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Abstract 

Groundwater-pressure produced by precipitation plays an important role in 

determining landslide movements. For any process-related early warning system for 

hydrologically-induced landslides, the accurate estimation of groundwater-pressure 

from precipitation information is a key component. Quasi-static (slope movement 

with complete sliding surface) movement is believed to be controlled by changes in 

normal stress caused by a variable groundwater table, which in turn changes the 

friction. This thesis aims to construct a landslide forecasting component for 

precipitation data to predict groundwater-pressure considering snow accumulation and 

melt as well as infiltration time lags and related accurate landslide movement. First, a 

description of how to predict precipitation types is introduced. Rainfall gauge 

monitoring and a snow accumulation/snow melt model based on temperature-index or 

energy-index are introduced. A classification of hydro-models including a 

deterministic model and a probability model are developed for the evaluation of 

infiltration and pore water pressure produced by ground water supply. Second, a 

modified tank model for the estimation of the groundwater table is developed. This 

modified tank model is i) coupled with a snow accumulation/snow melt model based 

on the temperature-index, ii) and accounts for equivalent infiltration, a time lag 

elimination method, to reduce uncertainty of precipitation and infiltration. The 

application of this modified tank model is demonstrated for the Aggenalm landslide in 

Bavaria, Germany. Third, physical model experiments evaluate the work modes of 

three typical tank models (simple tank model, surface runoff tank model, and lateral 

water flow supply tank model) for homogenous materials. In terms of heterogeneous 

materials, the physical tank model experiments consider four typical geological 

conditions, involving a mixed coarse and fine-grained material slope, a slope 

including a single fine layer, a slope including an obvious fracture, and a slope with 

river-groundwater interaction. Fourth, we develop a new viscous model for estimation 

of groundwater-related quasi-static landslides. Slopes typically evolve in cyclic states 

including initial activation, acceleration, deceleration, and reactivation. It is often 



Abstract 

III 

assumed that groundwater level controls the increase and decrease of movement 

velocity and that it reacts according to Coulomb friction and is velocity independent. 

In this thesis, an approach is presented, where the strength of the slip surface and 

especially its cohesion is considered a velocity-dependent factor. Both, the variable 

cohesion and groundwater table determine the landslide movement in the same time 

step. A new viscous model is constructed by introducing a velocity dependent 

cohesion to describe the landslide movement rate controlled by groundwater changes. 

Two cases are used to validate the new model, those of the Undercliff on the Isle of 

Wight in England and the Utiku landslide in New Zealand. This thesis provides 

important steps to in future better understand and model the effect of groundwater 

level and pore pressure changes on activation, acceleration, deceleration, and 

reactivation of landslides. This could significantly contribute to future model-based 

rather than present threshold-based early warning systems.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Acknowledgement 

V 

Acknowledgement 

I firstly would like to thank Prof. Kurosch Thuro and Dr. John Singer for giving me 

the opportunity to join in the landslide group and within the framework of the 

landslide early forecasting system. I also offer the thanks to Dr. Judith Festl 

considering she took me to Aggenalm landslide (alpEWAS project) many times for 

the field investigations. She introduced me background of this project and shared the 

knowledge and monitoring data. 

I would also like to offer my special thanks to Prof. Michael Krautblatter for his 

valuable and constructive suggestions, especially during the stage of application of 

modified tank model and the phase of this thesis. My special thanks go to my 

colleague and friends in process of development of groundwater prediction model: 

Katharina Albert (Chair of Hydrogeology, TUM, Germany), Ji Yuan (Engineering 

Risk Analysis Group, TUM, Germany), Xian Wei (Research Group for Geometric 

Optimization and Machine Learning, TUM, Germany), and Jun Deng (Institute for 

Human-Machine Communication, TUM, Germany). 

Furthermore, my sincere thanks go to my mentor Dr. Kerry Leith. He helped me 

review almost every detail of quasi-static landslide movement model and kept 

discussing with me once per week at least. And the same thanks to monitoring data 

about Underclif, Isle of Wight Landslide from Dr. Jonathan Martin Carey (GNS 

Science, New Zealand), Prof. David Petley (University of East Anglia, UK). 

Finally, I have to show the thanks to the China Scholarship Council and my families 

for the funding support. 



 

 

Table of contents 

 

Declaration.........................................................................................................................................I 

Abstract........................................................................................................................................... III 

Acknowledgement ...........................................................................................................................V 

Table of contents ...............................................................................................................................1 

Chapter 1: Introduction .....................................................................................................................1 

1.1 Problem statement and motivation......................................................................................1 

1.2 Research objectives.............................................................................................................1 

1.3 Thesis outline ......................................................................................................................2 

1.4 Technical course..................................................................................................................3 

Chapter 2: Literature review .............................................................................................................7 

2.1 Overview.............................................................................................................................7 

2.2 Classification of landslides .................................................................................................7 

2.3 Causes of landslides ............................................................................................................9 

2.4 Hydrological controls of deep-seated landslides.................................................................9 

2.5 Hydrogeological flow patterns relevant for deep-seated landslides..................................10 

2.6 Estimating proportions of fluid and solid precipitation and snowmelt .............................11 

2.6.1 Thresholds for fluid and solid precipitation ...........................................................11 

2.6.2 Temperature-index and energy-index snowmelt models........................................13 

2.7 Estimating infiltration and groundwater fluctuations in hillslopes ...................................13 

2.7.1 Deterministic physical models ...............................................................................14 

2.7.2 Empirical-statistical models ...................................................................................15 

2.8 Modelling quasi-static landslide movements (slope movement with complete sliding 

surface)....................................................................................................................................18 

Chapter 3: A modified tank model including snowmelt and infiltration time lags for deep-seated 

landslides ........................................................................................................................................21 

3.1 Introduction.......................................................................................................................22 

3.2 Site descriptions ................................................................................................................24 

3.2.1 Geographical setting and geological overview.......................................................24 

3.2.2 Tectonic overview and setting of the study site......................................................25 

3.2.3 Climatic conditions ................................................................................................27 

3.2.4 Monitoring system and monitoring data ................................................................28 

3.2.5 Historic events........................................................................................................30 

3.3 Methods.............................................................................................................................34 

3.3.1 The modified tank model including snowmelt and infiltration ..............................35 

3.3.2 Simpler approximations of slope hydrology ..........................................................38 

3.3.3 Determining the parameter of PWP calculation in the modified tank model .........39 

3.3.4 Snowmelt calculations in modified tank model .....................................................43 

3.4 Results...............................................................................................................................44 

3.4.1 Performance of modified tank model in heavy rainfall season ..............................44 

3.4.2 Performance of modified tank model in snowmelt season.....................................45 

3.4.3 Performance of modified tank model throughout the monitoring period and error 



Table of contents 

 

analysis............................................................................................................................46 

3.5 Discussions........................................................................................................................47 

3.5.1 Performance of modified tank model in heavy rainfall season ..............................47 

3.5.2 Performance of modified tank model in snowmelt season.....................................48 

3.5.3 Highlights of the modified model ..........................................................................48 

3.5.4 Drawbacks and limitations .....................................................................................49 

3.6 Conclusions.......................................................................................................................49 

Chapter 4: Physical tank experiments on groundwater level controls of slopes with homogenous 

materials..........................................................................................................................................51 

4.1 Introduction.......................................................................................................................51 

4.2 Methods.............................................................................................................................52 

4.2.1 Test setup and testing materials..............................................................................52 

4.2.2 Experiment procedures...........................................................................................59 

4.3 Results and analysis ..........................................................................................................61 

4.3.1 Simple tank experiment..........................................................................................61 

4.3.2 Surface runoff tank experiment..............................................................................62 

4.3.3 Lateral water flow supply tank experiment ............................................................63 

4.4 Conclusions.......................................................................................................................64 

Chapter 5: Physical tank experiments for estimation of groundwater (heterogeneous materials) ..65 

5.1 Introduction.......................................................................................................................65 

5.2 Different typical geological condition of landslides .........................................................65 

5.2.1 A coarse-fine material slope ...................................................................................65 

5.2.2 A slope including a fine layer .................................................................................66 

5.2.3 A slope including an obvious fracture ....................................................................68 

5.2.4 A slope in interaction with a river ..........................................................................69 

5.3 Physical tank experiments.................................................................................................70 

5.3.1 Tank experimental flume and materials .................................................................71 

5.3.2 Physical tank experimental outline.........................................................................74 

5.4 Results and discussion.......................................................................................................74 

5.5 Summary and conclusions.................................................................................................78 

Chapter 6: Prediction of groundwater affecting deep-seated landslide quasi-static movement......81 

6.1 Introduction.......................................................................................................................81 

6.2 New viscous velocity based model ...................................................................................84 

6.2.1 Introduction of new viscous model ........................................................................84 

6.2.2 Velocity-strength module .......................................................................................87 

6.2.3 New viscous model calculation..............................................................................89 

6.3 The Ventnor landslide, Isle of Wight, Southern England ..................................................90 

6.3.1 Introduction to Ventnor landslide, Isle of Wight ....................................................90 

6.3.2 Monitoring data in the model (displacement and pore water pressure) .................91 

6.3.3 Strength properties of the main slip surface ...........................................................92 

6.3.4 Application of a new viscous model at the Ventnor landslide................................92 

6.3.5 Prediction results and analysis ...............................................................................94 

6.4 The Utiku landslide in New Zealand.................................................................................96 

6.4.1 Introduction to Utiku landslide, New Zealand .......................................................96 



Table of contents 

 

6.4.2 Involved monitoring and strength date...................................................................97 

6.4.3 Application of new viscous model to Utiku landslide............................................98 

6.4.4 Prediction results and analysis ...............................................................................99 

6.5 Discussion .......................................................................................................................101 

6.5.1 Physical interpretation..........................................................................................101 

6.5.2 Parameter interpretation .......................................................................................102 

6.5.3 Comparison between traditional and new viscous model ....................................103 

6.5.4 Error analysis and outlooks..................................................................................108 

6.6 Conclusions.....................................................................................................................108 

Chapter 7: Conclusion................................................................................................................... 111 

7.1 Key findings.................................................................................................................... 111 

7.2 Limitations and outlook ..................................................................................................112 

Reference ...................................................................................................................................... 113 

Appendix I Codes of landslide model...........................................................................................125 

1 Cohesion back analysis in quasi-static landslide model.....................................................125 

2 Quasi-static landslide prediction (cohesion constant) ........................................................126 

3 Quasi-static landslide prediction (cohesion-velocity simple linear)...................................128 

Appendix II List of symbols .........................................................................................................131 

 



Chapter 1 

 1 

Chapter 1: Introduction 

 

1.1 Problem statement and motivation 

With the expansion of modern infrastructure and societal development in mountainous 

areas, landslide hazards have become a serious issue in all mountain environments 

worldwide. Hydrological triggering is by far the most frequent landslide triggering 

mechanism, and related hazards cause major damage and more than 1000 casualties 

every year (Giannecchini et al., 2012; Guzzetti et al., 2007; Guzzetti et al., 2008). It is 

recognised that pore water pressure (PWP) changes related to fluctuating groundwater 

tables play a critical role in controlling deep-seated landslide instability, because a rise 

in PWP causes a decrease in effective normal stress at the potential sliding surface 

(Bromhead, 1978; Bonnard and Noverraz, 2001; Wang and Sassa, 2003; Collins and 

Znidarcic, 2004; Schulz et al., 2009; Rahardjo et al., 2010). Pore water pressure 

measurements produced by groundwater table fluctuations have traditionally been 

used to explain and sometimes even predict landslide velocities (e.g. Corominas et al., 

2005). The effect of groundwater, and especially long-term groundwater conditions, 

can prepare and trigger deep-seated landslides (Burda and Vilímek, 2010). Although 

the processes linking rainfall, snow melt, slope hydrology, and deep-seated landslide 

movements are still difficult to establish, the development of an accurate and 

straightforward prediction of pore pressure changes and a corresponding landslide 

movement model is of great importance for any landslide forecasting framework 

(Malet et al., 2005).  

 

1.2 Research objectives 

In order to develop a forecasting framework of hydrologically-induced (hereafter 

abbreviated as hydro-induced) landslides to issue a reliable prediction, it is necessary 

to construct an accurate and simple groundwater prediction model that is capable of 

incorporating snow accumulation, snow melt and infiltration time lags. The next step 

would be a displacement prediction model controlled by fluctuating groundwater 

tables. Combining those two, a forecasting system for hydro-induced landslides 
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should be able to predict landslide acceleration and deceleration controlled by pore 

pressures changes resulting from rainfall and snow precipitation. As an important 

component of an enhanced landslide forecasting system, the aim and scope of this 

thesis is to develop an accurate and simple groundwater prediction model and a 

groundwater-landslide movement prediction model. 

To achieve a model like this, the following steps were taken: 

i) The data from rainfall gauge monitoring and a snow accumulation/snow melt model 

based on temperature-index was used for precipitation calculation. 

ii) Relationships between precipitation, infiltration, previous water content, and 

groundwater in time domains were analysed.  

iii) A simple and effective modified tank model was developed for the prediction of 

pore pressure changes based on historical monitoring data. 

iv) Relationships between the displacement rate, groundwater, and material strength in 

a quasi-static landslide analysis were established and modelled. 

v) Changing strength-velocity relations were incorporated in the model to better 

describe the landslide movement rate under variable groundwater conditions and in 

response to dynamic material weakening. 

 

1.3 Thesis outline 

Following this introductory chapter, the thesis comprises seven chapters arranged 

accordingly to the objectives mentioned in Section 1.2. 

In Chapter 2, a comprehensive literature review introduces the state of the art of 

landslide classifications, precipitation-related landslides, precipitation calculation 

models, groundwater calculation models, and a deep-seated quasi-static stability 

analysis. 

In Chapter 3, a modified tank model for the estimation of groundwater is put forward. 

This model considers the time lag between precipitation and groundwater changes and 

includes snow accumulation/snowmelt and the creation of an infiltration path. An 

equivalent infiltration calculation method is employed to reduce time lag error. By 

considering water flow supply and drainage, the modified tank model can predict the 
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groundwater changes caused by a single or a series of precipitation events. A slow 

deep-seated landslide at Aggenalm, in Bavaria, Germany is chosen for applying and 

testing the model.  

Chapter 4 deals with groundwater investigations in physical tank experiments under 

simulated rainfall using homogeneous soils, considering three tank modes. Rainfall 

infiltration with or without surface runoff is first investigated. Lateral water flow 

supply coupled with infiltration affecting the groundwater is then considered. These 

experiments emphasise the causes and phenomena of infiltration time lags.  

Chapter 5 describes groundwater investigations in physical tank experiments 

involving four types of complex geological structures.  

In Chapter 6, a new viscous landslide model is constructed for the prediction of 

landslide quasi-static movement. Compared to the original viscous landslide model, 

this viscous model has following advantages: i) Using a limit equilibrium model 

rather than the infinite slope model for force analysis means that the applications of 

models are wider. ii) Slope density is a function of the groundwater table, not a 

constant, which makes the driving forces of slopes variable. iii) Material strength is 

designed to be dependent on velocity reflecting the soil consolidation and shear 

dilation action. Two landslide cases, in the UK and in New Zealand, are used to 

validate the landslide model.  

In Chapter 7, a synthesis of the research is presented. The methods developed 

throughout the thesis and the results obtained from experiments and modelling are 

summarised and evaluated. Limitations of the methods are presented, together with 

suggestions for future model improvements and research needs. 

 

1.4 Technical course 

The thesis involves three main contents: i) realisation of a conceptual hydro-caused 

landslide forecasting system; ii) estimation or prediction of groundwater-pressure by a 

modified tank model (groundwater model); iii) and prediction of quasi-static landslide 

movement velocity of hydro-induced landslides using a new viscous (movement-rate) 

landslide model. 
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Figure 1.1 Realization of a conceptual hydro-induced landslide forecasting system. It includes the 

modelling near future changes in pore water pressure and modelling near future landslide displacement 

rates. 

 

Figure 1.1 provides an overall overview of the model components in the thesis. The 

FOS decision and the cumulative displacement/velocity decision could be better 

presented. The model indicating near future changes in pore pressure is explained in 

detail in Figure 1.2. The model indicating near future landslide displacement rates is 

drafted in Figure 1.3.   
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Figure 1.2 Modified tank model for the estimation of near future changes in pore pressure. It includes 

diagnosis of precipitation types, calculation of snow accumulation and melt (which could reduce the 

Time lag 1 of pore-pressure), equivalent infiltration calculation (which could drop the Time lag 2 of 

pore-pressure), and calculation of change of PWP in slip surface. 
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Figure1.3 Model indicating near future landslide displacement rates derived from the modified viscous 

landslide model for hydro-induced quasi-static landslide movements. The input data for the model 

calculation includes initial material, geometry, and groundwater parameters; the model has an effective 

stress module affected by groundwater-pressure, a velocity-strength module (considering the velocity 

affecting the material strength), and a water-drive force module (the landslide drive force varies with 

the density of slope mass, which is caused by change of groundwater).  
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Chapter 2: Literature review 

 

2.1 Overview 

The study presented in this thesis relates to hydrological, geological and geotechnical 

sciences, modelling technology, and optimisation theory. Relevant issues of these 

subjects are hereafter briefly reviewed. The first part of this chapter gives a brief 

description of landslide classifications. Common empirical, conceptual and instability 

mechanism of precipitation-related deep-seated landslides are then reviewed, followed 

by basic concepts of hillslope hydrology and hydrogeology. The second part of the 

literature review covers the current understanding of snow accumulation and melt 

models. Infiltration and groundwater calculation models, including deterministic 

models and probability models are introduced. The third part of the literature review 

emphasises the process of the quasi-static problem of deep-seated landslides. Three 

models are demonstrated for quasi-static landslide analysis: the impulse response 

model, phenomenological relationship model, and viscous-plastic velocity-based 

model.  

 

2.2 Classification of landslides  

Knowledge of landslide classification is important to distinguish relevant mechanical 

processes (Cruden and Varnes, 1996). Variable landslide characteristics produce 

numerous landslide classifications for different purposes. The most commonly 

established landslide classifications are based on criteria such as type of failure, 

morphology, movement, activity and material.  

Cruden (1991) and Cruden and Varnes (1996) defined a landslide as ‘a mass of rock, 

debris or earth sliding down a slope.’ Hutchinson (1988) focused on the morphology 

of slope movements, considering the mechanisms, materials and rates of the 

movement. Cruden (1991) and Cruden and Varnes (1996) classified landslides mainly 

according to their movement types (fall, slide, flow, spread), material (rock, debris, 

earth) and the shape of the failure plane (rotational, translational). Hungr et al. (2001) 

modified this classification for flow-type landslides, taking soil saturation into 
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account. Lateltin et al. (1997) proposed to categorise landslides according to the depth 

of the slip surface: 0-2 m below surface: shallow landslides; 2-10 m below surface: 

medium seated landslides; and more than 10 m below surface: deep-seated landslides.  

Dikau (1996) provided a simple division into seven distinct types (Table 2.1).  

 

Table 2.1 Mass movement classification (Dikau, 1996) 

Type Rock Debris Soil 

Fall Rock fall Debris fall Soil fall 

Topple Rock topple Debris topple Soil topple 

Slide (rotational) 

Single (sump) 

multiple 

successive 

Single 

multiple 

successive 

Single multiple 

successive 

Slide (translational) Block slide Block slide Slab slide 

Planar Rock slide Debris slide Mudslide 

Lateral spreading Rock spreading 
Debris 

spread 

Soil (debris) 

spreading 

Flow 
Rock flow 

(Sackung) 
Debris flow Soil flow 

Complex (with run-out or change of 

behaviour downslope) 
Rock avalanche Flow slide Slump earth flow 

 

A ‘fall’ is defined as a free-fall movement of material from a steep slope or cliff. 

‘Topples’ involve a pivoting action rather than a complete separation at the failure 

base. ‘Sliding movements’ involve material displacement along one or more discrete 

shear surfaces, and are subdivided into ‘rotational’ or ‘translational slides’ according 

to the geometry of the failure surface (Dikau, 1996). ‘Rotational’ landslides occur 

along a circular slip surface, whereas ‘translational’ failures have a planar slip surface, 

often bedding or discontinuity controlled. ‘Lateral spreading’ is a characteristic of low 

angled slopes and often display slow movement rates. A ‘flow’ failure can occur over 

a spread of slope angles and customarily behaves similarly to fluids, or also dry grain 

flows behave fluid-like as a bulk due to the significant volumes of water or air 

involved. ‘Complex’ landslide failures, in this classification, are failures comprising a 
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combination of different failure mechanisms (Table 2.1). 

 

2.3 Causes of landslides 

When considering individual failure events, landslide failure can be understood in 

terms of forces. The actual causes of landslides are complex, due to the diversity of 

factors acting upon and within a slope. These causes may be subdivided into two 

groups (Table 2.2): internal causes leading to a reduction in shear strength, and 

external causes producing an increase in the shear stress. 

 

Table 2.2 Summary of causes of landslide failures (after Moore et al. 2006) 

Internal Causes External Causes 

Reduction of materials strength: Removal of slope support: 

1) Soils subject to strength loss on contact with water or as a 

result of stress relief (strain softening) 

2) Fine grained soils which are subject to strength loss or gain 

due to weathering 

3) Soils with discontinuities characterised by low shear strength 

such as bedding planes, faults, joints etc. 

