            (4.2) 

where ht is the groundwater level at time t, and Δt the temporal resolution of groundwater 

level observations [min]. The steeper part of the curve represents fast drainage and is usually 

assumed to be preferential flow, whereas the gentle part representing slower drainage is 

comparable to represent matrix flow. 

Besides qualitative description of the infiltration process the concentration of the conservative 

tracers (Br- and Cl-) was used to calculate the proportion of different water sources (event – 

pre-event water) using a two-component end-member mixing (EMMA) model. The EMMA 

model has been widely used for hydrological studies to separate the different contributions of 

streamflow (Christophersen & Hooper, 1992; Mulholland and Hill, 1997; Soulsby et al., 2003; 

James & Roulet, 2006; Cras et al., 2007). The end members are usually defined from the 

reservoir characteristics so mixing diagrams inform about the variable source areas of runoff. 

At the same time, they could be used to understand the flow processes which take place 

during infiltration. The mixing proportions can be calculated using the following equations: 
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where C(t) are tracer concentrations [mg.l-1] measured during the sprinkling experiment at 

different time (sampled from piezometers) and α and β are mixing proportions during the 

sprinkling tests. PE and EW indicate the pre-event and event water, and the numbers indexes 

are related to first and second day of experiment respectively. As 
,Br PE

C −  and 
,Cl PE

C −  are 

assumed negligible in regards with EW concentrations, the equations reduce to: 
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Besides the added conservative tracers Br- and Cl-, also the sulphate concentration in 

groundwater prior the experiment could be used as an independent variable to define a ‘pre-

event’ end member (
4 ,SO PE

C − ). Sulphate is the major component of the groundwater chemistry 

and it can be used as tracer as long as the impact of the difference between groundwater and 

rainwater concentrations remains far larger than that of the water-rock interaction. When 

sprinkling is applied (EW), its sulphate content (
4 ,SO EW

C − ) can be considered as the second 

end-member: 
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The two estimated mixing proportions (for artificial and environmental tracers) for both 

experiments are plotted to analyse and validate the mixing assumption. 

Furthermore, simple mass balance equations were used (for Br- and Cl-) to estimate the most 

probable water (and tracer) flow paths and to restrain mixing processes: 

/ / , / , /

( )
( ) ( ) ( )

end PE INF SSF

end end PE INF SSFBr Cl Br Cl PE Br Cl EW Br Cl

V t V V V
C t V t C V C V C t V− − − − − − − −

= + −
⋅ = ⋅ + ⋅ − ⋅

   (4.6) 
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where V(tend), VPE, VINF and VSSF are the estimated total water volume in the soil column at the 

end of sprinkling tests, the estimated volume of pre-event water, the estimated volume of 

infiltrated water (fraction of EW) and the estimated volume of subsurface flow (including 

exfiltration). The volume of pre-event (VPE) is calculated based on initial groundwater level 

and initial soil moisture content: 

0 0
( ( ) )PE t t iniV A h n z h θ= ⋅ ⋅ + − ⋅         (4.7) 

where A is the plot area [m2], ht0 is the groundwater level [m] observed before the experiment, 

n is average porosity [-], z is the depth of analysed soil column [m] and θini is the initial soil 

moisture [-]. 

4.2.3 Characteristics of experimental plots 

The small-scale sprinkling experiments A and B are located in the upper part of the Super-

Sauze landslide (see Chapter 2) which is the most active in terms of displacement rates, 

abrupt changes in groundwater levels throughout the season and changes in fissure density 

and openings (Figure 4-1). The experiment C is located in a relatively stable part of the 

landslide, but still at the direct contact with the most active area, and is representative of small 

displacement rates, small changes in groundwater levels throughout the season and no 

changes in fissure characteristics (Figure 4-1b). As such, the three experimental plots are 

chosen to present different dominant hydrological responses (Malet, 2003; deMontety et al. 

2007). All sprinkling experiments were localised in relatively flat areas with slope of 5-7°. 

The geomorphology of each plot is detailed below: 

- Plot A is located in the active area near the crown (ablation zone) consisting of relative 

fresh but heavily broken marl blocks and deposits (marly fragments of approximately 2 

cm). There are wide (aperture of 0.07 - 0.15 m) undulating fissures observed on the 

surface (see Figure 4-1b for the sketch), partly or totally filled with reworked marl 

fragments.The open depth of these fissures varies from 0.09 to 0.12 m.  

- Plot B is located also in the very active area, at a secondary mudslide deposition area 

(transit zone). It is gravel crust, characterized by coarse fragments (bigger than 2 mm) 

overlaying a finer matrix.There are wide open (apertures around 0.10 m) fissures present 

within plot area with the open depth reaching 0.50 m (see Figure 4-1b for the sketch).  
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- Plot C is situated in the compacted, relatively stable western part of the landslide consists 

of fine grained with different rock fragments. No fissures are observed at the surface.  

 

 
Figure 4-1. (a) The upper part of the Super-Sauze landslide with indicated location of three sprinkling tests 
(plot A, B and C); the white dashed lines indicate the hydro-geomorphological units (after Malet et al. 2005). 
(b) Schematic representation of the experimental setup of each area (not scaled); grey squares represents 1x1 
m2 sprinkling plots; dots represent the location of the piezometers; numbers in brackets indicate the depth of 
the piezometers in metres; crosses indicate the location of the theta probes; undulating lines indicate fissure 
distribution within the sprinkling plots and arrows show the local slope direction in the area. (c) Photographs 
of the soil surface of each sprinkling area with arrows showing the local slope direction in the area.  

The depth of the surficial unit is significantly different in each plot and is equal: around 10 m 

in plot A, 3 m in plot B and 5 m in plot B (Travelletti & Malet, 2012). The annual average 

depth of the saturated zone is 1.9, 1.1 and 2.5m respectively. The porosity values for the 

experimental plots were assumed to be 0.35, 0.38 and 0.30 in average for plot A, B and C 

respectively, based on the gravimetric measurement (Malet, 2003).  
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The depth of the piezometers is different at each area. Within plot A all piezometers were 

installed at approximately 2 m depth. Within plot B the piezometers depths are around 1 m 

due to the shallow groundwater level (see also Figure 4-1b-c.). Within plot C the depths of the 

piezometers were influenced by the presence of rock fragments in the soil and vary from 1.2 

to 3.0 m. 

The sprinkling water was taken from the Goutta spring above the landslide originating from 

moraine deposits, and which is not influenced by any mineralization during its transport in the 

landslide (Debieche et al., 2012). 

4.3 Results of sprinkling experiments - hydrological and hydrochemical responses 

Within each sprinkling plot different hydrological behaviours were observed. Figure 4-2 

summarises the observed groundwater variation and tracer concentration patterns. Figure 4-3 

shows the drawdown curves after the second day of sprinkling. For plot A and B the 

drawdown of the centrally-located piezometers was analysed (A1 and B1), while for plot C 

the analysis is carried out for piezometer C2 since the groundwater level observed in 

piezometer C1 was strongly influenced by water sampling. 

4.3.1 Plot A 

Plot A was a dry area with no groundwater observed within the first 2 m depth (depth A1) 

before the experiment started. The mean initial volumetric water content of the top soil layer 

(up to 0.30 m depth), was 0.12 with standard deviation of 0.03. In response to the applied 

sprinkling neither overland flow nor subsurface runoff was observed. The groundwater 

fluctuation in A1 showed a very fast vertical movement of water: the significant rise of 

groundwater level during 15 minutes sprinkling and fast drop of water level in the 15 minutes 

break (approximately ±0.25-0.30 m). Moreover, the drawdown after each day of sprinkling 

lasted four hours only (Figure 4-2a and Figure 4-3).  

The total increase of groundwater level in A1 was more than 0.9m above the soil column 

depth. In A2 the increase of the groundwater level was limited to maximum 0.21 m and in A3 

to 0.27 m above the depth of the piezometer (2.0 m and 1.8 m respectively). Moreover, in A3, 

located in the direction of the surface fissures, the groundwater level started to react during 



74 Chapter 4 -   

the first day after fourth sprinkling block (SB-04). In A2 the groundwater reaction started only 

during the second day after SB-05. In A7 no change was observed. 

The soil moisture variation observed in the soil profile in θA2 (approximately 1 m distance 

from the sprinkling area) is negligible. In θA1 no changes were observed in the first 0.60 m of 

soil profile, however, at 1 m depth soil moisture increased till saturation over the two days of 

the sprinkling experiment. 

 

 
Figure 4-2. Monitoring results of three sprinkling experiments: (a) plot A, (b) plot B and (c) plot C. Upper panels 
show the intensity of the sprinkling (primary Y-axis) and groundwater responses in piezometers (secondary y-
axis). Middle and bottom panels show the ratio between tracer concentration measured in the piezometers or 
subsurface runoff (SSF) and the applied tracer concentration.  
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Figure 4-3. Drawdown curves observed in piezometers A1, B1 and C2 after the end of sprinkling experiments 
and corresponding depletion factors K [min], 

The tracer concentration in the piezometers gradually increased with cumulated amount of 

applied sprinkled water. Similar to the hydrological responses, the most intense changes were 

observed in A1, reaching 84% (first day) and 93% (second day) of applied tracer 

concentration at the end of each 7-8 hours sprinkling. Moreover, tracer concentration 

decreased during the recession phase. At the start of the second day, Br- concentration had 

nearly dropped back to the initial value. The same trend was observed for Cl- during the 

second day. The tracer concentration in A2 and A3 followed the trend observed in A1. 

However, the maximal measured tracer concentration in A2 reached 38% (first day) and 71% 

(second day) of applied concentration. In A3 the maximal tracer concentrations are 26 and 

55% respectively. It is important to note that in plot A, on the second day of experiment Br- 

was applied during first four sprinkling blocks (SB-01 to SB-04) with very high concentration 

(461 mg.l-1). This incident determined the behaviour of Br- concentration at the beginning of 

the second day of sprinkling: maximum concentration of Br- was observed after SB-06 in A1, 

after SB-08 in A2, and after SB-12. 

4.3.2 Plot B 

Plot B was located at an area with shallow groundwater level (0.35-0.55 m below the surface). 

The average initial volumetric water content in the first 0.30 m of the soil was 0.25 with 

standard deviation of 0.07. During the sprinkling experiment an increase of groundwater level 
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was observed only in B1 and B3 and they amounted 0.25 and 0.20 m respectively. The 

groundwater level fluctuated on average ± 0.07 m in response to a single sprinkling block. No 

groundwater level changes in B2 and B6 were registered and no changes were observed in 

soil moisture content in θB1 or θB2 (located within approximately 1m distance from 1x1 m2 

sprinkling plot). 

 

Figure 4-4. Example of the dynamics of the subsurface runoff (i.e. fissure flow) observed in plot B during and 
after sprinkling blocks (SB). 

The exfiltrating subsurface runoff was measured around 1-1.5 m downslope of the 

experimental plot. The volume of subsurface runoff per sprinkling block increased with time. 

For the first day, it started with 15.9·10-3 m3 during SB-05 and reached 18.3·10-3 m3 during 

SB-14. For the second day, it ranged from 11.4·10-3 m3 (during SB-01) to 19.5·10-3 m3 

(during SB-14). The total volume of measured exfiltrating subsurface runoff was more than 

45% of applied water volume during first day and 70% during the second day. Figure 4-4 

shows the dynamics of the subsurface runoff: the subsurface runoff starts 3 (first day) or 2 

(second day) minutes after the sprinkling starts and it reaches its maximum intensity shortly 

before the end of 15 minute sprinkling. The subsurface runoff ends 8 - 9 (first day) or 5 - 7 

(second day) minutes after the sprinkling ceases. 

In B1 and B3 the relative Br- concentration rose quickly and reached 67% and 93% maximum 

respectively at the end of the first day. Moreover, it remained at a high level in-between two 

days of sprinkling (Figure 4-2b). Similar tracer concentration behaviour was observed during 

the second day of the experiment, when chloride was applied. The observed Br- concentration 

gradually decreased while the Cl- concentration increased reaching 58% (B1) and 99% (B3) 

of applied concentration. The Cl- concentration remained high (in B1 58% and in B3 68% of 
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applied concentration) even 20h after the end of the experiment. It is noteworthy that the 

concentration of Br- and Cl- is most of the time higher in B3 than in B1 and that the tracer 

concentration in the subsurface runoff equals (first day) or almost equals (second day; 81-99%) 

that of the sprinkling water.  

4.3.3 Plot C 

Plot C had wetter initial conditions: the initial groundwater level was around 0.75-1.00 m 

below surface and the initial volumetric water content varied between 0.20 and 0.25 (0.23 in 

average) in the first 0.10 m of the soil. In contrast to the dynamics observed in plot A, around 

75% of the sprinkling water left the soil column as overland flow. Moreover, during the entire 

experiment ponding was observed within the 1x1 m2 plot. 

The groundwater level observed in C1 and C2 respond similarly: an increase of groundwater 

level up to 0.20 m (for C1) and 0.05 m (for C2) below surface and fluctuations of about 0.20 

m after each 15 minutes sprinkling. The drawdown observed in C1 stopped after 4 hours 

whereas in C2 it took around 12 hours after the sprinkling ceased. C3 showed 0.03-0.07 m 

groundwater level fluctuation and in C5 and C6 no response was registered. 

In C1 the relative concentration of Br- reached approximately 43-49% of the applied tracer 

concentration and was around constant during the first day of sprinkling. At the start of the 

second day Br- relative concentration was 31% and it rose again up to 50% as soon as new 

sprinkling water (without Br-) was applied (Figure 4-2c). Similar trends were observed for C2, 

with the maximal tracer concentration reaching 28% and 40% of applied concentration for the 

first and second day respectively. There was no tracer found in C3. 

During the second day of the sprinkling experiment, the Cl- concentration showed very 

limited increase in C1 but a gradual increase up to around 50% of the applied concentration in 

C2. The Cl- concentration decreased after the second day. However, in C2 it remained 

relatively high even 20 h after the experiment (300 mg.l-1). Again, no tracer was found in C3. 
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4.4 Discussion of experimental results and model conceptualisation 

4.4.1 Water balance and tracer mass balance analysis 

The water budget was calculated for each day of the sprinkling experiment from the first 

sprinkling block (SB-01) till the end of the observed drawdown in the centrally located 

piezometer. As a first approximation the water balance components were estimated based on 

the assumption that the whole experimental area (1x1 m2) was hydrologically active, meaning 

all water stored in the soil column was mobile and full mixing of pre-event water and event 

water occurs. The groundwater flow variations were assumed to be only due to infiltrating 

sprinkling water over the experimental plot (Figure 4-5). This means we assume no change in 

overall groundwater flow and no change in deep percolation (plot B and C) due to the 

sprinkling activity. In case of plot A, where no groundwater level was observed before and 

short after the experiment, the direction of the estimated subsurface flow cannot be 

determined so the subsurface flow comprises both vertical deep percolation (Pe) and lateral 

flows (SSF). The volume of pre-event (VPE) water was estimated based on Eq.4.7, and the 

volume of infiltrated water (VINF) was calculated as: VEW-VOF. The volume of subsurface 

fluxes (VSSF), which comprises all subsurface fluxes, was estimated using the measured 

groundwater level responses to the consecutive sprinkling blocks and the change in storage ΔS 

was calculated as: VINF-VSSF. Evaporation (E) is assumed to be negligible as the sprinkling 

plots were covered with a tent. Table 4-1 shows the measured (m) and estimated (e) water 

balance components. 

 
Figure 4-5. Schematic representation of water balance components of experimental plots. 
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Table 4-1. Measured (m) and estimated (e) components of water balance for each plot, with the assumption that 
whole experience area is hydrologically active 

 Plot A Plot B Plot C 
Day of experiment (duration) 1st (7h) 2nd (8h) 1st (7h) 2nd (8h) 1st (7h) 2nd (7h) 
Assumed average porosity, n [-] 0.35 0.35 0.38 0.38 0.30 0.30 
(m)Initial average volumetric soil 
moisture,  θini [-] 0.12 0.12 0.25 0.27 0.23 0.25 

(e)Water in soil column, VPE [m3] 0.23 0.24 0.32 0.34 0.78 0.79 
(m)Sprinkling volume, VP [m3] 0.27 0.33 0.36 0.42 0.29 0.30 
(m)Overland flow, VOF, [m3] Not observed Not observed 0.22 0.23 
(e)Infiltrated water, VINF [m3] 0.27 0.33 0.36 0.42 0.09 0.08 
(e)Subsurface flow, VSSF [m3] -* 0.23 0.34 0.41 0.09 0.08 

- (m)exfiltration [m3] Not observed >0.17** 0.30 Not observed 
(e)Water in soil column, V(tend) [m3]  -* 0.34 0.35 0.35 0.79 0.79 
(e)Change in storage, ΔS [m3] -* 0.10 0.02 0.01 0.01 0.01 
(e)Final average volumetric soil 
moisture, θ(tend) [-] -* 0.17 0.27 0.28 0.25 0.26 

* Estimation not possible because of missing groundwater level observation 
**Exfiltration started after 2 hours of sprinkling but was measured only since 3rd hour of sprinkling experiment 

The tracer mass balance was used to evaluate the assumption of water mobility and full 

mixing within the soil column. The bromide and chloride masses were calculated from 

measured chemical concentration times corresponding water volumes. The tracer mass 

remaining in the soil column was calculated in two ways: (1) based on the tracer mass balance 

and (2) based on the measured tracer concentration in the groundwater at the end of the 

sprinkling experiments. When we consider the entire soil column as hydrologically active, the 

second calculation method gives higher tracer mass. However, the difference between the two 

can be minimized by reducing the hydrologically active area. The percent of the experimental 

area that is hydrological active (x) can be estimated based on Eq. 4.8.  

/ / , / , /
( ) ( ) ( )

( )
end end PE INF SSFBr Cl Br Cl PE Br Cl EW Br Cl

end PE INF SSF

C t V t x C V C V x C t V

V t x V V x V

− − − − − − − −⋅ = ⋅ ⋅ + ⋅ − ⋅ ⋅

= ⋅ + − ⋅
  (4.8) 

It is important to note that VPE and VSSF are estimated based on groundwater level observation 

multiplied by the (hydrologically active) area of the experiment. 
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Table 4-2 shows tracer mass balance component and it is subdivided in two parts: first, the 

results based on the assumption that the whole soil column is hydrologically active (i.e. full 

mixing), second the results taking into account a percentage of the soil column that is 

hydrologically active.  

Furthermore, the influence of porosity values was evaluated. Increasing or decreasing the 

average porosity with 0.01 and 0.02 results in changes in the water balance components. 

There is limited influence of porosity on the estimated volume of pre-event water: no changes 

in plot A (since there was no groundwater before the experiment), ±5% in plot B and ± 3% in 

plot C. The volume of subsurface flow is more sensitive for changes in soil porosity. It varies 

between ±35% in plot A and ±24% in plot C. Within plot B the change in subsurface flow 

volume expressed in percentage terms is also significant (between +11% and – 55%) but it 

corresponds to relatively low absolute values (0.05-0.1 m3). Consequently, the changes in 

volume of water stored in the soil column at the end of experiment are the highest for plot A 

(between -23% and +44%) and relatively limited for plot B (±7%) and plot C (±14%). The 

influence of porosity changes on calculated percentage of hydrologically active area (Eq. 4-8) 

is limited to maximum ±2%. 

4.4.2 Hydrological and hydrochemical observation  

Clearly, a diverse spectrum of results emerges from the experiments. However, the results 

also show interesting similarities. The sprinkling water infiltrates into the top soil through 

both matrix and preferential (fissure) flow paths. Once water entered into the soil the plots 

show basically two types of drainage. First groundwater level depletes fast and slows down 

after 15-90 minutes. Interestingly, fast infiltration and fast drainage do not coincide. Plot A 

has both fast infiltration and fast drainage (both in first and second stage), whereas plot B 

shows high infiltration capacity but the second reservoir shows the slowest depletion of the 

stored subsurface water. Plot C has low infiltration rate but seems to drain the infiltrated water 

relatively quickly. 
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Table 4-2. Measured (m) and estimated (e) tracer mass balance components and the evaluation of the 
hydrologically active area assumptions 
 Plot A Plot B Plot C 
Day of experiment (applied tracer) 1st (Br-) 2nd (Cl-) 1st (Br-) 2nd (Cl-) 1st (Br-) 2nd (Cl-) 
Tracer in applied water  
 - (m)concentration, [ ]EW [g .m-3] 118 1035 122 128 123 1047 
-  (e)mass [g] 32.3 343.7 44.1 53.5 35.6 322.5 
(e)infiltrated tracer [g] 32.3 343.7 44.1 53.5 10.1 85.2 

assuming that whole area is hydrological active 
(e)  Tracer out of soil column via: 
 - overland flow, [g] Not observed Not observed  22.3 237.3 
 - subsurface flow, [g] -* 162.8 >33** 36.2 4.2 2 
(e)Mass of tracer remained in soil column 
based on mass budget [g] (mass in – mass out) 

-* 180.9 <11.1 17.3 5.9 83.2 

(m)Tracer concentration in the groundwater, 
[ ] (tend)  [g.m-3] 

91,4 768.5 81.4 73.6 45.8 50.34 

(e)Mass of tracer remained in soil column 
based on measured concentration, [g] 
(V(tend) [ ](tend) ) 

-* 261.3 27.7 25.8 35.7 39.7 

assuming that x percentage of the area is hydrological active 
(e)Percent of the plot area that is 
hydrologically active, x[%] -* 53 24 60 17 210 
(e)Tracer out of the soil column via subsurface 
flow  [g] 

-* 86.3 >25.7** 34.2 0.7** 4.3 

(e)Mass of tracer remained in soil column 
based on mass budget [g] 

-* 257.4 <18.4** 19.3 9.4** 82.7 

(e)Mass of tracer remained in soil column 
based on measured concentration, [g] 

-* 257.7 18.4 18.9 9.5 80.8 

* Estimation/measurements not possible because of the missing groundwater level observation 
**Exfiltration started after 2 hours of sprinkling but was measured only since 3rd hour of sprinkling experiment 
 

The tracer information shows similarities with the groundwater patterns. Both bromide and 

chloride concentrations rise reaching almost the initial concentration of the sprinkling in the 

centre of plot A and around 60% of the initial concentration of the sprinkling in the centre of 

plot B within the duration of the experiment. In plot C both tracers reach maximum 0.5 

relative concentration indicating more mixing with pre-event water. The location of highest 

relative concentration is in the centre for plot A and downslope of plot B (in B3). Plot C 

results are again a bit more diverse, both piezometers C1 and C2 show mixing of sprinkling 

water with pre-event water for the first day but only the downslope located C2 shows a 

significant increase of chloride concentration during the second day experiment. 



82 Chapter 4 -   

The results of the EMMA model underline the differences in mixing processes and their 

dynamics observed per plot (Figure 4-6). For all plots the relation between mixing proportion 

estimated based on both applied tracer and sulphate concentrations do not follow the 1:1 line 

exactly. This can be an effect of soil – water interaction (dissolution of pyrite). This can be 

partly due to the uncertainty on the PE sulphate concentrations estimates which may vary 

quite a lot over short distances. Within plot A and B the mixing processes are clear: the 

mixing proportions change progressively during the sprinkling experiment from 0% to more 

than 90% (plot A) or around 70% (plot B) for both tracers and sulphate. In plot C the mixing 

proportions increase during the first day but they are limited to 64%. Moreover, in plot A and 

B, the artificial and environmental tracers behave similar over the two days sprinkling 

experiment showing that mixing processes can be explained with two end-member only: 

mixing of event water with pre-event water. This is also the case for the first day in plot C. 

During the second day of the experiment a sharp dilution of SO4
2- was observed in C1 while 

Cl- concentration remained low and Br- concentration increased. This indicates that in plot C, 

both event waters (EW1 during first day and EW2 during second day of sprinkling) 

contributed independently in mixing with pre-event water. However, it is important to stress 

that EMMA results are based only on tracer concentrations and give relative mixing 

proportion and do not give the absolute mass of mixed tracers. 

 
Figure 4-6. EMMA model results for the centrally located piezometers A1 (a), B1 (b) and C1 (c). The full 
triangles are estimates for the first day of the experiment and the open dots represents second day of the 
experiment. The grey line is 1:1 line. 

The three plots show different spatial responses. In case of plot A three piezometers show a 

response in water level and in tracer concentration. In plot B and C only two piezometers 

react to the sprinkling in groundwater level and water quality. This suggests the plot B and C 
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have structured flow paths whereas plot A is more permeable in all directions. Subsurface 

flow often follows the slope gradient, however, the presence of fissures and macroporosity 

(plot A and B) strongly influences flow direction. 

Based on the interpretation of the sprinkling experiment, three conceptual models of the 

observed hydrological behaviour are proposed (Figure 4-7): 

- Fast input – fast output (plot A) – very fast infiltration as well as fast drainage; 

- Fast input – slow output (plot B) – fast infiltration but very slow drainage; 

- Fast but limited input – moderate output (plot C) – limited infiltration and relatively slow 

drainage (when compared with plot A). 

 

 
 

Figure 4-7. Conceptual models for preferential flow within three experimental areas: (a) fast vertical preferential 
fissure flow and fast matrix flow; (b) combination of matrix flow and preferential flow (isolated fissure flow 
system), (c) matrix-like infiltration with limited influence of preferential flow. The black dashed lines indicate 
the depth of centrally-located piezometer. 
 

Concept 1: Fast input- fast output  

Plot A represents a fast input-output type of hydrological response: the very fast response to 

the onset of sprinkling as well as sudden groundwater level drop after sprinkling is finished. 

The sharp groundwater level decrease in A1 (see Figure 4-3) after the end of the sprinkling 
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test is an indication of drainage from a highly permeable fraction of the subsurface, e.g.: the 

fissure fraction. Moreover, the second part of the depletion curve is quite rapid as well, 

indicating that also the matrix fraction is highly permeable. The very high permeability is 

confirmed by the fact that groundwater responses are observed not only in the centre of the 

experimental plot (A1) but also in two directions downslope: relatively quick response in A3 

(direction of fissures observed on the surface) and delayed in A2.  

A rough quantification of matrix flow and preferential flow can be done by estimating 

Darcian flow between A1 and A2 (Figure 4-8). The subsurface outflow is estimated from the 

depletion curve after the final sprinkling block. The total volume of subsurface outflow 

(through matrix and fissures) from the experimental plot can be estimated from the depletion 

curve A1. Extrapolating the depletion curve (A1) corresponding to the slow drainage (Figure 

4-3) towards the beginning of the drawdown gives an estimate for the groundwater level drop 

due to matrix flow. The flow cross section is the product of the groundwater level observed in 

A1 (hA1) and the diagonal width of the experimental plot (√2). The hydraulic saturated 

conductivity of the area (upper part of HG1 unit) is set to be 10-5 m.s-1 (Malet, 2003). The 

estimated lateral matrix flow during depletion is approximately 40% of the total subsurface 

flow while remaining 60% of total subsurface flow is preferential flow through the fissures 

and deep percolation. 

 
Figure 4-8 The scheme that is used to calculate the Darcy flow between A1 and A2; the soil column contours are 
marked in grey, hA1 and hA2 are groundwater levels observed in A1 and A2 respectively, d is the distance 
between A1 and A2. 
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There is 0.7m3 of pre-event water (approximately 33-36% of maximal storage capacity) 

storage in the soil column. Of this pre-event water, 50-54% could mix and readily move with 

the infiltrating sprinkling water (Table 4-1 and 4-2). Moreover, the incident with the 

accidentally application of high concentration Br- at the beginning of the second day of 

sprinkling proves the dominance of fast preferential flow through the plot and short residence 

times of water within the subsurface. 

Concept 2: Fast input – slow output 

The hydrological responses in plot B can be described as fast input – delayed output. The 

presence of a largely open (up to 14 cm) fissure system influences the distribution of 

infiltrating water and groundwater level recharges. Well connected subsurface structures 

provide subsurface drainage when the water level surpasses a certain threshold level. The 

observed hydrological response is a combination of fast vertical infiltration, fast subsurface 

flow and much slower matrix flow. The shape of the drawdown curve (Figure 4-3) also 

indicates the combination of mainly preferential flow and some matrix flow. 

The behaviour of the tracer concentration indicates complex mixing processes in plot B. The 

significant amount of pre-event water (approximately 80-84% of maximum storage) is stored 

in the matrix and 24-61% of this water is involved in mixing process (Table 4-1 and 4-2). The 

spatial distribution of tracer concentration (lower concentration in B1, higher in B3 and in 

subsurface flow) indicates a well structured subsurface (including fissure system) that can 

provide direct drainage for infiltrated water. This fast flow domain is isolated from the matrix 

(no or poor connection). When the groundwater level is high a well connected preferential 

flow system becomes active and the applied water drains directly (K1,B ;Figure 4-3). However, 

once the water level has dropped several centimetres the drainage stopped (e.g.: dead – end 

fissure) and the system maintains high groundwater levels for several hours (K2,B; Figure 4-3). 

The last drainage phase (K3,B; Figure 4-3) can be interpreted as matrix flow after saturation 

connecting the wet fissure areas.  

The dynamic changes in the Br- and Cl- concentration also show that infiltrating water of the 

first day replaced the pre-event water and is temporarily stored till the new source of water 

(sprinkling of second day) appears. 
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Concept 3: Fast but limited input – moderate output 

The general observation of the water balance component (Table 4-1) and drawdown curves 

(Figure 4-3) indicates that plot C represents an area with limited infiltration capacity where 

surface runoff is easily generated. However, in this area with matrix-like infiltration 

preferential flow cannot be neglected. The presence of preferential flow paths (fissures, 

macropores) that influences the hydrological behaviour at studied scale, stems from the 

observed drainage at the end of each 15 minutes of sprinkling and depletion constant for the 

steep part of depletion curve (K1C) which is almost three times higher than the one for gentle 

second part of the curve (K2C).  