1) Undercutting by water (waves 

and stream incision) 

2) Washing out of soil (groundwater 

flows) 

3) Human intervention (e.g. cutting, 

excavations, tunnelling and 

mining ) 

Weathering: Increased loading: 

1) Physical and chemical weathering of soils causing loss of 

strength (apparent cohesion and friction) 

2) Slope ripening and soil weakening processes (e.g. loss of 

vegetation, shrink and swell, desiccation and surface cracking) 

1) Natural accumulations of water, 

snow, & talus 

2) Human intervention (e.g. fill, 

tips, buildings) 

Pore-water pressure: Transient Effects: 

1) Elevated pore-water pressures causing a reduction in 

effective shear stress. Such effects are most severe during wet 

periods or intense rainstorms 

1) Earthquakes and tremors 

2) Shocks and vibrations 

 

2.4 Hydrological controls of deep-seated landslides 

Precipitation, subsequent infiltration and groundwater flow are some of the most 

important landslide triggering factors (Johnson and Sitar, 1990; Leroueil et al., 1996; 

Noverraz and Bonnard 1998; Van Asch et al., 1999). Usually, a rising groundwater 

table within a saturated zone, which is frequently observed during heavy rainfall, 
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leads to a gradual increase of pore water pressure in the soil (Iverson, 1997). An 

increase in the pore water pressure decreases the effective normal stresses in the soil 

and the total stress remains constant under drained conditions. This reduces the 

resistant strength and destabilises the slope. The lag time depends on the permeability 

of the soil, hydraulic conductivity, depth of slope, and previous moisture. It has also 

been shown that in clayey soil, pore water pressure changes rapidly due to increased 

permeability induced by the increase of cracks, fissures, and lenses of more permeable 

material (Rogers and Selby, 1980; Duncan et al., 2014). Increasing positive water 

pressure on the slip surface from an increasing groundwater level can cause deeper 

landslides (5-20 m deep) to be triggered (Van Asch et al., 1999).  

 

2.5 Hydrogeological flow patterns relevant for deep-seated landslides 

The main aim of hillslope hydrology is to study the flow paths and lag time of 

rainwater from a catchment to a receiving stream or an infiltration area. Water from 

fluid (rainfall) and solid precipitation (snowmelt) either flows as surface runoff or 

infiltrates the soil. Figure 2.1 shows different flow paths of water on and in a 

hillslope.  

 

 
Figure 2.1 Schematic diagram of a hillslope hydrological system. It includes hortonian overland flow, 

saturated overland flow, perched water table, karstic flow, and groundwater flow. 

 

Two types of surface runoff are distinguished: Hortonian overland flow occurs when 

precipitation exceeds the infiltration rate. Saturated overland flow occurs when the 



Chapter 2 

 11 

soil has reached complete saturation. Bedrock is often assumed to be an impermeable 

boundary below the sediment (Beven and Germann, 1982; Brammer and McDonnell, 

1996), which is questionable especially for fractured and bedrock affected by karst 

phenomena. Groundwater flow infiltrates and percolates through saturated 

underground soil along the bedrock (Weiler et al., 2005). Gravity mainly drives the 

water flow (McDonnell et al., 2007). Groundwater flow is more obvious in saturated 

or nearly saturated soil because of the connectivity in macro pores rather than micro 

pores in unsaturated soil (Beven and Germann, 1982). Many important aquifers are 

composed of granular materials such as loose sand and gravel or weakly cemented 

bedrock (see Figure 2.1). Groundwater flow in these aquifers occurs through the pores 

or spaces between the grains of sand or gravel, or through narrow fractures in solid 

bedrock. How quickly the water flows is partly dependent on how big the pores are, 

how interconnected the pores or fractures are, and how much energy (head or water 

pressure) is available to move the water through the aquifer. Generally, granular 

aquifers or fractured bedrock aquifers have no equivalent ‘underground river’ or 

channel. A karst aquifers usually includes the fractures (secondary porosity) formed 

by joints, bedding planes, and faults (see the red square in Figure 2.1). The openings 

forming the karst aquifers may be partly or completely water-filled. Karstic flow in 

limestones probably dominates the subsurface flow regime in reality. 

 

2.6 Estimating proportions of fluid and solid precipitation and snowmelt 

 

2.6.1 Thresholds for fluid and solid precipitation 

A threshold temperature, under which precipitation can be considered solid, is a key 

factor in any kind of snow accumulation model. However, this temperature is difficult 

to achieve, because the vertical travel height of snow flakes and the temperature of 

snow flakes cannot easily be calculated nor acquired. It has long been recognised that 

the vertical temperature profile is of prime importance for the type of precipitation 

(see, for example, Wagner, 1957; Bocchieri, 1980; Czys et al., 1996). In some 

situations, a temperature variation of only 1 °C is sufficient to cause a transition 
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between different phases, i.e. snow and rain. This implies that an accurate vertical 

temperature profile forecast is needed to correctly determine precipitation types. A 

wet-bulb temperature, which is always lower than the air temperature in an 

unsaturated atmosphere, is used instead of a dry-bulb, as this more accurately 

estimates the temperature at the surface of a hydrometeor. If the wet-bulb temperature 

is >1.3 °C, the precipitate melts to rain (Albers et al., 1996). The technique proposed 

by Ramer (1993) uses temperature, relative humidity, and wet-bulb temperature on 

different pressure levels to diagnose precipitation types. This procedure performs two 

checks before making a full calculation. If the surface wet-bulb temperature is greater 

than 2 °C, liquid precipitation is diagnosed. If wet-bulb temperature remains below a 

specified value at all levels, solid precipitation is expected. A full calculation is 

needed if neither condition is satisfied. In fact, in some areas, snowstorms often begin 

with a surface air temperature near 2 °C (36 °F). For falling snowflakes to survive in 

air with temperatures significantly above the freezing point, the air must be 

unsaturated (relative humidity less than 100 %), and the wet-bulb temperature must be 

at the freezing point (Ahrens, 2007). Although temperature is most important factor, 

any ideal diagnosis for the precipitation type will take all related atmospheric 

parameters into account. One way to include all the physics associated with the 

precipitation type is to develop a sophisticated and explicit microphysics model. 

However, these models are expensive in computer time, thus limiting their operational 

applications and in the meantime other alternatives must be used to routinely forecast 

precipitation types. The most common approach is still to derive statistical 

relationships between some predictors, such as temperature, and different 

precipitation types (Bourgouin, 2000). To validate such approaches, the rainfall 

information is usually collected by a rainfall gauge directly, if the diagnosis of 

precipitation shows rainfall not snowfall. If the diagnosis of precipitation indicates 

snowfall from the beginning, a rain gauge with a heat device can melt the snowfall, 

e.g. in winter. Solid precipitation is thus estimated in the form of liquid precipitation 

for the calculation of snow heights, considering the temperature and humidity.  
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2.6.2 Temperature-index and energy-index snowmelt models 

Snow melt models can usually be grouped into two main categories:  

The most sophisticated models are spatially distributed models based on equations of 

mass and energy balance (Bloschl et al., 1991; Garen and Marks, 2005; Herrero et al., 

2009). These models, following a mechanistic approach, account for multiple physical 

and chemical processes in the snowpack. Such models are quite complex and require 

physical parameters, including topography, precipitation, air temperature, wind speed 

and direction, humidity, incoming shortwave and longwave radiation, cloud cover, 

and surface pressure. The determination of accurate values of these parameters, and 

their variation in space and time is only possible for very well-equipped experimental 

test sites (Lakhankar et al., 2013). 

Simplified approaches, such as temperature-index methods, are also widely used 

(Kustas et al., 1994; Rango and Martinec, 1995; Hock, 1999, 2003; Jost et al., 2012). 

These models use air temperature as an index to perform an empirical correlation with 

snowmelt, and require only a few parameters (e.g. precipitation, air temperature, snow 

covered area). Temperature-index achieves good results and some additional 

improvement in model performance when coupling an energy balance approach 

(Hock, 2003). One of the most popular methods used to forecast snowmelt is to 

correlate air temperature with snowmelt data. Such a relationship was first used for an 

Alpine glacier by Finsterwalder (1887) and has since then been widely applied and 

further refined (Herrmann, 1978; Kustas et al., 1994; Rango and Martinec, 1995; 

Hock, 1999, 2003; Jost et al., 2012).  

 

2.7 Estimating infiltration and groundwater fluctuations in hillslopes 

Generally, there are two ways to estimate groundwater changes: i) deterministic 

models depending on the permeability and infiltration of material, such as the Green 

and Ampt model (Chen and Young, 2006), and the Richards equation coupled with 

Van Genuchten equation (Van Genuchten, 1980; Schaap and Van Genuchten, 2006; 

Weill et al., 2009), which need detailed parameterisation considering material and 

geological structure; ii) empirical-statistical models using optimisation or fitting 
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parameters such as the Tank model or the HBV (Hydrologiska Byråns 

Vattenbalansavdelning ) model, which needs historical monitoring data for training 

parameters (Faris and Fathani, 2013; Abebe et al., 2010). 

 

2.7.1 Deterministic physical models 

Green and Ampt (1911) presented an approach based on fundamental physics which is 

capable of calculating the wetting front in the soil materials in accordance with 

empirical observations. This model can e.g. be used to determine how much water 

was added to the soil with time. 

The Richards (1931) equation represents the movement of water in unsaturated soils. 

Richards applied a continuity requirement and obtained a general partial differential 

equation describing water movement in unsaturated non-swelling soils. It is a 

non-linear partial differential equation, which is often difficult to approximate since it 

does not have a closed-form analytical solution.  

The shape of water retention curves in the Richards equation can be characterised 

using several models, one of the most prominent is the Van Genuchten Model (Schaap 

and Van Genuchten, 2006; Weill et al., 2009). The water retention curve is the 

relationship between the water content and the soil water potential. This curve is 

characteristic of different types of soil, and is also called the soil moisture 

characteristic. It is used to predict the soil water storage, water supply to plants (field 

capacity) and soil aggregate stability. Due to the hysteretic effect of water filling and 

draining of the pores, different wetting and drying curves may be distinguished. At 

potentials close to zero, a soil is close to saturation, and water is held in the soil 

primarily by capillary forces. As moisture decreases, the binding of the water becomes 

stronger, and at small potentials (more negative, approaching wilting point) water is 

strongly bound in the smallest of pores, at contact points between grains, and as films 

bound by adsorptive forces around particles. Sandy soils will mainly involve capillary 

binding, and will therefore release most of the water at higher potentials, while clayey 

soils, with adhesive and osmotic binding, will release water at lower (more negative) 

potentials. At any given potential, peaty soils will usually display much higher 
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moisture contents than clayey soils, which would be expected to hold more water than 

sandy soils. Thus, the water holding capacity of any soil is due to the porosity and the 

nature of the bonding in the soil. 

 

2.7.2 Empirical-statistical models 

The linear reservoir concept is based on analysis of the recession limbs of the 

drainage hydrographs, and has already been used extensively for description of 

catchment responses (Hornberger et al., 1991; Dingman, 1994; Sivapalan et al., 2002). 

The basic linear storage theory can be described as: 

=Q kS  (2-1) 

dS / dt = -Q  (2-2) 

where Q is the outflow; S is the storage amount of water; t is the time and k is the rate 

constant. T indicates the buffering capacity of a reservoir or the ‘slowness’ of water 

release. 

Similarly, for the groundwater table estimation, the HBV model and the Tank model 

based on the linear storage theory are introduced here as follows: 

The HBV model (Bergström, 1995; Bergström et al., 2001) is a rainfall-runoff model 

which includes conceptual descriptions of hydrological processes at a catchment scale. 

The model is normally run on daily values of rainfall and air temperature, and daily or 

monthly estimates of potential evaporation. The model consists of subroutines for 

meteorological interpolation, snow accumulation and melt, evapotranspiration 

estimation, soil moisture accounting procedures, routines for runoff generation, and 

finally, a simple routing procedure between sub-basins and lakes. The soil routine in 

the HBV model is depicted by the soil zone and two reservoirs. The upper reservoir is 

responsible for the fast runoff at the intensive precipitation, while the lower one 

dominates in times without precipitation.  

The widely used tank model is a complex linear theorised calculation to describe the 

behaviours of water hydraulic properties (Ishihara and Kobatake, 1979). It is based on 

the water balance theory that tracks water into and out of a particular area of interest 
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(Fig. 2.2). The basic tank model usually can simulate the groundwater of one point in 

a shallow slope without considering the lateral water flow supply.  

 

Figure 2.2 Schematic diagram of simple tank model. It considers the relationship among rainfall 

infiltration, drainage, and change of groundwater table in one time unit  

 

i+1 i i ih - h = r - q  (2-3) 

i iq = ah  (2-4) 

where hi+1 and hi are the ground water tables of i+1th day and ith day; ri  and qi are the 

rainfall and drainage of ith day. a is a relation parameter. 

In this thesis, tank models are applied for the groundwater table estimation in a 

deep-seated landslide. Due to the long infiltration path in deep-seated landslides, the 

rainfall (ri) cannot entirely contribute to the change of groundwater table (hi+1-hi) 

within one day. A long time lag can be expected to affect the prediction of 

groundwater table. 

Considering the lateral groundwater flow, infiltration time lag, and surface runoff, 

until recently, a multi-storage tank model was developed to estimate the groundwater 

fluctuations of landslides caused by heavy rainfall (Michiue, 1985; Ohtsu et al., 2003; 

Takahashi, 2004; Takahashi et al., 2008; Xiong et al., 2009) (Fig. 2.3). In Figure 2.3, 

the left tank is used for the simulation of the higher part of a slope, while the right 

tank can simulate the lower part of a slope.  



Chapter 2 

 17 

 

Figure 2.3 Schematic diagram of multi- storage tank model. The multi-storage tank model mainly 

simulates a complex hydro-system which involves surface runoff, infiltration, groundwater flow, 

drainage, and groundwater table.  

 

i+1 i i fih - h = i - q  (2-5) 

fi iq = ah  (2-6) 

i i ii = r - qs  (2-7) 

i iqs = bhs  (2-8) 

i+1 i f i i ih' - h' = q +i' - q'  (2-9) 

i iq' = ch'  (2-10) 

i i ii' = r - qs'  (2-11) 

i iqs' = dhs'  (2-12) 

where hi+1 and hi are the upper ground water table of i+1th day and ith day; ri  and qfi 

are the rainfall and groundwater flow of ith day. ii is the upper infiltration of ith day. qsi  

is the upper surface runoff of ith day. hsi  is the upper surface water of ith day. h’i+1 and 

h’i are the lower ground water table of i+1th day and ith day; ri and q’i are the rainfall 

and drainage of ith day. i’i is the lower infiltration of ith day. qs’i is the lower surface 

runoff of ith day. hs’i is the lower surface water of ith day. a, b, c, d are relation 

parameters. 

A problem of multi-storage tank models is the presence of unknown parameters. Even 

the usage of some advanced algorithms does not effectively train the parameters. An 

increase of unknown parameters would reduce the robustness and reliability of the 
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system, especially if single validation datasets are used, such as monitored 

groundwater table for the parameter estimation of whole system. Thus, the innovation 

of this approach (in Chapter 3) is to calculate the equivalent infiltration before it 

enters the tank. The equivalent infiltration deals with the infiltration time lag 

including snow accumulation and snowmelt in deep-seated landslides based on a 

simple tank model structure. It hypothesizes that, compared to a simple tank model, 

the modified model has a higher accuracy and physical meaning by controlling 

equivalent infiltration including snow accumulation and snowmelt. Compared to 

multi-tank models the modified model is more robust and reliable. 

 

2.8 Modelling quasi-static landslide movements (slope movement with complete 

sliding surface) 

Landslide movements usually evolve over very longer times, and landslides would 

undergo active, stop, and reactive phases (Auzet and Ambroise, 1996; Swanston et al., 

1995; Vlcko et al., 2009; Wienhofer et al., 2009). Fast movements, acceleration, and 

final failure could then be triggered e.g. by extreme rainfall or snowmelt. According 

to Angeli et al. (2004) and Picarelli (2007), there are three chronological stages for a 

deep-seated landslide before final failure: the processes of static instability, 

development of whole slip surface, and quasi-static landslide movement. As shown in 

Fig. 2.4, in Time Step 1 the slope has a local instability (brittle damage) induced by a 

change of the water table. As time elapses (Time Step 2 and Time Step 3), the whole 

potential slip surface is developed. Then the slope gets into the quasi-static landslide 

stage which means that the landslide produces a displacement not a local or tiny 

deformation. In Time Step 4, the landslide moves very slow due to a lower 

groundwater table. In Time Step 5, the landslide would accelerate due to an increase of 

groundwater table.  
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Figure 2.4 Schematic diagram of deep-seated landslide failure: (a) Static instability stage. The whole 

slip surface develops from a local brittle damage to a global slip surface; (b) Quasi-static instability 

stage. The landslide controlled by resisting and drive forces moves as a whole. 

 

For the estimation of quasi-static landslides, the following three models are often used: 

The impulse response model (IR model) is based on the use of a black box model 

originally dedicated to hydro geological and hydro geochemical data analysis (Pinault 

and Schomburgk, 2006). It permits the processing of data and model temporal series, 

with computation of transfer functions between input data and output data, based on 

signal process methods, inversion and optimisation techniques.  

Vulliet and Hutter (1988) proposed a phenomenological relationship in which the base 

sliding velocity is a function of the ratio between the shear stress acting along the 

failure plane, and the shear strength, is in turn a function of the normal effective 

stress.  

Viscous models are widely used in quasi-static landslides because they can calculate 

acceleration or deceleration movement under the groundwater table change, which is 

more akin to real situations (Fig. 2.5) (Angeli et al., 1996; Angeli et al., 1998; Angeli 

et al., 1999; Leroueil et al.,1996; Corominas et al., 2005; Herrera et al., 2009; Di Maio 

et al., 2013). 

The original viscous model can be expressed by Eq. (2-12) and Eq. (2-13). 
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' c v c
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      (2-13) 
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            (2-14) 

where F and 'T  are slip force and resistance force of slope unit; m is the mass of the 

shear zone; ac is the acceleration; Fv is viscous force;   is the viscosity; v is the 

velocity; z in our case is the height of the shear zone;  is the unit weight of soil mass; 

H is the depth of soil layer to the potential failure surface;  is the slip surface 

inclination; c , ,
wp  represents the effective soil cohesion, the effective friction angle, 

and pore water pressure at the potential slip surface. In this model, c and   are always 

treated as constants. 

 

 
Figure 2.5 Geometry and variables used in the viscous landslide model. The model is based on the 

infinite slope model and can calculate a local displacement rate in one time unit.  

 

The second main object of this thesis is to improve the prediction of quasi-static 

deep-seated landslide movements based on viscous landslide models. Traditionally, in 

the original viscous model, changes of normal stress caused by groundwater 

fluctuation and precipitation infiltration are regarded as a main factor to control the 

movement velocity. In Chapter 6, the driving forces exerted by water and especially 

the velocity-dependent cohesion are regarded for landslide movements, which can 

reduce the cumulative prediction error of the viscous-landslide model
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Chapter 3: A modified tank model including snowmelt and 

infiltration time lags for deep-seated landslides 

 

Deep-seated landslides are an important and widespread natural hazard within alpine 

regions, and can have significant impacts on infrastructure. Pore water pressure plays 

an important role in determining the stability of hydrologically triggered deep-seated 

landslides. Based on a simple tank model structure, the groundwater level prediction 

is improved by introducing time lags associated with groundwater supply caused by 

snow accumulation, snowmelt, and infiltration in deep-seated landslides. In this study, 

an equivalent infiltration calculation is demonstrated to improve the estimation of 

time lags using a modified tank model to calculate regional groundwater levels. 

Applied to the deep-seated Aggenalm Landslide in the German Alps at 1000-1200 m, 

the results predict daily changes in pore water pressure ranging from -1 to 1.6 kPa 

depending on daily rainfall and snowmelt which are validated by piezometric 

measurements in boreholes. The inclusion of time lags improves the results of 

standard tank models by ~36 % (linear correlation with measurement) after heavy 

rainfall and, respectively, by ~82 % following snowmelt in a 1-2 day period. For the 

modified tank model, this chapter introduces a representation of snow accumulation 

and snowmelt, based on a temperature index and an equivalent infiltration method, i.e. 

the melted snow-water equivalent. The modified tank model compares well to 

borehole-derived water pressures. Changes of pore water pressure can be modelled 

with 0-8 % relative error in rainfall season (standard tank model: 2-16 % relative error) 

and with 0-7 % relative error in snowmelt season (standard tank model: 2-45 % 

relative error). While, the modified tank model has a NSEs (Nash–Sutcliffe efficiency ) 

of 0.63 in rainfall season (-0.09 for original model) and NSEs of 0.75 in snowmelt 

season (-5.95 for original model). Here, a modified tank model is demonstrated for 

deep-seated landslides which includes snow accumulation, snow melt and infiltration 

effects and can effectively predict changes in pore water pressure in alpine 

environments. 
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3.1 Introduction 

Deep-seated landslides in the European Alps and other mountain environments pose a 

significant hazard to people and infrastructure (Mayer et al., 2002; Madritsch and 

Millen, 2007; Agliardi et al., 2009). It has long been recognized that pore water 

pressure (PWP) changes due to precipitation play a critical role for hydrologically 

controlled deep-seated landslide activation. The rise in PWP causes a drop of effective 

normal stress on potential sliding surfaces (Bromhead, 1978; Iverson, 2000; Wang and 

Sassa, 2003; Rahardjo et al., 2010). The estimation of pore water pressure is of great 

significance for anticipating deep-seated landslide stability. In past years, geotechnical 

monitoring systems have revealed PWP changes related to rainfall and snowmelt 

events (Angeli et al., 1988; Simoni et al., 2004; Hong et al., 2005; Rahardjo et al., 

2008; Huang et al., 2012). Generally, two ways are employed to estimate the 

groundwater changes: i) Depending on the precise information of permeability and 

infiltration of material, the Green and Ampt Model is generally used to describe 

groundwater infiltration and water table changes (producing PWP) in saturated 

homogeneous material (Chen and Young, 2006); the Richards Equation (Weill et al., 

2009) with the Van Genuchten Equation (Van Genuchten, 1980; Schaap and Van 

Genuchten, 2006) and the Fredlund and Xing (1994) method show better performance 

in the evaluation of infiltration and groundwater table in unsaturated homogeneous 

material. Traditional deterministic models have advantages due to their explicit 

physical and mechanical approaches, but they require accurate knowledge, testing and 

monitoring of soil physical parameters which are often not available with sufficient 

accuracy. For example, the widely used Richards Equation with the Fredlund and 

Xing method needs soil suction tests under variable moisture content which is 

difficult to achieve for complex landslides with multiple reworked materials. ii) 

Empirical-statistical models employ optimization or fitting parameters in their model 

structure. Tank and other models need historical monitoring data to train parameters 

(Faris and Fathani, 2013; Abebe et al., 2010). Such probabilistic models, because of 

their simple conceptualized structure, do rely to a smaller degree on explicit physical 
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and mechanical approaches. However, they can avoid the problems induced by the 

uncertainty of material parameterisation and their spatial arrangement in the landslide 

mass. They can, therefore, be applied to a wide range of different landslide settings 

and we estimate that for more than 90 % of all landslides no explicit parameters on 

soil suction etc. are available. As one of the most common probabilistic models, tank 

models typically describe infiltration and evaporation in shallow soil materials 

(Ishihara and Kobatake, 1979). They are based on the water balance theory, which 

means they account for flows into and out of a particular drainage area. Multi-tank 

models involving two or three tank elements have been developed to better estimate 

groundwater fluctuations within shallow landslides induced by heavy rainfall 

(Michiue, 1985; Ohtsu et al., 2003; Takahashi, 2004; Takahashi et al., 2008; Xiong et 

al., 2009). Simple tank models do not consider infiltration time lags induced by a long 

infiltration path, previous moisture and snowmelt. This inhibits their applicability to 

deep-seated landslide. Multi-tank models can deal with infiltration time lags to some 

extent by adding tanks but even then they i) require data from several monitoring 

boreholes to track groundwater flow supplies in complicated geological structures and 

ii) they are presently not designed to replicate time lags of increased infiltration, e.g., 

following snowmelt (Iverson, 2000; Sidle, 2006; Nishii and Matsuoka, 2010). 

Applying multi-tank models to compensate for time lags is questionable as especially 

deep-seated landslides would need several tanks to replicate time lags and every 

added new tank in vertical direction introduces 3 new parameters at least. This would 

reduce robustness and reliability of the system especially if just the monitored 

groundwater table is used for the parameter training of the whole system. In this study, 

a simple method is introduced to estimate time lags by a modified standard tank 

model which predicts changes in pore water pressure. The innovation of this approach 

is to calculate equivalent infiltration before it enters the tank. The equivalent 

infiltration deals with the infiltration time lag including snow accumulation and 

snowmelt in deep-seated landslides based on a simple tank model structure. It 

hypothesizes that, compared to a simple tank model, the modified model has a higher 

accuracy and physical meaning by controlling equivalent infiltration including snow 
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accumulation and snowmelt; compared to multi-tank model our modified model is 

more robust and reliable. The modified tank model is applied to the Aggenalm 

landslide, where predicted PWP changes can be tested against piezometric borehole 

monitoring data. The monitoring network design and installation, as well as detailed 

monitoring data, and the introduction of monitoring devices have been described 

previously in detail (Thuro et al., 2009; Thuro et al., 2011a; Thuro et al., 2011b; Festl 

et al., 2011; Thuro et al., 2013).  

 

3.2 Site descriptions 

 

3.2.1 Geographical setting and geological overview 

 

Figure 3.1 Location of the study site at the Aggenalm landslide in the Bavarian Alps of the Aggenalm 

Region near Bayrischzell, Germany. (Festl, 2014). 

 

The Aggenalm Landslide is situated in the Bavarian Alps of the Aggenalm Region 

near Bayrischzell. Bayrischzell is located in the south of Bavaria, about 80 km 

southeast of Munich and 30 km south of Rosenheim at the northern edge of the Alps 

within the Mangfall mountain range (Fig. 3.1). The tectonic map of Aggenalm region 

is as shown in Fig. 3.2. The study site is an element of the mountainous Aggenalm 

region between the towns of Bayrischzell and Oberaudorf and also two major valleys, 

the Ursprung valley in the west and the Auerbach valley in the east. The undulating 

Aggenalm area is framed by the southern Brünnstein-Traithen ridge and the northern 
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Wildbarren-Wendelstein ridge. The Aggenalm landslide has a maximal length of 780 

m and the maximum width of 340 m. The elevation of the main scarp of the landslide 

is about 1200 m and at its toe about 920 m. 

 

3.2.2 Tectonic overview and setting of the study site 

 

 
Figure 3.2 (a) Tectonic map of the Northern Calcareous Alps between Lake Starnberg and Chiemsee. 
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The Aggenalm Landslide is situated in the Lechtal Nappe within the Synklinorium, a major 

syncline–anticline–syncline fold belt, which can be traced through the whole region (Schmidt-thome, 

1964; Gwinner, 1971); (b) Detailed tectonic map showing the main tectonic features in the Aggenalm 

landslide area. Here the Synklinorium has a complex structure with several additional minor syn- and 

anticlines, of which the eastward dipping of the Zellerrain-Auerberg Anticline is responsible for the 

nearly slope parallel orientation of the rock mass within the Sudelfeld landslide (Festl, 2014). 

 

During the Alpine orogeny, the rock mass was faulted and folded into several large 

east-west oriented synclines, of which the Audorfer Syclinorium is responsible for the 

nearly slope-parallel bedding orientation of the rock mass in the area of the Aggenalm 

Landslide (Fig. 3.3). The Aggenalm Landslide is underlain by Late Triassic 

well-bedded limestones (Plattenkalk, predominantly Nor), overlain by Kössen Layers 

(Rhät, predominantly marly basin facies) and the often more massive Oberrhät 

Limestones and Dolomites (Rhät) (Fig. 3.3). The marls of the Kössen Layers are 

assumed to provide primary sliding surfaces and are very sensitive to weathering as 

they decompose over time to a clay-rich residual mass (Nickmann et al., 2006). The 

landslide mechanism can be classified as a complex landslide dominated by 

deep-seated sliding with earth flow and lateral rock spreading components (Singer et 

al., 2009). A major activation of the landslide occurred in 1935, destroying three 

bridges and a local road. Slow slope deformation and secondary debris flow activity 

has been ongoing since this time.  

 

Figure 3.3 Geological profile of the Aggenalm Landslide based on the data and new information 

acquired, e.g., by the drilling campaign and geoelectric survey (modified from Festl, 2014) 
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3.2.3 Climatic conditions 

The Aggenalm is exposed to a subcontinental climate with a pronounced summer 

precipitation maximum and an annually changing share of 15–40 % of the mean 

annual precipitation that fall as snow. Nearby meteo-stations such at the 

Brünnsteinhaus, the Sudelfeld (Polizeiheim) and the Tatzelwurm show mean annual 

precipitation of 1594, 1523 and 1660 mm/year at similar elevations (Table 3.1).  

 

Table 3.1 Mean annual precipitation (1931–1960 and 1961–1990) at different observation stations 

(Wolff, 1985). 

Observation station 
Mean annual precipitation 

[mm/year] 

Degerndorf-Brannenburg 1346 

Oberaudorf 1398 

Bayrischzell 1403 

Brünnsteinhaus 1594 

Sudelfeld (Polizeiheim) 1523 

Tatzelwurm 1660 

Wendelstein 1814 

 

Table 3.2 Mean monthly precipitation (1931–1960 and 1961–1990) for the Brünnsteinhaus, the 

Sudelfeld (Polizeiheim), and Tatzelwurm observation stations (data from Germany’s National 

Meteorological Service). 

Location Precipitation Oct. Nov. Dec. Jan. Feb. Mar. Winter 

Brünnsteinhaus 

(1345 m) 
[mm] 89.6 109.2 115.7 102.9 100.5 103.2 621.1 

Sudelfeld (Polizeiheim) 

(1070 m) 
[mm] 84.7 98.3 113.1 82.7 82.2 95.5 556.5 

Tatzelwurm 

(795 m) 
[mm] 109.9 106.1 99.1 123.2 118.7 110.9 667.9 

 Precipitation Apr. May. June. July. Aug. Sep. Summer 

Brünnsteinhaus 

(1345 m) 
[mm] 121.9 138.4 194.3 208.6 193.0 116.8 973.0 

Sudelfeld (Polizeiheim) 

(1070 m) 
[mm] 103.7 152.3 204.2 195.1 199.2 112.0 966.5 

Tatzelwurm 

(795 m) 
[mm] 115.8 149.4 194.8 224.9 185.6 121.9 992.4 
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The data sets from the Brünnsteinhaus station (1594 mm/year) as well as the 

Sudelfeld (Polizeiheim) station (1523 mm/year) and Tatzelwurm station (1660 

mm/year) can represent best the conditions at the Aggenalm landslide because all 

three observation stations are at a similar elevation and at similarly oriented slopes. 

Table 3.2 indicates the monthly distribution of the precipitation (rainfall/snowfall) for 

the above stations.  

 

3.2.4 Monitoring system and monitoring data 

 

Figure 3.4 Orthophoto of the deep-seated Aggenalm landslide, outlined red. The various measuring 

devices, and the geosensor network’s infrastructure elements, and the area in the viewshed of the 

reflectorless video tacheometry are marked on the image (Thuro et al., 2010). 

 

The main three monitoring systems include time domain reflectometry (TDR) to 

monitor shear displacements of subsurface, reflectorless video tacheometry (VTPS) 

and a low-cost global navigation satellite system (GNSS) to detect displacements on 
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the surface of the landslide. Well-established techniques–including inclinometers, 

crack meters, and extensometers for deformation measurements as well as two 

piezometers and a weather station, including a rain gauge to monitor precipitation 

were installed at the Aggenalm landslide. Figure 3.4 shows the location of the main 

measuring devices installed on surface and in boreholes at the Aggenalm landslide as 

well as the most important infrastructure elements of the alpEWAS geosensor 

network. This study focuses on the weather information and pore water pressure. 

Therefore, especially the two types of monitoring data are emphasized on in the 

section below. 

The weather station has recorded data since summer 2008 and only a few times data 

losses occurred (mainly before the start of the automatic data acquisition). Monitoring 

data for this study was derived from a rain gauge and humidity sensor (alpEWAS 

central station), and a pore water pressure sensor (PWP) was installed in boreholes 

close to the assumed shear zone (B4, 29.4 meter deep) (Unfortunately, pore water 

pressure of B6 was only recorded for several months because of the device broken) 

(Fig. 3.3) (Singer et al., 2009; and Festl, 2014). A heated precipitation gauge provided 

data on the snow-water equivalent of snowfall. Short term noise in raw data was 

filtered. PWP, temperature, and humidity were averaged over a 24-hour period (Festl, 

2014). Since the whole monitoring period lasted for almost 3 years and time lags are 

in the range of days, days were considered to be the most robust and appropriate time 

unit. The monitoring period lasted almost from Feb. 2009 to Dec. 2011 (Fig. 3.5). 

Considering data loss in some months, there are approximately 24 months of valid 

data. The data from the 13 months (May 2009 to June 2009; September 2009 to 

December 2009; February 2010 to August 2010) was used to parametrize the 

modified tank model. To validate the parametrized model, 55 days of rainfall (July 

2009 to August 2009) and 44 days of snowmelt (March 2009 to April 2009) were used 

to compare model-calculated pore water pressure with real pore water pressure 

readings. In addition, simulation of two years PWP levels were compared to the whole 

two years of monitoring data of PWP levels bridging the data gaps.  



Chapter 3 

 30 

 
Figure 3.5 Graph of the precipitation, temperature, and piezometer data recorded at the Aggenalm 

landslide from 2009 through 2011. The pink dashed line marks 0 °C for easier interpretation. All 

precipitation is considered as snowfall if the temperature is below 0 °C (the data is from alpEWAS 

project https://www.alpewas.bgu.tum.de/home). 

 

The temperature data was used to approximately discern between snowfall and 

rainfall because both were measured using the rain gauge (with a heater to melt the 

snow) (Fig. 3.5). In 2011 the heater for the rain gauge, had not been installed yet, thus 

leading to a major data gap. The barometric pressure measurements were necessary to 

adjust the piezometer readings to the barometric pressure on site and thus to calculate 

correct water table heights.  

 

3.2.5 Historic events 

Only two greater magnitude events happened in the past: 1935 and 1997 (Fig. 3.6). 

Bernrieder (1991) mentions damages in 1899 to the paths and bridges in the area, 

while Marklseder (1935) refers to recurrent movements at different time intervals. 
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Figure 3.6 Hillshade model of the Aggenalm landslide based on a digital elevation model (DGM, 1 m 

laser scan). The deep-seated mass movement (red line) is monitored by the alpEWAS system and 

shows only very slow movement rates of 1–2 cm per year, expressed by the red arrows. The 

dimensions of the two documented events from 1935 and 1997 are sketched in blue colors. The 

location of the three alpine lodges is shown as well. (Geobasisdaten © Bayerische 

Vermessungsverwaltung 2010; schematic movement vectors adapted from Gallemann (2012); outline 

of 1935 event adapted from Waller (n.d.)) 

 

i) The 1935 event – the Aggenalm landslide 

The greatest documented event happened on April 22, 1935, in the eastern Aggenalm 

area. Major parts of the Aggenalm landslide acted and accelerated producing the main 

scarp. Waller (n.d.) presented a graphic depicting of the approximate dimensions of 

the mass movement at the time (incorporated into Fig. 3.6 as a light blue dotted line). 

The event of 1935 was also described by Malalse (1951) and Avo (n.d.). The event’s 

main scarp located about 90 m above the Aggenalpe in an area of moraine-covered 

Kössen formation as well as Lower Jurassic marls (Liasfleckenmergel). In Avo (n.d.), 

almost two million cubic meters slope mass, weighing five million tons with a 

maximum depth of 30 m, moved along an approximately 250 m long sliding surface 

toward the Gassenbach. Parts of the masses were moved by the creek (Gassenbach) 
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up to 700 m to the confluence with the Auerbach. Triggering factor of the landslide 

was snowmelt or a combination of snowmelt and heavy rainfall (Marklseder, 1935; 

Malalse, 1951; Bernrieder, 1991). Figure 3.7 shows that no rainfall prior to the first 

signs of the mass movement (April 22, 1935) was recorded for Bayrischzell, and 

Tatzelwurm. However, heavy rainfall was recorded in the weeks before slope failure. 

In total, 192% of the 30-year average of rainfall was recorded at the Tatzelwurm 

station in April (Figure 3.7). This above-average rainfall combined with the snowmelt 

(snow fall in the months prior e.g., in February 207 %) could be causative for the 

1935 landslide event. There is a time lag between the beginning of landslide 

movement and heavy precipitation. It is assumed that the time lags due to the heavy 

precipitation infiltration. 

 

Figure 3.7 The lower graph shows the daily rainfall (light blue) and the monthly summation curve (blue) 

at the Tatzelwurm observation station in 1935. The percentages printed across the first four months of 

the year represent the amount of rainfall in comparison to the 30-year average from 1931–1960 (from 

Festl, 2014). 

 

ii) The 1997 event – the Agggraben debris flow 

The smaller second event happened in 1997. The Water Management office (Wwa) of 

Rosenheim states that during fall of 1997 a period of heavy rainfall triggered about 
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30.000 m³ soil/debris and marls originating from the northern edge of the Aggenalm 

(Wwa rosenheim n.d.). The approximate extent of this debris flow is depicted by a 

blue line in Figure 3.6. 

 

Figure 3.8 The amount of precipitation at the Sudelfeld (Polizeiheim) weather station for the year 1997 

is depicted in light blue. The dark-blue lines show the monthly summation curves of rainfall (from 

Festl 2014).  

 

The annual rainfall of 1997 (1579 mm) is slightly above the 30-year mean. Most 

months are drier than on average, but in July about twice and in October 1.75 times as 

much rainfall than usual. Since the exact date of the event is not known the cause of 

the debris flow might be a precedent high water table with a subsequent strong rainfall 

event (in July, August, or October), triggering the debris flow. 

 

iii) Other landslide events 

Parts of the tarmac of the connection road to the Rosengasse were destroyed several 

times due to small rotational slides during the last years. Small debris flows 

originating from the Aggenalm landslide mass or the Agggraben debris flow could be 

observed. The Agggraben debris flow happened in June 2013 after intense rainfall 

(320 mm within 3 days) as shown in Fig. 3.9. 
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Figure 3.9 (a) Small debris flow at the southern edge of the Aggenalm landslide. The debris flow has a 

width of approx. 3–4 m and occurred between late fall 2010 and spring 2011; (b) Translational slide at 

the connection road to Oberaudorf in consequence of the heavy rainfall at the beginning of June 2013. 

Width: approx. 20 m, length: 15–20 m, depth: max. 2 m. (c–e) Debris flow occurring on June 2, 2013, 

in the Agggraben at the northern edge of the Aggenalm landslide. Its scarp is located within the main 

scarp from 1997; (c). The material was transported in the space of the bed of the old Agggraben debris 

flow; (d) and ran over and accumulated on the connection road to Grafenherberg; (e) (Photos (c–e) by 

courtesy of Stefan Schuhbäck) (from Festl, 2014). 

 

3.3 Methods 
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3.3.1 The modified tank model including snowmelt and infiltration 

 

Figure 3.10 Generation of the modified tank model: (a) Original tank model considering only the 

vertical infiltration and drainage affecting the water table; (b) Considering both vertical infiltration and 

horizontal ground water flow; (c) Modified tank model including water supply and two time lags 

(snowmelt and infiltration). 

Figure 3.10 demonstrates the changes from the original tank model (Ishihara and 

Kobatake, 1979; Michiue, 1985; Ohtsu et al., 2003; Uchimura et al., 2010) to the 

modified model. Figure 3.10 (a) shows the basic concept of the original tank model, 

the daily change in the groundwater table height hi+1 - hi is  

1i i i ih h R q         (3-1) 

where Ri  is the rainfall and qi is the drainage of the ith day. hi is groundwater table 

height the ith day. 

Concepts illustrated in Fig. 3.10 (b) are now incorporated in the water flow supply 

tank model including groundwater supply. The daily change in groundwater table 

height hi+1 - hi is 

1 ( )i i i i ih h R q g      (3-2) 

where gi is groundwater supply of the ith day from the upper slope.  

Another aspect, snowmelt also plays an important role in producing groundwater 

supply in Fig. 3.10 (c). Thus, the equation (3-3) should be written as 

1 ( )i i i i i ih h R S q g       (3-3) 

where, iS  is the snowmelt of the ith day.  

More importantly, snow accumulation and snowmelt produces the first time lag (time 

lag 1) as a result of the effects of ambient temperature on snowmelt. Both the 

groundwater response to snowmelt and rainfall are compounded by long infiltration 
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paths as, for example, water infiltration often takes one or more days to reach the 

water table in deep-seated landslide masses (time lag 2) (Fig. 3.10 (c)). This can be 

described: the infiltration in ith day does not only affect the groundwater table in ith 

day but also the groundwater table over the following n days if the time lag 2 (n days) 

is considered (n>1). In other words, Ri and Si are divided into n parts 

( ( )

1

N
n

i i
n

R R


 and ( )

1

, , 1
N

n
i i

n

S S i n


  ). Each component ( ( )n
iR and ( )S n

i ) contributes to daily 

changes in the groundwater table (hi+n-hi+n-1). Thus, total daily variations (hi+2-hi+1) in 

response to rainfall and snowmelt can be described by (3) (3)
1 1 i iR S , (2) (2)i iR S , 

(1) (1)
1 1 i iR S  when time lag is 2 days as shown in Fig. 3.11, considering that the 

groundwater table in i+1th day is not only affected by the infiltration today but also 

the infiltration of previous two days. 

 

Figure 3.11 Schematic diagram of water infiltration from the surface to the groundwater table 

producing time lag 2 (time lag is 2 days). Groundwater changes on a given day (Dayi+1) result from 

infiltration over the previous three days (Dayi-1, Dayi, and Dayi+1). 

 

The Antecedent Precipitation Index (API) can reduce this time lag 2 by estimating the 

current water content of the ground affected by previous precipitation (Chow, 1964). 

The current water content of the ground including rainfall and snowmelt will be 

treated as the total infiltration of the current day. This is equivalent to the infiltration 

calculations of Suzuki and Kobashi (1981); Matsuura et al. (2003); Matsuura et al. 
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(2008) who define equivalent infiltration as   

1/ 1/ 1/ 1/
1 1(0.5) (0.5) (0.5) (0.5)     M M M M

i i i i i iER ES R ER S ES  (3-4) 

where ERi-1 and ESi-1 represent the equivalent rainfall and snowmelt of i-1th days, 

respectively; Ri and Si mean the rainfall and snowmelt of ith day; (0.5)M means the 

effect of infiltration reduces to 50 % in M days (where M is determined from field 

observations). Therefore, the whole modified tank model with an equivalent 

infiltration method could substitute both, time lag 1 by integrating snow accumulation 

and snowmelt and time lag 2. The introduction of equivalent rainfall and snowmelt for 

dealing with time lag is much more convenient than by the model calibration for 

solving the time lag problems.  

The relationship between infiltration and water table is often proportional in slopes 

(Matsuura et al., 2008; Schulz et al., 2009; Thuro et al., 2010; Yin et al., 2010). 

Therefore, the conceptual equation of changed water table should be like: 

1 ( ) ( )i i i i i i ih h h ER ES q g
n


        (3-5) 

where   is a proportional coefficient (only for ideal tank model,   is one), n is the 

average porosity of the slope mass. It has to be emphasized on the “pore water 

pressure” is positive pressure induced mainly by groundwater table height. It is 

neither perched water table nor negative pore water pressure in unsaturated layer. 