The relatively low concentration of tracer in the groundwater (less than 50%) can be related to 

the low infiltration capacity of the area and significant amount of pre-event water 

(approximately 92-94% of maximum storage) stored in the soil column.  The tracer mass 

balance for the first day of the experiment (Table 4-2) indicates that around 16-18% of the 

pre-event water stored in the subsurface is actively mixed with the infiltrated sprinkling water. 

The opposite conclusion can be drawn when analysing the mass balance for the second day of 

the sprinkling experiment. Under the assumption that all infiltrated sprinkling water is stored 

in the 1x1m2 plot, a double amount of pre-event water should be involved in mixing processes 

in order to match the measured Cl- concentration in C1. However, the concentration of Cl- in 

C2 (located outside the sprinkling plot) indicates that there is significant amount of tracer 

stored outside the experimental plot due to surface ponding and subsurface water flow. 

Moreover, assuming that the hydrologically active area during the second day of the 

experiment is the same as during the first day of experiment (around 20%), only 1-2% of 

infiltrated tracer mass is enough to reach the measured tracer concentration in the 

groundwater at the end of experiment. This indicates the presence of preferential drainage. 

Nevertheless, the presence of Br- in C1 (middle of the sprinkling plot) during the second day, 

when only Cl- was applied, confirms that matrix flow dominates in the area and piston flow 

processes occurred. The rise of the Br- concentration, in both C1 and C2, observed at the 

beginning of the second day of sprinkling might be explained by the tracer settled over soil 

surface during water ponding during first day of sprinkling mobilised by ‘new’ sprinkled 

water.  
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4.5 Discussion of conceptual models for the Super-Sauze landslide 

The Super-Sauze landslide is a hydrologically triggered landslide and has received extensive 

research attention focussed on the hydrological dynamics of the landslide (Chapter 2). How 

do the current results fit into the existing knowledge of the hydrological behaviour of the 

Super-Sauze landslides? And how do the small-scale experiments add to this knowledge? 

The small number of sprinkling experiments and their small scale in relation to the landslide 

area (0.17 ha) is not sufficient to cover the whole landslide and the findings can not yet be up-

scaled into a complete distributed hydrological concept of the landslide. However, the 

components of the hydrological system, identified based on small scale sprinkling tests are in 

line with the conceptual models of subsurface water flow within the Super-Sauze landslide 

proposed by deMontety et al. (2007) and Debieche et al. (2012). The hydrological 

interpretation of the Super-Sauze landslide presented by deMontety et al. (2007) and based on 

the long term observation of spatial distribution of major cations and anions defines dominant 

hydrological processes along the landslide profile: the upper part of the HG1 unit (ablation 

zone, directly below the main scarp) is the “transition” zone, the lower part of the HG1 unit 

(transit zone) is dominated by preferential flow and the lower part of the landslide 

(accumulation zone) by matrix flow (see §2.4.2, Figure 2.14). This is in agreement with our 

observed fast input – fast output behaviors in plot A and fast input – slow output behavior in 

plot B. The stable part of the landslide, where the plot C was located, was not considered in 

the work of deMontety et al. (2007). 

While deMontety et al. (2007) stressed the limitation of their investigation having only 

qualitative assessment of the water fluxes and the need for more detailed investigations, our 

experiments show the potential for more quantitative analyses of the components of the 

hydrological processes acting on the landslide and extension of the conceptual model with the 

identification of surface hydrological processes such as exfiltration and runoff (Figure 4-9). 
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Figure 4-9. Hydrological concept derived from hydrological and hydrochemical analysis of small scale 
sprinkling experiment and their distribution across the upper part of the Super-Sauze landslide. The white dashed 
lines indicate the hydro-geomorphological (HG) units defined by Malet et al. (2005). 
 

Furthermore, our results are comparable with the large scale sprinkling experiment performed 

for more than one week at one location (in the area where plot B was located) at the Super-

Sauze landslide (Debieche et al., 2012). Our results confirm that hydrodynamic and 

hydrochemical responses can not be fully inferred from surface area characteristics (plot C; 

§4.4.2). The sprinkling water infiltrates into the soil both through the matrix and preferential 

flow paths. The groundwater flow follows the overall slope direction but presence of fissures 

and subsurface structures strongly influence the exact direction of the subsurface water flow. 

Moreover, unweathered marly blocks, characterised by relatively low permeability, decrease 

the percolation rate and create an area of limited hydrological activity. Furthermore, our 

results obtained for plot B support the findings of, for example, Trojan and Linden (1992), 

Zehe and Fluhler (2001), Weiler and Naef (2003), that antecedent water storage influences the 

initiation of preferential flow: the measured exfiltration volume increases with time.  
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Lastly, our results fit into the bigger picture of hydro-geomorphological characteristics of the 

Super-Sauze landslide as proposed by Malet et al. (2005) (see also Ch.2§2.4.2). According to 

Malet et al. (2005) the upper unit of the Super-Sauze landslide (where plot A and B are 

located) exhibits very rapid piezometric responses to rainfall (<1h), significant groundwater 

fluctuations (0.2- 0.5 m in average) and rapid drainage (3-5h) at the event time scale. These 

behaviours are clearly observed in plot A: highly permeable matrix and fissures compartments. 

When looking at plot B we also observe rapid piezometric responses (<1h) and relatively high 

groundwater level increase (0.20-0.25m). However, the water drainage is delayed due to 

presence of dead-end fissures (see §4.4.2). This behaviour, not distinguished by Malet et al. 

(2005), may result in prolonged high pore water pressure which can be an important factor for 

initiation and re-activation of mass movement in the area (Uchida et al., 2001). As a 

consequence, even small rain amounts can lead to saturation of the subsurface and reduce the 

soil shear strength. This would support the other finding of Malet et al. (2002) that the area 

where plot B is located is the most active area of the landslide with surficial displacement 

rates reaching 0.05 m.day-1. The hydrological respons observed within plot C does not follow 

the characteristics of HG3 unit presented by Malet et al. (2005): slow piezometric responses 

(>5h, low groundwater level fluctuations (centimetres) and slow drainage (>24h) whereas in 

our experiment also higher hydrological dynamics were evident. This higher dynamics is due 

to presence of a limited number but well connected macropore system that allows for fast 

drainage in the shallow soil layer (0-0.4 m) and controls short-time scale groundwater level 

fluctuations. However, the groundwater depletion analyses of our experiment indicate that 

matrix flow is the dominant process within this area as also identified by Malet et al. (2005).   

 

4.6 Conclusions 

 

This research shows the potential of combined hydrological and hydrochemical analysis of 

small scale 1x1 m2 sprinkling experiments for effectively study the spatial differences in 

hydrological response to precipitation input. The approach was applied at the specific 

environment of highly heterogeneous Super-Sauze landslide (French Alps). Thereafter, the 

conceptual models derived from the experimental results were confronted with existing 

knowledge of the Super-Sauze hydrological knowledge. 
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Dual or multiple permeability systems can be found in many hillslopes and they steer the 

hydrological dynamics of the hillslope. In such cases, laboratory tests for hydraulic soil 

parameters are insufficient and in-situ measurements or experiments are necessary. Small-

scale sprinkling experiments performed with the use of artificial tracer and in-situ 

observations of hydrological and hydrochemical response showed to be very effective in 

unravelling complex hydrological systems. They confirm that presence of fissures increases 

the vertical infiltration rate and controls the direction of subsurface water flow (e.g. 

McDonnell, 1990; Uchida et al., 2001).  

Although we performed only six experiments on three locations, which is spatially limited, 

we showed that our small-scale sprinkling experiments were capable of capturing the 

hydrological processes of the Super-Sauze landslide as described in previous studies, 

outlining the spatial heterogeneity commonly existing in slow moving landslides. The 

advantage of two days sprinkling with the use of two different tracers is also evident. It allows 

monitoring threshold behaviour of hydrological systems, to identify preferential flow paths 

and to perform more in-depth analysis of mixing processes (pre-event – infiltrated water). The 

quantitative analysis presented in this paper shows the potential of combined small-scale 

sprinkling experiment for quantification of different types of preferential flow. However, it 

also shows the importance of careful control of boundary conditions and detailed 

measurements of soil characteristics and their heterogeneity in the soil profile. 

The experiments are relatively inexpensive, can be deployed throughout the landslide area and 

do not need long-term monitoring programs. This paves the road for more widespread 

application in order to better understand the spatial differences and similarities of 

hydrological processes across a landslide area. 

 



 

 

Chapter 5 

 

A CONCEPTUAL MODEL OF THE HYDROLOGICAL INFLUENCE OF 

FISSURES ON LANDSLIDE ACTIVITY 
 

 

Hydrological processes control the behaviour of many unstable slopes and their importance 

for landslide activity is generally accepted. The presence of fissures influences the storage 

capacity of a soil and affects the infiltration processes of rainfall. The effectiveness of the 

fissure network depends upon fissure size, their spatial distribution, and the connectivity 

between fissures. Moreover, fissure connectivity is a dynamic characteristic, depending on the 

degree of saturation of the medium that separates the fissures.  

The research presented in this chapter aims to investigate the influence of a fissure network 

on hydrological response of a landslide. Special attention is given to spatial and temporal 

variations in fissure connectivity, which makes fissures act both as preferential flow paths for 

deep infiltration (disconnected fissures), and as lateral groundwater drains (connected 

fissures). To this end, the hydrological processes that control the exchange of water between 

the fissure network and the matrix have been included in a spatially distributed hydrological 

and slope stability model. The ensuing feedbacks in landslide hydrology were explored by 

running the model with one year of meteorological forcing. The effect of dynamic fissure 

connectivity was evaluated by comparing simulations with static fissure patterns, to 

simulations in which these patterns change as a function of soil saturation. The results 

highlight that fissure connectivity and fissure permeability play an important role in water 

distribution within a landslide. Making the fissure connectivity a function of soil moisture 

content results in stronger seasonality of the hydrological responses. 

Based on: Krzeminska, D.M., Bogaard, T.A., Van Asch Th. W.J. and Van Beek L.P.H. 2012b. A conceptual 

model of the hydrological influence of fissures on landslide activity. Hydrology and Earth System Science 16:1-

16, DOI:10.5194/hess-16-1-2012 
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5.1 Introduction 

In slow-moving landslides, continuous movement of the sliding material results in fissure 

formation due to compression and extension. These fissures can act as preferential flow paths 

for infiltration (providing direct access to the lower groundwater and increasing the rate of 

groundwater recharge) and for lateral groundwater drains (limiting the build up of water 

pressure). On the other hand, once their storage capacity is exceeded and drainage is 

impossible, they contribute to maintaining high pore water pressures in the surrounding soils. 

As such, they have strong influence on groundwater level fluctuation, and thus, on slope 

stability. 

The complexity of the preferential flow processes, and their high spatial and temporal 

variability, makes it very difficult to measure the processes in the field, to upscale the 

information to the catchment scale and to incorporate preferential flow into hillslope scale 

hydrological modelling (see Ch.1§1.3 - 1.4, Ch.3 and Ch.4). The majority of macropore flow 

models include preferential flow as a modification of hydraulic conductivity function without 

accounting for the distributed nature of the soil macropores system and dynamically changing 

characteristics of macropore (i.e. fissure) network.  

The main aim of this research is to study the importance of preferential fissure flow for 

landslide hydrological behaviour and slope stability at the field scale. The conceptual model 

was based on the Storage and Redistribution of Water on Agricultural and Re-vegetated 

Slopes model (STARWARS), which is a distributed model coupling hydrological and stability 

dynamics (Van Beek, 2002). The use of meta-language of PCRaster GIS package provides an 

expedient way to include and change spatially distributed hydrological and geotechnical 

parameters of both fissure and matrix fractions.  

5.2 Adaptation of STARWARS 

5.2.1 General model description 

Here, we build on the original version of STARWARS model (Van Beek, 2002) by including a 

more detailed representation of fissure flow and expanding the original conceptualization of 

Van Beek and Van Asch (1999). The STARWARS model consists of a core model resolving 

dynamic equations of saturated and unsaturated flow and of sub-models that describe specific 
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hydrological processes such as interception, transpiration, snow cover or snow melt (Figure 5-

1). 

 
Figure 5-1. Architecture of STARWARS model (core model and sub-models) and schematic representation of the 
model implementation (adapted from Malet et al., 2005, based on Van Beek, 2002) 

The model represents the soil mantle (as a column of three layers) overlying a semi-

impervious bedrock. The layers have variable depth, centred on the mid-point or node of each 

cell of an equidistant grid in the x- and y-direction. The hydrological model describes the 

saturated (Qsat) and the unsaturated (Pe) transient flow as a function of gravitational potential 

only, assuming freely drainable water (unconfined groundwater levels). Precipitation (P) and 

evaporation (E) constitute the boundary condition at the top of the soil column. The 

percolation loss across the lithic contact into the underlying bedrock reservoir constitutes the 

lower boundary condition (LBC). For a complete description of the model the reader is 

referred to Van Beek (2002).  

Within each model time step, all the calculations of particular processes within each soil 

column are ordered as follows: reading the initial conditions (water level and soil moisture 

content in the matrix and in the fissures), evaluating upper and lower boundary conditions, the 

calculation of vertical fluxes, updating the storages, the evaluation of lateral fluxes and 

updating the storages which set new initial conditions for the next step. Although each soil 

column has a certain storage volume to accommodate the unsaturated and saturated fluxes, all 

fluxes are calculated between nodes. 
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At the end of each model run the factor of safety (fs) is calculated as the ratio between 

maximum shearing resistance to failure and shear stress (see Ch.1§12.1). The infinite slope 

model is used to calculate slope stability (Skempton, 1964):  
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where c is cohesion, σ is total normal stress, u is pore pressure and φ is the angle of internal 

friction. Wfis and Wmat are the weight of the fissure and matrix fraction of the cell, Δx is the 

length of the cell and β is the slope angle.  The normal stress is given by: 
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and the pore pressure is given by: 

 2 2cos (1 ) cosfis fis w fis mat wu F h F hγ β γ β= ⋅ ⋅ + − ⋅ ⋅       (5.3) 

where hmat/fis represents the groundwater height above the shear surface within fissure and 

matrix fraction respectively, γw is the density of the water [kN.m-3] and Ffis  is the fraction of 

the surface area covered by fissures [m2.m-2] . 

The interaction between cells is neglected and the calculated stability is dependent on the 

local cell attributes only. The model uses the soil mantle schematisation shown in Figure 5-2b 

and the lithic contact is assumed to be the potential shear surface. In this way, fs serves here as 

a proxy for the excess shear stress that cannot be accommodated by a particular soil column. 

5.2.2 Representation of fissures 

Our concept of fissure flow is based on the dual-permeability approach (Šimůnek et al., 2003; 

Gerke, 2006; Jarvis, 2007). The appearance of fissures creates a system consisting of two 

overlapping and interacting domains; the fractures and the matrix blocks, which have their 

own characteristic and properties (i.e. porosity, hydraulic conductivity). Moreover, water flow 

is allowed in both domains (matrix and fissures). 