Thus, PWP can be linearly correlated to groundwater levels such that: 

( )

'
( )i i i g q i

g
PWP ER ES PWP

n


     (3-6) 

where g’ is acceleration of gravity and ( )g q iPWP  is the PWP changed by subsurface 

inflows and outflows on the ith day. This allows us to evaluate changes in PWP 

resulting from infiltration, drainage, and groundwater supply. The major part of pore 

water pressure is static pressure induced by water table height. Minor components are 

seepage force and the difference of pressures in the available pore space over drier 

and wetter periods. Since the tank model is a ‘grey box model’. We do not know the 

exact proportions of static pressure, seepage pressure, and pressure dynamics in pore 

space, which are all three included in the equivalent pore water pressure.  
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( )'( )i i i g q iPWP ER ES PWP          (3-7) 

In Eq. (3-7) ' replaces 
'g

n


 to simplify the model. The workflow chart of our 

modified tank model for change of PWPi is indicated in Fig. 3.12.  

 

Figure 3.12 Workflow chart of the modified tank model with respect to the original model are 

highlighted in blue including time lags from snow accumulation/snowmelt and infiltration. It includes 

diagnosis of precipitation types, calculation of snow accumulation and melt, equivalent infiltration 

calculation, and calculation of change of PWP in a slip surface. 

. 

3.3.2 Simpler approximations of slope hydrology 

It assumes that quaternary deposits control the hydraulic properties of the tank model 

(tank interior with soil/rock in Fig. 3.10). The fractured limestone and dolomite 

control the water flow from higher to lower elevations (groundwater inflow and 

drainage in Fig. 3.10). The marly Kössen Beds are treated as impermeable layers (thin, 

low porosity and high normal stress above). As this is a regional groundwater table 
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estimation, the modified tank model can be used to simulate the groundwater table 

changes induced by precipitation. Surface runoff flow resulting from snowmelt and 

heavy rainfall is ignored as (1) the slope angle is less than 15 °, (2) the cumulative 

snowpack is no more than 70 cm during monitoring days and (3) the infiltration rate 

of the slope in quaternary deposits and on carbonates is relatively high. Freezing 

effects on infiltration is ignored as (1) ground sealing by freezing is presumably not 

an issue since the bottom temperature of snow (BTS) is close to 0 °C underlain by a 

warmer subsoil in addition to high permeable subsoil. (2) Snow accumulation during 

winters and winter rainfall precipitation prevent effective cooling of the ground. Due 

to the all-year humid climate, the rapid drainage of water in the permeable 

underground and the deep-seated nature of the slope movement, evapotranspiration is 

not explicitly considered. 

 

3.3.3 Determining the parameter of PWP calculation in the modified tank model 

 

(1) Correlation analysis between surface water and pore water pressure 

The study split the data set into 18 months (excluding snowmelt and months of data 

losses) to evaluate the correlation coefficients. The IRS/AP (infiltration of rainfall 

(snowmelt)/absolute pore water pressure) correlation coefficient is usually smaller 

than the IRS/DP (infiltration of rainfall (snowmelt)/daily change of pore water 

pressure) correlation coefficient by 0.2-0.3. There is almost no correlation (IRS/RP) 

(infiltration of rainfall (snowmelt)/relative pore water pressure) and it was roughly 

lower than that (IRS/AP) at about 0.2-0.25. Table 3.3 and Table 3.4 show the results in 

heavy rainfall period (July, 2009 & August, 2009). 1-2 days response time (IRS/DP) 

based on all the monitoring data has a higher correlation coefficient of about 0.6-0.75 

than shorter or longer response times. For monthly RS over 85 mm the response time 

is more likely 1 day (highest correlation coefficient); the correlation coefficient 

arrived peak with 2 days response time if monthly RS is between 20 mm and 85 mm; 

RS less than 20 mm would delay the response time to 3 days for highest correlation 

coefficient. 
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Table 3.3 Correlation with IRS for the Aggenalm Landslide, July 2009. 

Response time 0 day 1 day 2 days 3 days 4 days 

Correlation(AP) -0.3863 0.0841 0.4157 0.4519 0.3256 

Correlation(RP) 0.2072 0.0291 0.0268 0.1933 0.0615 

Correlation(DP) 0.0234 0.7296 0.5095 0.0092 -0.1373 

 

Table. 3.4 Correlation with IRS respective for August 2009 

Response time 0 day 1 day 2 days 3 days 4 days 

Correlation(AP) -0.1787 0.3334 0.4962 0.4190 0.3705 

Correlation(RP) 0.0065 0.0666 0.1386 0.2047 0.1391 

Correlation(DP) 0.0531 0.7427 0.3644 0.1937 -0.1787 

 

On the basis of three years of monitoring of the rainfall, temperatures and pore 

pressures at a reactivated landslide in Bavaria, the relationships between IRS and DP 

are analyzed. Most previous attempts are based on the relationship of IRS and AP. The 

investigation of DP by IRS indicated they had a better linear correlation compared to 

AP by IRS and RP by IRS. Every landslide has a lowest water table (LWT). Since the 

AP=LWT+DP, the sensitivity of denominator by molecule IRS/(LWT+DP) is worse 

than (IRS/DP); while the RP (accumulation of DP), as time goes by, the sensitivity of 

denominator by molecule IRS/RP will reduce. For example the third day IRS3/RP3 

(DP1+DP2+DP3) is not so good as IRS3/DP3 (IRSi means the intensity of ith day’s RS; 

RPi and DPi are the ith day’s values). When considering drainage process, DP is 

definitely an effective index. For instance, subsequent to a big RS event, the pore 

pressure is rising. Without new RS events in the next days, the AP may still rise but at 

a lower velocity or may even drop because of drainage. The same is true if a recurrent 

RS event appears while AP declines within the response time of RS. Therefore, the 

index AP is perhaps not so clear even producing variance because of the bigger 

denominator and impact from early days’ DPi. It should be noted that this study has 
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examined only one in situ project which could be affected by external factors. Maybe 

for the landslide itself in drainage stage, calculation of DP is not so precise. But using 

DP can indeed reduce the impact from the problems mentioned above. On the other 

hand, response time seems to depend on the monthly RS. Increasing monthly amounts 

of RS can cause shorter response time possibly due to enhanced infiltration. Firstly, 

the heavier IRS will increase the water content faster in the same time especially in the 

beginning stage. So the response time is shorter facing bigger RS. Secondly, higher 

monthly amount of RS keeps the water table always in a higher level. And pores of 

soil are less and easily show the according positive pore pressure. Adversely, if the 

water table was very low, soil would absorb water for filling in its pores firstly not 

showing the positive pressure. 

 

(2) Correlation between infiltration, drainage, and daily change of pore water pressure 

In order to determine an appropriate value of '  for the monitoring location on the 

Aggenalm Landslide, the study uses 13 months of data as training data to fit the 

relationship between equivalent rainfall and PWP  (Fig. 3.13 and Fig. 3.14).  

 

 

Figure 3.13 (a) Daily equivalent rainfall ERi versus daily change of pore water pressure 
iPWP  in 

absolute values for 13 months (Sep. 2009 - Feb. 2010 and May. 2010-Nov. 2010); (b) 
iPWP  has 

been aggregated in bins of mean values for discrete steps of daily equivalent rainfall (mean+1 sigma 

error). 

 

The linear relationship between daily change of pore water pressure (
iPWP ) and 
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daily equivalent rainfall ( iER ) for absolute data is shown in Fig. 3.13(a). However, 

this does not produce a functional link between 
iPWP  and iER . We consider using 

the mean value of daily change of pore water pressure given for certain daily 

equivalent rainfall such as in Bin (Fig. 3.13(b)) to replace the data of the same width  

(Fig. 3.13(a)) (Freedman et al., 1998). The result shows the change of PWPi  as  

'
i iPWP ER     (3-8) 

where '  [kPa/mm] is 0.103, thus relates rainfall to pore pressure increase and 

 (-0.3524 [kPa]) is the average decrease of pore water pressure by drainage. Thus at 

a day without infiltration by snowmelt and rainfall the pore water pressure drops by 

0.35 kPa, i.e. the water column drops by 35mm. According to the tank model theory, 

 , as a constant, is quite rough. The original tank theory demonstrates that the 

decrease of pore water pressure rate depends on the current pore water pressure 

(Michiue, 1985; Ohtsu et al., 2003; Takahashi, 2004; Takahashi et al., 2008; Xiong et 

al., 2009; Uchimura et al., 2010). In reality, the relationship can only be calculated by 

monitoring an extended period without infiltration. As shown in Fig. 3.14(a), the 

observation of PWP is within 48 days without rainfall input which means these 

processes only include the information of drainage combined with groundwater 

supply for this test point. The relation between
1iPWP
and 

iPWP  without rainfall 

infiltration is shown in Fig. 3.14(b) and equation (3-9). 

1i iPWP aPWP b       (3-9) 

where a  and b  are fitted coefficients. 

Thus, calculation of iPWP  could be rewritten as: 

' ( ) (( 1) )i i i iPWP ER ES a PWP b         (3-10) 
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Figure 3.14 (a) Observation of PWP vs. time for four fifteen-day-long periods without rainfall or 

snowmelt. Number of samples: n=48; (b) PWPi vs. PWPi+1 i
th day of PWP correlates to i+1th day of 

PWP for four fifteen-day-long periods without rainfall or snowmelt. Number of samples: n=48. 

 

3.3.4 Snowmelt calculations in the modified tank model 

 

(1) Diagnosis of precipitation types 

A threshold temperature under which the precipitation falls as solid snow is a key 

factor for a snow accumulation model. However, diagnosis of precipitation is difficult, 

and there are no parameters with which the type of precipitation can be determined for 

certainty (Wagner, 1957; Bocchieri, 1980; Czys et al., 1996; Ahrens, 2007). Until now, 

the most common approach is still to derive statistical relationships between some 

predictors and different precipitation types (Bourgouin, 2000). Therefore a statistical 

model is selected based on hundreds of observation samples in Wajima Japan, 

between 1975 and 1978 to estimate precipitation types (Matsuo and Sasyo, 1981). The 

threshold of relative humidity calculated by dT  (daily average temperature) is as 

follows: 

0.0698124.9 dT
tRH e  (3-11) 

If the real relative humidity RH is smaller than tRH , the precipitation is usually 

snowfall (Häggmark and Ivarsson, 1997).  

 

(3) Snowmelt model 

One of the most popular methods employed to forecast snowmelt is to correlate air 
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temperature with snowmelt data. Such a relation was first used for an Alpine glacier 

by Finsterwalder (1887) and has been extensively applied and further refined since 

then (Kustas et al., 1994; Rango and Martinec, 1995; Hock, 1999, 2003). Recently, 

the most widely accepted temperature-index model is that of Hock (2003). The 

approach of daily melt assumes the form:  

0' ( )m dM f T T   (3-12) 

where 0T  is a threshold temperature beyond which melt is assumed to occur 

(typically 0 °C), and mf  is a degree-day factor. Widely used empirical mf  is 

suggested here (e.g., Braun et al., 1994; Hock, 2003), which is decided according to 

canopy cover of one area in percent, beginning time of snowmelt, etc.. In this study, 

the degree-day factor is calculated by 

2.92 0.0164mf F   (3-13) 

where F is canopy cover of the objective area in percent (Esko, 1980). 

 

3.4 Results 

 

3.4.1 Performance of modified tank model in heavy rainfall season  

 

Figure 3.15 Estimation of change of PWP using the modified tank model (snowmelt + time lag 1+2) 

and the original tank model during summer (snow free) (07.07.2009 - 31.08.2009). 

 

As shown in Fig. 3.15, the modified tank model and original tank model considering 
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no time lag are used to estimate the change of PWP in summer. Both the original and 

modified tank model do a reasonably good job at estimating changes in PWP during 

summer. The original model, however, generally overestimates the PWP curve. The 

modified model matches the measurement curve better due to the infiltration time lag 

2. Error analysis in Fig. 3.17 quantifies the model’s performance. 

 

3.4.2 Performance of modified tank model in snowmelt season  

 
Figure 3.16 Estimation of change of PWP using our modified tank model (snowmelt + time lag 1+2) 

and original tank model in snowmelt season (04.03.2009 - 15.04.2009). 

 

The original model without snow accumulation and snowmelt does a poor job at 

estimating PWP during spring, as the change of PWP missing the accumulation time 

lag 1 caused by the original model to overestimate PWP from the day 12-33. The 

modified tank model much better reflects the peak of snowmelt (33th-37th day) and 

matches the measurement curve well in consideration of time lag 1. The deviation 

derives from the naturally limited accuracy of snow accumulation and snowmelt 

models. The Fig. 3.17 indicates evaluation index of original and modified tank model 

including correlation, root mean square error (RMSE), and relative error. As shown in 

Fig. 3.18, the modified tank model simulated the PWP levels in whole monitoring 

period. 
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3.4.3 Performance of modified tank model throughout the monitoring period and 

error analysis  

  

Figure 3.17 Evaluation of original and modified tank model: (a) Correlation between measurements 

and original/modified tank model during a 54-day rainfall period (n=54) Root mean square errors 

(RMSE) for the original and modified models are 1.9 and 0.97 respectively (07.07.2009 - 31.08.2009); 

(b) Correlation between measurements and original/modified tank model in snowmelt period (n=47). 

Root mean square error (RMSE): Original model 5.4/Modified model 1.3 (07.07.2009 - 31.08.2009); (c) 

Relative error of original and modified tank model in summer (n=54) (04.03.2009 - 15.04.2009); (d) 

Relative error of original and modified tank model during spring (n=47) (04.03.2009 - 15.04.2009). 
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Figure 3.18 Simulation of PWP using the modified tank model throughout the monitoring period 

including snowmelt and heavy rainfall events (04.03.2009 - 23.04.2011). 
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3.5 Discussions 

In order to evaluate the performance of the modified tank model with respect to heavy 

rainfall and snowmelt, it introduces the standard Nash–Sutcliffe efficiency (NSE) 

which is the most widely used criterion for calibration and evaluation of hydrological 

models with observed data (Nash and Sutcliffe, 1970). NSE is dimensionless and is 

scaled onto the interval [inf. to 1.0]. NSE is taken to be the ‘mean of the observations’ 

(Murphy, 1988) and if NSE is smaller than 0, the model is no better than using the 

observed mean as a predictor.  

 

3.5.1 Performance of modified tank model in heavy rainfall season  

The modified tank model describes the fluctuation of PWP reasonably well, especially 

during heavy rainfall days such as 23th to 26th day (43 mm) and 51th to 55th day (45 

mm) (Fig. 3.15). The relative errors in Fig.3.17(a) are less than 3 % and 4 % during 

these days. Dry periods (such as 2nd to 7th day and 17th to 21st day) agree with PWP 

measurement, with a relative error of 2-9 % as shown in Fig. 3.17(a). The low water 

content of the landslide materials during the dry season appears to reduce the 

infiltration rates (Fredlund and Xing, 1994; Schaap and Van Genuchten, 2006). And 

PWP levels increase very slowly or not at all during these periods. As a result, the 

relative error of our modified model is slightly higher than that during wetter intervals. 

Compared with the original model, the modified model better represents PWP 

monitoring data. Fig.3.17(b) indicates a higher linear correlation between 

measurements and modified tank model with 0.65 (RMSE= -0.97) than the original 

tank model with 0.29 (RMSE= -1.9). The NSEs of the original tank model and the 

modified tank model during the heave rainfall season are -0.09 and 0.63 respectively. 

This means the standard original tank model is no better than the ‘mean of the 

observations’ while the modified tank model has a significantly higher explanatory 

power. 
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3.5.2 Performance of modified tank model in snowmelt season  

It found that a better correlation between measurements and the modified tank model 

with 0.86 (RMSE -0.97) than the original tank model in which all precipitation was 

assumed to be rainfall and snowmelt was not considered with 0.04 (RMSE= -5.4) 

during snowmelt period. It has to be pointed out that the snowmelt estimation is still 

not very precise, as the temperature-index model is relatively simple (Garen and 

Marks, 2005; Herrero et al., 2009; Lakhankar et al., 2013). Also, surface runoff is not 

considered due to the high permeability of surface deposits. The modified tank model, 

however, provides a useful estimation of increased PWP in creeping landslide masses 

several tens of meters deep. The NSEs of the original tank model and modified tank 

model during the snowmelt season are -5.95 and 0.75 respectively, which emphasizes 

the performance of the modified tank model. 

 

3.5.3 Highlights of the modified model  

Compared to the simple tank model, the modified tank model improves the prediction 

ability by introducing the equivalent infiltration method to reduce the infiltration time 

lags. Compared to the traditional deterministic methods (Fredlund and Xing, 1994; 

Chen and Young, 2006; Schaap and Van Genuchten, 2006; Weill et al., 2009), the 

modified tank model only requires historical monitoring data and does not need to 

consider uncertainties of material properties. Compared to the recent multi-tank model 

research (Ohtsu et al., 2003; Takahashi, 2004; Takahashi et al., 2008; Xiong et al., 

2009), the modified tank model does not require complicated algorithms and several 

observation boreholes to optimize the parameters. It is a straightforward approach 

which integrates snow accumulation/-melt model which is not considered in most 

other tank model researches. A flexible approach is presented since the model can 

simulate the groundwater table for at least two years continuously without obvious 

accumulative error unlike permeability-based numerical models or optimization 

parameter-based models need refreshments at times (Takahashi et al., 2008; Xiong et 

al., 2009).  
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3.5.4 Drawbacks and limitations  

The naturally inevitable drawback for any ‘probabilistic model’ is that it is physically 

not explicit. The presented model would need further adjustments for permafrost 

regions, with heavily frozen soils, for very steep slopes, with significant surface 

runoff and for very heterogeneous slopes, with complex fractured rock masses. 

However, it seems well suited for large mountain landslides on moderately inclined 

slopes in alpine conditions with significant snow accumulations.  

 

3.6 Conclusions 

Pore water pressure is one of the important dynamic factors in deep-seated slope 

destabilization and our modified tank model could help to anticipate critical states of 

deep-seated landslide stability a few days in advance by predicting changes in pore 

water pressure. In this paper, a modified tank model is proposed for estimation of 

increased pore water pressure induced by rainfall or snowmelt events in a deep-seated 

landslide. Compared to the original tank model, the fluctuation of PWP is simulated 

more accurately by reducing the time lag effects induced by snowmelt and infiltration 

into a long path of deep-seated landslide. In this modified model, a statistical method 

based on temperature and humidity is used for diagnosis of precipitation types and a 

snowmelt model based on temperature index is integrated into it, also included an 

equivalent infiltration method which can describe the infiltration reliably to reduce 

their time lag effect (higher NSEs). 
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Chapter 4: Physical tank experiments on groundwater level controls 

of slopes with homogenous materials 

 

Tank models are widely used for estimating groundwater levels in slopes. In this 

section, physical tank experiments are reported, indicating an evaluation of three 

typical conceptual tank models (simple tank model, surface runoff tank model, and 

lateral water flow supply tank model). Experimental results analyze groundwater 

tables were affected by infiltration time lags, surface runoff, and lateral water flow.  

 

4.1 Introduction 

In this study, three kinds of conceptual tank models for three typical slopes are 

considered. The distinct properties of the three tank models are as shown in Table 4.1.  

 

Table 4.1 Characters of tank models 

Type Characters of applications 

Simple tank model (Ishihara and 

Kobatake, 1979) 

 Simple model 

 assumed low slope angle; no surface runoff  

 negligible lateral water flow supply 

Surface runoff tank model (Ohtsu et 

al., 2003) 

 Considering surface runoff 

 requires maximum infiltration rate test 

 less lateral water flow supply 

Lateral water flow supply tank model 

(Takahashi et al., 2008; Xiong et al., 

2009) 

 Increasing model complex 

 relatively high error 

 any slope angle 

 

Simple tank model can be developed and applied in a straightforward way, but the two 

typical limitations are a assumed low slope angle (one point for pore water pressure 

(PWP) represents the entire water table level) and a assumed high-porosity surface 

materials without considering surface runoff. Surface runoff tank models can 
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overcome the limitations from surface material infiltration rates. However, maximum 

infiltration tests are necessary (Bodhinayake et al., 2004). The lateral water supply 

tank model can apply for any slope angle, but the complicated structure produces a 

higher systematically cumulative error. In this study, physical tank experiments are 

employed to investigate how infiltration time lag, maximum infiltration rate, and 

lateral water flows affect the estimation of pore water pressure (Fig. 4.1). 

 

4.2 Methods 

 

4.2.1 Test setup and testing materials 

 

(1) Physical tank models 

 

Figure 4.1 Physical tank model experiments: (a) Simple tank model. P is pore water pressure sensor; (b) 

Surface runoff tank model. P’ is the PWP sensor; (c) Lateral water flow supply tank model. P1 and P2 

are PWP sensors.  

 

A series of physical tank model systems made of plexiglass with soil samples to 

simulate the slope mass of a homogenous hillslope (Fig. 4.1). A plate squeezes the soil 

layer with a force of 120 N to form the slope mass (squeeze soil one time per adding 5 

cm soil layer) (Fig. 4.2).  
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Figure 4.2 Soil filling into the tank model. Every 5cm depth soil layer is pressed by the flat uniformly. 

 

(2) Rainfall simulator 

A water-pump supplies water resources through one or two nozzles (uniformity 

coefficient is ~0.87) for rainfall simulation. A flow meter between pump and nozzles 

controls the rainfall intensity (10 – 250 mL/min). The rainfall simulator system is 

shown in Fig. 4.3. A water storage tank is used for the water supply. A pump can 

improve the water pressure before rainfall production. The purpose of the flowmeter 

is to adjust flow rate for producing different rainfall intensities. The spray nozzles can 

produce the uniform rainfall. For the rainfall simulations, the rainfall intensity test and 

uniform degree test of rainfall are necessary before the experiments. 
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Figure 4.3 Rainfall simulator systems. It includes a water supply (tank with ruler), a water output 

(pump), a rainfall intensity adjustment (flowmeter), and a rainfall output (spray nozzles).  