The explicit inclusion of fissures in STARWARS required an adaptation of the existing model 

concept (Figure 5-2b). The new concept assumes that fissures are distinct from the matrix and 

are represented within each cell as a continuous network of highly pervious zones surrounded 
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by matrix blocks (after Van Beek & Van Asch, 1999). For each layer of the soil column the 

fissure distribution is prescribed by the fraction of the surface area covered by fissures 

(Ffis,[m2.m-2]), and mean fissure aperture (afis [m]). They are distributed evenly throughout the 

cell (in both x- and y- direction) and they extend vertically over the full depth of a particular 

layer (Figure 5-2c). The model allows for defining the fissure fraction and its aperture per cell, 

and per layer. Fissure contents can vary from cell to cell and from layer to layer. The only 

limitation is that fissures are fully connected vertically, across layers. Additionally, it is 

possible that fissures will terminate in the first (top) or second layer, and not extend entirely 

to the bottom. 

 
Figure 5-2. Schematisation of (a) the original hydrological model (Malet et al., 2005, after Van Beek, 2002), (b) 
the hydrological model implemented within this research and (c) fissure representation in the single layer of the 
soil column. An explanation of the symbols are given in the text. 

Moreover, field survey showed that the majority of fissures are partly (re-)filled with 

landslide material, and thus no continuous open fissures are observed. Therefore, in the model 

we consider that fissures are filled with reworked material and that they retain their own water 

level and soil moisture content. It is important to keep in mind, that the fissure characteristics 

(i.e. porosity, saturated hydraulic conductivity), as all such input parameters in the model, can 

be spatially distributed. 

The number of fissures per cell is calculated as: 
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where Δx is the cell length [m] and the fissures are assumed to extend over the full length of 

the cell. Nfis,x (=Nfis,y) is the number of fissure in x (=y) direction, rounded down to the nearest 

whole number with a minimum value of 1 if afis>0. In that case, the fractional area covered by 

fissures is reset to the area of (2afis·Δx-afis
2)/ Δx2. The distance between the fissures equals 

the width of the matrix blocks. It is assumed that in a cell all fissures are contained by matrix 

and thus there are Nfis,x+1 matrix blocks (looking at the x –direction) of width Lmat [m]: 
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The distance from the centre of a fissure to the centre of each matrix block that defines the 

different gradients is consequently given by: 

1 ( )
2mat fis mat fisL L a− = +          (5.6) 

5.2.3 Adaptation of fluxes calculations 

Fluxes within single soil column 

Following the original process description of the STARWARS model (Van Beek, 2002), the 

transient saturated and unsaturated flow is a function of elevation potential only, neglecting 

the matrix potential for the flow in the unsaturated zone. Therefore, percolation in both matrix 

and fissures domain, is gravitational and vertical only. The unsaturated flow is controlled by 

the unsaturated hydraulic conductivity of matrix and fissure domain respectively. The relative 

unsaturated hydraulic conductivity (kr [-]) is given by Millington and Quirk (1959): 
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where ΘE is effective degree of saturation [-], α is the shape factor [-] and  τ is the tortuosity 

parameter set to 4/3 [-]. This equation is applied to calculate unsaturated hydraulic 

conductivity of both matrix (kr,mat) and fissures (kr,fis).   
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The soil water retention curve (Farrel and Larson. 1972) defines the relationship between soil 

matrix tension and the degree of saturation, for matrix (mat) and fissure (fis) domain 

respectively:  
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where |h| is the absolute matrix suction [m], hA is the air entry value [m]. If |h| is less or equal 

to hA the soil remains saturated throughout.   

This relationship is used in the model to determine the relative degree of saturation upon the 

first-time drainage of a fully saturated layer and to determine the storage at which the 

potential evaporation is reduced.  

When the percolation flux in the lowest layer exceeds the basal loss, a groundwater table is 

formed and it rises upward with the assumption that it is vertically contiguous (for both, 

matrix and fissures fraction).  

Surface fluxes (infiltration and evaporation) are partitioned on the basis of the respective 

surface area A[m2], calculated as Afis = Ffis·Δx2 for fissure fraction, and Amat=(1- Ffis)·Δx2 for 

matrix fraction. Fissures can be recharged directly by rain or snow melt, or indirectly by 

overland flow.  

The storage capacity of a single cell is the combination of matrix and fissure fraction capacity. 

The infiltration capacity of the fissure fraction network is not limited a priori, meaning that 

any water which cannot infiltrate into the matrix is passed on to the fissure network. When, 

after calculating all the fluxes (percolation and lateral exchange) the water storage in the 

fissures exceeds their capacity, it is returned to the surface as overland flow. Any water 

remaining as surface detention is redistributed instantaneously as overland flow over the slope. 

Lateral exchange Γ [m3 h-1] within the cell is possible only between the saturated zones of 

matrix and fissure fractions (ΓSat, FM/MF), and the unsaturated zones of the matrix fraction and 

the saturated zone of the fissure fraction (ΓUnsat, FM,) when water level in the fissure fraction 

exceeds that found in the matrix fraction. No lateral fluxes occur between the unsaturated 

zone of the fissure network and unsaturated matrix. However, fissures can drain vertically 

into the soil when they terminate above the lithic contact. 
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Fluxes between soil columns 

Lateral flow (Qsat) between the cells occurs across the saturated zone only as result of 

differences in total piezometric head between the adjacent nodes in the x- and y-direction 

(based on Darcy's law). The total head in each column comprises of the gravitational potential, 

the elevation of the bottom of the soil column, and the average of the water level in both the 

fissure network and matrix, weighed by the respective surface area. The specific discharge 

across the cell boundaries in the x- and y- direction depends on the transmissivity in those 

directions. Transmissivity per domain is the product of saturated permeability (matrix or 

fissure), water height (in matrix or fissure) and width (matrix width or fissure width in cell). 

The fissure connectivity (Cfis) represents the chance for fissure network to be connected 

laterally between the adjacent soil columns and modifies the transmissivity towards that of the 

fissure network rather than that of the –less permeable- matrix. As such, there is no explicit 

‘fissure to fissure in adjacent cell’ exchange of groundwater. Rather, the total saturated lateral 

flux is subsequently distributed over the matrix and fissure domains on basis of the ratio of 

the transmissivity values within a column and the connectivity between fissures.  

Although field studies have shown that the macropore continuity is dynamic, and positively 

related to the increase in soil water content (e.g. Tsuboyama et al., 1994; Sidle et al., 2000, 

Van Schaik et al., 2008), quantification of this relationship remains difficult. Moreover, there 

is no research on macropore continuity dedicated particularly to fissures.  

In order to elaborate on the dynamic nature of fissure connectivity we have made the fissure 

connectivity term (Cfis) dependent on the soil moisture content of the soil column. In this way 

we conceptualize that the water exchange between soil columns (lateral flow, Qsat) will 

increase with a rising degree of saturation in the soil column. This shifts the conceptual notion 

of fissure connectivity from the geometric property of fissure network towards a dynamic 

aspect of the combined hydrology of heavily fissured soil. In analogy to macropore flow (e.g.: 

Zehe and Blöschl, 2004), we have established the following threshold relationship of the soil 

moisture content in the soil column (θE) and fissure connectivity (Cfis):   
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where Cfis,i  and ,E iθ  are fissure connectivity [-] and effective saturation of the soil column [-] 

at time step i, Cfis,min and Cfis,max are the minimal and maximal fissure connectivity, set to 0.1 

and 0.9 respectively; , , 2.0E fc E pFθ θ ==  is effective saturation at the field capacity [-] and ,E satθ  = 

1 (full saturation). 

Introducing a direct relationship between fissure connectivity and soil moisture (Eq. (5.9)) in 

the model, will have an effect on the drainage capacity of the fissure network. With Cfis>0, 

the exchange of water in the fissure network between adjacent cells is enhanced, and the 

fraction of the water flux between the soil columns is controlled by the hydraulic conductivity 

of fissure network. In this way the dynamic nature of fissure connectivity, which influences 

the effectiveness of the drainage capacity of the fissures, is emphasized.  

5.3 Methodology 

5.3.1 ‘Simple’ landslide representation 

Model development and evaluation of the proof-of-concept are carried out using an idealised 

landslide representation. The clone map consists of 30 rows by 175 columns and the grid size 

of 5x5 m. This gives a spatial domain of 875x150 m. The idealised digital elevation model 

(DEM) extends between 1725 m a.s.l. (toe of the landslide) and 2135 m a.s.l. (crown of the 

landslide) which corresponds to a planar slope of 25.1°.  

The landslide body is delineated by an ellipse with a length of 800 m and a breadth of 90m. 

This allows us to account for the effect of converging and diverging topography. The depth of 

the slip plane along the major slope-parallel-axis of the ellipse is described by the arc of a 

circle passing through the crown and toe of the landslide body and its mid-point on the 

vertical, through the centre of the landslide. The maximum depth of the landslide is set to 8 m 

and it decreases towards the borders (Figure 5-3a).  

The soil parameters of each layer are set arbitrarily based on personal experience and 

measurements performed in clay shale landslide field observation (Malet, et al 2005; 

Debieche et al., 2012; Krzeminska et al., 2012a). Figure 5-3b shows the example of the 

distribution of soil parameters with depth for matrix and fissure fractions. The saturated 

hydraulic conductivity (ksat) was set to 4.1·10-6, 2.8·10-6 and 2.4·10-6 m.s-1 for the matrix 
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fraction, for layer 1, 2, and 3 respectively. For each layer, the ksat for fissure fraction was 

assumed to be 20 times higher than that of the matrix. 

 

 
Figure 5-3. (a) Geometry of the idealised, ‘simple’ landslide representation; the contour lines show the DEM of 
the bedrock and the white dots indicate the points for which the groundwater level fluctuation are reported (see 
Fig. 5-9); (b) Matrix (solid line) and fissures (broken line) properties. 
 

5.3.2 Modelling strategy 

Four scenarios are evaluated:  

- scenario 1 – no fissures – represents the landslide where no fissures are considered; 

- scenarios 2 and 3 – connected and disconnected fissures - where fissure properties are 

set to be constant over the simulation period, and fissure connectivity (Cfis) is set to be 

10% or 90% for disconnected fissures and connected fissures scenario respectively.  

- scenario 4 – dynamic connectivity – scenario where the dynamic characteristic of fissure 

connectivity is applied. 

Each model run is performed for one calendar year with the use of the same meteorological 

forcing (rain intensity, air temperature, incoming short wave radiation and relative humidity), 

generating a dynamic equilibrium of 470 mm of precipitation and around 1200 mm of 
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potential evaporation. Snow accumulation was inhibited, by keeping the air temperature 

above freezing point, for the snow cover calculations. Moreover, the vegetation cover is not 

considered in the model. 

The initial conditions (distributed groundwater level and soil moisture) were determined by 

spinning up the model with the ‘no fissures’ scenario: the total initial storage of the landslide 

equals 91% of its storage capacity. The same initial conditions (determined for ‘no fissures’ 

scenario) were applied for all the scenarios. The bedrock is considered to be non-permeable 

and, thus, no percolation is lost across the lithic contact (LBC=0). In this way, the pre-defined 

bedrock topography (see §5.3.1) constitutes a no-flow boundary condition. The outflow from 

the landslide area is possible in the form of surface runoff at the toe of the landslide 

(exfiltration and saturated overlandflow).  

For scenarios 2, 3 and 4 (fissures scenarios), an equal distribution of fissures is assumed over 

the whole landslide. An average fissure fraction was set to 0.30, 0.20 and 0.05, and an average 

fissures aperture was set to be 0.20, 0.10 and 0.05 m for 1st, 2nd and 3rd layer respectively. It is 

important to stress that in the model, the geometry of the landslide remains constant during 

the simulation period and, therefore, no mass displacement is considered. The scenarios have 

no influence on the mechanical material properties. 

The outputs of the simulations were collated and compared with each other, in order to see the 

effect of the introduction of fissures and their connectivity on the hydrological behaviour of 

the landslide. To this end, the water balance components were calculated and compared 

between the different scenarios. 

As a last step a sensitivity analysis was performed on the effect of the parameterisation of the 

matrix on the simulated hydrology. One parameter was perturbed in consecutive model run. A 

detailed sensitivity analysis of the fissure fraction parameterisation and fissure connectivity 

was performed to quantify whether the introduction of dynamic fissure behaviour is relevant, 

or if similar hydrological responses could be obtained with adapted hydraulic 

parameterisation of the fissure system. 
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5.4 Simulation results  

5.4.1 General water balance components of a landslide 

Table 5-1 shows the annual water balance components of four modelled scenarios. The initial 

conditions of each scenario have the same groundwater levels, soil moisture content and 

surface detention. Consequently, the total storage at the start of the simulation period is 

different for the ‘no fissures’ scenario and the other three scenarios (the same groundwater 

levels but different porosities, because of the introduction of the fissure network).  

In general, there are only small differences in the water balance.  The majority of the input 

(rain water) leaves the system as evaporation; between 64.7% of rain volume for the ‘no 

fissures’ scenario and 65.7% of the rain volume for the ‘connected fissures’ scenario. The 

relatively high evaporation rate for all of the scenarios is the effect of wet initial conditions 

(initial water storage in the landslide equals 91% of total available storage capacity) and 

maintenance of high water level in the lower part of the landslide due to predefined bedrock 

topography. 

Table 5-1.  Annual water balance components of four modelled scenarios, calculated for whole spatial domain. 
Please note that the gaps in annual water balance  (8-12m3) are the result of numerical accuracy only. 

 No 
fissures 

Disconnected 
fissures 

Connected 
fissures 

Dynamic 
connectivity 

Total storage at the start of simulated 
period [m3] 

57618 62571 62571 62571 

Total input (precipitation-evaporation) 
[m3year-1] 

21754 21818 21135 21832 

Total storage at the end of simulated 
period [m3] 

57431 62682 61877 62277 

Change in total storage over the 
simulation period [m3]  

-187 111 -694 -294 

Total outflow [m3year-1] 21933 21696 21816 22114 

Over the simulation, the total volume of water stored within the system (including surface 

detention) decreases for all but the ‘disconnected fissures’ scenario. The highest difference 

(1.1% of the total volume of rain) is observed for the ‘connected fissures’ scenarios. 

Figure 5-4a shows the variation in total storage in relation to cumulative inflow (total volume 

of precipitation). The difference in total storage between the ‘no fissures’ scenario and the 

other three scenarios, is the consequence of introducing fissures as a fraction of the landslide 
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material with higher porosity. The same initial groundwater level and soil moisture content 

but higher porosity results in higher total storage values. However, when looking at the 

relative changes in total storage, with regard to initial conditions’ scenarios, one can see that 

the dynamics of total storage of ‘no fissures’ and ‘disconnected fissures’ are almost equal 

(Figure 5-4b). The overall behaviour of the system is very similar for all the scenarios with 

clear consecutive drying and wetting periods. The total storage of ‘disconnected fissures’ is 

almost always the highest and that of ‘connected fissures’, the lowest. The exceptions are the 

wet periods with total storage of the landslide more than 90% of its storage capacity 

(MaxStor). During these periods the simulated total storages are the same for all fissures 

scenarios. 

 
Figure 5-4. Variation in total storage during one-year simulation period expressed as a relationship between 
cumulative inflow (total rain volume) and changes in storage compared to initial condition. 

Figure 5-5 shows cumulative outflow from the modelled area and surface detention over the 

landslide area in relation to cumulative inflow. There are very small absolute differences in 

the total cumulative outflow between the scenarios: total cumulative outflow equal to 35.9% 

35.4%, 35.2% of total rain volume for ‘dynamic fissures’ scenario, ‘connected fissures’ 

scenario and ‘disconnected fissures’ respectively. This is the effect of pre-defined bedrock 

topography and no-flow boundary conditions that allow water outflow from the landslide in 
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the form of surface runoff only and limit the variation of the outflow volume scenarios. 

However, Figure 5-5a shows that during the wetting periods the highest outflow is observed 

with ‘connected fissures’ and during the drying periods the highest outflow is observed with 

‘dynamic fissures’. The outflow observed with ‘disconnected fissure’ scenario is always the 

lowest. Consequently, the average surface detention, observed within landslide area, is the 

lowest for the ‘connected fissures’ scenario (58.3 m3), moderate for ‘dynamic connectivity’ 

scenario (63.0 m3) and the highest for ‘disconnected fissures’ and ‘no fissures’ scenarios (72.6 

and 75.4 m3 respectively). During the wet periods observed differences between the scenarios 

are negligible.   

 
Figure 5-5. Variation in total cumulative outflow and total surface detention during one-year simulation period 
expressed in relationship to cumulative inflow (total rain volume). 
 

5.4.2 Spatial and temporal differences in groundwater level  

The timing and duration of near saturation is an important aspect for landslide (re-)activation. 

Figure 5-6 shows the total amount of days (during the one-year simulation period) with total 

saturation (groundwater level reaching the soil surface). Clear differences between the 

scenarios can be seen. The average number of days with saturation is 121, 134, 152 and 128 

days per cell for scenarios 1 to 4 respectively.  While the average number of days with 
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saturation for ‘no fissures’ and ‘dynamic connectivity’ is similar, the spatial distribution of the 

storage (saturation) is different: much less saturation is observed in the upper part of the 

landslide when accounting for dynamic connectivity of fissures. The results of the ‘connected 

fissures’ scenario is strongly affected by pre-defined bedrock topography and converging 

water flow paths. Faster drainage propagates water downslope and vertically converging flow 

paths result in accumulation of the water in the lower part of the landslide.  

 
Figure 5-6. The total number of days during one year simulation period that full saturation was found. 

 
Figure 5-7. The number of unstable cells (fs<1) per time step, simulated with different scenarios. 

It is interesting to compare the results presented in Figure 5-6 with Figure 5-7 showing the 

number of unstable cells (fs<1) observed per time step. The average numbers of unstable cells 

observed with the scenarios where fissures are implemented are always higher than the one 

for ‘no fissures’ scenario. The ‘disconnected fissures’ and ‘connected fissures’ scenarios 

present two extreme behaviours. This is the effect of an increase (‘disconnected fissures’) or 
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decrease (‘connected fissures’) of the soil column weight (Wfis, Wmat) and pore pressure due to 

different water distribution within the landslide.  

Figure 5-8a shows an example of modelled groundwater levels from toe to crown along the 

landslide for six days during the one year simulation periods. Figure 5-9 presents an example 

of the modelled groundwater level fluctuations for four points located along the landslide 

profile (see Figure 5-3a). In the case of ‘connected fissures’ water entering the fissures 

network, is drained out of the landslide by fissures that provide continuous areas of high 

transmissivity. The total lateral saturated water flow (Qsat), which represents lateral drainage 

within the landslide system (flow between cells), is approximately 1.6 times higher than in the 

case of the ‘no fissures’ scenario and 56% of this water is flowing through the fissure network. 

As a consequence, a general decrease of the groundwater level is found (Figure 5-8a and 

Figure 5-9b-d). Conversely, the model configuration with ‘disconnected fissures’ creates 

areas with very high storage capacities, but with slower lateral exchange between cells. In this 

way, the groundwater table remains at a higher level compared to the ‘no fissures’ and 

‘connected fissures’ scenarios. The total lateral saturated flow (Qsat), in the case of 

‘disconnected fissures’, is 1.3 times higher compared to the ‘no fissures’ scenario, and 

approximately 30% of this flow occurs between the fissure fraction of one cell and matrix 

fraction of another cell, or between fissure fractions of the cells.  

The groundwater level simulated with the ‘dynamic connectivity’ scenario is a combination of 

the modest fluctuations observed for the ‘disconnected fissures’ scenario, and the larger 

groundwater level fluctuation observed for that of ‘connected fissures’. Fissure connectivity 

changes in time and space (Figure 5-8b) according to the relationship defined with Eq.(5.9). 

However, the higher the total storage of the landslide the smaller the observed differences in 

groundwater level are between the scenarios (Figure 5-8a). 

At the lower part of the landslide (Figure 5-9e) the groundwater behaviour depends on 

parallel flow paths (planar) but also converging flow paths (vertical). The simulation results 

show that this is especially important if a large volume of water can be transported from 

upslope via fast flow through a well connected fissures system (the ‘connected fissures’ 

scenario). Therefore, in the lower part of the landslide, the highest mean groundwater level is 

observed when the ‘connected fissures’ scenario is implemented. 
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Figure 5-8. (a) Modelled groundwater levels along the landslide profile (major axes of the ellipse); x-axis 
represents the distance from the toe of the landslide (0 m, elevation of 1725 m a.s.l.) to the crown (800 m, 
elevation 2135 m a.s.l.). (b) The distribution of fissures connectivity over the landslide area, corresponding to 
these groundwater levels and observed total storages. The light grey line, present in the last profile of sub-figure 
(a), represents the bedrock depth. Please note the exaggeration of the vertical scale. 
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Figure 5-9. Time series results of the one year simulation period. (a) Precipitation, (b-e) examples of 
groundwater level fluctuations observed in four points located along the landslide profile (major axes of the 
ellipse) from the toe (0 m) to the scarp (800 m) of the landslide. See Figure 5-8a for the landslide profile and 
Figure 5-3a for specific location of four points. 
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There are significant differences between the scenarios in the timing of when saturation is 

reached (Figure 5-9). The highest groundwater level (saturation) is observed first for 

‘disconnected fissures’ or ‘no fissures’, then ‘dynamic connectivity’ and lastly the ‘connected 

fissures’ scenario. The exception is the lowest part of the landslide (Figure 5-9e) where, in 

case of the ‘connected fissures’ scenario, most of the water is cumulated and thus 

groundwater level is the highest.   

When looking at the exchange fluxes between the fissure and matrix fraction, clear 

differences between scenarios are visible. The absolute total exchange fluxes (Γ) between 

fissure and matrix fractions (ΓSat, FM + ΓSat, MF +ΓUnsat,,FM) for ‘dynamic connectivity’ equal 

79% of the total observed for ‘connected fissures’, and 130% of the one observed for 

‘disconnected fissures’. The same relation is observed when comparing unsaturated (ΓUnsat, FM) 

and saturated (ΓSat, FM + ΓSat, MF) exchange fluxes separately. For all scenarios the saturated 

exchange fluxes (ΓSat, FM + ΓSat, MF) are around 50-55% of total exchange fluxes. However, 

there are significant differences in flux directions. The ratio between the total amount of water 

flowing from the fissure fraction into the matrix fraction (ΓSat, FM) and the total amount of 

water flowing from the matrix fraction into the fissure fraction (ΓSat, MF)  are 1.23, 1.12 and 

0.95 for ‘disconnected fissures’, ‘dynamic connectivity’ and ‘ connected fissures’ respectively. 

The results of exchange fluxes’ analysis show that there are limited differences in piezometric 

head in matrix and fissure network for ‘disconnected fissures’. They also show that in the case 

of ‘connected fissures’ these differences are getting bigger, and that that groundwater level in 

the matrix is in general higher than the one in the fissure. The ‘dynamic connectivity’ scenario 

is a combination of two extreme scenarios. 

5.5 Sensitivity analysis  

In general, the sensitivity analysis of the model is in line with the one presented by Van Beek 

(2002) and Malet et al. (2005). The porosity (nmat, nfis) and saturated hydraulic conductivity 

(ksat,mat , ksat,fis) are the parameters with the largest influence on the hydrological model 

(modelled storage). This is not surprising, since those two parameters control the soil 

moisture percolation with depth, groundwater recharge and saturated lateral flow. Changing 

these two parameters by adding or subtracting 25% and 50% of absolute values for porosity 

and 50% and 100% of the absolute value for saturated hydraulic connectivity (for both matrix 

and fissures fractions at one time) results in maximal 10% (for n) or 12% (for ksat) variation in 
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modelled storage. There is an obvious strong positive relationship between changes in soil 

porosity, for both matrix and fissures fractions, and both saturated and unsaturated storages. 

In the case of changes in ksat, the average total storage is almost constant but an increase in ksat, 

results in an increase in unsaturated storage in both fissures and matrix fraction, and a 

decrease in corresponding saturated storages. 

A more detailed sensitivity analysis of the fissure fraction parameterisation and fissure 

connectivity was performed to quantify whether the introduction of dynamic fissure 

behaviour is relevant, or if similar hydrological responses could be obtained with adapted 

hydraulic parameterisation of the fissure system. Figure 5-10 shows the results of the 

sensitivity analyses by plotting the number of days a cell was saturated as a function of the 

hydraulic parameterisation of the fissures (ksat,fis, nfis). The reference plot (the ‘dynamic 

connectivity’ scenario) is located in the upper right corner of the sensitivity matrix. Moving 

left from the reference plot, along the x-axis ksat,fis decreases, while moving down, along y-

axis the porosity of fissure fraction (nfis) decreases. The lower left plot represents the situation 

of matrix flow only, as the saturated hydraulic connectivity and porosity of matrix and fissure 

fractions are the same. 

Note, however, that this is not similar to the ‘no fissures’ scenario, as the air entry value and 

shape factor of soil water retention curve are also defined separately for the fissure fraction. 

Figure 5-10 shows that when decreasing ksat,fis the upper part of the landslide exhibits more 

saturation, meaning that the groundwater levels remain higher in the upper part of the 

landslide area. This is due to the reduced drainage capacity of the fissure network. On the 

other hand, when nfis decreases (getting closer to nmat) there are limited differences in water 

distribution within the landslide, however, the average total storage of the landslide and the 

percentage of the unstable area decreases. This is the result of decreased infiltration capacity 

of the fissures: less water flows to the deeper layers and therefore less water moves from the 

fissures to the matrix. Consequently it results in a slower groundwater table rise. 

Figure 5-11a shows the results coming from the four reference scenarios: ‘no fissures’, 

‘disconnected fissures’, ‘connected fissures’ and ‘dynamic connectivity’. Figure 5-11b shows 

the effect of the influence of a fissure network with different fissure connectivities (from 10 to 

90%) that are set constant over the simulation period. The last panel (Figure 5-11c) presents 

the simulation results for the ‘connected fissures’ scenario but with different lower saturated 
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hydraulic permeability for the fissure fraction (ksat,fis). Figure 5-11 shows that the results of the 

simulation using constant fissure connectivity differ clearly from the one performed with 

dynamic fissure connectivity, despite changes in the fissure fraction characteristics; fissure 

connectivity (Figure 5-11b) and fissure hydraulic permeability (Figure 5-11c). Comparing the 

results of Figure 5-11b with the ‘dynamic connectivity’ scenario of Figure 5-11a, it can be 

seen that constant fissure connectivity results in more water in the lower part of the landslide, 

and gives a larger average unstable area for similar average total storage. The saturated 

permeability of the fissures (Figure 5-11c) basically affects the drainage capacity, 

independent of the connectivity fraction.  

 
Figure 5-10. Sensitivity analysis of the model for changes in the fissure parameterisation. The unstable area is 
the area of all cells where fs <1. The plot located in upper right corner is the reference plot – the ‘dynamic 
connectivity’ scenario. Moving left along the x-axis ksat,,fis decreases while moving down along y-axis the nfis 
decreases while matrix characteristics remain constant. 
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Figure 5-11. Sensitivity analysis of the model for changes in conceptualisation of fissure connectivity: (a) is the 
reference panel – the ‘no fissures’, ‘disconnected fissures’, ‘connected fissures’ and ‘dynamic connectivity’ 
scenarios; (b) changing fissure connectivity (Cfis) for the simulation with fissures included (Cfis is constant over 
the simulation period); (c) changing saturated hydraulic conductivity for the  ‘connected fissures’ scenario. 
 

The general conclusion that can be drawn from the sensitivity analysis is that the results 

obtained with ‘dynamic connectivity’ scenario cannot be reached using effective hydraulic 

parameterisation of the fissure fraction with constant connectivity. The ‘dynamic 

connectivity’ scenario seems to be able to accommodate more water in the system, causing 

less instability. 
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6 Discussion and Conclusions 

This research aimed to study the importance of preferential fissure flow for landslide 

hydrological behaviour at the field scale, with a conceptual modelling approach using the 

Storage and Redistribution of Water on Agricultural and Re-vegetated Slopes model 

(STARWARS), which is a distributed model coupling hydrological and stability dynamics (Van 

Beek, 2002). The results highlight that fissure connectivity and fissure permeability are 

important parameters of the fissure network. Both of these parameters can change the water 

distribution within the landslide, and influence the timing and the duration of the periods of 

elevated pore pressure conditions. 

The presented conceptual model of fissure flow is based on dual-permeability approach. The 

use of dual-permeability approach for preferential fissure flow modelling allows incorporating 

knowledge about commonly observed features of a fissure network as retaining their own 

porosity and soil moisture content (Malet et al., 2005), matrix – fissure interaction (Van Beek 

& Van Asch, 1999) as well as providing dynamically changing natural preferential flow paths 

(Weiler & McDonnell, 2007). This way of simulating preferential fissure flow seems more 

realistic when compared to the simplistic preferential flow representation in a form of by 

passing flow (Malet et al., 2005) or modified hydraulic conductivity function only (Mulungu 

et al., 2005; Zhang et al., 2006). Moreover, the use of GIS based PCRaster programming 

language gives the opportunity to account for spatial heterogeneity of soil hydrological 

properties and distributed nature of the fissures systems.    

The results presented in this paper are in agreement with previous studies: presence of fissures 

increases the vertical infiltration rate and influences storage capacity of the soil (McDonnell, 

1990; Uchida et al., 2001). When a fissure network consists of disconnected fissures only, the 

storage capacity increases whereas outflow is impeded. This results in persistently high 

groundwater levels and less spatial variations across the landslide. A connected fissures 

network shows fast preferential drainage as the dominant process, and thus results in a lower 

groundwater level. In this way, fissures and the dynamic variation in their connectivity, 

control the distribution of soil pore water pressure, which is an important factor for initiation 

and reactivation of mass movement (Cameira et al., 2000; Uchida et al., 2001; Nobles et al., 

2004). The results presented in this paper show that presence of fissures can change the 

overall stability of the landslide. However, it is important to stress that downslope converging 
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flow paths, resulting from bedrock topography and no-flow boundary conditions, in 

combination with extended, well connected fissure network results in accumulation of water 

from the upper part of the landslide that can lead to very high groundwater level in the lower 

part of the landslide, and negatively affect the stability of the toe of the landslide. This effect 

might also be observed in reality, depending on the geomorphology and topography of the 

valley and the geometry of the toe itself. However, it is necessary to have in mind that the 

fissure network defined in our study (Ffis = 30% over the whole landslide area) is quite large 

and it would not often be that extensive in a real case study.  