 

Rainfall intensity test: the simple tank (300×300×300 mm) is used for rainfall 

intensity testing. The collected rainfall in unit time is compared to the calculating 

rainfall depending on the flowmeter. The test range of the flow rate of the flowmeter 

is 15 to 120 ml/min and the increment of the test value is 15 ml/min. Each test lasts 

0.5 hr. The test result is shown in Fig. 4.4.  

 

 
Figure 4.4 Rainfall intensity simulation test (rainfall intensity measurement vs. rainfall intensity 

calculation under different flow rates input). 
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The uniform degree test of rainfall employs an uniformity coefficient of a stable 

rainfall simulation that should be bigger than 0.8 (Lora et al., 2016). The uniform 

degree of rainfall can be calculated by Eq. (4-1) as follows: 

1

1
n

i

i

x x
k

nx


   (4-1) 

where k is the uniformity coefficient. xi is the rainfall of measurement positions. x is 

the average rainfall of measurement positions. n is the number of measurement 

positions. 

In this test, four measuring glasses are randomly placed in the rainfall zone. The 

simulated rainfall intensities are 25, 45, and 65 mm/hr in three rainfall events and 

every rainfall event lasts 30 min. The uniformity coefficients are 0.84, 0.88, and 0.90, 

respectively.  

 

(3) Pore water pressure and drainage records 

Pore water pressure transducers (Model number CYY2, Xi’an Weizheng Technology 

Corp., Ltd, Xi’an, China) have a diameter of 3 cm, a height of 1.6 cm, measuring 

range +10 kPa, deviation 0.2 %. They are used to record the PWP (Fig. 4.5).  

 

 

Figure 4.5 Pore water pressure transducers  

Pore water pressure transducers calibration is necessary before the experiments. A 
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tank (300×300×700 mm) is employed for the calibration of the pore water pressure 

transducers. The transducers are placed in the bottom of the tank. Every time a 3 cm 

of hight column is added to the tank and the monitoring value of transducers is 

recorded (the output of transducers is electric current). The calibration results are 

shown in Fig. 4.6. 

 

 
Figure 4.6 Pore water pressure transducers (P1 and P2) calibration results: (a) P1 (pore water pressure 

values vs. current values); (b) P2 (pore water pressure values vs. current values). 

 

A channel on the right bottom of the physical tank model is used to calculate the 

drainage. A measuring glass collects the drainage and a camera records the change of 

the water in glass (Fig. 4.7).  

 

 

Figure 4.7 Drainage records devices. (a) employed camera (for recording the changes of water hight in 

measuring glass); (b) the measuring glass (for collecting the drainage). 
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(4) Data collection and software 

In this test, data acquisition system (Fig 4.8) (CK01L0R-C20 type) with RS485 

communication interface is used for data collection, which is able to perform a 

long-distance data transmission. The system uses a MODBUS-RTU protocol and has 

a high data transmission stability and a versatility for example the multi-channel 

Analog input and 14 bit ADC precision. The collected object is electric current (0-20 

mA) which comes from the sensors.  

 

 
Figure 4.8 Data acquisition system. It includes a Analog input interface, a 24 VDC power interface, and 

a USB-485converter 

 

The software designed by VC++ displays real-time data and dynamic curves, whose 

interface is divided into three main parts (Fig. 4.9). The left one shows the real-time 

water pressure value; the right part produces the monitor data graph; in the lower part, 

the original signals are displayed.  
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Figure 4.9 Software for displaying monitoring data. The functions include defining the units, producing 

the monitor data graph, recording data, and adjusting the monitoring time interval. 

 

(5) Testing material  

The soil used in experiments is relatively homogeneous from the Ming Mountain, 

near the Yangtze Riverbank, Chongqing, China (Fig. 4.10). The Ming Mountain is 

located at the Three Gorges Reservoir Area, where the average annual rainfall is 1075 

mm and 70 % of the annual rainfall occurs between May and September. Soil consists 

of quaternary alluvial materials. 

 

 
Figure 4.10 Soil samples location. They are collected from the toe of Ming Mountain, near the Yangtze 

River Bank, Chongqing, China.  
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The soil materials taken totally achieve 50 kg. The materials are screened by a sieve 

analysis. The soil’s distribution curve is as shown in Fig. 4.11. The density of 

materials is 1.82–1.85 g/cm³, while the saturated density is 2.04–2.07 g/cm³.  

 

 

Figure 4.11 Particle-size distribution curves. 90 % of particle-size concentrates in a range of 0.1-0.4 

mm. 

 

4.2.2 Experiment procedures  

Every test is conducted under similar initial conditions, such as geometry, material, 

moisture content, and initial groundwater level (PWP) (deviation + 3%).  

 

(1) Simple tank experiment 

The experiments include fixed and variable rainfall intensity-duration inputs for the 

hydrology calculations (Table 4.2). For example, the test 1 simulates 25 mm/hr (36 

min) rainfall event, while the test 4 simulates the rainfall event of 25 mm/hr (12 min)- 

65 mm/hr (12 min)- 25 mm/hr (12 min). The PWP sensor at the bottom of tank 

records the changes of PWP during the rainfall events. The measuring glass collects 

the drainage. 

 

(2) Surface runoff tank experiment 

These experiments are to investigate how the maximum infiltration rate limits the 

PWP by reducing rainfall infiltration (Table 4.3). For example, the test 1 simulates 25 
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mm/hr (24 min) rainfall event, while the test 3 simulates the rainfall event of 65 

mm/hr (24 min). The PWP sensor at the bottom of tank records the changes of PWP 

during the rainfall events. The measuring glass collects the drainage. 

 

Table 4.2 Experiment arrangements of simple tank model 

No. Rainfall input-intensity (duration) Output objects 

1 25 mm/hr (36 min) P; drainage 

2 45 mm/hr (36 min) P; drainage 

3 65 mm/hr (36 min) P; drainage 

4 
25 mm/hr (12 min)- 65 mm/hr (12 min)- 25 

mm/hr (12 min) 
P; drainage 

5 25 mm/hr (24 min) P; drainage 

6 45 mm/hr (24 min) P; drainage 

7 65 mm/hr (24 min) P; drainage 

 

Table 4.3 Experiments of surface runoff tank model 

No. Rainfall input-intensity (duration) Output objects 

1 25mm/hr (24min) P’; drainage; surface runoff 

2 45mm/hr (24min) P’; drainage; surface runoff 

3 65mm/hr (24min) P’; drainage; surface runoff 

 

(3) Lateral water flow supply tank experiment 

These experiments are to investigate how the lateral water flow affect the PWP in 

both tanks (Table 4.4). For example, the test 1 simulates 45 mm/hr (24 min) rainfall 

event, while the test 2 simulates the rainfall event of 65 mm/hr (36 min). The PWP 

sensors at the bottoms of both tanks record the changes of PWP during the rainfall 

events. The measuring glass collects the drainage. 
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Table 4.4 Experiments of lateral water flow supply tank model 

No. Rainfall input-intensity (duration) Output objects 

1 45 mm/hr (24 min) P1; P2; drainage 

2 65 mm/hr (36 min) P1; P2; drainage 

 

4.3 Results and analysis 

 

4.3.1 Simple tank experiment 

 

 

Figure 4.12 PWP and drainage rate in simple tank experiments: (a) PWP vs. time (test 1-4). Peak 

values of PWP vary from 0.7 to 1.6 kPa; peak times of PWP vary from 36 to 40 min; (b) PWP vs. time 

(test 5-7). Peak values of PWP are from 0.9 to 1.3 kPa; peak times of PWP are from 30 to 40 min; (c) 

Drainage vs. time (test 1-4). Peak values of drainage rates are from 10 to 50 ml/min; peak times of 

drainage rates are from 30 to 50 min; (d) Drainage vs. time (test 5-7). Peak values of drainage rates are 

from 5 to 30 ml/min; peak times of drainage rates are from 24 to 40 min. 

 

Fig. 4.12 shows the PWP and drainage during the test 1-7 (Table 4.2). The PWP in the 

whole processes is divided into three stages: i) initial stage without obvious increase; 
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ii) increase stage considering drainage; and iii) decrease stage without rainfall 

infiltration. It is found that the amount of rainfall affects the value and time of PWP 

peak. Simply, a high rainfall value means a short time lag and a high value of the 

PWP peak.  

 

 
Figure 4.13 (a) PWP vs. cumulative rainfall (test 3). Degrees of correlations between PWP and 

cumulative rainfall in the initial, increase, and decrease stages are 0.93, 0.96, and 0.92, respectively; (b) 

PWP vs. drainage (test 3). Linear correlation degree is 0.96. 

 

Fig. 4.13(a) investigates the relation between cumulative rainfall and PWP. The initial 

stage is linear or constant and second increase stage could be a log function. The 

decrease stage involves the power or exponent function. Fig. 4.13(b) demonstrates 

higher PWP causes a faster drainage than lower PWP. And the relationship between 

PWP and drainage rate is linear. 

 

4.3.2 Surface runoff tank experiment 

The distinct point between the simple and surface runoff tank experiment is the 

maximum infiltration rate limitation. The upper tank has a limited infiltration ability 

realized by a infiltration hole downward. In other words, if there is a heavy rainfall, 

the upper tank could drain some of the water as surface runoff. As shown in Fig. 

4.14(a), the PWP under the 45mm/hr and 65mm/hr rainfall events are lower than PWP 

under the same rainfall events during simple tank experiments (Fig. 4.12(a)). The 

surface runoff in Fig. 4.14(b) shows the infiltration threshold controlled the rainfall 

surface runoff. For the bottom drainage (Fig. 4.14(c)), the results are similar to the 
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simple tank model, except that the maximum infiltration reduces the amount of 

drainage. Fig. 4.14(d) shows that the maximum infiltration is about 38 ml/min.  

  
Figure 4.14 Monitoring data from P’, surface runoff and drainage hole (surface runoff tank model): (a) 

PWP (P’) vs. time (test 1-3). Peak values of PWP are from 0.85 to 0.95 kPa; peak times of PWP are 45, 

75, 80 min for 65, 45, and 25 mm/hr rainfall events, respectively; (b) Surface runoff vs. time (test 1-3). 

During the rainfall periods the drainage rates are 60, 25, and 7 ml/min for 65, 45, and 25 mm/hr rainfall 

events, respectively; (c) drainage vs. time (test 1-3). Peak values of drainage rates are 2, 5, and 5 

ml/min for the 25, 45, and 65 mm/hr rainfall events, respectively; peak times of drainage rates are 40, 

60, and 63 min for 65, 45, and 25 mm/hr rainfall events, respectively; (d) Infiltration vs. time (test 1-3). 

The maximum infiltration limits the infiltration rate to 38 ml/min for the 25, 45, and 65 mm/hr rainfall 

events. 

 

4.3.3 Lateral water flow supply tank experiment 

Lateral water flow supply complicates the calculation of groundwater table especially 

coupling the infiltration time lags. In Fig. 4.15(a), the P2 of right (lower) tank model 

firstly begin to increase due to the water supply from left (higher) tank model. The left 

tank model as the water supplier mostly affects the right one, although in the 

beginning the right one could offer some water to the left one conversely (as shown in 

Fig. 4.1(c), right tank’s short vertical infiltration path could produce a higher 
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groundwater table than the left tank in the beginning).  

 

 

Figure 4.15 Monitoring data from PWP sensors and drainage hole (water flow supply tank model): (a) 

PWP (P1 and P2) vs. time (test 1-2). P1 indicates increased PWP are (-0.1 to 1) and (-0.5 to 2) kPa for 

the 45, and 65 mm/hr rainfall events; P2 indicates increased PWP are (0.5 to 1.25) and (0.5 to 2) kPa 

for the 45, and 65 mm/hr rainfall events; peak times of PWP of all the P1 and P2  are between 40 and 

50 min); (b) Drainage vs. time (test1-2). Peak values of drainage rates are 13 and 45 ml/min for the 45, 

and 65 mm/hr rainfall events; peak times of drainage rates are ~35 min for both 45, and 65 mm/hr 

rainfall events). 

 

4.4 Conclusions 

Changes of PWP are controlled by the balance between the rainfall infiltration, water 

flow supply, and the drainage. The relationships between PWP on the bottom of tank, 

drainage, and rainfall based on three kinds of physical models (simple tank model, 

surface runoff tank model, and water flow supply tank model) are investigated. 

Drainage processes under different rainfall events are also deciphered. Some 

concolusions are as follows: 

i) The amount of rainfall affects the value and time of PWP peak. Simply, a high 

rainfall value means a short time lag and a high value of the PWP peak.  

ii) Infiltration threshold of surface soil controls the rainfall surface runoff and 

maximum infiltration. 

iii) Lateral water flow from a higher part to a lower part of a slope system can fast 

improve the PWP of the lower part.  
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Chapter 5: Physical tank experiments for estimation of groundwater 

(heterogeneous materials) 

 

5.1 Introduction 

The conceptual tank model is employed to predict groundwater table changes, mainly 

focusing on homogenous materials (Michiue, 1985; Ohtsu et al., 2003; Takahashi, 

2004; Takahashi et al., 2008; Xiong et al., 2009). For heterogeneous materials, the 

conceptual tank model still needs to be validated for predicting the groundwater table 

changes. In this section, physical tank experiments were continuously carried out for 

the pore water pressure calculation of four complex slope structures. These include a 

coarse-fine material slope, a slope including a fine layer, a slope including an obvious 

fracture, and a slope in interaction with a river.  

 

5.2 Different typical geological condition of landslides 

 

5.2.1 A coarse-fine material slope 

 
Figure 5.1 Geological profile of the Aggenalm Landslide in Bayern, Germany. The upper part consists 

of weathered limestone and dolomite (coarse material); the lower part is quaternary deposits which 

have a low porosity (fine material) (after Festl 2014). 
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Figure 5.2 Precipitation on a coarse-fine material slope: (a) Start of rainfall; (b) Permeability in coarse 

part is higher than that in fine part. The water can infiltrate the coarse material easily, while the fine 

material can produce the surface runoff due to the low infiltration rate; (c) Lateral water flow moves 

fast in coarse material; (d) Lateral water flow moves from the coarse material to the fine material; (e) 

Reduction of lateral water flow and infiltration; (f) Lateral water flow in fine material moves towards 

both sides. 

 

A coarse-fine material slope comprises coarser material in the upper part due to being 

weathered and finer material in the lower part considering the movement of sediment.  

Some cases belonging to this classification include the Aggenalm Landslide in Bayern, 

Germany (Fig. 5.1), and Lichtenstein-Unterhausen Landslide in Swabian Alb, 

Germany (Thiebes et al., 2014). The infiltration process is generally described in Fig. 

5.2.  

 

5.2.2 A slope including a fine layer 

A slope including a fine layer could produce a perched water table in the main slope 

mass considering the very low permeability of the fine layer. The infiltration of 

precipitation usually has a huge time lag in the material. Therefore, there is a longer 

response time about changes in the groundwater table. A typical case is the Ventnor 
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Undercliff Landslide, Isle of Wight, England (Fig. 5.3) (Moore et al., 2006). The 

infiltration process is generally described in Fig. 5.4.  

 

 

Figure 5.3 The Ventnor Landslide ground model. The Gault clay (light blue part) can be treated as a 

fine material which has a low permeability (Moore et al., 2006). 

 

 
Figure 5.4 Precipitation on a slope including a fine layer: (a) Rainfall beginning; (b) Permeability in 

fine layer is lower than that in the coarse material and the infiltration becomes slow; (c) Perched water 

table produces around the fine layer part because of low permeability. And the lateral water flow moves 

(d) Water infiltration begins towards down; (e) Increase of groundwater table appears even the rainfall 

stops; (f) Water flow exits even when rainfall stops. 
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5.2.3 A slope including an obvious fracture 

A case of a slope including obvious fractures is located in Satsuma, Japan (Fig. 5.5) 

(Wakizaka, 2013). The infiltration process is generally described in Fig. 5.6.  

 

 
Figure 5.5 Geological profile of a landslide located in Satsuma, Japan. The fractures along faults can be 

considered with high permeability in the slope mass (after Wakizaka 2013). 
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Figure 5.6 Precipitation on a slope including an obvious fracture: (a) Rainfall beginning; (b) Infiltration 

in fine layer and the surface runoff produces; (c) Fast water flow produces in fracture layer because of 

high permeability; (d) Water infiltration penetrates the fracture layer downwards and the groundwater 

table produced is not too high; (e) Groundwater table reduces when rainfall stops; (f) Water flow and 

infiltration reduce when rainfall stops. 

 

5.2.4 A slope in interaction with a river 

River-groundwater interaction in a river-slope system under a rainfall event is common 

in riverbank or basin areas (Doussan et al., 1998; Rosenberry and Healy, 2012). The 

estimation of groundwater is complicated, resulting from groundwater-river 

interactions which could relate to the permeability, hydraulic gradients, and hydro 

geological properties in slope-river system (Trémolières et al., 1993; Doussan et al., 

1998; Rosenberry and Healy, 2012; Gollnitz, 2003; Mutiti and Levy, 2010). A case in 

Figure 5.7, located on the South Platte River, north of Denver, Colorado, USA 

(Rosenberry and Healy, 2012). The infiltration and water exchange process can be 

generally described in Figure 5.8. 
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Figure 5.7 River-groundwater slope on the South Platte River, north of Denver, Colorado, USA 

(Rosenberry and Healy, 2012). 

 

 

Figure 5.8 River-groundwater interaction under rainfall event: (a) Initial state; (b) Groundwater level 

raised by rainfall infiltration and river supply; (c) More rainfall and river supply and overland flow 

produced; (d) High groundwater table due to continuous rainfall and the river supply; (e) Groundwater 

conversely supplies the river level; (f) Increased groundwater accelerates the water flow supply to the 

river; (g) Overland flow and rainfall infiltration reduce; (h) Recovery to the initial state. 

 

5.3 Physical tank experiments 

A series of physical multi-tank experiments are carried out by simulating groundwater 

table changes in consideration of four geological conditions. For information on 
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rainfall simulator, monitoring system, soil sample collection, and devices calibration 

see chapter 4.  

 

5.3.1 Tank experimental flume and materials 

A series of physical tank model systems made of plexiglass with field soil simulate 

the slope mass of a representative hillslope. A plate squeezed the soil layer with a 

force of 120 N to form the slope (squeeze soil one time per adding 5 cm soil layer). A 

water-pump supplies water resources through two nozzles (uniformity coefficient is 

0.91) for rainfall simulation. A flow meter between pump and nozzles controls the 

rainfall intensity (10–250 mL/min). In the tank experiment, the materials chosen are as 

shown in Fig. 5.9. The particle-size distribution curves are shown in Fig. 5.9 (c).  

 

 

Figure 5.9 Materials used in physical tank experiments: (a) Fine material (mainly clay); (b) Coarse 

material (mainly sand, partly small gravel stones); (c) Particle-size distribution curves (particle sizes 

(~98 %) of fine material are smaller than 0.4mm; particle sizes (4-8 mm) of coarse material occupy 25 

%). 

 

 

 

 



Chapter 5 

 72 

(1) Coarse-fine material slope 

 
Figure 5.10 Coarse-fine material slope modelling device. The left tank filled with coarse material (hight 

of 60 cm) is used to simulate the upper part of a slope; the right tank filled with fine material (hight of 

44 cm) is used to simulate the toe part of a slope: (a) Schematic diagram; (b) Real scene. 

 

The left tank, filled with coarse material, is used to simulate the higher coarse material 

part, while the right tank is filled with the fine material for simulation of the lower 

slope part. Rainfall is simulated by nozzles. Two PWP sensors are installed at the 

bottom of double tanks to monitor pore water pressure. The drainage of this system is 

realised through a drain hole.  

 

(2) A slope including a fine layer 

 
Figure 5.11 Modelling of a slope including fine layers. The left tank (hight of 60 cm) is used to 

simulate the upper part of a slope; the right tank (hight of 54 cm) is used to simulate the toe part of a 

slope; both of tanks are inserted with fine material layers (high of 8 cm): (a) Schematic diagram; (b) 

Real scene. 
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The double tanks consist of coarse material as the main slope mass. In the horizontal 

direction, fine material is used to simulate low permeability material such as clay 

layers. Rainfall is simulated by nozzles. Two PWP sensors are installed at the bottom of 

double tanks for pore water pressure monitoring. The drainage of this system is realised 

through a drain hole.  

 

(3) A slope including an obvious fracture 

The double tanks consist of fine material as the main slope mass. Coarse material is 

employed to simulate high permeability material such as a fracture. Rainfall is 

simulated by nozzles. Two PWP sensors are installed at the bottom of double tanks for 

pore water pressure monitoring. The drainage of this system is realised through a drain 

hole.  

 

  

 
Figure 5.12 Obvious fracture-included slope modelling device. The left tank filled with fine material 

(hight of 60 cm) is used to simulate the upper part of a slope; the right tank filled with fine material 

(hight of 44 cm) is used to simulate the toe part of a slope; both of tanks are inserted with coarse 

material layer for a simulation of a fracture (high of 5 cm): (a) Schematic diagram; (b) Real scene. 

 

(4) River-groundwater slope 

The left tank consists of coarse material as the main slope mass. The left small tank 

filled with fine material works as a surface soil layer which has a maximum 

infiltration rate and a potential surface runoff function, while, the right tank is empty 

with a basic water table such as that of a river. Rainfall is simulated by nozzles. Two 
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PWP sensors are installed at the bottom of double tanks for pore water pressure 

monitoring. The drainage of this system is realised through a drain hole.  

 

 

Figure 5.13 River-groundwater slope modelling device. The left tank filled with coarse material (hight 

of 60 cm) is used to simulate the upper part of a slope; the left small tank filled with fine material 

(hight of 5 cm) works as a surface soil layer which has a maximum infiltration rate and a potential 

surface runoff function; the right tank has a initial water table (hight of 6 cm) is used for a simulation of 

a river: (a) Schematic diagram; (b) Real scene. 