Introducing the dynamic fissure connectivity, dependent upon soil moisture content as earlier 

proposed for soil pipe networks (e.g.: Nieber and Sidle, 2010), results in composite behaviour 

spanning the end members mentioned above. This range of hydrological responses under dry 

and wet conditions introduces stronger seasonality than static fissure connectivity. This is 

more similar to what is actually observed in nature. Furthermore, the analysis showed that 

dynamic fissure behaviour could not be mimicked using adjusted hydraulic parameterisation 

for the fissures. We recognize the difficulties in quantification of the dynamic fissure 

connectivity, but we believe this research has shown that it is worthwhile to include dynamic 

fissure characteristics into hydrological modelling of the landslide. 

This research indicates the need for further studies in the direction of measurement of fissure 

characteristics and monitoring of their variation over time. It would be worthwhile to look at 

orientation of fissures. This would allow us to better define and constrain the relationship 

between fissure connectivity and saturation degree of the soil. It may also shed light on other 

relationships, i.e. between fissure volume and differential soil movement within a landslide.  

  

  



 

 

Chapter 6 

 

A MODEL OF HYDROLOGICAL AND MECHANICAL FEEDBACKS OF 

PREFERENTIAL FISSURE FLOW IN A SLOW MOVING LANDSLIDE 
 

 

 

 

 

 

 

 

 

In slow-moving landslides, hydrological regime is complicated due to continuous opening and 

closing of the fissures. This consecutive opening and closing of fissure aperture controls the 

formation of critical pore water pressure by creating dynamic preferential flow paths for 

infiltration and groundwater drainage. This interaction may explain the seasonal nature of 

the slow-moving landslide activity, including the often observed shifts and delays in 

hydrological responses when compared to timing and duration of precipitation.  

The main objective of this chapter is to model the influence of fissures on the hydrological 

dynamics of slow-moving landslide and the dynamic feedbacks between fissures, hydrology 

and slope stability. For this we adapted the spatially distributed hydrological and slope 

stability model (STARWARS) to account for geotechnical and hydrological feedbacks, linking 

between hydrological response of the landside and the dynamics of the fissure network and 

applied the model to the hydrologically Super-Sauze landslide (South French Alps). 

Based on: Krzeminska, D.M., Bogaard, T.A., Malet J.-P. and Van Beek L.P.H. 2012 (work in progress). A 

model of hydrological and mechanical feedbacks of preferential fissure flow in a slow- moving landslide. (to be 

submitted in)  Hydrology and Earth System Science. 
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6.1 Introduction 

The importance of understanding the hydrological system within a landslide is commonly 

accepted; however, including hydrological processes and their variability in landslide 

modelling is quite difficult and therefore often limited (Bogaard, 2001; Lindenmaier, 2007).  

The main difficulties stem from spatial and temporal heterogeneity of bedrock geometry, 

material layering, hydrological material properties and dominant hydrological processes 

across the landslide (Malet et al., 2005; Krzeminska et al., 2012a). This is particularly true 

when dealing with slow-moving clayey landslides, where continuous movement of sliding 

material results in fissure formation with successive opening and closing of fissure apertures.  

Fissures influence the time and intensity of groundwater recharge changing the storage 

capacity of a soil and affect the infiltration processes of rainfall or snowmelt. Depending on 

fissure geometry and connectivity between them, they may have adverse or beneficial effect 

on landslide activity (see Ch.1§1.3 and Ch.5§5.4-5.6). The high spatial and temporal 

variability of preferential flow processes makes it very difficult to incorporate them in 

hydrological modelling. 

In 1999, Van Beek and Van Asch proposed a spatially distributed physically based model 

coupling hydrological and stability dynamics, developed in the PCRaster environmental 

modelling software package. In 2005, Malet et al. applied the STARWARS model to the Super-

Sauze landslide using the simple bypass flow scheme representing only shallow bypassing 

flow without fissure – matrix interaction. Krzeminska et al. (2012b) included more detailed 

representation of fissure flow in STARWARS model (see Ch.5§5.2.2). Following a dual-

permeability approach they assumed the presence of two overlapping and interacting domains, 

the matrix and fissures blocks, having their own characteristics and properties (i.e. porosity, 

hydraulic conductivity) and allowing water flow in both domains.  

Herein we apply the above model (Krzeminska et al., 2012b; Chapter 5) to the hydrologically 

controlled slow-moving Super-Sauze landslide and explicitly take into account the mutual 

dependence of fissures (their geometry and effectiveness for transmitting water downslope), 

hydrology and landslide activity. The main objective of this study is to model the influence of 

fissures on the hydrological dynamics of a slow-moving landslide and to formulate a 

framework to incorporate feedback between fissure flow and stability state into landslide 

modelling. For a complete description of the STARWARS model the reader is referred to Van 
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Beek (2002) and a detailed description of fissure flow implementation is presented in Chapter 

5.  

6.2 Conceptualisation of hydrological and mechanical feedbacks of fissure flow 

6.2.1 Hydrological feedback 

Hydrological feedback is the mutual dependence of landslide hydrological responses and 

effectiveness of the fissure network to transport water which increases with soil wetness 

(Tsuboyama et al., 1994; Noguchi et al., 1999; Sidle et al., 2000). Following the concept 

presented in Chapter 5, the model accounts for dynamic hydrological feedback between 

fissure connectivity and the degree of saturation of the soil column (Eq.5.9) 

6.2.2 Mechanical feedback 

Mechanical feedback is the mutual dependence of fissure geometry and differential 

displacement observed within a landslide. The density, and thus the volume of the fissures, is 

an important characteristic determining the influence of fissures on landslide hydrology (see 

Ch.1§1.3).  

Fissures location within the landslide and their morphology correspond to mechanical 

processes (see Ch.1§1.3.3). The typical surface fissure patterns and their distribution across 

the Super-Sauze landslide is presented in Chapter 2 §2.5. It is interesting to see that the spatial 

distribution of fissure patterns is almost not changing despite continuous landslide activity, 

indicating strong influence of the geometry of the stable bedrock and mechanical properties of 

the sliding material on fissures occurrence (see Figure 6-3). Consequently, these fissure 

patterns are good indicators of local deformation level including relatively brittle top soil 

behaviour (0-1 m) and more ductile behaviour in deeper layers (Stumpf et al., submitted)  

Moreover, a significant increase of fissure density can be observed in spring or beginning of 

summer, which correlates with observed landslide acceleration periods (Malet, 2003). Further 

development of surface fissure patterns depends on the level of landslide activity (e.g. 

displacement rates) and meteorological conditions (e.g. precipitation). After the acceleration 

period, fissures may be filled with some surface deposit and/or (partly) closed due to 

compaction. During the deceleration period, prolonged dry periods may result in increased 



118  Chapter 6 -  

brittleness of the upper soil layer and consequently increase in fissure density (Stampf et al., 

submitted). 

These observations show that temporal changes in fissure volume and density are the result of 

complex and interacting processes. Here, we present a first attempt to account for dynamically 

changing fissure volume by correlating fissure density, and thus fissure volume, with local 

factor of safety, which is a deterministic measure of mass stability. The factor of safety (fs) is 

the ratio between maximum shearing resistance to failure and shear stress (see Ch.1§1.2.1) 

and is calculated here with the assumptions of the infinite slope model (Skempton, 1964). The 

interaction between cells is neglected and the shear surface is assumed to be equal to the 

depth of the particular soil column (see Figure 6-2). These assumptions are very efficient for 

use in a GIS because calculated stability depends on the attributes of each individual soil 

column only (Van Asch et al., 1993; Van Beek and Van Asch, 2004). As such, fs serves here 

as a proxy for the excess shear stress that can not be accommodated by a particular soil 

column and, thus, can lead to soil extension (e.g. appearance and/or extension of shear and 

tension fissures) or compression (e.g. closing of existing fissures and/or appearance of 

compression fissures and bulges). 

We conceptualised the general relationship between factor of safety and fissure volume. 

When the soil column is relatively stable (fs >>1) there are no, or very limited, fissures 

present within this soil column. When the stability of the soil column approaches the 

equilibrium limit (fs =1), more fissures appear and the volume of fissures increase with 

decreasing fs. In practice, this means that fs calculated for particular cell (soil column) controls 

the volumes of the domains within this cell (matrix/fissures). Equation 6.1 gives the 

conceptual relationship between fissure density (Ffis) and factor of safety (fs ): 
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The Ffis,min and Ffis,max are the upper and lower limit of fissure density. The fs,min and fs,max 

define the range of factor of safety that corresponds to the range of changes in fissure density.  
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6.3 Modelling of the Super-Sauze landslide 

6.3.1 Model representation of the Super-Sauze landslide 

The geometry, parametrisation and hydrological concepts of the Super-Sauze landslide is a 

further extension of the work presented by Malet et al. (2005). Figure 6-1 presents the 

summary of the information used to create the Super-Sauze landslide representation, 

calibration and validation of the model. Detailed description of the Super-Sauze landslide is 

presented in Chapter 2. 

Landslide geometry 

The overall geometry of the Super-Sauze landslide has been defined based on 3D geometrical 

model of the landslide (Travelletti and Malet, 2012) with the spatial resolution at the pixel of 

5x5 m (see Ch.2§2.3.2).  

 
Figure 6-1. (a) The hydro-geomorphological units, localisation of the piezometers, measurement points of 
displacement and indication of the areas where the pictures of fissures were taken; (b) Examples of fissures 
observed on the Super-Sauze landslide; (c) Cumulative displacement measured at three points: pt1, pt2 and pt3 
(Travelletti et al., 2012a); (d) Groundwater level fluctuation observed at three piezometers: BV16, CV3, EV2. 
Please note one time scale for panel  (c) and (d). 
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Spatial representation of the Super-Sauze landslide composes of thee units corresponding to 

the hydro-geomorphological units proposed by Malet (2003) (see Ch.2 Figure 2-13). 

Additionally, the upper unit (HG1) was split into two sub-units, HG1a and HG1b, depending 

on dominant hydrological processes (Figure 6-1a; Chapter 4). 

Vertically, the landslide body is represented by three layers (C1a1, C1a2 and C1b; see Ch.2 

Figure 2-7 and Figure 6-2). The maximum depth of C1a is 3 m and of C1b 9 m. Following the 

idea of Malet et al. (2005), we distinguished additional near surface layer (C1a1) with an 

assumed maximum depth of 1 m. This layer is the most influenced by fissures. 

 

Figure 6-2. Schematisation of the hydrological model of the Super-Sauze landslide. 

Fissure fraction characteristics 

The maximum fissure fraction (Ffis,max) of the near surface unit (C1a1) has been derived from 

aerial photographs analysis from the period of 2007 – 2008 (Niethammer et al., 2012) and 

generalised in four zones across the landslide (Figure 6-3c). Zone 1 (F1) represents areas with 

no, or very limited, fissures observed at the soil surface. However there is field evidence for 

the presence of preferential flow paths in these areas (Chapter 4). Therefore, Ffis,max in F1 is 

set to be 5% and Ffis,min is set to be equal to Ffis,max (no mechanical feedback is considered). 

The Ffis,max and Ffis,min for deeper layers were set arbitrary taking into account that generally 
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the volume of fissures decreases with depth (due to compaction and rheology) and that they 

should be continuous throughout the vertical profile (model requirement; Chapter 5).  All 

Ffis,max and Ffis,min values are listed in Table 6-1. 

 

 
Figure 6-3. (a) The DEM of Super-Sauze landslide area from 1956, before the initial failure of the slope with 
marked current boundary of the landslide (b) The aerial photography (July 2008) with fissures are marked with 
black lines; (c) the implemented fissures zones with defined maximal (Ffis,max) and minimal (Ffis,min) observed 
fissure fraction in the surface layer.  

Table 6-1: Maximum and minimum fissure fraction as defined per zone and per layer 

Vertical layer 
Zone 1 Zone 2 Zone 3 Zone 4 
Ffis,max Ffis,min Ffis,max Ffis,min Ffis,max Ffis,min Ffis,max Ffis,min 

Layer 1 (C1a1) 5%* 10% 5% 20% 10% 40% 20% 
Layer 2 (C1a2) 0%* 5% 2% 10% 2% 20% 2% 
Layer 3 (C1b) 0%* 2%* 2%* 2%* 
* Ffis,max = Ffis,min – no mechanical feedback considered 

6.3.2 Meteorological data 

The meteorological data (rain intensity, air temperature, incoming short wave radiation and 

relative humidity) was coming from the meteorological station located within 0.8 km distance 

from the landslide. A snowmelt routine based on the degree-day approach was applied. A 

temperature threshold (Ts) was used to discriminate rainfall from snow fall and a critical 

temperature (Tm), above which snowmelt occur, was used to govern the melt equation. A 
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vegetation cover is not considered in the model as the landslide has no or very limited 

vegetation. 

6.3.3 Model calibration and validation 

The model was calibrated against observed snow coverage and groundwater level fluctuation 

over the period of one calendar year (January – December 2007). The initial distributed water 

level, soil moisture and snow thickness conditions were produced by running the model for 

one year (2007), for multiple times until a dynamic steady-state was achieved. The time step 

resolution of the model is 1h.  

Two stage calibration procedure has been applied (Figure 6-4). In the first stage the model 

including only the hydrological feedback (Chapter 5) was calibrated in order to get estimates 

of fs,min and fs,max needed for introducing mechanical feedback (see Eq.6.1). As the first step, 

the ‘snow pack/snow melt’ model was calibrated against binary ‘snow-no snow information’. 

The effective parameters that produce the snow cover (SC,sim) duration comparable to the 

observed one (SC,obs) are: Ts’ = 1°C and Tm’ = 6°C. The liquid water holding capacity of snow 

pack was set to be constant over time and equal 0.10 and a day-degree factor was assumed 

equal to 2.5 mm.day-1.°C-1. It is important to note that the relatively high effective values for 

Ts
’ and Tm

’ are the effect of compensating for local variations in meteorological factors (lapse 

in temperature, shading and radiation) and diurnal changes in temperature when modeling 

with a 1 h simulation time step. The same duration of snow cover would be obtained using Ts’ 

= 1°C and Tm’ = 1°C with 24h simulation time step.  

Next, the core hydrological model was calibrated. The initial hydrological parameters of 

matrix and fissure fractions were based on field - measured parameters as reported by Malet et 

al. (2005) and they were assumed to be equal for the whole landslide. The distinction between 

parameters for matrix and fissure fraction was made by assuming minimum and maximum 

measured values being representative for matrix and fissure characteristics respectively (Table 

6-3). For example, if the range of measured porosity in the field is 0.36 to 0.49 (Malet et al., 

2005) then the minimum (0.36) is assumed to represent matrix porosity and maximum (0.49) 

fissure porosity. Additionally, the hydraulic conductivity of fissure fraction is assumed to be 

10 times higher than the one of matrix fraction.  
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Figure 6-4. The calibration procedure. 

The model was calibrated by changing saturated conductivity (ksat,mat/fis) and porosity (nmat/fis) 

only. These four parameters were chosen since they show the highest variability when 

measured in the field and the hydrological model is most sensitive to their variations (see Van 

Beek, 2002; Malet et al., 2005 and Chapter 5). Observed piezometric water levels were 

assumed to be representative for particular units within the landslide (Figure 6-1a, Table 6-2). 

The parameters were differentiated per landslide unit (within the range of ±50% for nmat/fis and 

±100% for ksat,mat/fis) and adjusted to come to the smallest differences between modelled (hsim) 

and observed (hobs) groundwater level fluctuations per landslide unit (HG1-HG3).  

The stability sub-model was not calibrated but the soil strength parameters, cohesion (c) and 

the angle of friction (φ), were set for the entire landslide in order for the factor of safety per 

cell (fs) to oscillate around unity for the most active areas of the Super-Sauze landslide (see 

Ch.2 Figure 2-10). Figure 6-5a shows the results from the simulation performed with c’= 8 

kPa and φ’=25°. This parameter’s set are in agreement with the values presented by Malet 

(2003) for C1b sub-layer where, according to our conceptualisation, the slip surface is 

located. The upper and lower factor of safety, fs,min and fs,max were set to 0.7 and 1.3 
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respectively as the simulated values of the annual average factor of safety (fs,av) falls in this 

range for more than 75% of landslide area (Figure 6-5a).  

 

Table 6-2. Landslide unit and corresponding measuring points (see also Figure 6-1)  

Landslide Unit                    Piezometer  Point of displacement measure 

HG1a AV1 - 

HG1b BV16 & CV3 pt1 & pt2 

HG2 EV1 pt3 

HG3 BV5 - 

 
The second stage of the calibration procedure was based on the simulations performed with 

both hydrological and mechanical feedbacks. The saturated conductivity (ksat,mat/fis) and 

porosity (nmat/fis) were again calibrated. Table 6-3 gives the final calibration results.  

The model, including both hydrological and mechanical feedbacks, was validated for the year 

2008.  

 
Figure 6-5. The annually averaged factor of safety (fs,av) simulated for calibration period (2007) with the model 
(a) accounting for hydrological feedback only (first stage of calibration) and (b) accounting for both hydrological 
and mechanical feedback (second stage of calibration); (c) Spatial differences in landslide activity (based on 
Malet, 2003); 
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  Table 6-3. The range of field measured parameters (Malet et al., 2005) and the set of parameters after model 
calibration 
Parameter Field measurements Optimal model parameters 

Matrix fraction Fissure fraction 
Saturated conductivity – C1a1 [m.s-1] 6.10·10-6÷1.05·10-5 6.02 ·10-6 6.02 ·10-5 

Saturated conductivity – C1a2  [m.s-1] 4.86·10-6÷2.08·10-5 4.05·10-6 4.05·10-5 

Saturated conductivity – C1b [m.s-1] 4.05÷6.02·10-6 3.70·10-6 3.70·10-5 

*Porosity - C1a1 [-] 0.36÷0.49 0.36/0.25/0.25/0.21 0.49/0.44/0.44/0.34 

*Porosity - C1a2 [-] 0.30÷0.46 0.33/0.18/0.18/0.18 0.46/0.41/0.41/0.32 

*Porosity - C1b [-] 0.23÷0.39 0.27/0.13/0.13/0.13 0.39/0.35/0.35/0.27 

**Air entry value (SWRC) - C1a1 [m] 0.008÷0.042 0.042 0.008 

**Shape factor of the SWRC - C1a1 [-] 12.9÷14.7 12.9 14.7 

**Air entry value (SWRC) - C1a2 [m] 0.035÷0.049 0.049 0.035 

**Shape factor of the SWRC - C1a2 [-] 11.5÷13.1 11.5 13.1 

**Air entry value (SWRC) - C1b [m] 0.016÷0.21 0.021 0.016 

**Shape factor of the SWRC - C1b [-] 12.3÷13.7 12.2 13.7 

* porosity values vary between units HG1a/HG1b/HG2/HG3 
** values taken from Malet et al (2005) 

6.4 Simulation results and discussion 

Figure 6-6 presents observed and simulated groundwater level fluctuations for 2007 

(calibration period) and 2008 (validation period). The simulated groundwater level 

fluctuations representative for particular hydro-geomorphological units (Table 2) were 

collated with observed piezometric groundwater levels fluctuation (Figure 6-1d). The general 

range of the groundwater level fluctuation and the timing of the major peaks are well 

represented by the model. The root mean square error (RMSE) between observed and 

simulated groundwater variations representative for four units for the calibration period varies 

between 0.18 and 0.40 m for the calibration period, and between 0.20 – 0.44 m for the 

validation period. The differences between observed and modelled groundwater fluctuations 

mainly stem from collating point measurements with area averaged simulated results. During 

the winter periods and short after the snow melt the difference are mainly related to 

inaccuracy of the ‘snow pack/snow melt’ sub-model.  
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Figure 6-6. Observed and simulated groundwater level fluctuations over years 2007 (calibration period) and 
2008 (validation period) with corresponding root mean squares errors (RMSE). The 0 at the y-axis corresponds 
to average observed or simulated groundwater level. The shadow areas correspond to the period when the snow 
cover was observed.  

 

Figure 6-7. The modelled dynamics in fissure fraction during: (a) maximum fissure fraction (max Ffis), (b) 
minimum fissure fraction (min Ffis) and (c) the range (max Ffis-min Ffis) during one year simulation period 
(2007). The areas A and B indicated in Figure 6-5a are used for discussion.  
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The maximum simulated fissure fraction occurs in July 2007 and the minimum simulated 

fissure fraction occurs in period of October-November 2007 (Figure 6-7). The maximum 

variation in fissure fraction (ΔFfis) is 13% and it takes place in the area with the highest fissure 

fraction (F4) and relatively high landslide activity (see Ch.2 Figure 2-10 and Figure 6-1c). 

This behaviour of the fissure fraction is in agreement with what is expected from field 

monitoring (Figure 6-1c-d): rising groundwater level is associated increasing displacement 

rate and results in a more extended fissure network. 

The model performance regarding the simulation of spatial differences in potential landslide 

movement was tested by collating the simulated values of factor of safety with observed 

displacement rate reported by Travelletti et al. (2012a) for the year 2008 (Figure 6-1c). The 

modelled distribution of the factor of safety for the year 2007 (Figure 6-5b) represents the 

observed Super-Sauze landslide activity (Figure 6-5c; Malet, 2003) very well: the middle 

upper part of the landslide is ‘the most active one’ (fs is the lowest) while the lower part of the 

landslide is relatively stable (fs above 1.0 for most of the time during the simulation period) 

and the western part is the most stable area. However in the validation period (May-

September 2008), there is a 20 days time lag between modelled decrease in fs and 

displacement rate reported by Travelletti et al. (2012a) (Figure 6-8a,b). This time lag is also 

visible between simulated and observed groundwater level variation during the validation 

period (Figure 6-6) and it results from the ‘snow pack/snow melt’ calibration. The simulated 

time lag can be significantly reduced by changing the effective critical temperature for snow 

melt for the validation period (Tm’ = 5°C). With this adjustment the simulated spatio - 

temporal patterns of the factor of safety follow the observed displacement rates very well 

(Figure 6-8). 

In order to study the influence of the implemented dynamic characteristics of the fissure 

network, Ffis(fs) and Cfis(θE),  three scenarios were analysed: 

- scenario-1 – both hydrological Cfis(θE) and mechanical feedbacks are  included, Ffis(fs) 

- scenario-2 – only hydrological feedback (Cfis(θE) is included; Ffis is assumed to be 

constant (Ffis = Ffis,av) and Ffis,av is estimated based on fissure fraction 

simulated with scenario-1, averaged over  the fissure areas (F1-F4, Figure 6-

3c) and over one year simulation period; 

- scenario-3 – fissure network is not considered, only matrix fraction is present. 
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Figure 6-8. (a) Simulated factor of safety without adjustment of “snow pack/snow melt model”; (b) Observed 
displacement rates for points pt1, pt2 and pt3 (Travelletti et al., 2012a); (b) The factor of safety, fs, simulated 
with additional adjustment of ‘snow pack/snow melt’ model; (c) The relationship between the ‘new’ fs and 
observed displacement rates (Travelletti et al., 2012a). For the location of the points see Figure 6-1a. 

Figure 6-9 shows the difference in groundwater behaviour modelled with three scenarios. The 

highest differences between the scenarios in simulated groundwater level behaviour can be 

seen in the middle part of the landslide (HG1b; Figure 6-1a). There are no, or very limited 

differences observed in groundwater level behaviour within stable unit (HG3; Figure 6-1a).   

In general, the minimum simulated groundwater level (hmin ; Figure 6-9a) is the lowest for 

scenario-3 (no fissure network included) and the highest for scenario-2 (fissure network with 

hydrological feedback only). The analogous trend is observed when comparing the annual 

range of simulated groundwater level fluctuations (hfluctuation; Figure 6-9b): scenario-3 presents 

the highest variations of simulated groundwater level and in case of scenarios-2 the simulated 

groundwater level fluctuations are the lowest. The overall modelled groundwater level, 

averaged over a one year simulation period (hav), is the highest for scenario-2 and the lowest 

for scenario-3 (Figure 6-9c). The differences between the scenarios are in agreement with the 

results presented in Chapter 5 for the ‘simple’ landslide representation: introduction of fissure 
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network and accounting for the dynamically changing fissure connectivity resulted in an 

increase in total average water stored within the landslide.  

 

Figure 6-9.  Differences in simulated groundwater level behaviour between the three scenarios. 

When analysing the differences between the scenarios where fissure network are implemented 

(scenario-1 - 2) one can see how the model captures the behaviour of the fissure network. Let 

us analyse two areas within the landslide (Figure6-7a) being representative for:  

- fissures network with limited downslope drainage – area  A – located in the upper part of 

the landslide, where the highest fissure fraction (maxFfis≥25%) and the highest variability 

in fissure fraction (maxFfis – minFfis up to 10%) occurs during the simulation period and 

- fissure network with relatively unlimited drainage – area B – lower part of the landslide, 

where fissure fraction is relatively high (Ffis from 10% to 20%) 
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The area located just below area A is characterised by relatively limited fissure fraction (Ffis = 

5%). As a consequence of this set up, the fissure network in the area A behave as a dead- end 

fissures network. The rising saturation of the particular soil column within area A results in 

rising chance for fissures to be connected (scenario-2). However, with limited drainage 

possibilities in downstream direction this results in rising of the average groundwater level in 

the area A (Figure 6-9c). When mechanical feedback is included (scenario-1), the increase in 

the soil column saturation influences the stability of the soil column and therefore fissure 

volume. Growing volume of fissures (i.e. increase of available water storage) results in 

lowering of groundwater level. Nevertheless, the annual average groundwater level in area A 

simulated with scenario-1 is still higher than the one modelled with scenario-3 (where fissures 

are not considered). The evidence for dead-end like fissure behaviour at the lower part of area 

A is: (a) the results of small-sprinkling experiment performed in this area (Chapter 4) showing 

that infiltration processes are controlled by the extended but poorly connected fissure network 

and prolonged periods of elevated pore water pressure is observed after the sprinkling; (b) the 

observation of saturated tension cracks, with the standing water, observed in this part of the 

landslide (Malet et al., 2005). 

The opposite behaviour is observed in the area B. Here, the modelled fissure network extends 

till the border of the landslide and can provide natural drainage network when the fissures are 

connected between adjacent cells. Therefore, even if the average groundwater level in the area 

increases after introducing fissure network, it decreases when accounting for hydrological and 

mechanical feedbacks (scenario-1) and there are almost no differences when comparing with 

scenario-3 (where no fissure network is considered). This behaviour is also observed in the 

field: the average groundwater level observed in the piezometer EV2 is lower than in the 

middle part of the landslide and it shows moderate piezometric responses.  

The results presented herein are in general agreement with previous studies (McDonnell, 1990; 

Uchida et al., 2001) confirming that presence of fissures influences the percolation processes 

and storage capacity of the soil. Moreover, they confirm that fissure volume and fissure 

connectivity control the distribution of soil pore water pressure within the landslide (Cameira 

et al., 2000; Uchida et al., 2001; Nobles et al., 2004, Krzeminska et al., 2012a,b). The 

presence of disconnected fissures increases the storage capacity whereas outflow is impeded. 

This results in persistently high groundwater levels. The presence of connected fissures 
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network shows fast preferential drainage as the dominant process, and thus results in a lower 

groundwater level.  

Logically, groundwater level behaviour results in analogous differences, between the 

scenarios, in simulated stability of the particular cells. Implementation of the hydrological and 

mechanical feedbacks (scenario-1) results in a general increase of stability (fs) when 

comparing to the scenarios where only hydrological feedback is considered to be dynamic 

(scenario-2) (Figure 6-5). The findings are schematically summarised in Figure 6-10.  

 

Figure 6-10. General trends in groundwater level (hav) and local factor of safety (fs,) when analysing four 

scenarios.  

Last but not least, it is important to stress the main limitation of the proposed model. The 

model uses the pre-defined landslide geometry that is not changing during the simulation 

periods and, and thus, no mass displacement can be considered. Moreover, the implemented 

feedbacks in fissures characteristics have no influence on the strength properties of the 

material. The use of the infinite slope model is also an important simplification and calculated 

fs represents local conditions only (cell level). However, Milledge et al., 2012 showed that 

infinite slope model can successfully be applied for landslides with a length/depth ratio of at 

least 25. The Super-Sauze landslide is a complex slow-moving translational landslide with the 

length around 900m and the maximal depth of sliding material approximately 9 m (Malet et 

al., 2005; Travelletti & Malet, 2012). 



132  Chapter 6 -  

7 Conclusion  

This chapter describes an initial attempt to model the hydrology of the Super-Sauze landslide 

with accounting for preferential fissure flow and the dynamically changing characteristics of 

fissure network.  The spatially distributed hydrological and slope stability model (STARWARS) 

has been adapted to account for geotechnical and hydrological feedbacks on changes in 

fissure volume and fissure connectivity (Van Beek, 2002; Krzeminska et al., 2012b). The 

hydrological parameters used for model calibration are taken from the work of Maquaire et al 

(2003) and Malet et al (2005).  

The model reproduces the observed hydrological behaviour of the landslide, accounting for 

spatial differences in hydrological responses and captures all the physical phenomena and 

their variation in time and space. Our research outlines that fissure volume and fissure 

connectivity control the distribution of soil pore water pressure within the landslide. 

Implementation of the dynamic characteristics of fissure network allowed to account for the 

spatial and temporal variability in the hydrological processes dominating in particular areas of 

the landslide that are often observed in the field.  