 

 

5.3.2 Physical tank experimental outline  

For each group of physical tank experiments, two rainfall events (45 mm/hr and 65 

mm/hr intensity-36 min duration) are arranged and the observation time was 1 hr. 

Every test in each group was conducted under similar initial conditions, such as 

geometry, material, moisture content, and initial PWP (deviation + 3 %).  

 

5.4 Results and discussion 

 

(1) Coarse-fine material slope 

Fig. 5.14 shows the PWP of both tanks and the drainage rate of coarse-fine material 

slope experiment. 
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Figure 5.14 Pore water pressure of a coarse-fine material slope in physical experiments: (a) Left tank 

(P1). The peak values of PWP are 0.6 and 0.5 kPa for 65 and 45 mm/hr rainfall events; the peak times 

of PWP are 45 and 55 min for 65 and 45 mm/hr rainfall events; (b) Right tank (P2). The peak values of 

PWP are 2.2 and 2 kPa for 65 and 45 mm/hr rainfall events; the peak times of PWP are 40 min for both 

65 and 45 mm/hr rainfall events; (c) Drainage. The peak values of flow rates are 0.45 and 0.43 ml/s for 

65 and 45 mm/hr rainfall events; the peak times of flow rates are 40 min for both 65 and 45 mm/hr 

rainfall events. 

 

Because the water infiltration and flow in coarse part are faster than that in the fine 

materials, the main water movement is towards the right tank. In other words, the 

inverse function from the slope toe (right) towards the upper part (left) is less. The 

main difference between left and right tank is just after the rainfall stops: in the right 

tank the changes of PWP has a longer time lag than that in the left tank.  

 

(2) A slope including a fine layer 

Fig. 5.15 shows the PWP of both tanks and the drainage rate of the fine layer included 

in the slope experiment. 
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Figure 5.15 Pore water pressure of fine layer included slope in the physical experiments: (a) Left tank 

(P1). The peak values of PWP are 1.9 and 1.6 kPa for 65 and 45 mm/hr rainfall events; the peak times 

of PWP are 38 and 25 min for 65 and 45 mm/hr rainfall events; (b) Right tank (P2). The peak values of 

PWP are 6.4 and 5.4 kPa for 65 and 45 mm/hr rainfall events; the peak times of PWP are 40 min for 

both 65 and 45 mm/hr rainfall events; (c) Drainage. The peak values of flow rate are 0.6 and 0.5 ml/s 

for 65 and 45 mm/hr rainfall events; the peak times of flow rate are 35 and 30 min for 65 and 45 mm/hr 

rainfall events. 

 

In this situation, the water infiltration in the toe (right) part could be faster due to a 

shorter path than that in the left part. Plus the water flow supply from left tank, the 

PWP in right tank can achieve a high value. In the left part, the PWP values cannot 

increase too much because of the water flow to the toe part and a long time lag of 

infiltration, (The peak value is ~2 kPa compared to ~6 kPa in right tank). The obvious 

truth is the peaks of PWP in both tanks keep their high levels in a quite long time after 

the rainfall stop (36 min). This reason is that two fine layers delay the water 

downwards.  

 

(3) A slope including an obvious fracture 

Fig. 5.16 shows the PWP of both tanks and the drainage rate of obvious 
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fracture-included slope experiment. 

 

Figure 5.16 Pore water pressure of a slope including an obvious fracture in physical experiments: (a) 

Left tank (P1). The peak values of PWP are 1.2 and 1.1 kPa for 65 and 45 mm/hr rainfall events, 

respectively; the peak times of PWP are 20 and 30 min for 65 and 45 mm/hr rainfall events; (b) Right 

tank (P2). The peak values of PWP are 6.8 and 6.1 kPa for 65 and 45 mm/hr rainfall events; the peak 

times of PWP are 35 min for both 65 and 45 mm/hr rainfall events; (c) Drainage. The peak values of 

flow rate are 1.8 and 1.3 ml/s for 65 and 45 mm/hr rainfall events; the peak times of flow rate are 

35min for both 65 and 45 mm/hr rainfall events. 

 

In this situation, the PWP at the left tank bottom was much less because the most 

water flow along the main fracture (45 degrees fracture angle), (the peak value is no 

more than 1.2 kPa). By contrast, the PWP (~6 kPa) in the right side can be supplied 

by the fast water flow through the main fracture. There is also no water flowing back 

from the right to left tank. 

 

(4) A slope in interaction with a river 

Fig. 5.17 shows the PWP of both tanks and the drainage rate of rive-groundwater 

slope experiment (coarse material). 
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Figure 5.17 Pore water pressure of rive-groundwater slope in physical experiments: (a) Left tank (P1). 

The peak values of PWP are 1.45 and 1.3 kPa for 65 and 45 mm/hr rainfall events; the peak times of 

PWP are 37 and 40 min for 65 and 45 mm/hr rainfall events; (b) Right tank (P2). The peak values of 

PWP are 0.9 and 0.65 kPa for 65 and 45 mm/hr rainfall events; the peak times of PWP are 36 min for 

both 65 and 45 mm/hr rainfall events; (c) Drainage. The peak values of flow rate are 1.6 and 1.4 ml/s 

for 65 and 45 mm/hr rainfall events; the peak times of flow rate are 38 min for both 65 and 45 mm/hr 

rainfall events. 

 

The right tank is the river part of the river-slope system. Compared to a porous 

material-soil, the increase of river level is not sensitive enough to rainfall. In other 

words, adding the same water can increase a higher groundwater table in soil than the 

water level in river.  

 

5.5 Summary and conclusions 

Physical tank experiments were continuously carried out for the pore water pressure of 

four complex landslide structures (a coarse-fine material slope, a slope including a fine 

layer, a slope including an obvious fracture, and a river-groundwater interaction slope). 

Some conclusions are as follows: 

i) For different types of slope structures, the groundwater changes are different under 

the same rainfall events. Using only one conceptual tank model for prediction of 
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groundwater table of different types slopes may be not practical.  

ii) For a coarse-fine material slope, the changes of PWP in fine material part has a 

longer time lag than that in the coarse material part. And the toe part (fine material 

part) usually has a much higher PWP than that in upper part (coarse material part).  

iii) For a slope including a fine layer, the peaks of PWP in both parts (toe and upper) 

keep their high levels in a quite long time after the rainfall stop 

iv) For a slope including an obvious fracture, most of infiltration becomes the water 

flow along the main fracture. Thus, the upper part has a low PWP value due to the 

fracture carrying most water from this area, while the toe part has a high PWP value 

due to the supply from the upper part by the fracture. 

v) For a river-groundwater interaction slope, adding the same water can increase a 

higher groundwater table in soil than the water level in river.  
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Chapter 6: Prediction of groundwater affecting deep-seated landslide 

quasi-static movement 

 

Traditionally, in a viscous model of a landslide, changes of normal stress caused by 

groundwater fluctuation and precipitation infiltration are regarded as a main factor to 

control the velocity of the movement. In this study, the variable weight of slope, and 

especially cohesion dependent on velocity, are necessary for the prediction of 

landslide movements. These considerations can reduce the cumulative prediction error 

of the landslide model. Examples of applications of the viscous landslide model 

considering the variable weight of slope, and especially cohesion dependent on 

velocity to the Ventnor landslide, in the Isle of Wight, southern England, and to the 

Utiku landslide in New Zealand were discussed. In both cases, a more successful 

calibration of the model was achieved, despite unavoidable uncertainties concerning 

the dates of occurrence of the slope movements. By introducing the standard 

Nash–Sutcliffe efficiency (NSE), the results of the new viscous model for the Ventnor 

landslide in southern England, without an observation of cumulative error, show a 

better prediction ability (NSE: 0.98) than the traditional viscous model (NSE: 0.85). 

For the Utiku landslide of New Zealand, the NSE of the new viscous model achieves 

0.87 compared to the traditional viscous model (NSE: 0.47) in Borehole 3 (at the 

upper part of Utiku landslide and monitoring data including pore-pressures and 

movements); for Borehole PZA (at the toe part of Utiku landslide and monitoring data 

including pore-pressures and movements) the NSE of the new and traditional viscous 

models are 0.61 and 0.18. 

 

6.1 Introduction 

Due to the weakening (i.e. weathered) and pore-pressure fluctuation), a resistant force 

of a slope begins to reduce (before the point A in Fig. 6.1). Slope static instability 

could occur, which means the process of reducing the safety factor (FS) to 1, or the 

formation of a slip surface because of global brittle damage. It manifests a 
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deformation or tiny movement, not a big displacement along the slip surface (until the 

point B in Fig. 6.1). For deep-seated static landslide problems, the current study 

focuses on the changed effective stress caused by groundwater fluctuation (not 

consider material strength changed) controlling the FS of slope. This is because the 

strength of the slip surface is usually treated as constant: an effective shear strength 

due to the slip surface locates under the water table (Fredlund et al., 1978; Fredlund 

and Rahardjo, 1993; Vanapalli et al., 1996; Duncan et al., 2014; Katte and Blight, 

2015). In a quasi-static landslide analysis (movement after slip surface formation) 

(after the point B in Fig. 6.1), the landslide evolution lasts for a long time, and could 

experience active, stop, reactive, acceleration, deceleration, and finally run away 

processes. Under these conditions, the strength of the slip surface treated as a constant 

is questionable. It has been recognized that besides changes in effective stress induced 

by pore pressure changed, shear strength of the materials changes caused by the 

behaviour of the clay particles also governs landslide velocity (Lupini et al., 1981; 

Skempton, 1985; Angeli et al., 1996; Angeli et al., 2004; Picarelli, 2007). The 

cohesion in particular should be treated as a variable dependent on velocity, due to 

variable available water in the pores among soil particles. The reason for this is that 

the clay soil dilatancy and contraction caused by shear velocity causes porosity 

changes in the soil (Skempton, 1970; Houlsby, 1991; Manzari and Nour, 2000; Nakai 

and Hinokio, 2004; Dafalla, 2013). This variable porosity leads to changes of 

moisture and related strength, especially cohesion (Shimizu, 1982; Asaoka, et al. 1999; 

Nakai and Hinokio, 2004). The quasi-static landslide movement is possibly 

complicated by effective stress, water availability, and the development of shear 

strength (cohesion). 
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Figure 6.1 The physical process from a stable slope to a quasi static stage (the local and whole factor of 

safety is higher than 1 before A; between A and B the whole factor of safety is higher than 1while the 

local factor of safety could be smaller than 1; After B, the whole factor of safety varies around 1) 

(modified from Picarelli, et al., 2004)  

 

As one of the most comprehensive models to describe the quasi-static landslide, the 

viscous model is widely employed. An early viscous model was applied to a mudslide 

in Cortina d'Ampezzo, Italy, by Angeli et al. (1996). This model showed an agreement 

between the calculated displacement and the recorded displacement, by introducing 

the velocity dependent on viscous resistance. Following that, similar viscous models 

were used in many landslides (see the section 2.8), including the Alverà landslide 

located in the Italian Dolomites, near Cortina d’Ampezzo (Ranalli et al., 2010), the 

landslide (over-consolidated clay) at Cortina d'Ampezzo (Italy) (Gottardi and 

Butterfield, 2001), the Bindo-Cortenova translational landslide (Italian Prealps, 

Lombardy, Italy) (Secondi et al., 2013), the landslide near the Rhine River valley in 

the Vorarlberg Alps, Austria (Wienhöfer et al., 2009), the Vallcebre landslide (Eastern 

Pyrenees, Spain) (Corominas et al., 2005), the Super-Sauze landslide located in the 

south French Alps in the Barcelonnette Basin, on the left bank of the Ubaye River 

(Bernardie et al., 2014), and the Portalet landslide (Sallent de Gállego, Central 

Spanish Pyrenees) (Herrera et al., 2009). This traditional viscous model considers a 

local velocity calculation (object is slope unit (Fig. 2.5)) and can be expressed by Eq. 

(2-12) and Eq. (2-13). 

The common characteristics of this kind of viscous landslide model may produce 
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three challenges.  

i) Based on the force mechanism of infinite slope model. 

An infinite slope is usually defined as a long shallow landslide. In reality the infinite 

slope model is applied to a local, not global, movement and is also strictly limited by 

geometry (Pack, 2001; Borga et al., 2002; Casadei et al., 2003; Acharya et al., 2006; 

Claessens et al., 2007). If the geometry of the landslide does not match the infinite 

slope, the prediction of the landslide displacement rate would be challenged. 

ii) Ignoring changes in driven force caused by water availability. 

Water availability affecting the drive force depends on the changes of slope weight 

caused by water infiltration. 

iii) Treating the cohesion of material as a constant. 

All the cases above treat the cohesion as a constant residual value. The potential 

strength variation deriving from soil dilatancy and contraction caused by variable 

velocity should be considered. 

 

6.2 New viscous velocity based model 

According to the three potential challenges above, the new viscous landslide model 

will improve the slope displacement prediction from three aspects: 

i) Since there is more application of the limited equilibrium model than the infinite 

slope model (Collison and Anderson, 1996; Wilkinson et al., 2002; van Beek and van 

Asch, 2004; Talebi et al., 2007), the slice method-based limit equilibrium model is 

used for movement mechanism, which has been applied in two deep-seated 

landslides of the Tri`eves Plateau (Van Asch et al., 2009).  

ii) The slope weight is considered as a function of available water, not a constant, 

which makes the driving force of landslides variable. 

iii) A velocity dependent cohesion module is developed, reflecting the soil 

consolidation and shear dilation action affecting the cohesion.  

 

6.2.1 Introduction of new viscous model 

Compared to the traditional viscous model, the shear velocity-strength module and 
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water-drive force module regard quasi-static landslide movement controlled by the 

change of effective stress, change of slope mass weight, and development of shear 

strength (Fig. 6.2(a)). Firstly, the initial material parameters including slip surface 

initial strength, density of mass, viscosity of slip surface, and initial porosity of the 

mass are input into this model, in addition to the geometry and groundwater table 

information. Secondly, the effective stress and velocity-strength modules are used to 

calculate the resistant force, while the water-drive force module is employed for 

calculation of driving force changed. The velocity-strength module has two functions: 

i) during the fast landslide stage, as shown in Fig. 6.2(b), the dilatancy of clay 

increases the porosity and water fills the pore, improving more moisture. A lubrication 

effect (bonds of particles are more easily broken) from the water decreases cohesion 

in the clay and damages the internal particle bond strengths. Thus, the strength of 

landslide mass becomes lower and the slope accelerates. Fig. 6.3 indicates the 

dilatancy process of clay under undrained shear force. It shows that the volume of the 

shear zone expands under time domains and describes the development of cracks and 

the formation of particle fragments. ii) As shown in Fig. 6.2(c), when a landslide 

moves very slowly or stops, the normal stress of slope may play a more obvious 

function in consolidation of the clay. The porosity of clay decreases and the water is 

squeezed out of the pores. The decrease of moisture makes the bonds of particles 

combine more closely. The consolidation process of clay soil is described in Fig. 6.4. 

During the very slow landslide or stable process, the normal stress squeezes the soil 

and decreases the porosity for consolidation. This process could be a drained 

condition, and water is squeezed out of the pores. It should be emphasised that these 

two processes might take a very long time and the landslide would undergo the 

processes of movement, stop, and new movement during the long creep time (Auzet 

and Ambroise, 1996; Wienhofer et al., 2009; Li et al., 2010; Di Maio et al., 2013). 

Thirdly, the model output includes the cumulative displacement and velocity. 
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Figure 6.2 Work flowchart of new viscous model: (a) Work flow of whole model. The initial 

parameters include material, geometry, and groundwater inputs; the model considers variable effective 

stress, strength dependent on velocity, and variable mass density induced by change of groundwater 

table; (b) Acceleration stage of velocity-strength module; (c) Deceleration stage of velocity-strength 

module. 
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Figure 6.3 Dilatancy process of clay under undrained shear force. Increased pores in soil lead to more 

water forced into the pores of soil. Thus, due to more water the bonds among soil particles are easily 

damaged under shear force, which decreases the cohesion of material (fast movement). 

 
Figure 6.4 Shear consolidation process of clay soil. Increased normal stress squeezes the water out of 

the pores in soil. Thus, due to less water and pores, the bonds among soil particles are easily recovered 

which increases the cohesion of material (slow movement). 

 

6.2.2 Velocity-strength module 

For the velocity-strength module, physically, landslide movement first affects the 

porosity and moisture of the slip surface. Until now, the direct relationship between 

the displacement rate and the porosity has only been roughly investigated in the 

laboratory (Shimizu, 1982; Asaoka et al., 1999; Nakai and Hinokio, 2004) and by 

numerical cases (Xu et al., 2006). Most studies consider the porosity to change with 

dilatancy volume rate in the laboratory (Skempton, 1970; Bolton, 1986; Houlsby, 

1991; Manzari and Nour, 2000; Nakai and Hinokio, 2004; Dafalla, 2013). 

Furthermore, laboratory tests indicate cohesion (strength component) changes with 

the soil moisture and porosity (undisturbed and remoulded samples) (Fig. 6.5). In 

addition, an increase of moisture content reduces the cohesion by reducing the suction 

and surface tension. In Fig. 6.5(a), the increase of consolidation time means a porosity 

of soil reduction under a compressive force. Consequently, the increase of the inter 
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particle bond strength demonstrates the improvement of cohesion (Ochepo et al., 

2012). The reduction in compaction decreases cohesion through the increasing 

porosity and essentially weakens the bond force as shown in Fig. 6.5(b) (Gao et al., 

2013). Similarly, the clay content reduction means there are fewer fine particles, and 

therefore, the increased porosity lowers the cohesion as shown in Fig. 6.5(c) (McKyes 

et al., 1994; Dafalla, 2013). In Fig. 6.5(d) the reduced density of the material produces 

higher porosity and reduces the cohesion (El-Maksoud, 2006; Bravo et al., 2012). In 

summary, the key point of the velocity-strength module is to bridge the cohesion and 

velocity (displacement rate) with the porosity (moisture). 

 

 
Figure 6.5 Moisture vs. cohesion: (a) Reducing consolidation time (consolidation time affecting the 

cohesion-moisture relationship) (Ochepo et al., 2012); (b) Reducing compaction (compaction degree 

affecting the cohesion-moisture relationship) (Gao et al., 2013); (c) Reducing clay content (clay content 

affecting the cohesion-moisture relationship) (McKyes et al., 1994; Dafalla, 2013); (d) Reducing 

density (density affecting the cohesion-moisture relationship) (El-Maksoud, 2006; Bravo et al., 2012). 
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6.2.3 New viscous model calculation 

 

Figure 6.6. Geometry and force analysis in the new viscous landslide model. The model is based on the 

limit equilibrium method and can calculate the whole displacement of a complex geometry slope. 

 

The new viscous model considers the whole movement of landslide based on 

cumulative slices. The force calculation under one time unit is as follows: 

Fig. 6.6 is the slices analysis and geometry of slope. Eq. (6-1) calculates the resistance 

force of a slope, while Eq. (6-2) calculates the drive force of slope based on 

cumulative slices. Eq. (6-3) calculates variable unit weight of slope mass (water-drive 

force module). Eq. (6-4) shows that the general viscous model consists of resistance 

force, shear force and viscous force based on Newton's second law. Eq. (6-5) is the 

final expression to describe quasi-static landslides. 
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where F and 'T  are slip force and resistance force of whole slope; c(v) is the 

velocity-cohesion module; w is the width of slice; i is the slice slope angle; ri is the 

unit weight of landslide; Hi is the height of slice; rd is unit weight of dry landslide; hi 

is the height of the ground water table; Pwi  is the pore water pressure of slice base;  

rw is unit weight of water; and n is the porosity of the landslide;   is the friction 

angle; m is the mass of whole slope; Fv is the viscous force; a is the acceleration;   

is the viscosity; v  is the velocity; z  in our case is the height of the shear zone (the 

height of shear zone usually is treated with viscosity as a whole as a constant).  

 

6.3 The Ventnor landslide, Isle of Wight, Southern England 

 

6.3.1 Introduction to Ventnor landslide, Isle of Wight 

The Ventnor landslide is a deep-seated landslide and poses a hazard to over 6000 

residents on the south coast of the Isle of Wight, UK. Related previous studies 

incorporate slip mode, ground behaviour, climate, mechanisms and causes (e.g. 

Moore et al., 1995, 2007a, 2007b). The unstable area of the Ventnor landslide 

comprises 0.7 km2, and main scarp in the ‘Lowtherville Graben’ reduces the current 

extent of instability (Fig. 6.7(a)). Moore et al. (2007a) used building and geophysical 

investigations from 2002 and 2005 to portray of the materials of landslide types. Fig. 

6.7(b) demonstrates the details of material units (for more details about the geology 

structure and background see Carey (2011)). The whole landslide moves slowly 

(generally mm-cm/year). Heavy rainfall will increase the velocity of the landslide 

(Moore et al., 2010). 
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Figure 6.7 Schematic illustration of the Ventnor landslide (after Carey and Petley, 2014): (a) Map of 

settlements and infrastructures within the Ventnor landslide area; (b) schematic illustration of the 

landslide cross-section indicating the low angulate shear surface, the landslide blocks, and the positions 

of detector devices (machine-driven piezometers at the Winter gardens (P); C is the crackmeters).  