It is important to stress that proposed simple linear relationships between saturation of the soil 

column and fissure connectivity and between the mass movement and fissure volume are 

theoretical only. However, our research indicates the need for further study in the direction of 

measurement and monitoring of fissures characteristic and their variation over time. This 

would allow a better understanding and constrain of the proposed relationship.  
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SYNTHESIS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This thesis investigates the influence of fissures on landslide hydrology. Research work 

included both extended field experiments and hydrological modelling. Based on the analysis 

of all available field data, a conceptual fissure flow model was proposed and tested in both 

synthetic and case study modelling. 

The main conclusion of this thesis is that preferential fissure flow may change local 

hydrological regimes depending on fissure network characteristics, especially fissure volume 

and connectivity between fissures. The field measurements outline the spatial heterogeneity of 

soil hydraulic properties and dominant hydrological processes existing in slow-moving clay 

shale landslide. The analysis of field data together with presented modelling results confirms 

the importance of distributed approaches when modelling differential hydrological response 

of complex heterogeneous landslides and stresses the need for including spatio-temporal 

changes in soil hydraulic properties of both fast and slow responding domains.  
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7.1 Monitoring of soil moisture patterns and dominant processes within a landslide 

In case of precipitation triggered landslides, the weather condition, soil moisture content and 

pore water pressure are the key components to monitor and, furthermore,  to be incorporated 

into modelling of landslide hydrology. The antecedent soil moisture condition and the soil 

structure control the percolation of the precipitation to the saturated layers. Especially, 

preferential flow paths and their spatio-temporal variation define the hydrological processes 

dominating in an area and consequently control the pore water pressure built – up.  

This thesis presents the potential of Distributed Temperature Sensing (DTS) measurements 

(Chapter 3) and combined hydrological and hydrochemical analysis of small scale sprinkling 

tests (Chapter 4) to monitor and to quantify hydrological state and processes in the 

unsaturated zone. Both methodologies were tested on a clay shale slow moving landslide – 

the Super-Sauze landslide.  

7.1.1 Potential of DTS for long term monitoring of soil moisture patterns 

DTS offers the opportunity to monitor temporal and spatial temperature patterns in a soil 

which is a big advantage over point temperature measurements. High resolution soil 

temperature observations can be related to moisture variability via analysis of thermal soil 

properties (Chapter 3).  

The qualitative analysis of measured soil temperature variation allowed observing spatial 

differences in soil moisture state and estimating the location of surface and subsurface water 

flow paths. Figure 7-1 shows the example of qualitative interpretation of the soil temperature 

data.  The quantitative analysis of measured soil temperature made it possible to capture the 

variability of apparent soil thermal conductivity and to correlate this with measured soil 

moisture content. However, the precision of quantitative analysis strictly depends on careful 

control of sensor (fibre optic cable) installation depths and accurate control of the upper 

boundary condition (soil surface temperature).  
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Figure 7-1. (a) Schematisation of single cable experimental set-up (see Figure 3-3); (b) Near Sensing Camera 
Field Equipment photography of large-scale sprinkling experiment area (Krzeminska et al., 2009); open rhombus 
indicates the areas where the cable was surfacing and the air temperature was measures; red dot line indicates the 
location of fibre optic cable;  (c) example distribution of measured daily amplitude of soil temperature; blue dash 
line indicates location of estimated preferential flow paths.  

Proper installation and maintaining of fibre optic cables within a heterogeneous and active 

landslide over a long time period might be problematic and technically constrained. Therefore, 

when accounting for the limitation of the presented methodology (Chapter 3), DTS should be 

seen more as support measurements to be applied with other available techniques providing 

spatial soil moisture information with lower spatial and temporal resolution. DTS can be used 

to validate microwave remote sensing soil moisture monitoring (Steele-Dunne et al. 2010), 

which may have limited value on steep topography (Njoku et al., 2000). Combination of 

satellite data with DTS analysis could determine if satellites can provide useful signal in 

particular landslide prone areas and, when necessary, provide more detailed (local scale) 

information about soil moisture spatial variability. 

Going into local scale monitoring, DTS can be a complementary measurement for areal 

photography and thermal photography monitoring of landslide for verification of potential 
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key areas. Application of DTS measurement in those areas may improve qualitative and 

quantitative identification of soil surface features, e.g.: differential drainage conditions, 

wetness patterns, preferential flow pathways (e.g. Krzeminska et al., 2009; Niethammer et al., 

2009) as well as subsurface and ground water discharge areas (e.g. Bobba et al., 1992).  

Moreover, both microwave remote sensing soil moisture observation and thermal pictures of 

soil surface can be used to estimate soil moisture content in the top 0-5 cm soil layer (e.g. 

Jackson et al., 1996; Sugiura et al., 2007). However, surface layer saturation is often not a 

direct trigger of landslide. It is the combined effect of surface and subsurface saturation that is 

critical. To estimate the link between surface soil moisture and subsurface saturation for 

specific case studies DTS measurements can be used locally.  

In order to extend the application of DTS the main problems to deal with are: 

- installation and calibration – it is necessary to have a few independent temperature and soil 

moisture sensors in order to define the relation between estimated apparent diffusivity and 

soil moisture content, account for the spatial and temporal heterogeneity of soil properties 

and, lastly, to account for instrumental changes over time (e.g.: influence of changes in 

fibre strain, drift in laser instrument, etc.) 

- long-term maintenance – there is a need for (a) constant and stable energy supply, (b) 

monitoring the continuity of the fibre optic cable (possible break of the fibre due to 

differential movement of sliding material) and (c) its installation depths changes due to 

constant movement of reworking material. 

Giving further research attention to solve those complications seems worthwhile since, once 

robust, DTS technique can provide spatial and temporal information about soil moisture state 

over landslide hotspots with relatively low cost demands. This information could be 

furthermore incorporated into real time hazard monitoring and risk modelling. As such it 

could become valuable component of local early warning systems for rainfall induced 

landslide by providing “timely and effective information that allows individuals exposed to a 

hazard to take action to avoid or reduce their risk and prepare for effective response”(ISDR, 

2004). 
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7.1.2 Potential of Small Scale Sprinkling Experiments for identification and quantification 

of dominant hydrological processes 

The understanding and quantification of subsurface flow paths requires on-site investigations. 

Direct measurements of subsurface flow paths need high experimental effort due to spatial 

variability of surface and subsurface structures and invisibility of the latter. A consistent 

measurement method is not yet achieved. To our knowledge, there is very limited on site 

experimental research dedicated to fissure flow and not one on landslide terrain. In Chapter 4 

the potential of small scale sprinkling experiment for identification and quantification of 

dominant hydrological processes in the highly heterogeneous environment of a slow moving 

landslide was discussed. Our motivation was to find a methodology to recover subsurface 

flow paths in the field, under ‘natural conditions’, in relatively fast and non-destructive 

manner. 

 Combining environmental or/and artificial tracing with hydrological surveys analysis for 

investigating preferential flow in the soils is far from new. The experiments vary from 

laboratory tests (e.g. Allaire-Leung et al., 2000; Larsbo & Jarvis, 2006) to field experiments 

of different scales (e.g. Collins et al, 2002; Weiler & Naef, 2003; Mali et al., 2007; Kienzler 

& Naef, 2008). However, there is no plot scale field measurements dedicated to monitor and 

quantify preferential fissure flow, being a special case of macropores with apertures up to tens 

of centimetres.  

 

Figure 7-2. Conceptual model of subsurface water flow paths in the most active zone of Super-Sauze landslide 

(adopted from Debieche et al., 2012). 



138 Chapter 7 -  

The idea of using small scale (1x1m2) sprinkling experiments rose after successful performing 

of large scale (aproximately100m2) sprinkling tests in summer 2007 at the Super-Sauze 

landslide and  the Laval landslide (Debieche et al., 2012; Garel et al., 2012). These two 

experiments gave valuable insight in the preferential infiltration and preferential later drainage 

processes in those unstable clay-shale hillslopes (Figure 7-2). However, due to the size and 

long duration, this kind of experiments are logistically and financially very demanding, and 

cannot be undertaken on a regular basis across the study area.  

The small-scale experiments are relatively inexpensive and can be deployed throughout the 

landslide. Although we performed only six experiments on three locations, which is spatially 

limited, we show that small-scale sprinkling experiments are sufficient to capture the 

dominant hydrological processes occurring in the area and have the potential for their 

quantification. Moreover, combination of the hydrological and hydrochemical analysis of two 

consecutive days of sprinkling gave a valuable insight about mixing processes (pre-event and 

event water) and interaction between fissure and matrix domains.   

In order to extend the application of small scale sprinkling experiments and overcome present 

shortcomings the following should be considered: 

- detailed measurements of soil characteristics, their heterogeneity in the analyzed soil 

profile, and their high temporal resolution  monitoring during the sprinkling experiment; 

- applying non-destructive measure to provide more detailed characteristics of subsurface 

fissure system, especially in vertical directions. Grandjean et al. (2012) and Travelletti, et 

al. (2012b) presented promising results based on seismic azimuth tomography or ERT 

measurements. However, both methodologies need further improvement to provide unique 

characteristics of subsurface flow paths.  

7.2 Modelling the influence of fissure flow on landslide hydrology 

The literature review, extensive field campaigns consisting of day-to-day monitoring as well 

as sprinkling experiments presented in Chapter 3 and Chapter 4 and analysis of all available 

field observation (see Chapter 2) resulted in the formulation of a conceptual model of the 

hydrological influence of fissures on landslide activity (Chapter 5). The model expand the 

original conceptualisation of fissure flow (Van Beek and Van Asch, 1999) by explicit 

inclusion of fissures and more detailed representation of the fissure flow. Moreover, the 
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model accounts for dynamic nature of fissures network: (a) fissure connectivity depending on 

soil moisture content (Chapter 5) and (b) fissure geometry depending on the level of landslide 

activity (Chapter 6).   

In general, the model results show that the presence of fissures may significantly influence 

water distribution within a landslide by changing the timing and duration of the periods of 

elevated pore pressure conditions. The significance of the changes in the local hydrological 

responses depends on size, density and connectivity of the fissure network. Introducing 

dynamic hydrological feedback of fissure connectivity and soil moisture state of the matrix 

results in stronger seasonality of landslide hydrological responses and underlines their spatial 

heterogeneity (Chapter 5), and additional introduction of mechanical feedback of fissure 

volume and level of landslide activity attenuates the groundwater level fluctuations (Chapter 

6).  It is also interesting to note the self-regulatory mechanism that is implied by the results 

presented in Chapter 5 and Chapter 6 (Figure 6-10). The simulated annual average total 

storage increases when introducing the fissure network and accounting for the hydrological 

feedback. When both feedbacks (hydrological and mechanical) are included the simulated 

annual averaged groundwater level decreases. 

However, the presented model in its current stage should be considered more as an effective 

tool helping to understand the possible impact of preferential fissure flow on landslide 

hydrological responses and to explain spatial and temporal difference in landslide activates 

than a model providing “better predictions” of possible slope failure. This is because the 

parameterisation of the model (a large number of input parameters needed and lack of 

standard field and/or laboratory experiments methodologies to measure them) and limitation 

in data availability for both model calibration and validation (high spatial and temporal field 

monitoring data needed). The original core STARWARS hydrological model (Van Beek, 2002), 

consisting of three vertical layers, is described by 12 parameters: layer-dependent porosity, 

saturated hydraulic conductivity, air entry value and SWRC shape factor. The explicit 

inclusion of fissures together with implementation of dual-permeability approach (Chapter 5) 

doubles this number. In case of the Super-Sauze landslide modelling, additional distinction of 

hydro-geomorphological units (Chapter 6) further increases the number of needed input 

information. This raises the question of possibility to measure and classify information about 

the spatial (vertical and horizontal) distribution of hydrological properties of both matrix and 
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fissure fraction. Undoubtedly much effort is needed to plan and perform field campaigns 

and/or lab experiment to get all the necessary input parameters.  

On the other hand, the advantage of dual-permeability approach over dual-porosity approach 

for modelling hydrological responses of clay shale landslide is clear. Dual – porosity 

approach assumes that the porous media consist of two interacting and overlapping but 

distinct continuum, where matrix continuum is the main storage medium (no or very limited 

water flow is allowed) and fracture continuum is the main transport medium (Altman et al., 

1996; Šimůnek et al., 2003). This assumption is valid for modelling of water flow in fractured 

rocks, but not in slow-moving clay-shale landslide such as the Super-Sauze landslide. The 

definition of ‘matrix continuum’ and ‘fracture continuum’ depends on the scale of the study. 

In case of fissure flow presented in this thesis fracture continuum is the fissure network 

consisting of cracks with the aperture up to tens of centimetres filled with reworked material 

and ‘the rest’ is considered as matrix continuum (matrix with smaller scale macroporosity). In 

this case subsurface water flow should not be restricted to the fracture continuum only. 

Another point to discuss is the calibration of the model. The parameters used in the model are 

not all independent.  Moreover, the calibrated parameters (porosity, hydraulic saturated 

conductivity) are considered to be constant over time and therefore represent the average soil 

conditions. In reality this is not a case, especially when analysing slow moving landslide with 

consecutive acceleration and deceleration periods (extension and compression of the sliding 

material). Introducing the dynamically changing fissure volume would allow mimicking these 

seasonal changes in soil properties: more fissures means higher average porosity and higher 

average saturated conductivity of particular cell or/and layer. On the other hand, together with 

introducing mechanical feedback we introduce new parameters and new uncertainties into the 

model.  

An important limitation is the use of the factor of safety concept with the infinite slope 

stability model. This is very efficient for raster-based GIS since the stability on the cell level 

can be assessed from attributes of each individual cell only (the interaction between cells is 

neglected) and allows for tight coupling of the slope stability model with PCRaster 

hydrological model. Coupling the hydrological model with 2D or 3D slope stability model 

(loose coupling) is possible but it introduces additional errors due to the increased complexity 

of the recurring calculation and generalisation of attributes over multiple cells.   



Synthesis 141 

There is also a question of more accurate definition of proposed hydrological and mechanical 

feedbacks. As concluded from Chapter 5 and Chapter 6 these feedbacks are likely to be 

important for landslide hydrological modelling. Therefore there is a need for further studies in 

the direction of measurement and monitoring techniques to define fissure network 

characteristics (i.e. fissure depth, volume, density) and their variation in time and space. In 

this point it is worthwhile to mention: (a) the work of Niethammer et al. (2012) that shows the 

potential of UAV-based remote sensing for qualitative monitoring of surface feature on 

regularly basis, and (b) work of Stumpf et al., (submitted) that presents the image processing 

chain to extract quantitative characteristics of surface fissures from heterogeneous sets of 

VHR aerial images. Combination of the two could provide series of geomorphological surface 

fissure maps that could be, further on, collated with high resolution displacement measure 

(Travelletti et al., 2012a) and giving solid basis for better description of proposed mechanical 

feedback 

However, based on the results presented in this thesis it can be concluded that in case of 

precipitation induced complex slow-moving clay – shale landslide, like the Super-Sauze 

landslide, the presence of fissures should not be neglected when modelling landslide 

hydrological responses, landslide initiation and/or its (re-)activation.  
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