 

6.3.2 Monitoring data in the model (displacement and pore water pressure)  

The main monitoring data includes pore water pressure from the vibrating wire 

piezometers P, and the continuous displacement from crackmeters C (Fig 6.7(b)). The 

piezometers recorded groundwater level and the crackmeters continually monitored 

the main movement between 1995 and 2002 at 24-hour intervals. A relatively 

complete data set from Jan.1998 to Feb. 2002 was selected for the evaluation of our 

model. 
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6.3.3 Strength properties of the main slip surface 

Gault clay (main slip surface) was derived from the borehole BH5. A suite of 

laboratory tests has been used to determine the geotechnical characteristics of the 

Gault clay within the Ventnor landslide complex. A series of isotropic, consolidated, 

undrained (ICU) triaxial tests were applied to establish field-stress conditions for the 

peak and residual strength envelope (Fig. 6.8). The natural moisture of Gault Clay 

samples is around 17 % and plastic limit and liquid limit are 21 % and 56 %, 

respectively. The volume (moisture) of clay sample increases over 5 % when initial 

soil transforms into residual status according to Carey and Petley 2014. That means 

the residual soil exists as a viscoplastic status since the moisture is between plastic 

limit and liquid limit. Thus, the viscous model is properly suitable model for 

describing the quasi-static landslide. 

 

 
Figure 6.8 ICU Mohr Coulomb failure envelopes of Gault clay (Carey and Petley, 2014): (a) Peak 

strength envelope of undisturbed soil samples; (b) Residual strength envelope of  undisturbed soil 

samples. Consolidation can recover the cohesion of materials. 

 

6.3.4 Application of a new viscous model at the Ventnor landslide 

(1) Basic assumptions of the model: 

i) Ignoring the interaction force between neighbour slices like Fellenious method 

(Fig.6.9). 

ii) All the slices are treated as a whole mass movement (Fig.6.9). 

iii) The horizontal movement of C (main crack change rate) in Lowtherville Graben is 
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treated as the movement of landside. 

iv) Change of the groundwater table (data of P) is regarded the same under the same 

time unit in the vertical direction. 

v) Friction uses the residual value, and cohesion depends on the velocity (variable 

between residual and peak values). 

 

(2) Procedures: 

i) Determination of the geometry model and the initial strength parameters.  

Force analysis of the geometry model is based on Fig. 6.9 (average dry density and 

average porosity are 1900 kg/m3 and 0.2, respectively) and the initial friction angle 

and cohesion are 16 ° and 45 kPa, respectively. The initial cohesion considers the 

consolidation, recovers the bonds of particles and increases the strength. The friction 

angle is lower than in the laboratory test (26.6 °) which makes the slope mobile. The 

height of the shear zone is assumed to be 1m. According to Moore et al. (2006), the 

initial constant groundwater table is ~53 m above the bedrock. 

ii) With the current model framework the pre-viscous coefficient is determined using 

a back analysis, considering a constant cohesion (average viscous coefficient of the 

first five days) (01.01.1998-05.01.1998); then by increment or decrement of the 

pre-viscous coefficient, 300 days of measurement of displacement 

(01.01.1998-01.10.1998) is used to calibrate the viscous coefficient to make a 

minimum convergence error (calibration in Fig. 6.11). For example, the initial 

viscosity is 5.2E11 and is reduced every time step by 0.1E11 until the minimum error 

of 4.7E11 is achieved. The final viscous coefficient is 4.7×1011 Nsm-3 in the case. It 

should be pointed out that the calculation of the viscous coefficient and shear zone 

height are treated as a whole objective. This means the assumed shear zone height 

would affect the viscous coefficient value. In addition, the 300 measurement days are 

used for calibration and the rest data set is used for validation. 

iii) The measurement data is used to back analyse the coefficients of c-v relation 

(velocity-strength module) for the data fitting of velocity and cohesion as shown in 

Fig. 6.10. The function of c-v is incorporated into the model as input data of a 
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velocity-strength module.  

iv) Input of monitoring data into the model and simulation generation. 

 

Figure 6.9 Force and slices analysis of geometry model of Ventnor landslide (based on the Figure 

6.7(b)). Note: the first and second slices in the landslide head consider the component of forces along 

the main slip surface.  

 

 

Figure 6.10 Cohesion vs. velocity based on real back analysis of Ventnor landslide. The data belt 

shows a obvious linear relationship between landslide velocity and cohesion (R2=0.594). 

 

6.3.5 Prediction results and analysis  

 

In Fig. 6.10(a), cv-linear model (new viscous model) considers the simple linear 

relationship between cohesion and velocity. c-constant model (original viscous model) 

reflects a constant cohesion. Part 1 shows both the considerations made for the 

velocity increase and decrease when the groundwater table moves up and down and 
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creates no obvious differences. In Part 2 the trend of both models is similar to the 

observation data although both the models show underestimation of the cumulative 

displacement. The stronger evidence supporting the cv-linear model is from Part 3. 

The reduced resistant force accelerates the movement of the slope under low effective 

stress. Consideration of normal stress alone does not adequately describe the 

acceleration process unless the strength reduction is caused by an increased velocity. 

In other words, only considering the pore water pressure makes it difficult to copy the 

velocity changes. Especially in the final runaway stage of the landslide, it would 

possibly be unnecessary for a ‘huge pore water pressure’ threshold to trigger a 

landslide disaster with the strength-velocity module. Next, velocity calculation is 

shown as in Fig 6.11(b). The cv-linear model agrees with the real monitoring data 

much better compared to the c-constant model.  
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Figure 6.11 Results of the prediction model using data from Jan.1998 to Nov. 2001 of The Ventnor 

landslide: (a) Cumulative displacement. cv-linear model can describe the real displacement better than 

c-constant model and does not have an obvious cumulative error compared to the c-constant model; (b) 

Velocity analysis from new and traditional models. cv-linear model can describe the measurement 

velocity much better than the c-constant model especially during the periods of high velocity. 

 

6.4 The Utiku landslide in New Zealand 

 

6.4.1 Introduction to Utiku landslide, New Zealand 

The Utiku landslide is a large deep-seated, translational landslide which has a low 

movement velocity. One gentle fault from the east-west compression produced the 

Utiku landslide regional tectonic setting (Lee et al., 2012). Related uplift drives fluvial 

incision with rates about 1.5 to 2.0 mm/year (Pillans, 1986; Pulford and Stern, 2004). 
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The main geological materials include landslide debris (intact blocks of sandstone, 

partially remoulded rafts of intact sandstone and remoulded sandstone), landslide slip 

surface clay, river-terrace gravels, the in-situ Tarare sandstone; and the in-situ Taihape 

mudstone. The assumed slip surface is a thin clay layer (thickness from 0.05 to 0.2 

m). 

 

6.4.2 Involved monitoring and strength date  

From July 2008 on, four continuous GPS measured the surface movements. Full 

details of the monitoring system are contained in Massey (2010). Pore pressures 

within the landslide were measured using piezometers in boreholes. Hourly readings 

from vibrating-wire piezometers were converted to pressure and averaged over each 

24-hour period (accuracy is ±0.1 %). Geotechnical tests of the clay from the slip 

surface were applied using a ring-shear apparatus (Kilsby, 2007; Massey, 2010). The 

residual strength of the slip surface was a cohesion of 4 (±6) kPa and a friction angle 

of 8.3 (±1) °. 

 

 
Figure 6.12 Utiku landslide of New Zealand: (a) Geological profile (Massey et al., 2013); (b) Force and 

slices analysis of geometry model (based on Figure 6.12(a)). Note: the first and second slices in the 

landslide head consider the component of forces along the main slip surface.  
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6.4.3 Application of new viscous model to Utiku landslide 

(1) Basic assumptions of the model: 

i) Ignoring the interaction force between neighbour slices like Fellenious method (Fig 

6.12(b)). 

ii) All the slices are treated as a whole mass movement (Fig 6.12(b)). 

iii) The horizontal movement of GPS (surface movement) in PZA and BH3 is treated 

as the movement of the landside. 

iv) Changes to the groundwater table (data of P) is regarded as the same under the 

same time unit in the vertical direction. 

v) Friction uses the residual value, and cohesion depends on the velocity (variable 

between residual and assumed peak values). 

(2) Procedures: 

i) Determination of the geometry model and the initial strength parameters.  

Force analysis of the geometry model is based on Fig. 6.12(a) (average dry density 

and average porosity are 1900 kg/m3 and 0.2, respectively) and the initial friction 

angle and cohesion are 7 ° and 8 kPa, respectively. The initial cohesion considers that 

the consolidation recovers the bonds of particles and increases the strength from 4 kPa 

to 8 kPa. The height of the shear zone is assumed to be 0.1 m. The initial constant 

groundwater table is according to Massey et al. (2013); 

ii) For BH3, using the current model framework we determinate the pre-viscous 

coefficient by back analysis, considering the constant cohesion (average viscous 

coefficient of the first five days) (08.05.2009-12.05.2009); then by increment or 

decrement of the pre-viscous coefficient, 180 days of measurement of displacement 

(08.05.2009-08.11.2009) is used to calibrate the viscous coefficient to make a 

minimum convergence error (calibration in Fig. 6.14(a)). For example, the initial 

viscosity is 5.2E11, every time we reduce the 0.1E11 until the 4.7E11 which produces 

the minimum error with recorded data; The final viscous coefficient (4.8×1011 Nsm-3), 

mainly decided by material property, is close to the value in laboratory (4.5×1011 

Nsm-3) but over to the final value (7.8×107 Nsm-3) used in the model of Angeli et al. 

(1996). It should be pointed out that the calculation of the viscous coefficient and 
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shear zone height is treated as a whole. It means the assumed shear zone height would 

affect the viscous coefficient value. In addition, the 180 days’ measurement is for 

calibration and the rest 620 days’ data is for validation. 

iii) The measurement data is used to back analyse the coefficients of the c-v 

relationship (velocity-strength module) for the data fitting of velocity and cohesion as 

shown in Fig. 6.13. The function of c-v is then input into the model as a 

velocity-strength module. The data distribution (the same velocity correlates to the 

different cohesions) is because the same velocity value is produced by different stress 

conditions (negative, positive, or constant acceleration). These complicated stress 

conditions lead to variable deformations, porosities of slip surface furthermore 

cohesion even under the same velocity. 

iv) Input the monitoring data into the model and make a simulation. 

v) For PZA, all the parameters take the same as in BH3 since this landslide is treated 

as a whole movement. 

 

Figure 6.13 Cohesion vs. velocity based on real back analysis of the Utiku landslide: (a) BH3. An 

obvious linear relationship is observed (R2=0.753); (b) PZA. An obvious linear relationship is observed 

(R2=0.725). 

 

6.4.4 Prediction results and analysis 

In Fig. 6.14, the linear relationship as a velocity-cohesion module is coupled into the 

viscous model. c-constant model reflects constant cohesion. In Fig. 6.14(a), pore 

pressure is identical during Part 1 and 2, the changed velocity induced by reducing 

groundwater is lower than changed velocity during increasing groundwater (Bertini et 

al., 1984; Picarelli, 2007; Gonzalez et al., 2008). The same phenomenon happens in 
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Part 1 and Part 2 of Fig. 6.14(b). The main reason could be a constant viscosity in the 

viscous model results in a linear relationship between pore pressure and displacement 

rate (Gonzalez et al., 2008) while the laboratory test indicates viscosity inversely 

proportional to velocity (Massey, 2010). That shows potential higher velocity at the 

acceleration stage. In summary, this new viscous model can simulate the whole 

landslide process well. Especially, the stronger evidence supporting the cv-linear 

model is from the Part 3. The reduced resistant force accelerates the movement of 

slope under low effective stress. However, pure consideration of normal stress does 

not adequately describe the acceleration process unless the strength reduction is 

caused by increased velocity. In other words, only considering the pore water pressure 

is difficult to reproduce the velocity changes. In Fig. 6.14(c) and Fig. 6.14(d), the new 

model improves the simulation of movement rate in the same time step.  

 

 

Figure 6.14 Results of the prediction model. The cv-linear model describes the displacement better than 

the c-constant model during high PWP period while velocity calculation of the cv-linear model is 

always close to real velocity: (a) Displacement of BH3 (data from October. 2008 to Dec. 2010); (b) 

Displacement of PZA (data from Jul. 2008 to Jan. 2011) of the Utiku landslide; (c) Velocity of BH3 

(data from Oct. 2008 to Dec. 2010) and (d) Velocity of PZA (data from July.2008 to Jan. 2011) of the 

Utiku landslide. 
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6.5 Discussion 

 

6.5.1 Physical interpretation 

In Fig. 6.1, a local failure (local brittle damage) takes place and expands into the 

stable slope during times of weakening or pore water pressure fluctuation. Until 

general brittle failure (formation of a viscous shear zone), the landslide is a 

quasi-static movement (post-failure) (Picarelli et al., 2004; Petley et al., 2005). During 

the process the friction is a function of asperities on the sliding plane that are worn off 

with increasing displacement (Lucas et al., 2014). This was thus considered a residual 

value after point B in Fig. 6.1. Cohesion is a function of inter-particle bond strength. 

In many materials cohesion decreases as soon as bonds are broken (i.e. dry, intact 

rock), and when clay is present the plasticity describes the change in cohesion with 

water content. Bonds can be broken and reform, and their strength is mainly 

determined by water availability. Thus, the soil cohesion recovers due to 

consolidation at the post-failure stage. During the post-failure stage, quasi-static 

analysis or pseudo-dynamic (slow movement) creep is also controlled by cohesion at 

the shearing plane of the landslide. On micro scale, in the new viscous model, the 

velocity-strength module makes the modelling more physically based on the analysis 

above. Some macroscopic field evidence or observations also support the 

phenomenon of velocity-dependent strength. Consolidation affecting the shear 

strength in viscous landslide modelling was first revealed by Angeli et al. (1996) and 

is the main reason for error estimation. With the increase of consolidation (very slow 

velocity period), the landslide needs higher pore water pressure to restart. Thus, 

cohesion in a landslide may not actually be is a constant. Some other evidence 

suggests that continuous, long-term landslide motion may be partly the result of the 

dilation and consolidation of fine-grained landslide material (Keefer and Johnson, 

1983; Baum and Johnson, 1993; van Asch et al., 2007). Decelerating, short-distance 

landslide movement has been ascribed to increases of effective stress and shear 

strength resistance along the landslide base (e.g., Iverson et al., 1997, 2000; Moore 
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and Iverson, 2002; Iverson, 2005). Similarly, semi-continuous landslide motion over 

long periods (months–years) may result from dilation during shear displacement. 

Subsequent consolidation allows recurrence of shear-induced dilation when 

pore-pressures rise sufficiently to trigger renewed movement. This behaviour has been 

observed at laboratory (Moore and Iverson, 2002) and field scale (e.g., Iverson et al., 

2000) such as the continuously moving Slumgullion landslide in Colorado, USA 

(Schulz et al., 2009), and in a theoretical study (Schaeffer and Iverson, 2008). More 

importantly, as noted by Moore and Iverson (2002) and Iverson (2005), sufficient 

landslide displacement will cause dilations to steady-state porosity and deceleration 

associated with consolidation will no longer occur. Runaway landslide acceleration or 

landslide disaster may follow. In other words, if the strength reduction by shear 

dilation is ignored and the velocity is controlled by effective stress alone, the trigger 

threshold for a landslide disaster could be underestimated. 

 

6.5.2 Parameter interpretation 

In the calibration process, every initial cohesion produces an optimal viscosity (and 

optimal coefficients of c-v linear relation followed). These viscosity and coefficients 

could be different depending on the input of different initial cohesions. This is a 

common character of calibration-based model. But the model can still work well 

because these parameters can balance each other during the calibration process (for 

instance, a high initial cohesion results in a high viscosity; a low initial cohesion 

makes a low viscosity). In the UK case, the initial cohesion is 47 kPa (peak value) 

when the pore water pressure is 550 kPa (01.01.1998). However, in fact the peak 

cohesion could appear on 01.11.1999 (PWP is 530 kPa). Thus, the initial cohesion for 

viscosity-calibration is a little bit ‘high’ which produces an overestimation of the 

viscosity. The similar situation in the New Zealand case is that the initial cohesion is 8 

kPa (residual value) when the pore water pressure is 405 kPa (lowest value during the 

monitoring period). In fact, the cohesion could be expected to increase to a higher 

value because of consolidation in the current time domain. Thus, the initial cohesion 

for viscosity-calibration is a little bit ‘low’ which produces an underestimation of 
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viscosity. 

 

6.5.3 Comparison between traditional and new viscous model 

 

(1) Pore water pressure vs. velocity 

For the same pore water pressure, the variable velocity of the landslide could depend 

on the trend of changed pore water pressure, that is, when the pore water pressure is 

rising or falling (Bertini et al., 1984; Van Asch et al., 2007; Gonzalez et al., 2008; 

Matsuura et al., 2008). Thus, the non-linear relation between pore water pressure and 

velocity is implied. According to Gonzalez et al. (2008), a constant viscosity produces 

a linear relationship between pore pressure and velocity. Whether in the traditional or 

the new viscosity model, the constant viscosity setting could introduce the velocity 

error induced by same pore water pressure in different rising or falling time. In fact, 

the current velocity depends on both current acceleration (mainly decided by pore 

water pressure) and the velocity in the previous time step. Plus, it mentioned that the 

viscosity might depend on velocity. All these considerations make the model not 

easily reproduce the velocity triggered by rising or falling pore pressure. 

 

(2) Cohesion depended on velocity 

The traditional viscous model considers the strength as a constant. By contrast, the 

strength (cohesion) is treated as a variable in this new model. Fig. 6.10 is the back 

analysis of the relationship between cohesion and velocity in the UK case. Fig. 6.13 is 

the back analysis of the relationship between cohesion and velocity of the New 

Zealand case. Both figures demonstrate that a linear function can generally describe 

the relationship between cohesion and velocity. Better description of c-v relation 

might depend on the fitting method, suitable function, and even advanced algorithm. 

In addition, when the velocity is zero, the cohesion varies in a wide range. It could 

conclude that the consolidation time and consolidation pressure are also important 

factors of affecting the cohesion recover. 
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(3) Strength description during the whole process 

 

Figure 6.15 Conceptual strength changes in quasi-static landslide movement. The strength of material 

changes from the peak value to the residual value. Material losses the friction while the cohesion (loss 

or recovery) depends on the bonds among soil particles.  

 

The whole process could be considered in four stages, as shown in Fig. 6.15.  

Stage 1 is the situation before landslide movement occur (e.g. Wang et al., 2010; 

Schulz and Wang 2014; Kimura et al., 2014; Carey and Petley, 2014). Carey and 

Petley (2014) indicated the volume increase during the clay shear test, which meant 

water content improvement. The cohesion began to reduce, but the loss of cohesion is 

not enough to produce this displacement, thus, the friction angle must drop until the 

residual value similarly to the idea of Skempton (1985), from peak to residual strength, 

this is partly due to moisture increase and partly from the result of particle 

rearrangement. 

Stage 2: If the groundwater does not decrease, the landslide would keep moving until 

failure. If there is a groundwater reduction, the landslide would stop and begin to 

consolidate. The water in pores would flow out because of the increased normal stress. 

This cohesion recovery is lower (or equal to) than the cohesion loss in stage 1. It is 

called a new ‘residual strength’.  

Stage 3: If the groundwater drops slowly, the landslide would decelerate and begin to 

slowly consolidate. The recovery of cohesion needs more time. 
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Stage 4: When groundwater increases, the landslide begins to move (shear dilatancy 

producing more porosity). If there is no decreased groundwater table, the cohesion 

would continuously reduce and the landslide would accelerate until the disaster 

occurs. 

There are some questions to be asked, however. 

In Stage 2, many studies determine the result from Gibo et al., (2002): when the 

normal stress is lower than 100 kPa, the strength recovery is obvious; when the 

normal stress higher than 100 kPa, it is not obvious (Carrubba and Del Fabbro 2008; 

Stark and Hussain 2010; Mesri and Huvaj-Sarihan 2012). Their research used the 

same consolidation stress to recover the strength (deviator stress unchanged); while 

the condition used in this study was a groundwater drop inducing the normal stress 

increase (deviator stress changed). Some of these studies (Carrubba and Del Fabbro 

2008; Stark and Hussain 2010; Mesri and Huvaj-Sarihan 2012) use unloading shear 

stress to loading shear stress action during the residual stage for testing the recovered 

strength. They found the obvious residual strength increase (it is a kind of changed 

deviator stress). Changed deviator stress could recover the strength to a great extent. A 

good case is that of Miao et al (2014). When normal stress increased to 150 kPa (shear 

stress unchanged), the ‘heal’ from the changed deviator stress is obvious. 

Stage 3 considered cohesion loss vs. velocity. In fact, there are few studies on this 

topic. All the residual strength vs. shear rate (Wang et al., 2010; Schulz and Wang 

2014; Kimura et al., 2014) should be at stage 1. Lemos et al (1985) found that the 

slow shearing caused a slowly changed strength, and a fast shearing produced a first 

increased then decreased strength during the residual stage. Tika and Hutchinson 

(1999) found a fast shearing greatly reduced the strength during the residual stage. 

The clay in this study may be unsaturated because of high normal stress (water can 

not easily get in and air can not easily get out). The cohesion-velocity relationship in 

the model can be supported by Matsushi and Matsukura (2006) and Rahardjo et al. 

(1995). It involved a changed cohesion and unchanged friction angle, cohesion (water 

content) vs. normal stress. 
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(4) Prediction ability 

The first application of the viscous model of the Cortina d'Ampezzo mudslide by 

Angeli et al. (1996) shows a high accuracy. In a four year monitoring period, the 

prediction deviation of cumulative displacement is no more than 20 cm and there is no 

cumulative error as time elapses (i.e, the prediction deviation does not increase). 

However, since the calculated value is lower than the recorded value in the dry season, 

a cohesion recovery is possible due to consolidation. In the six year monitoring 

periods of the Super-Sauze landslide (Bernardie et al., 2014) the prediction error of 

traditional viscous model increased from ~8 cm to ~70 cm. This is a typical natural 

limitation of the no-self-adjusting model. The cumulative error will continuously 

increase if there is no model refreshment. Similarly, the Alverà landslide displacement 

prediction based on a traditional viscous model (Ranalli et al., 2010) showed low 

errors in eight years (no more than 5cm and no cumulative error) due to four new 

calibrations. The Heumöser landslide displacement prediction in the Vorarlberg Alps, 

Austria (Wienhöfer et al., 2009), suggests that consideration of the variable slope 

density of water infiltration is a more accurate prediction (no more than 9 cm 

deviation). Unfortunately, as there is not more than one year monitoring data, an 

increase of the cumulative error cannot be demonstrated. The application of a viscous 

model in the Vallcebre landslide (Eastern Pyrenees, Spain) (Corominas et al., 2005) 

shows good prediction ability in borehole S-2 and S-9 in almost 1.5 years with 2-4 cm 

deviation. The main material of the slip surface in S-2 and S-9, however, is fissured 

shale (more brittle not cohesive) considering the cohesion-velocity module does not 

work here. The prediction of clayed siltstone (cohesive material) movement in 

borehole S-11 produces a bigger error, achieving 20 cm without a cohesion-velocity 

module. The geometry problem (infinite model is not suitable here) by Corominas et 

al. (2005) could also be considered. By contrast, in the UK case, the biggest error of 

our new viscous model in the four-year monitoring period is ~5 cm without 

cumulative error, and in the New Zealand case, for both PZA and BH3, the 

cumulative errors are no more than 5cm in three years. In order to evaluate the 

performance of the new viscous model, the thesis introduces the standard 



Chapter 6 

 107 

Nash–Sutcliffe efficiency (NSE, defined by Nash and Sutcliffe, 1970) which is the 

criteria most widely used for the calibration and evaluation of models with observed 

data (other criteria to assess models see Moriasi et al. (2007)), whereas NSE is 

dimensionless, being scaled onto the interval [inf to 1.0]. NSE is taken to be the 

‘mean of the observations’ (Murphy, 1988) (i.e., if NSE<0, the model is no better than 

using the observed mean as a predictor). The equation of NSE is as follows: 
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where 
obs

iY  is the ith observation for the constituent being evaluated, 
sim

iY  is the ith 

simulated value for the constituent being evaluated, 
mean

iY is the mean of observed 

data for the constituent being evaluated, and n’ is the total number of observations. 

 

The NSEs of the traditional model and new model in the Ventnor landslide case are 

0.85 and 0.98, respectively. This meansthatthe traditional model is not bad for 

describing the displacement, however, the modified new model is a better model, 

considering that the NSE of the best model is 1. In contrast, in the case of the Utiku 

landslide of New Zealand for the PZA, the NSE of the new model is 0.61 which 

hugely improves the prediction ability, considering that the NSE of the traditional 

model is 0.18. For BH3, the new model boosts the prediction ability (NSE 0.87) 

compared to the traditional model (NSE 0.47).  

 

(5) General characteristics 

The traditional viscous model is based on an infinite slope model which has a 

relatively narrow application, and does not consider the effect of water availability on 

the driving force, which could produce an error especially in a steep deep-seated 

landslide. The strength (cohesion) is also treated as a constant in that model, while the 

new viscous model is based on the limited equilibrium method which is more widely 

used, and the model considers the density changes affecting the driving force. More 
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importantly, it is an adaptive model which can reduce the cumulative error through a 

velocity-strength module based on the cohesion increment learning method. 

 

6.5.4 Error analysis and outlooks  

For the Ventnor landslide (UK case), the new viscous model can relatively simulate 

the movement. While for the Utiku landslide (NZ land case), the main errors come 

from the velocity induced by same pore pressure during its rising or falling stage. 

Overall, landslide movement is difficult to trace. The potential errors could come from 

the differences between surface movements and slip surface movements, velocity 

inducing variable viscosity, and complex landslide geology and hydrogeology. For the 

viscous model, the improvement in the future could be considering the consolidation 

time or pressure, a better method for c-v relation, and a velocity inducing variable 

viscosity. For a landslide forecasting system, the main direction of research involves 

combining the groundwater prediction model including a deterministic model such as 

the Green and Ampt model, Richards equation, Van Genuchten equation, and 

Fredlund and Xing method (Fredlund and Xing, 1994; Chen and Young 2006; Schaap 

and Van Genuchten, 2006; Weill et al., 2009) and calibration models such as the Tank 

model, and HBV model (Faris and Fathani, 2013; Abebe et al., 2010) with the new 

viscous model. The extended forecasting system can directly create a link between 

precipitation and landslide movement. In this forecasting system, the prediction and 

cumulative errors could be greater because of the greater uncertainty during the 

process of rainfall (snow accumulation and snow melt) infiltration, groundwater 

changes, and displacement variation.  

 

6.6 Conclusions 

Valuable conclusions include: 

i) In quasi-static landslide calculation, consideration of strength dependent velocity is 

necessary for an improvement of prediction and physical meaning.  

ii) The new viscous model, based on water infiltration forcing and limit equilibrium 

methods can be applied more widely.  
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iii) The cohesion of slip surface and landslide velocity appears to have a linear 

relationship. 
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Chapter 7: Conclusion 

 

7.1 Key findings 

Under the forecasting framework of groundwater induced deep-seated landslide, this 

study has combined precipitation with groundwater changes and the results of 

quasi-static landslide movement based on historic monitoring data. This study 

clarified the forecasting mechanism of precipitation induced groundwater and 

optimised the groundwater prediction model. In the quasi-static landslide phase, by 

considering a residual strength dependent on velocity and variable driving force due 

to water infiltration, the new viscous model can better describe the quasi-static 

landslide. Thus, the relationship between precipitation, pore water pressure, and 

movement measurements could generally be proved by these models above for the 

sophisticated forecasting systems.  

i) In deep-seated landslides, snow accumulation/snow melt and long infiltration paths 

mainly produce the time lag of groundwater. One important point is the time lag 

disturbs the accurate estimation of groundwater. Another important point is, the time 

lag could be an important component of early warning time (For example, by 

providing evacuation time from recognising the trigger event such as an extreme 

rainfall storm to the landslide disaster caused by the groundwater table). In this study, 

since there is maximum correlation between rainfall/snowmelt event and daily change 

of pore water pressure (daily changes of pore water pressure has higher correlation 

with rainfall/snowmelt events than the absolute pore water pressure), the daily change 

in pore water pressure is suggested as an index in groundwater prediction models. The 

modified tank model considers current changes of groundwater affected by the water 

infiltration of the current day and previous days. In order to eliminate the time lag 

error an equivalent infiltration method consisting of the proportion of infiltration of 

the current day and previous days was coupled with tank model. The straightforward 

method improves the application of the tank model in deep-seated landslides. In 

addition, coupling the snow accumulation/melt model makes this tank model 

applicable in high latitudes. As an important step in hydro-induced landslides, this 
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method links weather information (precipitation) and the groundwater table.   

ii) The new landslide model uses a slice method for modelling rather than the infinite 

slope model since the geometrical limitation of the infinite slope model narrows its 

application. Another aspect of this landslide model is consideration of available water 

changing the weight of slope mass and, therefore, the driving and resistant forces. An 

increase or decrease of the shear displacement rate affects the residual strength. 

Traditional viscous models do not consider the residual strength dependent on velocity, 

therefore, under-or-over-estimating the landslide velocity. In this landslide model, 

landslide velocity is subject to viscous force, the groundwater table, and residual 

strength affected by velocity of previous step. This model with the higher physical 

mechanism improves the accuracy of prediction. 

 

7.2 Limitations and outlook 

This modified tank model belonging to probability model still has not a strong 

physical meaning, and the calculation of snow accumulation may be not accurate 

enough because it depends on a simple statistical method. As with the other landslide 

models, initial calibration of new viscous landslide model is necessary to determine 

all parameters. Improvement of prediction ability is subject to initial continuous 

monitoring data feedback.  

In the future, the groundwater produced by infiltration in heterogeneous or complex 

landslides needs validation. The definition of warning thresholds, including height of 

groundwater and landslide velocity, is also an important direction. The extension of 

early warning systems involving communication, message publication, and 

evacuation management should be considered. 
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Appendix I Codes of landslide model 

Appendix I (UK case) displays (1) Cohesion back analysis in quasi-static landslide 

model. (2) Quasi-static landslide prediction (cohesion constant). (4) Quasi-static 

landslide prediction (cohesion-velocity simple linear). 

1 Cohesion back analysis in quasi-static landslide model 

 
clear 

load('matlab1.mat'); 

ut=pwp; 

n=0.2; 

r1=1900; 

tanb=0.214; 

c=45; 

v=4.7E+11; 

m=20; 

 

hb = cell(1,5); 

hb1=[65,120]; 

hb2=[120,115,110,105,85,80,75, 70]; 

hb3=[65, 55,55,45,40, 35, 35, 70]; 

hb4=[70,70, 70, 75, 80, 70, 45,40]; 

hb5=[40,15,15,15,15,15,15]; 

  

hb{1} = hb1; 

hb{2} = hb2; 

hb{3} = hb3; 

hb{4} = hb4; 

hb{5} = hb5; 

 

cosa1=[0.089, 0.089]; 

cosa2=[ 0.992, 0.992, 0.992, 0.996,0.992, 0.992, 0.992, 0.992]; 

cosa3=[0.992, 0.992, 0.992, 0.992,0.992, 0.992, 0.992, 0.992]; 

cosa4=[0.992, 0.992, 0.992, 0.992,0.992, 0.992, 0.992, 0.992]; 

cosa5=[0.992, 0.992, 0.992, 0.992,0.992, 0.992, 0.992]; 

cosa{1}=cosa1; 

cosa{2}=cosa2; 

cosa{3}=cosa3; 

cosa{4}=cosa4; 

cosa{5}=cosa5; 
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sina1=[0.37, 0.37]; 

sina2=[0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122]; 

sina3=[0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122]; 

sina4=[0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122]; 

sina5=[0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122]; 

sina{1}=sina1; 

sina{2}=sina2; 

sina{3}=sina3; 

sina{4}=sina4; 

sina{5}=sina5; 

 

% giving initial parameter (ut is pore water pressure; n is the porosity of slope mass; r1 is the density 

of slope mass; b is the friction angle of materials; c is the cohesion; v is the viscous coefficient; m is the 

width of slice; hbi is the slice hight; ai is the slope angle (i=1…5))   

 

N = length(hb); 

y = zeros(size(ut)); 

y_sum= zeros(size(y)); 

for t=2:length(ut); 

y(t)=displacement(t+1)-displacement(t); 

r=(80*r1+(ut(t))*100*n)/80; 

% density dependent on availability of water  

    y(1)=1.16E-09; 

    a(1)=2.53e-09; 

    for ii=1:N 

        fb1(ii)=sum (10*r*m*hb{ii}.*cosa{ii}-20000*(510+ut(t)))*tanb; 

        fb2(ii)=sum(10*r*m*hb{ii}.*sina{ii}); 

  end    

        fbr(t)=sum(fb1(:)); 

        fbs(t)=sum(fb2(:)); 

 a(t)=y(t)-y(t-1); 

fbc(t) =fbs(t)-fbr(t)-75810000*a(t-1)-v*y(t); 

    if fbc(t)<0 

        fbc(t)=0; 

    end 

    y_sum(t)=y_sum(t-1)+y(t); 

     a(t)=y(t)-y(t-1); 

end 

plot(fbc,'-r') 

% cohesion calculation (where fbc is the cohesion; a(t) is the acceleration at time t; y(t) is the 

displacement at time t; y_sum(t) is the cumulative displacement at time t). 

2 Quasi-static landslide prediction (cohesion constant)  
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clear all; 

clc; 

  

load('matlab'); 

num=1400; 

ut=pwp; 

n=0.2; 

r1=1900; 

tanb=0.217; 

v=4.7E+11; 

  

m=20; 

  

hb = cell(1,5); 

hb1=[65,120]; 

hb2=[120,115,110,105,85,80,75, 70]; 

hb3=[65, 55,55,45,40, 35, 35, 70]; 

hb4=[70,70, 70, 75, 80, 70, 45,40]; 

hb5=[40,15,15,15,15,15,15]; 

  

hb{1} = hb1; 

hb{2} = hb2; 

hb{3} = hb3; 

hb{4} = hb4; 

hb{5} = hb5; 

 

cosa1=[0.089, 0.089]; 

cosa2=[ 0.992, 0.992, 0.992, 0.996,0.992, 0.992, 0.992, 0.992]; 

cosa3=[0.992, 0.992, 0.992, 0.992,0.992, 0.992, 0.992, 0.992]; 

cosa4=[0.992, 0.992, 0.992, 0.992,0.992, 0.992, 0.992, 0.992]; 

cosa5=[0.992, 0.992, 0.992, 0.992,0.992, 0.992, 0.992]; 

cosa{1}=cosa1; 

cosa{2}=cosa2; 

cosa{3}=cosa3; 

cosa{4}=cosa4; 

cosa{5}=cosa5; 

  

sina1=[0.37, 0.37]; 

sina2=[0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122]; 

sina3=[0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122]; 

sina4=[0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122]; 

sina5=[0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122]; 

sina{1}=sina1; 

sina{2}=sina2; 
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sina{3}=sina3; 

sina{4}=sina4; 

sina{5}=sina5; 

% giving initial parameter (ut is pore water pressure; n is the porosity of slope mass; r1 is the density 

of slope mass; b is the friction angle of materials; c is the cohesion; v is the viscous coefficient; m is the 

width of slice; hbi is the slice hight; ai is the slope angle (i=1…5))   

  

N = length(hb); 

y = zeros(size(ut)); 

  

y_sum= zeros(size(y)); 

  

for t=2:length(ut); 

r=(80*r1+(ut(t))*100*n)/80; 

% density dependent on availability of water  

 

y(1)=1.16E-09; 

a(1)=2.53e-09; 

for ii=1:N 

         

fb1(ii)=sum (10*r*m*hb{ii}.*cosa{ii}-20000*(510+ut(t)))*tanb; 

fb2(ii)=sum(10*r*m*hb{ii}.*sina{ii}); 

end    

fbr(t)=sum(fb1(:)); 

fbs(t)=sum(fb2(:)); 

  

y(t)=((fbs(t)-fbr(t)-( 3.5834E+07)-75810000*a(t-1))/v); 

if y(t)<0 

y(t)=0; 

end 

y_sum(t)=y_sum(t-1)+y(t); 

a(t)=y(t)-y(t-1);      

end  

% displacement prediction (where a(t) is the acceleration at time t; y(t) is displacement (y(t)=velocity, 

when considering unit is day) at time t; y_sum(t) is the cumulative displacement at time t;). 

plot(y_sum,'-r') 

hold on 

plot(displacement); 

 

3 Quasi-static landslide prediction (cohesion-velocity simple linear). 

clear all; 

clc; 

  

load('matlab'); 
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num=1400; 

ut=pwp; 

n=0.2; 

r1=1900; 

tanb=0.217; 

v=4.7E+11; 

  

m=20; 

  

hb = cell(1,5); 

hb1=[65,120]; 

hb2=[120,115,110,105,85,80,75, 70]; 

hb3=[65, 55,55,45,40, 35, 35, 70]; 

hb4=[70,70, 70, 75, 80, 70, 45,40]; 

hb5=[40,15,15,15,15,15,15]; 

  

hb{1} = hb1; 

hb{2} = hb2; 

hb{3} = hb3; 

hb{4} = hb4; 

hb{5} = hb5; 

 

cosa1=[0.089, 0.089]; 

cosa2=[ 0.992, 0.992, 0.992, 0.996,0.992, 0.992, 0.992, 0.992]; 

cosa3=[0.992, 0.992, 0.992, 0.992,0.992, 0.992, 0.992, 0.992]; 

cosa4=[0.992, 0.992, 0.992, 0.992,0.992, 0.992, 0.992, 0.992]; 

cosa5=[0.992, 0.992, 0.992, 0.992,0.992, 0.992, 0.992]; 

cosa{1}=cosa1; 

cosa{2}=cosa2; 

cosa{3}=cosa3; 

cosa{4}=cosa4; 

cosa{5}=cosa5; 

  

sina1=[0.37, 0.37]; 

sina2=[0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122]; 

sina3=[0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122]; 

sina4=[0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122]; 

sina5=[0.122, 0.122, 0.122, 0.122, 0.122, 0.122, 0.122]; 

sina{1}=sina1; 

sina{2}=sina2; 

sina{3}=sina3; 

sina{4}=sina4; 

sina{5}=sina5; 

% giving initial parameter (ut is pore water pressure; n is the porosity of slope mass; r1 is the density 
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of slope mass; b is the friction angle of materials; c is the cohesion; v is the viscous coefficient; m is the 

width of slice; hbi is the slice hight; ai is the slope angle (i=1…5))   

  

N = length(hb); 

y = zeros(size(ut)); 

y_sum= zeros(size(y)); 

  

for t=2:length(ut); 

r=(80*r1+(ut(t))*100*n)/80; 

% density dependent on availability of water  

 

    y(1)=1.16E-09; 

    a(1)=2.53e-09; 

    for ii=1:N 

         

        fb1(ii)=sum (10*r*m*hb{ii}.*cosa{ii}-20000*(510+ut(t)))*tanb; 

        fb2(ii)=sum(10*r*m*hb{ii}.*sina{ii}); 

  end    

        fbr(t)=sum(fb1(:)); 

        fbs(t)=sum(fb2(:)); 

  

    y(t)=((fbs(t)-fbr(t)-(-(3.354E+09)y1(t-1)+3.5834E+07)-75810000*a(t-1))/v); 

    if y(t)<0 

        y(t)=0; 

    end 

    y_sum(t)=y_sum(t-1)+y(t); 

     a(t)=y(t)-y(t-1);      

end  

% displacement prediction (where a(t) is the acceleration at time t; y(t) is displacement (y(t)=velocity, 

when considering unit is day) at time t; y_sum(t) is the cumulative displacement at time t; y1(t-1) is the 

real velocity of previous day). 

plot(y_sum,'-r') 

hold on 

 plot(displacement); 
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Appendix II List of symbols 

This list defines symbols used in the text. 

Chapter 2 

  viscosity, Pa·s 

'  effective friction angle, ° 

  unit weight of soil mass, kN/m3 

ac   acceleration, m/s2 

  slip surface inclination, ° 

a relation parameter, 1 

b relation parameter, 1 

c relation parameter, 1 

'c  effective soil cohesion, kPa 

d relation parameter, 1 

F  slip force, kN 

H depth of slope surface to the potential failure surface, m 

hsi    upper surface water of ith day, mm 

h’i+1 lower ground water table of i+1th day, mm 

h’i   lower ground water table of ith day, mm 

hi+1   ground water table of i+1th day, mm 

hi     ground water table of ith day, mm 

ii     upper infiltration of ith day, mm 

k rate constant, 1 

m quality of the shear zone, kg 

wp  pore water pressure at the potential slip surface, kPa 

Q outflow, mm 

qi drainage of ith day, mm 

qsi upper surface runoff of ith day, mm 

ri   rainfall of ith day, mm 

S storage amount of water, mm 
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t time, 1 

T indicates the buffering capacity of a reservoir or the ‘slowness’ of water release, 1 

'T  resistance force, kN 

v  velocity, m/s 

Z height of the shear zone, m 

      

Chapter 3 

  related coefficient between equivalent infiltration and increased ground water table, 1 

'  
related coefficient between equivalent infiltration and increased pore water pressure, 

kPa/mm 

  average value of pore water pressure changed by drainage and ground water supply, kPa 

a  
related coefficient between pore water pressure of ith day and i+1th day without 

infiltration, kPa 

b  
related coefficient between pore water pressure of ith day and i+1th day without 

infiltration,1 

i
ER  equivalent rainfall of ith day, mm 

i
ES  equivalent snowmelt of ith day, mm 

mf  degree-day factor for snowmelt rate, mm/°C 

F  percentage of canopy cover, 1 

ig  ground water supply of ith day, mm 

g’ acceleration of gravity, m/s2 

ih  ground water table height the ith day, mm 

H  base water table, mm 

'M  daily snowmelt, mm 

n average porosity of slope mass, 1 

iq  drainage of ith day, mm 

i
PWP  pore water pressure of ith day, kPa 



Appendix II 

 133 

( )g q iPWP   PWP changed by drainage combined groundwater supply, kPa 

iPWP  change of pore water pressure of ith day, kPa 

( )n
iR  part of rainfall of ith day changed to pore water pressure of ith day, mm 

RH  relative humidity, 1 

tRH  threshold of relative humidity, 1 

M  time until the effect of infiltration is reduced to 50%, 1 

iR  rainfall of ith day, mm 

( )n
iS  part of snowmelt of ith day to changed pore water pressure of ith day, mm 

iS  rainfall of ith day, mm 

d
T  daily average temperature, °C 

                       

Chapter 4 

k uniformity coefficient, 1 

xi rainfall of measurement positions, mm 

x average rainfall of measurement positions, mm 

n number of measurement positions, 1 

 

Chapter 6 

i  slope angle of slice, ° 

a acceleration, m/s2 

'c  effective soil cohesion at the potential slip surface, kPa 

c(v) velocity-cohesion module, N 

  viscosity, Pa·s. 

'  effective friction angle at the potential slip surface, ° 

F slip force, kN 

Hi height of slice, m 

hi height of the ground water table of slice, m 

m mass of shear zone, kg 
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n bulk porosity of the landslide mass, 1 

n’ total number of observations, 1 

wiP  pore water pressure at the base of slice, kPa 

rd unit weight of dry landslide mass, kN/m3 

ri unit density of landslide mass, kN/m3 

rW unit weight of water, kN/m3 

'T  resistance force of the whole slope, kN 

v(t) mean velocity at time t, m/s 

v  velocity, m/s 

w width of slice, m 

obs
iY  ith observation for the constituent being evaluated, 1 

mean
iY  ith mean of observed data for the constituent being evaluated, 1 

z  height of shear zone, m 
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